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Physicochemical Problems in the Preparation of Defect-free Monocrystals
of Lanthanum Hexaboride

M.M.Korsukova and V.N.Gurin

The physicochemical basis of the preparation of single crystals of stoichiometric lanthanum hexaboride (a promising new
material for emission electronics) is discussed. It is shown that stoichiometric defect-free monocrystals can be prepared only
by allowing for the form of the homogeneity region in the phase diagram of the crystalline compound. Studies of defects in the
crystal structure are reviewed, and their results are shown to be related to the form of the homogeneity of lanthanum
hexaboride. Some physicochemical properties and some possible applications of lanthanum hexaboride monocrystals are
examined.
The bibliography includes 150 references.
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I. INTRODUCTION have recently published a comprehensive review1 of work on
the preparation of LaB6 monocrystals and on their properties
and potential applications, but little emphasis was placed on

Lanthanum hexaboride is used in several new instruments the physicochemical conditions needed to prepare very perfeci
(electron microscopes, microanalysers, Auger spectrometers) LaB6 monocrystals.
to study the surface and other properties of materials of vari- The aim of the present review is to highlight the physico-
ous types. However, the preparation of perfect and very chemical problems underlying the preparation of stoichiometric
pure single crystals of lanthanum hexaboride for use in the and defect-free monocrystals of LaB6.
cathodes of these instruments still presents some unsolved
problems. This is because of the difficulty in controlling the
chemical composition and in achieving a high level of struc- | | . HOMOGENEITY REGION OF LANTHANUM HEXABORIDE
tural perfection, and also in establishing adequate quality AND PREPARATION OF MONOCRYSTALS OF STOICHIOMET-
control. RIC COMPOSITION

Many papers have been published on lanthanum hexaboride,
dealing mainly with the preparation of LaB6 monocrystals, with Though lanthanum hexaboride has been known for a long
studies of their composition, structure, and properties, and time,2 we have little reliable information on the phase diagram
with their emission properties and practical applications. We of the La-B system and especially on the homogeneity region
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of LaB6. The phase diagram of the La-B system was first
described by Johnson and Daane,3 and a modified diagram was
subsequently published to include new data.1* In the most
recent publications5'6 the part of the phase diagram of the
La-B system containing the compound LaB6 is examined. At
present two compounds have been reliably identified in the
La-B system: 1) LaB^, which melts incongruently at 2073 Κ
with formation of LaB6 and of a liquid phase containing 66.7
at.% of B, 3 and 2) LaB6, which melts congruently at 2988 K > 5

The compound LaB^ has a tetragonal crystal lattice (UB4

structure type) with lattice constants α = 7.324 + 0.001 A and
c = 4.181 ± 0.001 A;7 its homogeneity region is very narrow.

The compound LaB6 has a cubic lattice (CaB6 structure
type) . 8 Its crystal structure can be treated as body-centred
cubic, with La atoms and octahedra of Β atoms occupyinar
positions analogous to those of the Cs+ and Cl~ ions in the
CsCl structure. 9 Each lanthanum atom is surrounded by 24
boron atoms, and each boron atom forms five Β—Β bonds: four
with boron atoms in the same octahedron and the fifth with a
boron atom from a neighbouring octahedron.

Published information on the homogeneity region of LaB6 is
inconsistent, and describes the region as broad 3 ' 1 0 or as rela-
tively narrow. 5 ' 6 ' 1 1 " 1 6 However, in either case the defect
structure of the LaB6 crystal is attributed to defects in the
metal (La) sublattice (assumed to be few in the case of a nar-
row region). The lattice constant of the LaB6 crystal is
found (experimentally) to be unaffected by the defect den-
si ty. 5 ' 1 1 ' 1 7 ' 1 8 Lastly, some workers have detected a LaB9

phase with the same structure, and lattice constant, as the
LaBb phase. 5 ' 1 9

2273 -

1873 -

1U73
90 [B],at.%

Figure 1. Part of the La-B phase diagram:5 a) is the homo-
geneity region of LaB6 b) is an enlarged presentation of the
high-temperature part of LaB6 homogeneity region, showing
the supercooling ΔΤ 8 .

Existing data on the La-B system suggest a number of con-
clusions of direct relevance to the preparation of stoichiomet-
ric single crystals of LaB6. Fig.l shows a part of the phase
diagram of the La-B system including the existence region of
lanthanum hexaboride.5 We note that the homogeneity region

of LaBb, which begins at -2073 K, broadens rapidly as far as
2325 Κ (the temperature of the LaB6-B eutectic) and remains
fairly wide up to Tm (the melting point of LaB6) (the "upper"
part of the homogeneity region has been described6 as "nar-
row" because it is slightly shifted from the stoichiometric com-
position Β/La = 6, and the same description is used in Ref.5).
The deviation of the singularity for lanthanum hexaboride from
the stoichiometric proportion Β/La = 6 is, in fact, substantial:
approximately 0.2 atom fraction of B, i .e. to LaB6.2. The
homogeneity region of the hexaboride is widest (from LaB6 - 1

to LaBb.7) at T e u t = 2325 K. Inspection of this region near
the singularity, i.e. at Tm of lanthanum hexaboride (see Fig. lb),
leads to important conclusions regarding the actual composi-
tion of the monocrystals obtained from melts at these tempera-
tures (for example, by zone melting).

Thus, if the supercooling of a melt of stoichiometric compo-
sition in the crystallisation volume reaches the value ΔΓ 8 the
composition of the resulting hexaboride monocrystals is
described by the point b (for example, LaB6 # 1). Since ΔΓ8

can vary from a fraction of a degree to hundreds of degrees,
and is not easy to control, especially at high temperatures,
the composition of the grown crystals can also be uncontrolled.
If the composition of the melt at the beginning of the crystal-
lisation corresponds to the point α (i .e. to LaB6.2) the resul-
ting monocrystals will also have this composition. On the other
hand if the initial composition deviates on either side of the
point α the composition of the resulting crystals will corre-
spond to points on the ab or ac boundaries of the homogeneity
region. This provides our first important conclusion: if the
published data5 for the La—Β phase diagram are correct, the
preparation of lanthanum hexaboride monocrystals of stoichio-
metric composition by a liquid-phase method, i.e. from the
corresponding melt, is impossible.

Another important aspect of this problem is that the com-
pound LaB6 dissociates fairly strongly at Τ = T m . Hence in
order to prepare monocrystals from the melt we need to apply
an overpressure of a few tens of atmospheres. We also know
that at T m of lanthanum hexaboride the La partial vapour
pressure is much higher than the pressure of B.20 Therefore
in order to prepare a melt of the required initial composition
(for example, LaB6,2) we must introduce the correct Β/La
component ratio into the initial charge. This means that
LaBb monocrystals prepared from the stoichiometric melt will
always contain an excess of Β and consist of a two-phase
system or of a solid solution of Β in LaB6. These solid solu-
tions can decompose into LaB6 and Β at low temperatures due
to the narrowing of the homogeneity region. This assumption
is confirmed to some extent by the presence of Β inclusions in
LaBt monocrystals.2 1

The strong narrowing of the LaB6 homogeneity region below
2280 K, accompanied by a shift of the left-hand boundary
which brings it almost exactly to the stoichiometric LaB6 com-
position at 1673—1773 K, suggests another conclusion: LaB6

monocrystals of stoichiometric composition can be prepared
only by methods which are applicable at temperatures not
higher than 1673 K.

I I I . METHODS OF PREPARING LANTHANUM HEXABORIDE
CRYSTALS

Only three of the four methods of preparing monocrystals of
refractory compounds (according to our classification22) have
so far been applied to the growth of LaB6 monocrystals: gas-
phase, liquid - ρ has e, and solution methods. We shall consider
the special features of each of these methods separately, and
compare their technological advantages and their potential
suitabilities for the production of stoichiometric monocrystals.
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1. The Gas-Phase Method

This method consists in the transport of the substance to be
crystallised through the gas phase to the substrate by gener-
ating a temperature or concentration gradient between the
source and the substrate or by chemical gas-transport reac-
tions. Depending on the chosen method of transport, the
monocrystals are grown in a vacuum or in the presence of a
carrier. Halogens or halogen-hydrogen mixtures are often
used in the preparation of LaB6 (see Table 1). In any par-
ticular method the following crystal growing procedures can
be used: a) sublimation, or Δ Τ transport (when the sub-
stance to be crystallised has a high vapour pressure and a
congruent evaporation); b) chemical, or Ac transport (when
the vapour pressure is low); c) transport of the substance
to be crystallised in an electric arc (for a low vapour pressure
and a high melting point); d) chemical reaction in the gas
phase (in which the synthesis precedes the crystallisation of
the substance). Only Ac transport2 3 '2 1* and chemical reac-
t ions 2 5 · 2 6 have been used so far, from the above list, to pre-
pare LaB6 monocrystals:

La2O, + Η, + BC1, -* LaBe + HC1
LaCl3(g) + 6BCl3(g) + (21 /2)H2(g) -> LaB6(s) + 21HC1

Table 1. Preparation of LaB6 monocrystals by the gas-phase
method.

Method of
preparation

Ac transport Br2
carrier

Ac transport
carriers (H2 +

BBr3) orH2 +
Br2)

Chemical reactions

Chemical reactions

Preparative conditions

Τ, Κ

1423-1173

1273-1573

zone A
1273;
zone Β
1623-
1723

373-1623

time,
h

-

3

0.5-2

other conditions

initial charge LaBg
powder, Ar inert
gas

initial charge LaBg.
substrate sintered
LaB6

initial charge
pressed La2U3:
substrate graphite

substrate graphite,
BCl3/LaCl3 = 1 0 : 1 ,
atmospheric pressure

Characteristics of the
resulting crystals

shape and size,
mm

needles; 0.50 χ
0.15 χ 2.00

(100) whiskers,
pyramidal
crystals

{lOOjcubes,
{lll}cubo-
octahedra;
l x l x l

(100) whiskers;
/ = 2-5, thick-
ness 0.001-
0.020; <100>
pyramids

other
character-

istics

colour
violet

-

colour
purple

colour
purple
(lattice con-
stant a —
4.151 A);
colour blue
(lattice con
stant a =
4.155 A)

Rets.

I 2 3 J

[24]

[25]

[26]

The control of crystal growth processes is complicated by
the need to monitor and control several factors within closely
specified limits: the rates of evaporation, the concentrations
of the initial components in the carrier gas, the temperature
gradient, etc. Data on the preparation of LaB6 monocrystals
by the gas-phase method are shown in Table 1.

The possibility of growing oriented and regular whisker
structures of various elements and compounds by a gas-phase
method, using Ac transport, is of great practical interest.21*

The results in Table 1 show that LaB6 monocrystals produced
by the gas-phase method are usually facetted, and grow pref-
erentially in a <100> direction. However, they tend to be
small, and difficult to use as single-crystal samples in phys-
ical experiments. Furthermore, their precise chemical com-
position has never been reported, except for a list of impuri-
t ies . 2 6 The same paper 2 6 gives the lattice constants of the
LaB6. Most other reports merely describe the colour of the
crystals, which varies from purple to blue, the latter being
ascribed to an excess of boron in the sample. However, this
interpretation cannot be tested unambiguously because of the
lack of chemical analyses. In view of the relatively low tem-
peratures and other conditions used in the gas-phase method,
and noting the data on the homogeneity region in Fig. l , it
would appear that stoichiometric LaB6 crystals can be pro-
duced, in principle, by this method. The main difficulty here
is the need for exact control over the initial concentrations,
which determine the La: Β ratio in the monocrystal, and also
the need for fine adjustment of many other factors (mentioned
above) known to affect the stoichiometry of the growing LaBb

crystals.

Another shortcoming of the gas-phase method (especially
for the growth of crystals by using chemical reactions) is the
possibility of co-depositing impurity phases such as boron
with the LaB6. As reported, 2 6 this danger can be avoided by
using a BC13 concentration much lower than the value corre-
sponding to the stoichiometric ratio BCl3/LaCl3 = 6. The
coprecipitation of boron is entirely suppressed at BCl3/LaCl3 < 2.

The gas-phase method has not so far produced monocrystals
of adequate quality and size. However, further developments
(including the use of seed crystals) may result in the produc-
tion of large and perfect LaB6 crystals. Another promising
line of research is aimed at the production of regular whisker
structures of LaB6, which may find practical application.21*

2. The Liquid-phase Method

The liquid-phase method consists in passing the substance
to be crystallised through a heated zone in which a tempera-
ture gradient is maintained, or in moving the zone relative to
the sample. The compound, which can enter the zone either
in the liquid or in the solid state, is first melted and then
crystallised. The wide variety of possible technological vari-
ants of this method has led to the development of a large num-
ber of different techniques for growing single crystals. 2 2

Only the zone melting method has been used for growing
monocrystals of LaB6, in the crucible-free form which avoids
contact between the hexaboride melt and any container mate-
rial. Data on the preparative conditions and characteristics
of LaB6 monocrystals prepared by zone melting are summarised
in Table 2. The ingot for zone melting is previously pre-
pared as a rod of the required diameter: the quality of the
final product is largely determined by the composition and
purity of these ingots. Various heating methods are used to
generate the molten zone in the sample. Thus, relatively
large (4—7 mm in diameter) monocrystals (or polycrystalline
ingots) have been obtained with high-frequency2 7 '3 1 or elec-
tron-beam heating. 2 1 Thinner monocrystals (-1 mm diameter
or less) have been prepared successfully by electric arc or
laser methods of heating. 2 8 Dissociation and evaporation of
the LaB6 are avoided by carrying out the zone melting opera-
tion in an atmosphere of purified gas (usually a r g o n ) . 2 7 " 3 0

Nitrogen, hydrogen, and helium have also been used. 2 1 The
concentration of impurities can be lowered to the 10~3-10~l*
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wt.% level by repeated zone passes (see Table 2). It is
reported 2 9 that a single zone pass can lower the impurity
concentration (transition metals of Groups IV-VIII, Cu, Al,
Ca, etc.) by a factor of 13-69, i.e. almost to the 10~2-10~3

wt.% level, increasing to a factor of 315 (10~3 wt.%) after
three passes.

Table 2. Preparation of LaB6 monocrystals by the liquid
phase (zone melting) method.

Preparative conditions

composition of initial
billet ctj.. wt.'i

LaB6; 99.9

LaB6 > 99.0;
LaBg + (1.6-2)

LaB6: cjy = 0.485

L a B 6.00±0.03:
LaBs 99 and LaB5 gj

4 = 1.125

La + B; c£ = 1.6

atmosphere:
pressure.

mmHg

Ar; 1.1Ί0 4

N'2; 20

Ar; 760

Ar; 52

inert gas

Ar; 760

formula

LaB6

LaxB(,. where
0.85 < χ <
1.0

-

L a B6.00±0.15·
L a B 5 8 6 ,
LaB5.72

LaB6

LaBs 9, LaB^

Characteristics of the monocrystals

impurities, wt.'/ί

non detected
(3 zone passes)

e%- < 0.1 (micro-
probe) (1 zone
pass)

cl = 0.043
72 zone passes)

cZ = 0.0045
(3 zone passes)

c | = 0.015

c\ = 0.01
(3 zone passes)

growth
direction;

crystal size, mm

not determined;
/ = 60, d = 7

not determined;
/ = 25. d =
3.6

< 100>; / = 60,
d = 1.1

<100>; / = 23-
26. d = 0.25-
1.50

not determined;
/ = 120,
d = 7

deviation from
(111)5°;
/ = 120,
d = 10

Refs.

[27]

[21]

[28]

[29.
30]

|31]

[32,
33]

Notes: cP is the total impurity concentration; I is the length

and d is the diameter of the crystal.

In most of this work the initial LaB6 had a stoichiometric
composition. However, some workers used specially pre-
pared initial samples which were deficient in lanthanum (i .e.
contained added boron). In this way it was shown21 that in
order to produce good-quality billets boron powder must be
added to the LaB6 powder (2 mole boron to 1 mole LaB6). The
resulting monocrystals were of good quality, but they con-
tained an excess of boron as well as the LaB4 phase. The
presence of LaB,, can be attributed to the high rate of crys-
tallisation used in those experiments,2 1 which was an order of
magnitude greater than normal values.

The LaB,, had an oriented distribution, and its presence had
almost no effect on the sharpness of the Laue diagrams of the
LaB6 monocrystals. A seed crystal containing an excess of
boron (86.9% B) was used 2 8 in addition to seeds of stoichiomet-
ric composition. By studying the melting points of the sam-
ples it was concluded that the composition of the crystals cor-
responding to the highest melting point is shifted from the
stoichiometric value towards the boron-rich side. This obser-
vation anticipated the publication5 of the phase diagram of the
La-B system. In addition, the LaB^ phase was detected in
samples prepared from billets of stoichiometric composition.
Its presence was attributed to incongruent melting of the LaB6.

As was stated above, according to data5 obtained by the
liquid-phase method (see Fig . l ) , the preparation of stoichio-
metric LaB6 by this method (including zone melting) is impos-
sible even when non-stoichiometric initial ratios of La to Β are

used to allow for differences in evaporation rate at the growth
temperature. However, some workers 2 7 ' 3 1 ' 3 3 have assigned
the formula LaB6 to their lanthanum hexaboride crystals on
the basis of chemical analysis (and within the precision of that
method, see Table 2). We should stress that, unfortunately,
the exact quantities of Β and La in the resulting LaB6 mono-
crystals are not stated in those papers, and no indication is
given of the precision of the chemical analysis. Therefore it
is difficult to establish the exact ratio of Β to La in those
samples and the exact formula of the hexaboride.

This shortcoming is not found in an analytical investigation30

specially aimed at determining the stoichiometry of the grown
LaB6 crystals (see Table 2) and at identifying the impurities
in the samples. All the monocrystals were found to be defi-
cient in boron both in respect of their stoichiometric composi-
tion and in respect of the composition of the initial ingot, but
they were free from inclusions of the LaB^ phase. Relatively
large amounts of carbon were detected in the crystals. The
low boron content was attributed 3 0 to the formation of a com-
pound between boron and carbon by the reaction of carbon
with the LaB6 melt (but no experimental evidence for this
suggestion is given). On the evidence of chemical analysis
and density data these workers concluded that the boron sub-
lattice contained defects and that La atoms could be accommo-
dated in the sites of the missing octahedra of boron atoms.

Thus the liquid-phase method can be used to prepare rea-
sonably large monocrystals of high purity, but it has serious
disadvantages such as a variable and non-stoichiometric com-
position of the resulting LaB6 crystals and the presence (in
some cases) of LaB^ and Β inclusions.

3. Crystallisation from Solutions

The solution method consists in the mass (or seeded) crys-
tallisation of refractory compounds from metallic, salt, or
hydrothermal solutions. The crystallisation takes place at a
fixed (or variable) solution supersaturation, produced by
evaporating the solvent or by lowering the temperature and
by the corresponding decrease in solubility of the substance
to be crystallised. The crystallisation is controlled by using
a seed crystal immersed in the solution, and by establishing
special regimes of solvent evaporation and cooling the system
or adding feed material to i t . 2 2

The variants of this method differ in the nature of the sol-
vent (elements, compounds, metals, salts) and in its relation-
ship to the solute (i .e. in its ability to form compounds with
i t ) . 2 2 One of the main attractions of the solution method is
the possibility of obtaining different morphological modifica-
tions of the monocrystals (needles, plates, isometric crystals),
and also the relatively low temperatures of the growth pro-
cesses and their technological simplicity. So far, only crys-
tallisation from solutions in metallic melt and electrocrystallisa-
tion have been used to prepare monocrystals by the solution
method. Information on the crystals prepared by these
methods is given in Table 3.

Let us examine in greater detail the solution method, which
appears to offer the most promising possibilities for the prod-
uction of stoichiometric LaB6 crystals. To control the crys-
tallisation of LaB6 from solution in Al we need information on
the phase equilibria in the ternary La—B—Al system at differ-
ent temperatures, and also data on the polythermal section of
the LaBb—Al phase diagram. If these data are available we
can establish the following:

1) the temperature dependence of the solubility of LaB6 in
an Al melt;

2) the phase relationships and interconversion during crys-
tallisation .
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However, the phase diagram of the La-B-Al system has not
so far been determined. The reported"*6 isothermal section of
the phase diagram at 873 Κ shows that ternary compounds are
not formed on this section and that the LaB6 is in equilibrium
with the Al, indicating the possibility of preparing LaB6 crys-
tals from the Al melt. Since the LaB^-Al equilibrium does not
appear on the isothermal section, the LaB4 phase cannot crys-
tallise and contaminate the LaB6 crystals. There is no infor-
mation on the temperature dependence of the solubility of LaB6

in an aluminium melt: the composition of the initial charge is
usually calculated approximately by equating the solubility of
LaB6 to that of boron in aluminium at the given temperature.
This estimate is only a rough approximation, and apparently
too high, but at present we have no better way of defining
the crystallisation regime of the LaB6.

An overall representation of the crystallisation regimes can
be based on the data in Fig. 2, which shows a polythermal sec-
tion with a metastable region in the phase diagram of refrac-
tory compound (MN)—solvent metal (R) systems, together with
possible variants of the mass crystallisation regime.

The metastable region, defined by the full curves, is divided
into two parts by the dot-and-dash curves, corresponding to
the spontaneous formation of singlet nuclei (part I, tempera-
ture range T1—T2) and to massive nucleation (part II, range
Τ 2 - Γ 3 ) , but not so massive as in the labile region below T 3.
After being heated to the required temperature and held at
that temperature for the time needed for the synthesis and
homogenisation of the molten solution the system can be cooled
according to several regimes, of which the most effective is
A1B1C1D1. After a hold at the temperature A1 the system is
rapidly cooled to the temperature B1 to form a relatively small
number of nuclei, then the temperature is raised to Cx to
redissolve the more unstable nuclei (in order to decrease the
number of nuclei and thus obtain larger crystals), and lastly
the system is cooled along the line C1D1, which is parallel to

the solubility curve of the crystallising compound. Other
regimes (see Fig. 2) yield smaller and less perfect monocrys-
tals, and are only used for special reasons.1*7

1 A ,

MN R

Figure 2. Metastable region (diagrammatic) in a polythermal
section of the MN-R phase diagram and mass crystallisation
regimes (from Ref.47).

LaB6 monocrystals of stoichiometric (or near-stoichiometric)
composition are obtained by crystallising the system by the
solution method according to the LaB6—Al polythermal section
(Fig. 3), starting from the temperature 2073 Κ at which the
left-hand edge of the homogeneity region begins to follow the
stoichiometric composition towards lower temperatures. This

Table 3. Preparation of LaB6 monocrystals by the solution method.

Initial components

Composition
(wt.%); weight
of solvent (g)

ΛΙ(99.9999)

Λ 1(99.9);
90—140

Λ 1(99.8); 58

Λ1(99.99); —

Al; 41

purity of Β and
La(wt.%);
B/La ratio

Β (99.99),
Ln(99.9); 6:1

Β (99.99),
La (99.9);
4.98:1

Β (99.8),
La 99.5)
5.8:1

Β (-99),
La(>99); 6:1
or 12:1

Β (99,9),La2On;
(4-5-8) :1

-

C. Wt.%

13.35

2.4-5-3.6

3.06

5--10

10

-

Prep

Τ, Κ

1773

1473

1773

1573—1673

1773

1073

arative conditions

t. h

0.16

5+-10

8

2-5-10

120

200-»-300

, K h - i

25

0.2-*-75

30

-

5-5-20

no cool-
ing

Chara

shape and size of crystals, mm

needles 5.0-7.0 χ 0.1 χ 0.1;
plates 2.00 χ 3.00 χ 0.05;
cubes

needles 5.0 χ 0.5 χ 0.5;
plates; cubes

needles; plates; cubes

needles 10.0 χ 0.5 χ 0.4;
plates 6.00 χ 7.00 χ 0.15;
cubes 1.90 χ 0.85 χ 0.85

needles 5 x 1 x 1 ; plates
2.0 χ 2.0 χ 0.1; cubes
l x l x l

cubes 6 x 6 x 5

teristics of monocrystals

method of analysis; formula

-

-

-

chemical analysis**;
LaB5 8 6 (31.0 wt.% B);
LaBfc.04 (32.0 wt.';i B)

microprobe: (30.00 ± 0.08
wt.% B)

microprobe;
La0.G7B«-:-La0.87B«

cP cZ, wt.%

0.01

0.045

0.005—0.01

0.056 (Al)

-

-

Refs.

[34.35.30.37]

[38J

[39]

[40-43]

[44]

[45]

Symbols: c is the concentration of LaB6 in solution, t is the hold time, ν is the cooling rate.

* Crystals prepared by electrocrystallisation from molten salts (melt composition, mole %: La2O3 0.1—4,
B2O3 33.5, Li2O 31.2, LiF 33.1.
**The calculated boron content of LaB6 is 31.8 wt.%.
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property of the system imparts some substantial advantages
to the solution method as compared with other methods of
producing LaB6 crystals of stoichiometric composition.

7,K

Al

Figure 3. Polythermal section (diagrammatic) of the LaB6-Al
phase diagram (from Ref.47).

The LaB6 crystals are usually prepared as follows. Known
weights of boron and lanthanum (in stoichiometric proportions)
are placed in an alundum crucible or boat together with the
aluminium, heated in an argon atmosphere to the required
temperature, held at this temperature for several hours in
order to homogenise the melt, and after rapidly lowering and
again raising the temperature the system is brought to 873 Κ
by forced cooling (see Fig.2).1*7 The fundamental condition
for successful crystallisation is that the point Bi(2) must
always lie within the metastability region (preferably, in its
upper part) . The following mass crystallisation regimes can
be defined (Fig.2): A XB 1ClD1 (the optimum) ; A1B2ClD1 (a
possible regime for a broad homogeneity region of the crystal-
lising substance); A1D2 (an "incorrect" regime, leading to
the deposition of very small crystals); A2D3D^(a possible
regime for a low synthesis temperature).

After being cooled the aluminium ingots are dissolved in
dilute HC1, NaOH, or KOH to isolate the LaB6 crystals. La2O3

can be used as one of the initial components instead of metallic
La: in this case the reaction La2O3 + Β + Al ->• LaBfc + A12O3 +
other products takes place in the aluminium melt.1*1*'1*8

In the temperature range 1473-1773 Κ (see Table 3) the
LaB6 crystallises from solution in an Al melt in three morpho-
logical modifications: needles, plates, or isometric cubic crys-
tals (Fig. 4a and 4b), the needles and plates being much larger
than the cubic crystals. It was reported 3 8 that under stated
experimental conditions (see Table 3) the needle-like crystals
greatly outnumber those of other morphologies. For example,
at a cooling rate of 75 Κ h " 1 the numerical ratio of the crys-
tals of different habit (needles : plates : cubes) was 76 : 23 : 1.
It is also reported1*3 that this ratio depends on the concentra-
tion of LaB6 in the Al: increasing the concentration increases
the proportion of platelets in the crystals.

From the Laue patterns of the crystals it was concluded1*9

that the plates and needles have {100} cube faces, i.e. the
plates have a large (100) face (several mm2 in area) and the

needles are elongated in the <100> direction. This is con-
firmed by data on the etching behaviour of the monocrystals.38'1*2

Some crystals have smooth faces, others show conical projec-
tions and growths steps, and skeletal growth forms are also
found (in the shape of hollow cubes and needles), denoting a
high degree of supersaturation during the growth (Fig.4b).
It was shown1*9 that many monocrystals have a block structure,
with a maximum mis-orientation of 2° in platelets and much
smaller (~10') in needles (the mis-orientation of the blocks was
calculated from photographic enlargements of the Laue spots).

1 r

Figure 4. General shape of monocrystals of lanthanum hexa-
boride and of solid solutions of the La-L-χΜχΒς type crystal-
lised from aluminium: a) needles and plates of LaB6; b) cubic
LaB6 crystals; c) La^^Ce^Be solid solution; d) La 1 _ x Tb x B 6

solid solution; magnification x6 (a, c, d) and x500 (b) .

The composition of the LaB6 monocrystals was determined
quantitatively only in two investigations,1*2'1*1* aiming to estab-
lish the effect of the Β/La ratio in the initial ingot on the com-
position of the resulting crystals. In one of these studies1*2

chemical analysis showed that the composition of the crystals
obtained for a stoichiometric initial ratio of the components
generally corresponds to the formula LaB6 - 0. An initial ratio
of 12 : 1 yields crystals deficient in boron (LaB 5 8 6 ) . Other
workers1*1* varied the Β/La ratio between 4: 1 and 8: 1 but
could not detect any difference between the compositions of
the resulting crystals. The reported composition in this case
corresponded to a deficit of boron in the lanthanum hexabo-
ride crystals. We should stress that in spite of the use of an
excess of boron in the initial charge there has not been a
single report of the deposition of a LaB3 phase by crystallisa-
tion from an Al melt.

Aluminium inclusions have been detected in some LaB6 crys-
tals.38'1*2 This type of solvent entrainment is observed at
high rates of growth of the crystals from solution.5 0 The
crystallisation regime should be defined so as to avoid the
formation of extraneous inclusions.
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The crystallisation from Al solutions yields lanthanum hexa-
boride crystals of various colours: from a bright purple to
violet and blue. There have been attempts to associate the
blue colour with the presence of finely divided inclusions of
free boron1 3 or with a small lanthanum defect 3 ' 5 ' 1 9 (for exam-
ple, the La content was found6 to be 66 wt.%). However an
X-ray microprobe analysis of crystals of different colour pre-
pared by the solution method detected identical boron concen-
trations in all the crystals. hh It was reported1*9 that after
brief etching in dilute HNO3 all the crystals display a bright
purple colour gradually turning to blue on long exposure to
air. The conclusion1*1*'1*9 was that the differences in colour
between the crystals are due to differences in the state of the
surface (mainly, the presence of an oxide film).

The total impurity content of these LaB6 monocrystals
according to spectrographic analysis is 0.005-0.05 wt.% (see
Table 3), i.e. fully comparable with the purity of the crystals
prepared by zone melting (Table 2). Obviously, even purer
crystals can be prepared from purer starting materials by
exploiting the distribution coefficients of the various impuri-
ties .

LaBb monocrystals containing the 10B and 11B isotopes,
needed in various investigations,1*9 have also been prepared
by crystallisation from a solution in molten Al.

In an attempt to improve the emission properties of LaBb

cathodes, monocrystals of solid solutions of the type La1_a..
.M xB b have been prepared,1*0'1*1*'1*8'51'52 where Μ is a rare-
earth (Ce, Gd, Tb, Pr, Nd, Sm, Dy, Y) or an alkaline earth
metal (Ba), and χ varies between 0.02 and 0.70 atom fraction.
These are similar in size to the pure LaBb crystals (needles
and platelets, see Figs.4c and 4d). It was reported1*1* that
the composition of the solid solution crystals is not exactly
correlated with the initial component ratio. The discrepancy
between the initial LaBb/MBb ratio and the composition of the
crystals can be as high as ±15 mole % in some crystals. Other
workers5 2 find this scatter to be less than 8 at.%.

Another method (electrocrystallisation from molten salt solu-
tions) has been used to prepare fairly large cubic monocrys-
tals of LaBb (see Table 3). The most significant feature of
this method is that electrolysis of the molten salts (or oxides)
is carried out at constant temperature. The driving force of
the crystallisation process is the applied potential gradient.
Electrolysis has been carried out at a constant voltage between
1.85 and 2.1 V, which gives the cathodic current density
(20—40 m\ cm"2) needed for crystal growth. Unfortunately,
the composition and impurity content of the LaBb crystals
(grown on a seed) is not quoted,1*5 and these results cannot
be compared with those obtained by other methods.

A comparison of all the methods of preparing lanthanum
hexaboride crystals (Table 4) shows that the highest tempera-
tures are used in the liquid-phase methods; in the gas-phase
and the solution methods the maximum temperatures are simi-
lar, and lower than T m for lanthanum hexaboride by almost a
factor of two; the liquid-phase method offers the highest rate
of growth of monocrystals. Though each of these methods
(in principle) can be used, with appropriate seeds, to grow
single crystals oriented in any required crystallographic
direction, this has been achieved, in practice, only in the
liquid-phase method. Different morphological modifications of
idiomorphic monocrystals can be obtained only by the solution
method. The limiting impurity concentrations in monocrystals
prepared by the different methods are approximately equal.
Allowing for the shape of the LaB6 homogeneity region (espe-
cially in crystallisation by the solution method) leads to the
production of stoichiometric or very nearly stoichiometric
monocrystals. The liquidphase method often produces inclu-
sions of LaBi, and B, while inclusions of Al are obtained when
the solution method is used.

The most perfect monocrystals are grown by the solution
method, with the smallest block misalignment end the lowest
dislocation density. Single crystals of a prescribed shape
can be prepared only by solution and by liquid-phase methods
(in the latter case, by using Stepanov's profiling method 5 3).
These aspects should not be forgotten when comparing the
future prospects of the various methods. On the whole it is
difficult to identify any one method as superior to all others.
Each method has its advantages and disadvantages, and each
can yield monocrystals of adequate quality. In view of the
practical requirement for monocrystals in needle or platelet
form for the preparation of hot or cold emission cathodes, and
of the difficulty of growing those crystals by the liquid-phase
method, the solution method of growing LaB6 crystals of stoi-
chiometric composition offers some advantage over the other
methods.

Table 4. Comparison of methods of preparing LaB6 monocrys-
tals.

gas phase liquid phase

Temperature range. Κ

Growth time or rate
of pulling (or cooling)

Other features and
prospects of the method

Preparative conditions

above 2988
(degree of
superheating
not quoted)

preparation of
oriented regular
structures

18-420 mm h"1

growth on seeds growth of crystals in a
prescribed orientation:
electrocrvstallisation

Characteristics of resulting monocrystals

Maximum size, mm

Impurity content, wt.'i

Structural perfection
(misorientation of the
blocks)

Dislocation density.
cm'2, and face

Possibility of preparing
monocrystals of
stoichiometric compo-
sition

/ = 5 (needles).
d = 2 χ Ι0"5

at the limit of
sensitivity of the
microprobe

no data

10 4 -10 5 : (100)

yes

d

10"

bet

1 0 6

no

120 (rods),
= 1-10

' - Ι Ο " 4

veen 20" and
ew degrees

- I 0 7 : (1(10)

needles 10.0 χ 0.5 χ 0.4:
platelets 6.00 χ 7.00 χ
0.15; cubic crystal
6 x 6 x 5

Al up to 2 χ 10"'-
(5-10) χ lir· '

platelets up to 2'. needles
up to 10'

10-'- HI5: ( 100)

yes

These conclusions are confirmed by X-ray structural
studies1 7 '5 1*'5 5 of three LaB6 monocrystals prepared by the
solution method with different Β /La ratios in an Al melt and at
different temperatures (B/La = 9 : 1 and 5 : 1 at 1673 K; B/La =
9: 1 at 2073 K). The results on the crystal structure of
LaBb, shown in Table 5, were unexpected. Instead of defects
in the lanthanum sublattice, which could have been expected
in boron-rich compositions,3'10 full occupancy of the lanthanun
positions and a small defect density in the boron sublattice
were observed in all three crystals, irrespective of their com-
position. It follows that the data on the homogeneity region
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of LaBb (see Fig.3), at least those at 2073 Κ and below, need
to be re-examined: it appears that the boundary coinciding
with the line of stoichiometric composition should be the right
(rather than the left) solidus line. With this exception the
shape of the homogeneity region should be as outlined in
Ref.6.

Table 5. Data on the structure of LaB6 (from Refs.54 and
55).

Structure parameters

Position of
boron atom.

Occupancy and
position factor of
the boron. ',!

Isotropic temperature
factor of the lan-
thanum i.'iso. A-

Anisotropic tempera-
ture factor of the
boron. A2; L'\ \
U22 = i'33

Divergence factor

B/La atomic
ratios:

from X-rav analvsis
data

from chemical
analysis data

Crystal No.l

0 l'M'Mi (Hi)

90.4 (71

O.UU53."> (3)

0.0031 (2)
0.0044(21

1.36 (935 reflections)

5.7C

5.7

Crystal No.2

0.10057 (15)

97.2(5)

0.00551 (2)

0.0032(2)
0.0040(1)

1.10(1224 reflections

5.80

—

Crystal No.3

ιι.10948(Ι4)

OS.2 (5)

0.00525(2)

0.0031 (2)
0.0046(1)

1.15 (1190 reflections)

5.86

6.S

Notes. The standard errors are shown in brackets. The
following initial ratios in the melt and temperatures were used:
crystal No.l, B/La = 9: 1, Τ = 1673 Κ; crystal No.2, B/La =
5:1, Τ = 1673 Κ; crystal No. 3, B/La = 9: 1, Τ =· 2073 Κ.

Figure 5. Crystal structure of LaB6; the thermal vibration
ellipsoids of the atoms are taken from Refs.54 and 55.

Another important result of these studies 5"' 5 5 is the recog-
nition of a large anisotropy in the thermal vibrations of the
boron atoms (see Fig. 5 and Table 5). It is clear that the

thermal vibrations of the boron atoms are weaker in the direc-
tion of the bond between octahedra than in the direction of
the bonds within the octahedron. This conclusion is consis-
tent with the results of studies of LaB6 monocrystals by Ramar
spectroscopy, 5 6 ' 5 7 according to which the force constants of
the Β—Β bonds between octahedra and within the octahedra
are 2.18 and 1.28 mdyn A"1 respectively. We should also
stress that the amplitude of the thermal vibrations of the La
atoms is greater than that of the Β atoms (see Table 5). This
suggests a rigid boron sublattice with lanthanum atoms vibrat-
ing relatively freely in its interstitial sites. These aspects
of the crystal structure of lanthanum hexaboride are respon-
sible for many of its properties, discussed in the next section.

IV. SOME PROPERTIES OF LANTHANUM HEXABORIDE MONO-

CRYSTALS

In this section we shall aim as far as possible to discover
the relationship between the properties and the composition of
LaBb monocrystals.

1. Electrophysical Properties

The electrophysical properties of LaB6 monocrystals have
been studied mainly on samples prepared by zone melting.27'58'55

The results confirm the metallic nature of LaB6, previously
established for polycrystalline samples.1 0 Hall effect mea-
surements on samples of two types (prepared with 1 pass and
3 passes of the molten zone respectively) gave the same value
of the Hall constant (i?n) i n both cases: in other words, this
constant is independent of the purity of the crystals. 2 7 The
carrier concentration calculated from R\[ is ~1 electron per La
atom, which agrees with the band structure of the hexaborides
of tervalent rare-earth metals suggested in the early publica-
t ions . 6 0 ' 6 1 An important characteristic of LaB6 monocrystals
is the ratio of the electrical conductivities at 300 and 4.2 Κ
( Ρ 3οο/Ρι*.2) · W e know that the electrical conductivity of
metals at room temperature is determined mainly by the scat-
tering of the conduction electrons on acoustic phonons,
whereas at liquid-helium temperatures it is determined by
scattering at impurity atoms and lattice defects.6 2 Therefore
this ratio is very sensitive to the quality of the crystals: the
fewer impurities and defects are present in the crystal, the
lower will be the residual electrical resistance ς>^.2, and the
higher the ratio ρ3Οο/Ρι».2· Thus, for melted polycrystalline
samples (1 zone pass) containing 10~1-10~2 wt.% of impurities
the ratio was 20-45, 2 7 ' 5 9 whereas for the purer monocrystals
(3 zone passes) containing -10"3—ΙΟ"1* wt.% of impurities the
ratio was 200—450,27'58 and even as high as 740.63 In mono-
crystals prepared by the solution method the ratio P300/P4.2 s

200 3 5 corresponds to the lower limit for the zone-melted crys-
tals . However, we should remember that the error in mea-
suring this quantity may be large in the case of small crystals.

A study 5 8 of the temperature dependence of the electrical
resistance of a zone-melted monocrystal (p3oo/Pi».2 — 4 5 °) i n

the range 360-4.2 Κ has shown the need to allow for the con-
tribution from the scattering of electrons on optical phonons,
which becomes appreciable at -100 K. At 300 Κ this contri-
bution accounts for -30% of the total resistivity of the LaBb.
The scattering of electrons on optical phonons is an important
difference between LaB6 and metallic elements, which confirms
the ionic nature of the interactions between the boron and
lanthanum sublattices.6 0 A study of the dynamic resistance
of a LaB6 monocrystal at 1.7 Κ by the point contact spectros-
copy method confirmed the predominance of electron-phonon
interaction processes in the scattering of electrons.6"
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Experimental studies of magnetoresistance and of the
de Haas—van Alphen effect have been made on monocrystals
prepared by solution and liquid-phase methods, 3 5 ' 6 3 ' 6 5 using
models of the Fermi surface for LaB6 which were consistent
both internally and with calculations of the band structure of
LaB f a .

6 6 ' 6 8 According to those measurements3 5 '6 3 '6 5 the con-
duction band of LaB6 is very wide, and the conduction elec-
trons have a negligibly small s character owing to the hybrid-
isation of the 5d orbitals of the lanthanum atoms with the 2s-2p
orbitals of the boron atoms. A study of the energy struc-
ture of the valence band by determining the angular depen-
dence of the photo-emission from the (100) faces of a LaBfc

single crystal prepared by zone melting69 revealed the pres-
ence of several sub-bands in positions agreeing to within
-0.5 eV with calculated results . 6 7

Information on the band structure can also be obtained from
the reflectance spectra, which have been studied on poly-
crystalline samples prepared by zone melting and on films of
LaBb in the energy range 0.05-6 eV.25'70"71*

2. Optical Properties

The optical properties of LaB6 monocrystals were first
studied over a wide range of energies (0.05-40 eV) on lami-
nated crystals (mosaics of platelets) prepared by the solution
method. 7 5 ' 7 6 The reflectance spectrum of LaB6 (curve 1 of
Fig. 6a) shows a deep minimum at an energy of 2.1 eV, due to
the interaction of light with the conduction electrons. It
corresponds to a sharp maximum in the loss function (-Ime λ,
curve 3 of Fig. 6b). At energies greater than 2.1 eV we
observe a steep increase in the imaginary part of the dielec-
tric constant e2 (curve 2 of Fig.6b), indicating band-to-band
transitions (direct band gap) of the electrons from the valence
band to the conduction band, whose lowest levels are filled
with electrons. Hence the spectra of the optical constants
in present energy range are determined both by the conduc-
tion electrons and by the inter-band transitions, and there-
fore the frequency cumjn corresponding to f?min is not equal to
the plasma frequency ωρ. By separating the contribution
from the conduction electrons ( c e ) (curve 4 of Fig.6b) to the
real part of the dielectric constant E± (curve 1 of Fig. 6b) we
can determine the true value of the plasma frequency ωρ.
Inspection of the characteristic loss function (-Ime"1, curve 3
of Fig. 6b) establishes the presence of a broad maximum at
energies of 27—30 eV, due to the onset of plasma vibrations of
the valence electrons. The calculated energy of these vibra-
tions is 20 eV, i .e. we find (as in the case of the conduction
electrons) a shift in the energy of the plasma vibrations as a
result of band-to-band transitions. The similarity between
the spectral dependence of the characteristic loss functions
for LaB6 and for the betarhombohedral modification of elemen-
tal boron suggests that the role of the boron atom in the for-
mation of the spectrum of the hexaboride is dominant in the
high-energy region. 7 6

The boron sublattice of LaB6 also determines the form of the
Raman spectrum, which was studied on monocrystals prepared
by zone melting. 5 6 ' 7 7 The spectra were measured on polished
(100) and (111) surfaces of monocrystals. Several peaks
were observed, and assigned to three modes of lattice vibra-
tion active in the Raman region:

χ = 0.02-0.046) and attributed to the local perturbation of the
symmetry produced by the replacement of La by Ba.

Au

From Ref.56

1258 cm"
1

1120 cm"
1

682 cm"
1

From Ref.77

1262 cm"
1

1138 cm"
1

688 cm"
1

B-Bbond
B-Bbond
distortion of the boron sublattice

A peak at 214 cm" attributed to scattering on defects of the
crystal structure, was also observed. 7 7 A similar peak at
208 cm"1 was observed5 8 in La 1 _ x Ba x B 6 monocrystals (where

η κ

JO HO
£, eV

ο.α

~y -

E.eV

Figure 6. Dependence of the optical constants of LaB6 on the
energy Ε of the incident radiation; 7 5 ' 7 6 a) reflectance R (1),
refractive index η (2), and extinction coefficient κ (3); b)
real ( e 1 ; 1) and imaginary (e 2 , 2) parts of the dielectric per-
meability function and of the loss function (-Im ε" 1, 3).

3. Mechanical Properties

The elastic properties of LaB6 are also determined mainly by
the boron sublattice, as shown by measurements of the elastic
constants of LaB6 on samples cut in the <001>, <110>, and
<111> directions from single crystals prepared by zone melt-
ing: 5 7

Cu = 45.33 χ 1010Pa
C1 2= 1.82 χ 1010Pa
C44=9.01 χ 1010Pa

The anisotropy factor is A = 2C1>lt/(C11 - C 1 2) = 0.41.
Young's modulus, calculated for the <100> direction, is 45.18 χ
10 l c Pa, while the value calculated from the force constants of
the bonds in the boron sublattice between octahedra and
within the octahedra5 6 is 40 χ 1010 Pa. This good agreement
is interpreted 5 7 as evidence that the elastic constants of LaB6

are determined by the rigid boron sublattice. The large ionic
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contribution to the bond between the boron and the metal sub-
lattice accounts for the anisotropy factor A < 1 in LaB6 (a
value usually found in ionic crystals).

Young's modulus for polycrystalline LaB6 prepared by zone
melting is 39.24 χ 1010 Pa , 7 8 i .e. it is slightly lower than for
the monocrystals. It is interesting to note that a theoretical
calculation of Young's modulus for LaBfc

 7 9 gave a value of
47.09 χ 1010 Pa, i.e. in these monocrystals the measured
Young's modulus is very close to the theroretical value.

Data on the micro-hardness of LaB6 monocrystals prepared
by various methods are shown in Table 6. They cover a wide
range, but since the measurements were carried out with dif-
ferent loads it is difficult to compare the results. There is
an obvious tendency for the micro-hardness to decrease with
increasing load on the indentor. Furthermore, the micro-
hardness measured with a Vickers pyramid (Hy) is different
from that measured with a Knoop pyramid ( H R ) , which is a
characteristic of brittle materials.8 0 The brittleness of LaB6

is found to be similar to that of silicon.80

Table 6. Micro-hardness of LaB6 monocrystals measured by
different methods. ·

Method of preparation; crystal form;
face

Gas phase; needles; (100)
Solution; platelets, needles; (100)
Liquid phase
Liquid phase; (100)

(1 10)
(111)

Solution; (100)
ditto

Micro-hardness, kg mm"^

HV

3400-3700
2K20+S0

2020
—

—

—

_

—
—

18504-90)
1550+60}
14904-70J
2450
19804-130
1720

Load on
indentor, g

50
100
300

510

50
200
400

Rets.

[26]
142]
[21]
[80]
[80]
[80
181
[81
[81

constant of A = 120 cm"2 K~2 (we shall call this value §ef).
Both φβ and $ef values are used in published work, though
according to some workers8 3 the use of φβ/· is preferable.

The results of various workers on the work function of
polycrystalline LaB6 and of LaB6 monocrystals have recently
been critically examined in Refs.83 and 84 respectively.

Storms and Mueller83 examine in detail the various factors
responsible for the large scatter of the measurements of work
function on polycrystalline LaB6: deviations from stoichiom-
etry in the bulk of the sample, differences in composition of
the surface whose emission is measured, the temperature of
the experiment, and the hold time of the sample at this tem-
perature , the presence of impurities in the sample and in the
residual atmosphere, and many other factors. For polycrys-
talline samples of composition in the range LaB5-85-LaB6.5o the
surface composition at 1500 Κ varied between LaB6.032 and
LaB6 0 ( | 7, the work function $ef was 2.91-2.93 eV, and φ# was
3.15—3.12 eV. Surprisingly, a further increase in the overall
boron content produces an increase in $et and a decrease in
φ# (a sample of composition LaB8 - 6, with a surface composi-
tion LaB 6 1 , gave §ef = 3.17 and φ^ = 2.21 eV).

Evidently, these factors must affect the measured work
function also in the case of monocrystals. Furthermore, the
work function of the LaB6 sample depends on the crystallo-
graphic direction, as in metals with body-centred cubic, face-
centred cubic, or close-packed hexagonal crystal lattice. Data
on the emission properties of monocrystals prepared by liquid-
phase and by solution methods are shown in Table 7. We note
that the scatter in the φ values is large also in monocrystals.
Nevertheless the anisotropy in the work function with respect
to the crystal orientation is clearly observable: Φ(ιοο) =
Φ(ηο) = Φ(ιιι)·

Table 7. Work functions of different faces of LaB6 monocrys-
tals prepared by liquid-phase and solution methods.

The anisotropy of the micro-hardness has been studied on
monocrystals prepared by zone melting80 and by the solution
method.8 1 In a study 8 1 of the anisotropy of the hardness
(polar anisotropy) on the (100) face the maximum hardness
was found with the longer diagonal of the indentor oriented in
the <010> direction, and the minimum in the <011> direction
(the difference between the two measurements was 300 kgf
mm" 2). Ref.80 describes a study of the reticular anisotropy
of the micro-hardness, showing that the maximum value of Ηκ
occurs in the (100) plane, where the density of La atoms is a
maximum, and the minimum occurs in the (111) plane.

4. Emission Properties

Because of the extensive use of LaBb cathodes in various
types of electronic device, data on the thermo-electronic work
function φ of the material are of interest. The cathode cur-
rent density Ic during thermo-electronic emission is described
by the Richardson-Dushman equation

/c, A cm-2=A Γ exp (—βφΊ) (1)

where Τ is the temperature of the cathode (K), e is the charge
on the electron, and A is the Richardson constant. The work
function φ can be determined by two methods: 1) graphically,
from the slope of the linear plot of lg (IIT2) against e/kT (we
shall call this value of the work function φ#), and 2) by cal-
culation from formula (1), assuming a value of the Richardson

(1001

φφ, cV

2.4+0.2
2.91

2.8C+0.03

_
—

2,70

2.52+.0.05
—

2.75

2.47+0.06

3

2.3+0.1

2.38

2.70+0.05
2.86+0.04

—

(110)

VR, eV φφ, eV

(Ill)

«?,eV <Pef eV

Liquid-phase method

3.0!)
2.68+.0.03

2.74
—

_

2.98
—

2.64+0.05
—

2.88

_

2.85
3.4+0.2

—
2.0

—

3.35
—

2.90+0.05
—

2.98

So ution method

—
—
—

2.07
—
—
—
—

—
—
—
.—
—

—
—
—
—
—

Rets.

[S5]
[21]
86]

[84]
[87]
131]

13O[
[37]
188]
[89]
[52]
[90]

It would be interesting to compare the work functions of
monocrystals differing in purity and in composition. Unfortu-
nately, this comparison is possible only in a few cases because
of the inadequate specification of the experimental materials in
much of the published work. Thus, boron-rich crystals pre-
pared by zone melting (La^^Bg) and having a high impurity
concentration21 have a higher work function (on all faces)
than crystals with a boron deficit (LaB5.86) containing very
few impurities.30>81* The work function of the (100) face of
LaB6 monocrystals8 9 '9 0 prepared by a solution method 3 7" 3 9 and
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containing ~10~2 wt.% of impurity is close to that of crystals
prepared by zone melting and having a similar impurity con-
centration. 2 1 ' 3 1

By using modern methods of studying solid surfaces such as
Auger electron spectroscopy (AES) and low-energy electron dif-
fraction (LEED) the effect of impurities on the work function
of LaB6 monocrystals has been demonstrated more clearly. In
particular, it has been shown91 that the carbon present in the
sample prepared by zone melting with one zone pass diffuses
to the surface on heating the sample and forms a monolayer of
graphite which is stable for a long time even at 1500 K. This
effect increases the work function of LaB6.

It has been shown81*'90'92 that carbon and oxygen are the
main impurities on the (100), (110), and (111) surfaces of
LaB6 monocrystals. Their bond to the surfaces is fairly
strong, and they are completely removed only by heating the
sample to -1700 Κ in a vacuum of 10~8-10~10 mmHg. Studies
of the oxidation kinetics at room temperature of clean (100),
(110), and (111) surfaces of LaBb monocrystals showed that at
oxygen pressures of 10~7-10~9 mmHg O2 adsorption raises the
work function of these faces by 1.6, 1.3, and 1.1 eV respec-
tively. 9 2 " 9 6 Raising the temperature to 1700 Κ strengthens
the oxidation, and produces an increase of 2.4 eV in the work
function of the (100) face92 and a decrease in the emission
current . 9 0 ' 9 1 A large decrease in emission current is pro-
duced also by hydrogen, methane, and water vapour. 9 0 It
has been established that rearrangement of the (110) mono-
crystal surface with formation of (111) facets takes place in
an oxygen atmosphere at ~10~6 mmHg and 1700 K, leading to
an increase in the work function of the (110) face and a
decrease in emission current . 8 6 ' 9 8

Table 8. Atomic ratio Β/La on the surface of different faces
of LaB6 monocrystals prepared by solution and by liquid-
phase methods.

Measure-
ment
method

(100)

Solution method

2.3—2.6
2.3M—2.GO

2.0

Measure-
ment
method

Liquid-phase method

AES
A I S
A US

[30]
192]

[1]

(HHl)
1100)
(11")
(HI)

4.1+0.1
4.0

5.4-HO.I
5.94-0.2

AI:S
UPS
AES
AES

[84]
(101)
[84]
[84]

The nature of the work function anisotropy in different
faces of the LaB6 monocrystals is also of interest. Studies of
these faces by AES, LEED, UPS (ultraviolet photoelectron
spectroscopy), and XPS (X-ray photoelectron spectroscopy)
have shown 3 6 ' 8 1 *' 8 7 ' 9 2 ' 9 3 ' 9 9 " 1 0 1 that the Ba/La ratio on the mono-
crystal surface increases in the sequence (100) < (110) < (111)
(see Table 8). The work function decreases in the same
order, i.e. the greater the density of La atoms on the sur-
face, the lower is the work function. This observation is
unexpected, since the opposite effect is found on elemental
metals: φ increases with the density of metal atoms on the
surface. The explanation of this anomaly probably resides in
the atomic structure of the surface in the different faces of
the LaB6 c rys ta l s . 1 0 2 ' 1 0 3 ' 1 0 6 ' 1 1 2 According to current views,
the (100) surface consists of a plane of La ions, whereas in
the (110) and (111) faces the La ions are displaced from their
equilibrium positions by -1.66 and 1.2 A respectively (Fig.7),
i.e. the greater the displacement of the La ions "from within"

towards the surface, the lower is the work function. Accord-
ing to some workers 1 0 0 " 1 0 3 the difference in work function of
the LaB6 faces is explained by differences in the electrical
dipole moments created by the positively charged La0* ions
and the octahedra of Β atoms in the surface layer: the work
function of the (100) and (110) faces is lower than that of the
(111) face because their dipole moment is higher.

(100)

(111)

Ο La

Figure 7. Surface structure of different faces of the LaBe

crystal (from Ref.103).

Recent studies1 0 1*"1 0 6 of the energy structure of the LaB6

surface have identified several peaks in the region of 1.5 to
3 eV below the Fermi level from the UPS spectra of the (100),
(110), and (111) faces. These peaks are attributed to the
so-called "dangling" bonds, i.e. to uncompensated bonds of
the surface boron atoms. 1 0 7 The peaks disappear when oxy-
gen is adsorbed on the LaB6 surface, indicating an interaction
between the oxygen atoms and the uncompensated boron bonds.96

Adsorbed oxygen (or other gases) can form a dipolar surface
layer which alters the surface potential and therefore also the
work function.91*"96

However, residual gases, including oxygen, can increase
the emission rather than impair the emission propert ies . 1 0 8 ' 1 0 9

Thus, it was found1 0 9 that at an oxygen partial pressure of
10~ 1 0-(l-3) χ 10~9 mmHg the work function of the (210) face
is ~0.2 eV lower than for the clean surface, and the emission
is correspondingly higher. No explanation has yet been
suggested.

Problems of adsorption on the surface of LaB6 monocrystals
are of practical as well as of theoretical interest in relation to
the controlled modification of the emission characteristics by
the simultaneous adsorption of several elements. For example,
it has been shown110 that the adsorption of Cs on the clean
(100) and (110) faces of a LaB6 crystal lowers the work func-
tion from 2.78 to 1.97 and 1.88 eV respectively. However, if
the Cs is adsorbed on the same surfaces previously covered
with oxygen the work function falls to 1.35 and 1.47 eV respec-
tively. These surface coatings were found to have a reason-
able thermal stability: thus, the Cs is desorbed from a clean
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(100) surface of the LaB6 crystal at -900 K, whereas on a
surface previously coated with oxygen desorption takes place
at -1150 K.1 1 1 The work function of the clean (100) face may
not be the lowest, of course, Higher-index faces have also
given low values of the work function: φ# = 2.3eV for the
(321) face,8 5 <\>ef = 2.41 eV for (364) ,9h φ = 2.2 eV 1 1 2 ' 1 1 3 and
ΦΚ = 2.48 eV for (210). 1 0 2

Another method of improving the emission properties of
LaB6 monocrystals relies on doping the material. We know
that the work function is given by the expression

ρ=χ—μ ( 2 )

where χ is the difference between the electrical potentials in
the bulk of the metal and in the vacuum near the surface, and
μ is the chemical potential of the electron gas in the metal
(υ s Ep, where Ep is the Fermi energy). 8 2 By varying χ or
υ (for example, by doping) we can vary the work function of
the LaB6 in the required direction. In this respect the most
promising materials are solid solutions based on LaB6 in which
some of the La atoms are replaced by other materials, espe-
cially rare-earth and alkaline-earth metals.

The emission properties of some solid solutions have been
measured both on monocrystals and on polycrystalline sam-
ples. 5 1 · 5 2 ' 8 8 it was found that the work function of the (100)
face of the solid solution is higher than that of the LaB6 crys-
tals, and relatively insensitive to the nature of the added
metal. It was also shown52 that the surface of crystals of the
LaBb solid solutions gradually become enriched in La (with
respect to the bulk) at high temperatures as a result of the
preferential evaporation of the second metallic component.
These materials show a characteristic instability of the emis-
sion current . 8 8 Similar phenomena have been observed in
polycrystalline solid solutions of the MB6 type, where Μ = La,
Y, S c . l l u Nevertheless further work on these materials
should be of interest.

Studies of field emission from LaB6 monocrystals are also of
great theoretical and practical interest in connection with the
development of new materials for auto-emission cathodes. 1 1 5 " 1 1 7

The first studies of field emission in an ion beam were car-
ried out with monocrystals prepared by liquid-phase 1 1 5 ' 1 1 8 and
by solution methods. 1 1 9 It was shown that the image of a
LaB6 point in He ions at 78 Κ has an irregular structure. The
quality of the image was worse than for metal points. How-
ever, later workers obtained images of LaB6 points with a
regular structure.

Studies of the effect of various gases (hydrogen, 1 2 0 neon,
oxygen, and hydrogen 1 2 1) on the image from a LaB6 point
revealed a rearrangement in a hydrogen atmosphere from low-
index faces into faces with higher indices of the type of {012},
{013}, {112}, etc., whereas in the presence of oxygen the
surface becomes strongly disordered, with cluster formation.
The hydrogen reacts primarily with the surface Β atoms,1 2 0

and the oxygen with both the La and the Β atoms. 1 2 1

A study 1 2 2 of the mechanism of formation of images from
points of LaB6 and La0-58Sm0>it2B6 monocrystals in helium, neon,
and hydrogen ions showed that only the metal ions (La or La
and Sm) contribute to the formation of the image. However,
others 1 2 1 assume that the main contribution to the formation of
images of the points in He and Ne is from the uncompensated
bonds of the boron atoms in the octahedra. This point of
view is confirmed to some extent by studies of LaB6 by the
atomic probe method, with mass spectrometric analysis of the
ions produced by field evaporation.1 2 3 '1 2 1*

Swanson81* measured the work function and the field emission
current of monocrystal points, and he concluded that LaB6

has no real advantage as a field emitter over other refractory

compounds. However, by generating microscopic projections
on a point from a <100> LaB6 monocrystal an emission current
of ~10~5 A was obtained from the projection,1 2 5 corresponding
to a source brightness of -1011 A cm"2 steradian" 1 .

Nevertheless further studies of LaB6 in an ion beam are of
interest both from the standpoint of a more detailed under-
standing of the surface structure at the atomic level and to
explain the mechanism of image formation from points of com-
pounds. Furthermore it has been shown102 that the evapora-
tion under the influence of a field and the reconstruction of a
surface can affect the concentration of La atoms, and there-
fore also the work function of the various faces. This work
is extremely relevant, because using a thermo-emission cath-
ode made of monocrystalline LaB6 in an electron gun produces
a spotty emission, 1 2 6 ' 1 2 7 which can be eliminated (while at the
same time increasing the brightness of the image) by operating
the cathode in the thermal-field emission mode. 1 0 9

5. Some Practical Applications

Because of the unique combination of ρhysicochemical prop-
erties offered by LaB6 its practical applications are extremely
varied, and we shall only dwell on the most interesting and
important results (in our opinion). The use of LaB6 as a
thermo-electronic emitter in the cathodes assemblies of various
types of device should be mentioned first. The advantages
of cathodes made of sintered LaB6 over tungsten cathodes for
use in scanning electron microscopes have long been recog-
nised. 1 2 8 ~ 1 3 0

The preparation of LaB6 monocrystals stimulated the pro-
duction of monocrystalline thermo-emission cathodes, the study
of their characteristics, and the search for possible alterna-
tives to oxide and tungsten cathodes. θ 8 ' 1 0 6 ' 1 1 8 ' 1 2 6 ' 1 3 1 " 1 1 * 3 The
operating characteristics of a monocrystalline LaB6 cathode
used in commercial equipment (microanalysers and Auger
spectrometers) in place of a tungsten cathode have been mea-
sured. 1 0 6 ' 1 3 3 ' 1 3 1* The LaB6 cathode is shown to be brighter
than the tungstem cathode (2 x 105 A cm"2 steradian"1 and
1.5 χ 101* A cm"2 steradian"1 respectively), and to have a more
stable emission current (better than 1 χ 10"3 A h " 1 ) . It was
also shown131* that a cathode consisting of a LaB6 point with a
<100> orientation can produce a cathode current density of
-50 A cm"2, combined with an operating life of more than
300 h. An electron gun with a cathode made from a zone
melted LaB6 single crystal cut in the <100> direction has been
developed,1 3 5 giving an optimum brightness of 2.5 χ 105 A cm"2

steradian"1 at a cathodic current density of 50 A cm" 2 . A
cathode with a monocrystal oriented in the <100> direction was
reported81* to give a current density of -10 A cm~2 at 1600 to
1700 K; under these conditions the rate of evaporation of the
cathode was -1 urn year" 1 .

The successful replacement of a rhenium cathode by a mono-
crystalline LaB6 cathode in a commercial mass spectrometer
has been claimed.136 The life of the LaB6 cathode is 10 times
greater than that of the rhenium cathode, and its working
temperature is lower (1750 Κ instead of 2500 K), which allows
thermally unstable compounds to be analysed. The replace-
ment1 3 9 of a tungsten cathode in a micro-focus X-ray source
by a LaB6 monocrystal has given a 20 times higher current
density at the target with an operational life of -800 h.

A monocrystalline LaB6 cathode has been fitted1"*0 to an
electron microscope, giving a brightness of 2 * 106 A cm"2

steradian"1 and a stable operation time of over 100 h; the
resolution of the microscope was 0.14 nm.

Another promising application of monocrystalline LaBb catho-
odes is in the production of integrated circuits by electron-
beam lithography. 1 3 8 A very precise and fast lithographic
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system has been based11*1 on a monocrystalline LaB6 cathode
consisting of a flattened point, giving an electron beam 6.4 χ
6.4 pm in cross-section and a current density of 10A cm" 2.

Work is also in progress on improved designs of cathode
assemblies1"*2 and on optimised conditions for using the mono-
crystalline(LaB6 cathodes.11*3 Thus a new method of attaching
the monocrystal of lanthanum hexaboride to the cathode assem-
bly gives a working life of 1000 h at a cathode working tem-
perature of 1800 K.11*2

Considerable effort is devoted also to the use of polycrys-
talline LaB6. For example, it has been shown that cathodes
made from hot-pressed or sintered polycrystalline LaB6 are
potentially useful for high-current ion sources in atomic tech-
nology, l l4l*~ l lt7 especially for the production of a high-density
plasma in apparatus of the "Tokamak" type.11*5'11*6 Sintered
LaB6-ZrB6 compositions have also been studied with the aim
of improving the mechanical and emission properties of LaB6

cathodes. l k S

Powdered LaB6 has been used in the isotopic analysis of
iodine,11*9 and found to give a relative sensitivity better than
materials like the W-Th alloy, ZrC, Hf, and Re.

A study of the catalytic activity of the clean surface of
LaB6 powders towards the hydrogen—deuterium isotope
exchange has been reported. 1 5 0 At 159 Κ the specific activ-
ity of LaB6 is two orders of magnitude greater than the activ-
ity of γ-Α12Ο3, and only slightly lower than the activity of Pt
or Ni.

- - - o O o - - -

Thus the preparation of perfect monocrystals of LaB6 by any
of the methods examined requires accurate information on the
La-B phase diagram, and in particular on the homogeneity
region of LaB6. Another important requirement is a very
accurate characterisation of the resulting LaB6 crystals in
both composition and structure, to allow these data to be
related to the other properties of the material. Only by
establishing these relationships can the controlled production
of perfect and defect-free LaB5 monocrystals, by any method,
be achieved.
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The literature data on the electrochemical behaviour of phenol and its adsorption on various anodic materials (platinum,
graphite, gold, and lead dioxide) are surveyed and the influence of the rate of application of the potential, temperature, pH, the
rate of rotation of the electrode (stirring) on the maximum oxidation current of phenol and its half-wave potential is examined.
The present concept concerning the mechanism of the primary electrode reaction is analysed and the possibility of the extensive
oxidation of phenol is considered. The influence of a series of substituents [OH, CH3, N02, Cl, C6H4, COOH, C2H5, and
C(CH3)3] on the principal characteristics of the potentiodynamic relations is examined and the possibility of a correlation
between the half-wave potentials Elj2 of substituted phenols and the Hammett constants is analysed.
The bibliography includes 66 references.
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I. INTRODUCTION

In connection with wide scale industrial use of phenols,
two problems have arisen: the development of convenient and
selective methods for their analysis and the removal of
phenols from the waste water in industrial undertakings.
The latter is related to the high toxicity of phenols and the
difficulty of decomposing them by the usual chemical means.
Electrochemical methods, especially anodic oxidation, proved
to be sufficiently effective for the solution of both problems,
which is the reason for the increased interest of investi-
gators in the electrochemistry of phenols.

The aim of the present review is to survey the factual
data which have accumulated concerning the oxidation of
phenols on anodes.

I. THE PLATINUM ELECTRODE

1. Potentiodynamic Measurements

There is a distinct oxidation wave on the voltage-current
curve obtained in the oxidation of phenol on stationary and
rotating platinum anodes. A typical form of such curves is
illustrated in Fig. 1. At a phenol concentration c n < 1 χ
ΙΟ"1* Μ under both stationary and dynamic conditions, a single
wave is observed with a distinct limiting current and there
is a linear relation between the limiting current and Cph.
At cph > 1 χ ΙΟ"1* Μ, a decrease of the current is observed
on the voltage—current curves, which is due to the inhibition
of the electrochemical oxidation process and the linear rela-
tion between the maximum current and Cpn breaks down—the
current increases more slowly than the concentration. 1"3

It has been noted that during the measurement of the
potentiodynamic relation, a readily visible yellow-brown
polymeric product is formed on the anode. In order to
investigate the kinetics of the growth of this polymer film,
ellipsometric measurements have been made in the electro-
chemical oxidation of phenol in 0.5 Μ HaSOi, solution.1*
Optical studies have shown that, at low potentials (-1 V

relative to the reversible hydrogen electrode in the same
solution), the rate of growth of the film is low and its thick-
ness is proportional to the square root of the electrochemical
oxidation time. The rate of formation of the film increases
sharply as the potential shifts towards high positive values
(^2 V) (Fig.2); under these conditions, its thickness reaches
on average 1000-10000 λ.

0 0Λ 0.8 Ε, V

Figure 1. Potentiodynamic curve for phenol (Cph = 1 χ 10~3M)
in a saturated borax solution at a platinum anode (i = current
density; rate of application of potential ν = 40 χ 10"3 V s"1;
pH 9.5; 20 °C): 1) supporting electrolyte plus phenol;
2) supporting electrolyte.3

The observed decrease of the current on the potentiometric
curve is in fact explained by the strong adsorption of the
reaction products and the blocking by the latter of the anode
surface. 1" 3 Levina et al. 5, who investigated the electro-
chemical oxidation of phenol in 1 Ν Η28Οι> solution, assumed
that the decrease of the current is caused by the adsorption
of oxygen, which cannot occupy the anode surface at low
anodic potentials owing to the adsorption of phenol. Such
competition for sites on the surface does indeed occur in the
case of organic substances and must be taken into account."
However, in the study of the electrochemical oxidation of
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phenol in aqueous 1 Ν H2SO4 and NaOH solutions, the
possibility of the formation on the anode surface of a film
consisting not only of polymer molecules strongly bound to
the surface but also of soluble products has been con-
sidered. 7 ' 8 It has been suggested that, at low (<0.2 M)
and higher concentrations, products of the second and
first types predominate respectively.

Figure 2. The rate of growth of the polymer film on the
platinum electrode (d = thickness of film, τ = time) at
three different potentials in a 0.5 Μ Η^Ο^ + 0.1 Μ C6H5OH
solution; potential (V): 1) 2.08; 2) 2.15; 3) 2.28.1*

Judging from the shapes of the potentiodynamic curves,
which have a deep minimum, the process should have ceased
in the passivation region as the polymer film grew. Further-
more, it is well known that benzoquinone can be obtained in
a satisfactory yield by the preparative oxidation of phenol.
It has been suggested8 that the oxidation of phenol in the
passivation region requires that a barrier be overcome, the
barrier consisting of the adsorbed polymer film. This
phenomenon, involving charged transfer to the adsorbed
film, is well known in polarography (the Loshkarev effectt)
and involves the electrochemical reaction of a substance
which has diffused towards the anode through the adsorbed
layer which inhibits the process. In the case of phenol yet
another explanation of the process under the conditions of
the complete surfave coverage of the polymer film is possible:
benzoquinone is formed on oxidation of the polymeric sub-
stance and phenol molecules are used to renew this polymer
film.

The observed oxidation current depends to a large extent
on the state of the surface of the anode, so that identical
preliminary treatment of the electrode surface is necessary in
order to obtain reproducible results. A positive effect of
heat treatment2 and of electrochemical treatment1 '3 on the
surface has been noted. There is no unanimous view con-
cerning the problem of the ratio of the maximum currents on
the oxidised and reduced platinum surfaces.1»7 '1 1

t Μ. A. Loshkarev and Υu. Μ. Loshkarev, in "Vol'tampero-
metriya Organicheskikh i Neorganicheskikh Soedinenii"
(Voltage-Current Measurements for Organic and Inorganic
Compounds), Izd.Nauka, Moscow, 1985, p.35.

With increase of pH to 9.0, the oxidation half-wave poten-
tial E1,2 shifts towards less positive values and, on further
increase of pH, remains almost constant.2 Although the E1/2

for irreversible processes lacks the thermodynamic signifi-
cance of the half-wave potential for reversible processes, its
variation nevertheless provides an idea about the range of
potentials in which the electrochemical process takes place.
The observed shift of the phenol oxidation potential when the
pH changes by unity is ~60 mV.3

It has been stated that the maximum phenol oxidation
current depends on the pH of the medium.2 > J '5 '1 2 However,
the published data are exceptionally contradictory. Thus
an appreciable change in the maximum oxidation current at
pH from 5.0 to 11.0 has not been noted by Hedenburg and
Freiser, 2 or Kharlamova et al . 3 and Levina et al . 5 observed in a
neutral medium a decrease of the maximum phenol oxidation
current compared with the currents in acid and alkaline
media, while Zeigerson and Gileadi12 altogether failed to
observe the phenol oxidation current in acid and neutral
solutions. They explained12 the lack of the current by
the fact that two reactions take place on the clean electrode
surface—the oxidation of phenol and the formation of a layer
of adsorbed phenoxy-radicals, and, as soon as the degree of
surface coverage approaches unity, the rates of both reac-
tions fall to zero, i.e. complete passivation of the process
takes place. Passivation is observed at a fully determined
potential, which depends on the concentration of the sub-
stance and the pH. In this connection, we may recall that
phenol may be oxidised also in the passive region (see
above). Evidently the authors 1 2 did not note the small
difference between the supporting electrolyte current and
the current in the presence of phenol.

The maximum current is influenced by the rate of applica-
tion of the potential v: with its increase, the maximum
current rises and the rate of increase depends on the initial
phenol concentration. An increase in the rate of application
of the potential hardly affects the £χ/2 for the oxidation of
phenol.1

An increase in the solution temperature (from 20° to 60 °C)
entails a rise in the maximum phenol oxidation current. The
temperature coefficient in an aqueous buffer solution is 2.5 to
2.9% per degree, 1 ' 3 which may indicate a non-diffusional
nature of the maximum current.

The results examined show that, for a correct interpreta-
tion of the anodic process, it is essential to possess quantita-
tive data for the adsorption of phenol on the electrode at
different potentials.

2. Adsorption

The dependence of the degree of electrode surface
coverage by phenol in 0.1 Ν H2SC\ solution on the potential
(in the range from -0.3 to +1.0 V) has been determined by
the potentiodynamic pulse method (Fig.3). 1 3 In an analogous
solution and in the same range of potentials an extremely
weak dependence of the degree of adsorption on the poten-
tial in the range from -0.1 to +0.4 V [relative to the normal
hydrogen electrode ( n . h . e . ) ] has been found, in agreement
with Levina et al . 1 3 , and is described by the Temkin iso-
therm.11* According to Levina et al. 1 3 and Kazarinov et al.11*,
the adsorption kinetics obey the Roginskii-Zel'dovich equa-
tion.

The dependence of the degree of adsorption of phenol on
the potential at different pH has been determined with the
aid of rapid galvanostatic pulses taking into account the
surface roughness factor and the amount of adsorbed oxygen.3

It follows from Fig. 4 that the degree of adsorption of phenol
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on the anode is almost independent of pH. If it is supposed
that phenol is oxidised to CO2 and H2O, i .e. that the number
of electrons involved in the reaction is η = 28, then the
degree of adsorption per unit true surface is 4 χ 10~10 mol
cm"2, which agrees with the data of Kazarinov et al. l l f

Q.I

0 0-8 Ε, ν

Figure 3. Dependence of the standard surface coverage
of the platinum electrode θ in a 1 χ 10" 4 Μ solution of
phenol on the electrode potential in 0.1 Ν H2SO4 solution
(the potentials were measured relative to the reversible
hydrogen electrode in the same solution).1 3

η,Γχ 109, mol cm

χ-*-*

0 Υ
- 0 . 5 -0M 0 0M E.V

Figure 4. Dependence of the adsorption of phenol (from a
1 χ ΙΟ"3 Μ solution) on the platinum anode on the potential
at pH 1.6 (curve i ) , 7.5 (curve 2), and 9.5 (curve 3) taking
into account the roughness factor and the amount of adsorbed
oxygen (the potentials were measured relative to the 0.1 Ν
calomel electrode) (n e is the number of electrons involved
in the process).3

Chronopotentiometric measurements in 0.1 Ν NaOH solution
in the presence of 0.05, 0.1, and 0.4 Μ phenol8 have shown
that the amount of electricity corresponding to the transition
time (i .e. the time during which a stationary current is
established) falls with increase of the current and reaches
a limiting value of 27.2 χ 10~3 C cm"2 at the high polarising
current density of 6 χ 10"2 A cm"2. In this case diffusion
does not affect the transition time. During this period, the
charging process takes place, the amount of charge generated
exceeding by a factor of ~60 that necessary for the mono-
layer coverage of the platinum surface with oxygen. Hence
it is concluded that the current is consumed in the formation
of polymolecular phenol adsorption layers.

There exist data concerning the adsorption of a substituted
phenol (p-nitrophenol) on the platinum anode at high anodic
potentials (>1.0 V).1 5 The dependence of the degree of
adsorption of p-nitrophenol on the potential, obtained on
platinised platinum in 0.1 Ν HClOi» solution by the radio-
active tracer method, shows that, starting from 1.3 V, the
degree of adsorption rises sharply. This has been explained
by the formation of a monolayer in the potential range 0.1 to
0.2 V and the fact that a polymolecular adsorbate layer is

produced at £ > 1.0 V. In determining the intensity of the
UV spectra of p-nitrophenol and the adsorbed species, the
authors 1 5 calculated the degree of adsorption of p-nitrophenol
at high anodic potentials taking into account the areas of the
electrodes. It was found that it corresponds to the forma-
tion of more than 10 adsorbate monolayers. However,
judging from the potentiodynamic curve, the inhibition of
the phenol oxidation process in acid aqueous solutions begins
at a potential of ~1.0 V. For this reason, one cannot rule
out the possibility that the observed multilayer adsorption
refers not to phenol but to its oxidation product (see above).

Data concerning the influence of chloride ions on the
adsorption of phenol are contradictory. It has been stated 1 6

that phenol is adsorbed more effectively than chloride ions
at a concentration of the latter of 0.1 V, but the phenol con-
centration has not been reported. It follows from the results
of an investigation17 that in 0.1 Ν HaSOi, solution the adsorp-
tion of phenol (1 χ 10"1* M) and the chloride ions (0.1 M) is
competitive. The decrease of the degree of adsorption of
phenol (1 χ 10"3 M) in the presence of chlorides (0.1 M),
observed by Kharlamova et al. 3, can also be accounted for
by competitive adsorption. Since all the experimental data
presented have been determined under different conditions,
one cannot obtain a clear idea about the influence of the
concentration of chloride ions on the adsorption of phenol.

I. THE GRAPHITE ELECTRODE

1. Potentiodynamic Measurements

On the graphite anode (under stationary and dynamic
conditions) in the concentration range 10~3—10~6 M, phenol
gives rise to a single wave on the voltage—current curve,
as on the platinum anode. The phenol oxidation current is
greatly influenced by the type of impregnation mass, which,
by filling the graphite pores, ensured a constant current
density throughout the anode surface.18»19 A mixture of
paraffin with polyethylene is usually employed for impregna-
tion.

The published data make it possible to establish charac-
teristics of the influence of individual factors (the concen-
tration of the substance, the pH of the medium, the rate of
rotation of the electrode, etc.) and the appearance of a
maximum on the voltage—current phenol oxidation curve.
By analogy with the platinum anode, one may expect that the
maximum (decrease of the current) will be shown at a specific
concentration of the test substance and it does indeed follow
from a series of publications2 0"2 2 that, at c ^ = 10"1* Μ under
stationary conditions, a distinct limiting current is observed,
while at Cph = 10"3 Μ there is a maximum. However, the
opposite behaviour has also been noted:23'21* at Cpn =
10"1* Μ a maximum was observed, while on raising the con-
centration to 10~2 Μ and above there was a distinct limiting
current. Kharlamova et al.3 observed a maximum only in

0.1 Ν H2SO4 solution at c n = 10 3 M, while in neutral and
weakly alkaline medium a distinct limiting current was noted.
The appearance of a maximum was probably due to an addi-
tional factor which had not been taken into account.

At Cph = 10""* Μ a linear dependence of the maximum
current on the phenol concentration is observed, but at
Cph > 10" "* Μ the linearity breaks down and the limiting
current increases more slowly than the concentration. 2 0 ' 2 3 ' 2 5

The state of the graphite surface, like that of the platinum
anode, influences significantly the phenol oxidation current
and a preliminary treatment of the electrode surface is there-
fore also necessary in this instance. In almost all the
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published studies the working electrode surface was treated
mechanically (with emery paper, an aqueous suspension of
alumina, etc.) before recording each potentiodynamic curve.
The favourable influence of a two-stage electrode treatment
has been noted: brief boiling in ethanol (0.5 min) followed
by anodic treatment at the hydrogen evolution potential in
0.1 Ν H2SOi, solution for 2-3 min.3 If the electrode is not
treated again after recording one voltage—current curve,
then in the repeated experiment two waves appear on the
curve. 2 1

The phenol oxidation current depends markedly on the pH
of the medium, but, as for the platinum anode, the available
data differ greatly. Thus the dependence of the maximum
current on the pH was found to have a minimum in a neutral
medium,3»26 which can be explained by a decrease of the con-
centration of the unionised form of phenol. However, in
another study 1 6 a maximum current was observed at pH 1.2,
the current diminishing with increase of pH to 3.2, while on
a further increase of the pH it remains almost unchanged.
Another investigation established3 '2 7 that the current in an
acid medium is higher than in an alkaline medium, on average
by ~40%, while in the study of Korshunov et al . 2 8 the incre-
ment in the same pH range was found to be only ~3%.

The rate of application of the potential influences the
maximum current. With increase of ν by a factor of 2 (from
0.62 to 1.24 mV s" 1 ), the current rises, according to Gaylor
and co-workers,20»21 by a factor of 1.5—1.7, which is much
greater than could be expected if the current were controlled
by diffusion (it would then have increased by a factor of
21/2). In our view, this can most probably be accounted
for by the diminution of the role of passivating factors with
increase of v, i .e . with decrease of the surface coverage by
the polymeric substances.

An increase of temperature (from 20° to 60 °C) entails an
increase of the oxidation current. The temperature coeffi-
cient in aqueous buffer solution is 0.4% according to
Gaylor et al . 2 0 , while according to other data 3 ' 2 5 it amounts
to 1.5—2.0% per degree.

Table 1. The influence of the pH on the half-wave potential
for the oxidation of phenol (Ex/2, V) (relative to the saturated
calomel eiectrode).

pH 1.2

0.93

0.92
1.05

pH 5.6

0.66
0.63
—

0.70

pH 7.0

0.56

0.60
0.60

pH 8.5

0.55

0.60

pH 9.0

0.45

0.45
0.46

Refs.

[20]
[22]
[23]
[26]

The half-wave potential decreases linearly with increasing
pH until the latter reaches the pK of phenol, i .e . 9.89. A
further increase of the pH does not induce a significant
alteration of the half-wave potential. 3 ' 2 5 ' 2 6 » 2 9 " 3 1 Since E ^
for the oxidation of phenol is independent of the composition
of the impregnation mass,1 5 it is possible to compare its values
at different pH obtained by different workers. Table 1
shows that the data agree well with one another.

An increase in the rate of application of the potential leads
to a shift of Ei/2 towards positive potentials.2 0

There are data showing that Ε : / 2 is influenced by the
phenol concentration. For example, a change in the phenol
concentration by a factor of 10 results in a shift of Ex/2 by
22 mV at pH 5.2.7'2 0

2. Adsorption

The characteristics of the adsorption of phenol on the
graphite anode per unit apparent surface at pH from 1.6 to
9.5 have been determined and its degree calculated.3 Fig.5
shows that the degree of adsorption changes only slightly as
the pH is altered.

ner χ 107, molcirf2

4

3

Ζ

1

-0.6 -0.3 0.3 0.6 £·, V

Figure 5. Dependence of the adsorption of phenol (from a
1 χ 10"3 Μ solution) on the graphite anode on the potential
at pH 1.6 (curve 1), 7.5 (curve 2), and 9.5 (curve 3) (the
potentials were measured relative to the 0.1 Ν calomel elec-
trode). 3

Comparison of the adsorption and potentiodynamic relations
obtained on anodes of the same material has shown that the
degree of adsorption of phenol begins to fall at the potential
corresponding to the onset of its oxidation and almost ceases
when the potential reaches the value corresponding to the
maximum rate of oxidation. This is valid for both graphite
and platinum anodes.3

IV. THE LEAD DIOXIDE AND GOLD ANODES

The electrochemical oxidation of phenol has also been
investigated on lead dioxide3 2 '3 3 and gold30 anodes.

On the stationary and rotating lead dioxide anodes in the
presence of 0.5 Μ phenol in sulphuric acid solutions, a
distinct anodic wave with a maximum is observed. The
inhibition of the anodic process can be explained both by
the blocking of the surface by the polymer film32 and by
the adsorption of oxygen.3 3 It has been noted that at high
positive potentials the film dissolves with the simultaneous
evolution of oxygen. This phenomenon, which has not been
observed on the platinum electrode (see above), can be
evidence in support of the hypothesis that the mechanisms
of the oxidation of phenol on platinum and lead dioxide are
different.

In order to obtain reproducible results, before recording
each anodic curve, the electrode surface was subjected to a
preliminary treatment—anodic polarisation at Ε = +0.8 V
[relative to the saturated calomel electrode ( s .c .e . ) ] for
2—10 min.3 2 The pH dependence of the oxidation current
was investigated for a 0.5 Μ phenol solution in sulphuric acid
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at different concentrations (0.5-5 Μ H2SO,»).32 A shift of the
current—potential curves of ~250 mV when the pH was altered
by unity was then observed. This exceeds by a factor of
~4 the analogous value for the platinum and graphite anodes,
which confirms the hypothesis that the phenol oxidation
mechanism is different on lead dioxide.

On the gold anode in a solution having the composition
mNaaSOit + nH2SO^, phenol gives rise to a distinct oxidation
wave with a maximum. In the pH range 1—14, the depen-
dence of the change in the phenol oxidation half-wave poten-
tial on the pH is identical with the dependence obtained for
the graphite anode. 3 0

V. THE MECHANISM OF THE ANODIC PROCESS

A considerable number of studies devoted to the phenol
oxidation mechanism have been published. There exist two
sets of views at the present time concerning the mechanism
of the primary electrode reaction.1 1

The supporters of the first view believe that the initial
stage involves the loss of one electron and the formation of
the phenoxy-radical. Calculation based on the dependence
of lg [Ι/ίΙύ ~ ' ) ! o n the potential, where I is the instanta-
neous current and I<j the diffusion current, has shown that
the anodic wave corresponds to the transport of one elec-
tron. 2 This result apparently refers to a phenol concen-
tration SI χ 10"** M. However, it is not clear from the
above study 2 for which pH the calculation has been carried
out. Other evidence in support of the hypothesis that the
current is diffusion controlled, apart from the proportionality
of the current to the phenol concentration, is not presented
in the above publication. However, such a dependence can
be observed also for first-order reactions occurring in the
kinetic region.

The number of electrons transferred has also been calcu-
lated1 from potentiodynamic curves using the equation
relating the electrode potential to the diffusion current.
The calculation was performed for a solution with a phenol
concentration of 1 χ 10" ** Μ at pH 10.

The supporters of the second view believe that two elec-
trons are transferred in the first oxidation stage and that
an intermediate is formed.21 On the basis of the propor-
tionality of the current to the phenol concentration, it has
been concluded that the current is diffusional. These data 2 1

refer solely to pH 5.2; the range of phenol concentrations
employed is not indicated.

It has been shown11 that the stoichiometry of the phenol
oxidation process depends on the pH of the solution. The
reaction mechanism has been studied in detail in acetonitrile
solution and the results and conclusions have been tested in
aqueous buffer solutions. The behaviour of phenol in solu-
tion in acetonitrile and water proved to be identical. Thus
the oxidation of phenol in an alkaline medium is lower by a
factor of ~2 than in an acid medium, which suggests that,
in the systems where phenol exists in an unionised state, a
two-electron process takes place:

II

L

Η

If phenol is fully ionised, a one-electron transition occurs:

o— :O-C 1 ~ H e t c -

Later publications confirmed the existence of different
views on the primary electrode process. In one of them it
has been suggested that one hydrogen ion and one electron
are involved in the electrode reaction. 2 ' In another com-
munication28 it is shown with the aid of the equation for the
rotating disc electrode and potentiodynamic relations obtained
on the graphite anode in buffer solutions (pH 1—12) that one
electron is involved in the phenol oxidation reaction.

However, one should note that the diffusion coefficient was
calculated28 from the Stokes-Einstein equation. The quantity
η = 1 was obtained for the phenol diffusion coefficient
D = 0.23 χ 10~5 cm2 s" 1. Since the approximate character
of the Stokes—Einstein equation is well known, the value of η
calculated in the above study 2 8 must be treated with caution.
Other factors giving rise to doubts about the validity of the
calculations in the above investigation should also be noted.
Firstly, it is known that the calculations of η and D from the
equation for the rotating disc electrode can be performed
only in the diffusion region. Furthermore, the above
measurements28 were performed at a single rate of rotation
of the disc electrode, which makes it impossible to check in
which region the study had been carried out. The conclu-
sion that the measured current is determined by the rate of
diffusion was reached solely on the basis of the satisfactory
reproducibility of the product ί'τ1^2 obtained from chrono-
potentiometric data for the stationary electrode. Secondly,
it has been shown3 that the electrochemical oxidation of
phenol at a concentration of 1 χ 10~3 Μ in acid solutions is
partly limited by diffusion, while in an alkaline solution the
current is determined by the process kinetics alone. Natu-
rally, in both cases the rotating disc electrode equation is
unsuitable for the calculation of n.

The authors 2 8 were able to observe directly the EPR spec-
tra characteristic of the phenoxy-radicals formed in the first
phenol oxidation stage in acid, alkaline, and neutral media.

The mechanism proposed by Gaylor et al. 2 1 involves the
transfer of one electron and one proton in the potential-
determining stage and the formation of the PhO' radical.
On the other hand, other investigators7»8»29 confirmed the
dependence of the stoichiometry of the oxidation reaction on
the pH of the solution observed by Vermillion and Pearl. 1 1

It has been shown31*"36 that the first phenol oxidation stage
is followed by the formation of unstable products, which enter
into subsequent chemical reactions. The nature of these
intermediates has not been discussed, but it can be inferred
by analysing the final electrolysis products. It has been
established that the electrochemical oxidation of phenol is a
multistage process, which can be represented by the following
scheme: 3 4" 3 6
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The formation of hydroquinone and pp'-biphenol has been
demonstrated by cyclic voltage-current measurements in 25%
acetone solution in a Britton-Robinson buffer at a rate of
application of the potential of 8.33 V min" 1. 3 5 In the oxida-
tion of phenol in 0.05 Μ HC1 solution (at pH 1.3, ν = 0 . 1 V s" 1,
c p h = 1 x 10~3 M) the formation of five reaction products was
observed by the same method: op- and pp'-biphenols,
hydroquinone, catechol, and hydroxyhydroquinone.2 9 It
was shown that all the products are formed as a result of the
dimerisation of phenoxy-radieals obtained in the primary one-
electron step.

The following mechanism of the total oxidation of phenol on
the platinum anode in acid and alkaline media has been
proposed:6 '8

In an alkaline medium
PhOH + OH" ^ PhO" - H2O

PhCT -> PhO· -f e

PhO' + P h O ~ ^ IP + e

IP -*• products + rie

In an acid medium

PhOH i± PhO· -f H+ -f e

PhO" ~ PhOH — Pj — H 1 -f e

P[ -f PhOH -> P,

PhO' + PtOH + H+ ->· hydroquinone

hydroquinone ->· benzoquinone + 2H +

Here P x and P 2 are dimers and trimers respectively and IP
are intermediate products.

Determinations of the total number of electrons participating
in the extensive oxidation of phenol under different condi-
tions have been carried out in a series of studies. The study
of the adsorption of phenol on the platinum anode (see Sec-
tion II) at potentials below that corresponding to the onset
of oxidation has shown13 that phenol hinders the adsorption
of oxygen when an anodic pulse is applied and the adsorption
of hydrogen when a cathodic pulse is applied. From these
data and also taking into account the fact that phenol gives
rise to a distinct oxidation wave at positive potentials, the
authors postulated the presence on the electrode surface of
chemisorbed species of one type whose oxidation requires
4 + 0.5 electrons. This number of electrons is determined
by the fact that phenol is oxidised to CO2 and in this case
4.6 electrons correspond to each adsorption centre. Since
the adsorption of phenol is accompanied neither by dehydro-
genation nor electron transfer, the authors suggested that it
occurs as a result of the dissociation of the double bonds in
the benzene ring and the formation of six Pt—C bonds. In
this case the plane of the aromatic ring should apparently be
arranged parallel to the electrode surface. At the same time,
Izumi et al. 8 and Bjerano et al . 3 7 , who support the radical
mechanism, suggest that the phenoxy-radical is adsorbed
via the oxygen atom, so that the plane of the aromatic ring
is more likely to be arranged at an angle with respect to the
surface than parallel to it.

It has been suggested that the total number of electrons
participating in the oxidation of one phenol molecule varies
as a function of the rate of application of the potential
from 3 (for ν < 1 V s"1) to 1.5 (for ν > 5 V s""1).25 It has
been found,2 5 by means of calculation with the aid of the
theoretical equation for the limiting diffusion current, that
η = 3. The phenol concentration was then 10~6-10~7 Μ and
the dependence of the limiting current on the phenol concen-
tration was linear at a flow rate of the solution relative to the
electrode of 1 χ ΙΟ"1* litre s"1.

The influence of the rate of rotation of the electrode (or
of the flow rate of the solution) on the maximum phenol
oxidation current have been investigated in a number of
studies and it has been shown that in an alkaline medium an
increase of the rate of rotation of the platinum wire to
1000 rev" 1 entails a steady increase of the maximum current. 1

However, it is known that the most reliable principal kinetic

characteristics can be obtained with the aid of the rotating
disc electrode. For this reason, a detailed study has been
made3 of the influence of the rate of rotation of the electrode
on the phenol oxidation current on platinum and graphite disc
anodes at different pH of the solution. The graphical method
was used to calculate the order of the reaction.3 8 Using the
true kinetic current and the dependence of the oxidation
current on the rate of rotation of the electrode, the authors 3

found that in acid and neutral media the oxidation of phenol

(at = 1 χ 10"3 M) formally obeys a first-order equation.
ρ

In an alkaline medium (saturated borate buffer solution,
pH 9.5) the maximum phenol oxidation current remains
constant when the rate of rotation of the platinum anode is
raised from 160 to 4000 rev min"1, which formally indicates a
zero reaction order. The authors attribute this factor3 to
the formation of a strongly adsorbed polymer film on the
electrode.

A dependence of the reaction order Ρ on the initial phenol
concentration in the solution has been observed.8 The
values of Ρ = (9 igi/3 l g c p h ) e were found experimentally
at different concentrations in aqueous alkaline solutions
( I N NaOH solution) of phenol. It was shown that the
order of the reaction is two at Cp^ = 0.1—0.5 M, while at
lower concentrations it approaches unity, which is incon-
sistent with the data of Kharlamova et al. 3

High reaction orders have been obtained by Levina et al.5

Calculation of the order of the reaction on a smooth platinum
electrode by the equation i = kc^, where Ρ = 2.8-3.0
showed that Ρ is almost independent of the potential. The
authors5 attribute the anomalously high reaction orders to
the anomalous adsorption properties of phenol at fairly high
concentrations in solution (from 0.4 to 2 M). Furthermore,
it has been noted that, in contrast to the isotherms obtained
at potentials such that the oxidation of phenol does not yet
occur, the adsorption isotherms in the range of oxidation
potentials have a complex character. The degree of surface
coverage initially increases slowly with increase of the phenol
concentration, in conformity with the Temkin isotherm. How-
ever, after the attainment of the critical phenol concentra-
tion (~0.4 M), the surface is rapidly filled by chemisorbed
species and the slope of the isotherm changes sharply. It
has been suggested that this effect is caused by the surface
condensation or heterogeneous polymerisation of phenol
molecules.

From our point of view, this explanation conflicts with the
known electrochemical properties of phenol. In particular,
in the range of concentrations employed by Levina et al. 5,
polymer layers on the anode surface can be observed even
visually. For this reason, the isotherm apparently actually
corresponds to the adsorption of not phenol molecules or
their fragments but of the polymeric product. The break
point then corresponds to the concentration at which poly-
merisation is particularly vigorous.

The discrepancies between the calculated reaction orders
are probably associated with the fact that the authors
measured not the true phenol oxidation current but the
current distorted by the adsorption of the incomplete oxida-
tion product. For this reason, the reaction orders indicated
above are more likely to be purely formal quantities and
therefore do not necessarily reflect the real process mecha-
nism.

The maximum phenol oxidation current on the graphite
anode in a buffer solution at pH 4.0 and c p n = 5 χ 10"7 Μ is
proportional to the rate of movement of the solution u raised
to the power 3/4 [u = (2.1-10.5) χ 10"5 litre s " 1 ] · 3 9 With
increase of phenol concentration, a deviation from this rela-
tion is observed, which can also be accounted for by the
coverage of the surface of the anode by the reaction product.
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Levina et al.5 examined the question of the possible slow
stage in the phenol oxidation process. Direct measurement
of the rate of adsorption of phenol showed that it exceeds
greatly the rate of the electrochemical oxidation and hence
cannot be the slow stage.

As shown above (Section II), the half-wave potential for
the oxidation of phenol shifts towards more negative values
by -60 mV per pH unit as the pH increases to 9.0. This
suggests that the slow stage in the oxidation of phenol in
0.1 Ν H2SOit solution on platinum is the interaction of O H " J
with the chemisorbed organic species.5

The mechanism of the oxidation of phenol on the lead
dioxide anode is different from that on platinum and graphite.
It has been noted that the phenol oxidation potential is close
to the lead dioxide formation potential in these solutions.3 2

This observation served as a basis for a new phenol oxidation
mechanism on the lead dioxide electrode, according to which
the potential-determining stage is the chemical oxidation of
phenol by lead dioxide. The latter is regenerated in the
electrochemical process, which requires the transfer of four
electrons.3 3

The introduction of two hydroxy-groups into the phenol
molecule in the 2,3- and 2,4-positions permits the oxidation
of the resulting compounds in an acid medium and the maxi-
mum 2,4-trihydroxybenzene oxidation current is lower by
~30% than for the 2,3-analogue. In contrast to these com-
pounds, 3,5-dihydroxybenzene is not appreciably oxidised
in an acid medium, like the initial phenol. However, it is
readily oxidised in an alkaline medium and the maximum
current for this process is lower than in the oxidation of
phenol by ~70%.12 The substituent C(CH 3) 3 reduces some-
what the maximum substituted phenol oxidation current, the
decrease of the current being observed in the following
sequence as the position of the substituent is altered:
meta > ortho > para.2 It is believed2 that, when the con-
centration of the corresponding phenol is 1 χ 10~5 Μ, the
current is limited by diffusion, which does not conflict with
the experimentally observed independence of the current
of the pH. However, a curve with a maximum, typical for
diffusion currents at a stationary electrode, was not
obtained.2

VI. THE INFLUENCE OF SUBSTITUENTS ON THE ELECTRO-
CHEMICAL ACTIVITY

We shall consider the influence of the OH, CH3, NO2, NH2,
Cl, CeH^, COOH, C2H5, and C(CH 3) 3 groups substituting
hydrogen atoms in the benzene ring on the principal voltage-
current characteristics of the oxidation of phenol.

1. The Platinum Anode

The influence of the hydroxy-group in the m-, o-, and
p-positions in the benzene ring of phenol on the oxidation
current in acid and alkaline aqueous media has been investi-
gated1 2 and, as noted previously (Section II), appreciable
oxidation of phenol in an acid medium (1 Μ HC1O,, solution)
was not observed in this investigation. Resorcinol (1,3-
dihydroxybenzene) behaves analogously. However, the
introduction of the hydroxy-group in the o- and p-posi-
tions renders the corresponding phenols (catechol and
hydroquinone) readily oxidisable. The reversible oxidation
of hydroquinone, which proceeds at an extremely high rate,
is well known.1*0 Catechol is apparently also oxidised
reversibly. In an alkaline medium (1 Μ ΚΟΗ solution), all
three substituted phenols are oxidised, giving rise to maxima
on the voltage-current relation. The maximum oxidation
currents diminish in the sequence hydroquinone > catechol >
resorcinol.

As stated above (see Section II), the appearance of a
maximum on the voltage—current curve depends not only on
the initial concentration of the corresponding phenol but also
on the pH of the medium. This is illustrated by the oxida-
tion of hydroquinone in a strongly acid medium (1 Μ HClOiJ:12

the anodic wave with a maximum appears only at a phenol
concentration SO.2 Μ and, when the pH is raised to 3.0,
the above concentration falls to 0.1 Μ. It is also note-
worthy that the electrochemical oxidation of resorcinol on the
anode surface results in the formation of an insoluble poly-
meric product, as in the case of phenol.

The maximum resorcinol oxidation current increases with
increasing pH, but to a much lesser extent than in the oxida-
tion of phenol. When the pH is raised from 12.0 to 13.7,
the increase in the maximum resorcinol oxidation current is
-100 times smaller than for phenol.1 2

2. The Graphite Anode

Judging from the published data, all substituted phenols,
which will be considered below, are oxidised at the anode
and give rise to a single wave on the voltage—current curve.
2,6-t-Butylphenol and 6-t-butyl-2,4-dimethylphenol, which
give rise to multiwave curves, are exceptions. The appear-
ance of a maximum on the anodic curves for substituted
phenols has been related2 2 to Ei/2: if this potential is less
than 0.48 V, a maximum may appear. The character of the
current was not considered in the above investigation.
However, it follows from the analysis of the literature data
that a maximum is observed23»26»27 on the potentiodynamic
curves for the oxidation of many substituted phenols having
Εi/2 < 0.48 V (relative to the s .c.e.) at a pH other than in
the study discussed above.2 2

The influence of substituents in the m~, o-, and p-posi-
tions on the oxidation current of phenols on the graphite
anode in an aqueous medium has been examined in a number
of studies 2 0 ' 2 1 ' 2 3 ' 2 6 ' 2 7 ' 1* 1 and it has been shown that resorcinol,
catechol, and hydroquinone are readily oxidised over a wide
pH range (1-9). At a catechol concentration of 1 χ 10"3 M,
a distinct limiting current is observed on the potentiodynamic
curve but, with increase of concentration to 1.5 χ 10"3 Μ,
a maximum appears.1*1

The data concerning the appearance of a maximum on the
voltage-current relations for resorcinol and hydroquinone
are contradictory. Results showing the presence of a
distinct limiting resorcinol oxidation current at a resorcinol
concentration of 1 χ 10"k Μ 2 1 and the appearance of a
maximum at a concentration of 4 x 10"1* Μ 2 6 are available.
On the other hand, the presence of a distinct limiting
current at a resorcinol concentration of 1 χ 10"3 Μ has
been reported.1*1 Similar contradictions exist also for
hydroquinone. Under identical conditions, and at equal
hydroquinone concentrations [(1.5-0.3) χ ΙΟ"3 Μ] a maximum
has been observed in some studies2 0 '2 7 '1*1, while in another2 6

it was absent either owing to poor adsorbability or the
dissolution of the oxidation product.

Table 2 shows the maximum oxidation current densities
for substituted phenols and the initial phenol indicated in
different sources differ appreciably from one another.

In the pH range 4—8 the maximum hydroquinone oxidation
current hardly changes. The dependence of the resorcinol
oxidation current on the pH has been investigated in only
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one study 2 2 and for this reason it is impossible to compare
these data with other results.

In a number of investigations 2 0 · 2 1 ' 2 3 the authors assumed
without proof that the oxidation currents of aromatic dihydro-
compounds (c S 2.5 χ 10~" Μ) are diffusional in nature. The
fact that an increase of the rate of polymerisation increases
the maximum current 2 0 cannot be regarded as unambiguous
proof of the diffusional nature of the current, since this can
be associated with a decrease of the adsorption of the reac-
tion product. The oxidation currents of catechol and
resorcinol in a weakly acid medium are higher approximately
by a factor of 2 than the corresponding phenol current. 2 1

Hence, it was concluded that their oxidation requires twice
as many electrons as the oxidation of phenol. However,
when the solution is made alkaline up to pH 8.5, the maximum
phenol, hydroquinone, resorcinol, and catechol oxidation
currents become virtually identical (to within ±3%),23 which
may indicate the same process mechanism.

Table 2. The influence of the hydroxy-group on the maximum
density of the oxidation currents of phenols (pH 5.0).

Compound

Phenol

Hydroquinonc
y>

»

»

Rcsordnol
»
r

Catechol

l»3'ma.x·

Λ cm'^mol

05
114

89
114

75
81

207
100

(14
108

79
58

Conditions

S t . *

dyn.**
St.

d
s
s

d
s
s
d

t n .

yn.

Ί 1 .

r. mV s"1

1.24
—

1.24
8.3
3.3
1.24
8.3
3.3
1.24
8.3
3.3

Rets.

1-0]
121]
[20]
|21]
[27]
|H0]
[21]
127]
|3O]

[21]
[27]
|30]

*Stationary conditions.
**Dynamic conditions.

An approximate calculation of the number of electrons
participating in the primary hydroquinone oxidation electrode
process has been carried out 2 0 from the corresponding
potentiodynamic curves from the formula Ε^-Ε^β = 0.55n.
It has been noted that the rate of application of the potential
influences n; for example, an increase of ν by a factor of 2
induces a decrease of η by unity.

The behaviour of trihydroxybenzenes will be examined in
relation to pyrogallol. At a concentration of this compound
of 2.5 χ ΙΟ"1* Μ in a neutral medium, an oxidation wave with
a distinct maximum is observed: the maximum current is
lower by ~30% than in the case of phenol.2 3

Several studies have been devoted to the influence exerted
by the introduction of one methyl group in the o-, m-, and
p-positions in the benzene ring of phenol on the oxidation
current . 2 1 ~ 2 3 ' 2 6 In aqueous buffer solutions at concentra-
tions of cresols of 2.5 χ ΙΟ"1* Μ and at pH from 4 to 11, an
oxidation wave with a maximum has been observed. Table 3
presents the maximum oxidation currents for the above com-
pounds. Evidently the data from different sources differ
markedly.

A fairly complete idea about the dependence of the maximum
oxidation currents of o- and p-cresols on pH can be obtained
from Fig. 6 (curves 1 and 2). 2 6

The dimethyl derivatives, namely 2,4-, 2,6-, and 3,4-
dimethylphenols, are readily oxidised and distinct anodic
waves with maxima are observed. 2 2 ' 2 6 The introduction of
two methyl groups diminishes the maximum oxidation current

compared with phenol on average by 20-30%.' 3,5-Di-
methylphenol, whose oxidation wave has no maximum and
the height of the wave does not greatly exceed (by ~5%) the
phenol oxidation current, is an exception.2 6 The dependence
of the maximum oxidation current for 2,6-dimethylphenol on
the ρ Η is illustrated in Figure 6 (curve 3). 2 6

Table 3. The influence of the position of the CH3 substituent
on the maximum density of the oxidation currents of phenols
(pH 5.6).

Compound

Phenol

Hi-C rcsol
»

o-Crcsol

Conditions*

t yn.

A enV-

19.0
11.0
45.8
14.0
13.0
37.0
14.0

Rets.

[21]
[22]
[23]
|20
[22
| 2 3

[21

Compound

o-Crcsol

p-Crcsol

Conditions*

t yn.

dyn.

A cm-2

10.7
38.0
10.0

9.8
9.0

32.4
9.0

Rets.

[22
[23
[20
121]
[22]
[23)
[20

*For the significance of the abbreviations, see the
references to Table 2.

106/

20

16

11

* 6 8 10 pH

Figure 6. Dependence of the maximum oxidation c u r r e n t s for
4 χ ΙΟ"1* Μ solutions of o-cresol (curve i ) , p-cresol (curve 2),
2,6-dimethylphenol (curve 3), and 2,4,6-trimethylphenol
(curve 4) on the p H . 2 6

The behaviour of phenol after the introduction of three
methyl groups into the benzene ring has been investigated
in relation to 2,4,6-trimethylphenol. The absence of a
maximum on its oxidation wave in phosphate (pH 7.0),
acetate (pH 4.6), and aqueous alcoholic buffer solutions have
been noted. The 2,4,6-trimethylphenol oxidation current
in the pH range 4-12 exceeds by a factor of almost 2 the
maximum phenol oxidation current (Fig.6, curve 4). 2 6
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The introduction of one nitro-group into the benzene ring
of phenol reduces the maximum phenol oxidation current at
pH 8.5. 2 3 ' 2 6 However, the data for the extent of this
decrease are extremely contradictory. According to some
data, 2 7 the decrease is on average -90% at pH 8.5, while
according to others 2 3 it is only ~13%. Similar differences in
data persist also at other pH values. For example, it has
been stated 2 2 that the maximum p-nitrophenol oxidation
current at pH 5.6 is greater than that of phenol, while in
another study 2 6 the opposite relation was observed at the
same pH.

The oxidation of m- and o-aminophenols has been observed
to generate a one-electron wave with a maximum, while the
oxidation of p-aminophenol gives rise to a two-electron wave
with a maximum.23'27»31 The introduction of the amino-group
into the m-position increases the oxidation current on average
by 6%, while the ortho-substituent reduces the oxidation
current by ~19%.23

The question of the mechanism of the electrochemical
oxidation of aminophenol has been examined.31 The charac-
ter of the dependence of Εχμ on pH and the analysis of the
maximum current and the parameters Ε^/ΔρΗ and ΔΕ/Δ.
• lg [i/(ilim~ O] justified the hypothesis that the observed
oxidation waves on the graphite anode characterise the oxida-
tion of the phenolic OH group, while the NH2 group plays the
role of an electrochemically inert substituent.

According to the data of Vodzinskii and Semchikova,23 there
is an oxidation wave with a maximum (pH 5.6) on the potentio-
dynamic curves for the oxidation of monochlorophenol, while
other data 2 2 indicate waves without a maximum (pH 8.5).
The difference is probably associated with the difference in
the pH of the solution. At pH 5.6 the maximum oxidation
currents of p- and o-chlorophenols are smaller than that of
the initial phenol approximately by 15 and 13% respectively,
while for m-chlorophenol it is greater by ~4%.22 At pH 8.5
the p-chlorophenol oxidation current is lower by ~2% than
that of phenol.2 3

A single oxidation wave without a maximum is observed on
the potentiodynamic curve for the oxidation of 2,5-dichloro-
phenol at pH 5.6 and a concentration of 2.5 χ ΚΓ1* Μ, while
the maximum oxidation current is lower by approximately 30%
compared with phenol.2 2

The maximum oxidation currents for p- and o-phenyl-
phenols oscillate markedly as the pH is altered: in borate
buffer solution (pH 8.5), the current is higher by 6—8%,
while in a weakly acid medium (pH 5.6) it is lower by 30-34%
than for unsubstituted phenol.2 2 The introduction of two
phenyl substituents in the 2- and 4-positions lowers the maxi-
mum phenol oxidation current by -31% (pH 5.6).

Phenol with the COOH group in the o-position (salicylic
acid) has a maximum oxidation current in an alkaline medium
(pH 8.5), which is lower by ~31% than that of unsubstituted
phenol, while in a weakly acid medium their maximum currents
are virtually identical.22»23 At pH 5.6 o- and p-ethylphenols
have maximum oxidation currents lower by 20-24% than that of
unsubstituted phenol, while the maximum oxidation current of
m-ethylphenol is lower by only ~1.2%.20'22

All the monosubstituted methoxyphenols have oxidation
currents in a weakly acid medium higher by 8% on average
than the maximum oxidation current of the initial phenol.2 2

The electrochemical behaviour of o-methoxyphenol has been
investigated in an acid medium (0.1 Μ HClOi» solution).**2

Two successive pairs of waves corresponding to the oxida-
tion intermediates 3,3'-dimethoxydiphenoquinone and 3,3'-
dimethoxy-4,4'-biphenol, o-quinone, and catechol have been
observed on the cyclic voltage-current plot. The voltage-
current plot for p-methoxyphenol (1.13 χ 10"3 Μ) in 2.037 Μ
HoSOu solution shows an oxidation wave with a maximum,

which corresponds to a two-electron process:

OCH3 OCH,

I -H

1 11
OH Ο

The introduction of two OCH3 groups in the 2- and 6-posi-
tions in the benzene ring leads to a decrease (at pH 5.6) of
the maximum current (by 27%). If the OCH3 group is
introduced in the 2-position in p-cresol, the oxidation
current increases by -10%.22 The influence of the ethoxy-
substituents on the oxidation currents of the corresponding
phenols was also investigated in the above study; 2 2 it was
found that the o-substituent increases the maximum oxidation
current of the substituted phenol by -7%, while the p- and
m-substituents respectively reduce the current by ~2% (this
is within the limits of the accuracy of the measurement) and
-19%.

A distinct anodic wave has been observed in the electro-
chemical oxidation of p- and o-t-butylphenols in the pH
range 5.6-8.5 at a low concentration (-ΙΟ"1* Μ). The rates
of oxidation of these compounds are lower than that of phenol
by -35 and -55% respectively.2 2 '2 3

The introduction of two and more C(CH3)3 groups into
phenol leads to the appearance on the voltage-current curve
of a maximum in aqueous buffer solutions, an example of such
behaviour being provided by the oxidation of 2,6-di- and
2,4,6-tri-t-butylphenols.2 3 The oxidation current falls in
this case (by ~60%). However, it has been reported that
2,4,6-tri-t-butylphenol gives rise to an anodic curve with a
distinct limiting current, which is independent of the pH,1*1*
in conflict with the data of Vodzinskii and Semchikova.23

The oxidation of 2,4,6-tri-t-butylphenol at a concentration
of 1.11 χ 10"3 Μ in an aqueous ethanol solution (at pH ranging
from 0 to 10) at a vitreous carbon anode has been investi-
gated by the cyclic voltamperometric method.1*5 A wave with
a maximum was observed in an acid medium, while in an
alkaline medium two waves with maxima were noted.

After the additional introduction of the t-butyl group into
the benzene ring of 0- and p-cresols, the maximum oxidation
current in aqueous buffer solutions falls by a factor of ~2. 2 2

The appearance of three waves at once without maxima in
the oxidation of 6-t-butyl-2,4-dimethylphenol at a concentra-
tion of 1 χ ΙΟ"3 Μ in an aqueous buffer solution at pH 5.6 has
been reported. 2 0 When the supporting electrolyte is acidified
(to pH 1.2), the second wave disappears, while an increase in
the alkalinity of the solution (to pH 10) leads to the disappear-
ance also of the third wave. Following an increase of the
rate of application of the potential by a factor of 2 (from 0.62
to 1.24 mV s" 1), the limiting oxidation current at pH 10
increases by 40—50%, as for unsubstituted phenol. When
the temperature is raised by one degree in the range from
20° to 30 °C (at pH 5.6), the maximum currents on all three
observed waves increase by 0.8, 2.7, and 5.2%. The tem-
perature coefficients of the maximum currents on the first
two waves correspond to the possibility of diffusional control
of the oxidation process.

V I I . PRACTICAL APPLICATIONS OF THE ELECTROCHEMI-
CAL OXIDATION OF PHENOL AND ITS DERIVATIVES

As shown above, the anodic oxidation of phenol proceeds
fairly readily. An important practical application of this
process in the purification of phenol-containing waste water
arose in this connection. In the solution of this problem, the
advantages of the electrochemical method such as efficiency,
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reliability, low cost, and also the compactness of the elec-
trolysers and the ease of automating the process have been
noted.'*7»'*8 Preliminary calculations have shown that, in the
successful solution of this problem, the cost of the removal
of phenol from 1 m3 of water by electrochemical oxidation is
lower by a factor of ~2 than the cost of the purification of
water by ozonization and by a factor of ~5 than the cost of
purification by adsorption on activated charcoal.1*9 The
above advantages of the electrochemical method have attracted
the attention of many investigators, as shown by the numer-
ous publications in this field.

The main bulk of studies have been carried out with
graphite anodes. According to a review,50 most of the
studies on the electrochemical purification of waste water
containing phenol have been devoted to the study of the
oxidation of phenol in solutions containing chloride ions.
The optimum oxidation conditions are as follows: alkaline
medium (pH 9-11), i = (4-8) χ 10~2 A cm"2, and cQl = 10%
for an initial phenol content in the waste water not exceeding
0.5 g l itre" 1 . The consumption of electrical energy on the
oxidation of 1 g phenol using the electrochemically generated
hypochlorite of the corresponding metal is 0.03—0.09 kWh.

The design of the electrolyser is important for the effective
electrochemical oxidation of phenol. Electrolysers of the box
or filter press types without a diaphragm are normally
employed. The latter are preferable, since they make it
possible to increase the electrode surface area to the maximum
extent in a given volume by reducing the interelectrode gap
and the dead space.

A report has been published5 1 on the purification of factory
waste water containing 2.5 g litre" 1 of phenol, 201 g litre" 1 of
sodium chloride, and 4.6 g litre" 1 of sodium hydroxide on
apparatus consisting of six BGK-12 baths connected in series.
However, according to Sakharnov,1*9 the purification was not
carried out under optimum conditions.

There are also data indicating the employment of elec-
trolysers with a powdered anode, made up of carbon-graphite
materials, for the electrochemical purification of phenol-con-
taining water.5 2 The waste water was passed through the
pre-polarised powdered anode, which made it possible to
prevent the blocking of the pores by phenol and the oxida-
tion products.

Industrial waste water contains as a rule several com-
pounds of organic and inorganic origin; for this reason,
an individual approach to the purification of each waste is
necessary. Furthermore, the purification conditions
developed on artificial solutions are not always suitable for
the purification of real waste water. A comparison has been
made53 of the rates of oxidation of phenol in an artificially
prepared solution and in industrial tar water. It was shown
that the rate of oxidation of phenol in the tar water is close
to the rate of its oxidation in the artificial solution, but,
when identical amounts of chloride ions are added to the two
solutions, the rate of oxidation of phenol in the industrial
water increases more slowly than in the artificial solution.

We shall consider examples of the purification of industrial
phenol containing waste water in electrolysers with insoluble
anodes. In a study51* of the electrolysis of the waste from
the chemical coke industry, the simultaneous removal of oil
(to the extent of 96%) by electroflotation and of phenol (to
the extent of 30-40%) and cyanides (to the extent of 100%)
by electrochemical oxidation was observed. The water was
treated on a laboratory electrolyser with a horizontal cathode
under which vertically arranged graphite anodes were placed.
The electrolyser operating conditions were as follows:
i = 0.01 A cm"2, τ = 40 min, and t = 60-70 °C. According
to preliminary calculations, the cost of the purification of
1 m3 of the waste water was 10-12 kopecks.S1* The low

degree of removal of phenol from water, probably as a result
of constructional deficiencies of the electrolyser, is note-
worthy.

In the waste water from the Kherson petroleum processing
works, it has been possible to reduce simultaneously by
electrolysis the concentration of petroleum hydrocarbons
from 0.29 to 0.016 g l i tre" 1 , of phenols from 2 χ 10~3 to
6.5 x 10"* g l itre" 1 , of surfactants from 1.8 χ 10~2 to 6.1 χ
10"3 g l itre" 1 , and of inorganic substances from 5.5 to
3.8 g l i t re" 1 . 5 5 The experiments were performed in a
laboratory electrolyser with a vertical graphite anode and a
zinc cathode under static conditions: i = 8.5 χ 10"2 A cm"2,
τ = 40 min, and t = 40 °C. The salt composition of the
purified waste in the area of the anode and its design were
not indicated in the relevant study, 5 5 but, judging from the
figure quoted, the anode consisted of a rod placed in a
spherical flask at a comparatively large distance from the
analogous rod cathode. In our view, such design of the
electrolyser is unsuitable for the practical electrochemical
purification of waste water.

The purification of tar waters in an electrolyser with a
cylindrical graphite anode has been reported; 5 3 at
i = 0.2 A cm"2, c c l = 40 g l itre" 1 , and t = 60 °C, the
phenol concentration was reduced from 5.2 to 0.75 g litre" 1,
i .e . by 85%, after the operation of the electrolyser for 1 h.
However, at such high phenol concentrations it is more
useful to employ the regenerative purification procedures.

The electrochemical oxidation of phenols, cyanide, and thio-
cyanates in the waste water from the enrichment works of the
Zyryanovsk Lead—Zinc Combine has been investigated.5 6

The experiments were performed in an electrolytic bath
without a diaphragm containing graphitised carbon anodes.
Before electrolysis, sodium chloride was introduced into the
water to be purified; the purification was carried out at
i = 0.35 χ 10~2-0.80 χ 10"2 A cm"2 and 20 °C. The waste
water investigated5 6 was characterised by a very low initial
concentration of phenols, which diminished by only about 30%
during the purification process.

It has been suggested5 3 that waste water containing
phenols, thiosulphates, thiocyanates, and chlorides be
purified by being passed downwards from above through a
vertical cylindrical electrolyser with a platinum plate anode
and an iron grid cathode. The electrolysis was carried out
at i = 0.8-0.12 A cm"2 and the duration of the treatment
ranged from 5 to 8 h. Under these conditions, the biological
consumption of oxygen (BCO) in the waste water was reduced
by 95%. However, the necessity to employ platinum as the
anode material makes the process significantly more expensive.

The detoxication of the waste water from the coke chemical
works by electrolysis at i = 0.7-1.0 A cm"2 has been investi-
gated;5 6 after electrical treatment for 5 h, the phenol con-
centration fell from 1.25 g litre" 1 (1.3 χ 10"2 Μ) to
0.07 g litre" 1 (7.4 χ 10"** Μ). The consumption of electrical
energy was 165 kWh m~3. It is noteworthy that the process
was performed at pH < 7.0, i .e. the conditions were not
optimal for the oxidation of phenol by a hypochlorite.

An electrochemical method for the degradation of phenol
by electrolysis at anodes with an active magnetite coating has
been described.5 7 Waste water containing 0.5 g litre" 1 of
phenol and exhibiting a chemical consumption of oxygen
(CCO) of 0.229 g litre" 1 was electrolysed at pH 7 and
ί = 1.5 χ l|)~2-3.0 χ 10"2 A cm"2. After electrical treat-
ment for 2—5 min, the degree of elimination of phenols
reached 95% and that with respect to the CCO was 77.8%;
the consumption of electrical energy was 37 kWh m~3. It is
noteworthy that the use of the magnetite anode is techno-
logically disadvantageous—it is brittle and has a relatively
high electrical resistance.
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In view of the requirement for large amounts of hydro-
quinone and alkylhydroquinones, especially in the photo- and
cine-industry, the method of their synthesis by oxidising the
corresponding phenols is of great practical interest. Such
attempts have already been made for a long time,58"62 but the
required substance was obtained in a low yield and was
impure. The oxidation process and the composition of the
reaction products depend to a large extent on the phenol con-
centration, the electrolyte temperature, the pH of the solu-
tion, and other parameters. Depending on the electrolysis
conditions, many compounds are formed, some of which may
prove useful.

Under ideal conditions, quinone is formed on the anode
and, after reduction at the cathode, is fully converted into
hydroquinone. In reality ring-opening products (oxalic and
maleic acids) as well as compounds obtained as a result of
the total degradation of phenol (carbon dioxide and monoxide)
are formed together with the required substance. Tarry
substances are also formed in a considerable amount,
apparently as a result of secondary reactions,63'61* which
may involve the interaction of p-benzoquinone with phenol.
In the presence of hydrogen ions, this leads to the formation
of phenoxyhydroquinone; under analogous conditions, the
interaction of p-benzoquinone with hydroquinone affords
hydroxyphenoxyhydroquinone. The interaction of p-benzo-
quinone with water in an acid medium leads to the formation
of hydroxyhydroquinone:
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The above side reactions not only reduce the current and
material yield of phenol but also hinder the isolation and
purification of the required substance.

An appreciable reduction of the amount of side products
formed can be achieved by carrying out the electrolysis of
aqueous sulphuric acid solutions (acid concentration 1 to
5 wt. %) in a diaphragm electrolyser with added phenol at a
concentration of 0.5-4.0 wt.%.61*'65 During electrolysis, the
pH was maintained at <4.0, the anodic potential was 0.9 V
(relative to the s.c.e.), the cathodic potential was <-0.4 V,
i = 0.2-0.4 A cm"2, and t = 50-60 °C. Under these condi-
tions, the material yield of hydroquinone was ~50% and the
current yield was -85%.Bk An apparatus which makes it
possible to isolate fairly pure p-benzoquinone from the reac-
tion mixture has also been described in detail. If condi-
tions optimal for the preparation of p-benzoquinone are
used, the material yield of alkylquinones is only 20%.

It has been shown66 that, in acetonitrile solutions, dimeth-
ylphenol is oxidised to dimethylquinone. However the
attempts to reduce this substance to the corresponding
hydroquinone were unsuccessful. Alkylhydroquinones
having the general formula C6H(6 _ Λ )ΙΙ Χ Ο 2 (where R is an
alkyl group containing up to four carbon atoms and χ ranges
from 1 to 3) can be obtained in satisfactory yields by oxidis-
ing the corresponding phenols.66

The electrochemical oxidation of 2-methyl-, 2,6-dimethyl-,
2,3,6-trimethyl-, and 2,3,5-trimethyl-phenols has been
carried out66 in an electrolyser with a cation-exchange
diaphragm. The anode was made from lead dioxide and
the anolyte employed consisted of a 1:1 water—acetone mix-
ture containing 0.5 Μ sulphuric acid; the cathode was made
of lead, the catholyte consisted of a 0.5 Μ aqueous sulphuric
acid solution, and i = 0.12—0.15 A cm"2. Under these condi-
tions, the material yield of 2,6-dimethyl-p-benzoquinone was
86% and the current yield was 55%. At the end of the reac-
tion, the anolyte was transferred to the cathodic compartment
and the quinone was reduced to hydroquinone; the yield of
2,6-dimethylhydroquinone (purity 90%) with respect to the
phenol which had reacted was 65%. Other alkylhydro-
quinones were obtained in similar yields.66 Thus the process
leads to the possibility of obtaining hydroquinone also from
waste water containing phenol at a fairly high concentration.

—oOo—

Thus the kinetics of electrode processes in the electro-
chemical oxidation of phenol have been investigated in detail
on the basis of extensive experimental data on this subject.
It has been shown that phenol-containing waste water can be
purified electrochemically and alkylhydroquinones can be
obtained; however, some of the problems arising in the
practical application of this procedure have not as yet been
satisfactorily solved.

In the first place, in the majority of applied studies there
has been no scientifically based approach to the selection of
optimum process conditions, in particular the current den-
sity; for this reason, as regards experimental data, many
parameters are selected at random. There is a clear gap
between theoretical studies on the kinetics of the oxidation
of phenol and practical electrolysis. There is insufficient
information about the adsorption of phenol on platinum and
graphite anodes and contradictory data have been obtained
for the influence of chloride ions on the rate of oxidation of
phenol. The cause of the inhibition of the oxidation of
phenol observed in kinetic studies has not yet been estab-
lished. If this could be done, the problem of the activation
of the electrode under continuous conditions could be solved.

In the study of the waste water purification processes,
little attention has been devoted to the analysis of the elec-
trolysis products; the necessary conditions guaranteeing the
complete oxidation of phenol to carbon dioxide and water have
not been established. Relatively unproductive and difficult
to service electrolysers of the box type are as a rule
recommended for the purification of waste water. The
question of the application of highly effective electrolysers
with bulk electrodes in the purification process has so far
been little studied.
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The Reactions of Hydrocarbons under the Influence of Transition Metal
Atoms and Ions in the Gas Phase at Room Temperature
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The results of numerous experimental studies of the composition of the products fromed on interaction of hydrocarbons with
transition metal atoms or ions in the gas phase at room temperature are surveyed. In all cases organometallic intermediates are
formed, their decomposition leading to the final reaction products. The results presented are of great interest for the
understanding of the chemical nature of the elementary steps in the reactions of hydrocarbons in heterogeneous catalysis.
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I. INTRODUCTION

The modern ideas about the mechanisms of the elementary
steps in the reactions of hydrocarbons under the influence
of transition metals in heterogeneous catalysis presuppose
the preliminary dissociative adsorption of the hydrocarbons
on the catalyst surface with formation of radical-like frag-
ments, which consist of hydrocarbon groups or hydrogen
atoms, and are in some way linked to the heteroatoms, and
are capable of migrating from one active centre of another.
As a rule catalytic reactions proceed with participation of a
large number of active centres; this applies particularly to
the hydrogenolysis and skeletal isomerisation reactions of
hydrocarbons under the influence of transition metals. In
view of the lack of direct experimental approaches to the
study of the chemistry of the elementary steps in hetero-
geneous catalysis, the idea that different active centres and
intermediate hydrocarbon species, whose chemical nature is
obscure, participate in different reaction stages is frequently
resorted to. In earlier publications, we examined the
chemistry of the elementary steps in hydrogenation, dehydro-
genation, hydrogenolysis, and deuterium exchange processes
on the basis of the idea that the primary reaction involves
the oxidative addition of hydrocarbons to a transition metal
atom on the surface with subsequent decomposition of the
resulting organometallic compound.1"3 Thus it has been
suggested that hydrogenation in heterogeneous systems
proceeds via stages in which the olefin adds to the Η—Ν
hydride bond and that a hydrogen molecule adds to the
C-M bond with regeneration of the initial hydride derivative,
while the dehydrogenation reaction includes a stage in which
the hydrocarbon undergoes oxidative addition to the reduced
metal with subsequent B-decomposition of the organometallic
intermediate. This made it possible to explain the primary
formation of but-1-ene observed in the heterogeneous catalytic
dehydrogenation of butane. The specific deuterium-exchange
reactions involving various hydrocarbons in the initial stages
and the mechanism of the autohydrogenation of unsaturated
hydrocarbons have also been examined on the basis of these
ideas. The pathways leading to the decomposition of organo-
metallic compounds of transition metals frequently used in
heterogeneous catalysis (Ni, Co, Pt, Pd, W, Mo, Rh, Cr,
etc.) have been recently studied in detail in relation to

various alkyl and aryl derivatives. They decompose mainly
via β-elimination, which leads to the formation of equimolar
amounts of alkenes and alkanes, and α-decomposition accom-
panied by the formation of extremely reactive carbene and
carbyne species and recombination products produced from
the hydrocarbon groups linked to the metal. The chain
metathetical reactions of olefinic hydrocarbons under the
influence of W, Mo, Re, and Ta compounds are known to be
initiated by the carbene complexes formed on α-decomposition
of organometallic compounds. The mechanisms of all these
reactions have been described in detail in a series of
reviews. lt~8 Naturally, the metal atoms which retain the
greatest number of free coordination sites and whose reac-
tivity approaches that of isolated atoms are the most reactive
in the oxidative addition reactions of hydrocarbons. The
metal atoms on the crystal faces, in dislocations, and, as will
be shown below, in the gas phase and in the hydrocarbon
matrix may play a similar role.

Not only zerovalent metals but also metals in low oxidation
states are sometimes fairly active in similar reactions, as
shown for the addition of toluene to biscyclopentadienyl-
tungsten9 and of triphenylphosphine to a series of Group VIII
metals.10 The contribution of the homolytic decomposition
of the organometallic compounds, accompanied by the forma-
tion of free radicals is small and thus should apparently
increase with increase of reaction temperature. However,
a high selectivity of the action of catalysts at elevated tem-
perature is incompatible with the occurrence of free-radical
stages in the process, which indicates the need to take
account of other pathways which have been investigated for
the reactions of organometallic intermediates.

Numerous publications devoted to the study of the reactions
of hydrocarbons with metal atoms in hydrocarbon matrices at
reduced temperatures or with metal ions in the gas phase at
room temperature have appeared recently. The composition
of the products of these reactions shows that the latter take
place via stages in which the metal adds to the C-H or C-C
bond with subsequent reaction of the organometallic inter-
mediate. These investigations are of great interest for the
understanding of the chemical nature of the elementary steps
in heterogeneous-catalytic reactions of hydrocarbons and can
serve as an experimental basis for the examination of the
reaction mechanisms. This review presents a survey of the
results of the published studies in this field.
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I I . THE REACTIONS OF HYDROCARBONS WITH METAL
ATOMS

The possibility of the chemical interaction of metal atoms
with alkanes was established for the first time in 1979. n The
authors showed that the reaction of zirconium atoms, obtained
by evaporation in a high vacuum, with isobutane or neopen-
tane in a matrix begins already at -196 °C. Heating of the
hydrocarbon matrix to room temperature is accompanied by
the evolution of a certain amount of hydrogen and of traces
of methane. Subsequent hydrolysis of the matrix leads to
the formation of considerable amounts of hydrogen and Ci— C^
hydrocarbons in the case of isobutane and Cj— C5 hydro-
carbons in the case of neopentane. The main products of
the first reaction were isobutene and methane and those of the
second were methane, isobutane, and isobutene. The results
enabled the authors to conclude that the zirconium undergoes
oxidative addition to the C-H or C-C bonds of isobutane and
neopentane with subsequent decomposition of the organo-
metallic compounds formed:

C H J C H C H J + Zr°—;

CH 3

-* C H 3 - C H - Z r - C H , - ^ - C H 3 - C H 2 - C H 3 + CH4

CH.

/3-decomposition

• C H 3 — C H — C H 2 — Z r — H —

CH,

— C H 3 — C = C H 2

CH,

• CHg-CH—CH3 + H2 .

CH3

(1)

The following reaction mechanism has been proposed for neo-
pentane:

CH 3

I
H,C—C—CH 3

I
CH,

•Zr»—

. H — Zr-CH 2 —C(CH 3 ) 3

H.O
• CH,-Zr-C(CH3)3 — ' —

\
CH2

CH3Zr C(CH3)2

• CH4 + CH 3
-CH—CH 3

CH 3

(A)

( 2 )

4 + C H 2 = C - C H 3

CH,

The presence of isobutane in the products of the reaction of
zerovalent zirconium with neopentane is apparently associated
with the hydrolysis of the organometallic compounds formed
as a result of the insertion of the metal in the C-C bond.
Although the hypothesis of the formation of the intermediate
state (A) is controversial, it is difficult to imagine other
pathways leading to the formation of isobutene and methane-
products which are characteristic of the reaction of neo-
pentane under the conditions of heterogeneous catalysis at
high temperatures.

It has been shown11 that many other transition metals (Ti,
V, Cr, Mn, Fe, Ni, Co, Mo, and W) can undergo oxidative
addition to isobutane under the same conditions with formation
of the decomposition products of the organometallic inter-
mediates.

The decomposition products of organometallic intermediates
have been detected in studies1 2 '1 3 of the condensation of zero-
valent nickel vapour on pentane, 2, 3-dimethylbutane, methyl-
cyclopentane, and cyclopentane at -196 °C.

The interaction of the vapours of metallic ytterbium,
samarium, and erbium, with ethylene, propene, and allene
and also the reaction of erbium with cyclopropane at -196 °C
have been investigated.11* Organolanthanide compounds
stable at room temperature were obtained. The product of
the reaction of erbium with propene, apparently a π-allyl
complex, proved to be soluble in tetrahydrofuran (THF).
A small amount of hydrogen was found among the products
of the hydrolysis of the organometallic compounds obtained in
all the systems. The composition of the main hydrolysis

products depended on the nature of the metal and the hydro-
carbon. Thus the hydrolysis of the ethylene matrix with
ytterbium and samarium led to the formation of C!-C 6 hydro-
carbons, which indicates the oligomerisation of ethylene under
the influence of organometallic lanthanide compounds. The
main hydrolysis product in the erbium-ethylene system was
methane (90%):

H-M-CH=CH 2 ^ " ' - ^ CH 3-CH 2-M-CH=CH 2

-CHs—CH3fCH=CH ;

CH,-=CH,
(3)

C H 3 — C H 2 — CH2—CH,M—CH--=CH2 e t c .

The methane formed is apparently the product of the hydrol-
ysis of the carbide produced as a result of the interaction
of the zerovalent metal with acetylene. An analogous
explanation was put forward by ourselves3 in a study of the
mechanism of the autohydrogenation of olefins.

Propyne, propane, propene, and the initial allene were
found among the principle hydrolysis products in the reac-
tion involving allene or in this reaction the products were
propane, propyne, and the initial propene. On the basis
of the considerations concerning the role of the organometallic
intermediates and their decomposition pathways put forward
in our earlier studies, 1" 3 the reactions of propene can be
accounted for in terms of the mechanisms

Er» + CH S CH=CH 2 - n - C 3 H 5 - E r - H -

- ^ - C 3 H, + H,
( 4 )

C,H, H,0
> CH3CH2CHS—Er—CH2CH = CH2 — — · C 3 H 8 + C 3 H e

The hydrolysis of the erbium—cyclopropane matrix led to
the formation of mainly the propane—propene fraction,
propyne, and the initial cyclopropane. The data obtained
led to the conclusion that the reactions in the systems investi-
gated have a complex mechanism and that oxidative addition
of the metal to the C—Η bond takes place in all cases.

The oxidative addition of lanthanides to the C—Η bond has
been observed for hydrocarbons containing weakly acidic
hydrogen. Thus the interaction of ytterbium, samarium, and
erbium with hex-1-yne at -196 °C leads to the formation of
lanthanide hydride compounds.15 The formation of neo-
dymium hydride in the decomposition of its butyl derivatives,
obtained by the exchange reaction of (C5H5)3Nd with n-BuLi,
has been observed.1 6

An infrared spectroscopic study of the photoinitiated reac-
tion of copper atoms in a methane matrix at -261 °C demon-
strated1 7 the formation of organometallic compounds of the
type CH3MH. The formation of analogous compounds on
photoinitiation had been observed earlier1 8 '1 9 in the reactions
of iron, cobalt, copper, manganese, and lanthanide atoms
with methane at -253 °C.

The infrared spectroscopic method made it possible to
establish the insertion of a photoexcited iron atom in the
C-H bond of ethane and propane at -263 °C.20 The forma-
tion of a metallocyclobutane derivative, the product of the
insertion in the C—C bond, was observed for cyclopropane.

The reaction of ethylene with cobalt, rhodium, nickel, and
palladium atoms at -261 °C was investigated by infrared
spectroscopy under conditions involving matrix isolation.21

The formation of only the π-complex with ethylene was
observed in all cases; this may be regarded as the primary
reaction stage leading to the insertion of the metal in the
C—Η bond at higher temperature.

I I I . THE REACTIONS OF CARBONYL COMPOUNDS WITH
METALS IN LOW OXIDATION STATES

Not only the atoms of transition metals but also their other
forms corresponding to low oxidation states can enter into
the oxidative addition reactions. This has been established
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for the interaction of aldehydes and ketones with tungsten
and titanium compounds in which the metal is in a reduced
state. Thus it has been shown that the addition of benz-
aldehyde to the WC16— 2RLi system in THF at room temperature
induces the rapid formation of stilbene.2 2 According to the
data of Fujiwara et al.,2 3 the WCU-LiAlHt, system is just as
active in this reaction, while tungsten and molybdenum
carbonyls have somewhat lower activities. The formation of
olefins from carbonyl compounds in the electrochemical reduc-
tion of WC16 has been observed.21* The formation of stilbene
as a result of the oxidative addition of benzaldehyde to
reduced metals can be represented schematically as follows:

WCL + CeH5C<

W(CO)6

O = W C l n

CHC eH6

. C e H 6 CH=CHC e H 5 ;

(5)

0

" 0 = W ( C 0 4 ) 1 - C e H 6 CH=CHC 6 H 6 .

. CHCHJ

Ledon et al. 2 5 investigated the reductive dimerisation of
aldehydes and ketones under the influence of a zerovalent
titanium complex-bisbenzenetitanium. The reactions of
benzophenone and acetone with bisbenzene-titanium at 75—
80 °C in THF led to the formation of tetraphenylethylene and
tetramethylethylene respectively in quantitative yields.
Presumably the reaction proceeds via the mechanism

Ti + R2CO -

C 0 H 6 LCRJ

• R 2 C=CR, (6)

IV. OXIDATIVE ADDITION OF HYDROCARBONS TO
TRANSITION METAL IONS

Numerous studies devoted to the gas-phase reactions of
hydrocarbons at room temperature and in a high vacuum with
the univalent ions of a whole series of transition metals (Rh + ,
Fe+, Co+, Ni+, Cr+, and Sc+) have been published recently.
The reactions of alkanes,2 6"3 6 alkenes,3 1 -37"1*0 cyclic hydro-
carbons,25»27.35'"1'1*2 and their derivatives, namely alkyl
halides, 1*3~1*7 alcohols,""'1*5 aldehydes and ketones,1*8"50

ethers,1*8'1*9 amines51'52 and nitro-compounds,53 have been
investigated. Transition metal ions have been obtained with
the aid of laser radiation, 26~28'37'U1>1*6 by thermal ionisation,32"36,
w,w,5o,53 o r u n d e r t h e influence of the electron impact.29"31-38'
39, «,*45,<*7-*9,5i,52 T n e g a s - p n a s e react ions of the ions were
investigated mass-spectrometrically. Naturally, the energy
levels of the metal ions transferred to the gas phase differ
significantly depending on the nature of the metal and the
conditions of their formation which indicates influence on
the character of the product formed, in particular on the
relative contributions of the reactions involving insertion in
the C-H and C-C bonds. In this connection, the high
reactivity of the isolated metal atoms and ions in the gas
phase means that their interaction with hydrocarbons at room
temperature leads to the formation of the same products as in
heterogeneous catalysis at high temperatures.

The composition of the primary products of the interaction
of hydrocarbons with Rh+, obtained by irradiating rhodium
foil with a laser beam in the presence of the reacting hydro-
carbon, has been investigated mass-spectrometrically.26 The
contribution by secondary reactions does not exceed 10%. The
results of this study, presented in Table 1, are of significant
interest for the understanding of the chemical nature of the
elementary steps in the catalytic reactions of hydrocarbons
under the influence of individual metal atoms or ions.

In the reactions of ethane and propane, olefins bound in
complexes are formed quantitatively (or almost quantitatively),
while the reactions of η-butane, n-pentane, and 2,3-dimethyl-
butane give rise to dienes with evolution of the corresponding
amount of H 2. Trienes bound in complexes are formed from
η-heptane and η-octane with evolution of three H2 molecules.

Table 1. The composition of the primary products of the
reactions of Rh+ with alkanes at room temperature. 2 6

Alkane

QHe

QH e

n-C 4 H 1 0

IS0-C4H10

n-C 5 H 1 2

1S0-C5H12

neo-C5H]2

n-C6Hl4

C H 3 — C H - C H — C H 3
ι ι
1 1

CH3 CH3

n-C 7Hi6

n - C 8 H 1 8

Cyclopropane

Cydopentanc

Cyclohcxane

(RhA)+

RhC2H+

RhC3H+

RhC4H+

RhC4H+

RhC4H+

RhC,H+

RhCsH^

R h Q H +

RhC6H+

RhC4H+

RhC4H+

RhC,H+

RhC 6H+

RhC eH+

RhC 6H+

RhC,H+

RhC 8H+

RhC3H+

RhCH+

RhC5H+

RhC,H+

RhC eH+

Yield
(RhA+)*,%

100

94

100

43

48

88

97

15

29

13

34

49

33

18

100

94

91

76

11

100

65

35

Neutral
products

H,

H2

2H2

H2

2H2

2H,

2H2

H2

2H2

CH4

H 2 , CH4

2H2

3H2

4H2

2H,

3H2

3H2

H2

QH,

2H2

2H2

3H2

*Relative to theoretical yield.

The principle products of the reaction of n-hexane are com-
plexes of a diene and triene as well as benzene, which is
apparently formed from the linear triene via the intermediate
cyclohexadiene. It has been shown51*'55 that the dehydro-
cyclisation of hexane to benzene in heterogeneous catalysis
at high temperatures proceeds via consecutive stages involv-
ing the formation of an olefin, a diene, a triene, and cyclo-
hexadiene. Complexes of isobutene and butadiene are
formed in approximately equal amounts from isobutane. The
formation of butadiene indicates the occurrence of skeletal
isomerisation together with dehydrogenation. The neopentane
reaction products are of special interest. Apart from the
isopentene and isoprene complexes, arising as a result of
consecutive steps involving the isomerisation of neopentane
and its dehy drogenation, complexes of butene and butadiene
with the metal, formed as a result of the decomposition of
the hydrocarbon skeleton with the simultaneous evolution of
CHi, and H2, were also detected. As expected, a complex of
cyclopentadiene is formed in a quantitative yield from cyclo-
pentane, while the complexes of cyclohexadiene and benzene
are formed from cyclohexane. It is of interest to note that
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a complex of methylene carbene was formed in a yield of
approximately 11% from cyclopropane. All these reactions
are characteristic of heterogeneous catalysis by transition
metals at high temperatures.

It has been concluded26 that the primary step is the oxi-
dative addition of the hydrocarbon with formation of the
organometallic derivative and the decomposition of the latter
leads to the final reaction products. Thus the following
mechanisms have been proposed for propane and neopentane:

Rh+ CH 3 CH 3

Rh +

I
Η

-*
" / C H \ "

CH, CH2

/ \
Η Η _

• ( 7 )

Bh+
H3C—C—CH

CH,

C —

CH3

h

Η

—C—CH 3

CH, * L
-1 (8)

τ
It is noteworthy that the insertion of the metal in a C-H bond
in the methyl group, and not in the methylene group as in
Eqn.(7), appears to us preferable, since this involves the
formation of a more stable primary organometallic intermediate.
The decomposition of the latter via the β-elimination pathway
leads to the formation of the same reaction products.

The reactions of normal and branched alkanes as well as
cycloalkanes with Ti+ ions obtained by the action of laser
radiation on titanium foil were investigated in a subsequent
study. 2 7 The Ti+ ions are inserted mainly in the C-H bonds
of hydrocarbons, leading to the formation of products similar
to those obtained in the presence of Rh+ ions.

The reactions of Fe+, Co+, and Ni+ ions with a series of
normal alkanes ranging from propane to heptane have been
investigated.2 8 The Fe+, Co+, and Ni+ ions were obtained
by the same method as the Rh+ and Ti+ ions. It was found
that the Ni+ and Co+ ions are mainly inserted in a C—C bond
with formation of unsaturated products of the decomposition
of the carbon skeleton:

V

•CH7

CH.,

CH,

CH2

CH.,—M—CH,
/ -

CH 3 ·

CH2—«,

• H,C

CH,

-II 2

CH,

(9)

CH2

If the metal is inserted in the CH2—CH3 bond in n-butane,
then the same reaction leads to the formation of propene and
methane. Diethylcobalt, obtained by the reaction of ethyl-
lithium with CoCl2> is known to decompose only via pathway
(9a), leading to the formation of equimolar amounts of ethane
and ethylene.5 6 Such products can arise not only via each
stage involving the formation of a hydride derivative, as in
reaction (9a), but also as a result of the disproportionation
of two ethyl groups bound to the metal. Reaction (9b),
which leads only to ethylene, does not occur in this case.
It may be that this reaction is specific to metal ions. In the
case of Fe + , the insertion in a C—Η bond with subsequent
formation of an olefin is observed together with the above
reaction.

The study of the reactions of a series of olefins, ranging
from ethylene to hexene isomers, in the presence of Fe+ ions
obtained with the aid of laser radiation has shown that the
composition of the primary reaction products depends on the
nature of the olefin.37 Ethylene, propene, and isobutene
did not react with Fe+ ions under these conditions. n-Butenes
give rise to quantitative yields of products of the insertion
in a C—Η bond. In contrast to n-butenes, methylbutenes
produce considerable amounts of products of the insertion in
a C-C bond. In the reactions of n-pentenes and hexenes,
the last of the reactions indicated becomes the main one.

The reactions of Fe+, Co+, and Ni+ ions with cyclic hydro-
carbons, namely cycloalkanes and cycloalkenes, have also
been investigated. ^ In this case the reaction involving
the insertion of the metal ion in a C—C bond is the main one,
which is the reason for the formation of products of the
dehydrogenation and rupture of the carbon skeleton, as has
been noted for the reactions of Co+ and Ni+ with n-alkanes.

It has been established that the presence of the hydride
ligand57 influences significantly the reactivity of the metal
ions. This conclusion was reached on the basis of the
study of the reactions of FeD+, CoD + , and NiD+ with a series
of alkanes (Ci-Cs) and alkenes (C 2 and C3) in the gas
phase. The FeD + , CoD + , and NiD+ ions were generated by
the reaction of the Fe + , Co+, and Ni+ ions, obtained by laser
radiation, with deuteriated nitromethane or methyl nitrite:

M + + CD3NO2

M l + CDjONO

MOCDj

MOCDJ (10)

It was found that the FeD+, CoD+, and NiD+ ions are inserted
mainly in C—Η bonds of the alkanes, in contrast to the Co+

and Ni+ ions, which, as shown above, give rise mainly to
products of the insertion in a C-C bond. NiD+ and CoD +

are then capable of reacting with ethane, while NiD+ is capable
of oxidative addition even to methane.

It was noted above that the Fe+ ion does not react with
ethylene and propene. On the other hand, FeD+ and CoD +

can undergo oxidative addition to the C=C bond of propene
and NiD+ also to the C=C bond of ethylene.

According to the data of Jacobson and Freiser,5 8 CoCH*
as well as MH+ ions are inserted solely in a C—Η bond of
aliphatic alkanes, starting with propane. This fact has been
established in a study of gas-phase reactions of CoCHt with
a series of alkanes ranging from methane to hexane isomers.
The CoCHij ions were obtained by the reaction of Co+,
generated by laser radiation, with methyl iodide:

Co+ + CH3I - CoCH3

+

(11)

The authors showed that methane and ethane do not react
with CoCHtj. The evolution of mainly methane and the
formation of dehydrogenation products were observed in
the reactions with participation of C3—C6 alkanes. In the
reactions of 2,2-dimethylpropane and 2, 2-dimethylbutane,
methane is the main neutral reaction product (insertion in
a C-C bond).

The FeCH^ions, obtained by the same method as the CoCHt
ions, do not react with aliphatic alkanes.5 8 The reactions
of the NiCHij ions have not been investigated, since they could
not be obtained by the above method. The formation of Nil +

and not NiCH* was observed in the reaction of Ni+ with methyl
iodide.

The gas-phase reactions of the C0CH3 and FeCH* ions with
a series of cyclic hydrocarbons—cycloalkanes ranging from
C 3 to C6 as well as cyclopentene and cyclohexane—were sub-
sequently investigated.5 9 These ions are inserted mainly in
C—C bonds of cyclopropane and cyclobutane, forming alkyl
(ethyl or propyl) complexes and ethylene. It had been
shown earlier that the Fe+ and Co+ ions, obtained by means
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of laser radiation, do not react with cyclopropane.1*1 In the
reactions of cyclopentane, cyclohexane, cyclopentene and
cyclohexene with CoCHt, the formation of only the dehydro-
genation products (the complexes of cycloalkenes or cyclo-
alkadienes) and the corresponding neutral products (methane
and hydrogen) was observed. The FeCKt ions do not enter
into this reaction. In the case of cyclopentene and cyclo-
hexene the oxidative addition to a C—Η bond is the only
reaction for both C0CH3 and FeCHt.

In one of the most recent studies,6 0 the gas-phase reactions
of the FeCHt and CoCHt ions with aliphatic alkanes are
investigated. The method of preparation of the MCHt ions
was based on the reactions of the Fe+ and Co+ ions,
generated by laser radiation, with epoxyethane or cyclo-
heptatriene:

M+ + CaH4O -» MCH+ + CH2O
( 1 2 )

M+ + cyclo-CrH, -. MCH+ + C 6 H 6

The study of the reactions of the CoCHt and FeCHt ions with
alkanes, ranging from methane to hexane isomers, led to the
conclusion that the oxidation addition of the hydrocarbon to
the metal ion proceeds predominantly via the insertion into the
C—Η bonds of the alkanes and to a lesser extent the C—C
bonds. The CoCHt ion reacted with all the alkanes investi-
gated except methane, while the FeCHt ions reacted with
alkanes starting from propane.

The gas-phase reactions of the FeCHt and CoCHt ions with
olefins, ranging from ethylene to hexene, and also with
butadiene, acetylene, and propyne have also been studied.6 1

The reactions of FeCHt and CoCHt with ethylene lead to the
formation of only the M+ ion and the corresponding neutral
product C3H6. The authors suggest that the interaction
of CoCHt with ethylene may entail its insertion both in a C—Η
bond with formation of propene and in the C=C bond with
formation of cyclopropane. The reaction of the FeCHt ion
may result in the formation of propene alone. The study
of the interaction of ethylene with MCDt ions established
the occurrence of a metathetical reaction, which was inferred
from the presence of the products MCHt and C2H2D2. Thus
two processes take place:

(13a)MCD+ + CH,=CHj - MCH+ + CD2=CH2 ;

MCH+ -f CH2=CH2 or propene. (13b)

In the case of ethylene the contribution by reaction (13a) is
small, amounting to 20% for the FeCHt i ° n s a n ( i on^Y 2% f° r t n e

CoCHt ions. However, the contribution of the metathetical
reaction increases significantly in the case of propene and
isobutene. Thus the main product of the reaction of MCHt
with propene is the ion of ethylene bound in a complex,
while isobutene gives rise mainly to the ions of ethylene and
propene bound in complexes:

(CH3)2C=CH2 -c CH,

CH.,

C-H4

(14)

Apart from the ions indicated, the M+ ions were found in the
products of the reactions of MCHt with propene and isobutene,
as well as the compounds Οι»Η8 in the former case and C5H10 in
the latter. The authors 6 1 believe that the CoCHt ions can be
inserted both in a C-H bond of propene to form but-1-ene,
and in the C-C bond to form methylcyclopropane:

Co+ + CHjCH,CH=CH, ;

C0CH+ + CH3CH=CHS-

In the reaction of FeCHt, only the insertion in a C—Η bond
is possible. In contrast to propene, isobutene gives rise
to an appreciable amount of MCiJit ions. n-Butenes give
rise to the same main reaction product as isobutene. A
complex set of products has been obtained in the reactions
of pentenes and hex-1-ene. The main products of the
reaction of the MCHt ions with butadiene were the M+ ion and
the corresponding neutral compound CsH8, which is cyclo-
pentene according to the authors. In the case of acetylene
and propyne, a single reaction leading to the formation of M+

was observed in each case together with the products C3Hi,
(from acetylene) or C^He (from propyne). The authors6 1

suggest that only the insertion of the carbene in a C—Η
bond with formation of an allene or propyne is possible in
the first of the above reactions.

The reactions of alkanes with the Fe+, Co+, and Ni+ ions32"35

and of alkenes and cycloalkanes with Co*1*0'1*2 have been
investigated by the method of ion beams. The ions were
obtained by the thermal ionisation of metals formed on decom-
position of the corresponding chlorides. The composition of
the products of the reactions of alkanes ranging from butane
to octane with the Fe+, Co+, and Ni+ ions having a kinetic
energy of approximately 0.5 eV permitted the same conclusion
as that reached by Jacobson and Freiser,2 8 namely that the
Ni+ and Co+ ions are inserted preferentially in a C—C bond
and that this is accompanied by insertion in a C—Η bond in
the case of Fe+ .

The study of the interaction of Co+, having a kinetic
energy of approximately 1 eV, with alkenes ranging from
ethylene to hexenes1*0 showed that ethylene and propene do
not react with the metal ions under these conditions. In the
case of isobutene the products of the insertion of Co+ in a
C—C bond was found. The reactions of n-butenes with Co+

led to the formation of mainly a diene bound in a complex and
of the corresponding neutral product (H 2 ) . In the reactions
of pentenes and hexenes, the insertion in both C-H and C-C
bonds was observed.

The results obtained in a study"2 of the gas-phase reactions
of Co+ ions, having a kinetic energy of approximately 1 eV,
with cycloalkanes ranging from cyclopropane to cyclohexane
diverge somewhat from the data of Jacobson and Freiser.^
Under these conditions, the Co+ ions react with cyclopropane
with formation of CoCHt a n<i ethylene:

(15)

Co+ + \/CH,

Co+ + \ 7

The absence of the reactions of cyclopropane with Fe + , Co+,
and Ni+, generated by the influence of laser radiation, is
apparently associated with the fact that these ions exist
mainly in the ground and insufficiently excited electronic
states and do not have a high kinetic energy compared with
the ions used in the ion beam method.

The reactions of Co+ with cyclobutane, cyclopentane, and
cyclohexane lead to the formation of dehydrogenation products
and the products of the dissociation of the ring C—C bond
according to Armentrout and Beauchamp.1*2 For example,
the reaction of Co+ with cyclobutane proceeds as follows:

p*. CoQH* + C,H, ;

C o + + I Z I —
U CoQHt + Hj . ( 1 7 )

The gas-phase reactions of the FeH+ ions, obtained by
electron impact from 1,1-dimethylferrocene, with methane,
ethane, and butane have been investigated for low kinetic
energies of the ions.6 2 It has been shown that methane and
ethane do not react with FeH+. The reaction of n-butane
leads to the formation of the products of the insertion of FeH +

in a C-H bond of the alkane, which agrees with data5 7 for the
analogous reactions of the FeD + , CoD + , and NiD+ ion obtained
by the reaction of metal ions with nitromethane or metal nitrite.
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The reactions of Sc+ ions having a kinetic energy of
approximately 0.5 eV with alkanes ranging from propane to
hexane in the gas phase have been recently investigated.3 6

The Sc+ ions were obtained by the thermal emission method
at 2500 Κ. It was found that the reaction of propane with
Sc+ proceeds similarly to the reactions of alkanes with the Fe+,
Co+, and Ni+ ions. The main products are complexes of Sc+

with propene (68%) and ethylene (27%). The reaction of
η-butane leads to the formation of large amounts of the com-
plex Sc(C2H6)+ and ethylene respectively. Analysis of the
thermochemical data led the authors 3 6 to the conclusion that
the complex Sc(C2H6)+ had the dimethylseandium structure.
Sc(CH 3) 2 may be formed on insertion of Sc+ to the terminal
C—C bond of n-butane:

+

CH,

CH.
/

H3C

, X +

>—CH

C H ,

-1 "

, SC

CH3 —*• H3C

•CH,—CH.,,
\

(18)

Sc 4- C.,H4

V *
X;H,

or to a C-H bond in the CH2 group, which also leads to the
formation of the dimethylethylene intermediate. The inser-
tion of Sc+ in a C—Η bond leads to the formation of dehydrog-
enation products, which are, according to the authors'
hypothesis, metallocyclobutane derivatives and not olefins
and dienes bound in complexes as for other ions.

The gas-phase reactions of the Fe+, Co+, Ni+, Cr+, and Ti +

ions with alkanes have also been investigated in other
studies.29»30 The metal ions were obtained by electron
impact on the corresponding carbonyls (the Fe+, Co+, Ni+,
and Cr+ ions) or the chloride (the Ti+ ions). In their
studies of the reactions of the Fe+, Co+, Ni + , and Cr+ ions
with perdeuteriobutanes having the normal or isostructure,
the authors concluded that the composition of the reaction
products depends on the nature of the metal and the alkane.
Table 2 presents the relative rate constants for the reactions
of M+ with butanes in the initial stage and shows that, in the
presence of the Cr+ ions, approximately 60% of the reaction
steps involve the insertion of the metal in a C—D bond with
subsequent formation of an olefin and a diene bound in com-
plexes with Cr+, while about 40% involve the insertion in the
C2—C3 bond of butane with subsequent formation of ethylene.
The insertion in the Ci-C 2 and C3-C* bonds is not observed.
The contribution by the reaction involving the insertion in the
C2—C3 oond of η-butane increases sharply for Fe+ and Co+

with the corresponding fall of the rate of insertion in the
C—Η bonds. The formation of small amounts of complexes of
propene with Fe+ and Co+ indicates the partial occurrence of
the reaction also involving the Ci— C2 (C3-C\) bonds. The
reaction in which Fe+, Co+, and Ni+ are inserted in a C—C
bond is decisive for isobutane; the decomposition of the
organometallic intermediate leads to the formation of a propene
complex. The contribution by reactions involving the inser-
tion in a C—Η bond, which lead to an isobutene complex, is
comparatively small.

In reactions of the Ni+ ions with η-butane2 9 and also with
the Ci*—C7 alkenes, only insertion in a C—Η bond takes place
with subsequent β-decomposition of the organometallic com-
pound and the formation of an olefin and hydrogen.

V. OXIDATIVE ADDITION OF OTHER ORGANIC COMPOUNDS
TO TRANSITION METAL IONS

In conclusion we shall consider briefly the reactions of
metal ions with derivatives of hydrocarbons containing
various functional groups.

The gas-phase reactions of transition metal ions with aryl
halides have been studied in relation to the interaction of
the Fe+ and Co+ ions with CH3I, "3 CH3Br, "*3 C2H5I, * and
iso-C3H7Cl,"5 of the Ni+ ions with CH3I

 1*I*>1*5 and C2H51,1*5·1*5

of the Cr+ ions with C2H5I, * and of the Fe+ ions with
C6H5C1. *·7 The above ions were obtained by electron impact
on the corresponding metal carbonyls. The gas-phase
reactions of Ti+, obtained by laser radiation, with CH3X
(X = Cl, Br, or I ) , C2H5C1, C6H5C1, and (CH3)2CHC1 have
been investigated.** The formation of the products of the
oxidative addition to the C—Hal bond were observed in all
cases. It is well known that RHal add analogously to active
zerovalent metals in solution. The addition of alkenyl halides
to Ni(CO)i», leading to the formation of π-allyl derivatives,6 3

and the addition of alkyl halides to zerovalent cobalt and
other zerovalent metals64-65 may serve as examples.

Table 2. The relative rate constants for the formation
of the products of the reactions of M+ with butanes. 3 0

M+

Cr+
Fe +

Co+

Ni+

n - C 4 D ] 0

MQD+

0.22
0.53
0.53
0.14

MC.D+

0
0.07
0.09
0.02

0.16
0.04
0
0

0.16
0.04
0.13
0.07

iso-C 4D 1 0

MC.D+

0
0.4fi
0.82
0.29

MC.DJJ"

0.09
0 09
0.15
0.04

The gas-phase reactions of the Fe+, Co+, and Ni+ ions,
arising as a result of the electron impact on the correspond-
ing metal carbonyls, with methyl, ethyl, and isopropyl
alcohols have been studied.144''*5 The above ions induce the
formation of mainly the products of oxidative addition to the
C-OH bond with subsequent dehydration of the alcohols.
MC2Ht ions were the main products of the reactions of the
Fe+, Co+, and Ni+ ions with ethyl alcohol, while approximately
equal amounts of the MC3Ht and MH2O

+ ions were found in
the products of the reaction with isopropyl alcohol:

CH3CH—CH3 -f №"• —
I

OH

H2O

-f- Q,He

(19)

In the given instance the reaction proceeds via the classical
pathway involving the β-decomposition of the organometallic
compounds. It is noteworthy that the analogous decomposi-
tion products can arise also when M+ is inserted in a C—Η
bond, for example:

CH3CHCH3 -

OH

H M ' C H J C H C H J
I

OH

H,0

MH.2O
+ + C 3 H 6

(20)

The gas-phase reactions of Fe+ and Co+ ions with acetalde-
hyde, acetone, ethyl methyl ketone, and isopropyl methyl
ketone have been studied1*9'50 as well as the reactions of Fe +

ions with a series of other ketones—simple, mixed, unsatur-
ated, and cyclic, also propionaldehyde and butyraldehyde.1*9

The reaction of Co+ ions with formaldehyde has been investi-
gated.5 0 Fe+ ions have been obtained by the action of laser
radiation,1*9 while Co+ ions have been generated by thermal
ionisation.50 The reactions involving Co+ ions have been
studied using a low kinetic energy of the ions. The com-
position of the products of the reactions with aldehydes and
ketones depends on the nature of the carbonyl compound.
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Thus acetone, formaldehyde and acetaldehyde give rise to
only the M(CO)+ ions—the products of oxidative addition to
the C-C=O or H-C=O bonds. In the reactions with par-
ticipation of ketones and aldehydes, there is a longer alkyl
chain and the fraction of the products of oxidative addition
to a C—Η bond increases, while in the reactions with ketones
having substituents at the α-carbon atoms and cyclic ketones
there is an increase in the fraction of the products of oxi-
dative addition to a C—C bond.

The gas-phase reactions of Fe+ ions, obtained by the
action of laser radiation, with ethers (dimethyl, diethyl,
and di-isopropyl ethers, two mixed ethers—butyl methyl and
isopropyl methyl ethers, and a cyclic ether—tetrahydrofuran)
have been investigated.1*9 The composition of reaction
products depends on the nature of the ether. Thus
dimethyl ether gives rise to only FeCH2O

+ ions and corre-
spondingly CHi» (insertion in the C—Ο bond). The oxidative
addition to the C—Ο bond predominates also for diethyl,
di-iso-propyl, and isobutyl methyl ethers. For butyl methyl
ether, the dehydrogenation reaction leading to the formation
of FeC5HioO+ and correspondingly H2 is the dominant process.

It was already noted above that metal ions entering the gas
phase under the influence of laser and especially electron
irradiation are much more reactive than the ions of the same
metals on the surfaces of catalysts and that even at room
temperature hydrocarbons undergo more extensive reactions
in the presence of such ions even at room temperature than
in heterogeneous catalysis at not unduly high temperatures.
It is noteworthy that metal subhalides, obtained on heating
salts at 200-300 °C in a high vacuum and remaining in the
matrix comprising halides, are to some extent analogous of
metal ions. They are known to function as catalysts with
selective activity in reactions with olefins at the usual tem-
peratures. It has been shown66»67 that small amounts of the
•NiCl species, detected by EPR in an NiCl2 matrix, exhibit
catalytic activity in diene polymerisation and ethylene
dimerisation reactions at low temperatures.

(C 6 H 5 ) 3 C·

*,.-. d|(CnH5)3CC! d . e n e

-•-polymerisation
*NiCl|NiCl2 -jf-*- HNiCl[NiC)2 — I

polymerisation·*-

olefin

dimerisation·* • dimerisation

(21)

iNiCl|NiCl2

The reactions via pathways α and c lead to the polymerisation
of dienes and the oligomerisation of olefins, while along
pathways d and b the system loses activity and triphenyl-
methyl and semiquinonoid radicals appear respectively.
Analogous subhalides with catalytic activity in the above
reactions arise when other metal halides are used. 6 6 One can
also note that certain metal oxides, heated in a high vacuum
at 400—500 °C for a long time, acquire the ability to catalyse
deuterium exchange in hydrocarbons at low temperatures.6 8

It may be that under the given conditions defects due to the
formation of a small number of metal atoms in a more reduced
state can arise in the catalyst matrix and are able to par-
ticipate in the oxidative addition of hydrocarbons and deu-
terium .

The metal atoms formed on vaporisation in a high vacuum
with their subsequent condensation in the hydrocarbon
matrix11 approach heterogeneous metallic catalysts as regards
the character of their action on hydrocarbons although in
this instance too isolated atoms are naturally more reactive

than the atoms on the surface. It is well known that in the
latter case the active centres are distributed on the crystal
faces or in dislocation, where the metal atom retains a fairly
large number of coordination vacancies and is able to pass
to the oxidised state after combining with the hydrocarbon
to form an organometallic intermediate.

—oOo—

It follows from the data presented that, on coming into
contact with an isolated metal atom at low temperatures,
hydrocarbons undergo reactions analogous to their reactions
in heterogeneous catalysis at higher temperatures. The
reaction intermediates are in all cases organometallic com-
pounds of transition metals, whose decomposition pathways
have been thoroughly investigated in the temperature range
20—100 °C. Complex reactions of hydrocarbons (hydrogena-
tion, dehydrogenation, skeletal isomerisation, hydrogenolysis,
and deuterium exchange) can take place not only on an
ensemble of metal atoms but also at an individual atom via
stages involving the formation of organometallic intermediates
arising as a result of the addition of the metal atom to C-H,
C-C, and C—Ο bonds. The experimental data presented in
this review are therefore of special interest for the under-
standing of the chemical nature of the elementary steps in
heterogeneous catalysis.
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Norbornadienes in the Synthesis of Poly cyclic Strained Hydrocarbons
with Participation of Metal Complex Catalysts

U.M.Dzhemilev, R.I.Khusnutdinov, and G.A.Tolstikov

The advances achieved in recent years in the synthesis of polycyclic hydrocarbons, including those containing functional
substituents, from norbornadiene and its derivatives using metal complex catalysts are surveyed. The homo- and codimerisation
reactions of norbornadienes with olefins, dienes, and acetylenes, involving the [2n + 2π] -, [2 f f + 2π + 2π] -, and
[4 π + 4 π ] -addition under the influence of transition metal complexes are examined. Data on the synthesis of norbornadiene
trimers as well as the physicochemical and spectroscopic characteristics of a whole series of unique hydrocarbons are presented.
The mechanisms of the reactions indicated are discussed.
The bibliography includes 173 references.
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INTRODUCTION

Since the publication of Schauzer' review,* devoted to the
problems of the synthesis of strained skeletal hydrocarbons
from bicyclo[2.2.l]hepta-2,5-diene [norbornandiene (NBD)]
(I) by methods involving metal complex catalysis more than
ten years have elapsed. During this period, particularly
in recent years, this field of chemistry has continued to
develop vigorously. As a result, extensive theoretical and
experimental data have accumulated, being concentrated
mainly in publications and patents which are not readily
accessible to many chemists. Even superficial analysis of
the latest data on the synthesis of skeletal compounds indi-
cates increasing importance of NBD as the key and funda-
mental monomer for the synthesis in a single stage of unique
polycyclic strained hydrocarbons, among which NBD homo-
dimers, trimers, and codimers are of greatest interest and
practical value. The hydrogenated NBD dimers are widely
used in the USA for the synthesis of high-density and
high-energy multipurpose hydrocarbon rocket fuels.2

The transformations of norbornadienes into the correspond-
ing cyclic dimers and trimers proceed as a rule under the
influence of low-charge nickel, cobalt, iron, and rhodium
complexes; manganese, chromium, titanium, palladium, and
iridium compounds are used to a lesser extent. Active cata-
lysts are obtained by reducing complexes of the above
metals, soluble in organic solvents, with A1R3, MgRR', and
their derivatives. Transition metal complexes containing
electron-donating or electron-accepting ligands in their
coordination spheres are used in many instances.

The literature data are described systematically in the
present review on the basis of the nature of the central
metal atom, since in the majority of cases the direction and
structural selectivity of cyclo-oligomerisation of norborna-
dienes are determined by precisely this factor.

I I . THE HOMODIMERISATION OF NORBORNADIENE UNDER
THE INFLUENCE OF METAL COMPLEX CATALYSTS

1. Catalytic Systems Based on Nickel Compounds

The cyclodimerisation of NBD via the [2π + 2-Jaddition
mechanism was achieved for the first time by Bird et a l . 3

using nickel tetracarbonyl as the catalyst. It was estab-
lished subsequently "*~6 that Ni(CO)i» promotes the formation
of a mixture of isomers consisting of endo, trans, endo-penta-
cyclo[8.2.1.l"'7.02 '9.03 > 8]tetradeca-5,ll-diene (II) and the
endo, trans, exo-isomer (III) whose overall yield and com-
posit on depend significantly on the dimerisation conditions.

(i) (Π) (in)

For example, when a mixture of NBD and NKCO),, with the
ratio Ni(CO),» : NBD = 1 : 100 is refluxed for 6.5 h, a mixture
of the isomers (II) and (III) is obtained in a quantitative
yield in proportions of 1 : 3. 5 When the reaction is carried
out in benzene, the content of the dimer (III) increases
markedly to give (II) : (III) = 1 : 5. 6

Complexes of unknown composition and structure, obtained
when one of the three NBD [2 π + 2π]dimers, namely
exo, trans,exo-pentacyclo[8.2.14>7.02>9.03·8]tetradeca-5,11-
diene (IV) or NBD itself is treated with nickel tetracarbonyl,
drive the NBD cyclodimerisation reaction exclusively towards
the formation of the isomer (III). 5 The yield of compound
(III) varies from 69 to 91% depending on the conditions used
in preparation of the complexes indicated.
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The direction of the [2 π + 2π]Γββοίϊοη changes when the
NBD cyclodimerisation is carried out in the presence of
catalytic amounts of Ni(CO)i, with simultaneous UV irradia-
tion. The [2 π + 2π + 2π]dimers (V) and (VI) are formed
exclusively in these experiments in an overall yield of ~11%: 5

(V) (VI)

Unfortunately, the authors 5 hardly discussed the mech-
anism of this interesting reaction. Under the conditions of
UV irradiation, quadricyclane (QC) is probably formed initially
and readily dimerises to the cyclic dimers (V) and (VI) under
the influence of low-charge nickel carbonyl complexes con-
taining in the coordination sphere NBD molecules together
with carbon monoxide:

(i)

This mechanisms has been confirmed by the results of stud-
ies 7~ 9 according to which quadricyclane is converted into
[2 π + 2 π + 2TT]dimers and codimers in fairly high yields in
the presence of complex catalysts based on nickel, palladium,
and rhodium compounds.

The replacement of Νΐ(ΟΟ\ by Ni(CO)2(PPh3)2 in the
photoinitiated NBD cyclodimerisation reaction leads to the
formation of the exo, trans,exo-isomer (IV) with a high
selectivity.1 0

Cyclisation of the [2 π + 2π] type remains the principal
pathways in the NBD dimerisation reaction using as catalysts
zerovalent nickel complexes containing olefin, diene, and
organophosphorus ligands in the coordination sphere. For
example, Ni(COD)2 (where COD = cyclo-octa-l,5-diene)
converts NBD into the exo, trans, exo-dimer (IV) with a
selectivity of 96.5%.n When triphenylphosphine is introduced
into the composition of Ni(COD)2, the selectivity in the
formation of the dimer (IV) falls to 66.1% owing to the
increase of the fraction of the endo, trans,exo-isomer ( I I I ) . 1 2

The dimerisation of NBD proceeds quite differently in the
presence of the Ni(COD)2—PBU3 catalytic system promoted
by CF 3CO 2H; 1 2 the only reaction product is then 5-exo-
(o-tolyl)norborn-2-ene (VII), whose yield is 30%:

(i)
Ni(COD)2-Pliu3—CF3CO2II

(VII)

Without the addition of trifluoroacetic acid, a mixture of
NBD [2^ + 2Tr]dimers (II)-(IV) was obtained in a yield of 60%,
but the isomeric composition was not investigated. 1 2

An analogous conversion of NBD into compound (VII) takes
place in the presence of complexes of the type NiX2.PBu3 in
solution in isopropylamine.1 3 The introduction of NaBH^ into
the nickel—phosphine complex makes it possible to increase
the yield of the product (VII) to 81.5%.13 According to the
authors , 1 3 the reaction proceeds via a mechanism whose first
stage involves the activation of NBD via coordination with
the central metal atom in the formation of the metallocyclic
compound (VIII). In the presence of CF3COOH, the latter
undergoes a series of consecutive reactions leading to the
formation of the dimer (VII):

(vni)

Acrylonitrile complexes, which have been studied in detail
by Schrauzer and Eichler11* and which catalyse the dimerisa-
tion of NBD predominantly to the endo, trans, exo-isomer (III),
play an important role in the series of nickel-containing
catalysts of the dimerisation of NBD via the [2 π + 2π] addition
mechanism.

The introduction of phosphines into acrylonitrile complexes
of nickel increases the overall yield of dimers, which consist
as a rule of the isomers (III) and (IV), to 80%, the selectivity
in the formation of the isomer (III) being 98%.1'*'15 It has
been established that the ratio of the concentrations of the
dimers (III) and (IV) is correlated with the electron density
at the nickel atom: with increase of the effective charge on
the central metal atom, the fraction of the isomer (III) also
rises. Unfortunately, these data are insufficient to establish
the detailed mechanism of the NBD cyclodimerisation reaction.

Thus the cyclodimerisation of NBD under the influence of
nitrile complexes of nickel proceeds with the preferential
formation of the endo, trans,eaco-isomer (III) regardless of
the nature and structure of the organophosphorus activator-
ligands. With increase of reaction temperature, the fraction
of this product in the reaction mixture increases.

Catalytic systems based on Ni(CN)2 and phosphinites,
phosphonites or phosphites are active in the cyclodimerisa-
tion of NBD also in the absence of a reducing agent . 1 6 ' 1 7 For
example, the catalyst prepared from Ni(CN)2 and PPh2(OBu)
converts NBD into a mixture of three possible [2 π + 2π]
isomers (II)-(IV) in proportions of 62 : 5 : 33 and an overall
yield of -90%.

Under the reaction conditions, catalytically active nickel
complexes are apparently formed on reduction of Ni2+ ions
by the initial diene or the dimerisation products to Ni+ or Ni°.
For example, in the presence of the complex fNi(acac)2.(IV)],
NBD is converted into the dimer (IV) in an overall yield of
53%."

It is noteworthy that two- and three-component catalytic
systems prepared from Ni(acac)2, AlEt3, and PPh3, are much
more productive than other known nickel-containing catalysts
whose efficiency does not exceed 50-100 moles of the required
product per gramme-atom of nickel . 1 *' 1 1 ' 1 8 2 3 Furthermore,
the catalysts indicated are active in the dimerisation of NBD
over a wide temperature range (20—200 °C) and effect the
reaction both in the presence of solvents and in their absence.
The yield of the mixture of dimers (II)-(IV) then varies from
40 to 87%. There is no doubt that these catalysts are
extremely promising for the industrial application of the
process.

The foregoing permits the conclusion that nickel-containing
complex catalysts catalyse the cyclodimerisation of NBD via
the [2π + 2π] mechanism with formation of pentacyclic hydro-
carbons regardless of the nature of the anion attached to the
metal atom and also of the structure of the ligands and the
reaction conditions.

2. Iron-containing Catalysts in Norbornadiene Dimerisation
Processes

Iron-containing catalysts, which are frequently used in
NBD dimerisation processes, are characterised, in contrast
to the nickel catalyst, by a wider spectrum of their activity.
Depending on the nature of the selective complex (ligand
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environment, oxidation state of iron) and the reaction condi-
tions , they successfully effect all three variants of the NBD
cyclodimerisation via the [2 π + 2 π ]- , [2 π + 2π + 2 π ]- , and
[4π + 4TT]-addition mechanisms.

The formation of the NBD dimer in the presence of Fe(CO)5

was first observed as early as 1959, 2t* but the product
obtained could not be identified. The above report21* stimu-
lated studies on the cyclodimerisation of NBD with participa-
tion of iron complexes. The complexes Fe(CO)5, Fe 2(CO) 9,
and Fe 3(CO) 1 2 were tested as catalysts of the dimerisation of
NBD. 25~27 It was found that all the iron carbonyls exhibit
catalytic activity in the NBD cyclo-oligodimerisation and
lead to the formation of a complex mixture of hydrocarbons
and carbonyl compounds. The dimers (IV), (IX), and (X)
and the polycyclic ketones (XI), whose overall yields do
not exceed 20%, were detected in the products.

( I ) (IV)

The dimers (IV)and (IX) were identified as exo, trans,exo-
pentacyclo[8.2.1.11*'7.02'9.03'8]tetradeca-5,11-diene and
heptacyclo[6.6.0.02 '1 2.03 > 7.0'> ' : L 1.05 '9.01 1 ' : L '*]tetradecane, but
final evidence for the correctness of these structures was
obtained somewhat la ter . 2 8 ' 2 9 The authors were unable to
establish the structure of the hexacyclic dimers (X).

Iron nitrosyl complexes, distinguished by a high activity,
productivity, and selectivity of their action, have been used3 0

for the cyclodimerisation of NBD. The [2π + 27T]dimers (III)
and (IV) were obtained exclusively in ~98% yield when
Fe(CO)2(NO)2 was used. 3 0 ' 3 1

The study of Jolly et a l . 3 0 initiated the systematic search
for and development of highly active catalysts for the selec-
tive cyclo-oligomerisation of NBD. A whole series of iron
nitrosyl complexes were obtained and investigated in the
course of several years and certain characteristics of their
action in NBD reactions were discovered. 32~'t3

In particular, it was established that the catalytically active
species responsible for the formation of the NBD dimer mole-
cules was the coordination-unsaturated complex Fe(NO) 2 , 3 0 ' 3 1 '
39»1*0'1*2 which is probably formed under the reaction conditions
when nitrosyl ferrates interact with NBD or its dimers.

Similar results were obtained in the electrochemical and
chemical reduction of [Fe(NO)2Cl]2 in the presence of PPh 3.
39,«to,« T h e c o m p i e x [Fe(NO)2Cl]2 is converted quantitatively
into Fe(NO)2 and the compounds Na[Fe(CO)3NO] and Hg[Fe.
.(CO)3NO]2 are converted into Fe(CO)2(NO)2, which the
authors believe readily dissociates into CO and Fe(NO)2.

1*1*
Regardless of the structure and nature of the initial complex,
only the [2π + 2π]άΐπιβΓ8 (III) and (IV) are formed in the
presence of the systems indicated.

These results show that the mechanism of the cyclodimer-
isation of NBD under the influence of different iron nitrosyl
complexes remains unchanged. The nature of the reductant
hardly affects the yield of the dimers (III) and (IV) and the
reaction selectivity. When powdered zinc is used as the
reducing agent, the degree of conversion of NBD depends
markedly on the nature of the solvent. Thus high yields of
dimers (93%) have been obtained in acetone and tetrahydro-
furan (THF). When the reaction is carried out in toluene,
methanol, and acetonitrile, the yield of dimers falls.3 8 In
the presence of the [Fe(NO)2Cl]2/AgBF,t catalytic system,

best results are obtained in the dimerisation of NBD in pure
methylene chloride. The selectivity in the formation of the
dimer (IV) then amounts to 94% for a degree of conversion
of NBD of 76%. It is noteworthy that AgBF,, is the most
effective promoting agent among the cocatalysts tested.

A high catalytic activity and selectivity in the reaction of
the cluster compound (XII), which belongs to be class of
iron carbonyl nitrosyl complexes considered, has been
observed recently. At 60 °C in benzene, it converts NBD
quantitatively into the exo, trans, exo-dimer (IV). 1*5'1*6

Me Me

'As'
/ \

(CO)4 Fe Fe (CO)2 (NO)

(XII)

A unique instance of a change in the selectivity in the
dimerisation of NBD has been observed when an equimolar
amount of BF3.OEt2 was added to compound (XII).1*5 The
only reaction product is the dimer (XIII), namely endo,endo-
heptacyclo[8.4.0.0 2 ' 1 2.0 3 > 8.0"' 6.0 5 > 9.0 1 1 ' 1 3]tetradecane
("Binor-S"), formed via [4π + 47T]cycloaddition:

( X I I ) . B K , - K t , O , CH.CI

(XIII), (100%)

An author of several patents,1*'19'1*7 who used the
Fe(acac)3-AlEt3 and Et2Al(OEt) catalytic systems for the
dimerisation of NBD, achieved major successes in the syn-
thesis of pentacyclic and hexacyclic NBD dimers. Iron
acetylacetonate, reduced with triethylaluminium, catalyses
the dimerisation of NBD with formation of a mixture of four
hydrocarbons (III), (IV), (V), and (XIV):

-' (III) + (IV) +• (V) +

(XIV)

The hexacyclic isomers (V) and (XIV) have been identified
by Scharf et al. "*8 The ratio of the isomers formed and the
overall yield depend on the reaction conditions and the
method of preparation of the catalyst. The addition of the
olefin to the catalyst prepared at 0 °C and heating at 40 °C
for 20 h result in the formation of a mixture of dimers of
the following composition in a yield up to 97%: 63.6% (III),
24.3% (IV), and 12.1% [(V) + (XIV)]." The simultaneous
addition of NBD solutions of Fe(acac) 3 and AlEt3 to the
reactor heated to 140—200 °C makes it possible to obtain mix-
tures of the isomers (III)-(V) and (XIV) containing 64-72%
of hexacyclic hydrocarbons. 1* 9" 5 1

The use of l,2-bis(diphenylphosphino)ethane (ΒΡΕ) and
replacement of triethylaluminium by diethylaluminium chloride
in the Fe(acac)3-A1R3 catalytic system make it possible to
increase the selectivity in the formation of the exo, exo-dimer
(VI) to 80-90%, 5 2>5 3 while the addition of triphenylphosphine
alters the direction of the reaction towards the preferential
formation of the endo, en do -isomer (XIV). 51*

Biscyclo-octatetraeneiron and the catalytic system obtained
by reducing FeCl3 with isopropylmagnesium chloride catalyse
the dimerisation of NBD to the isomers (IV) and (VI) with
the preferential formation of the l a t t e r , 5 5 When FeCl3 is
reduced with triethylaluminium or sodium, a catalyst active
in the [2 π + 2 π + 27r]cycloaddition is also obtained. 5 6
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Thus, among the iron-containing NBD dimerisation cata-
lysts investigated, the highest activity and productivity (up
to 1000 moles of NBD converted per gramme-atom of iron) is
shown by catalytic systems of the Ziegler—Natta type:
Fe(acac)3-AlR3(AlEt3) or Et2Al(OEt). They are superior
to the analogous nickel catalysts because of the consistently
high yield of the dimers (70-90%) and the better reproducibil-
ity of the results.

3. Dimerisation of Norbornadiene in the Presence of Cobalt
Catalysts

Cobalt compounds exhibit an exceptionally high catalytic
activity in the cyclo-oligomerisation reactions of NBD. The
first report of their use for the dimerisation of NBD dates
back to 1961; 2 6 however, the above communication does not
contain experimental details. In a classical s tudy 2 8 devoted
to the determination of the stereochemistry of the NBD [2π +
2π] dimers, it was later shown that Co2(CO)8 combined with
PPh3 converts NBD into a mixture of two [2π + 2π] isomers:
the en do, trans, exo-isomer (III) and the exo, trans, exo-isomer
(IV) with a (III) : (IV) ratio of 1 : 10.

Interesting results have been obtained in the dimerisation
of NBD in the presence of the Co(CO)3(NO) catalyst isoelec-
tronic with the complex Fe(CO) 2 (NO) 2 . 3 0 It was found that
the former effects [2π + 27T]cycloaddition. In these experi-
ments [2 π + 2π + 27r]dimers were formed together with com-
pound (IV). The quantitative composition of the hexacyclic
hydrocarbons (V) and (XIV) is not stated in the above
communication. Furthermore, the dimer (IV) can be obtained
with a selectivity up to 98% when the complex [Co(NO)2Cl] or
[Co(NO)2Br], promoted with AgPF,, or NaBPh,,, is used as the
catalyst. 3 2 '3 1*-3 6.

In s tudies 1 ' 5 7 ' 5 8 of the catalytic properties of cobalt com-
pounds in the cyclo-oligomerisation reactions of cyclic olefins
and dienes, it has been observed that complexes of the type
M[Co(CO)Jn (where Μ = Ζη, Cd, or Hg) effect the stereo-
specific dimerisation of NBD via the [4 π + 41T]mechanism with
formation of "Binor-S" (XIII) (in 95% yield). The structure
of compound (XII) could not be demonstrated for a long time.
However, the specific synthesis by the Wolff-Kishner reduc-
tion of the diketone (XV) 5 9 ' 6 0 made it possible to establish
finally that the dimer (XIII) has, as already suggested, 5 7 ' 5 8

the structure of endo,cis,endo-heptacyclo[8.4.0.02 '1 2.03 '8.
. 0" ' 6 .0 5 ' 9 .0 1 1 ' 1 3 ]tetradecane.

In order to carry out the cyclodimerisation of NBD to com-
pound (XIII) under the influence of the catalysts investigated,
it is essential to have cocatalysts of the type BF3, SbF3,
AlBr3, and BF3.OR2, whose greatest efficiency is achieved
when the ratio of M[Co(CO)^]n and the Lewis acid is 1:8.
The introduction of Lewis bases (pyridine and triethylamine)
into the catalysts promotes the preferential formation of
pentacyclic and hexacyclic dimers. 5 7 ' 6 1

Dinuclear and polynuclear cobalt catalysts of the cyclo-
dimerisation of NBD to the penta-, hexa-, and hepta-cyclic
dimers (III), (IV), (V), (XIII), (XIV) were subsequently
obtained and investigated. The activity and selectivity of
the action of these catalysts depend greatly on the nature
of the anion in the coordination sphere of the central metal
atom and also on the structure of the cocatalyst (Lewis acid),
the nature of the solvent, and the reaction conditions. 5 7 ' 5 9 ' 6 2" 6 9

For example, the trinuclear complex (XVI) converts NBD into
a 1 : 1 mixture of the dimers (XIV) and (XIII). When the

Lewis acid BF3.OEt2 is introduced into the catalyst, the pro-
cess can be directed towards the formation of compound (XIII)
(in -100% yield):" 5 ' 4 6

(IV) - ( - ^ - (I) ( X V " + B F - ° E t ^ (XIII)

Me Me

(CO)4 Fe Co (COh

(XVI)

The study of the kinetics of the cyclodimerisation of NBD
to "Binor-S" (XIII) in the presence of the dinuclear catalyst
(Ph2C2)Co(CO)6 established that the reaction is first order
with respect to the catalyst and that the activation energy
is -38.58 kcal mol"1.6 3

Systems obtained by reducing Co(acac)2 with organo-
aluminium compounds have a high catalytic activity in the
NBD dimerisation reactions. The dimers (III) (29%) and (IV)
(62%) and the [2 π + 2π + 2π]dimers (X) (yield 9%) of unknown
composition are formed in the presence of the Co(acac)2—AlEt3

system: "*

(I) (Ill) -μ (IV) + (Χ)
29% 62% 9%

The authors note 5 3 that the direction of the NBD cyclo-
dimerisation can be completely altered by employing the three-
component Co(acac)2 — l,2-bis(diphenylphosphino)ethane—
Et2AlCl system as the catalyst. In this case the dimer (VI)
is formed quantitatively. The replacement of the bisphos-
phine by PPh3 leads to the formation of the isomer (XIII) . 6 1

Thus the cobalt-containing catalysts are extremely effective
in the synthesis of the heptacyclic NBD dimer "Binor-S",
which has found extensive applications in the synthesis of
diamond-like structures.

H. Complexes Based on Rhodium in the Norbornadiene
Dimerisation Processes

It is noteworthy that rhodium catalysts are distinguished by
a low selectivity in the NBD dimerisation processes and as a
rule lead to the formation of a complex mixture of polycyclic
hydrocarbons. The fundamental studies on the application of
rhodium-containing catalysts in the NBD dimerisation reac-
tions have been carried out by Katz and co-workers
(Columbia University). These investigators were able to
isolate and identify a whole series of NBD dimers and trimers
with the aid of modern physicochemical methods. Unfor-
tunately, they investigated and tested only a limited number
of rhodium complexes capable of effecting the dimerisation or
trimerisation of NBD.

For example, the dimerisation of NBD in the presence of
the 5% Rh/C catalyst takes place relatively selectively; NBD
is then converted into a mixture of the isomers (IV), (V),
and (XIV) in 53% yield: 7 1

(I) (IV) •'- (V) -;- (XIV)
4% 84",, 12%

In the presence of Wilkinson's complex [Rh(PPh 3) 3Cl],
the dimerisation of NBD is accompanied by the skeletal
isomerisation of the exo,endo-hexacyclo[9.2.1.02 '1 0.03 > 8.01*'6.
.05>9]tetradec-12-ene (V) to the hydrocarbons (XVII),
(XVIII), and (XIX): 2 9 ' 7 2

(V) + (IX) +
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The introduction of an additional amount of PPh3 into the
complex [Rh(PPh3)3Cl] hardly affects the direction of the
dimerisation reaction,29 but the composition of the cyclo-
dimerisation products changes appreciably under these con-
ditions.

The rhodium catalysts obtained by reducing [Rh(PPh3)3Cl]
with Et2AlCl or EtAlCl2 convert NBD into "Binor-S" (XIII)
in an almost quantitative yield. 7 3 Analogous results have
been obtained using catalytic systems with a fairly complex
structure: Rh(NBD)2PF6-PPh3, P(OPh)3] or [ R 1 H ( C O ) 1 2 -
BF3.OEt2].61*'71 The dimerisation of NBD under the influence
of complexes of the type of Rh(NBD)2BFi, results in the for-
mation of mainly the hexacyclic dimers (V), (VI), and
(XIV):7 5

I D — — - (VH-jyi)
60%

(XIV)
10%

A selective method of synthesis of the dimer (V) using
rhodium catalysts has been proposed by Japanese workers.13

The authors used the catalytic system Rh(C8Hllt)Cl-CF3CO2H
(C8H l l t = cyclo-octene; Rh : CF3COOH = 1:4) .

It is noteworthy that, in contrast to other catalysts, the
rhodium complexes are capable of converting quadricyclane
(QC) into the corresponding NBD dimers. For example, when
quadricyclane is treated with the carboxylate complex
[Rh(NBD)AcO]2 in methylene chloride at room temperature,
NBD is mainly formed together with a small amount of the
hexacyclic dimers (XIV) and (XX). The endo.earo-isomer
(XX) has been obtained by a catalytic process only under
the conditions indicated:7

(XX) 23%

It is believed76 that the initial NBD plays the role of a
reductant in relation to the rhodium(II) carboxylate com-
plexes. According to these workers,76 the NBD dimerisation
process begins only after the conversion of rhodium(II) into
rhodium(I) under the influence of NBD. The rhodium(I)
complex formed under these conditions is an effective catalyst
of the [ 2 π + 2π + 2Tr]cyclo-dimerisation of NBD. It has been
noted71* that the activity of the rhodium trifluoroacetate com-
plexes is higher by an order of magnitude than that of the
acetate complexes. Fairly active catalysts of the dimerisation
of NBD to a mixture of compounds(V) and (XIV) have been
obtained by reducing Rh(acac)3 with the organoaluminium
compounds Et2AlCl and EtAlCl2.

 7 7

The above studies exhaust the available literature data on
the use of rhodium complexes in the cyclodimerisation reactions
of NBD. It follows from the results presented above that
catalysts based on rhodium salts and modified by Lewis bases
or acids have universal properties and make it possible to
obtain seven of the nine of the known NBD dimers. However,
only a limited number of rhodium complexes have so far been
investigated and tested as catalysts of the cyclo-oligomerisa-
tion of NBD and its derivatives can lead to the creation of new
highly effective catalytic systems for the selective synthesis
of polycyclic hydrocarbons with the unique structure from
NBD and its derivatives.

5. Dimerisation of Norbornadiene in the Presence of Other
Catalysts

Apart from the nickel-, iron-, cobalt-, and rhodium-con-
taining catalysts, systems based on chromium, manganese,
palladium, and iridium compounds as well as phenyl-lithium
are used for the cyclodimerisation of NBD. 9»78'80'161*

In particular, the photolysis of chromium hexacarbonyl in
solution in NBD leads to the formation of a mixture of penta-
cyclic hydrocarbons consisting of the endo, trans,endo-(ll),
endo, trans, exo-(lll), and exo, trans,exo-(IV) isomers in

The physicochemical properties of the norbornadiene dimers.

Compound

(H)

(HI)

(IV)

(V)

(VI)

(IX)

(XIII)

(XIV)

(XX)

B.p.,°C/p,
mmHg

75/0.2

75/0.2

237/760

117—119/10

-

-

73/1-2

122/10

121—122/10

M.p.,°C

92—93

—25

67—68

14—1G

-

105—165.5

G5—05.5

—23-i—21

—

21)

"D

1.516*

-

1.518·*

1.5457

-

-

-

1.5521

1.5446

-

-

1.092

-

-

-

1.105

1.09

(M.p.)h,°C

99—102

38-39

63.8^0.6

21,1+0.7

12.3+;0.2

-

-

8.0±0.2

—

<df)h

-

0.983***

1.068*·*·

1.077

-

-

1.089

—

Refs.

[28, 84]

[28, 84)

[28, 84, 85]

[48, 85 |

[85]

[251

[57)

148, 85]

[48]

Notation: B.p.= boiling point; ρ = pressure, M.p. = melting point, d*° = density, np0 = refractive index, and
(M.p.) n and (d£°)n are the values for the hydrogenated dimer.
*At 94 °C; **at 79 °C; ***at 70 °C; ****at 30 °C.

Note. Numbers in square brackets denote references (Ed. of Translation).
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proportions of 1.4 : 1.0 : 1.8 respectively.78 According to
Carbonaro et al., 7 9 manganese catalysts are active in the
NBD cyclodimerisation reaction, but the authors do not
present detailed data on the yield and composition of the
dimers formed.

The possibility of using palladium complexes for the selected
conversion of quadricyclane (QC) into a mixture of the dimers
(V) and (VI) in a high yield have been demonstrated in a
recent communication:9

OC
Pd2(DBA)3(CHCl3)

(V) + (VI) ;

DBA =PhCH=CH—CO—CH=CHPh .

Phenyl-lithium reacts with bicyclo[2.2. l]hepta-2,5-diene in
ether and gives rise to a mixture of two NBD dimers whose
yield depends on the ratio of the initial reactants.80

The NBD dimer (XX), which is difficult to synthesis, can
be obtained in ~77% yield from deltacyclene (XXI) and cyclo-
pentadiene by the Diels—Alder reaction: "*8'81

(XX)

(XXI)

(2) Hexacyclic hydrocarbons: hexacyclo[9.2.1.02'10.03·8.
.0"*-6.05-3]tetradec-12-enes—the products of the NBD [2π +

(V)

exo, endo
( V I )

exo, exo
>—\fΌχ/

(XIV)

endo, endo
(XX)

endo, exo

(3) Heptacyclic hydrocarbons—the products of the NBD
[4π + 4Tr]dimerisation.

(a) Heptacyclo[8.4.0.02'12.03»8.0"'6.0s'9.0u'13]tetradecanes:

( X I I I )

endo, cis, endo
("Binor-S")

(XXV)

endo, trans, endo
(Binor-A obtained by the isomerisation of Binor-S)

6. The Physicochemical Properties of Norbornadiene Dimers

Out of the fourteen theoretically possible NBD dimers,
capable of being formed only as a result of bond cyclisation
via reactions of the [2π + 2π], [2π + 2π + 2π], and [4π + 4π]
types, nine have been actually synthesised. The physico-
chemical characteristics of these compounds as well as their
hydrogenated derivatives are presented in the Table. The
formation of other NBD dimers, namely (XVIII) and (XIX),
which are the products of further reactions (skeletal rear-
rangement) of the hexacyclic isomers, has been noted in a
series of studies. 2 9 ' 7 2

The theoretically possible NBD dimers are presented below.t
(1) Pentacyclic hydrocarbons: pentacyclo[8.2.1.1lf>7.02·9.

.03>8]deca-5,ll-dienes—the products of the NBD [2π +
27T]dimerisation:

(b) Heptacyclo[6.6.0.02>12.0a'7.01*'11.0b'9.010>1't]tetradecane:

(XXII)

exo, cis, exo
(not obtained)

(XXIII)

endo, cis, endo
(not obtained)

(XXIV)

exo, cis, endo
(not obtained)

( I X )

(c) Heptacyclo[9.3.0.02'5.05>13.0'*'8.06'10.09'12]tetradecane:

(XXVI)

(not obtained)

Owing to the complexity of their structures, the determina-
tion of the stereochemistry of the NBD dimers required much
effort by investigators. In analysing the available data, one
must note that the most convincing and unambiguous conclu-
sions concerning the structure of polycyclic hydrocarbons can
be obtained using the entire range of modern spectroscopic
methods. 2 8 > 2 9 Studies of the 13C NMR spectra of all the
known NBD dimers and their hydrogenated derivatives are
therefore of undoubted interest and practical value.87

I I I . THE HOMO- AND CO-DIMERISATION OF SUBSTITUTED
NORBORNADIENES

t The names of compounds (II)-(VI), (IX), (XIII), (XIV),
(XX), and (XXII)-(XXVI) have been revised in accordance
with new recommendations.82·83

The early studies on the catalytic reactions of substituted
NBD includes those on the homocyclodimerisation of 1-, 2-,
and 7-methylbicyclo[2.2.1]hepta-2,5-dienes under the influ-
ence of the complexes Ni[P(OPh)3],, and Fe(acac)3-AlEt3.

2u'21-
l>9>51 The authors believe that mainly [2π + 2π]- and [2π +
2π + 2n]-diiners are formed in these experiments, but the
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individual products were not isolated and identified. Unfor-
tunately, the above communications do not contain data on
the basis of which one could estimate and compare the activ-
ities of the substituted NBD in reactions catalysed by transi-
tion metal complexes.

Regardless of the nature of the catalyst [5% Rh/C or
Fe(CO) 2(NO 2)], benzonorbornadiene is converted exclusively
into compound (XXVII):8 1 '9 2

(XXVII), exo, trans, exo
According to Ennis et a l . , 8 6 7,14-dimethylheptacyclo-

[8.4.0.0 2 > 1 2 .0 3 ' 8 .0 l f ' 6 .0 5 ' 9 .0 1 1 ' 1 3 ]tetradecane is formed on
dimerisation of 7-methylnorbornadiene under the influence
of the catalyst (NBD)2Co2(CO),,-BF3.OEt2.

8 5 It was estab-
lished that the introduction of the fairly bulky t-butoxy-
group in the 7-position, which is most remote from the double
bond, does not have an appreciable influence on the stereo-
specificity of the dimerisation reaction. Depending on the
nature of the catalyst, either 6,13-di-t-butoxyheptacyclo-
[6.6.0 2 ' 1 2 .0 3 ' 7 .0 l *' 1 1 .0 5 ' 9 .0 u ' l l t ]tetradecane (XXVIII) or the
disubstituted "Binor-S" (XXIS) is formed: 6 0 ' 8 8" 9 0

Hi[C.(CO),]

The reactions of 7,7-disubstituted NBD, namely spiro-
{bicyclo[2.2. l]hepta-2,5-diene-7, ̂ -cyclopropane} (XXX),
were investigated for the first time in fair detail in a number
of studies. 9 1 ' 9 2 ' 9 1* The [4π + 47T]cyclodimerisation of compound
(XXX), achieved recently with formation in a single stage of
the nonacyclic compound (XXXI), is evidence for the excep-
tional effectiveness of the method involving metal complex
catalysis in the synthesis of strained skeletal hydrocarbons.9 1

(XXX) (XXXI), 95%

It has been established 9 3" 3 5 that the reactivity of compound
(XXX) in cyclodimerisation reactions is not inferior to that of
NBD, for which it has been possible to obtain the [2π + 2 π ]-
and [2 π

(χχχι)

(XXXIV)

(XXXV)

The results of the study of the catalytic homo- and co-
dimerisation of 2- and 7-substituted NBD (XXVI, a-g) ,
(XXX), and (XXXVII) in the presence of the complexes
Fe(CO)2(NO2) and Na[Fe(CO)3(NO)] were published for the
first time by Dzemilev and co-workers: 9 3 ' 9 5

COoMe
(XXXVI) (XXXVII) *

R = Me(a), CH2OH(b), CH2OMe(c) , CO2Me(d) , Cl(e) , CHO(0 . CH2OAc(g)

It was found that only the dienes (XXXVI, a-d) and (XXX)
are involved in the homodimerisation reaction and in codimer-
isation with NBD, the products being the 5(6), 11-disubsti-
tuted and 5-monosubstituted exo, trans, eoco-pentacyclo-
[8.2.1.l" ' 7.0 2 ' 9.0 3 > 8]tetradeca-5,l-dienes (XXXIX) and
(XI):

(XXXVI, a-d)

(xxxvi,a-d) + (ι)

(XU

The selectivity in the formation of the exo, trans, exo-dimers
is fairly high (£91%).

The substituted NBD (XXXVI, e-g) do not form homo-
dimers. The reduced reactivity of the dienes (XXXVI, e-g)
may be caused by the change in the energy of the π orbitals
as a function of the nature of the substituent. However,
the results obtained in a s tudy 9 5 of 2- and 7-substituted
NBD by photoelectron spectroscopy permitted a quantitative
demonstration that the energy of the π orbitals of the
1,4-diene system in substituted NBD varies only slightly.
The authors 9 5 therefore assume that the low reactivity of
compounds (XXXVI, e-g) can be accounted for by their
involvement in the formation of coordination-saturated com-
plexes with the central metal atoms, which are relatively
inactive in homo- and co-dimerisation processes. This con-
clusion was confirmed by the fact that even smaller amounts
of the above monomers added to the reaction medium
deactivate the catalyst and suppress the dimerisation of both
NBD and of the substituted NBD (XXXVI, a - d ) .

IV. THE SYNTHESIS OF NORBORNADIENE TRIMERS

Up to 1983, only two norbornadiene trimers had been
obtained and isolated in low yields from a mixture of poly-
cyclic products of the reaction of NBD under the influence
of metal complex catalysts based on nickel and rhodium com-
pounds. S9-ii,ie,29,7i,72,75(76 F o r e x a m p l e , in the presence
of Νΐ(ΡΡη 3 \, Ni(CO)^, (PPh 3 ) 2 , or Niu-PPh3 > NBD is con-
verted into exo, trans, exo, trans, e:co-octacyclo[8.8.1.11*'7.
.I 1 3 ' " .0 2 ' 9 .0 3 ' 8 .0 1 1 ' 1 8 .0 1 2 ' 1 7 ]heneicosa-5,14-diene (XLI) in
~5% yield:* ' 1 0 · 1 1 ' 1 8

(H) -(-(HI) + (IV)

(XU)
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According to Ref.4, the yield of compound (XLI) increases to
40% when the cyclotrimerisation of NBD is carried out in
dioxan in the presence of catalytic amounts of Ni(COD)2.
Unfortunately, subsequently none of the investigators,
including the authors of the present review, were unable to
reproduce these results.

A more reliable method of synthesis of compound (XLI)
consists apparently in the cyclocodimerisation of NBD with
the exo, trans,exo-aimer (IV) in the presence of the Ni(CO)2.
. (PPh 3 ) 2 catalyst. 1 0

The saturated trimer (XLII) with two cyclopropane frag-
ments has been obtained by the cyclotrimerisation of NBD
with participation of the rhodium catalysts 5% Rh/C,
Rh(NBD)2BFH, and [Rh(CF 3 CO 2 ) 2 ] 2 : 71>75>76

(i)
["•* + .(V) + (XIV)

(XLII)

The synthesis of compound (XLII) under the influence of
the dibenzylideneacetone (DBA) complex of palladium
activated by triphenylphosphine has been reported
recently: 9

QC
P d 2 ( D B A ) 3 · CHC13

(V) -f (VI)

In a later publication9 6 it was shown that Itoh's results
required significant revision. It was found that the three
isomeric cyclic trimers (XLII)—(XLIV) are formed together
with the dimers (V) and (VI):

QC
Pd2(DBA)3- ciicij—p

+ (v) -1- (vi) .

In addition, the trimer (XLII) was synthesized (in a low
yield) by heating NBD with Wilkinson's complex Rh(PPh 3) 3Cl. 2 9 ' 7 2

However, the preparative value of these studies is low,
since the isolation of compound (XLII) in a pure form is
very difficult owing to the presence in the reaction mass of
the skeletal isomerisation products (XLV) and (XLVI):

Bh(PPhj)3Cl

Effective methods have been developed97 for the synthesis
of the trimers (XLIII), (XLIV), (XLVII), and (XLVIII),
which had not been described before, by the cyclodimer-
isation of NBD with the known dimers (III)-(VI) in the
presence of the three-component catalytic systems Fe(acac)3—
(Ph2P-CH2)2-Et2AlCl and Co(acac) 2-(Ph 2P-CH 2) 2-Et 2AlCl.
Three of the seven unsaturated NBD dimers, namely com-
pounds (II) (X), and (XIV), whose molecules contain the
norbornene fragment with e η do-sub stituents, do not enter
into the cyclodimerisation reaction with NBD. 9 7

These results and also the regioselectivity of the addition
of NBD to the "mixed" dimer (III), in which only the exo-
disubstituted section of the molecule is involved, enabled the

authors 9 7 to explain convincingly the inertness of the
dimers (II) , (X), and (XIV) by steric factors. It is note-
worthy that the catalysts proposed in the above study make
it possible to obtain one of the trimers (XLIII) by the direct
cyclotrimerisation of NBD: 9 7 ' 9 8

(IV)

(XLIV) .

Compounds (XLIII), (XLIV), (XLVII), and (XLVIII) have
been formed as a result of the [2π + 2π + 27r]-ejco,exo-cyclo-
addition of the NBD molecule to the norbornene double bond
of the corresponding dimer.

An interesting procedure for the synthesis of the NBD
trimers by [2 π + 21T]-exo,endo-cycloaddition has been pro-
posed. 9 9 This reaction, which is accelerated by various
rhodium complexes, namely RhCl3.4H2O, Rh(acac)3,
[Rh(AcO)2]2, etc., can serve as a convenient and promising
method for the preparation of two previously unknown NBD
trimers [(XLIX) and (L)] and two which were described
previously9 9 [(XLII) and (XLIV)].

(I)
[Bh]

±*- (XLIV) ;

-i*. (XLII) .

V. THE CO-OLICOMERISATION OF NORBORNADIENE WITH
UNSATURATED COMPOUNDS

1. The Co-oligomerisation of Norbornadiene with Olefins

Olefins without electron-accepting substituents at the
double bond are relatively inactive in cyclocodimerisation
reactions with NBD. In particular, when ethylene reacts
with NBD in the presence of zerovalent nickel complexes
or the three-component cobalt catalyst Co(acac)2-BPE—
Et2AlCl, the yields of 5-vinylnorbornene (LI) 10° and vinyl-
nortricyclane (LII) do not exceed 70%.

(I)

(LI) (LII)

There are literature data indicating the possibility of
the involvement of propene in the reaction with NBD, 1 0 2 but
there are no experimental details in the above communication
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nor the physicochemical characteristics of the cyclic oligomers
obtained.

In contrast to the simplest olefins, methylenecyclopropane
readily reacts with NBD to form [ 2 π + 2 π ] - , [2 π + 2^ + 2 π ] - ,
and [2V + 2o]-codimers. The mode of cyclocodimerisation is
determined mainly by the nature of the catalyst. For
example, the complex Ni(COD)2 promotes the formation of
the [2 π + 27I]codimers (LIII) and (LIV), the [2 π + 2a]codimer
(LVI), and the [ 2 π + 2 π + 27r]codimer (LV),1 0 5 while palladium
catalyst afford the [2 π + 20]co-oligomers (LVII) and (LVIII).
106,107 rpne s e i e c t ivity in the formation of the codimer (LIII)
can be raised to 100% by introducing into the catalyst an
equimolar amount of PPh3.1 0 5

QC
[Pd]

(LXa) + (LXb) (47%) ;

W (LXIIa) +

(LXllb)

(I.X1)

(24%) ;

(20%) .

(LXU1)

(LVII) (LVIII)

It was established subsequently1 0 1·1 0 3'1 0 6'1 0 8 that cyclic
olefins can also be involved in the reaction with NBD. A
mixture of polycyclic hydrocarbons (yield ~22%) with a
content of compound (Via) of ~42%, was obtained from NBD
and norbornene under the influence of the Co(acac)3-BPE-
Et2AlCl catalyst. 1 0 1 · 1 0 3 · 1 0 6 ' 1 0 8

The codimerisation of NBD with norbornene, 5-methylene-
norbornene and tricyclo[3.2.1.02'1>]octa-6-ene (LIX) has
been achieved using the Fe(acac)3-BPE-Et2AlCl catalytic
system.1 0 9

(23%) ;

(1511.) ;

(34%)

(LXI)

It is essential to note the high stereoselectivity in the
activity of the catalytic system indicated. Only the exo.exo-
codimers (LXa), (LXIIa), and (LXI) were obtained in all the
experiments.

An alternative pathway to the synthesis of the hydrocar-
bons (LXa), (LXIIa), and (LXI) has been described.95 A
distinct characteristics of this method involves the use as the
initial monomer not of BD but of its valence isomer—quadri-
cyclane. The reaction is catalysed by the palladium com-
plexes Pd2(DBA)3-CHCl3 and Pd(acac)2-PPh3-AlEt3.

The scheme presented shows that the codimerisation of
quadricyclane with cyclic olefins proceeds less selectively.
Together with compounds (LXa), (LXIIa), and (LXI), the
exo.endo-addition products (LXb), (LXIIb), and (LXIII)
are present in the mixture. The ratio of the exo,exo- and
exo, en do -isomer s is approximately 2 : 3 and depends little
on the structure of the cyclic olefins.

The cyclodimerisation of NBD with tetracyclo[4.3.0.02·*.
•03>7]non-8-ene has been achieved recently in the presence
of the catalytic system Co(acac)2-BPE-Et2AlCl.110 Under
optimum conditions, the yield of the octacyclic compound
(LXIV) is 53% relative to the NBD which has reacted:

(XXI) + (!)

(LXIV)

The introduction of electron-accepting substituents tends
to increase the reactivity of olefins in relation to eodimer-
isation with NBD, the reaction proceeding strictly stereo-
selectively in accordance with the [2 π + 2π + 27r]addition
mechanism with formation of substituted tetracyclo[4.3.0.
.02>\03'7]nonanes (LXV):8'111-11-

(LXV) ;

JR«CN, CO2AIk.COMe; R' = H.Me; R 2

According to the literature,11'111'119 such cyclodimerisation
is catalysed by nickel complexes of different structure:
Ni(CO)4, Ni(CO)3(PPh3), Ni(CO)2[P(OPh3)]2, Ni[P(OR)3h
(R = alkyl or aryl), Ni(COD)2, Ni(CH2=CH-CN)2, Ni(CN)2.
.(PPh3)2, and Ni(acac)2-PPh3-Et2AlCl. The systems based
on bis(acrylonitrile)nickel and Ni(CN)2(PPh3)2 are the most
active: the codimerisation of acrylonitrile with NBD take
place at 60-80 °C with yields up to 95%. Analogous
results have been obtained using the Co2(CO)8-PPh3

system.1 1 2

In terms of their reactivity in codimerisation with NBD,
olefins with electron-accepting substituents can be arranged
in the sequence acrylonitrile > crotononitrile > methacrylo-
nitrile > dimethyl maleate. 1'·»112 The ratio of the exo-isomer
(LXIIIa) and the endo-isomer (LXIIIb) in these experiments
is determined by the nature of the solvent and the structure
of the organophosphorus activators—ligands,110 and is
almost independent of the size of the ester substituent in
acrylates.8 The use of quadricyclane in this reaction
instead of NBD increases the yield of the codimer but does
not affect the ratio of the exo- and endo-isomers.8
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Under mild conditions, quadricyclanes react with maleic
anhydride to form the codimer (LXVII) in the presence of
the catalytic system (DBA) 2Pd 2.CHCl 3-PPh 3. 9

(I.XVIa)

An unusual reaction pathway is observed in the co-oligom-
erisation of norbornadienes with allyl ethers under the influ-
ence of the three-component catalytic system Ni(acac)2—
P(OR) 3 -AlEt 3 : 1 2 0 > 1 2 1

(0 +

The composition of the reaction product simplifies when 2-
and 2,3-substituted NBD are used.

(XXXVI, a-c, e, g) + < # ! i \ - 0 A

(XXXVII) +

(LXXX1I)
MeO,C

(LXXXIII)

(LXVIII) (LX1X) (LXX)

The reaction indicated is general and can serve as a
promising method for the synthesis of polycyclic hydrocar-
bons containing the methylenecyclobutane group, which
are otherwise difficult to obtain. 1 2 2

2. The Co-oligomerisation of Norbornadiene with Dienes

The addition of dienes to NBD in the presence of metal
complex catalysts based on nickel, iron, cobalt, and man-
ganese compounds has been investigated in detail by Italian
workers. Thus the codimerisation of butadiene and NBD
results in the formation of a mixture of the polycyclic hydro-
carbons (LXXXIV) and (LXXXV) in a high y ie ld . 5 5 ' 7 9 ' 1 0 1 · 1 2 3 ' 1 2 "

(I.XXl) (LXXII) (Ι.ΧΝΙΠ)

It follows from the above scheme that the reaction formally
involves the addition to NBD of one or two allene molecules,
but the process proceeds in a complex manner as can be
seen from the structure of the products (LXX), (LXXI),
and (LXXII).

The isomeric composition of the co-oligomers depends on
temprature and the nature and structure of the organo-
phosphorus ligand. At room temperature the main reaction
products are the cyclic compounds (LXXVIII) and (LXIX).
The most active catalysts have been obtained using alkyl
phosphates as the promoting agents.

The co-oligomerisation catalysts are relatively insensitive
to the structure of the substituents in the NBD molecule.
For example, 7-spiro-cyclopropanenorbornadiene (XXX)
reacts with alkyl acetate to form six isomers in an overall
yield of ~80%.120'121

(i)

(LXXXVI) (LXXXVII) (LXXXVUJ)

The codimer of 5-butadienylnorborn-2-ene (LXXXVIII) is
obtained in a high yield and a selectivity up to 94% in the
presence of the Co(acac)3-l,2-bis(diphenylphosphino)ethane—
AlEt3 catalytic system. 7 9 · 1 2 5 " 1 2 7 The use of Et2AlCl as the
reductant tends to alter the direction of the reaction towards
the formation of the codimer (LXXXVI).101·128 The same
three-component catalytic system has been used in the
codimerisation of NBD with isoprene, piperylene, and cyclo-
hexa-l,3-diene in order to obtain compounds (LXXXIX)-
(XCI) respectively. 1 0 1 ' 1 2 9 " 1 3 2

(LXXIV) (LXXV) (LXX VI)

(LXXX1X) (xc) (xci)

(LXXVII) (LXXVIII) (LXXIX)

According to Ref.133, tetracyclo[5.4.0.0 6 ' 1 0 .0 9 ' n ]undec-3-
ene (LXXXVI) can be obtained with a high selectivity from
NBD in budadiene in the presence of iron complexes.

The best method of synthesis of compound (LXXXIV) (in a
yield of 90%) consists in the [2 π + 27r]cycloaddition of butadiene
to NBD in the presence of the complex (C5H s)Ti(CH^Ph)3 at
135-155 oC#i3<»-i36
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The mixed cyclo-oligomerisation of NBD and butadiene
taken in molar proportions of 1 : 6 in the presence of the
three-component system Ni(acac)2—AlEt2(OEt)—tris(o-
biphenylyl) phosphite as the catalyst, results in the forma-
tion of compounds (XCII) and (XCIII), which isomerise at
150 °C to compounds (XCIV) and (XCV):137

(XCII), 30% (XCIII), 29%

€CC CXXCC
(XCIV) (xcv)

The reaction of 1,2-dienes with NBD and its derivatives is
extremely interesting. In the presence of zerovalent palla-
dium complexes,13e»139 the unsubstituted allene reacts with
NBD to form exclusively the [2 π + 21T]cycloaddition product
(XCVI):

C H 2 = C = C , H 2 + (I)

Under the influence of the three-component catalyst
Co(acac)2-PPh3-Et3AlCl, NBD and compound (XXX) react
with allene via both [2 π + 2π] and [2 π + 2π + 2π] mech-
anisms: l l t 0

(I) -f CH,=C =CH2

(XXX) + CH,=C=CH,

[Co]

[Co]

(LXIX) + (LXXII) ;

85% 15%

•• (LXXV) + (LXXIX)

85% 19%

The main reaction product is a hydrocarbon with the delta-
cyclane structure, (LXIX) or (LXXV). The co-oligomers
(LXXIII) and (LXXIX) are apparently formed in steps but
the intermediate [ 2 π + 27T]codimers were not detected in the
reaction mixture.

A very complex composition of the products (up to 10
isomers) has been obtained in the co-oligomerisation of NBD
with 1,1-dimethyl-, 1-cyclopropyl-, and 1-phenyl-allenes
with cyclonona-l,2-diene. Their reactivity is inferior to
that of allene, which is indicated by the high yield of the
co-oligomers (~80%).1<l0

The catalyst obtained by reducing Fe(acac)3 with diethyl-
aluminium chloride directs the reaction of NBD with 1,1-
dimethylallene towards the selective formation of the [ 2 π +
2π + 21T]codimer (XCVII):55'123

M(i,C=C=CH.,

Me (XCVII)

3. The Co-oligomerisation of Norbornadiene with Acetylenes

According to Schrauzer and Glockner,112 the nickel com-
plexes Ni(CO)2(PPh3)2 and Ni(CN)2(PPh3)2 catalyse the
cycloaddition of acetylene, diphenylacetylene, and dimethyl

acetylenedicarboxylate to NBD at 120 °C with formation of
compounds (XCVIII), (XCIX), and (C):

(C)

The use of tetrakis[tri(2-ethylhexyl) phosphite]nickel
increases the yield of compound (XCIX) to 74%.1<tl In the
presence of the same catalyst, but-2-yne reacts vigorously
with NBD via the [2 π + 2π] mechanism, affording the tri-
and tetra-cyclic hydrocarbons (CI) and (CII):

(I) + M e — = — M e

(CII)
M»

NBD and dimethyl acetylenedicarboxylate interact via an
analogous mechanism in the presence of the ruthenium com-
plex [H2Ru(PPh3),J, forming the exo-co-oligomers (CIII)
and (CIV):11*2

C(J2Mc

(1) + MeO,C— = —CO 2 Me

MeO2C
(CIV)

Cobalt-containing systems, obtained by reducing Co(acac)2

with Et2AlCl in the presence of biphosphine, exhibit excep-
tionally high catalytic activity in the [2 π + 2π + 2ir]cyclo-
addition of NBD to acetylene.101'1"3"1'»5 The highest yields
of deltacyclene derivatives were obtained in experiments
with acetylene and phenylacetylene.

(I) + R—=—R'

A novel pathway leading to the bisdeltacyclene structures
(CVII), which are otherwise difficult to obtain, arises from
the co-oligomerisation of NBD and compound (XXX) with
diacetylenes (DA) under the influence of the Co(acac)2—
PPh3-Et2AlCl catalytic system:1 M

[NBD]:[DA] = 1

(i) or (xxx) + R — C S E C — < C H 2 ) B — c = c — η ±^~

R»H, Me, Ph: n
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The yields of compounds (CVI) and (CVII) depend signifi-
cantly on the distance between the acetylene fragments in
DA and on the nature of the substituent, reaching 80% for
η > 3 and R = Η or Me. By altering the molar ratio of the
monomers, the process can be directed towards the forma-
tion of the monoadduct (CVI) or the diadduct (CVII). In
the reaction involving diphenyldiacetylene, the yield of
compound (CVII) does not reach 10%, while 1,3-diacetyiene
fully polymerises under the reaction conditions.11*0

In the presence of the complexes Co2(CO)8 or Fe(CO)5,
the main products of the codimerisation of NBD with acetylenes
are the cyclopentenone derivatives (CVIII). l l t 6 f 1 1* 7

(CVIII)

The use of zerovalent iron and palladium complexes as cata-
lysts of the cyclocodimerisation of NBD with acetylenes leads
to the formation of 1,3-di- and 1,2,3,4-tetra-substituted
benzenes (CX): l l t 8 ' 1 " 9

(I) + R — = — R1

Carbonaro et a l . 1 Ι | β and Suzuki et a l . l l f 9 postulated the inter-
mediate formation of the thermodynamically unstable inter-
mediate (CIX), which decomposes into cyclopentadiene and
compound (CX).

Thus the co-oligomerisation of NBD with olefins, 1,2- and
1,3-dienes, and acetylenic hydrocarbons under the influence
of nickel, palladium, cobalt, and iron complexes can serve
as an effective method of the single-state synthesis of mono-
and bis-tetracyclo[4.3.0.02 > 1*.03 ) 7]nonane (deltacyclane),
tricyclo[4.2.1.02 '5]nonane, and tetracyclo[5.4.0.0 6 ' 1 0 .0 9 ' u ]-
undecane hydrocarbons.

V I . THE MECHANISM OF THE DIMERISATION AND CODIMER-
ISATION OF NORBORNADIENE

The cyclodimerisation and cyclocodimerisation of NBD and
its derivatives belong to the so-called pericyclic reactions
prohibited by symmetry rules. However, they are cata-
lytically allowed although the causes of this fact have not so
far been elucidated. 1 S°-1 5 7

In 1967 Mango and Schachtschneider1 5 0 proposed a theory
according to which the interaction of a transition metal atom
with olefins entails a change in the symmetry of the highest
occupied orbitals and the cyclisation reaction becomes
allowed. There exists also another view on the role of the
metal in catalysis according to which the role of the neutral
catalyst atom consists in reducing the activation energy for
the prohibited reaction and not in changing the symmetry of
the orbitals in the reactants . 1 5 5

The experimental data accumulated permit the conclusion
that the reactions indicated have a multistage mechanism.
These include all the principal reactions of metal complex
catalysis: coordination, oxidative addition, insertion, and
reductive elimination. 9'151*

The key stage in the multistage mechanism of the cyclo-
oligomerisation of olefins and dienes is the formation of
metallocyclic compounds, which have been isolated and
identified with the aid of modern physicochemical methods.

23,ΐ5β-ΐ67 F o r e x a m p i e t t n e hydrogenation of a mixture of
NBD and (NBD)2RhPF6 results in the formation of the
hydrocarbon (CXII), for which one can postulate only one
possible formation pathway—via the rhodacyclohexane
organometallic compound (CXI) : 1 6 2

(CXI) (CXII)

The most reliable evidence for the multistage mechanism has
been obtained in a study 7 of the isomerisation dimerisation
of quadricyclane in the presence of rhodium catalysts.
Organorhodium intermediate compounds (CXIII) and (CXIV),
responsible for the formation of the molecules of NBD homo-
and co-oligomers, have been observed and identified.

CXIV")

Similar complexes were obtained in the reaction of hexa-
fluorobutyne with NBD coordinated to rhodium via [ 2π + 2π +
2 Jcycloaddition. The structure of the rhodacyclobutane
complex was determined by X-ray diffraction.1 6 0 Analogous
complexes are known for nickel, ruthenium, and iridium. 1 5 8 '
16t,165

Experimental resul ts 7 5 · 8 8 show that the stereospecific
[4π + 4π] dimerisation of NBD proceeds at a single centre,
whose role is fulfilled by a singly-charged rhodium or cobalt
complex.

At the present time there is no single view concerning the
individual stages of the mechanism of the dimerisation,
trimerisation, and codimerisation of NBD, which can be
accounted for by the lack of direct and complete experimental
evidence for the validity of a particular mechanism. Despite
this, when account is taken of the literature data, 1 0 1» 1 6 8» 1 6 9

it is possible to postulate what is to some extent a general
and universal mechanism of the cycloaddition of NBD involv-
ing [2π + 2 π ] , [2π + 2π + 2 π ] , and [4π + 4π] steps on the
basis of key catalytic reactions: oxidative addition, inser-
tion, and reductive elimination.

According to this possible mechanism (see Figure), NBD is
initially coordinated to the metal with formation of complexes
of three types: (CXI)-(CXVII). The equilibrium position
in this system is determined by the number of free coor-
dination sites at the metal atom, the nature of the ligand
environment, and the charge on the transition metal. It is
known that NBD interacts with electrophilic species, forming
preferentially compounds containing the nortricyclane system.
Consequently, the equilibrium for complexes whose central
metal atom has a positive charge is displaced towards the
formation of compound (CXVII) and, the greater the
charge on the atom, the greater the shift of the equilibrium
to the right. Successive coordination of the olefin leads to
the intermediates (CXVIII)-(CXX), whose intramolecular
reactions proceed either via the synchronous formation of
metal—carbon and carbon-carbon σ-bonds or via the inser-
tion of the olefin into the metal—carbon bond with formation
of the metallocyclic compounds (CXXI) and (CXXII). The
subsequent key stage in the NBD dimerisation and codimer-
isation reactions is the reductive elimination of the transition
metal atom, which can again initiate a new catalytic cycle.
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(I)

(CXVII) - 1

(CXVIII)

(CXIX) (CXX)

[M]
NBD oligomerisation
products

(CXXI) (CXXII)

The possible mechanism of the dimerisation and codimerisation of norbornadiene.

The stereochemistry of the isomers formed should be fully
determined by the charge on the central metal atom, its
coordination number, and its ligand environment.

For the final elucidation of the mechanism of the NBD
cycloaddition reaction, it is essential to carry out kinetic
studies, to isolate the intermediates, and to investigate
their properties in the greatest possible detail.

—oOo—

During the preparation of the manuscript for the press,
new communications and studies on the homo- and co-dimer-
isation of NBD and its derivatives in the presence of transi-
tion metal complexes were published. 1 7 0 ~ 1 7 3 The results of
investigations of the codimerisation of NBD with cyclohepta-
triene under the influence of titanium-containing catalysts,
with formation of new types of penta- and hexa-cyclic
polycyclic compounds,1 7 0 are of greatest interest. Several
studies nave been devoted to the cyclodimerisation of NBD
and of its 7-substituted derivatives via the [4π + 4Tr]cyclo-
addition mechanism. 1 7 X~ 1 7 3

REFERENCES

1. G.N.Schauzer, Adv.Catal., 1968, 18, 373.
2. G.W.Burdette, H.R.Lander, and J.R.McCoy,

J.Energy, 1978, 2(5), 289.

3. C.W.Bird, R.C.Cookson, and J.Hudec, Chem.Ind.,
1960(1), 20.

4. BRD P.I 197 083, 1966.
5. G.H.Voecks, P.W.Jennings, G.D.Smith, and

C.N.Caughlan, J.Org.Chem., 1972, 37(9), 1460.
6. G.O.Spessard, G.L.Hardgrove, D.K.McIntye,

D.J.Townsend, and G.S.Milleville, J.Org.Chem.,
1979, 44, 2034.

7. M.J.Chen and H.M.Feder, Inorg.Chem., 1979, 18,
1864.

8. R.Noyori, J.Umeda, H.Kawauchi, and H.Takaya,
J.Amer.Chem.Soc., 1975, 97, 812.

9. K.Itoh, Fundam.Res.Homog.Catal., 1979, 3, 865.
10. P.W.Jennings, G.E.Voecks, and D.G.Pillsburg,

J.Org.Chem., 1975, 40, 260.
11. US P.3 440 294, 1969; Chem.Abs., 1969, 71, 3056.
12. J.Kiji, S.Nishimura, S.Yoshikawa, E.Sasakawa,

and J.Furukawa, Bull.Chem.Soc.Japan, 1974, 47,
2523.

13. S.Yoshikawa, K.Aoki, J.Kiji, and J.Furukawa,
Tetrahedron, 1974, 30, 405.

14. G.Ν.Schrauzer and S.Eichler, Chem.Ber., 1962, 95,
2764.

15. S.Yoshikawa, J.Kiji, and J.Furukawa, Bull.Chem.Soc.
Japan, 1976, 49, 1093.

16. US P.3 458 550, 1969; Chem.Abs., 1970, 72, 25 572.
17. US P.3 509 224, 1970; Chem.Abs., 1970, 73, 34 914.
18. Belgian P.626 407, 1963; Chem.Abs., 1964, 60,

13 164.
19. US P.3 282 663, 1966.
20. Dutch Appl. 6 506 276, 1965; Chem.Abs., 1966, 64,

11 104.



Russian Chemical Reviews, 56 (1), 1987 49

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.
51.
52.
53.
54.
55.

56.

57.

58.
59.

60.

US P.3 258 502, 1966.
P.S.Skell, J.J.Havel, D.L.Williams-Smith, and
Mc.Glinshey, Chem.Comm., 1972, 1098.
J.R.Blackborow, U.Feldhoff, F.W.Grevels,
R.H.Grubbs, and A.Miyashita, J.Organometal.Chem.,
1979, 173, 253.
R.Pettit, J.Amer.Chem.Soc, 1959, 81, 1266.
D.M.Lemal and K.S.Shim, Tetrahedron Lett., 1961,
368.
C.W.Bird, D.L.Colinese, R.C.Cookson, J.Hudec,
and R.O.Williams, Tetrahedron Lett., 1961, 373.
M.Green and E.A.C.Lucken, Helv.Chim.Acta, 1962,
45, 1870.
D.R.Arnold, D.J.Trecker, and E.B.Whipple, J.Amer.
Chem.Soc., 1965, 87, 2596.
N.Acton, R.I.Roth, T.J.Katz, J.K.Frank, C.A.Maier,
and J.C.Paul, J.Amer.Chem.Soc, 1972, 94, 5446.
P.W.Jolly, F.Y.A.Stone, and K.Mackenzie, J.Chem.
Soc., 1965, 6416.
J.P.Candlin and W.H.Jones
185.

1974;

J.Chem.Soc.C. 1968,

Chem.Abs., 1974, 81,

1974; Chem.Abs., 1974, 81,

319.

BRD Appl.2 350 689,
25 013.
BRD Appl.2 350 690,
25 015.
French P.2 289 238, 1976; Chem.Abs., 1977, 87,
12 188.
D.Ballivet and I.Tkatchenko, J.Mol.Catal., 1975,
BRD Appl.2 417 985, 1974; Chem.Abs., 1975, 83,
9308.
D.Ballivet, C.Billard, and I.Tkatchenko, J.Organo-
metal.Chem., 1977, 124, C9.
D.Ballivet, C.Billard, and I.Tkatchenko, Inorg.
Chim.Acta, 1977, 25, L58.
I.Tkatchenko, J.Mol.Catal., 1978(4), 163.
D.Ballivet-Tkatchenko, M.Riveccie, and N.El.Murr,
Inorg.Chim.Acta, 1978, 30, L289.
D.Ballivet-Tkatchenko, M.Riveccie, and N.El.Murr,
J.Amer.Chem.Soc., 1979, 101, 2763.
N.El.Murr and J.Tirouflett, Fundam.Res.Homog.
Catal., 1979, 1007.
E.Leroy, D.Huckette, A.Mortireux, and F.Petit,
Nouv.J.chim., 1980, 4(3), 173.
I.Tkatchenko, J.Organometal.Chem., 1977, 124, C39.
H.J.Langenbach, E.Keller, and Η.Vahrenkamp,
Angew.Chem., 1977, 89, 197.
H.J.Langenbach, E.Keller, and Η.Vahrenkamp,
J.Organometal.Chem., 1979, 171, 259.
BRD P.I 231 695, 1967.
H.D.Scharf, G.Weisgerber, and H.Hover, Tetrahedron
Lett., 1967(43), 4227.

Chem.Abs. 1967, 67, 53 780.

Chem.Abs
Chem.Abs.,
Chem.Abs.,
Chem.Abs., 1978

, and G.Dall'Asta

, 1967, 67, 73 258.
1978, 89, P197 060.
1980, 93, 204 160.

89, P197 061.
J.Org.Chem.,

BRD P.I 239 304, 1967;
US P.3 377 398, 1968.
BRD P.I 239 305, 1967;
US P.4 094 917, 1978;
US P.4 207 080, 1980;
US P.4 094 916, 1978;
A.Greco, A.Carbonaro,
1970, 35, 271.
BRD P.I 239 298, 1967;
81 857.
G.N.Schrauzer, B.N.Bastian, and G .A.Fosselius,
J.Amer.Chem.Soc, 1966, 88, 4890.
US P.3 326 993, 1967; Chem.Abs., 1967, 67, 81856.
F.P.Boer, J.H.Tsai, and J.J .Flynn, J.Amer.Chem.
Soc, 1970, 92, 6092.
F.P.Boer, M.A.Neuman, R.J.Roth, and T.J.Katz,
J.Amer.Chem.Soc, 1971, 93, 4436.

Chem.Abs., 1967, 67,

61. US P.3 329 732, 1967; Chem.Abs., 1967, 67, 90 467.
62. G.N.Schrauzer, R.K.Y.Ho, and G.Schlesinger,

Tetrahedron Lett., 1970, 543.
63. M.Ennis and A.R.Mannig, J.Organometal.Chem., 1976,

116, C31.
64. G.A.Catton, G.F.Jones, M.J.Mays, and J.A.S.Howell,

Inorg.Chim.Acta, 1976, 20, L41.
65. T.Kamijo, T.Kitamura, N.Sakamoto, and T.Joh,

J.Organometal.Chem., 1973, 54, 265.
66. US P.3 679 722, 1972; Chem.Abs., 1972, 77, 140 760.
67. F.P.Boer and J.J.Flynn, J.Amer.Chem.Soc, 1971,

93, 6495.
68. US P.3 676 474, 1972; Chem.Abs., 1972, 77, 128 620.
69. J.M.Burlitch and S.E.Hayes, J.Organometal.Chem.,

1971, 29, Cl .
70. US P.4 208 355, 1980.
71. J.J.Mrowca and T.J.Katz, J.Amer.Chem.Soc, 1966,

88, 4012.
72. T.J.Katz, N.Acton, and J.C.Paul, J.Amer.Chem.Soc,

1969, 91, 206.
73. US P.4 031150, 1977; Chem.Abs., 1977, 86, 151778.
74. R.R.Schrock and J.A.Osborn, J.Amer.Chem.Soc,

1971, 93, 3089.
75. M.Green and T.A.Kuc, J.Chem.Soc, Dalton Trans.,

1972, 832.
76. N.F.Gol'dshleger, B.I.Azbel', A.A.Grigor'ev,

I.G.Sirotina, and M.L.Khidekel', Izv.Akad.Nauk SSSR,
Ser.Khim., 1982, 635.

77. US P.4 275 254, 1981.
78. W.Jennings and B.Hill, J.Amer.Chem.Soc, 1970, 92,

3199.
79. A.Carbonaro, F.Cambisi, and G.Dall'Asta, J.Org.

Chem., 1971, 36, 1443.
80. G.Wittig and J.Otten, Tetrahedron Lett., 1963, 601.
81. T.J.Katz, J.C.Carnahan, and R.Boecke, J.Org.

Chem., 1967, 32, 1301.
82. "IUPAC Rules of Nomenclature in Chemistry", Vol.2,

"Organic Chemistry" (Translated into Russian),
Izd.VINITI, Moscow, 1979, Book 1.

83. D.Van Binnendyk and A.C.Mackay, Canad.J.Chem.,
1973, 51, 718.

84. US P.3 326 992, 1967.
85. C.T.Moynihan, H.Sasabe, D.S.Czaplak, and

U.E.Schnaus, J.Chem.Eng.Data, 1978, 23(2), 107.
86. M.Ennis, R.M.Foley, and A.R.Manning, J.Organo-

metal.Chem., 1979, 166, C18.
87. R.I.Khusnutdinov, A.V.Dokichev, L.M.Khalilov,

A.A.Panasenko, and U.M.Dzhemilev, Izv.Akad.Nauk
SSSR, Ser.Khim., 1984, 2492.

88. S.C.Neely, D.van der Helm, A.Ρ.Marchand, and
B.R.Hayes, Acta Cryst., 1976, B32, 561.

89. A.P.Marchand and B.R.Hayes, Tetrahedron Lett.,
1977, 1027.

90. S.E.Kalick, D.van der Helm, B.R.Hayes, and
A.P.Marchand, Acta Cryst., 1978, B34, 3219.

91. U.M.Dzhemilev, R.I.Khusnutdinov, Z.S.Muslimov,
L.V.Spirikhin, G.A.Tolstikov, and O.M.Nefedov,
Izv.Akad.Nauk SSSR, Ser Khim., 1981, 2299.

92. L.Lombardo, D.Wege, and S.P.Wilkinson, Austral.J.
Chem., 1974, 27, 143.

93. U.M.Dzhemilev, R.I.Khusnutdinov, Z.S.Muslimov,
V.A.Dokichev, G.A.Tolstikov, O.M.Nefedov, and
S.R.Rafikov, "Materialy Vsesoyuznogo Soveshchaniya"
(Proceedings of an All-Union Conference), Ufa, 1981,
p . 8 .

94. U.M.Dzhemilev, R.I.Khusnutdinov, G.A.Tolstikov,
and O.M.Nefedov, "Materialy IV Mezhdunarodnogo
Simpoziuma po Gomogennomu Katalizu" (Proceedings



50 Russian Chemical Reviews, 56 (1), 1987

95.

96.

97.

98.

99.

100.

101.

102.
103.

104.

105.

106.

107.

108.
109.

110.

111.
112.

113.
114.
115.
116.
117.
118.
119.

120.

121.

122.

123.
124.
125.
126.

of the IVth International Symposium on Homogeneous
Catalysis), Leningrad, 1984, Vol.1, p.264.
S.R.Rafikov, U.M.Dzhemilev, R.I.Khusnutdinov,
V.A.Dokichev, G.A.Tolstikov, A.Sh.Sultanov,
B.G.Zykov, and O.M.Nefedov, Izv.Akad.Nauk SSSR,
Ser.Khim., 1982, 902.
U.M.Dzhemilev, R.I.Khusnutdinov, V.A.Dokichev,
I.O.Popova, G.A.Tolstikov, and O.M.Nefedov,
Izv.Akad.Nauk SSSR, Ser.Khim., 1985, 475.
U.M.Dzhemilev, R.I.Khusnutdinov, A.A.Dokichev,
G.A.Tolstikov, S.R.Rafikov, and O.M.Nefedov, Dokl.
Akad.Nauk SSSR, 1983, 273, 887.
U.M.Dzhemilev, R.I.Khusnutdinov, V.A.Dokichev,
G.A.Tolstikov, and O.M.Nefedov, Izv.Akad.Nauk
SSSR, Ser.Khim., 1983, 1209.
U.M.Dzhemilev, R.I.Khusnutdinov, V.A.Dokichev,
S.Ζ.Sultanov, and O.M.Nefedov, Izv.Akad.Nauk
SSSR, Ser.Khim., 1985, 474.
Β.Bogdanovic, B.Henc, A.Loesler, B.Meister,
H.Pauling, and G.Wilke, Angew.Chem., 1973, 85,
1013.
J.E.Lyons, H.K.Myers, and A.Schneider, Ann.New.
York Acad.Sci., 1980, 333, 273.
US P.4 098 835, 1978; Chem.Abs., 1979, 90, 22 438.
J.E.Lyons, H.K.Myers, and A.Schneider, Chem.
Comm., 1978, 638.
R.Roulet and R.Vouillamor, Helv.Chim.Acta, 1974,
57, 2139.
R.Noyori, T.Ishigami, N.Hayashi, and H.Takaya,
J.Amer.Chem.Soc, 1973, 95, 1674.
BRD Appl.2 707 879, 1979; Chem.Abs., 1978, 89,
214 995.
P.Binger and U. Schuchardt, Chem.Ber., 1980, 113,
3334.
US P.4 190 611, 1980; Chem.Abs., 1980, 93, 49 740.
U.M.Dzhemilev, R.I.Khusnutdinov, V.A.Dokichev,
I.O.Popova, G.A.Tolstikov, and O.M.Nefedov, Izv.
Akad.Nauk SSSR, Ser.Khim., 1987, 430.
U.M.Dzhemilev, R.I.Khusnutdinov, V.A.Dokichev,
G.A.Tolstikov, and O.M.Nefedov, Zhur.Org.Khim.,
1983, 9, 1775.
US P.2 940 984, 1960; Chem.Abs., 1960, 54, 19 539.
G.N.Schrauzer and P.Glockner, Chem.Ber., 1964,
97, 2451.

Chem.Abs., 1966,

1979,
1980,
1979,
1980,
1980.

91,
93,
90,
93,
93.

56 479.
28 782.
22 439.
238 936.
238 934.

65, 16 881.
72, 66 495.
90, 86 877.
90, 168 158.
90, 168 159.

168 160.90,

US P.3 271 438, 1966;
BRD Appl.l 931 152, 1970; Chem.Abs.,
US P.4 107 198, 1978; Chem.Abs., 1979,
US P.4 139 714, 1979; Chem.Abs., 1979,
US P.4 139 715, 1979; Chem.Abs., 1979,
US P.4 142 055, 1979; Chem.Abs., 1979,
S.Yoshikawa, K.Aoki, J.Kiji, and J.Furukawa, Bull.
Chem.Soc.Japan, 1975, 48, 3229.
U.M.Dzhemilev, R.I.Khusnutdinov, D.K.Galeev, and
G.A.Tolstikov, "Materialy VI Vsesoyunoi Konferentsii
'Kataliticheskie Reaktsii ν Zhidkoi Faze"' (Proceedings
of the Vlth All-Union Conference on 'Catalytic
Liquid-phase Reactions'), Alma-Ata, 1983, Part II,
p.195.
U.M.Dzhemilev, R.I.Khusnutdinov, D.K.Galeev,
G.A.Tolstikov, and O.M.Nefedov, Izv.Akad.Nauk
SSSR, Ser.Khim., 1987, 138.
U.M.Dzhemilev, R.I.Khusnutdinov, D.K.Galeev, and
G.A.Tolstikov, Izv.Akad.Nauk SSSR, Ser.Khim., 1987,
154.

1970; Chem.Abs., 1975, 83, 27 724.
1971; Chem.Abs., 1975, 83, 27 725.

Italian P.875 512,
Italian P.884 905,
J.Takashi and T.Akio, J.Chem.Soc.D, 1970, 1473.
Italian P.901 758, 1972; Chem.Abs., 1975, 83, 27 720.

127. Japanese P.25 669, 1974; Chem.Abs., 1975, 82, 10 224.
128. US P.4 152 360, 1979; Chem.Abs.
129. US P.4 190 610, 1980; Chem.Abs.
130. US P.4 100 216, 1978; Chem.Abs.
131. US P.4 201731, 1980; Chem.Abs.
132. US P.4 203 930, 1980; Chem.Abs..
133. Italian P.875 513, 1970; Chem.Abs., 1975, 83, 27 723.
134. I.G.Cannell, J.Amer.Chem.Soc, 1972, 94, 6867.
135. US P.3 692 854, 1972; Chem.Abs., 1972, 77, 139 468.
136. L.G.Cannell, Ann.New York Acad.Sci., 1973(214), 143.
137. P.Heimbach, R.V.Meyer, and G.Wilke, Annalen, 1975,

743.
138. US P.3 760 016, 1973; Chem.Abs., 1974, 80, 60 796.
139. D.R.Coulson, J.Org.Chem., 1972, 37, 1253.
140. U.M.Dzhemilev, R.I.Khusnutdinov, Ζ.S.Muslimov,

O.M.Nefedov, and G.A.Tolstikov, "Materialy VI
Vsesoyunoi Konferentsii 'Kataliticheskie Reaktsii ν
Zhidkoi Faze"' (Proceedings of the Vlth All-Union
Conference on 'Catalytic Liquid-phase Reactions'),
Alma-Ata, 1983, Part II, p . 194.

141. US P.3 258 501, 1966.
142. T.Mitsudo, K.Kokuryo, and Y.Takegami, Chem.Comm.

1976, 722.
143. J.E.Lyons, H.K.Myers, and A.Schneider, Chem.

Comm., 1978, 636.
144. US P.4 110 409, 1978; Chem.Abs., 1979, 90, 86 878.
145. US P.4 132 742, 1979; Chem.Abs., 1979, 90, 121

160.
146. K.Hayakawa and H.Schmid, Helv.Chim.Acta, 1977,

60, 2160.
147. N.E.Schire, Short Synth.Comm., 1979, 9(1), 41.
148. A.Carbonaro, A.Greco, and G.Dall'asta, Tetrahedron

Letters, 1968, 5129.
149. H.Suzuki, K.Itoh, Y.Ishii, K.Simon, and J.Ibers,

J.Amer.Chem.Soc, 1976, 98, 8494.
150. F.D.Mango and J.H.SchachtSchneider, J.Amer.Chem.

Soc, 1967, 89(10), 2484.
151. R.Pettit, H.Sugahava, J.Wristers, and W.Merk,

J.Chem.Soc, Faraday Disc, 1969, 47, 71.
152. F.D.Mango and J.H.Schachtschneider, J.Amer.Chem.

Soc, 1971, 93, 1123.
153. F.D.Mango, Coordinat.Chem.Rev., 1975(15), 109.
154. J.Halpern, Org.Synth.Metal.Carbonyls, 1977, 2,

705.
155. W.T.A.M.Van der Lugt, Tetrahedron Lett., 1970(26),

2281.
156. F.D.Mango, Adv.Catal., 1969, 20, 291.
157. F.D.Mango, Tetrahedron Lett., 1971, 505.
158. M.Doyle, J.McMeeking, and P.Binger, Chem.Comm.,

1976, 376.
159. R.H.Grubbs and A.Miyashita, Chem.Comm., 1977,

864.
160. J.A.Evans, R.D.W.Kemmitt, B.Y.Kimura, and

D.R.Russel, Chem.Comm., 1972, 509.
161. P.A.Elder, B.H.Robinson, and J.Simpson, J.Chem.

Soc, Dalton Trans., 1975, 1771.
162. R.J.Roth and T.J.Katz, Tetrahedron Lett., 1972,

2503.
163. K.Itoh and N.Oshima, Chem.Lett., 1980, 1219.
164. A.R.Fraser, P.H.Bird, S.A.Bezman, J.R.Shapley,

R.White, and J.A.Osborn, J.Amer.Chem.Soc, 1973,
95, 597.

165. S.A.Bezman, P.H.Bird, A.R.Fraser, and J.A.Osborn,
Inorg.Chem., 1980, 19, 3755.

166. P.A.Elder and B.H.Robinson, J.Organometal.Chem.,
1972, 36, C45.

167. B.Denise and G.Pannetier, J.Organometal.Chem.,
1978, 161, 171.



Russian Chemical Reviews, 5 6 (1), 1987 51

168. J.Tsuji, "Organic Synthesis Using Transitition
Metal Compounds" (Translated into Russian), Izd.
Khimiya, Moscow, 1979.

169. G.Henrici-Olive and S.Olive, "Coordination Catalysis"
(Translated into Russian), Izd.Mir, Moscow, 1980.

170. K.Mach, Η.Antropiusova, L.Petrusova, V.Hanus,
and F.Turecek, Tetrahedron, 1984, 40, 3295.

171. A.P.Marchand and A. D. Early wine, J.Org.Chem.,
49, 1660.

172. A.P.Marchand and A.Wu, J.Org.Chem., 50, 396.
173. T.J.Chow, M.-Y.Wu, and L.-K.Liu, J.Organometal.

Chem., 281, C33.

Institute of Chemistry,
The Bashkir Branch of the
USSR Academy of Sciences,
Ufa



52 Russian Chemical Reviews, 5 6 (1), 1987
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Pseudoazulenes as p-Isoelectronic Analogues of Azulene

Yu.N.Porshnev, V.A.Churkina, and M.I.Cherkashin

The principal methods of synthesis and the chemical and physicochemical properties of pseudoazulene are described. Attention
is concentrated on the latest studies which have not been taken into account in the published reviews. Certain aspects of the
uses of pseudoazu lene compounds are examined.
The bibliography includes 185 references.
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I. INTRODUCTION

Only individual terpenoid representatives of hydrogenated
pseudoazulenes of the cyclopentapyran series, such as 1-meth-
oxymyodesert-3-ene (I) which forms part of the structure of
Myoporum deserti (Myoporaceae) as the iridoid constituent
and has been found in plants growing in the moist regions of
Australia, have been discovered in nature. 1 The iridoid—
the glycoside (II)—present in Lanthana camara (Verbenaceae)
and detected in 150 plant species in Africa and tropical
America, has been identified:

C00"

H / >o—p—glucose
: Η

( I I )

Individual pseudoazulene systems are components in the
structures of alkaloids. Thus the alkaloids sempervirine and
alstonine contain the 2H-pyrido[3,4-b]indole (III) system,3"7

while the alkaloid cryptolepine has the structure (IV).8 The
hydrogenated indolizine system (V) is present in the mole-
cules of strychnine, securinine, and the Veratrum alkaloids
germine, cevine, and protoverine. The 1- and 3-alkylpu-
rines (VI) and (VII) are used as model substances which
participate in glycosylation reactions and whose reactivity is
equal to that of antibiotics and nucleic acids. 9 ' 1 0

Ν — Η

I
C H 3

(111) (V)

R — N " ι 1\ J N' -NH

(VI)

\ N / \ N X
I

R
(VII)

The advances in quantum chemistry regarding the creation
of the theory of aromaticity have promoted an intense develop-
ment during the last three decades of the chemistry of het-
erocarbonium aromatic systems, among which analogues of the

non-benzenoid aromatic azulene system, namely pseudoazu-
lenes, are of special interest. Formally, they can be obtained
by replacing a two-electron carbon—carbon double bond in
the aromatic system by the unshared electron pair of the het-
eroatom, whereupon the aromatic character of the system is
usually retained. 1 1 " 1 3 This principle of structural analogy,
which has been known for a long time in the benzene-thio-
phen-furan-pyrrole series, was first applied in 1957 by
Boyd11* and Mayer15 and later also by other workers 1 6 ' 1 7 to a
large group of heterocyclic compounds—pseudoazulenes, which
are ττ-isoelectronic analogues of azulene. The chemistry of
these systems has only just begun to develop despite the fact
that the fundamental studies by Robinson and co-workers1 1"1 3

were published in the first quarter of this century.
According to the above principle, numerous representatives

of pseudoazulene systems in which one, two, or three double
bonds have been replaced by heteroatoms can be formally
obtained from azulene:

Χ, Υ, Ζ = - Ο - , - S - , - N R - , - S e - , - T e - .

For the azazulenes (VIII) and (IX), polyazazulenes, and
heteroniaazulenes, the analogous "reactions" are also pos-
sible. 1 8 ' 1 9

The number of possible systems increases greatly when
different heteroatoms are used simultaneously. Dinuclear
condensed heterocyclic systems with a nitrogen atom common
to both rings, namely quinolizines, are also regarded as the
pseudoazulenes (V) and (X).

( V I I I )
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Table 1. Pseudoazulenes with one heteroatom in the six-membered ring.

1,2-Benzoazulene

4,5-Benzoazulene

1,2; 5,6-Dibenzoazulene*

1,2; 6,7-Dibenzoazulene

Pseudoazulene
Name

in I UP AC nomenclature |

10 ττ-Electron systems

14 π-Electron systems

(XVII)

(XVIII)

(XIX)

(XX)

(XXI)

(XXII)

(XXIII)

(XXIV)

(XXV)

(XXVI)

NR

ο
s

NR

NR

NR

Ο

S

NR

6H-indeno[2,l-6] pyridine

indeno[2,l-6] pyran

indeno [2,1-6] thiapy ran

5 H-indeno [ 1,2-6 ] py ridine

indeno [ 1,2-6] thiapyran

7H-indeno 12,1 < ] pyridine

4H-cyclopenta[6 ] quinoline

cyclopenta|6] chromene

cyclopenta|6] thiachromene

5 H-cyclopenta [ c ] quinoline

1,2-benzoazalene

1,2-benzoxalene

1,2-benzothialene

2,3-benzoazalene

2,3-benzothialene

1,2-benzoisoazalene

5,6-benzoazalene

5,6-benzoxalene

5,6-benzothialene

7-benzoisoaza!ene

18 ir-Electron systems

(XXV11)

(XXVIII)

(XXIX)

(XXX)

NR

NR

Ο

5H-indeno [1,2-6] quinoline

6H-indeno [2,1-6] quinoline

indeno[2,1-6] chromene

indeno[2,l-6] thiachromene

2,3; 5,6-dibenzoazalene

1,2; 5,6-dibenzoazalene

1,2; 5,6-dibenzoxalene

1,2; 5,6-dibenzothialene

Systems containing more than 18 π-electrons

Phenanthro[9,10-a]-6,7-benzoazulene*

(XXXI) NR 10H-dibenzo[4,5; 6,7]-indeno-
[2,1-6] quinoline

phenanthro [ 9,10-fl ] -5,6-
benzoazalcne

•Azulene systems having this structure are unknown.

Refs.

Τ S 1c C0 2
5 4 3

azulene

7 ,

TTYV
4 3

4 3

(XI)

(XII)

(XHI)

(XIV)
(XV)

(XVI)

NR

Ο

S

NR
0

S

lH-pyrindine

cyclopentajb] pyran

cyclopenta[b] thiapyran

2H-pyrindine
cyclopenta[c] pyran

cyclopenta[c] thiapyran

azalene

oxalene

thialene

isoazalene
iso-oxalene

isothialene

[12, 13,51,
GO, 73]
[14, 51, 53,
102J
|15, 18, 34,
35, 1001

[36, 37, 62,
72,110]
[62]
[34—37.
61-64]

[101]

[1041

[34]

[59]

(55]

(66-68,116

[16, 19,
43—46]
[14, 16, 25,
57]
125, 28, 38]

[29]

(12, 13,27]

[28, 52, 74,
1031

[14, 26, 28,
57, 74. 77.
80,103—105]
[34, 49,111]

[24]

53

They constitute a large independent group of pseudoazu- The number of existing nitrogen-containing pseudoazulenes
lenes, whose chemistry has been described in a monograph . 2 0 is much greater than that of the sulphur- and oxygen-con-
A review has been devoted to the chemistry of the indolizines taining compounds; only one pseudoazulene system contain-
(V). 2 1 Almost all the pseudoazulene systems known at the ing selenium as the heteroatom is known.23 Systems containing
present time are represented in the review of Timpe and tellurium as well as systems with a four-membered ring are so
El'cov.22 far unknown, which can be explained by the instability of
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these products in the former case or the considerable angular
ring strain in the latter. The influence of the heteroatom on
the electronic structure, the electronic spectra, the stability,
and the reactivity has been most fully investigated for pseu-
doazulene systems in which the unshared electron pair of the
heteroatom replaces one double bond in the seven-membered
ring of azulene or benzoazulenes. For this reason, we shall
confine ourselves to the consideration of the systems pre-
sented in Table 1.

The [b]-series pseudoazulenes (XI)-(XIII) and the [c]-
series pseudoazulenes (XIV) and (XVI) are non-alternant
ΙΟπ-isoelectronic analogues of azulene. Compounds (XVII) to
(XXVI) are isoanalogues of the 14TT-electron systems of 1,2-,
5,6-, and 4,5-benzoazulenes. For the 18ττ-electron systems
(XXVII) and (XXX), azulenes with an analogous structure are
so far unknown and this is also true of the new pseudoazulene
system (XXXI) obtained in 1975.2k It was initially suggested
that pseudoazulenes containing a sulphur atom, an oxygen
atom, or an NR group be designated as thiaienes,1 5 oxalenes,25

and azalenes17 respectively. This nomenclature, based on
the type of heteroatom, is not always used although it effec-
tively explains the genetic relation with azulene. Specific
compounds are usually named in accordance with IUPAC rules,
the pyrindines (XI) and (XIV) constituting an exception. The
compounds listed in Table 1 are arranged in such a way that
the cyclopentane ring is placed on the right-hand side of the
main pseudoazulene system, while the heteroatom on the left-
hand side is placed in the lower half of the heterocycle. The
first carbon atom is located in the upper angle of the cyclo-
pentane component of the main system. The remaining atoms
are numbered clockwise, the heteroatom being numbered in
accordance with the general sequence. The above nomencla-
ture is most widely used and has already been adopted in a
series of well known publications. 1 '*'2 6~2 9

I I . METHODS OF SYNTHESIS OF PSEUDOAZULENES

The methods of synthesis of pseudoazulenes differ signifi-
cantly from those for azulenes, since its molecular skeleton is
obtained in different ways, depending on the required pseu-
doazulene system. The methods of synthesis can be com-
bined, for example, in accordance with the type of the last
stage leading to pseudoazulenes. A common stage of this
kind in the syntheses of both pseudoazulenes and azulenes is
the dehydration of saturated compounds.

1. Dehydrogenation of Saturated Precursors of Pseudo-
azulenes

Historically the first and for a long time the only method of
synthesis of azulene hydrocarbons was dehydrogenation of
bicyclic precursors with the bicyclo[5.3.0]decane structure
or the corresponding partly saturated compounds. 3 0" 3 3 The
dehydrogenation of more or less hydrogenated compounds,
already having the heterocyclic skeleton of pseudoazulenes,
is used only for sufficiently stable compounds. Numerous
thiaienes, of both [b]- and [c]-series, namely compounds
(XIII), (XVI), and (XIX), have been obtained in this way.

(XXXII) (ΧΠ1)
t

(ΧΧΧ1Π)

(XIV): X=NR
(XVI): X=S

(XXXVI) (XIX)

Hydrogenated sulphur-containing heterocycles, for example,
compounds (XXXII), (XXXIII), and (XXXV), or the open-
chain mercaptans (XXXIV) and (XXXVI),31* are dehydroge-
nated in the gas phase over Pd/C at 300-350 <>c.35-38

 T h e

overall yield depends on the dehydrogenation stage, which
frequently proceeds with a high (~30%) yield; it can also
amount to only a few per cent owing to the low activity of the
catalyst. 3 7 However, this method is still the best procedure
for the synthesis of not only thiaienes but also 2-phenylpy-
rindine (XIV).3 6 Other pseudoazulene systems, for example,
substituted 4/i-cyclopentaIb]quinoline (XXIIIa), can also be
conveniently obtained in this way,1 7 but the dehydrogenation
is carried out in boiling xylene for 10 h in an atmosphere of
nitrogen with the same catalyst and the yield is 53%.

CHS

(XXIIIa)

On dehydrogenation over Pd/C and also when the Cu2Cl2/C
catalysts are used at 300 °C or sulphide is used at 300 °C,
oxygen-containing precursors [for example, compound (XXXIII,
X = O)] give rise to only tarry products. 3 7

Azulene precursors are dehydrogenated under very mild
conditions by chloranil and for this reason, the latter is
widely used in the synthesis of azulenes containing substit-
uents unstable at high temperatures.39~**2 For effective dehy-
drogenation, it is essential that the precursor should already
possess a high degree of unsaturation. Chloranil has been
used extremely rarely for the synthesis of pseudoazulenes.25'35

The synthesis of the unsubstituted pseudoazulenes (XXIV)
and (XXV) from chromone and thiachromone respectively
using the dehydrogenation of compound (XXXVII, X = Ο or
S) by chloranil has been described,2 5 but the author did not
indicate the dehydrogenation conditions and the reaction
products were not isolated in a pure form:

/ \ x / \ /
(XXXVII) (XXIV) :X=O

(XXV):X=S

\SH
(XXXIV)

A number of workers observed the interaction of chloranil
with pseudoazulenes, for example, with 4A/-cyclopenta[b]quin-
oline (XXIII) and 5H-cyclopenta[c]quinoline (XXVI), the
latter being substituted by the chloranil residue in the 1-
and 3-positions.29'1*3'1*'*

Dehydro-compounds of the type of (XXXVIII) can be con-
verted into fully aromatic systems by the multistage elimina-
tion of hydrogen atoms in the saturated cyclopentane or
cyclopentene rings, or by the dehydrohalogenation of qua-
ternary salts, or by some other elimination reaction:
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The acid-catalysed elimination of water from the hydroxy-
derivative (XL, R1 = OH) proceeds especially effectively.'*5''16

It is then essential to maintain appropriate conditions exactly,
since pseudoazulenes can be decomposed by acid. An instance
of photochemical dehydrogenation is known.Zk

extent, which are converted by quaternisation and subse-
quent alkaline cleavage of the quaternary salts into nitrogen-
containing pseudoazulenes (XXVIIIa—c) in approximately 25%
yield:5 2

(XXVIIIa-c)

2. Condensation of Aromatic Aldehydes and Ketones

The method considered above is a general procedure for the
conversion of compounds already containing the pseudoazu-
lene skeleton into pseudoazulenes proper. Since new C-C
and C—X bonds can arise in condensation reactions, it is
always possible to select suitable initial compounds which give
rise to the pseudoazulene system; dehydrogenation is then
altogether unnecessary. The form of the initial compounds
can be specified by the required structure of the final prod-
uct. For example, the condensation of salicylaldehyde or
o-mercaptobenzaldehyde with aryl-substituted A2-cyclopen-
tenones in the presence of piperidinium acetate in benzene
yielded the arylsubstituted benzo[b]cyclopenta[e]pyrans {or
cyclopenta[b]chromenes} (XXIVa—c)11*'27'1*7 and the corre-
sponding thiapyrans {or cyclopenta[b]thiachromenes} (XXVa):28

Since o-aminobenzaldehyde is unstable, it is possible to use
its ethylene acetal, whose condensation with 3-phenyl- and
3,4-diphenyl-A2cyclopentenones in alcoholic solution of hydro-
chloric acid leads to the pseudoazulenes (XXIIIb, c) in good
yield (up to 80%):5 1 '5 3

;-Ph

/ \ N /

(XXIIIb, c)

y-Ph

- P h

S Π1

R3

(XXIVa-c):X = O
(XXVa):X=S

a:Ri=R3=H; R s=Ph |14, 47J
b: R»=R»=Ph; R»=H [27)
Ci-R^H; R !=R»=Ph |2fi]

This method is particularly convenient for the synthesis of
tetracyclic pseudoazulenes which are sometimes formed in a
yield up to 80%. Indeno [2,1-b ] chromene (XXIXa) and
indeno[2,l-b] thiachromenes (XXX, R = H) have been obtained
by condensing 2-indanone with salicylaldehyde and o-mercap-
tobenzaldehyde respectively . 2 8 ' l f 8 ' l f 9 The condensation of
substituted 2-indanones or 2-indanoneimines with salicylalde-
hyde leads to 5-substituted derivatives of indeno [2, l-b]chro-
mene

eVY-n a : R = H(Refs. 14,48)
(XXX):X=S [28 49] b · Κ - CH3 (Ret.5O)

c: R = 2-indanyl (Ref.50)
d: R = COOC2HS (Ref.50)
e: R = CN(Ref.28) .

However, nitrogen-containing pseudoazulenes cannot be
obtained in this way; the attempts to carry out the conden-
sation in a neutral or alkaline medium (alkali in alcohol or
piperidine in benzene) do not yield the final products directly.
The reaction of the ethylene acetal of o-aminobenzaldehyde
with phenyl-A2-cyclopentenones does not afford pseudoazu-
lenes under these conditions and it does not even give rise to
Claisen condensation products . 5 1 The condensation of 2-ind-
anone with o-aminobenzaldehyde, o-aminoacetophenone, or
o-aminobenzophenone in an acid medium results in the forma-
tion of compounds (XLIa—c), dehydrogenated to the optimum

3. Deprotonation of Pyridinium, Quinolinium, Pyrylium, and
Thiapyrylium Salts

The deprotonation of heteronium salts as a method of syn-
thesis of pseudoazulene systems is logically a continuation of
the previous subsection and is closely related to it in the syn-
thetic sense, because the majority of the intermediates and
salts based on them are obtained in this instance by condens-
ing aldehydes and aromatic (and also a, β-unsaturated) ketones.
The deprotonation of heteronium salts actually constitutes the
dehydrogenation stage, which completes the synthesis of the
pseudoazulene, but, since the number of final systems obtained
in this way is fairly large and the reaction itself does not pro-
ceed smoothly with all salts, we shall consider this stage in a
separate Section.

Salicylaldehyde undergoes the Claisen condensation with
phenyl-substituted A2-cyclopentenones of 1-indanone in alka-
line media with formation of the corresponding hydroxychal-
cones (XLII) or (XLIII),5 1· '5 5 which afford the benzopyrylium
salts (XLIVa—c) and (XLV) in a mixture of acetic and hydro-
chloric acids. However, whereas a solution of the salts
(XLIVa—c) gives rise to the pseudoazulenes (XXIVa—c) on
dilution with water, compound (XLV) decomposes on hydro-
lysis in the presence of sodium acetate : 5 5 " 5 7

(XXIVa-c)
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Chalcones and derivatives of phenyl-substituted A2-cyclo-
pentenones condense on treatment with FeCl3 in acetic anhy-
dride into the chloroferrates (XLVIa-d) in 35% yield. On
treatment with sodium acetate, both the chloroferrates and
perchlorates (XLIVa-d) give rise to cyclopenta[b]pyrans
(XXIIa-d) in high yields (up to 90%) i1*7'58'59

a: R= H. Ar

Ph, Ar'= ρ- CHS

(XLVU-r)

I^ , CIO"

r,-CMfit. Ar'= Ph:

The tetrachloroferrate (XLVI) has been obtained analogously
by the reaction of benzylidenacetophenone with 3-phenyl-
1-indanone (XLVII) (yield 48%) and was converted into the
perchlorate (XLVIII) by treatment with 70% perchloric acid.
The condensation of equimolar amounts of acetophenone with
2-benzylidene-3-phenyl-l-indanone gives rise to the chloro-
ferrate (XLVII) in only 20% yield:55

(XLVII): X = 0 , Y=FcCI4

(XLVIII): X = 0, Y=C10<

(XLIX): x = s , Υ = Γ.10<

(XXIa): X = S

On treatment with a 10% aqueous solution of Na2S and sub-
sequent addition of 20% perchloric acid, the perchlorate
(XLVIII) gives rise to the thiapyrylium salt (XLIX) (yield
93%), which is deprotonated with an aqueous alcoholic solution
of alkali and sodium acetate to form 2,4,5-triphenylindeno[l,
2-b]thiapyran (XXIa). Hot water also hydrolyses the salt
(XLIX) but more slowly.

On interaction with aniline, the perchlorate (XLVIII) is
converted into the N-phenylpyridinium salt (La) in 59% yield.
The deprotonation of the salt with aqueous-alcoholic alkali
affords l,2,4,5-tetraphenyl-l//-indeno[l,2-b]pyridine (XXa).
Treatment of the same perchlorate (XLVIII) with 30% aqueous
methylamine leads to a 55% yield of l-methyl-2,4,5-triphenyl-
lH-indeno[l,2-b]pyridine (XXb), which can be converted
into the substituted N-methylpyridinium perchlorate (Lb):

(XLVIII)

A C107

(La): R = Ph
(Lb): R = CH3

(XXa, b)

Whereas the heteronium salts of phenyl-substituted deriva-
tives of cyclopenta[b]chromene (XLIV), cyclopenta[b]pyran
(XLVI), indeno[l,2-b]thiapyran (XLIX), and indeno[l,2-b]-
pyridine (L) produce the corresponding pseudoazulenes on
hydrolysis with aqueous-alcoholic solutions of alkali or sodium
acetate, indeno [l,2-b]chromylium perchlorate (XLV) and
indeno[l,2-b]pyrylium perchlorate (XLVIII) only regenerate
the initial compounds under the same conditions, i.e. 3-phenyl-
2-salicylidene-l-indanone (XLIII) and 2-(3-oxo-l,3-diphenyl-
propylidene)-3-phenyl-l-indanone (LI) respectively.

The quaternary salts of nitrogen-containing pseudoazulenes
are obtained by the quaternisation of the corresponding het-
erocyclic bases with alkyl halides or tosylates in aprotic sol-
vents. «,«,si-53,6o D e s p i t e t h e tautomerism of the base (LII)
[the isomers (Llla—c) are possible], alkylation results in a
good yield of the quaternary salts (LIII) (the C-alkylation
products were detected only in trace amounts). Alkaline
deprotonation of the quaternary salts (LIII) leads to the
pseudoazulenes (LIV):

(LIHa) (LIIc)

(Llla) (LUIb)

(LIV)

Thus the majority of the pseudoazulene systems investigated
can be obtained by the deprotonation of the corresponding
heteronium salts, with the exception of systems of the [ c ] -
series. The deprotonation of certain salts takes place even
in the presence of water, while for others solutions of sodium
acetate or alkali are employed, depending on the basicity and
stability of the final products. The yields of the nitrogen-
containing pseudoazulenes are 60-80% and those of the oxy-
gen-analogues are about 90%.

The reactions involving the direct substitution of the het-
eroatoms in the pseudoazulene systems must also be considered,
since they permit the direct transition from, for example,
oxalenes to pyrindines:5 1 '5 3 '5 5 '6 1 '6 2

Ph
I

(XII)

Ph
I

- R 1 + R'NH,

Ph'

—Rl

(XI)
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After brief heating of compound (XII) with an excess of
aniline, benzylamine, or butylamine in dim ethylform amide
(DMF), 1-substituted-lH-pyrindines (XI) were obtained in
good yields. 5 1 " 5 3 If pyrylium perchlorates corresponding to
the pyrans (XII) are introduced into the reaction, then the
pyrans (XII) are formed as intermediates under the reaction
conditions. A decisive factor for the successful occurrence
of the reaction is evidently the high boiling point of DMF
since, on heating to the boiling point in 10% alcoholic solution
of ammonia, l f7'58 and also on heating in ethanol with amines,
compounds (XII) remain unchanged. Oxalenes, having an
oxygen atom linked directly to the aromatic ring, cannot be
converted in this way into nitrogen-containing pseudoazu-
lenes. The attempts to convert 5,6-benzoxalene (XXIV) into
4/i-cyclopenta[b]quinoline (XXIII) were unsuccessful (only
polymeric products of the condensation of the initial compound
were obtained 5 1 ' 5 5 ) .

4. Other Methods of Synthesis

Apart from those described above, there exist several more
methods of synthesis of pseudoazulenes. Although these are
not quite so common, they can be used successfully in certain
cases.

Analogously to the synthesis of the azulene by the Hafner
method, the cyclopentadienyl anion can be used to obtain
cyclopenta[c]thiapyran:63>61*

(xvi)

The yield of compound (XVI) is only 10%, but this method
actually consists of only a single stage. So far, it has been
the only procedure for the synthesis of 2/i-cyclopenta[d]-
pyridazine: 6 5

The synthesis of the 2H-indeno[2, l-c]pyridine derivative
(XXIIa) has been described: 6 6 " 6 8

CH3. Ph

The photochemical oxidative cyclisation of 1,2-diphenyl-
3//-cyclopenta[b]quinoline (LV) leads to the formation of a
new hexacyclic structure (LVI).21* Subsequent quaternisa-
tion with dimethyl sulphate and treatment with sodium acetate
afford the fully conjugated polycyclic system (LVIII)—10-
methyldibenzo[4,5,6,7]indeno[2,l-b]quinoline in 54% yield:

Ο R1

PhMgBr

(50%)

PPA = polyphosphoric acid.
(XXIb)

On treatment with HC1, oxepinopyridazine and oxepinopyr-
idine derivatives are capable of rearranging to the correspond-
ing pseudoazulenes— 5H-cyclopenta[d]pyridazine and 5H-cy-
clopenta [ c ] py ridine: 6 9

COOCH,
I-

ClljOCO
OOCH,

CR,OCO TI " COCH.

(LV11) (LVIII)

I I I . CHEMICAL PROPERTIES

The reactivity of pseudoazulenes has so far been inade-
quately investigated and information concerning the behaviour
of many systems in chemical reactions is totally lacking. Data
conerning the preferred reaction centres, obtained as a result
of quantum-chemical calculations, are examined below. The
examples of reactivity known at present are in the main con-
sistent with these theoretical data and indicate a rigorous
analogy with the properties of azulene. The enhanced elec-
tron density in the five-membered ring and the electron defi-
ciency of the atoms of the heterocycle are responsible for the
high reactivity of the former and the passivity of the latter
with respect to electrophiles. Like azulene, pseudoazulenes
readily form π-complexes with various π-acids: trinitroben-
zene, picric acid, etc.

The trinitrobenzene complexes are frequently used for the
purification, identification, and isolation of unstable pseudo-
azulenes, since such complexes readily decompose into their
components during chromatography on alumina. Trinitro-
benzenates are sometimes introduced into electrophilic sub-
stitution reactions,7 0 the insoluble trinitrobenzene being sub-
sequently readily removed.

1. Basicity

The high basicity of azulene is responsible for the formation
of the azulenium salt (LIX) on treatment with concentrated
inorganic acids : 3 2 · 3 3 ' 7 1
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Pseudoazulenes give rise to analogous cations, but there is
in this instance a possibility of the formation of two tautomeric
forms (LXa, b), because the presence of the heteroatoms dis-
turbs the molecular symmetry. The choice between these
cations is of fundamental importance for the establishment of
the structure of the salts formed and their derivatives and
for the elucidation of the influence of the heteroatom on the
electron density of the atoms in the five-membered ring:

(LXa)

(LXb) (LXIb)

According to Anderson and Harrison,72 the [c]-series com-
pounds (X = S) can be protonated in both 1- and 3-positions,
but the latter pathway is preferred and for this reason the
cation (LXAa, X = S) is usually formed. In the [b]-series
compounds (X = Ο or NR) protonation takes place exclusively
in the 1-position. 5 1>5 7 '5 8 '7 3

XH NMR data for the pyrylium salts (LXII) have been com-
pared57 with the corresponding data for the salts (LXIII) and
(LXIV) and it was concluded, on the basis of the study of the
chemical shifts of the methylene protons (in solution in CF3.
.COOH) in these compounds, that the protonation of 2-phenyl-
cyclopenta[b]chromene (XXIVa) proceeds exclusively in the
1-position with formation of the cation (LXIIa):

(LXIIb)

(LXIII) (LXIV) \=y

The majority of pseudoazulenes are stronger bases than
azulenes. The pKa of the individual pseudoazulenes has
been reported in a review22 (the pKa of unsubstituted azulene
is 1.7). Phenyl-substituted l//-pyrindines (XI) andN-methyl-
cyclopenta[b]quinolines (XXIII) are protonated even by acetic
acid, i.e. their pKa exceeds 4.5.5 1

The basicities of azulenes and pseudoazulenes are usually
characterised by the partition coefficient K v:

3 2

* „ =
pseudoazulene concentration in an inert solvent
pseudoazulene concentration in aqueous acid

The partition coefficient Kv has been measured as a function
of the Hammett acidity function Ho of the aqueous layer. In
order to determine the basicity, it is necessary to select the

value of f/0 for which the coefficient Kv becomes unity. The
Hammett acidity function Ho (Kv = 1) has been measured
spectrophotometrically for certain pseudoazulenes containing
various heteroatoms.28 Nevertheless, we assume (in con-
formity with the data of Weiss and Schoenfeld71*) that the
basicities of these compounds can be determined from the
value of Ho only approximately owing to the different solu-
bilities in the organic solvents of the compounds being com-
pared. For this reason, the Ho (Kv = 1) values can be used
only to demonstrate approximately that nitrogen-containing
pseudoazulenes are much more basic than oxygen- or sulphur-
containing analogues and that the basicity of pseudoazulenes
is higher than that of azulenes.

Quantitative data for the reactivities of azulenes and pseu-
doazulenes in relation to electrophiles have been obtained by
measuring the rate of exchange of active hydrogen atoms (in
the 1- and 3-positions in both azulene and pseudoazulenes)
for deuterium in an acid medium.7lf The rate constant for
the exchange in azulenes is lower than in 2,3; 5,6-dibenz-
oxalene and N-methyl-2,3; 5,6-dibenzopyrindine. The authors
note that the rates of H—D substitution, measured in a dilute
solution of CH3COOD in CH3OD for these pseudoazulenes as
well as certain azulenes, correspond to the reactivities of
these compounds predicted by Borsdorf on the basis of the
π-electron densities calculated by the MO-LCAO method (see
Section IV).

2. Electrophilic Substitution Reactions

Electrophilic substitution in pseudoazulenes takes place
exclusively in the 1- and (or) 3-positions (in the five-mem-
bered ring), i.e. is completely analogous to the substitution
in azulenes. If both these positions in the five-membered
ring are free, then in the majority of cases mixtures of mono-
and di-substituted products are obtained and can be separa-
ted only by prolonged operations; the predicted preferred
sites to which the reactions are directed have not been dem-
onstrated in practice. In the majority of instances, the
reactions were carried out using compounds having individ-
ually only the 1- or 3-position free. Disubstituted products
have been mainly obtained for other compounds.

(a) Azo-coupling. Among inactivated aromatic benzenoid
compounds, there are only a few substances capable of enter-
ing into the azo-coupling reaction with diazonium salts, whereas
for azulenes this reaction is facilitated by the low localisation
energy for electrophilic attack in the l(3)-position. All the
azulenes investigated hitherto readily give rise to azo-dyes.33

The pseudoazulenes (XIa), (Xlla), (XVI), and (XXIIIb, c)
are smoothly coupled to benzene- and p-nitrobenzene-diazo-
nium fluoroborates in acetonitrile51 or in a dioxan-ethanol
mixture.58 Quaternary salts, for example (LXVIII), are
formed in the first stage and on treatment with a base (sodium
acetate) are converted into azo-eompounds in 70—90% yield:

,N=N—Ph

(LXV) from (XIa) (LXVI) from (Xlla) (LXVII) from (XVI)

N=NPh

(XXIIIc) (LXIX)
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Azo-dyes of the type (LXIX) have the azo-group in the
3-position, while in 2-phenylcyclopenta[b]quinoline (XXIIIb)
the azo-group can enter the 1- or 3-position. Indeed, two
structurally isomeric azo-dyes have been obtained on azo-
coupling, which has been demonstrated by thin-layer-chro-
matography (TLC); but the isomers could not be separated
by crystallisation.5 1

(b) Nitration. As a result of the sensitivity of pseudo-
azulenes to strong acids and oxidants, they cannot be nitra-
ted by the nitrating mixture, but nitration can be readily
achieved by treatment with Cu(NO3)2 in acetic anhydride or
with tetranitromethane in pyridine. 2 6 ' 3 3 ' 3 1 *' 5 0 ' 6 1 ' 7 2 ' 7 5 Only
mononitro-derivatives of pseudoazulenes are known; the
attempts to obtain dinitro-derivatives by treatment with an
excess of tetranitromethane in pyridine and also with copper
or silver nitrate in acetic anhydride were unsuccessful.72 The
synthesis of nitropseuduazulenes has been described: 3-nitro-
l,2,5,7-tetraphenylcyclopenta[b]pyran and 3-nitro-l,2;5,6-
dibenzoxalene as well as l(3)-nitrocyclopenta[c]thiapyran
(LXX).6 1 '7 2 It has been noted that the properties of the
product (LXX) preclude a choice between the structures of
the 1- and 3-substituted derivatives:

Cl

N O S

I

o r
 QS

\ / \ί*

N02

(LXX)

X

NO,
(l.XXIj

NO,

(LXXII)

On nitration with an excess of tetranitromethane in pyri-
dine, cyclopenta[b]thiapyran (XIII) affords two isomeric
products (LXXI) and (LXXII), whose structures have not
been determined unambiguously. However, it has been
established that the reaction of 2-phenylcyclopentachromene
(XXIVa) with C(NO2)i> in pyridine leads exclusively to the
1-nitro-derivative (LXXIII), while the 1,2-diphenylcyclo-
pentachromene is nitrated, as expected, in the 3-position:75

(LXXI11)

The 3-trans-styryl derivative of 1,2-diphenylcyclopenta-
chromene is capable of being nitrated at the α-carbon atom
of the styryl residue, i .e. in the position most remote from
the cyclopentachromene ring and at the same time conjugated
with it (the vinylogy principle),7 6 forming the nitrostyryl
derivative (LXXIV):

(LXXIV)

(c) Halogenation. The best halogenating agents for
azulenes33 and pseudoazulenes are N-halogenosuccinimides,
whose use makes it possible to obtain mono- and di-halogeno-
derivatives in high yields (up to 8 2%). 2 6 ' * ' 3 8 ' 5 0 ' 5 8 · 6 1 ' 7 2

Ph P h

>—Ph

(LXXVIIIa, b)
i i I,

(LXXV) (LXXVI a, b) (LXXVII)

/Vu,
dl ur

(LXXIX) (LXXX)
a:X=Cl
b:X=Br

The halogenation of pseudoazulenes without substituents
in the 1- and 3-positions yielded the disubstituted products
(LXXV),3" (LXXVia,b),61'72 and (LXXVII).38 The mono-
substituted pseudoazulenes (LXXVIIIa, b ) , 5 8 (LXXIX),* and
(LXXX)26'50 have also been obtained with the aid of N-halo-
genosuccinimides. The attempt to obtain the trichloro-
derivatives from cyclopenta[c]thiapyran (LXXVIa) leads
only to a polymeric material,72 while 1,3-dichloroazulene is
capable of being chlorinated by N-chlorosuccinimide with
formation of 1,3,5-trichloroazulene in 17% yield.7 7

(d) Acylation and formylation. It is known that azulenes
are acylated by carboxylic acid chlorides in the presence of
aluminium chloride, perchloric acid, or tin tetrachloride with
formation of 1-mono- and 1,3-di-acyl derivatives. The
reaction with (CF3CO)2O takes place almost quantitatively
without a catalyst. 3 3 Azulene has been acylated with the
chlorides or bromides of oxalic, malonic, and phenylacetic
acids.

However, none of these methods are very applicable to
pseudoazulenes owing to their greater basicity and lower
chemical stability. 1,3-Diacetylcyclopenta [c Jthiapyran
(LXXVic) has been obtained in only 9% yield by the acylation
of compound (XVI) with acetic anhydride in the presence of
SnCl, : 6 1 ' 7 1

cocn3

(LXXVIc)

CH 3 COC1I.

(XXVIIId) (LXXXl):

5-Acetyl-N-methyl-1,2;5,6-dibenzoazalene (XXVIIId) has
been obtained by reaction with acetic anhydride without a
catalyst. K The Vilsmeier—Hack reaction is most often
employed to synthesise formyl derivatives.2 6·5 0 '5 2·5 8 Both
mono- and di-formylazulenes have been obtained from azu-
lenes by this method.33 The aldehyde (LXXVI) has been
obtained by formylating compound (Xllb) by the complex
POCI3.DMF with isolation of the intermediate phosphoro-
dichloridate [X = CH = N+(CH3)2.PO2C12] in a high yield.
The 1,3-dialdehyde has been obtained in 70% yield by heating
2-phenylcyclopentachromene with an excess of the Vilsmeier
reagent. 7 5 The thermal acylation of compound (XXIVa)
with malonic acid in the absence of solvents leads to the
1-acetyl derivative.7 8 Under mild conditions (treatment with
oxalyl bromide in CCU for many days at 20 °C), the pseudo-
azulenes (XIII), (XXVIII), and (XXIX) form substituted
glyoxylic acids, which are decarbonylated to the corre-
sponding carboxylic acids on heating to 70 oc, 7 9 , 8 0 it has
been shown2 6·5 2that a high basicity and ready hydrolytic
elimination of the formyl group on heating in the presence of
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inorganic acids are characteristic of pseudoazulene alde-
hydes. 26»sz 3-Formyldibenzoxalene in alcoholic solutions26

splits off the formyl group in the presence of POC13 and
affords the intensely green dioxalenylmethane derivative
(LXXXII) ( X m a x = 722 nm, lg ε = 4.42 in methanol).

The same compound can be obtained from dibenzoxalene
and 3-formyldibenzoxalene, analogously to the synthesis of
the diazulenylmethane dye obtained by condensing azulene
with 1,4-formylazulene.33 Pseudoazulene aldehydes can be
used for the synthesis of other derivatives, for example,
polyene derivatives. Thus a series of styrylpseudoazulenes
have been obtained by the Wittig reaction76 from mono- and
di-formylcyclopentachromenes. The virtually pure trans,
trans-isomer (LXXXIII) has been obtained by reaction with
cinnamylidenephosphorane, while the reaction with ben-
zylidenephosphorane produced the cis- and trems-isomers
(LXXXIVa.b) in proportions of approximately 1: 2. The
cis-isomer (LXXXIVa) is converted quantitatively into the
trans-isomer on treatment with catalytic amounts of I2 by
analogy with the isomerisation of cis-1-styrylazulene:81»82

L X X X I I I »

•TYV

- ΠΓ.ΗΟ *·

—Ph

/

v / = \

(LXXXIVa)

COCI·"·!

\

(LXXXIVb)

CHO

•Vh

Compound (LXXIVb) can undergo the electrophilic sub-
stitution reaction in the CH=CH-Ph side group (in the
ot-position in the styryl residue). The increased electron
density at the C(l) atom of the 2-phenylcyclo pentachromene
system affects the structural selectivity of the Wittig reaction
for the 1,3-dialdehyde, which reacts with one equivalent of
Ph3P=CHPh to produce the cis- and trans-3-styrylaldehydes
(LXXVa) and (LXXXVb):

CHU

—Ph
PhaP=CHPh

CHO CHO

>-Ph + - P h

CHO

(LXXXVa) (LXXXVb)

(e) Reactions with organic •π-acids. The reaction of
7,7,8,8-tetracyanoquinodimethane (TCQD) with azulenes
leads to the formation of products of the 1,6-addition to the
quinonoid bond system of TCQD as a result of the initial
one-electron oxidation of the donor by the acceptor,83

exactly as in the reaction of azulenes with tetracyano-
ethylene.*'85

Pseudoazulenes also readily form ττ-complexes with various
acids: trinitrobenzene, picric acid, etc.7'11·»27'32'33 The
complexes with trinitrobenzene are frequently used to purify,

identify, and isolate unstable pseudoazulenes; these com-
plexes readily decompose into their components in chromatog-
raphy.

The formation of l-(3,5,6-trichloro-l,4-benzoquinon-
2-yl)-3-benzoyl-4-methyl-4H-[b]quinindine in 64% yield
using chloranil as the dehydrogenating agent for quaternary
salts has been reported i1*3'1*

The following disubstituted derivatives were later obtained
on dehydrogenation of the quaternary salts of hydrogenated
pseudoazulenes: 29>||5.1|β

NCs/V CN

The high reactivity of the 1-position in compound (XXIVa)
enables it to participate in reactions involving addition to
organic π-acids, for example, to benzoquinone, chloranil,
and TCQD, with the ultimate formation of products resulting
from the substitution of hydrogen, chlorine, or a CN group.
However, the products (A) and (B) proved to be unstable
and could not be isolated in a pure state:86

3. Homolytic Substitution

The majority of radical substitution reactions have been
thoroughly investigated for azulene derivatives.31~33·87

Pseudoazulenes, which are no less reactive than azulenes,
should also enter into similar reactions, but the literature
data on this topic are extremely limited.22 It is known only
that radical species such as 2-benzothiazolylsulphenyl,
2-(o-chlorophenyl)-4,5-diphenylimidazolyl, and 2,6-diphenyl-
4/f-4-pyranyl, formed at elevated temperatures, react with
compound (XXIVa).88 When the latter is fused with 2,2-
dibenzothiazolyl disulphide (at 200 °C), l,3-di(benzothiazolyl-
thio)cyclopenta[b]chromene is formed in 12% yield; the for-
mation of the mono-substituted benzothiazolylthio-derivative
was not then observed, while in the reactions with azulene
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and 4,6,8-trimethylazulene, only the 1-substituted deriva-
tives were obtained:8 9

The thermal reaction of l,2-bis[2-(o-chlorophenyl)-4,5-
diphenylimidazolyl] with 2-phenylcyclopenta[b]chromene
leads to the formation of the 1-substituted derivative, as
in the reaction with azulene:9 0

The reaction of compound (XXIVb) with 2,6-diphenyl-
pyrylium perchlorate in boiling acetic anhydride leads to the
formation of 2,6-diphenyl-4-{l,2-diphenylcyclopenta[b]-3-
chromylia}pyrylium diperchlorate in 75% yield.9 1 It has
been suggested that the primary step in this reaction is the
one-electron oxidation of the substrate by the 2,6-diphenyl-
pyrylium cation, which leads to the formation of the extremely
reactive 1, 2-diphenylcyclopenta[b]chromenylium radical-
cation and the 2,6-diphenyl-4//-4-pyranyl radical, which
recombine to a doubly charged primary cation:

2C10

4. Nucleophilic Substitution

The effect of alkyl- and aryl-lithium has been investi-
gated on the pseudoazulene systems (XVIII), (XXIV) and
(XXIX).16'""5'"6 The hydrocarbon residue then attacks the
carbon atom located opposite to the heteroatom. Dihydro-
compounds, which can be again dehydrogenated to pseudo-
azulenes, are obtained by hydrolysing the intermediates.
Such reactions are characteristic of π-deficient heterocycles.
The system (XXIX), which is isoelectronic with azulene, can
be described as a hybrid of resonance structures—those of
the pyrylium cation (B) and the anion (A):

The limiting form (A) is responsible for the sensitivity of
dibenzoxalene (XXIX) to nucleophiles, which has been con-
formed by its reaction with phenyl-lithium, leading to 11-
phenyl-5,11-dihydrodibenzoxalene. Dibenzoxalene (XXIX)
is resistant to lithium malonate and maleic anhydride; the
attempts to replace the oxygen heteroatom by sulphur and
nitrogen proved unsuccessful.2 6 It is also known that only
one chlorine atom, located at the C(3) atom, in 1,3-dichloro-
cyclopenta[c]thiapyran is substituted by silver nitrite: 7 2

P h ' 0 NPh

An analogous reaction has been carried between 2,6-
diphenylpyrylium perchlorate and 6-heterylazulenes.92

Other organic compounds with an enhanced electron density
at, at least, one of the carbon atoms (NN-dimethylaniline93'*
and 1-methyl and 2-methyl-indoles95»96) or substances capable
of being readily oxidised to readily stable radical-cations
(ferrocene9 7) can also serve as substrates in this reaction.
An example of the transmission of the influence of the elec-
tron density to the non-benzenoid aromatic ring on the
reactivity of the conjugated side chain (vinylogy) is provided
by the reaction of 2-phenyl-l,3-distyrylcyclopentachromene
with sulphur, which leads to a new heterocyclic system:
6-phenyl-14-styrylbenzo[2' ,3' ]thiepino[4' ,5' ; 2,1 ]cyclopenta-
[bjchromene (LXXXVI) in 40% yield:7 6

5. Other Reactions of Pseudoazulenes

Apart from the reaction described above, isothialene (XVI)
has been substituted by thiocyano-groups using thiocyanogen,
which led to 1,3-dithiocyanocyclopentatcJthiapyran.61'72 The
reaction with Cu(SCN)2 in acetonitrile yielded 1, 2-diphenyl-
3-thiocyanocyclopenta[b]chromene,98while that with Cu(SO2Ph)2

afforded benzenesulphonyl derivatives of 1,2-diphenyl- and
2-phenylcyclopentatb Jchromene.75

The alkylation of l,2,5,7-tetraphenylcyclopenta[b]pyran
with t-butyl chloride in the presence of aluminium chloride
has been carried out successfully.58 Inorganic acids and
phosphoryl chloride induced the dimerisation of dibenzoxa-
lene (XXIX) with formation of a dimer having the following
structure: 5 3
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An instance of allylic rearrangement has been described in
relation to 4-phenyl-4H-cyclopenta[c]cinnoline.99 On being
refluxed in xylene, 3-bromo-4-phenyl-4/f-cyclopenta[c]-
cinnoline- 1-carboxylic acid (LXXXVIII) is decarboxylated
with a simultaneous rearrangement, leading to the formation
of the bromo-derivative (LXXXVIII):

COOH
I

11 X
Ν y

Ph B r

(LXXXVII)

Δ

xylene. -CO,

Λ

\ N /

Ph Ph Cl

(LXXXVIII) (LXXXIX)

In contrast to the bromoacid (LXXXVII), the corre-
sponding chloroacid is decarboxylated under the same condi-
tions without a rearrangement, forming the chloro-derivative
(LXXXIX). It is noteworthy that the decarboxylation of
the bromoacid (LXXXVII) leads only to the bromo-derivative
which can be obtained by brominating 4-phenyl-4f/-cyclo-
penta[c]cinnoline by N-bromosuccinamide.

The photosensitised pseudoazulene oxidation processes
have been examined.100 Polyarylcyclopenta[b]quinolines,
for example, compound (XXIIIc), 1-pyrindines (XI), and
cyclopenta[b]chromenes sensitise the formation of singlet
oxygen on irradiation in air in various solvents and are
oxidised by it to dioxetans, which readily decompose with
chemiluminescence. Dioxetans also generate xOz, as a
result of which the oxidation reactions undergo self-accelera-
tion :

Ph

CH3

(XXIHB)

/ \ N / \ .

CH3

(XC)

Ph oI /°\
/ \ Ο

\ /
\

Ph

The formation of the dioxetan having the structure (XC)
has been suggested. The thermal decomposition of the
dioxetan (XCI) leads to dihydroxy-compound (XCII):

Ph Η

(xci)
(XCIII)

The photodecolorisation is retarded in the presence of a
typical XO2 quenching agent—diazabicyclo-octane (XCIII),
or a chemical quenching agent—2,5-dimethylfuran, which
forms a peroxide. The quantum yields in the decomposition
of pseudoazulenes are approximately 2 χ 10"3.

IV. QUANTUM-CHEMICAL CALCULATIONS

The aromaticity of pseudoazulenes is determined by the
sextet of π-electrons in the heterocyclic ring, made up of
the single unshared electron pair of the heteroatom, located
in the ρ orbital axial in relation to the plane of the ring,
and four π-electrons of the double bonds. The aromatic
sextet of electrons in the five-membered ring is obtained as
a result of the possibility of polarisation in the direction
from the six-membered ring to the five-membered ring, the
conditions in both rings approaching those of an aromatic
sextet. For this reason the dipolar structure makes a
significant contribution to the electronic structure of pseudo-
azulenes. The azulene32 and pseudoazulene35'38 systems can
be represented by resonance hybrid structures, inter-
mediate between the Kekule* form (A) and the dipolar form(B).

The data for electron distribution obtained for pseudo-
azulenes by the LCAO-MO method in terms of the Hiickel
approximation 57>101~110 and by the Pariser—Parr—Pople (PPP)
method,98'101 the reactivity data, and the electronic absorp-
tion spectra indicate an azulene-like behaviour of representa-
tives of this class of non-benzenoid non-alternant aromatic
compounds. Despite the difficulties associated with the
allowance for the contribution by polar structures, the
electron deficiency in the six-membered ring and the excess
electron density in the five-membered ring have been cal-
culated for all the pseudoazulenes. It follows from the
molecular diagram for indolizine that a considerable positive
charge is localised on the nitrogen atom and that there is a
negative charge on all the carbon atoms except the C(8)
atom (six-membered ring). 1 1 2 Since different workers have
used different sets of parameters, the calculated electron
density distributions on the carbon atoms could not be com-
pared directly. The results yielded by the same set of
parameters for different systems lead to the following con-
clusions: the electron density on the carbon atoms decreases
from the nitrogen-containing pseudoazulenes to the oxygen-
containing compounds as a consequence of the greater
electronegativity of oxygen. In the [b]-series of pseudo-
azulenes the carbon atoms of the five-membered ring have a
higher electron density than for the [c]-series. The pres-
ence of a condensed aromatic ring in the 1,2-positions
increases the electron density in the five-membered ring,
while condensation in the 5,6-positions reduces it. The
distribution of electron density on the individual atoms of
the five-membered ring is as follows: the 1- and 3-positions
have an increased electron density compared with that in the
2-position. In the [b]-series the C(l) atom is more electron-
deficient than the C(3) atom,22»98 while in the [c]-series the
situation changes. In azulene, the 1- and 3-positions are
equivalent as a consequence of the symmetry of the molecule,
while the 2-position is much more electron-deficient as in
pseudoazulenes.32 The self-consistent field calculations for
the azulene molecule113'11'' yielded a somewhat different
picture. On average, the five-membered ring carries an
excess negative charge, as before, but, in contrast to the
result yielded by the simpler Hiickel MO method, the atom
in the 2-position carries a positive charge.
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Electrophilic substitution of non-condensed representatives
af pseudoazulenes (XI)-(XVI) is directed preferentially to
the 1- or 3-position. If both these positions are free, then
they can be attacked simultaneously. Attack by nucleophiles
should take place in the 7-position for representatives of the
[b]-series and in the 4-positions for the [c]-series. Radical
reactions are directed to the 5-position for the [b]-series,
while representatives of the [c]-series react in the 4-posi-
t ion. 1 0 8 Various preferred positions for electrophilic,
nucleophilic, and radical substitution reactions follow from
the localisation energies A r , the π-electron densities q r , or
the free valence indices Fr for the individual C atoms. The
reactivities of the C atoms of cyclopenta[b]pyran (XII) are
presented in Table 2.1 №

Table 2. Preferred mode of substitution in the oxalene
(XII)*.

Electrophilic
substitution

4

1
Η

-
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3
1
2

Nucleophilic
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5
7
2

5
I

Radical sub-
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5
1
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5
7
1
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>·?
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«f

G
7
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3
(i

Ir

2
1
3

Radical sub-
stitution
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3
2
6

' '

3
2
(j

*The reactivity diminishes on moving towards lower rows.

(Mil

It follows from the calculations of the electronic absorption
spectra by the Huckel MO method1 0 1,1 0 2.1 0\1 0 7 and the PPP
method98»111 that, analogously to azulenes, the long-wave-
length band in the range 500—700 nm corresponds to the
S° + S1 transition, while the band in the range 360-390 nm
corresponds to the S° •+ Sz transition. The absorption in
the short-wavelength part of the spectrum is determined by
complex transitions. The long-wavelength transition is
accompanied by charge transfer preferentially from the five-
membered ring to the six-membered heterocycle. Thus the
overall negative charge on the atoms of the five-membered
ring in 2-phenylcyclopentachromene is reversed on transition
to the first excited state (+0.096 against -0.374 in the ground
state), while that in the heterocycle diminishes appreciably
(to +0.008 against +0.315). The bonds in the rings become
to a large extent equalised. The comparatively low intensity
of the band can be accounted for by the small change in the
dipole moment of the transition (Δϋ =0.40 D). Theoretical
analysis of the long-wavelength electronic transition has
shown that it is determined mainly by the fulvene group,
which is a constituent fragment of the pseudoazulene mole-
cule. 9 8

It has been demonstrated theoretically52'111 that the influence
of the heteroatom on the absorption spectra of heterocyclic
pseudoazulenes is very insignificant. According to a
quantum-chemical calculation, the influence of substituents
on the energy of the long-wavelength transition is the same
as that for azulenes.1 0 8 A bathochromic or hypsochromic
shift of the long-wavelength band, induced by the intro-
duction of alkyl groups in different positions in the azulene
ring (the Plattner rule), is especially typical for azulenes.1 1 5

The influence of the methyl group in different positions in
cyclopenta[c]pyran has been calculated102 and it has been
shown that the Plattner rule should hold also for pseudo-
azulene systems. Inadequate experimental data make it
impossible to confirm this postulate.

V. PHYSICOCHEMICAL PROPERTIES

1. Stability

Pseudoazulenes are in most cases deeply coloured, crys-
talline, weakly basic compounds, which dissolve in aqueous
solutions of strong acids with loss of the characteristic
colour and are reprecipitated unchanged on dilution with
water or aqueous bases and can thus be extracted from
organic solvents. In terms of their colour, basicity, and
resistance to alkalis, they resemble azulene. In contrast to
the majority of azulenes, numerous pseudoazulenes are
unstable. Simple unsubstituted representatives of certain
systems cannot be isolated in a pure form at all. Phenyl
substituents stabilise the system and polyaryl-substituted
compounds can be stored for a long time at room temperature
without appreciable decomposition. Thus Ν-methyl deriva-
tives of unsubstituted 1-pyrindine,Μ cyclopenta[b]quino-
line,1*5'116 and indeno[l,2-b]-pyridine2 7 are unstable, while
1-phenyl and l,2-diphenyl-cyclopenta[b]quinolines as well
as the tri- and tetra-phenyl derivatives of 1-pyrindine are
comparatively stable.5 1 Substitution by even one strong
electron-accepting substituent is sufficient to achieve the
complete stabilisation of the unstable systems. "Picrylation"
has an especially powerful stabilising effect.116 The stability
decreases very markedly on passing from sulphur- and
nitrogen-containing systems to the oxygen analogues; thus
cyclopentathiapyran and 2H-pyrindine were synthesised a
long time ago,36»37 while cyclopentapyran is still unknown.
The [c]-series pseudoazulene systems are more stable than
compounds of the [b]-series. Cyclopenta[b]thiapyran has
been isolated in the form of an extremely unstable blue oil;15

in contrast to this, cyclopentatcjthiapyran1*3 is a fairly stable
crystalline substance. Under the influence of atmospheric
oxygen and light, many pseudoazulenes decompose very
rapidly. Solutions in non-polar solvents are preserved for
a long time, while in polar solvents, especially in methanol,
decomposition is observed over a period of 4-5 h . a The
stability of pseudoazulenes in relation to bases makes it pos-
sible to chromatograph them on alumina.

2. Electronic Absorption Spectra

There is no doubt that the long-wavelength absorption,
observed for azulene in the region of approximately 600 nm,
is most characteristic for the identification of the compounds
considered. Only an indirect comparison of the spectra
of pseudoazulenes with those of carbocyclic analogues is
possible, since the corresponding polyphenylazulenes and
certain polycyclic condensed systems are so far unknown,
while many pseudoazulene systems without substituents are
unstable. The electronic spectra of 1,2-, 4,5-, and
5,6-benzoazulenes have been compared with those of unsub-
stituted azulenes.1 1 7"1 2 5 Since azulenes phenyl-substituted
in the seven-membered ring have the same absorption spec-
trum as unsubstituted azulenes,1 2 6 '1 2 7 El'tsov et al. a com-
pared the spectra of pyrindines with those of 2-phenyl-
azulene.1 2 8 The comparison showed that the long-wavelength
band in the spectra of non-condensed 1-pyrindines has
undergone a hypsochromic shift by 60—70 nm compared with
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the spectra of azulene. Substituents at the nitrogen atom
have little influence on the long-wavelength transition and
hardly affect the short-wavelength transitions. Pyrindines
absorb in approximately the same part of the spectrum as
the corresponding oxygen analogues. The influence of
phenyl substituents on the direction and magnitude of the
shifts of the absorption maxima16'27'28»118»57 is approximately
the same as for azulene. The phenyl group in the 1- or
3-position in cyclopenta[b]quinoline induces a 22 nm batho-
chromic shift (there is a 26 nm shift in the spectrum of
azulene1 2 8). In the oxygen analogue—2-phenylcyclopenta-
[b Jchromene—the successive introduction of phenyl sub-
stituents into the five-membered ring leads to a bathochromic
shift of the long-wavelength band by 42 nm for one phenyl
group (the calculated shift is thus 28.2 nm) and by 60 nm for
two such groups. The trans-styryl group in the 1-position
induces a +80 nm shift, while that in the 3-position induces
a 60 nm shift. Two trans-styryl groups cause a "red" shift
by 140 nm without an appreciable change in the oscillator
strength. 9 8 Electron-accepting substituents in the five-
membered ring of 4H-indeno[2,l-b]quinoline cause a
hypsochromic shift of the absorption by 30-35 nm, while
in the spectrum of the oxygen analogue the shift is by only
5—10 nm. 5 2 The introduction of electron-accepting sub-
stituents in the 3-position in l,2-diphenylcyclopenta[b]-
chromene results in a hypsochromic shift of the long-
wavelength band by approximately 30 nm with an increase
of the oscillator strength by a factor of 1.5. The same
substituents in the 1-position induce a 10—30 nm bathochromic
shift and an increase of the oscillator strength of the band
by a factor of 4—δ,98 in contrast to azulene, where a hypso-
chromic shift is observed exclusively.31

The emission spectra of azulene are known to be unusual :

1 2 9-1 3 2

the fluorescence of azulene and its derivatives corresponds
to a very rare S 2 -> S° type of transition. Such anomalous
luminescence is probably a consequence of the marked splitt-
ing of the S2 and S1 levels and a greater mutual approach
of the S1 and S° levels than for other aromatic systems. It
has been found51»53 that the luminescence of pseudoazulenes
is just as anomalous as for azulenes. The quantum yields
are 10"1*—10~5 against 10~2 for azulene.1 3 0 As for azulene,
the authors did not observe phosphorescence in pseudo-
azulenes. The structure of the electronic spectra and the
luminescence properties of 1,2-benzoxalene derivatives have
been examined.1*

3. Infrared, 1H NMR, and Mass Spectra

Virtually no systematic studies of the IR, XH NMR, and
mass spectra of pseudoazulenes are described in the litera-
ture. These data are usually given in the experimental
parts of synthetic studies.

The IR spectra of substituted pseudoazulenes contain only
insignificant characteristic bands corresponding to the normal
absorption of aromatic rings. For example, the spectra of
indeno[2,1-b]benzopyrans in the range 1560—1660 cm"1 have
four bands due to the vibrations of the aromatic ring and the
C=C stretching vibrations and the moderately intense band
at 1230 cm"1 has been attributed to the v(C=O) deformation
vibrations of the - C = C - O group. 2 6 The vibration frequen-
cies of the substituents in the five-membered ring in both
azulene and pseudoazulenes are appreciably reduced.3 1 '5 8 '1 3^'1 3 5

If the system contains the CN, CHO, or COCH3 groups in
the five-membered ring, then the latter, being substituents
of the second kind, promote the polarisation of the system
with formation of the structure (B). The v(C=O) vibration
frequencies in the aldehydes (1611 cm"1) and ketones
(1598 cm"1) derived from indeno[2,l,b]quinoline (XXVIII)

are reduced compared with the frequencies in the similar
derivatives of indeno[2,l-b]benzopyran (XXIX) (1631 cm"1

in the aldehydes and 1625 cm"1 in the ketones), 1 0 3 which can
be explained by the smaller electronegativity of the nitrogen
atom compared with the oxygen atom, which promotes the
formation of a polar structure. In the IR spectrum of
l,3-diacetylcyclopenta[c]thiapyran the stretching vibrations
at the carbonyl group appear at 1629 cm"1, i .e. at longer
wavelengths than the corresponding vibrations of the car-
bonyl group in 1,2-diacetylazulene, observed at 1638 cm"1. 7l

The dependence of the v(C=O) vibration frequency on the
position of the CO group in azulene has been indicated.1 3 6

The authors note that the spectra of 1-phenylacetyl- and
2-phenylacetyl-azulenes contain the absorption bands due
to the carbonyl group at 1640 and 1675 cm"1 respectively.
In the spectra of 1-carbonyl-containing pseudoazulenes of
the cyclopenta[i)]chromene series there is a possibility of
the overlap of the frequencies of the aromatic C=C and
C=O bonds. The possibility of using the integral intensities
of the vibration bands of the bonds and 13C NMR to demon-
strate the presence of carbonyl groups has been examined.137

13C NMR spectrum of l,3-diformyl-2-phenylcyclopenta[b]-
chromene in CDC13 shows two signals with chemical shifts δ
of 186.61 and 183.77 p .p .m. , corresponding to the carbon
atoms of the two formyl groups, and also the signals of the
phenyl substituent in the region of 77.25 p.p.m. and the
remaining carbon atoms at 118.27-138.86 p.p.m. A con-
siderable up field shift of the 13C resonance signal of the
C=O group compared with acetophenone (196.9), benz-
aldehyde (190.7), and acetone (204.1) has been noted. 1 3 8

It follows from the comparative analysis of the shifts δ of
the CHO groups in the 13C NMR spectra, the v(C=O) fre-
quencies, and the integral intensities of the absorption
bands due to the stretching vibrations of the C=O groups
in the IR spectra that the CHO groups in the 1- and 3-posi-
tions in azulene and cyclopenta[b]chromene are strongly
polarised, which is comparable to the polarisation of the
C=O group in benzotropones.1 3 9 The 13C NMR spectra of
unsubstituted azulene and mono- and poly-methylazulenes
have been published.1<l0 The chemical shifts of the methyl
groups in different positions in the azulene ring are in the
range δ = 12.6-28.5 p .p .m. , while the shifts for the Ci-C 1 0

atoms are in the range δ = 116-146.9 p.p.m.

The XH NMR spectrum of azulene 1<α>1Ιώ agrees well with its
structure. The XH NMR spectrum of cyclopenta[c]thiapyran
has been interpreted. 6 1 The spectra of its methyl deriva-
tives were examined by Radeglia and Wagner6*1 and those of
the 1-pyrindine system were considered by Anastassion and
Reichmanis.143 The protons in the 1-, 2-, and 3-positions
in azulene are not shielded to the same extent as the corre-
sponding protons in cyclopenta[c]thiapyran. It follows from
this that the polar structure of pseudoazulenes has a stronger
influence on the distribution of electron density in the ground
state. 6 1 The different degrees of shielding of the individual
protons in the pseudoazulene nuclei, which should be
expected on the basis of calculated data as a consequence
of the differences in electron density, do indeed follow from
the λΗ NMR spectra of these compounds, for example, cyclo-
pentatblquinoline.29'1*3"116 In the XH NMR spectra of cyclo-
penta[b]pyrylium salts obtained by protonating cyclopenta-
[b]pyran (XII), cyclopenta[b]chromene (XXIV), and
indeno[2,l-b]chromene (XXIX) by HClOi», the signal of
the methylene group appears in the range δ = 4.48—4.77 p.p.m.
(in CF3COOH). 57 In the spectrum of the protonated form
of 4,6,8-trimethylazulene (in 96% H2SO4), the signal of the
C(1)H2 methylene group is observed at 3.56 p.p.m. The
strong deshielding influence of the electron-accepting groups
PhSO2> CH3CO, and CF3CO in the 1-position [the substituted
C(l) atom of the trimethylazulene system is protonated]
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causes a downfield shift of the C(l)-H signal (5.85, 5.40,
and 4.80 p.p.m. respectively). 1¥t'11*5~11*9 2-Alkyl derivatives
of 6-, and 7-, and 8-ethoxycarbonylindolizines are protonated
at the C(3) atom, the protons of the methylene group formed
in this process being manifested by a signal at 5.28 p.p.m.
with an intensity equivalent to two proton units. The
presence of the CHO, NO2, and COCH3 substituents in the
3-position (in contrast to the 4,6,8-trimethylazulene mole-
cule) alters the centre subjected to protonation, which is
directed in this instance to the oxygen atom of the sub-
stituent. 1 5 0- 1 5 3

There are no literature data on the mass spectra of
pseudoazulenes containing one heteroatom, although the
mass spectra of compounds with several heteroatoms confirm
the aromatic character of pseudoazulenes.23>76'154'155 As for
other aromatic compounds, the principal peak is identical
with that of the molecular ions; the spectra contain numerous
doubly charged ions; there is a small number of low-intensity
fragment peaks.

4. The Dipole Moment

Since the five-membered ring is enriched in electrons,
the azulene molecule has a dipole moment, the five-membered
ring being the negative end of the dipole. The dipole
moment of azulene (6.9 D) has been calculated from the
electron densities and C—C bond orders; direct measurement
yielded 1.04 + 0.05 D. 1 5 6 The theoretical value calculated
in terms of the simple MO-LCAO approximation differs very
markedly from the above value. However, improved cal-
culations have shown that the charge distribution in azulene
is more uniform and the dipole moment is therefore appre-
ciably smaller than the value predicted by the simple MO
theory. For example, application of the MO method with
allowance for configuration interaction led to 1.88 D. 1 5 7 The
value closest to the experimental dipole moment (1.33 D) 1 5 8

has been obtained by the self-consistent field calculation
using variable electronegativities. Improved methods of
calculation have shown that the π-electron density at the
2-atom is less than unity, while at the 5- and 7-atoms the
densities are more than unity, as a result of which the dipole
moment is appreciably reduced.

Pseudoazulenes should possess a dipole moment greater
than that of azulene. The measured dipole moment of
5-methyl-5H-indeno[2,l-b]quinoline is 2.35 D and that of
1,2; 5,6-dibenzoxalene is 2.02 D. The substituents in
pseudoazulenes have a striking influence, which exceeds the
normal values. When electron-accepting substituents (CN,
CHO, and COOC2H5) are introduced into the five-membered
ring of 1, 2;5,6-dibenzoxalene, the dipole moment increases
much more than might have been expected on the basis of the
group moments of the substituents. 1 0 3 This can be explained
by the considerable contribution of the polar structure (B).
This contribution is greater the more electronegative the
substituent and the greater the polarisability of the pseudo-
azulene. The dipole moment and the polarisability of azulene
in the ground state as well as in the first and second excited
states have been examined.159

V I . BIOLOGICAL ACTIVITY AND PRACTICAL APPLICATIONS
OF PSEUDOAZULENES

Like azulene derivatives, pseudoazulenes have a distinct
biological activity. Certain alkylindolizines have a phys-
iological activity analogous to convulsing poisons and induce
the paralysis of the muscular and respiratory activity.1 6 0

The Mannich bases obtained from 2-phenyl and 1, 2-diphenyl-
indolizines have a depressing influence on the central
nervous system.161"166 Derivatives of indolizine-1-acetic
acid have been patented as analgesic and anti-inflammatory
agents.167»168 2-Furylindolizines exhibit an antimicrobial
activity,1 6 9 while 6-methyl-7-(2,4,5-trimethylbenzyl)-2-
phenylindolizine shows growth regulating activity.1 7 0 '1 7 1 The
influence of 6//-pyrrolo[3,2-f]indolizines172~17*on the cardio-
vascular system, arterial pressure, and pulse has been
investigated; the application of the hydrochloride of
2-ethoxycarbonyl-4-isobutyl-3,6,7,8-tetramethyl-6/i-pyrrolo-
[3, 2-f]indolizine as an antiarrhythmic agent, 1 7 5 whose effect
is several times greater than that of other antiarrhythmic
agents such as quinidine and novocainamide, has been
patented. Certain pseudoazulenes exhibit an antitumour
activity. 176~179 The carcinogenic activity of condensed poly-
cyclic pseudoazulenes containing the nitrogen and sulphur
heteroatoms has been studied. Dibenzo[3,4,5,6]thiapyrano-
[4, 3-b ]indolenine (XCIV) exhibited the maximum carcino-
genic activity:1 8 0

(XCIV)

It has been established that 2-arylindolizines possess no
carcinogenic activity.1 8 1 Liquid crystal derivatives of
azulene have been obtained recently. 1 8 2 2,6-Diphenyl-4H-4-
{3H-1, 2-diphenylbenzo[b ]cyclopenta[e ]-3-pyrania }pyrylium
perchlorate (XCV) has been proposed as a sensitiser of
photoconductivity in order to extend the range of the spectral
sensitivity of electrophotographic materials to 800 nm:1 8 3

Sulphonamide derivatives of hydrogenated pseudoazulenes
of the (XCVI) and (XCVII) types with the following sub-
stituents have been patented as herbicidal preparations:181*
R=H,Me, MeO, Hal, NO2, CF 3, COOAlk, SO2Alk, OSO2R,
CF3CH2O3S, or MeN(OMe)SO2; R1 = H,Hal, Alk, or MeO;
R2 = H, Hal, Alk, AlkO, NO2, COOAlk, or AlkS ; R 3 = H ,
Me, MeO, Cl, or EtO; n = l o r 2 ; X = ( C H 2 ) n o r O ; X1 =
NHC(Z)NH; Ζ =O or S.

(XCVI) (XCVII)

Polymers containing the 1, 2, 4-triazolo[ 1, 3-a]pyrimidinyl
group have been patented as stabilisers of photographic
silver halide materials:1 8 5
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The most promising trend in this field comprises studies
on the biological activity and photochemical properties of
compounds of the class considered.
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Studies of Polyacetylene by Magnetic Resonance Methods

T.S.Zhuravleva

Results obtained in studies of polyacetylene (PA) by magnetic resonance methods are discussed. The structure and properties
of the paramagnetic centres in PA are examined, and compared with the structure and the chemical composition of pure and of
doped PA (i.e. PA with added electron donors and acceptors).
The bibliography includes 116 references.
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I. INTRODUCTION

In recent years polyacetylene (PA) has attracted much
scientific interest because of its unusual electrical properties.
An increase in electrical conductivity by 10—12 orders of
magnitude has been obtained by adding donor or acceptor
impurities (see Ref . l ) , equivalent to the transition from
a dielectric to an "organic metal" with a conductivity
σ £ ΙΟ3 Ω"1 cm"1. In chemical composition polyacetylene
(CH)^. is the simplest of all the polymers with conjugated
double bonds, whose conductivity is determined by the
presence of impurities; therefore PA has been repeatedly
chosen as a model system for studies of this unusual
phenomenon. The properties observed in these studies
appear to be general, and present in many other conjugated
systems. Therefore the conclusions and hypotheses formu-
lated from studies of the properties of PA may be equally
applicable to other polymers with conjugated bonds. How-
ever, though PA is still the subject of most of the publica-
tions on polymers with conjugated bonds, papers on other
similar systems have recently started to appear (poly-
phenylene and its derivatives, polypyrrole, e t c . ) . These
studies lack both the generality and the fullness of the work
on PA, and in particular they do not provide a complete
picture of the physical, chemical, and physicochemical
changes resulting from the addition of impurities. Addi-
tional interest in the study of polymers with conjugated
bonds has recently been stimulated by the development of
effective methods of synthesis which allow the production
of polymers with reproducible physicochemical properties.

We know 2~* that the structure of PA consists of polymer
chains in the cis or the trans form,

=c c=c
H^ V H H '

cis form
Η li ll

trans form

arranged in parallel bundles to form a fibre (or fibril) a few
hundreds of Angstroms thick and several thousands long.
The long axes of these fibrils are randomly arranged, but
they can be partially oriented by stretching the sample.

Within each fibril the polymer chains are close-packed, and
form a crystalline structure. 2 ' 3 Thus PA is an unusual
type of polycrystalline material, consisting of "crystalline
fibrils".

This review discusses the properties of PA prepared by
Shirakawa's method,4 in which a stream of gaseous acetylene
is directed at a thin layer of solution containing a Ziegler—
Natta catalyst at 195 K. This produces a thin layer of
polymeric material with a fibrillar structure. There are
alternative methods of preparing PA, for example by first
preparing an easily soluble polymer precursor and then
heating it to give insoluble PA. 5 ' 6 This material contains
few defects, and is largely amorphous. However, most of
the published work was done with PA prepared by Shira-
kawa's method.1*

The fibrillar structure of PA facilitates its "doping",
carried out as follows. The chemical additives ("dopants"),
for example the electron-acceptor impurities I 2 or AsF5,
penetrate into the PA fibrils through their surface and inter-
act with the polymer chains or among themselves. The
result is the formation of the II or AsFg anions, while part
of the PA chain acquires a positive charge. Thus the
addition of chemical impurities is only the first step in the
doping of PA: the process includes several chemical changes
and is completed by the partial conversion of the PA into
an ion-radical salt containing charge transfer complexes.

Both doped and undoped PA have been extensively
studied by magnetic resonance methods: ESR, NMR,
electron—nucleus double resonance (ENDOR), dynamic
nuclear polarisation (DNP), nuclear quadrupole resonance
(NQR), and their time-resolved modifications. These
methods offer varied and unique information on the structure
of the polymer (bond length, size of conjugation regions,
e tc . ) , on the nature and properties of the paramagnetic
centres, on the extent and nature of the doping, and on
the distribution of charge and spin density in the polymer
chains of undoped and of doped PA. This paper reviews
the experimental studies of the structure and properties of
PA by magnetic resonance methods. The theoretical founda-
tions of the magnetic resonance methods and the apparatus
used in this work are discussed in several monographs,7"1 7

and will not be the object of this review. A generally
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accepted model of the paramagnetic centre in PA has not
yet been proposed, and as a result we still lack a unique
terminology. In the present review we shall use general
terms such as "paramagnetic defect", "unpaired electron",
etc., avoiding as far as possible the term "soliton" applied by
some workers to a particular model of defects in PA.

I I . PARAMAGNETIC SUSCEPTIBILITY OF PURE PA

Like most conjugated systems, polyacetylene shows
paramagnetism. This has been reliably established by
studies of its static magnetic susceptibility (Faraday's
method)11 and by ESR measurements.8'10»11 The para-
magnetic susceptibility of irans-PA at room temperature is
an order of magnitude greater than that of the cis isomer,
and is equivalent on average to one paramagnetic centre
per -3000 CH units. ^V8-2 5 The molecular weight of the
polymer is ~7000, i .e. the chains consist of approximately
400-500 CH units. 2 6 Obviously, this number depends on
the method of synthesis of the PA. However, on average
one paramagnetic centre is shared by 6—7 polymer chains.

In the ESR spectra of the cis and trans PA isomers we
find a singlet line19 with a g factor of 2.003, but in the
cis isomer synthesised at 195 Κ the ESR signal with g —
2.003 is absent.21*'25'27»28 The signal appears only on raising
the temperature, and at 300 Κ the concentration of para-
magnetic centres reaches 1018 spins g"1 ( i .e. one spin per
44 000 CH units). If the cis isomer at 77 Κ is irradiated
with u.v . light28 or treated with oxygen2 4 '2 5 it develops the
same ESR signal as if the temperature is increased. On the
other hand if a sample heated to room temperature is exposed
to oxygen the amplitude of the ESR signal increases by almost
an order of magnitude, and the width of the line (~8 Oe)
stays almost unchanged.21*»25»27 The effect of u.v. irradia-
tion and of oxygen on the trans isomer differs slightly from
their effect on the cis isomer. The ESR signal is not
increased by u.v. irradiation of the trans isomer. On
exposure of this isomer to oxygen the signal initially
increases, and then decreases, 2 4 ' 2 9 ' 3 0 while the width of
the ESR line increases. 2 4 ' 2 9

Heating PA to 423 Κ produces a large increase in the
number of paramagnetic centres according to the ESR
results. 2 1 ' 2 7 ' 2 9 We know31 that at 418 Κ an exothermic peak
(attributed to cis—trans isomerisation) appears in the
thermogram of polyacetylene. Heating of cis-PA produces
two effects: cis-trans isomerisation and polymer degradation.
It was reported3 2 that the optimum region for the preparation
of irans-PA is 413—423 K, because at these temperatures the
rate of isomerisation is a maximum while the rate of degrada-
tion is still acceptably low.

It has been suggested1* that the paramagnetism of PA is
caused by the presence of defects: cis-PA has a more
perfect structure, and it contains fewer defects than
irans-PA. Cis—trans isomerisation results in an increase
in the defect density of the polymer, accompanied by a
corresponding increase in the absolute value of the para-
magnetic susceptibility. Similar views are expressed in more
recent papers (see, for example, Refs.21 and 27). The ESR
signal observed in cis-PA at room temperature has been
attributed22'21* to the presence of ~5% of irans-PA in the
sample. It was suggested that fragments of the trans isomer
are localised at the ends of the polymer chain, where cis-
trans isomerisation occurs most readily. Noting the simi-
larity (Fig.l) between the temperature dependences of the
concentration of trans isomers (obtained from the i . r .
spectra) and of free radicals Zanobi and D'llario28 suggested
that isomerisation causes breaking of the double bonds with
formation of regions containing an odd number of π electrons.

A simple model of a defect in irans-PA is the formation of
a cross-link between chains. 3 3 Cross-linking produces a
fragment with an odd number of carbon atoms, which con-
tains an unpaired electron. The model in which defects
are identified with cross-links is discussed in Ref.34. After
the cross-link is established one radical appears in each
chain: the energy of this biradical state was calculated by
the quantum-chemical INDO method. Other workers27"29

have expressed similar views on the causes of the effect of
oxygen on the ESR signal in PA. Oxygen catalyses the
cis-trans isomerisation process in PA and initiates the
chemical oxidation of PA, i.e. it acts as a dopant of the
acceptor type. At the same time the oxygen takes part in
chemical reactions with the PA which result in degradation
of the latter.

c.%

IOO

50

/, arbitrary units

25

0 0 2

Figure 1. Kinetics of the change in the concentration of
the trans isomer of PA (from i .r . data) (a) and in the con-
centration J of free radicals in PA (from ESR data) (b) as
a function of the hold time t of the sample at 383 Κ (1) and
493 Κ (2) (from Ref.28).

No detailed studies of the effect of oxygen on the structure
and properties of PA have yet been reported. Most workers
give only a qualitative estimate of the effect of oxygen on
their measurements (for example, they quote the dependence
of a measured parameter on the time of exposure of the
sample to air or to an oxygen atmosphere). However,
oxygen has a marked effect on the paramagnetism of PA,
as was clearly shown by Bernier and co-workers:2 7 in the
absence of oxygen these workers observed in cis-PA a
broad signal from a catalyst present at a concentration of
0.2% of the number of CH groups, but after contact with
oxygen this signal was completely suppressed, and was
replaced by a narrow ESR signal of increasing intensity
which was attributed to irans-PA.

Studies of the paramagnetic susceptibility χ of the trans
isomer at 0.03—300 Κ have revealed the presence of Curie
paramagnetism: the magnetic susceptibility χ is propor-
tional to 1/T. ν 6-!8,3 5- 1 1 1 Curie paramagnetism has also been
observed1*'22'23 in cis-PA at 2-295 K. However, according
to Tomkiewicz and co-workers18 the magnetic susceptibility
of the cis isomer is not described by Curie's law at 4—300 K.
The reason for these discrepancies is not clear.

I I I . TYPES OF PARAMAGNETIC DEFECT IN PURE PA

All the experimental results obtained by ESR, ENDOR,
and NMR methods indicate the presence of an unpaired
electron in the π system. Careful measurements of the
g-factor in undoped PA, and also in the cis and trans
isomers doped with AsF5, showed19 that in every case
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g = 2.002634 + 0.000015, which is much higher than the
g-factor for the free electron (2.00,23). These high values
of the g-factor are characteristic of an unpaired electron in
a π system.1 0 '1 1
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The presence of an unpaired electron in the π system is
observed also in the NMR spectra, because local electronic
configurations produce local anisotropic fields which inter-
act with the magnetic nuclei. The high-resolution NMR
technique has been used5 1 to determine the diagonal ele-
ments of the chemical shift tensor ( o u , 022, 033) on 13C for
the cis and trans isomers. Both isomers gave values of the
tensor components typical of conjugated systems.

A study52»53 of a mixture of PA isomers and of the pure
irans-PA isomer by the electron spin echo (ESE) method
showed that localised defects (possibly consisting of σ
radicals) are present in PA in addition to the delocalised
π defects. The concentration of localised defects is
approximately 100 times lower than the concentration of
delocalised defects, and therefore the magnetic behaviour
of the system as a whole is determined mainly by the π
defects.

Figure 2. Orientation of the polymer axis with respect
to the 2p π orbital of the paramagnetic defect in irans-PA,

IV. DELOCALISATION REGION OF THE UNPAIRED
ELECTRON AND SPIN DENSITIES IN PURE PA

In an ideal stretched film of (CH)^ all the fibril axes (y)
and therefore also the axes of the polymer molecules are
oriented in the stretching direction. Partial orientation
of the fibrils can be obtained by stretching the sample (film)
in a particular direction.1*2 The appearance of g-factor
anisotropy in such a film can be explained in terms of the
nature of the 2p ττ orbital of the paramagnetic defect (see
Fig. 2): the unpaired π electrons occupy atomic orbitals
perpendicular to the y axis (the fibril axis). ESR mea-
surements1*3 in the millimetric region gave very precise values
of the g-tensor for the cis and trans isomers in oriented and
in non-oriented samples at temperatures in the range 4.2—
300 K. For cis-PA they found g η = 2.004 and g_L = 2.003
{where g 11 and g are for magnetic fields parallel and per-
pendicular (respectively) to the axis of the polymer chain}.
These values of the g-tensor components agree with pub-
lished data.1*

The components of the gr-tensor have also been calculatedw

by a special variant of the molecular orbital method1*5 for
cis and trans (CH)n fragments where η is an odd number
between 5 and 15. In chains with η i 9 the g-factor has
become independent of n, and can therefore be interpreted
as the g-factor for a long fragment. The calculations were
made for structures with C-C bonds of equal length and for
structures with alternating double and single bonds. The
g-tensors calculated for these two types of structure (with
η >9) were equal to the experimental values: according to
the calculation g || = 2.0034 and gL = 2.0028. The g-factor
anisotropy ( |Ag| = |g II - g x ) for the 2p ττ electron in small
molecules with conjugated bonds is usually 0.001-0.002.**
The smaller value of this difference observed experi-
mentally1*3'* can be attributed to a lower level of orientation
of the polymer chains.

The components of the hyperfine interaction (HFI) tensor
of the electron with the protons and the 13C nuclei for
cis-PA (with a 99% enrichment in 1 3C) have been deter-
mined1*3'1*7"1*9 by the ENDOR method (see Section IV). The
symmetry of the tensors and the relative values of the iso-
tropic and the anisotropic components suggest that the
unpaired electron occupies a π orbital. This conclusion is
confirmed by an ENDOR study5 0 at 77 Κ of cis-PA films in
which the polymer chains had been oriented by stretching
the sample.

Table 1. Components of the HFI tensor (in MHz) for 1H
and 13C (99% enrichment) in cis-PA, calculated from mea-
surements at 136 Κ (Ref.47).

Index

1

•H

—0.5
- l . S

Au Az

—1.1
—?..y

»c

*x

—1.3
—3.1

Ay

—1.3
—3.1

Az

—2.1
7.0

Detailed studies of spin densities in solids are usually made
by the ENDOR method. Table 1 shows the components of
the HFI tensors obtained"*3'1*7"1*9'54 from the characteristic
ENDOR frequencies of cis-PA 99% enriched in 1 3 C. The
experimental ENDOR spectrum for lH and 13C is described
by two pairs of tensors (of index 1 and 2) corresponding
to the two types of carbon and hydrogen atom. The HFI
tensor components given in Table 1 were obtained by
numerical modelling of the experimental spectrum allowing
for all the interactions of the electronic and nuclear spins
in all the magnetic fields present in the system and using
the appropriate relaxation times. As Table 1 shows, the
HFI tensor for 13C is characterised by an axial symmetry and
small values of the isotropic HFI constants, typical of defects
in the ττ system. The symmetry and the relative values of
the diagonal elements of the tensor for the HFI with the XH
nuclei are the same as for the α protons. 1 3 Thus both the
symmetry and the value of the tensor elements for 13C and
for 1H unambiguously indicate the presence of a paramagnetic
defect (unpaired spin) on a π orbital and the existence of
two types of carbon atom with an unpaired electron.

The following spin densities of the unpaired electron on
carbon were calculated from the HFI tensors for 13C
(Table 1): IpCC .̂) | = 0 . 0 6 and | p ( C 2 ) | =0.02. 1 * 7 Studies
by triple electron—electron resonance 4 7 showed that the spin
densities on these two types of carbon atoms have different
signs: p(Ci) is positive and p(C2) is negative, and these
densities are alternating along the polymer chain. The
signs and amplitudes of the spin densities suggest a sub-
stantial delocalisation of the π orbital on a region of the
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chain approximately 47 CH units long ( i .e . -100 A). An
estimate of the total number of atoms (2n + 1 = 47) in the
paramagnetic fragment is obtained from the condition
np(C 2) + (n + l)p(C x ) = I . 4 3 The interaction of the para-
magnetic defect with the protons in 70% cis-PA is also
thought5 5 to be characterised by two sets of HFI parameters,
corresponding to two values of the spin density on the
carbon atoms differing in magnitude and in sign. In 70%
cis-PA the delocalisation region of the unpaired electron
was calculated55 to be 93 CH units, i.e. double the value
given in Refs.43 and 47.

The spin density has been calculated1*3 by the methods
of Huckel and McLachlan (of which the latter gives a nega-
tive spin density in π radicals) for (CH) n fragments with
odd values of η between 3 and 99. Two types of structure
were considered: with bonds of equal length and with
alternating bond lengths. The latter model of the (CH) n

fragments gave a qualitative agreement with experiment: an
alternation of the signs along the chain, but the absolute
density values show a large scatter which should prevent
the formation of a resolved ENDOR spectrum (though such
a spectrum is observed experimentally). The hypothesis
of uniform bond lengths in (CH)n fragments with odd values
of η has not so far been tested by any other method. Since
the total number of carbon atoms associated with one spin in
irans-PA is -3000, Ά the 47 carbon atoms in the fragment
with an unpaired electron and equal bond lengths accounts
for only 1.6% of the total number of carbon atoms in the
sample. h% A calculation50 of the frequencies of the ENDOR
spectrum using the spin densities specified by the soliton
theory χ>57 gave the best agreement with experiment when
the corrections for negative spin densities were used.
However, no definite conclusion as to the distribution of
spin densities could be reached50 from the ENDOR spectra
obtained in this work.

The ENDOR spectrum of irans-PA is reported 5 5 ' 5 8to be
singlet. The delocalisation of the paramagnetic defect in
irans-PA is thought5 5 to be very extensive, i .e. each carbon
atom in the delocalisation region carries only a small fraction
of the spin density. Therefore the hyperfine structure
(HFS) is unresolved even when the ENDOR method is used.

In Ref.62 the same signal is obtained as in Ref.61 for the
mixture of isomers, but a weak solid effect is reported, in
addition to the Overhauser effect, for the pure irans-PA.
This discrepancy may be due to an impurity of the cis isomer
in the latter case. 6 2 The following conclusions were formu-
lated from the results of Ref.61: 1) in the trans isomer the
unpaired electrons are mobile, and the lower limit of their
diffusion rate is -5 χ 1010 rad s"x (determined from the ESR
working frequency v e ) ; 2) in cis-PA the unpaired electrons
are fixed; 3) during the cis—trans isomerisation some pre-
viously fixed unpaired electrons become mobile.

8160 8180

Figure 3. Increase in the amplitude of the XH NMR signal
at different frequencies v e of the saturating field for con-
centrations of the trans phase in undoped PA of 50 ( I ) ,
65 (2), and 100% (3); Τ = 300 Κ (Po and Ρ are the NMR
signals without microwave saturation and with saturation
respectively).

V. VIEWS ON THE MOTION OF A PARAMAGNETIC DEFECT
IN PA

The DNP method12 has been widely used in studies of the
static and dynamic characteristics of unpaired electrons in
solids. It was first applied to the study of paramagnetic
defects in PA by observing the NMR proton signal 59~61 in a
saturated u.h.f. transition at a frequency close to the ESR
resonance frequency (v e = 8190 MHz). Two extreme cases
are possible, depending on whether the electron—nucleus
interaction is static or dynamic.9 For a static interaction
the unpaired electrons are "fixed" in space (at least, their
jumping frequency is smaller than the NMR frequency, ^ n ) ,
and forbidden transitions at the frequency v e ± v n are
induced by the electromagnetic field. This is the so-called
solid effect. On the other hand if the unpaired electrons
are mobile (on the time scale of the frequency v e ) the
intensity of the NMR signal may be increased at the fre-
quency v n (the Overhauser effect). In pure irans-PA
at 300 Κ a single Overhauser effect was observed,6 1 whereas
a mixture of the cis and trans isomers gave a superposition
of the Overhauser effect and of the solid effect. In the
mixed samples the proportion of the Overhauser effect
increases with the content of the trans isomer (see Fig. 3).

On cooling trans-ΡΑ we produce a change in the DNP
signal: the characteristic signal of the pure Oberhauser
effect (observed at room temperature) is replaced at 5.5 Κ
by a signal corresponding to the solid effect.63>61f The
electrons which are mobile at high temperatures are slowed
down, and their characteristic frequency, inversely propor-
tional to the time of residence of the unpaired electron near
the nucleus (i .e. the characteristic velocity of the electron),
becomes smaller than the NMR frequency (107 s " 1 ) . A
smooth change from the Oberhauser effect to the solid effect
has been observed65 during temperature changes from 300
to 4 Κ (the two effects being comparable at 40-50 K). The
exposure of irans-PA to oxygen produces the same effect
as cooling the sample:60 the presence of O2 "freezes" the
motion of the unpaired electron. The superposition of the
signals corresponding to the Oberhauser effect and to the
salt effect in the presence of air has been observed pre-
viously in other conjugated polymers.66

The study of the components of the g-tensor (ESR in
the millimetre band) and of the HFI tensors (ENDOR spectra)
for PA at 4-300 Κ led to the conclusion*3'1*7 that the para-
magnetic centres are mobile in the trans isomer and fixed in
the cis isomer. The presence of mobile paramagnetic centres
in irans-PA is indicated also by ESE measurements on pro-
tonated and deuteriated samples at 4-300 κ.51"53»67'68 Masin
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and co-workers69 concluded from the kinetics of the damping
of the NMR signal of 13C that unpaired electrons are not
generally found in PA. However, it has been pointed out70

that this conclusion may be valid only for the particular
samples studied in that work.6 9

V I . QUANTITATIVE CHARACTERISTICS OF A MOBILE
PARAMAGNETIC DEFECT

The motion of the paramagnetic centre in PA is usually
described in terms of the measured nuclear (Tin) and elec-
tronic (Ti e ) relaxation times by using formulae for two
models of the motion: one-dimensional diffusion of the para-
magnetic centre along the polymer chain and three-dimen-
sional diffusion of the nuclear spin polarisation towards a
fixed paramagnetic centre. For the first model of the
motion a theoretical expression which had been previously
applied in studies of the conducting tetracyanoquinodi-
methane (TCNQM)61 has been proposed:7 1"7 3

(1)Τ~ι {η) = kTl ί 4 d* f («.,) + [ a2 + -^ d2) f (ω,) 1

Here χ is the normalised spin susceptibility (χ = χ
where ν is the concentration of paramagnetic centres); α and
d are the constants for the isotropic and the dipolar electron-
proton interaction respectively; ί(ω) is the spectral density
function; w n and ωβ are the Larmor frequencies of the
nuclear and the electron spin respectively; μβ is the Bohr
magneton.

Eqn.( l ) is valid when the electronic and the nuclear
Zeeman energies are much less than kT, i .e. at relatively
high temperatures (T > 4 K). For the one-dimensional
diffusion of the paramagnetic centre, allowing for the HFI,
the function ί(ω) takes the form71*

f (co) = ^ 0,37 ( 2 )

where W is the diffusion rate of the electron along the
chain, and L is the size of the delocalisation region.

The quantity TV ιι is related to the diffusion constant D
by the expression

where b is the distance between the CH fragments along the
chain of irans-PA (b = 2.46 A). At low frequencies the
one-dimensional diffusion can be perturbed by inter-chain
jumps, so that the system behaves as two- or three-dimen-
sional. The transition from one-dimensional to two- or
three-dimensional motion occurs at the frequency mc = W ι ,
where W L is the rate of inter-chain diffusion.

In the model which assumes diffusion of the polarisation
of the nuclear spin towards a fixed paramagnetic centre the
expression for T^Cn) i s 9

771 (n) = | i x 9 ( 3 )

where D is the diffusion constant of the polarisation of
nuclear spins and ρ is the electronic spin density.

It follows from the usual model9 of the diffusion of nuclear
spin polarisation that T^in) is independent of the magnetic
field strength at a frequency below the value for which
TC < ω^ 1, where i c is the characteristic damping time of the
z-component of the magnetisation of the unpaired electron
(assuming an exponential decay), located in the vicinity of
a relaxing nucleus. The quantity TC is determined by the
electronic relaxation time T i e or by the electronic "flip—flop"
transition time (more accurately, by the shorter of these

two times). Under these conditions T-^in) should be inde-
pendent of temperature in the region of weak magnetic fields.

Since all the quantities which appear in formulae (1) and
(3) are experimentally known we can determing D or W\\ by
measuring T'^in). This determination of the diffusion
coefficients of the electronic or the nuclear polarisation
becomes incorrect if the system of nuclear spins cannot be
characterised by a single spin temperature. Experimental
dependences of ΤΪ 1(Η) on ωη at different temperatures have
been obtained6 1 '6 6 '7 1 '7 5»7 6 for the protons of irans-PA. As
Fig.4 shows, the dependence of ΤΪ 1(Η) on ω^ 1 ' 2 is linear
in the experimental temperature range 0.45—295 K, and the
straight line for room temperature passes through the origin
whereas the lines for lower temperatures give a finite inter-
cept (~CL) on the horizontal axis. 7 5 Various workers60»61'66'
7 1 ' 7 5 ' 7 7 ' 7 8 have explained the experimentally observed depen-
dences of T ^ i H ) on Τ and ω η by postulating one-dimen-
sional diffusion of the unpaired electron. Some believe7 1 '7 5

that even at 4 Κ 1.5% of the paramagnetic centres are mobile.
3 1 3 2

Values of
pg

= 4 χ 1013 rad s"1 and D || = 4 χ 10~3 cm2 s"|| ||
were calculated71 for 300 K. This value of the D diffusion
coefficient is too high for a dielectric such as polyacetylene,
and comparable with the D value for the metallic TCNQM
salts.Ύλ
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Figure 4. Rate of proton relaxation Γ 1(Η) in irans-PA
against ω~ ι / 2 at 295 (1), 77 (2), 30 (3), 4.2 (4), 1 (5),
and 0.45 Κ (6) (Ref.75).

The W || value obtained from the ESE spectra 6 7 ' 6 8 ' 7 9 was
three orders of magnitude lower than the above. The
reason for this discrepancy is not clear, but a likely explana-
tion is inadequacy of the chosen diffusion model. The
W||(T) dependence has been determined71»75 from experimental
data on the dependence of Τ Ϊ ^ Η ) on ω η at different tempera-
tures and on the dependence of the width of the ESR line
(ΔΗ) on T. A similar W||(T) dependence, i .e. an increase
in W II with T, was obtained from an analysis of the ESE
specfra.67»68»79

The results of a study of the effect on T'^in) of the iso-
topic replacement of hydrogen by deuterium65 at 4.2 Κ were
interpreted 6 5 by the model of the diffusion of nuclear spin
polarisation towards a fixed unpaired electron. The cal-
culated 6 5 threshold value of the magnetic field for which the
ΤΪ 1 (n) <* ω" 1 ' 2 dependence (characteristic of one-dimensional
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diffusion) ceases to apply and the Γχ^η) dependence
becomes independent of the magnetic field is ~3 Oe, which
is acceptably close to the experimental value (20 Oe). More
recent results obtained80 with trans-ΡΑ films (deuteriated,
and enriched in 1 3C) at room temperature are shown in
Table 2. The T^Cn) values were measured on three
samples containing different amounts of XH and 1 3 C. We
can see from the Table that in the sample with a high con-
centration of magnetic nuclei TIX(H) exceeds Tl\19C) by
more than an order of magnitude. A similar result is
reported in Ref.81, with T I ^ H ) « ω " 1 ' 2 , whereas Γ ΐ χ ( 1 3 Ο
is independent of frequency. The 13C nuclei (in contrast to
the 1H and 2H nuclei) show a non-exponential decay: the
extent of damping varies with t approximately by a t 1 / 2 law.
It was found72 that the 13C nucleus relaxes with two charac-
teristic times (0.3 and 1.5 s ) , so that we should consider
two different velocities: ^ ( " O = 3 s"1 and T^C^C) =
0.7 s" 1. Therefore the Γ ϊ 1 ( 1 3 Ο values given in Table 2
should be interpreted at best as the average of two velocities.

Table 2. Values of T^in) for three samples of irans-PA
of different isotopic composition.

Sample

1
1
1
2
2
3
3

Isotope concentrations

l»Hl.%

100
100
100

2
2
2
2

[ 1 3 C ] , %

98
98
98
90
90
20
20

v, MHz

90
23
11.5
23
12
12
23

-1
7"l (H), s

18+1
37.3+2

45+3
—

—

_
1.9+0.1
1.9+0.1
2.C+0.2
20+0.1
0.9+0.2
0.9+0.2

In planning the experiment with samples enriched in 13C it
was assumed80 that ΓΐΗΗ) and Ti x ( 1 3 C) would have the
same frequency dependence and absolute value, since the
HFI constants of the unpaired electron in XH and 13C are
similar. 10»lt8»lf9'68 The assumption is valid if all the nuclear
relaxation processes are determined exclusively by inter-
actions with a mobile unpaired electron. From the lack of
frequency dependence of Τ7 Χ ( 1 3 Ο (see Table 2) it follows
that the results of the 13C are not correctly described by
the models which assume diffusion of the polarisation of
electrons or nuclei. The following qualitative model of the
relaxation for isotopic nuclei in the polymer chain was
proposed.8 0 In the case of nuclei in a polymer fragment
containing a mobile paramagnetic defect the main relaxation
channel is the HFI. Equilibrium between these nuclei and
the others is reached as a result of the diffusion of nuclear
spin polarisation: in other words, according to this model
the system of nuclear spins cannot be characterised by a
single spin temperature. Obviously, for a quantitative
description of the experiments with 13C further theoretical
development of the unpaired electron diffusion model is
required. t It has been suggested S 5 that the views expressed
in Ref.80 are the most likely to lead to a convincing explana-
tion of the increasing volume of experimental T^in) data.

tA further theoretical development of this model has
appeared in a paper by P.K.Kahol, M.Mehring, and X.Wu
(J.Phys.(Paris), 1985, v.46, p . 1683).

The rate of electronic spin-lattice relaxation T1e has been
studied81* in irans-PA in the frequency range 5-450 MHz at
room temperature. For protonated and deuteriated samples
the T~g values at frequencies S 20 MHz are accurately
described by the Tig « ω" 1/ 2 relationship, previously estab-
lished for the rates of proton relaxation. Q»66'71·75»76 The
same relationship was obtained by other workers68»82»83 at
higher frequencies (9-17 GHz). At a frequency of ~20 MHz
(with a field of -6 Oe) a deviation from this relationship was
observed, № and at frequencies < 10 MHz T~e was indepen-
dent of frequency. The T\\ values for deuteriated PA
samples are somewhat lower (by ~50%) than the values for
the protonated samples. The observed Τ ^ ( ω ) frequency
dependence was ascribed ** to the one-dimensional diffusion
of the unpaired electron along the polymer chain, and the
frequency 10 MHz (3 Oe) was assigned to the inter-chain
jumps.

As was stated above, the measurement of Τ ΐ ^ Η ) suggested
that the diffusion ceases to be one-dimensional at a field
strength of ~20 Oe, which is close to the value inferred from
T i e data. A study№ of the dependence of Τ ϊ β on the con-
centration of paramagnetic centres in PA showed that the
Τϊέ value is determined by the dipole and hyperfine inter-
actions of the unpaired electron with the protons. The
coefficients and rate constants for diffusion of the unpaired
electron were also determined, * and found to be close to the
values determined60>61»71 from measurements of Τ ΐ ^ Η ) . We
should stress that the interpretation of the T\e data is more
unambiguous than the interpretation of the T^l(n) data,
since the relaxation rate Γ ϊ β is associated only with the
diffusion of the unpaired electron.

The addition of dopants (Br 2, I2, AsF5) to PA has no
effect61»77»78 on the frequency dependence of the rate of
proton relaxation Τΐ 1(Η) « ω^ 1/ 2, but it makes the relaxation
rates Π ^ Η ) and ^ ( " C ) lower than in the pure PA. 1 ' 6 7 ' 6 9 '
77,78,85 -j^e most marked decrease in these quantities is
found by using AsF5; I 2 and Br 2 have similar effects,
almost an order of magnitude lower than that of AsF5. The
value W || = 1.7 χ 1017 rad s"1 has been calculated61 for PA
doped with AsF5: this is 103 times higher than the analogous
value for undoped PA. The anisotropy (W ||/Wi ) is also not
very different from that of the undoped polymer, i .e. ~106.

V I I . PROPERTIES OF THE PARAMAGNETIC CENTRES IN
PURE PA INFERRED FROM THE SHAPE OF THE ESR LINE

The shape of the ESR line depends on the properties of
the paramagnetic centres in PA, but its analysis yields little
quantitative information. # Early studies of the application
of ESR to PA are mainly of historical interest, due to the
fact that they stimulated the application of more advanced
methods to the study of PA (ESE, ENDOR, and DNP).

The ESR signal in cis and trans PA is a singlet with
g = 2.0036 (the measurements of the gr-factor and g-tensor
are discussed in Section III). Large differences are
found between the determinations of the line width (Δ//) by
various workers: from 7 to 9.5 Oe for the cis isomer1*'23'21*'28'5

and from 0.28 to 5 Oe for the trans isomer,60 i .e. the largest
scatter occurs in the Δ Η values for irans-PA. This is

#The same view is expressed in the theoretical paper by
P.K.Kahol and M.Mehring (J.Phys.C, Solid State Phys.,
1986, v.19, p . 1045), whose aim was to demonstrate the
unsuitability of the ESR method for determining spin
densities and the delocalisation region of the unpaired
electron from an analysis of the shape of the ESR line.
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apparently due to differences in the preparative techniques
used by different workers, since the parameter Δ Η depends
on the duration and temperature of the cis—trans isomerisa-
tion process, on the presence of oxygen, etc.

A special study 6 0 of the scatter in the measured values of
Δ Η suggested that the presence of uncontrolled amounts of
oxygen is the main reason for the disagreement between the
results of different workers. The smallest width of the
ESR line obtained60 by the meticulous application of all pos-
sible measures to prevent the access of oxygen to the system
during all stages of the sample preparation and of the mea-
surements was 0.44 Oe. This value is slightly higher than
the value ΔΗ = 0.28 Oe given in Ref.86. The line width
Δ Η = 1 Oe in the spectrum of trans-FA is attributed 6 0 to
the presence of 50 p .p .m. of oxygen. Special protective
measures are needed to eliminate these very small contamina-
tions.

The change from protonated to deuteriated PA produced
a substantial narrowing of the ESR signal,21'22'1*0 but a
broadening of the ESR line was also reported21* following the
enrichment of cis and trans isomer samples with 1 3 C. The
inconsistent changes in Δ Η caused by isotopic replacement
are due to differences in the magnetic moments of the nuclei
XH, 2H, and 1 3 C, and suggest the presence of an unresolved
HFS. The absence of a resolved HFS in PA was initially
attributed to exchange narrowing of the signal (see, for
example, Refs.18, 19, 29, and 40). However, this work
revealed a strong dependence of Δ Η on Τ, which would not
be expected for line narrowing by the exchange mecha-
nism. 2 2 >2tf'lf0'87 Fast one-dimensional motion of the para-
magnetic centres has been suggested2 2 '1*0 '6 0 '6 3 '8 7 as the
reason for the narrowing of the ESR line.

The ESR line for cis-PA is Gaussian.1 For the trans
isomer in the temperature range 0—296 Κ a Lorentzian line,
characteristic of exchange interaction, has been observed. 1 9

A Lorentzian line was reported 8 7 even when the temperature
was lowered to 2 Κ, but deviations from this form were later
observed. There have been attempts 2 2 ' 5 6 ' 6 0 ' 6 3 to model the
experimental spectrum by allowing for dipole—dipole and
hyperfine interactions, repulsion between the electrons,
and the one-dimensional diffusion of the unpaired electron
along the chain. The model proposed in Ref.60 gives the
best description of the experimental results. An analysis
of the experimental line by this model showed60'63 that the
shape of the ESR line is different in different samples, and
that it depends on temperature and on the presence of oxy-
gen. In other words, it was made clear that the shape of
the ESR line is not a fundamental property of PA itself. The
width of the ESR line was not calculated exactly,6 0 but the
broadening due to the motion of the unpaired electron (ΔΗ =
0.15 Oe) was estimated, and used to calculate the rate of
diffusion along the chain W if = 8 χ 1012-8 χ 1013 rad s" 1.

deuteriated PA.
the formula71

The calculation of the difference ΔΜ^ by

ί2, = Μ 2 β - Λ ς = 140Σρ? (4)

This value of W
measurements of

|| aagrees well with the value deduced from

(6 χ 10" rad s " 1 ) .
This work60 is the only reported instance of consistent

diffusion rates W || obtained from ESR and NMR measurements.
The W || values obtained by the two methods usually differ
by a factor of 10—103.60>88 According to calculations22 based
on an analysis of the ESR line shape (Δ/ί = 4 Oe) the
delocalisation region of the paramagnetic centre in cis-PA
is ~Ί4 CH units. For trans-ΡΑ a calculation of the second
component M^ of the ESR line7 1 gives a delocalisation region
of ~10 CH units for the soliton model of the distribution of
spin density5 6»8 9 or ~7 CH units if the spin density is assumed
to be constant within the delocalisation region. However,
by using the ENDOR values1*3 of the spin density (see
Section IV), which correspond to a delocalisation length of
~50 CH units, we again obtain good agreement between
experiment and calculation for M^ in protonated and in fully

where M2e and M.% are the second components of the ESR
line for protonated and for deuteriated PA respectively,
gives similar values for substantially different distributions
of the spin density. Thus, ΔΜ^ = 20 Oe 2 for a constant
Pi over a fragment 7 CH units long and ΔΜ^ = 14 Oe2 for
the model in which pf is distributed (with a sign alternation)
over 47 CH units.1*3 The experimental value of ΔΜ^ is
20 + 4 Oe2. M

V I I I . CHARACTERISTICS OF DOPED PA FROM THE
CHANCES IN PARAMAGNETIC SUSCEPTIBILITY AND FROM
THE ESR SPECTRA

10 Oe

Figure 5. ESR spectra of cis-[CH(AsF 5 ) v ] χ at room tem-
perature and different dopant concentrations: (a) pure PA,
(b) y = 5 χ 10~\ (c) 8 χ 10~3 i y ύ 2 χ 10~2, (d) y = 0 . 0 8
(Ref.95).

The addition of the dopant Ζ (at concentration § y) to PA
produces a doped PA of composition (CHZy)^ which has
some of the properties of a metal, including electrical con-
ductivity. According to Dyson's general theoretical con-
siderations9 0 on paramagnetic additives in metals an increase
in y for (CHZ^)^. can result in asymmetry of the ESR line.
In a large enough sample of doped PA, for which the sample
thickness is greater than the depth of the skin effect at the
ESR frequency, a typical Dyson (asymmetric) ESR line is
observed (see Fig. 5).8 3 '8 6»9 1-9 5 If the PA sample is thinner
than the skin layer the line stays symmetrical even at high
values of y. 9 6" 9 9 Some workers3'96»97 observed only one
ESR line in PA doped with Li, Na, or Br 2, others8 1*'8 6 '9 1 '9 5 '9 8

found two lines for p - and η-type dopants at low y, with
different widths and a g-factor equal to that of the free
electron, but at high doping levels (y S 0.03) only one line
was observed (Fig.5). The combination of a broad and a
narrow line is characteristic of different dependences of the
intensity and shape of the line on the temperature, u.h.f.

§ The concentration y is defined as the number of molecules
of dopant per CH unit.
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power, and on the presence of NH3 impurities. The broad
line has been assigned8 6 '9 1 '9 5 '9 8 to a trans fragment in cis-PA,
and the narrow line to trans-ΡΑ. According to some
workers86»95»97»98 the change in shape of the ESR line of
cis-PA as a function of y suggests a large non-uniformity
in the distribution of the dopant in the polymer, uniform
doping in cis-PA being effectively impossible because of the
presence of segments of the trans isomer. In this sense
trctns-PA is more easy to dope uniformly, but even for this
isomer we can only expect a moderate degree of uniformity
in the distribution of dopants in the sample.

According to Shirakawa1*2 the Curie paramagnetic sus-
ceptibility XQ is very sensitive to the degree of doping non-
uniformity: the more uniform the dopant distribution, the
lower is χ^, Various methods of doping have been sug-
gested to improve the uniformity: slow doping at low
pressure, 3 6 ' 3 7 cylic doping,9 5 modified doping,3 electro-
chemical doping,9 6 etc. The structure of the dopant and
its physicochemical properties9 5 can also affect the doping
uniformity.fi The II ion is a linear cylindrical molecule with
a diameter of 3.37 A, and behaves as a weak electron
acceptor; AsF5 and SbF5 are octahedral [owing to fluorine
sharing (Editor of Translation)], with a maximum diameter
of 6.24 X, and have high oxidising power. These properties
of AsF5 and SbF5 hinder their penetration into the fibrils,
and therefore doping with iodine is more uniform than doping
with AsF5 or SbF5. The formation of a concentration gradi-
ent of dopant within the fibril has been suggested3 7 as part
of a simple model of the dopant distribution which gives a
good agreement between calculated and experimental values
of the magnetic susceptibility.

Studies86»91»95 of the ESR spectral changes of cis-PA
caused by doping showed that doping can initiate cis—trans
isomerisation, and that this effect is a characteristic of PA.
Electrochemical doping of cis-PA with lithium did not produce
significant changes in the intensity of the ESR signal.91»96

Doping (like isomerisation) takes place at the surface of the
sample in the initial stages). This accounts for the appear-
ance of a compensation effectt in the ESR signal in the
initial stages, resulting in slight swelling of the polymer and
a small change (by ~15%) in the cis/trans isomer ratio.86»95

Lengthy exposure to the dopant results in diffusion along
the fibrils,86»91 which is a slow process, and the cis-trans
isomerisation now takes place in the bulk of the sample. At
this stage of doping the concentration of defects can no
longer be significantly decreased by compensation effects.86

A threshold concentration of dopant is needed to initiate
the isomerisation;91'96 its value is largely determined by
the chosen doping technique.

It has been reported9 1 that high rates of introduction of
the additive yield smaller y values than lower rates. This
is because at high rates the concentration of dopant on the
fibril surface can rapidly reach the value which initiates iso-
merisation. At low doping rates there is time for the dopant
to diffuse into the fibril and reach a trans segment. Since
in irans-PA the oxidation potential (ionisation potential) is
slightly lower96 than in cis-PA we may expect preferential

11 See also J.C.W.Chien, J.M.Warakomski, and F.E.Karasz,
J.Chem.Phys., 1985, v.82, p.2118.

tThe compensation effect can be described as follows: at
low doping levels the effects of donor (or acceptor) additives
are suppressed by the subsequent addition of impurities of
the "opposite" type i.e. acceptor (or donor) additives
respectively.

doping of the trans segment. In PA samples containing a
large proportion of the cis isomer the addition of impurities
at first initiates cis—trans isomerisation, followed by doping
of the trans segments. The slight inconsistencies between
the threshold values (y) of the dopant concentration reported
by different workers can be attributed to differences in the
isomer composition of the initial sample or to differences in
the doping techniques.9 1

The isomerisation process is followed by charge transfer
to the paramagnetic defect, which converts it into the
diamagnetic state. This mechanism was established91 from
the time-changes of the ESR spectrum after doping. If the
doping process is stopped at the instant when two super-
imposed singlets appear, after some time (~1 h) the narrow
singlet from trans-ΡΑ disappears, leaving only the signal
from cis-PA.
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Figure 6. Change in the concentration of Curie spins
with the concentration of AsF 5(y) in irans-PA (Ref.36)

By combining the ESR method with the Faraday compensa-
tion method it was shown that the addition of dopants to the
cis and the trans isomers affects the nature and magnitude
of the paramagnetism.1 8 '2 0 '3 5"3 9 '8 3 '8 6 Thus, adding AsF5 to
irans-PA was found36 to lower χ^ more than 400-fold for
an increase in dopant concentration from 0.001 to 0.05. The
change in spin concentration NQ corresponding to the para-
megnetic Curie susceptibility for low concentrations of AsF5

is shown in Fig.6. For cis-PA lightly doped with lithium
(y < 0.003) the parameter χ^ decreases as y increases.9 1

Under these conditions the temperature-independent Pauli
paramagnetism is still insignificant (Pauli paramagnetic sus-
ceptibility χρ i 5 χ 10~8 cm3 mole"1). In PA samples with a
high concentration of AsF5 only Pauli paramagnetism was
observed1 8-2 0 '2 3 '2 5 '3 5-3 7 '8 3»9 3 ( X p = 10"6 cm3 mole"1). Doping
with iodine did not produce Pauli paramagnetism even at

high dopant concentrations. Using AsF5, I,
and Na97 as dopants produced a discontinuous increase in
χρ at concentrations in the region of 0.04—0.07. Fig. 7
shows the dependence of χρ on y1 0 0 for samples doped with
I 2 and AsF5, and also the dependence of the conductivity
σ on y. Clearly, we have a concentration range (y < 0.05)
in which χρ is still small but σ is already approaching the
value corresponding to the metallic state. In contrast to
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this report, Pauli paramagnetism was observed3 5 at very low
concentrations of AsF5 (y = 0.005), coupled with a smooth
increase in χρ with increasing y. Later work101 showed the
reason for this discrepancy between the experimental results.
In Ref.35 the concentration of paramagnetic centres was
determined by the ESR method, which gives a large error in
the double integration due to the large asymmetry of the line.
In Refs.36 and 100 the Schumacher-Slichter method102'103

was used, which allows the absolute value of the paramag-
netism to be calculated more precisely than the ESR method.

Xp, cm3 mole"
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Figure 7. Dependence of the Pauli magnetic susceptibility
Xp and of the conductivity σ on the concentration of AsF5

and 17 dopants.1 O C The χρ value for AsF5 was obtained by
the Faraday method (1) and from ESR data (2); the value
for 1̂  by the Faraday method (3).

It has been suggested1* that the carriers of charge and
of paramagnetism are different species in PA, since the
conductivity and the magnetic susceptibility have different
temperature dependences: ο« exp(-AT~x) and χ^ α Τ" 1 .
Other workers1 9 came to the same conclusion. No correlation
was observed2 0 between the increase in magnetic spin sus-
ceptibility and the increase in σ when small amounts of AsF5

were added to trans-ΡΑ (see also Fig. 7). Different views
are held at present on this behaviour of the electrical and
magnetic characteristics of doped polyacetylene.

Some workers 1 9 ' 2 0 ' 3 6 ' 3 7 interpret their experimental results
on the changes in magnetic susceptibility of lightly doped
PA in terms of the neutral soliton model. K»89 However, a
detailed examination of the experimental data from this
standpoint reveals a number of inconsistencies (see, for
example, Refs.20 and 54). Furthermore, neither the results
of experiments with strongly doped PA nor the existence of
a transition region in the Xpfy) relationship are explicable
in terms of the soliton model.

An alternative model18'35 assumes the formation of metal-
like regions, analogous to metal granules embedded in a
dielectric. However, the application of this model also
encounters serious difficulties.

IX. STRUCTURAL CHARACTERISTICS OF PURE AND OF
DOPED PA FROM 13C NMR DATA

The NMR signal from 13C nuclei (at their natural enrich-
ment level of 6%) for pure PA, obtained by rotation through
the "magic angle", is a narrow line located at 127 p.p.m.

for cis-PA and 137.4 p.p.m. for irans-PA (relative to the
Me^Si signal).51'52'101* In samples of irans-PA with a 30%
enrichment in 13C a weak additional peak is observed at
47 p.p.m. (its intensity is 3.4% of that of the main peak).
This peak has been attributed101* to carbon atoms in a state
of sp3 hybridisation, i .e. the carbon atoms of the methylene
groups. These groups interrupt the continuous conjuga-
tion of the polymer chain, giving an average length of the
conjugated regions in irans-PA of about 30 CH groups. A
content of methylene groups of 3.4% is confirmed by the
element analysis, according to which the formula of PA is
more accurately written as (C1.OoH1#O3)x than as (CH)^.

The changes in intensity, shape, and position of the two
13C NMR peaks (127 and 137 p .p .m.) produced as a result
of cis—trans isomerisation by heating pure cis-PA have been
studied. 1 № The cis-PA line is lowered by heating, but its
width and position are unaffected. The irans-PA line
undergoes changes in width and position (by ~1 p .p .m.) as
the amount of trans isomer increases. This has been inter-
preted101* as evidence that 1) the structure of partially iso-
merised irans-PA is different from that of pure irans-PA,
and very inhomogeneous, and 2) the cis isomer has an
ordered structure.

Nutation NMR105 on pure PA prepared from acetylene
enriched in 13C (initially containing 6% of H 1 3 C= 13CH mole-
cules) showed that two types of bond are present in irans-PA,
of length# 1.37 and 1.43 A. The splitting in the nutation
NMR spectrum of the two peaks corresponding to these bond
lengths is -300 Hz. If fast interconversion of the two types
of bond were possible (as the soliton model stipulates) the
two peaks would be replaced by a single peak. Hence we
conclude that the interconversion does not take place, or
that it takes place slowly (with a frequency much lower than
300 Hz).

Measurements of the second component of the 1H NMR
proton line led to the conclusion106 that even a small con-
centration of I 2 (y s 0.05) causes almost complete cis—trans
isomerisation, whereas according to 13C NMR data the iso-
merisation is not complete even at higher doping levels.107"111

This discrepancy may be attributed to differences in doping
method (see Section VIII).

Studies of the 13C NMR spectra of samples of composition
irans-[CH(AsF5)o.O76]jC and trans-[CHK0.09]x showed108 that
the line shifts produced by doping towards lower fields
(+9 p.p.m.) for AsF5 and towards higher fields (-12 p .p .m.)
for Κ (relative to the line for pure irans-PA) are chemical
shifts (as also stated in Ref.109). In some earlier work100'110

a different interpretation of these shifts had been proposed:
the Knight shift. However, the Knight shift calculated108

for these concentrations is only +2 p.p.m. Thus doping
produces a change in the π electron density on the carbon
atoms. As the π electron density is decreased (or increased)
by one electron in the calculation the shift of the 13C NMR
line towards lower (or higher) fields is -160 p.p.m. The
reported 1 0 8 chemical shifts are satisfactorily consistent with
the theoretical estimates (+12 and -14 p.p.m.) for the con-
centrations of AsF5 and Κ used in those experiments.

The analysis of the 13C NMR spectrum of the trans-
(CHI0.08)x sample108 showed (allowing for the fact that the
true dopant was the l~3 ion) that practically all the iodine
atoms are converted into the l~3 state and contribute to the
charge transfer, and also that the peak at 47 p.p.m. for
sp3 hybridised carbon atoms is significantly stronger than
in pure PA. This suggests a very slight degree of chemical
compound formation between the iodine and the polymer,

#Similar values for the length of the C—C bonds were
obtained by M.J.Duijvestijn, A.Manenchijn, J.Smidt, and
R.A.Wind, J.Magnetic Resonance, 1985, v.64, p.461.
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giving the fragment - C H I - . The volume of the undoped
region was estimated108 as 50%, since in the doped region the
concentration of dopant was about double the average.

The 13C NMR spectra for trans-(CHBry)x with y = 0.661
and y = 0.103 contain strong peaks in the 50 p.p.m. region.
This indicates not only a high level of chemical compound
formation between the bromine and the polymer (formation
of the —CHBr— fragment) but also the formation of cross-
links between neighbouring polyacetylene chains (the C
atoms in the region of the cross-links are also in the sp3

hybridisation state) . 1 0 8

oOo —

The results of magnetic resonance studies have given
valuable information on the structure and properties of
pure and of doped PA. The average length of the con-
tinuous conjugation regions in the polymer chains has been
determined (about 30 CH units), and the alternation of bond
length in the chain has been confirmed. It was shown that
the paramagnetic centre or defect mainly responsible for
all the magnetic properties of PA is the π electron. The
delocalisation region of the paramagnetic π defect is found
to vary between 7 and 93 CH units. In the cis isomer the
paramagnetic defects are immobile, but in the trans isomer
they are mobile at Γ ^ 50 Κ and immobile at Τ 4 50 Κ.
Doping produces various structural and chemical changes in
PA (cis—trans isomerisation, chemical changes of the dopant
additives, reaction of the additives with the polymer, e t c . ) .
None of the models so far proposed can explain all the
results obtained by magnetic resonance methods for PA:
there is no generally accepted account of the mechanism of
electronic and nuclear relaxation, various estimates of the
size of the delocalisation region of the unpaired π electron
are inconsistent, and existing models of the paramagnetic
defect cannot explain the extensive group of reported
magnetic measurements in a manner consistent with the
results of electrical measurements. The 13C high-resolution
NMR method (and some of its modifications) appear to be
the most promising approach to the structural study of PA.

While this review was being prepared the proceedings of
two international conferences and of an international school
on organic conductors, including PA, were published. u 2 ~ m

Most of the recent publications are new developments of
previously formulated ideas, and they do not affect the
main conclusions of the present review on the structure of
PA. However, two recent papers deserve special mention
for suggesting new ideas as well as improved experimental
approaches. 1 1 5 ' 1 1 6

Holczer and co-workers115 suggested that many of the
effects observed in irans-PA could be attributed to surface
phenomena, determined by specific aspects of the morphology
of the polymer. Calculation shows that in PA synthesised
by Shirakawa's method, with a specific surface of 10-100 m2 g"1,
-20% of all the chains (1/5 of the total volume) are in contact
with the surface, whereas in a normal solid the proportion
of the atoms located in the first surface layer is ~10"8.

Chien and Schen116 studied by ESR the effect of the
molecular weight (MW) of PA on the magnetic properties.
They found that many of the characteristics of PA (con-
centration of paramagnetic centres in undoped and in doped
PA, relaxation times T l e and Τ & in the doped isomers) are
insensitive to changes in MW between 500 and 870 000.
However, in undoped PA the time T i e decreases as the MW
increases.
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The present state of the study of the processes involved in the polymerisation, initiated by radiation, of monomers adsorbed on
solid surfaces has been examined. Particular attention has been paid to the results of work on the quantitative description of
the elementary stages of polymerisation on a surface.
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I. INTRODUCTION

The processes involved in the polymerisation of monomers
adsorbed on solid surfaces have attracted considerable and
increasing attention from research workers in the last
20 years. Interest in these reactions is due chiefly to
their possible use for the solution of a number of practical
problems. These processes are potentially convenient for
modifying the surface properties of various solids (in
particular mineral fillers, pigments, and chromatographic
sorbents) and obtaining new materials (graft polymer
fibres, films, and membranes, organic and mineral—organic
ion-exchange materials, textile materials of various kinds,
etc.).1"1* In recent years there has been considerable
interest in these reactions in connection with the problems
of obtaining composite materials by polymerisation filling5"7

and encapsulation.8'9 The investigation of the charac-
teristic features of the elementary stages of the polymerisa-
tion of monomers on a surface, and their relationship to the
nature of the adsorption interaction of the monomers and
polymers and the nature and actual structure of the solid
support, is undoubtedly of independent scientific importance.

These reactions are initiated using special initiators ,10"11*
ultraviolet radiation,15'16 the mechanochemical method,17 or
an electric discharge.18 Forms of ionising radiation, namely
gamma-rays, X-rays, and fast electrons, are extremely
convenient and are widely used in research practice. The
processes of radiation-initiated polymerisation on a surface
have now probably been most extensively studied. The
examination of these processes is the main subject of the
present review, which deals chiefly with the reactions
involved in the radiation polymerisation of monomers on the
surface of inorganic solids in adsorption systems of the
"open" type. Polymerisation in clathrate complexes and
inclusion compounds, which may be called adsorption systems
of the "closed" type, was examined in Refs. 19-22.

The topics examined in the present review have been dealt
with to some extent in a number of review papers.1'5»23»21*
They have been examined most systematically (from data
published up to 1972) in Ref.l; a fairly extensive bibliog-
raphy is given in Ref.23. All these papers analyse chiefly

the overall kinetic relationships for the processes involved in
polymerisation on a surface. This is mainly due to the fact
that studies of the mechanism and characteristics of the
elementary stages in these reactions have been carried out
only in recent years. In the present review, particular
attention is paid to the results of studies of the elementary
stages of the polymerisation. It may be noted that many of
the conclusions about the characteristics of the elementary
stages of radiation polymerisation on a surface, in particular
the reactions of chain growth, transfer, and termination,
also apply when other methods of initiation are used.

The reactions examined in the present review are described
in the literature in different ways: polymerisation at a
"gaseous monomer—solid" interface, grafting from the vapour
phase or gas-phase graft polymerisation, polymerisation in
adsorption layers, thin-layer polymerisation, etc. All these
terms essentially refer to systems consisting of a solid, a
monomer adsorbed on its surface (at different degrees of
surface coverage, from fractions of a monolayer to tens and
hundreds of monolayers), and the vapour of the monomer,
present in equilibrium. The present review deals chiefly
with systems in which a strong specific interaction between
the polymerising group (the C=C bond) of the monomer and
the solid (characteristic, in particular, of heterogeneous-
catalytic polymerisation) does not take place. In most
systems the main contribution to the adsorption interaction
with the surface is made by the substituent at the double
bond.

I I . GENERAL REGULAR FEATURES OF POLYMERISATION ON
A SURFACE

1. The Nature of the Active Centres of Polymerisation

The processes involved in radiation polymerisation on a
surface have been studied chiefly in the temperature range
from -50 °C to +100 °.C. Under these conditions, both ionic
and radical polymerisation chains may develop.
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a) Ionic polymerisation

The irradiation of solids may lead to the production on
their surface of various ionic active centres, whose lifetime
is usually much greater than that of the ionic active centres
in liquid monomers. This fact increases the probability of
the development of ionic polymerisation chains on the surface.
Unfortunately, there have been comparatively few studies of
the processes involved in ionic radiation polymerisation on a
surface.

It has been established 2 5" 2 9 that in the polymerisation of
styrene (ST) on various silicon dioxide specimens, the
process takes place by cationic and radical mechanisms
simultaneously. The polymerisation was carried out at
temperatures close to room temperature, in comparatively
thick adsorption layers (5—7 monolayers). The proportion
of polymer formed by the cationic mechanism increases with
increase in the quantity of aluminium impurity in the SiO2.
In specimens containing 10"2—10~3% aluminium, this propor-
tion is 60—80%; at an aluminium concentration of ~1%,
practically all the polymer is formed by the cationic mecha-
nism , and, other conditions being equal, the rate of the
process is several times that in the absence of impurity.2 8

The mechanism of polymerisation in these systems was
established by analysing the molecular mass distribution
(MMD) of polystyrene (PST) formed under different condi-
tions, including the use of inhibitors of different kinds.
The molecular masses (MM) of the PST obtained by the
radical mechanism are 105-106, and those for the cationic
mechanism ΙΟ3—101*. In agreement with this, the gel-
chromatograms of the PST show clearly defined bimodal
character. The formation of low-molecular-weight PST is
inhibited by ammonia, and that of high-molecular-weight PST
is inhibited by benzoquinone.26 The total activation energy
of the cationic polymerisation of ST on silica gel is close to
zero, and the kinetic order of the reaction with respect to

the dose rate is ~0.7 (in the range 0.03-3 Gy s 1 ) / Most
of the cationic PST (-90%) is not grafted to the silicon
dioxide surface. The radiation-chemical yield of the cationic
polymerisation is ~10"*.

Similar results on the polymerisation of ST on S1O2 were
obtained in Refs.30—32. In an earlier paper, 3 3 however, a
radical mechanism was proposed for the radiation polymerisa-
tion of ST on Degussa aerosil.

The low molecular masses of the cationic PST quoted in
Refs.25-29 are attributed chiefly to non-degenerate chain
transfer to the silicon dioxide surface, and in Refs.30—32
chiefly to effective chain transfer to the monomer. The
two factors can apparently play a definitive role. It should
be borne in mind, however, that the relative constant for
chain transfer to the monomer in the cationic polymerisation
of ST in the liquid phase is extremely high (C m = 2 χ 10"2 3 " ) ;
thus in polymerisation on a surface, chain transfer to the
monomer alone may lower the MM of the cationic PST to the
values observed experimentally.

In the analysis of the probability of the development of
ionic chains in the polymerisation of a given monomer on a
surface, it is necessary to take into account, in addition to
other factors, the possible drying action of the solid on the
system, due to the strong adsorption bonding of water.

The low-temperature radiation polymerisation of isobutene
(IB) on silica gel (SG) has been studied. 3 5 " 3 7 The EPR
spectrum of the IB-SG system, irradiated at -196 °C and
-78 °C, indicates the presence of terminal polymer radicals
—CH2—C(CH3)2, showing that polymerisation takes place
directly at the temperature of irradiation. The inhibiting
influence of added methylamine on the yield of the terminal

polymer radicals and the polymer indicates a cationic poly-
merisation mechanism. It is suggested that the terminal
polymer radicals are formed as a result of the recombination
of the growing cationic polymer chains with an electron
liberated from a trap. The yield of these radicals depends
on the IB concentration on the SG surface, and this depen-
dence correlates with the concentration dependence of the
yield of the polymer, determined gravimetrically after the
temperature of the irradiated specimens had risen. In the
region of the maxima on the two curves, corresponding to
monolayer covering of the surface, the radiation-chemical
yield of terminal polymer radicals at -196 °C is 1.5; the
radiation-chemical yield of the inhibition of the polymerisa-
tion Gin was estimated by assuming that the number of these
radicals is equal to the number of initiated polymerisation
chains. It is important to note that the average number of
polyisobutene macromolecules formed, determined from the
values of the viscosity-average molecular masses (Μη = 5000),
was found to be appreciably greater than the number of
polymer radicals (by a factor of ~30), from which the authors
correctly conclude that chain transfer reactions take place
effectively during the polymerisation.

The following views were put forward 3 5" 3 7 regarding the
mechanism of chain initiation and transfer in the polymerisa-
tion of isobutene on silica gel. It is assumed that both
processes are associated with the existence on the SG surface
of Bronsted acidic centres, localised close to impurity
aluminium atoms in tetrahedral configuration

Γ
r

(I)

The protons of these centres cannot initiate polymerisation
in the absence of irradiation, since they compensate the
negative charge of the aluminium atoms. On γ-irradiation,
paramagnetic centres are formed in SG,3 8 of the type

OH OH OH

—Si —Ο—ΑΪ— O—Si—

I I

in which the hole is localised on an oxygen atom adjoining
an aluminium atom. The proton of this centre is liberated,
and can either capture an electron and be stabilised as a
hydrogen atom, or add on to an IB molecule and form the
carbonium ion (CH3)3C

 + , which brings about polymerisation.
The probable participation of the acidic surface centres of SG
in the initiation of polymerisation is indicated by the fact
that decrease in the acidity of the SG by preliminary treat-
ment with alkali leads to a marked decrease in the yield of
polyisobutene.36

It is suggested that the main contribution to the mecha-
nism of chain transfer is made by the reaction of the growing
macro-cations with the acidic centres of the SG surface of
type (I), as a result of which the macro-cation neutralises
the charge on the aluminium, and the liberated proton, by
reacting with a monomer molecule, starts a new polymer
chain. In the opinion of the a u t h o r s / 5 " 3 7 the polyisobutene
macromolecules are also formed as a result of the mutual
recombination of terminal polymer radicals.

The results of studies of the radiation polymerisation of
liquid monomers in the presence of various solid oxides,39~l*lf

examined in detail in Ref.39, are relevant to the subject of
the present review. These studies were generally carried
out under conditions in which the liquid monomer was poured
over a layer of solid oxide powder; the concentration of the
monomer was 40—80 mass %. In these studies, chiefly in
work carried out in the Karpov Physicochemical Scientific



Russian Chemical Reviews, 56 (1), 1987 83

Research Institute, 3 9 1|1 the idea of a correlation between
the semiconducting character of the oxides and the mechanism
of polymerisation was put forward. It was shown that the
η-type (electronic) semiconductors ZnO, TiO2, and Cr 2O 3

facilitate the development of cationic chains, and the ρ-type
(hole) semiconductors MgO, Cu2O, and NiO the develpment of
anionic polymerisation chains.

b) Radical polymerisation

Most studies carried out up to the present have dealt with
monomer—support systems in which radiation polymerisation
on the surface develops chiefly by a radical mechanism.1'9»'*5»'*6

A radical mechanism of polymerisation is proved using data
on the influence on the process of typical radical inhibitors
(diphenylpicrylhydrazyl, O2, benzoquinone) 33»'*5t and data
on the compositions of the copolymers and the kinetics of
copolymerisation on a surface ,1*7»1*9 and on the micro-structure
of the polymer chains formed.1*7 Thus the processes
involved in radical polymerisation on a surface have been
studied in most detail. Subsequently, unless otherwise
stated, radiation polymerisation by a radical mechanism is
discussed.

2. The Adsorption Mechanism of Polymerisation

One of the first questions arising in the analysis of the
mechanism of polymerisation on a surface, as in the analysis
of other surface reactions, is the question of whether this
reaction takes place by an "adsorption" mechanism or by a
"collision" mechanism. In the first mechanism, the monomer
molecules are adsorbed, migrate over the surface, and finally
are added on to the active centre situated on the surface (the
active terminal unit of the growing chain); the "working"
concentration of the monomer is its concentration in the
adsorption layer. In the second mechanism, the acts of
chain growth take place when monomer molecules from the
vapour phase collide directly with the active centre; here,
the "working" concentration is the monomer concentration
in the vapour phase.

The mechanism of polymerisation was a subject of discus-
sion in the mid-sixties. In Refs.33, 45, and 46 it was
concluded from overall kinetic data that polymerisation on
a surface takes place by an adsorption mechanism. The
main evidence was the decrease in the rate of polymerisa-
tion with increase in temperature at a constant monomer
vapour pressure. The collision mechanism of polymerisa-
tion was developed in Refs.16, 50, and 51. In the opinion
of these authors, this temperature dependence of the rate of
polymerisation may be due to the destruction of active
centres with increase in temperature, and a corresponding
decrease in the rate of initiation of polymerisation.50

The results in Refs.9, 47, and 53—55 apparently prove
that polymerisation takes place by an adsorption mechanism
in the systems studied. The dependence of the rate con-
stants of chain growth kg on the mechanism of adsorption and
on the nature of the adsorption bonding between the monomer
and the support, observed in these studies, can be under-
stood only by assuming an adsorption mechanism of poly-
merisation. For example, as established in Refs.47 and 54,
the change in the heat of adsorption of vinyl acetate (VA)

t Because of the decrease in the "activity" of most
inhibitors on a surface,1*8 the quantities of inhibitor which
are effective are much greater than the stoichiometric
quantities.

on AS/400# in the range of coverage of about half a mono-
layer is accompanied by a fairly sharp (several-fold) change
in k~. An important feature is that this change in kg at
different temperatures (20 °C and 50 °C) takes place in
approximately the same range of coverage, whereas the
pressures in the vapour phase, corresponding to this range
of coverage, differ by a factor of more than 20.

If the calculations are carried out using as working con-
centration the surface concentration of adsorbed monomer σ,
the temperature dependence of the value of kg for radical
polymerisation is described by the Arrhenius equation with
"normal" values of the activation energy of growth Eg. §
Similar calculations using the concentration of the monomer
in the vapour phase give negative or anomalously low values
of Eg.

In later papers on polymerisation on a surface from the
vapour phase,16»50»51 the authors conclude that polymerisation
takes place by an adsorption mechanism.52

3. Thermal and Diffusion Processes Accompanying Poly-
merisation on a Support

For a correct analysis of the kinetics of polymerisation on
a surface, it is necessary to estimate correctly the role of
macrokinetic factors, such as, in particular, the possible
non-isothermal nature of the process and the diffusion
retardation in the transport of the monomers in real
adsorbent specimens (porous granules, tablets, layers of
powder, etc .) . Unfortunately, in many papers these factors
are not properly analysed.

When the dose rate is not too high, the heating of the
specimens in the radiation field, not associated with poly-
merisation, is usually insignificant. At dose rates of
1—10 Gy s" 1, it generally does not exceed fractions of a
degree. In the analysis of the possible non-isothermal
nature of the system resulting from the heat liberated on
polymerisation, it must be borne in mind that although the
reaction zone usually makes up only a small fraction of the
total volume of the specimen, a significant increase in tem-
perature is possible, because of the low thermal conductivity
of the specimens. For specimens of silicon dioxide in the
form of tablets or powder with a specific surface of -200 m2 g"1,
a layer porosity of 80—90%, and characteristic layer dimen-
sions of 0.5-1 cm, the increase in temperature as a result of
the polymerisation of MM A and VA for monolayer coverage of
the surface and dose rates of the order of 1 Gy s"1 is 1—10 K.56

The increase in temperature increases considerably with
increase in the degree of coverage of the surface by the
monomer.

The correction to the stationary rate of polymerisation v g t ,
taking account of the increase in temperature, in the case of
experiments in a closed system with a small vapour phase
volume ("without maintenance") can be calculated from the
expression5 7

#Here and subsequently, AS/200, AS/400, etc. denote
aerosils treated in a vacuum at 200°C, 400°C, etc.

§Thus for example the values of Eg for the polymerisation
of VA and methyl methacrylate (MMA) on an aerosil at a
monolayer coverage of the surface by monomers are
17 kJ mole"1 and 32 kJ mole"1 respectively.5 5
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where To is the temperature of the thermostat, ΔΓ^ the
stationary increase in temperature, Ε the total activation
energy of the process, and v s t > 0 the stationary rate under
isothermal conditions. The quantity ΔΓ ,̂ is related to the
effective heat of polymerisation -AHeff by the expression

where c is the heat capacity of the system, and α an experi-
mentally determined parameter characterising the rate of
removal of heat from the specimen.

It is more difficult to take account of possible non-iso-
thermal character in experiments in an open system "with
maintenance", when an increase in the temperature of the
specimen leads to a decrease in the equilibrium concentration
of the monomer on the adsorbent; it is then necessary to
solve simultaneously the equations for the kinetics of poly-
merisation, adsorption, diffusion, and thermal conductivity.

The influence of diffusion retardation in the layer of
adsorbent on the stationary kinetics of polymerisation can be
examined further. When the polymerisation is carried out
under conditions in which the formation of the polymer
produces a diffusion flux of the monomer in the specimen,
the influence of diffusion retardation on the observed
stationary rate of polymerisation (v .) is revealed by a
deviation of the distribution of the monomer concentration
σ(χ) along the cross-section of the specimen from the
equilibrium distribution, leading to a decrease in the
observed rate of polymerisation, which starts to depend on
the specimen thickness L. In those cases where the
average decrease in the monomer concentration Δ σ in the
specimen is small compared with the equilibrium adsorption
σ*, the rate of polymerisation can be taken as approximately
constant over the cross-section of the specimen. σ(χ) is
then described by a simple parabolic law, and Δσ is given56

by the expression:

Ao = vstL
2/\2Deff

where Deff is the effective diffusion coefficient of the
monomer in the specimen. The coordinate χ is measured
from the centre of the specimen. The magnitude of the
deviation has been analysed,5 6 and it was shown, in
particular, that in the polymerisation of VA, MMA, and ST
on aerosil tablets with a thickness of ~2 mm, compressed at
a pressure of 300 kg cm"2, for degrees of coverage by the
monomer of about one monolayer, a temperature of 50 °C,
and a radiation dose rate of 0.35 Gy s 1, the value of Δσ
does not exceed 10% of σ*.

In the case of polymerisation at low concentrations of
adsorbed monomer, however, when it is necessary to carry
out the reaction to degrees of conversion close to or greater
than σ*, the influence of diffusion retardation on the
observed rate of polymerisation may be considerable.
Decrease in the monomer concentration leads to a marked
decrease in the value of Deff, and this in turn also increases
the influence of diffusion on the rate of polymerisation at
low concentrations. Under these conditions, the dependence
of the rate on the coordinate χ cannot be neglected, and the
distribution of the monomer concentration over the cross-
section of the specimen for linear termination of the kinetic
chains is described by the expression:5 8

σ(χ) = σ"

where vj is the rate of initiation, kg the chain growth rate
constant, and kx the rate constant for linear termination.
The observed rate of polymerisation is proportional to 1/L.

4. Overall Kinetics of Polymerisation

The influence of the support on the rate of polymerisation
of monomers on a surface can be examined first. Table 1
gives the values of the radiation-chemical yields for poly-
merisation in various systems, calculated from published
data.3 2 '1*7 '5 6 A noteworthy feature is the high values of the
polymerisation yields calculated per unit of energy absorbed
by the adsorbed monomer, G *γ; they are much greater than
the values for the polymerisation of the same monomers in the
bulk.II Similar results were obtained in other studies (see
Ref. 1). Thus for a number of systems, the supports have
an appreciable accelerating action on polymerisation. The
mechanism of this action will be examined below.

Table 1. Some overall kinetic characteristics of the
radiation polymerisation of monomers on a surface (coverage
of the surface by monomers about one monolayer, tempera-
ture 50°C, dose rate 0.35 Gy s"1).3 2 '1*7 '5 6

Monomer

VA
VA
VA
VA
MMA
MMA
MA
BMA***
ST

Adsorbent

AS/400
AS/700
AS/900
MAS***
AS/400
AS/200
AS/400
AS/400
AS/400

n*

1
1
0.8
0.5
1
1
1
0.8
0.7

ΙΟ"4 Gpol

0.7
0.6

—
2.0
0.6
1.0
2.6
0.3
0.3

io- 4 c* o l

12
10
—

120
10
15
43

5
10

10-4C£01

3.5**
3.5**
3.5··
3.5**
0.9
O.t)-··
0.6
0.04**

Notes. The specific surface of the adsorbents is
-200 m2 g"1. The polymerisation of all the monomers
except ST takes place by a radical mechanism; the poly-
merisation of ST takes place by caticnic and radical mecha-
nisms simultaneously on an aerosil surface, and by a radical
mechanism in the bulk. Notation: G p o i and GpO\ are the
radiation-chemical yields of polymerisation on a surface,
calculated per 100 eV of energy adsorbed by the entire
system and by the monomer respectively; GJ? j the radia-
tion-chemical yield of polymerisation in the bulk ("in the
mass") in the initial stages; MA = methyl acrylate; BMA =
butyl methacrylate.

*Dose rate range studied 0.05—5 Gy s"1.
**Calculated from published data. 9 5

***Methylated aerosil; specific surface ~60 m2 g"1.
****Temperature 25 °C.

Analysis of the available data shows (see for example
Table 1) that in polymerisation on a surface, in contrast to
processes in the liquid phase, linear termination of the kinetic
chains is observed extremely frequently (the order for the
dependence of the reaction rate on the irradiation dose
rate, n· = 1); the reasons for this will be examined below.

11 The values of G p o j are proportional to the relative or
reduced rate of polymerisation ν /σ, expressed as fractions of
the original quantity of the monomer on the surface in unit
time (for example in s" 1).
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The specific mechanisms of linear termination may be
different in different systems. For the polymerisation on
an aerosil of vinyl acetate and various other monomers with
highly active growing radicals, the mechanism apparently
involves degenerate chain transfer to the hydroxide groups
of the surface and the formation of radicals whose activity
is much lower than that of the growing macro-radicals;
kinetically, this appears as chain termination.1*7»59 This
mechanism is confirmed, in particular, by the fact that with
decrease in the concentration of hydroxide groups on the
aerosil surface, for example as a result of an increase in
the temperature of treatment to 900 °C, the rate of termina-
tion in the polymerisation of VA decreases, and n^ deviates
from 1 towards lower values.56 On a methylated aerosil not
containing hydroxide groups, n\ = 0.5, that is quadratic
termination of the kinetic chains takes place.1*7 A similar
mechanism of termination has been assumed33 for the poly-
merisation of MM A on an aerosil; with increase in the
quantity of polymer formed on the surface, n̂  decreased
from 1 to 0.5.

Chain termination associated with the occlusion of the
growing macro-radicals is apparently fairly common.
Complete "burial" of the growing active centre is not
essential. A sufficiently marked decrease in the specific
growth rate, due to a decrease in the local concentration
of the monomer close to the active centre, will appear
kinetically as chain termination. As an experimental indica-
tion of the role of occlusion phenomena in chain termination,
data00 on the radiation polymerisation of acrylonitrile (AN)
on alumina fibres can be considered, nj changes from 0.5
to 1 on going from the non-porous to the fine-porous fibre.
An occlusion mechanism has been proposed for the deactiva-
tion of the growing macro-radicals in the polymerisation of
acrylic acid on kaolin.61 An occlusion mechanism of chain
termination in the polymerisation of AN on KSK-2 silica gel
was established by EPR.62 Post-polymerisation and EPR
methods have shown that in the polymerisation of MMA on
an aerosil at a temperature of 25 °C, kinetic termination of
all the growing radical chains is not accompanied by chemical
destruction of the macro-radicals; for reasons which are not
yet completely clear, the growing macro-radicals at a definite
moment undergo occlusion immobilisation, as a result of which
the specific growth rate decreases by a factor of ~300; with
increase in the temperature of the system (for example to
70 °C), "reanimation" of the kinetic chains is observed, t

There are probably several forms of occlusion, for example:
1) self-occlusion of the chains in the fine pores as a result of
the covering of the transport "windows" of the pores as chain
growth proceeds; 2) occlusion in pores with small windows
(particularly in dead-end pores), taking place as a result of
the growth of other chains, which prevent the transport of
the monomer into the pore; in this case, as noted by
Kabanov (see Ref.l) , n̂  may be less than 1. It is more
difficult to picture the occlusion immobilisation of a macro-
radical growing on an open surface. In some systems with
extremely weak adsorption interaction of the units of the
macromolecule with the surface, deactivation of the macro-
radical may take place as a result of a conformational change
("collapse") from an unfolded chain to a compact globule with
localisation of the active centre inside the globule. The
actual mechanism of the occlusion termination of the growing
chains in polymerisation on the surface of solids has not
been established for any system.

Linear termination of the growing radical chains on
impurities, for example iron ions, is also possible. As
far as the mechanism of the quadratic termination of poly-
merisation chains on a surface is concerned, it is possible
that, because of the obvious retardation of the thermal
diffusion of the macro-radicals on the surface (see also
section V), in some systems a "reactive" or "chemical"
mechanism of diffusion will predominate, where the meeting
of the growing active centres and their disappearance take
place as a result of their movement over the surface during
the actual growth reaction.

Study of the temperature dependence of the rate of poly-
merisation has shown that the corresponding activation
energy E^ in different systems varies from 0 to 40 kJ mole"1,
and usually decreases with increase in the degree of covering
of the surface by the monomer.55»63 The latter is related55

to the corresponding decrease in the activation energy of
polymerisation chain growth Eg (see section V and Table 3).

High kinetic orders of the polymerisation with respect to
the concentration of the adsorbed monomer have been
noted.1·61* The authors cited relate these results to the
formation of associates of the monomers on the surface of
the support. These results, however, are fully covered
by the general concept based on the dependence of the chain
propagation rate constant on the nature of the adsorption
bonding and also on the degree of covering of the surface
by the monomer and the thickness of the adsorption layer;
this concept is developed below (see sections V and VI).

III. MOLECULAR AND STRUCTURAL CHARACTERISTICS OF
THE POLYMERS FORMED

1. Structural and Conformational Characteristics of the
Macromolecules and Their Distribution on the Surface

The structure of the macromolecules formed and their
distribution on the support in relation to the processes of
radiation polymerisation on a surface has been the subject
of special study only in recent years. The molecular mass
distribution of the polymers formed in the polymerisation of
ST and MMA on silica gels has been studied25-29.65.66 by gel-

tSee E.Ya.Yunitskaya, Candidate's Thesis, Karpov
Physicochemical Scientific Research Institute, Moscow, 1986.

permeation chromatography (GPC). The polymerisation was
carried out at extremely high monomer concentrations and
degrees of conversion. The results were used chiefly for
the separate determination of the yields of radical and ionic,
grafted and non-grafted polymers. The fraction of grafted
PST is very low (15—20%), whereas for polymethyl methacry-
late (PMMA) this fraction is 70-80%. Under the conditions
studied, ST was polymerised chiefly by a cationic mechanism,
and MMA by a radical mechanism. The proportion of grafted
PST is higher if the polymerisation is carried out as a result
of the post-effect after preliminary irradiation of the silica
gel in a vacuum.29 The influence of the monomer concentra-
tion on the MMD of polystyrene obtained by the radiation
polymerisation of ST on silica gel has been examined.31 GPC
has been used67 to study the molecular characteristics of PST
formed by the radiation polymerisation of ST in the porous
structure of wood.

In the initial stage of the polymerisation of vinyl acetate
on aerosil (at degrees of conversion up to one third of an
effective monolayer), linear macromolecules are formed, and
Mw/Mn s 2.68 On further polymerisation, effective branching
of the macromolecules and marked broadening of the MMD take
place. In the range of degrees of conversion from one third
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to two thirds of a monolayer (irradiation dose 0.3—0.6 kGy),
the width of the MMD increases by a factor of ~3, and the
degree of branching by a factor of 2.5. It is suggested that
these changes are related to radiolysis of the polymer and
chain transfer to the polymer.

Infrared spectroscopy has been used to study the con-
formational characteristics of the polymers formed in the
polymerisation of VA and MMA on aerosil (AS/400 and
AS/200), before their separation from the surf ace.1*7'56 It
was shown that a fairly high proportion of the units of the
PVA and PMMA formed are joined to the aerosil surface by
hydrogen bonds (between the CO groups of the polymers and
the OH groups of the surface). The proportion of units
bonded to the surface increases, in particular, with decrease
in the monomer concentration σ at which the synthesis is
carried out, and is 70-80% at a concentration lower than one
quarter of a monolayer. This indicates that the macro-
molecules formed under the given conditions have unfolded
conformations. If the polymerisation is carried out at high
concentrations of the adsorbed monomer (several monolayers
or more), the PMMA molecules on the surface apparently have
the form of a non-planar coil.

The micro-structure of the macromolecules formed by
polymerisation on a surface has been studied by high-resolu-
tion XH and 13C NMR spectroscopy.47'56 It was established,
in particular, that PVA and PMMA synthesised on an aerosil
have an atactic structure, similar to that of the polymers
obtained by radical polymerisation in the liquid phase.
At the same time, the PMMA obtained at low degrees of
covering of the surface by the monomer (approximately one
quarter of a monolayer) contains a higher proportion of
isotactic triads.5 6 This is apparently due to the stronger
adsorption bonding of both the monomer and the polymer to
the surface, and to the more rigid stereochemical control of
the acts of chain growth at low values of σ. Poly-n-butyl
methacrylate synthesised on an aerosil also contains a higher
proportion of the isotactic structure than the liquid-phase
radical polymer.9

The nature of the distribution of the resulting polymer on
the surface is of considerable interest, particularly from
the practical viewpoint. A number of authors report that
this distribution is markedly non-uniform. In a study of
the polymerisation of MMA and ST on MgO and an aerosil,
it was concluded from kinetic data that more or less complete
"overgrowth" of the surface of the support by the polymers
takes place on the formation of 3—6 effective monolayers of
the polymers on the aerosil, and 10—20 on MgO.1'33

The nature of the distribution of the macromolecules of
PST, PMMA, and polyacrylonitrile (PAN) grafted to an MgO
surface as a result of radiation polymerisation of the
monomers from the vapour phase has been studied.69'70

The size distribution of the MgO particles was studied by
sedimentation in a hydrocarbon medium; the adsorption
on the magnesium oxide powders of stearic acid, which can
undergo irreversible adsorption on the non-modified regions
of the MgO surface, and other characteristics, were also
studied. The measurements showed that with increase in the
quantity of grafted PST (from 1 to 25 effective monolayers),
the aggregates of MgO particles in toluene gradually break
down, since the surface of individual MgO particles becomes
organophilic. The characteristic size of the aggregates
changes from 20 urn to 0.5 pm; the size of an individual MgO
particle is 0.01-0.1 um, that is breakdown of the aggregates
is still not complete. Even for the maximum quantity of
grafted PST, approximately one third of the MgO surface is
not covered by the polymer and retains its ability to absorb
stearic acid. A similar picture is observed in the grafting
of PMMA and PAN.

It was concluded69»70 that the radiation grafting of the
macromolecules on the surface of mineral carriers is "mosaic"
in character. This was attributed to non-uniformity of the
original surface; it was assumed that on the surface there
are regions on which adsorption and hence polymerisation of
the monomers does not take place. In Ref.l, the non-
uniformity of the distribution of a grafted copolymer is
related to the higher rate of initiation of grafting to the
polymer already formed on the surface, compared with the
original support. Further studies are required to obtain
a more definite answer to the question of the reasons for the
non-uniform distribution of polymers on a surface. In all
cases, however, in the analysis of this question it is
necessary, in particular, to take account of the actual con-
formation of the macromolecules on the surface.

2. The Efficiency of the Grafting of Macromolecules to a
Surface

Even in the earliest papers on the "approach" radiation
grafting of polymers from the vapour phase (see Ref.l),
attention was drawn to the fact that this method, unlike
grafting from the liquid phase, usually gives a very small
quantity of homopolymer, indicating that the grafting of the
macromolecules has a high efficiency. According to these
data, the quantity of non-grafted polymer usually did not
exceed 5% of the total concentration of polymer. These
results were related to the fact that under the experimental
conditions used in these studies (at a fairly low concentra-
tion of monomer on the surface), most of the active centres
initiating polymerisation are produced from the material of
the support, and this may lead to the production of a
covalent bond between the macromolecules formed and the
support at the initiation stage. It has also been suggested1'1*5

that the low-molecular-weight radicals formed in the system
on irradiation are unable to initiate polymerisation before
their transfer to the vapour phase and disappearance, since
the time for which they are present in the adsorbed state xa

is small compared with the characteristic time of the act of
polymerisation chain growth Tg

n<Tt ( l)

It was subsequently established,26'65'71 however, that the
quantity of non-grafted polymer is usually much greater than
indicated in the early studies, although it is sufficiently less
than that for grafting from the liquid phase. In the poly-
merisation of VA, AN, and MMA on an aerosil it amounts to
10—50% of the total quantity.71 In the analysis of these
results it must be borne in mind that in most experiments,
relationship (1) apparently is not fulfilled. Because of the
porosity of real adsorbent specimens (layer of powder,
porous tablet, etc.), the total time for which the low-molec-
ular-weight radical is present in the adsorbed state during
its diffusion over the specimen to the point of possible
disappearance ("C), because of repeated re-adsorption on the
pore walls, is usually greater than Tg. Thus most of the
low-molecular-weight radicals are able to take part in the
polymerisation on the surface.71

The total time for which the diffusion species is present
in a real specimen can be described by the relationship:72

rD =

where I is half the thickness of the specimen. In typical
systems with weak bonding, Deff for the monomer molecules
is 10~3—10~5 cm2 s"1.73 For low-molecular-weight radicals
such as the radicals of chain transfer to the monomer and
similar radicals, Deff is usually of the same order of
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magnitude. In most experiments on polymerisation, the
fraction of the surface diffusion flux of the monomer in^the
specimen is fairly high relative to the total, 7 3 so that τ£ is
close to TQ. Estimation of τ^ for the low-molecular-weight
radicals which chain transfer to the monomer in the poly-
merisation of vinyl acetate on an aerosil (specimen in the
form of a tablet with thickness 2 mm and porosity ~80%)
gives the value ~10 s (for Ta = 10"1* s), whereas Tg = 10~2 to
10"1 s.55»73 Naturally, the situation must be evaluated
separately in each specific case with allowance for the above
considerations.

In the analysis of experimental results from the viewpoint
of the efficiency of grafting, account must be taken of a
number of additional features. Thus the efficiency of
grafting is determined by treating the specimens, after
polymerisation, with solvents to extract the non-grafted
polymer from the surface. To obtain correct results it is
necessary to make the correct choice of solvent. On the
one hand, it is necessary to take account of the fact that
the compound used should not only be a good solvent for
the polymer but also displaces it effectively from the
adsorbent surface.7 1 On the other hand, it is necessary
to bear in mind the possibility of the hydrolysis, under
the influence of the solvent, of the covalent bond between
the macromolecule and the support, or hydrolytic rupture
of the main chain of the macromolecule.65»71»71* The

hydrolytic instability of the ^Si-O-C bond and the stability

of the ^Si—C bond have been noted.71(

3. Secondary Reactions in the Polymer Chains Formed. The
Radiolysis of Polymers on a Surface

An important characteristic feature of the processes
involved in radiation polymerisation is that the macromole-
cules are subjected to the action of radiation for some time
after their formation. Attention has been drawn6 5»5 7 '6 8 to
the fact that in polymerisation on a surface, various
manifestations of the radiolysis of the polymers are observed
for very small radiation doses (less than 1 kGy). In poly-
merisation in the bulk, secondary radiation reactions in the
polymers are usually not observed at such low doses. It
has been established6 8 that there is effective branching of
PVA macromolecules on an aerosil, and marked broadening
of the MMD in the dose range ~0.5 kGy. A decrease in the
number-average values of the molecular mass was observed
for PVA with increase in the polymerisation time at doses of
~1 kGy; it was suggested that this effect is due to the
sensitising influence of the support on the radiolysis of the
macromolecules. Attention has been drawn6 5 to the radia-
tion degradation of PMMA on silica gel at doses of 1.2—5 kGy;
it was also concluded that this process is accelerated by the
support, although the experimental data obtained by com-
paring the results of the irradiation of PMMA on a silica gel
surface and in a "block", on the basis of which this conclu-
sion was reached, are not completely correct, because of
the marked differences in the molecular masses of the PMMA
specimens compared. The accelerating action of the support
on the radiation degradation of PST in the grafting of ST on
wood has been reported. 6 7

The special study of the radiolysis of polymers on solid
surfaces, including the study of model systems in the absence
of monomer, is of considerable interest. The action of radia-
tion on PST deposited and grafted on silica gel has been
studied· 7 5 It was shown, in particular, that radiation
degradation of the grafted polymer takes place; the radia-
tion-chemical yield of the ruptures is 2. The presence of

the homopolymer suppresses the degradation. When PST is
irradiated in a "block", cross-linking of the polymer takes
place; Gc_i s 0.17.

Various characteristic features of the radiolysis of polymers
deposited on an aerosil and undergoing degradation (PMMA)
or mainly cross-linking (polymethyl acrylate, PMA), have
been studied.3 2# The polymers were deposited on the aerosil
by polymerising the monomers on the surface. The radia-
tion-chemical yield of the ruptures of the main chains of
PMMA, G*, determined by measuring the molecular mass of
the polymers viscosimetrically and recalculating to unit
energy absorbed by the polymer, was much greater for
irradiation on the aerosil, compared with the yield of
ruptures for the irradiation of PMMA in a "block". When
the quantity of polymer deposited on the aerosil is close to
an effective monolayer, the value of G* is 5—10 (depending
on the conditions of synthesis and hence on the conformation
of the macromolecules), whereas for the irradiation of PMMA
in a "block", this yield is close to 1. G* decreases
regularly with increase in the quantity of polymer on the
surface.

The radiation-chemical yield of polymer radicals Gl is
also much higher for the irradiation of PMMA on a surface.
At concentrations of PMMA on the aerosil of -0.05 and
-0.5 effective monolayer, the initial yield of terminal
radicals G^, determined by EPR, has the values -350 and
~70 respectively, whereas for irradiation of the specimen in
a "block", this yield is 3-4. This is due chiefly to the
effective transfer of the energy of the radiation, absorbed
by the silicon dioxide particles, to their surface and to the
polymer adsorbed on it. Similar effects were previously
noted in a study of the radiolysis of adsorbed low-molec-
ular-weight hydrocarbons. 7 6 " 7 9

Another noteworthy feature is that under comparable
conditions, G^ is much greater than 2G%. An appreciable
proportion of the ruptures of the main chains is apparently
localised close to the ends of the macromolecules, and are
not detected by measuring the average molecular mass
vi scosimetrically.

The radiolysis of PMA on an aerosil surface has been
studied for specimens containing ~2 and -4 effective mono-
layers of the polymer.32 The original molecular mass of the
polymers (Μη) was ~107. Irradiation of the specimen in a
block leads to effective cross-linking of the PMA; for a dose
of 1—1.5 kGy, the concentration of the gel fraction was -50%,
On irradiation on a surface with doses up to 10 kGy, gel
formation is not observed, but effective degradation of the
macromolecules takes place, and the initial yield is G r = 5—10.
On subsequent irradiation, a gel fraction gradually appears.
The dose required for the formation of 50% gel fraction in
the polymer on the support is 20—50 times that for the
"block". It is suggested that this marked suppression of
gel formation when PMA is irradiated on a surface is due to
a change in the ratio of the yields of ruptures and cross-
linkages in favour of the first process, and also to the
characteristic topological features of the specimen (the small
thickness of the polymer layer, and its distribution in
"islets").

Thus the results indicate that there is a marked increase
in the rate of radiation degradation and a change in the
direction of the processes involved in the radiolysis of the
polymers on the surface of silicon dioxide particles. These

#See also M.A.Bruk, G.G.Isaeva, E.Ya.Yunitskaya,
S.A.Pavlov, and A.D.Abkin, Radiat.Phys.Chem., 1986,
27, 79.
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results are extremely important, not only for the investiga-
tion of the details of polymerisation on a surface but also
for the study of the radiation stability of filled polymer
materials and their modification by radiation.

IV. THE ADSORPTION AND MOLECULAR TRANSPORT OF
MONOMERS ON A SURFACE. SYSTEMS WITH STRONG AND
WEAK ADSORPTION BONDING

As noted in section II, radiation polymerisation on a surface
usually takes place by an adsorption mechanism. The rela-
tion of the characteristic features of the elementary stages
of the polymerisation, in particular the reactions of chain
growth, to the nature of the adsorption and the surface
mobility of the monomers and polymers is therefore a
central question in the area being discussed. The analysis
of adsorption equilibria and the molecular transport of the
monomers in the specimens is also necessary to determine
the true concentration of the monomers in the reaction zone.

The equilibrium adsorption of MMA and ST on an aerosil
and on magnesium oxide has been studied on a McBain
balance.1 The published conclusion that the adsorption
is monomolecular in these systems does not appear fully
justified. The heats of adsorption of various monomers on
KSK-2 silica gel have been determined calorimetrically.80'81

The heats of adsorption decrease considerably with increase
in the degree of covering of the surface (at degrees of
covering less than a monolayer). The equilibrium adsorption
of acrylic and methacrylic acids on kaolin has been studied. 6 1

The adsorption equilibria, mechanism, and dynamics of the
adsorption of a wide range of monomers on silicon dioxide
specimens (chiefly aerosil and its modified forms) have been
studied in detai l . l f 7 ' 5 6 · 7 3 ' 8 2 On the basis of the results
obtained, the authors cited divide the systems studied into
two main groups. In the systems of the first group, the
values of the heats of adsorption -AHa are 30-90 kJ mole"1,
and the adsorption is non-localised, reversible, and charac-
terised by a high surface mobility of the monomers. This
type of adsorption on SiO2 is shown by most of the vinyl
monomers studied (VA, AN, ST, MMA, tetrafluoroethylene,
etc.) . These systems were called systems "with weak
bonding".

The main adsorption centres on the silicon dioxide surface
in these systems are surface hydroxide groups, which form
hydrogen bonds with the polar functional groups of the
monomer molecules (MMA, AN, VA, etc.) or weak ττ-complexes
with a system of conjugated double bonds (ST). The
strength of these adsorption bonds can be characterised to
some extent by the magnitude of the displacement of the
absorption band of the hydroxide groups of the surface in
the region of 3750 cm"1 (AVQJJ) on adsorption.

In some systems (for example in the adsorption of VA and
AN on AS/400), there is a change in the nature of the
adsorption of the monomers at a coverage of about half an
effective monolayer. In particular, at this degree of
coverage there is a decrease in the heat of adsorption,
the decrease being particularly marked for VA (~17 kJ mole"1),
a marked decrease in the width of the absorption bands in
the XH NMR spectra of the adsorbates, and a displacement of
the absorption band of the carbonyl groups of VA in the
infrared spectra. 8 2

The systems of the second group are characterised by
localised activated adsorption, irreversible at room tem-
perature . 5 6 ' 7 3 In these systems the strength of the bonds
between the monomer molecules and the surface is close to
that of chemical bonds. These systems have been called
systems "with strong bonding". Of the systems studied by

the authors cited above, the following, in particular, are
of this type: acrylic acid on an aminated aerosil, 4-vinyl-
pyridine (4-VP) on a carboxylated aerosil, and 4-VP on an
aerosil in the presence of water (in these, ionic bonds are
formed). When 4-VP and N-vinylpyrrolidone (N-VP) are
adsorbed on an aerosil, ionic bonds are not formed, but
the stability of the adsorption complexes and the nature of
the adsorption differ considerably from those for systems
with weak bonding. Systems with strong bonding are
characterised by values of the heats of adsorption of 100 to
200 kJ mole"1 and an extremely low surface mobility of the
monomers.

The above separation of systems with strong and weak
adsorption bonding is to some extent arbitrary. A particular
system may "move" from one group to the other, for example
when there is a marked change in the surface coverage or
the temperature. The characteristics of a number of sys-
tems have intermediate values. Nevertheless, the proposed
classification is useful, chiefly because of the marked
differences in the nature of the processes of monomer poly-
merisation in the systems of the two groups.

The study of the processes involved in the surface molec-
ular transport of monomers is of considerable interest. Here,
the analysis of the possible influence of the surface diffusion
of the monomers on the observed rate constant for the growth
of the polymerisation chains is of fundamental importance.
The coefficients of surface diffusion of the monomers Ds have
been determined5 6 '7 3 for a number of systems with weak
bonding (VA-AS/400, MMA-AS/200, MMA-AS/400,
ST-AS/200, and VA-MAS). In these systems at tempera-
tures of about 50 °C and degrees of covering of about one
monolayer, D s = 10~5-10~3 cm2 s"1. The values of Ds

increase rapidly with increase in temperature (the activa-
tion energy of surface diffusion decreases with increase in
the concentration of adsorbed monomer σ). Within the
monolayer, the values of D s increase significantly with
increase in σ, and in some systems (for example VA—MAS)
they pass through a maximum.

Thus systems with weak bonding are characterised by
high values of Ds for the monomers, close to the diffusion
coefficients in non-viscous liquids. In systems with
strong bonding, the values of Ds are much lower; for
example, for 4-VP on an aerosil, D s = 10~8-10~9 cm2 s"1.

V. THE QUANTITATIVE STUDY OF THE ELEMENTARY
STAGES OF RADICAL POLYMERISATION IN SYSTEMS WITH
WEAK BONDING

An extremely important step in the determination of the
characteristic features of polymerisation reactions on solid
surfaces is the measurement of the rate constants for the
elementary stages of these reactions. Considerable progress
has been made in this field in the last few years. It has
been possible to determine the rates of initiation v^, the
lifetimes of the kinetic chains τ, the growth rate constants
kg, and various other kinetic parameters of the radical
polymerisation of a number of monomers on a silicon dioxide
surface, initiated by radiation.1*8.5 3"5 6 '7 3

Isolated attempts to estimate the growth rate constants for
radiation polymerisation on a surface had been made earlier.
The values of kg had been calculated5 0 '5 1 for the grafted
polymerisation of acrylonitrile on nylon fibre from the
vapour phase using the post-effect. In these calculations
the authors assume a "collision" mechanism of polymerisation,
although in fact the mechanism is one of adsorption. More-
over, the estimation of the concentration of initiating radicals
in the surface layer of the fibre was extremely arbitrary.
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The authors cited concluded that the values of kg on the
surface are close to those observed in the radical polymerisa-
tion of AN in the liquid phase, and at the same time obtained
for the activation energy of chain growth Eg a value of zero,
which is unlikely for this reaction and which differs con-
siderably from the values established for the radical poly-
merisation of AN and other monomers in the liquid phase.
An attempt was made81 to estimate the growth rate constant
kg for the radiation polymerisation of MMA on KSK-2 silica
gel. The lifetimes of the kinetic chains were determined
calorimetrically. In Ref.81, the rate of initiation of the
polymerisation was not determined experimentally;81 it was
assumed, somewhat arbitrarily, to be equal to the yield of
paramagnetic centres stabilised in irradiated silica gel at
77 K, determined in Ref.43. Moreover, it should be borne
in mind that the yields of radicals in silica gels irradiated
in the presence and absence of adsorbates usually differ
considerably. They also depend on the concentration of
impurities in the specimens. It was concluded81 that kg
for MMA for monolayer coverage of the surface by the
monomer is close to that for the liquid phase. For the above
reasons, this conclusion does not appear completely reliable.
The idea that kg depends on the heat of adsorption and the
degree of covering of the surface by the monomer was
developed in Ref.81.

The principal results '* 8 ' 5 3" 5 6 ' 7 3 of the determination of the
rate constants and other parameters of the elementary stages
of the radiation polymerisation of VA and MMA on an aerosil
and a methylated aerosil in the initial stage of the reaction
can be considered. § The kinetic parameters were deter-
mined using the usual equations of the theory of radical
polymerisation which describe the stationary stage of the
process:

= 1/r; vv =/<g[M]r; kt = \/ι\τ2
( 2 )

Here, v s t is the stationary rate of polymerisation, ν ^ ) 5 ρ the
specific (calculated for one growing chain) rate of termina-
tion, Vp the length of the polymerisation kinetic chains, and
k-£ the rate constant for quadratic chain termination. The
growth rate constants kg were determined from Eqn.(2);
here, the main difficulties are associated with the reliable
measurement of the rates of polymerisation initiation vj and
the lifetimes of the polymerisation kinetic chains τ.

1. Determination of the Rate of the Radiation Initiation of

Polymerisation

As shown below, the initiation of radiation polymerisation
on a surface when the concentrations of adsorbed monomers
are not too high (up to 1—2 monolayers) is due chiefly to the
active centres produced as a result of the absorption of the
energy of the radiation by the solid. It should be noted that
a sufficiently complete mechanism has not yet been reliably
established for the radiolysis processes leading to the initia-
tion of radical polymerisation on a surface, even for the most
widely studied adsorbent silicon dioxide. It has been
shown 3 5 ~ 3 8 ' 8 " ' 8 5 by various methods (EPR, ultraviolet
spectroscopy, etc.) that the γ-irradiation of finely dispersed
silicon dioxide may lead to the production of hole, electronic,

and radical centres on its surface. The hole centres may
be localised on an oxygen atom of a hydroxide group or on an
oxygen atom situated next to an impurity aluminium or boron
atom.36 Impurity atoms usually play an extremely important
role in the localisation of electron or hole active centres and
to a large extent determine the EPR and ultraviolet spectra
of these centres. When an adsorbate is present on the
surface of the irradiated specimens, transformation of these
centres to radical-ions of the adsorbed molecules, or the
formation of their donor—acceptor complexes with the
adsorbate, is observed, depending on the relationship
between the ionisation potential (or electron affinity) of the
adsorbed molecules and the "depth" of the hole or electron
traps. The radical-ions formed may take part in the initia-
tion of surface ionic and radical reactions.

The initiation of radical reactions can also take place as a
result of the transfer to the adsorbate molecules of the
energy of recombination of the electron—hole pair, which is
often sufficient for bond rupture in the adsorbed molecule.
The energy of recombination of the ion pair may also bring
about bond rupture in the surface silanol groups and the

formation of j^SiO' and ̂ Si# radicals, and also the low-

§See also M.A.Bruk, S.A.Pavlov, G.G.Isaeva, and
E.Ya.Yunitskaya, Europ.Polym.J., 1986, 22, 169.

molecular-weight radicals Η * and HO *, which can also
initiate radical reactions involving the adsorbate. It has
been suggested 8 6 ' 8 7 that an appreciable proportion of radical
centres are formed by a homolytic mechanism.

The reliable determination of the rate of initiation of poly-
merisation vi on a surface is fairly complicated. The use of
the usual methods for determining vj in the liquid phase,
involving the measurement of the induction periods of
inhibited polymerisation or the rate of consumption of radical
acceptors,8 9 in the case of polymerisation on a surface is
complicated by the lowered diffusion mobility of the inhibitors
and acceptors usually employed. As a result, their reac-
tions with the active centres of the polymerisation are
diffusion-controlled, and the efficiency of these reactions
is lowered, making quantitative analysis of the results
difficult.

Three different methods for determining Vj, whose results
show fairly good agreement with one another, have been
developed and used: 1) the determination of the duration
of the induction period of the polymerisation when an effec-
tive non-adsorbed inhibitor, namely gaseous oxygen, is
used; 2) a kinetic method, based on the use of expressions,
familiar from the theory of radical polymerisation, relating the
average degree of polymerisation to the kinetic parameters of
the process; and 3) a method based on the determination of
the number of polymeric molecules formed in systems with a
low effective constant for non-degenerate chain transfer.
The characteristic features and limits of applicability of each
method were discussed.1*8

Table 2 gives the values found by averaging the results
obtained by different methods for v^ and the radiation-chemi-
cal yields of the initiation calculated per unit of energy
absorbed by the entire system Gj and by the adsorbed
monomer G* for the radiation polymerisation of MMA and
VA on an aerosil. It is significant that the values of Vj
were found to be practically the same for the two monomers.
Table 2 shows, in particular, that the values of G* are
anomalously high. This indicates directly that there is
effective migration of the energy absorbed in the bulk of the
aerosil particles to their surface. Table 2 also shows that
the values of VJ in the range of degrees of coverage from
0.4 to 1.5 monolayer depend little on the degree of coverage.
In the temperature range studied, from -20 °C to +50 °C, the
values of vj are practically independent of temperature.1*8

The values of vj may differ significantly for a given monomer
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on different adsorbents. For example, the values of vj for
VA on AS/400 and on MAS are ~107 molecule cm"2 s" 1 and
~6 χ 107 molecule cm"2 s" 1 respectively.

100 s with a relative error £30%. In Refs. 53-56 the rate
constants were calculated using the values of t n s obtained
by the AIT method.

Table 2. Average values of vj, Gj, and G* for the radiation
polymerisation of MMA and VA (dose rate 0.35 Gy s"1).1*8

in ·

(1.4
1,0
I.S

ΙΟ"? ν .
motecule 1/100 eV

Adsorbent AS/400

1.1
1.2
Ι..Ί

1.0
1.1
1.2

1/10*0 eV

30
17
12

m ·

0.4
1.0
1.5

10"7 vb

molecule 1/100 eV

Adsorbent AS/200

1.3
1.4
1.6

1.2
1.3
1.5

l/100'eV

47
20
15

•The number of effective monolayers of monomer on the
surface in the polymerisation.

O.1 ~

1.0 IS
a, mmole g"

0.5 W
σ, mmole g"

2. Determination of the Lifetimes and Rate Constants for the
Growth of the Kinetic Chains

The lifetimes of the polymerisation kinetic chains τ have
been determined from the measured durations of the initial
non-stationary period of the polymerisation. Analysis of
the relationship between τ and the extrapolated non-station-
ary time t n s showed that for systems with linear termination
of the kinetic chains t n s = τ,56»83 and for systems with
mixed termination t n s = ζτ, where ζ lies in the range
0.7—1, depending on the ratio of the rates of linear and
quadratic termination.9 1 For systems with quadratic
termination, t n s = τ1η2. 8 9 Thus in all cases, it is possible
with sufficient accuracy to use the relationship τ = t n s .

The initial non-stationary stage of the polymerisation has
been studied by two methods: vacuum gravimetry (VG) and
adiabatic increase in temperature (AIT). The determination
of t n s by VG under real experimental conditions requires
the introduction of a correction, associated chiefly with
retardation in the diffusion transfer of the monomer in
the specimen, and has a low accuracy. 5 6 ' 7 3 The conclu-
sion8 3 that there is no diffusion retardation is apparently
erroneous. The fact that the observed values of i n s are
independent of the thickness of the aerosil tablets on which
the polymerisation was carried out, which provided the
experimental basis for this conclusion, is probably related
to the influence of the non-isothermal character of the
specimen on the dynamics of the adsorption of the mono-
mer.5 '
several times too low.

The AIT method is more convenient for determining
ίτ,ο. The method involves essentially the measurement of
the increase in the temperature of the specimen as a result
of the heat liberated on polymerisation under pseudo-adia-
batic conditions, when heat exchange between the specimen
and the surrounding medium can be neglected. The
measurements were made in a cell with an adiabaticity time
from 5 min to 9 min; particular attention was paid to the
analysis of the possible errors of the method.5 6 The method
used makes it possible to determine t in the range 5 to

Thus the values of kg obtained in Ref.83 are

1012 kg, cn^molecule-'s"1

6

0.5 1.0 1.5
σ, mmole g"1

Figure 1. Dependence of l / t n s (ct)» t n e reduced stationary
rate of polymerisation (b), and the chain growth rate con-
stant (c) on the concentration of adsorbed monomer σ:
1) VA on AS/400; 2) MMA on AS/400; 3) MMA on AS/200.
Temperature 50°C, dose rate 0.35 Gy s" 1 (points 4 were
obtained at 1.7 Gy s"1).9»55

Fig. la gives the results of the experimental determination
of the values of v t > S p = i/tns f o r various systems studied.
The values of vt,gp are much lower than those for poly-
merisation in the liquid phase in the initial stages; these
values increase with increase in the monomer concentration σ.
These data, the values of vj given above, the values of v s t
given in Fig. lb, and Eqn.(2) were used to calculate the
growth rate constants kg for different values of a. Fig.lc
shows that the values of kg are of the order of 10"12 cm2

molecule"1 s"1, and that they increase with increase in a.
A significant feature is that kg increases abruptly in the
range of degrees of coverage corresponding to approximately
half a monolayer (0.3-0.4 mmole g" 1 ), where an abrupt
decrease in the heat of adsorption takes place (see sec-
tion IV). Calculation shows that for VA molecules, which
are adsorbed "more weakly" (filling the second half of an
effective monolayer), the values of kg on the average are
-4 times those for the monomer adsorbed "more strongly"
(at degrees of covering of 0.2-0.3 monolayer).
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Interesting results have been obtained in experiments on
polymerisation in adsorbed solutions.53'51* If two thirds of a
monolayer of ethyl acetate (EA) are added to one third of a
monolayer of VA, there is a sharp increase in the effective
value of kg (by a factor of ~4). It is suggested that this
effect is related to the fact that in the presence of VA,
whose adsorption properties on the aerosil are practically
completely analogous to those of VA, an appreciable propor-
tion of the VA molecules are displaced from strong to weak
adsorption centres. When additives such as chloroform,
which are adsorbed on the aerosil much more weakly than VA
and EA, and which cannot displace the monomer from the
strong centres, are introduced into the adsorption layer
instead of EA, kg remains practically unchanged.51*

The question of whether the values of Eg are different
for the monomer adsorbed on strong and weak centres are
different is extremely important. Table 3 gives the results
of a study of the temperature dependence of the rates of the
overall process (Etot)> * n e termination reactions (Εχ), and
the growth (Eg) of the polymerisation chains of various mono-
mers on AS/400 for different values of σ. As already noted,
£j ϊ 0, It can be seen that Eg is much higher at low than at
high degrees of covering. This difference corresponds
approximately to the differences in kg·

~2 times that on AS/400. This is apparently due to the
weaker adsorption bonding of VA on the MAS surface.

3. Comparison of the Kinetic Parameters of Polymerisation on
a Surface and in the Liquid Phase9'55

It is of considerable interest to compare the rate constants
for the growth and termination of the chains in the poly-
merisation of monomers in the adsorbed state and in the
liquid phase in the initial stages of the reaction (Table 5).
The values of the surface constants were recalculated to the
bulk values using a model in which the adsorbed monolayer
is regarded as a reaction volume of thickness 4 A, which is
approximately equal to the gas-kinetic diameter of the
monomer molecules. Table 5 shows, in particular, that the
values of kg, recalculated to bulk values, correlate well with
the values of the specific rates of chain growth vg,sp> which
are independent of the concentration dimensions and are not
related to the model adopted .11 This indicates that the model
adopted for the recalculation is correct.

Table 3. Activation energies of the overall process (Ε^ ο ί)
and the reactions of chain growth (Eg) and termination (E t)
in the polymerisation of monomers on AS/400 (dose rate
0.35 Gy s" 1 ) . 5 3 ' 5 5

Monomer

VA
VA
MMA
MMA
MA
MA

σ. mmolc g

0.25
0.7
0.25
0.65
0.25
0.7

Activation energies. kJ mole

*tot

8.4
6.3

28.5
21.8
23.4
10.5

*t

14.2
10.9
9.7
9.7

Et

22.6
17.2
38.2
31.5

Table 4. Kinetic parameters of the polymerisation of VA
and MMA on an aerosil and on MAS (monolayer coverage,
temperature 50°C, dose rate 0.35 Gy s"1).9»55

Parameter

kg, cm^molecule'V1

£(, cm^molecule"'s"l
km. cm2molecule"'s

10' 8n st. cm"2

\(Γ3Ρη

io-%
τ, s

VA-AS/400

3.6-10-'2

_

1.8·10""

0.72

1.3
0.44
6

VA-MAS

7.M0-M
2.4- ΙΟ"1"

4.9

0.45
1.2

8.5

MMA-AS/400

1.0· ΙΟ"18

1.6-ΙΟ""
3

4

0.5
25

MMA-AS/200

0.67-10"1 2

_

1.1-10-"

8.4

4.4

0.8
60

Notation: nsi is the stationary concentration of growing
radicals; P n the number-average degree of polymerisation;
and k m the rate constant for chain transfer to the monomer.

Table 5. Kinetic parameters of the polymerisation of VA
and MMA on the surface of AS/400 and MAS (monolayer
coverage) 9 ' 5 5 and in the liquid phase (in the bulk) 8 9 ' 9 0

(temperature 50 °C).

ke, litre

10>9*g

Parameter

m o i c-i s-i

cm^molecule"'

it,, litre mole's"1

10'7Jt,

I'g s t . S"

I't.St- s"

cm^molecule'1

s-i

s-i

on AS/400

84

1.4
_

_

0.73-10»

0.10

Vinyl ac

on MAS

160

2.7

5.4-10»
0.9

1.4-10»

0.12

ctate

in the liquid
phase

1500—2600

25—43

2,5-10'

4.2-103

(1.6—2.8)· 104

—

Methyl methai

on AS/400

22

0.39
_

_

0.2-10»

0.04

on AS/200

15.4

0.26

_

0.15-10»

0.017

rylate

in the liquk
phase

350—410

5.8—6.8

2-107

3.3-10»

3 .510 s

1*

*For the radiation polymerisation of MMA in the bulk in
the initial stage; dose rate 0.35 Gy s" 1. 3 2

Table 5 shows that the rate constant of the quadratic
termination kt for the polymerisation of VA on MAS is lower
by ~3.5 orders of magnitude than that in the liquid phase.
This result is due to the diffusion character of kt and the
fact that the translational mobility of the macro-radicals on
the surface is much lower than that in the liquid phase. The
suppression of the quadratic termination of the chains on the
surface is responsible for the low rates of termination and

Table 4 gives the values of the principal kinetic parameters
of polymerisation for some systems with weak bonding.
Table 4 shows, in particular, that kg for VA on MAS is

11 Thus Table 5 shows that the ratio of the bulk and
surface specific growth rates for each of the systems
studied is close to the ratio of the bulk and surface growth
rate constants.
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for the fact that the lifetimes of the polymerisation kinetic
chains are much longer than those in the liquid phase. The
same factor increases the role of linear chain termination in
polymerisation on a surface and the occurrence of systems
with linear and mixed termination. An analysis of the initial
non-stationary stage in systems with mixed termination kinetics
has been carried out. 9 1

The data in Table 5 also show that for the systems studied,
the values of kg in an adsorbed monolayer are 15-20 times
lower than those in the liquid phase.

The possible influence of processes of molecular transport
of the monomers on the surface on the observed values of
kg has been analysed.9 2 The analysis was carried out using
the concepts of the theory of diffusion processes in an
adsorbed layer, and also the experimentally determined
values of D s and data on the equilibrium adsorption of
monomers. The authors obtained mathematical expressions
which give the conditions for replacement of the limiting
stage of the chain growth process (and also any other
bimolecular reaction) on a surface, that is the conditions
corresponding to the change from kinetic to diffusion condi-
tions, and which make it possible to calculate the values of
the effective rate constants of polymerisation under purely
diffusion conditions and under intermediate conditions. The
analysis showed that for values Ds = 10"5 cm2 s"1, appreciable
deviations of the concentration of the reagent close to the
reaction centre from the equilibrium concentration for a
bimolecular reaction on a surface are possible only for values
of the chemical rate constant of this reaction greater than

10"6 cm2 molecule"1 s" This value corresponds to a bulk
rate constant of ~10~13 cm3 molecule"1 s"1 or 108 litre mole"
s"1; it is greater by ~5 orders of magnitude than the
experimental values of kg for the radical polymerisation of
monomers in the liquid phase. Such high values of kg
obviously cannot be realised for non-catalytic reactions of
radical polymerisation on a surface. Thus in the systems
with weak bonding studied, as in the polymerisation of
monomers in the liquid phase in the initial stages, kinetic
conditions of chain growth are established.

With allowance for this, it is possible to examine the nature
of the observed differences in the values of kg on a surface
(kgul"f) and in the bulk ( k ^ u ^ ) . When examining the reac-
tions of the chain growth of VA or MMA in an adsorbed mono-
layer on an aerosil, it is necessary to bear in mind that,
according to adsorption measurements,82 the monolayer can
be regarded as a "compact" monolayer, in which the average
area corresponding to one monomer molecule is close to the
corresponding value for the liquid monomer. On the other
hand, it is necessary to take account of the probable dif-
ference in the number of monomer molecules close to the
reaction centre, in the reaction "cage" (nQ). The value of
n c is apparently 2—3 times lower for polymerisation in an
adsorption monolayer than for polymerisation in the bulk of
the liquid monomer. With allowance for this essentially
concentration factor, however, the values of k | u r f for the
systems studied are appreciably lower than those for poly-
merisation in the bulk, by a factor of 6-8 for monolayer
coverage, and by a factor of ~20 for a coverage corre-
sponding to one third of a monolayer. These differences
are due to corresponding differences in the nature of the
elementary act of chain growth, related to the characteristic
features of the structure of the intermediate complex and
the form of the potential surface. A definite role may be
played by both the energy and the entropy factors.9»32>55

In the polymerisation of MMA, the energy factor, associated
with the need for a decrease in the strength of the adsorp-
tion bond of the monomer, predominates; in the polymerisa-
tion of VA, a greater role is played by the entropy factor.

4. Various Thermodynamic Characteristics of Polymerisation
on a Surface

The enthalpy and entropy of adsorbed monomers and
polymers formed on a surface usually differ considerably
from the corresponding parameters in the liquid and gas
phases. Thus polymerisation on a surface should show
definite thermodynamic characteristics. A general analysis
of this question3 2 leads to the conclusion that in polymerisa-
tion on a surface at degrees of covering up to one mono-
layer, the heat of polymerisation Qpol may be appreciably
lower (by ~10— 50 kJ mole"1) than that for the polymerisation
of the corresponding monomers in the liquid phase. The
examination of this question in Ref. 1, where the opposite
conclusion was reached, is apparently not completely correct
(see Ref. 32).

Various problems of the thermodynamics of polymerisation
on a surface have been studied experimentally.80»81

According to the results of a calorimetric study of the
polymerisation of a number of monomers (AN, MMA, tetra-
fluoroethylene) adsorbed on KSK-2 silica gel, the effective
heats of polymerisation Qp^f at low degrees of covering of
the surface by the monomer differ considerably from the
values of QPol ^ o r * n e polymerisation of the same monomers
in the liquia phase. In some systems (for example for MMA
and AN) at coverages of a quarter of a monolayer, the values
of Qp"ff are only 5-10 kJ mole"1. With increase in the
degree of covering of the surface, Qpol increases
(extremely sharply in the systems indicated), and in the
range near one monolayer it reaches values characteristic
of the liquid phase.

Some approximate thermodynamic estimates have also been
made32 using the results of a study of the polymerisation of
VA and MMA on an AS/400 surface by the adiabatic increase
in temperature method. These estimates showed that for
both monomers, Qpol increase considerably with increase
in the degree of coverage of the surface by the monomers up
to a monolayer, but at a coverage corresponding to a mono-
layer they still remain slightly lower than the values for the
liquid phase; in the range of degrees of coverage studied,
Qsurf for MMA is appreciably lower than that for VA.

V I . POLYMERISATION IN ADSORPTION POLY-LAYERS

The main regular features of polymerisation on a surface at
comparatively low concentrations of the adsorbed monomers
(up to 1—2 monolayers) were examined above. From the
practical viewpoint, the examination of the characteristic
features of polymerisation at higher monomer concentra-
tons is also of considerable interest. These characteristics
have been examined93 for the radiation polymerisation of MMA
and VA on AS/400. Specimens containing 50 mass % monomer
relative to the aerosil were taken as model specimens with a
"thick" adsorption layer. The layer thickness was ~10 to
15 effective monolayers. In the thick layer the order of the
polymerisation reaction with respect to the dose rate is
0.8-0.85, whereas it is 1 in a monolayer, and 0.5 in the
liquid phase. Thus in a thick adsorption layer, a mixed
mechanism of chain termination, with linear termination
predominating, is observed. The predominantly linear
termination of the chains is confirmed by the weak depen-
dence of the molecular mass of the PMMA, formed in the
"thick" layer, on the radiation dose rate.

The dependence of the reduced rate of polymerisation
(ν/σ) on σ has been studied. 9 3 For both monomers
(VA and MMA) this dependence shows extremal character
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with a maximum in the range of coverage corresponding to
3—4 monolayers (Fig.2). The dependence of the molecular
mass of PMMA on σ is similar. This is probably due to a
corresponding change in the effective rate constants of
growth (kgi^) and termination (k®^); k ^ increases more
rapidly at coverages up to 3—4 monolayers, and kf^
increases more rapidly at higher concentrations. More-
over, the reduced rate of initiation vj/σ decreases with
increase in σ. For polymerisation in a model "thick" layer,
the value of ES^ is close to Eg for the liquid phase. It is
suggested that the constant fceff for the "thick" layer is
close to fcff for the liquid phase. The reaction of chain
termination is specific, however; quadratic termination is
suppressed to a considerable extent, and linear termination
predominates. In the initial stages the value of v t ) S p is
appreciably lower than in the liquid phase. This is con-
firmed, in particular, by the fact that the molecular mass
of PMMA formed by polymerisation in a "thick" layer is
6 times that for polymerisation in the bulk under comparable
conditions.93

ν/σ, h~

5

2 1 Ε Β σ, mmole g"1

Figure 2. Dependence of the reduced rate of polymerisation
ν/σ for VA (1) and MMA (2) on AS/400 on the concentration
of adsorbed monomer σ. Temperature 50 °C, irradiation
dose rate 0.1 Gy s"1 (1) and 0.35 Gy s"1 (2).9 3

The ratio of the rates of radiation polymerisation on a
surface at different values of σ and in the bulk is illustrated
by the data in Table 6 for MMA and η-butyl methacrylate
(BMA) on an aerosil. Table 6 shows, in particular, that in
the region of the maximum (at a coverage of ~4 monolayers),
the reduced rate of polymerisation on the surface is 30 to
50 times that in the bulk under comparable conditions. An
important feature is that this difference should increase
with increase in the dose rate, because of the difference in
the dependence of the reaction rate on the dose rate. These
results are apparently typical of a fairly wide range of mono-
mer-support systems. The main channels of this acceler-
ating influence of the support on the polymerisation are:
1) increase in the rate of initiation of polymerisation, firstly
because of the "maintenance" of the adsorption layer by the
active centres formed by the energy of the radiation
absorbed by the solid particles (this "maintenance" is
particularly significant in those systems in which there is
effective transfer of energy from the bulk to the surface
of the particles), and secondly as a result of the increase
in the radiation dose rate for the layer of monomer situated

at the interface with the solid with a high electron density88

(this effect is not very great for an aerosil, but it should
be considerable for heavy metal oxides); 2) decrease in
the probability of termination and increase in the lifetime
of the polymerisation kinetic chains.

Table 6. Rates and radiation-chemical yields of the poly-
merisation and the molecular masses of the polymers of
MMA and BMA, formed on an AS/400 surface and in the
bulk (in the volume) [temperature 50° (MMA) and 25° (BMA),
dose rate 0.35 Gy s" 1 ]. 3 2 ' 9 3

Parameter

Ι04(ιν'σ). s"1

1 0 " 4 ( ; p o | . 1/100 cV

10- 4O'*o l. 1/100 eV

Monomer

MMA
BMA
MMA
BMA
MMA
BMA
MMA
BMA

Adsorbed state*

1 mono-
layer

4
2.5
0.61
0.31

10
5
0.6
0.4

4 mono-
layers

12.5
16
6.5
6.75

31.2
32.6
4.8
6.8

"thick"
layer

6
7
6.0
4.6

18
14
2.9
8.5

Liquid phase
(in the bulk)

0.4
0.31
0.94
0.63
0.94
0.63
0.5
0.9

•Concentrations of adsorbed monomer for 1 monolayer,

4 monolayers, and the "thick" layer were 5 (? Ed. of trans.),
26, and 50 mass % respectively.

Various characteristics of radiation polymerisation in
micron layers of monomers on solid surfacest have been
examined in general terms.91* Attention is drawn to a
possible change in the mechanism and rate of radiation-
chemical transformations on a surface compared with poly-
merisation in the bulk. The "structure" of the monomer
layer is examined with allowance for various characteristic
features of the action of radiation on a heterogeneous system.
In particular, a "range of molecular contact", which adjoins
the support and in which higher rates of radiation poly-
merisation can be expected, is distinguished. The main
factors responsible for this increase in the rate are con-
sidered91* to be: 1) the increase in the dose rate in this
range, due to the effect of radiation "reflected" from the
solid; 2) the increased viscosity of the system, which
hinders the termination of the growing radical chains;
3) the increase in the rate of chain growth, due to the
ordered arrangement of the molecules relative to the sub-
strate and one another. The effect of the first two factors
appears indisputable. In the case of the last factor,
however, the formation in the boundary layer on a solid
surface of "prepared" monomer molecules whose relative
arrangement would lead to an increase in the rate of poly-
merisation appears to be the exception rather than the rule.
The formation of these "prepared" molecules requires at
least strict complementarity between the support and the
layer of adsorbed monomer.

tThat is in extremely thick (thousands of monolayers)
adsorption layers or thin liquid films of the monomers.
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V I I . POLYMERISATION IN SYSTEMS WITH STRONG BONDING

For a number of reasons, the study of polymerisation in
systems with strong bonding is usually associated with con-
siderable experimental difficulties. There are very few
published papers on these systems.

Acrylic acid chemisorbed on an animated aerosil undergoes
practically no polymerisation. The monomer adsorbed
physically above the chemisorbed layer is polymerised at
an extremely high rate.56»73

The polymerisation of N-vinylpyrrolidone on Silochrome9»96

takes place practically only at temperatures above 70 °C.
The rate of polymerisation and the molecular mass of the
polymer formed are low. The total activation energy of
the process is 60-70 kJ mole"2. The order for the depen-
dence of the rate of polymerisation on the dose rate is
rij = 1, A study of the combined polymerisation on Silo-
chrome of N-VP and the weakly-bonded monomer methacrylic
acid gave an interesting result. At all compositions of the
original mixtures studied, including mixtures containing
95 mole % N-VP, only pure polymethacrylic acid is formed,
although the constants for the copolymerisation of these
monomers in the liquid phase are similar. This shows that
increase in the strength of the adsorption bonding decreases
the effective reactivity of the monomer on the surface.

4-Vinylpyridine on AS/400 at 20-50°C is polymerised at a
rate which is 5—10 times lower than that for, for example,
MMA under comparable experimental conditions. The molec-
ular masses of the poly-4-VP formed are much lower.9'73

Thus the rates of polymerisation and the molecular masses
of the polymers formed in typical systems with strong bonding
are much lower than those in systems with weak bonding.
These characteristic features are probably due chiefly to
the much lower values of the effective growth rate constants.
The values of Jcff in systems with strong bonding are appar-
ently 2—3 or more orders of magnitude lower than those for
the polymerisation of the corresponding monomers in the
liquid phase.

The polymerisation of 2-methyl-5-vinylpyridine on silica
gel at high temperatures (90—150°C) has been studied.97

Under these conditions the rate of the process is fairly high.
Judging from the kinetic data,97 Gpo\ = 10" at 100°C. At
high temperatures this system apparently behaves like a
typical system with weak bonding (see section IV).

—oOo—

Thus in recent years considerable progress has been made
in the study of the mechanism and characteristic features of
the elementary stages of radiation polymerisation on a sur-
face, providing a basis for the development of the theory of
these reactions. Nevertheless, many unresolved problems
remain in this field, primarily those related to the mechanism
of the elementary stages of these processes. In the case of
the initiation stage, it is necessary to study the influence of
the electronic character, the actual structure, and the
particle size of the solid on the rate of initiation and to
determine the mechanism of the basic radiation reactions
leading to the formation of the initiating centres. The more
accurate determination of the conditions under which the
surface exerts stereochemical control over the acts of chain
growth is of particular interest; in this connection it is
appropriate to study the characteristic features of the
micro-structure of the polymer chains obtained in systems
with strong adsorption bonding. Finally, it is necessary to
carry out additional studies of the detailed mechanisms of
linear and quadratic chain termination in real systems,
including adsorption layers of different thickness. The

study of this question should give new results of funda-
mental importance, related to the properties of the macro-
molecules and their solutions on solid surfaces. It is also
extremely important to extend the range of systems in which
the kinetic parameters of polymerisation are determined, to
make detailed studies of the processes of ionic radiation
polymerisation on a surface, and to study the characteristic
features of polymerisation on regular supports and of
oriented and matrix polymerisation on a surface.
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Halogenodeoxy-derivatives of Cellulose

R.G.Krylova
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U.D.C. 547.458.8 + 543.422.23

Halogenodeoxy-derivatives of cellulose are examined for the first time in terms of a wide range of their characteristics:
synthesis, methods for the determination of structure, reactions, and properties. The replacement of some of the
hydroxy-groups of cellulose by halogen atoms imparts to it a number of practically important properties, for example
resistance to combustion and acid or enzyme hydrolysis. The reactive halogenodeoxy-derivatives of cellulose are used for the
synthesis of a wide variety of cellulose derivatives with functional groups, frequently with properties of practical interest.
The bibliography includes 70 references.
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I. INTRODUCTION

Cellulose is a unique organic compound: it is available in
large amounts and it is being continuously renewed. The
introduction of a halogen into the glucopyranose unit of
cellulose as well as the reactions of halogenodeoxycelluloses
can be used to synthesise new materials with properties
specified beforehand.

Halogenodeoxy-derivatives of cellulose have not been con-
sidered in the reviews devoted to the chemistry of halogeno-
deoxy-derivatives of monosaccharides.1 ) 2 In the mono-
graphs on cellulose chemistry, the derivatives of this class
are either not considered3>1* or their treatment is incomplete.5»6

Since the earlier review by the present author and Golova,7

devoted to the synthesis and properties of various deoxy-
celluloses, including halogenodeoxy-derivatives, was written,
methods of their synthesis known previously have been
significantly developed, new methods have appeared, new
procedures for the determination of their structure have
been developed, and some of their properties have been
investigated in greater depth.

I I . METHODS OF SYNTHESIS

The studies in the synthesis of halogenodeoxycelluloses
have developed in several directions, including procedures
for the most complete substitution of all the hydroxy-groups
of cellulose by halogen atoms,8 the utilisation of the possibi-
lities for the selective introduction of a halogen at specific
carbon atoms of the glucopyranose unit of cellulose,9 1 3 the
development of methods for the introduction of a halogen
into the cellulose macromolecule which are already known,
and the search for new cellulose halogenating agents, for
example N-halogenosuccinimides, 9>1° SO2CI2,11'12 SFi»,1 6"1 8

etc. Methods for the substitution of the relatively unreac-
tive secondary hydroxy-groups of cellulose by a halogen are
being developed11»11*'15 and a search is being prosecuted for
reagents which would make it possible to introduce various
halogens into the cellulose macromolecule under comparable
conditions; the latter is associated with the fact that
various halogenodeoxycelluloses, obtained under identical
conditions, should have more similar physicochemical proper-
ties than the analogous derivatives obtained by different
methods, which is extremely important for the subsequent
comparative study of their properties. 9 ' 1 0 The behaviour of

a number of partly substituted cellulose derivatives under
conditions where the free hydroxy-groups are substituted
by a halogen is also being investigated; 19>20»38 in particular,
the stability of various blocking groups, the removal of
blocking groups in the presence of a halogen, and problems
associated with the preparation (activation) of cellulose before
halogenation reactions are being s tudied. 1 3 ' 2 1 These and
other problems have been solved to a greater or lesser extent
in recent years. The principal reactions and reagents
employed for the synthesis of halogenodeoxycelluloses are
listed in Table 1.

Table 1. The reactions and reagents used to synthesise
halogenodeoxycellulose.

Reaction, initial cellulose derivative, type of
reagent

Nucleophilic substitution of a
cellulose OH group on treatment

with acid chlorides

Nucleophilic substitution by means
of metal halides of active
functional groups introduced into
cellulose beforehand

alkane- and arene-sulphonate
sulphate
nitrate
phosphinite with alkyl halide

Nucleophilic substitution of a
cellulose OH group by reaction with
halogen-containing phosphorus compounds

Nucleophilic substitution of cellulose
OH groups by reaction with halogen-
containing sulphur compounds

Addition of hydrogen halide to 2,3-epoxy-
derivative of cellulose

Addition of a halogen to
5,6-cellulosene

Reagent

SO.,C12

SOC12

POCIT

R S O J C I

MX(X=C1. Br, I, F)

—
—

RCl

Ο

C ^

1 >NX+P(C 6N 5)S
Γ

0

X=C1, Br, I
CH3I-P(OC6H5)3
Cl2 or Br 2+P

SF4

HC1

CI2> Br2

Rets.

[H, 121
[8.14, 19—25]
[2(i]
[13,27,28)

(14,15,20,
29—34]

[34]
[34—37]

[38]

[9,10]

[19,39,40]
[41]

[16—18]

[42]

[43]

A new convenient method of synthesis of 6-chloro-,
6-bromo-, and 6-iodo-6-deoxycelluloses under comparable
conditions involves the reaction of partly substituted
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2,3-di-O-acetylcellulose with the JV-halogenosuccinimide and
triphenylphosphine with subsequent deacetylation. 9 ' 1 0

2,3-Di-O-acetylcellulose is initially dissolved in dimethyl-
formamide (DMF) and is then treated with the reagent for 5 h
at 50 °C with a glucopyranose unit: N-halogenosuccinimide:tri-
phenylphosphine ratio of 1: 2 : 2 in order to obtain the
chloro- and bromo-derivatives and 1: 6: 6 in order to obtain
iododeoxycellulose. Under identical conditions, N-iodosuc-
cinimide proved to be the least reactive. There are virtually
no side reactions in the case of N-chloro- and JV-bromo-suc-
cinimides. After the first hour, the reaction slows down
sharply and the degree of substitution (D.S.) reaches a
limit corresponding to the substitution by the halogen of
one (or approximately one) hydroxy-group in the glucopy-
ranose unit. Under the reaction conditions, the acetyl
groups are retained but can be fully removed from halogeno-
deoxycelluloses by treatment with a 0.25 Ν NaOH solution
for 1 h. This results in the formation of 6-chloro- and
6-iodo-6-deoxycelluloses in 83-95% yield under mild condi-
tions with D.S. = 1.0, 0.8, and 0.7 respectively.

R = H. Ac; X=Cl,Br, I .

The mildest and most effective reagent for the substitution
of the hydroxy-groups of cellulose by chlorine is sulphuryl
chloride. 1 1>1 2 A suspension of cellulose in chloroform is
treated with sulphuryl chloride in the presence of pyridine
using the molar ratios OH : SO2C12 : Py = 1: 1.7-5 : 1-8 during
a period ranging from 20 min to 3 h. The reaction takes
place at room temperature and does not require the pre-
liminary dissolution of cellulose. A chlorosulphate deriva-
tive of cellulose is apparently formed as an intermediate.
The reaction product contains, together with the chloro-
deoxy-groups, also the chlorosulphate groups, which are
resistant to substitution by halogen and sulphate groups.
The chlorosulphate groups can be removed quantitatively
by treating the polymer with sodium iodide in aqueous
methanol and the sulphate groups can be eliminated by suc-
cessive treatment with a base and an acid. This results
in the formation of chlorodeoxycellulose containing 12.4 to
30.4% of chlorine (D.S. up to 1.7) and 1.2-0.9% of sulphur.
The primary hydroxy-groups are exchanged for chlorine in
the first place and then the secondary hydroxy-groups are
exchanged. The substitution of a secondary hydroxy-
group by chlorine atoms is accompanied by the inversion of
the configuration. A distinctive feature of the reagent is
its high selectivity: among the secondary hydroxy-groups,
only the hydroxy-group in the C(3)-position is substituted
by chlorine. The hydroxy-group at C(2) remains unsub-
stituted.
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CH3OSO2C1

02C1_

CH2C1 CH2C1

aso
O,C1 o,a

Η

Highly chlorinated cellulose with D.S. = 2 . 8 has been
obtained by treating cellulose with thionyl chloride in solu-
tion. 8 Cellulose is dissolved in 50-100 parts of DMF in
the presence of 10 parts of chloral at 40 °C for 15 h and is
treated with 15-30 parts of thionyl chloride at 20 °C for
15 h or at 40° and 80 °C for 1 h. The product contains
46-47.3% of chlorine and 2% of sulphur.

C,H,O,(OH)3 CeH,O2 [OCH (OH) CClj]3

SOCIi
C.HA (OH), ,C1,

The reaction of cellulose with thionyl chloride is one of
the principal reactions used for the synthesis of chloro-
deoxycellulose. It has frequently attracted the attention
of investigators 8 > 1 1 · ' 1 9" 2 5 and its conditions have been most
thoroughly investigated compared with other reactions.
The principal results are compiled in Table 2.

Table 2. Reactions of cellulose and its derivatives with
thionyl chloride.

Reaction conditions

solvent

Pyridine
Pyridine
DMF
DMF
CHCI3, CCI4
DMF + CCI3CHO
DMF
DMF
HMP*·*

temperature,
*C

110
26—69
60—98

20
B.p.

20—80
70
70
70

time, h

1.5
1-1.5

4
1—210
1—15
0.4*

1.5—6"

3··

D.S.

1
1
1.0s
0.3
0.9
2.8
1
0.47
0.75

Refs.

[21]
[22]
[231
[241
[25]
[81

[19.20]
[19]

[14.20]

*On a cellulose derivative with a free primary OH group.
**On cellulose derivatives with free secondary OH groups.

***HMP = hexamethylphosphoramide.

In order to introduce chlorine in a specific position in the
glucopyranose cellulose unit, thionyl chloride in DMF is
allowed to react with partly substituted cellulose derivatives:
2,3-di-O-phenylcarbamoylcellulose, 6-O-trityl-2(3)-tosylcel-
lulose, 2(3) ,6-di-O-tosylcellulose, and 6-O-phenylcarbamoyl-
2(3)-tosylcellulose. 19>2° It has been shown that the primary
hydroxy-group in 2,3-di-O-phenylcarbamoylcellulose is fully
substituted by chlorine already in the course of the first
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15 min of the reaction (70 °C, tenfold excess of the reagent). 1 9

The phenylcarbamate groups can be removed by treatment
with lithium tetrahydroaluminate in tetrahydrofuran (THF)
for 1 h at 70 °C with the preferential retention of chlorine. 2 0

The use of HMP as the solvent makes it possible to substi-
tute 60—80% of the secondary tosyloxy-groups in tritylcellu-
lose tosylate on treatment with LiCl. The chlorine content
in the final product corresonds to D.S. = 0.65-0.72.14>20

CH2OH

—ο—τΛΙ—ο.
CHaCl

C e H 5 NH

OCONHCeH5 OCONHC8H5

CH2Cl

OH

The free secondary hydroxy-groups in the partly substituted
6(2,3)-O-phenylcarbamoyl-2(3)-O-tosylcellulose are much
less reactive. Under the same conditions, they are sub-
stituted to the extent of only 20% after 1.5 h of the reaction
and, when the reaction time is raised from 1.5 to 6 h, the
degree of substitution is 50%. The nitrogen and sulphur
contents in the products indicate the retention of the block-
ing phenylcarbamate and tosylate groups under the reaction
conditions. On increasing the reaction time to 12 h, partial
removal of the phenylcarbamate groups is observed. 1 9

The free hydroxy-groups in the tosylated cellulose
6(2,3)-phenylcarbamate can be fully substituted by chlorine
on treatment with thionyl chloride using hexamethylphosphor-
amide (HMP) as the solvent. l l f · 2 0 After 1.5 h of the reaction
in HMP, the hydroxy-groups are replaced by chlorine to the
extent of 70% and after 3 h their substitution is complete.
The contents of sulphur and nitrogen in the final product
indicate the retention of the tosylate and phenylcarbamate
groups under the reaction conditions: the degree of sub-
stitution is 1.55 for the OCONHC5H5 groups, 0.7 for the OTs
groups, and 0.75 for Cl atoms. The use of HMP as the
solvent increases the rate of reaction of the hydroxy-groups
of cellulose with thionyl chloride and also the degree of their
substitution by chlorine. l>*

The reaction involving the substitution of active functional
groups (alkane- and arene-sulphonate groups, nitro-groups,
e t c . ) , introduced into cellulose beforehand, by a halogen
atom by treatment with alkali metal halides constitutes a
widely used method for the halogenation of cellulose: 1'*> : I5'20'
29-37

C,H,O2 (OH)3_n (OR), — £ S L - C . H A (OH)_n (OR)n_mXm

R=SO2R', SCMDH, NO,;
R'=CHS> C2H5, C,H6, C7H7, C.HtNO,, C,H4Br;

X=C1, Br, I, F .

The principal results of the use of this reaction for the
halogenation of cellulose and its derivatives are presented in
Table 3.

The possibility of substituting the secondary hydroxy-
groups in cellulose by halogen atoms via the reactions of
cellulose alkane- and arene-sulphonates with alkali metal
halides has been investigated. The trityl ether of cellulose
is esterified by the chlorides of methane-, ethane-, benzene-,
toluene- , p-bromobenzene- , and p-nitrobenzene-sulphonic
acids and is then treated with Nal at 100 °C for 10-100 h . 1 5

Tritylcellulose p-nitrobenzenesulphonate is the most reactive.
When this ester, having D.S. = 0 . 9 1 with respect to the
OSO2C6H^NO2 groups, is iodinated for 100 hat 120 °C, a prod-
uct with D.S. = 0.52 with respect to I is obtained, while the
remaining esters give rise to products with D.S. = 0.25 with
respect to I.

Table 3. The reactions of cellulose alkane- and arene-
sulphonates, sulphates, and nitrates with alkali metal halides.

Reaction conditions

solvent

Acetone
Cyclohexanone
Acetylacetone
H2O
DMF
H2O
DMF
HMP

temperature,
eC

100
120
120
—
97

108—130
100—140

97

time, h

2
2

0.5—6
—
24

1—35
16—50

10

D.S.

0.2
0.2

0.95-1.2

0.9—1.22
0.2—0.4
0.3—0.5·

0.65—0.72·

Refs.

[291
[30
[31
[32
[33
34

[15
[1420]

•Substitution of secondary arene- and alkane-sulphonyloxy-
groups in 6-O-tritylcellulose esters.

The reaction with methanesulphonyl chloride has been pro-
posed recently for the preparation of chlorodeoxycelluloses.13'27

Chlorodeoxycellulose with D.S. = 0.58 is obtained by treating
cotton cellulose activated with alkali or acetylcellulose in DMF
with methanesulphonyl chloride. 2 7 The reaction mechanism
involving the formation of an intermediate iminium derivative
has been proposed2 7 on the basis of the data of Edwards
et a l . : 1 *

X> Γ y OSO 2 CH 3 ]
N C / - (CH,) tN

+=C< Cl" ;
Η L Η J

C.H A (OH). + (CH3)2 N+=C< Cl- - (CHJ, NCfoceH,O2 (OH),+H++C!-
L Η J NH

(CH,),
j (OH)

+ Cl- + CH,SO2H -» C,H,O, (OH), Cl + (CH,),NC^
^ Η

The higher D.S. = 0.83 in the reaction with methanesul-
phonyl chloride is attained when cellulose regenerated from
its solution in cupriethylenediamine by precipitation in DMF is
employed.1 3 It has been noted that the effectiveness of the
reaction is higher when it is carried out at 90 °C for a
shorter time than at 60 °C for a longer time. A side reac-
tion involving the introduction of formyl groups into cellulose
is observed. They are removed by keeping the reaction
product in an aqueous solution of sodium carbonate at room
temperature.

Chlorodeoxycellulose with D.S. = 1 . 3 has been obtained by
this reaction by dissolving cellulose in the DMF-chloral sys-
tem (in the course of a week at room temperature) and sub-
sequent treatment with methanesulphonyl chloride at 75 °C. 2 6

The chlorine content in cellulose reaches 16% after 1 h of the
reaction and 24% after 48 h.

C,H,O2 (OH),
CCI,CHO

C,H,OS [OCH (OH) CC13]3

; - C,H 7O, ( Ο Η ) 1 ι 7 α ΐ ρ 1

Extensive substitution of the secondary hydroxy-groups of
cellulose by chlorine on interaction of tritylcellulose with
alkane- and arene-sulphonyl chlorides, especially ethane-
sulphonyl chloride, has been reported. 1 S With increase of
reaction time from 24 to 72 h, the D.S. increases from 0.5
to 0.7.
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Among other methods, mention should be made of the reac-
tion of cellulose with halogen-containing phosphorus deriva-
tives. Thus the hydroxy-groups of cellulose have been sub-
stituted by halogen on treatment with bromine or chlorine in
the presence of phosphorus. kl The reaction is carried out
in DMF. The synthesis of bromodeoxycellulose by this
reaction has been studied in greatest detail. A temperature
of 50—70 °C and glucopyranose unit: phosphorous : bromine
molar ratios of 1: 1: 30 are optimum for the maximum introduc-
tion of bromine. The bromodeoxycellulose obtained under
these conditions contains 16% of bromine. The formation
of cellulose phosphates in side reactions (phosphorus content
1.5%) and the appearance of carbonyl groups (an absorption
band occurs in the IR spectrum at 1693 cm"1) have been
noted. When chlorine was passed through the reaction mix-
ture under the same conditions at 60 °C for 6 h, chloro-
deoxycellulose containing 10.2% of chlorine and 1.4% of
phosphorus was obtained.

CH2OH

ν

OH

CH 2X
Η

OH _

X=CI, Br .

CH2OH

ΗΟ-Λ———\A^
OH

r,/-

When cellulose is treated with phosphoryl chloride in DMF,
chlorodeoxycellulose or phosphorylated cellulose is obtained
depending on the reaction conditions. 2 6 The mode of reac-
tion depends to a large extent on the reagent concentration
and this dependence is maintained over a wide temperature
range. It has been found that the following conditions
are optimal for the synthesis of chlorodeoxycellulose: con-
centration of phosphoryl chloride in DMF 12%, temperature
75 °C, time 1 h. D.S. = 0.55 is attainable. On the basis
of literature data, l f5>1*6 the intermediate formation of active
compounds (A) and (B)has been postulated: 2 6

Ο

PCI.(CH3)2

 + N=C<^° P \C1 2 J Cl- 71 Γ(CHS)2

 + N = C ( ^ | Cl" + CI.P

(A)

phosphorylation

(B)
Ι Ο,Η,Ο,ΙΟΗ),

C,H,O,(CI) 0 > M (OH) l p e

At a high phosphoryl chloride concentration, the interaction
of cellulose with compound (B) leads to the formation of
chlorodeoxycellulose. It had been shown earlier1*7 that
compound (B) plays an important role in the formation of
chlorodeoxycellulose.

The reaction involving the substitution of the hydroxy-
groups of cellulose by iodine on treatment of the following
cellulose derivatives with triphenoxymethylphosphonium
iodide has been investigated: tritylcellulose ,19>39>1*° 2,3-di-
O-phenylcarbamoylcellulose, and 2(3) ,6-di-O-tosylcellu-
lose. 1 9 ' 3 9 A possible reaction mechanism has been proposed.1*8

CH3I + Ρ (OC,H5)3 - [CH sP
+(OC,H s) 3]r

, (OR)B ( O H ) ^ ^ [OP+ (CH3) (OC,H 5 ) 2 U Γ + C,HSOH

-* C,H,O, (OR)n (OH) a_n_nI ) B + CH,PO (OC,Hs), ;

The products of the reaction with tritylcellulose were found
to contain 15.2% of iodine after 3 h, 16.1% after 5 h, and
12.25% after 10 h . 1 9 ' 3 9 It has been shown1*0 that, when trityl-
cellulose is acted upon by the complex of triphenyl phosphite
with an alkyl halide at a temperature below 60 °C, the sub-
stitution of hydroxy-groups by iodine is not observed. An
increase of temperature from 60° to 120 °C leads to an appre-
ciable increase of D.S. with respect to iodine (from 0.25 to
0.98). When the reaction of 2,3-di-O-phenylcarbamoylcellulose
with triphenoxymethylphosphonium iodide is carried out in
chloroform with a glucopyranose unit: halogenating complex
molar ratio of 1: 15 and a reaction time of 10-40 h at 60-120 °C,
the maximum iodine content in the product is 11.6% (D.S. =
0.4). 1 9> 3 9 Despite the fact that the reaction of 2(3),6-di-
O-tosylcellulose with triphenoxymethylphosphonium iodide in
chloroform takes place under homogeneous conditions, the
D.S. with respect to iodine remains low (0.42). The reduced
sulphur content indicates a decrease in the number of
blocking tosylate groups under these conditions. 1 9 ' 3 9

Fluorodeoxycellulose with a high degree of substitution has
been obtained by the reaction of cellulose with SF,,. 16»*7>18

The degree of fluorination depends on the ratio of the initial
components and the reaction time. With increase of the
sulphur tetrafluoride:glucopyranose unit molar ratio, the
rate of reaction and the content of the fluorine introduced
into cellulose increase. The maximum amount of fluorine
was introduced on treatment of the glucopyranose unit with
a 30-fold molar excess of SF^for 6 h. The fluorodeoxycel-
lulose with D.S. = 1.5 obtained was characterised by ele-
mental analysis and IR spectra. 1 6 ~ 1 8 The substitution of
hydroxy-groups by fluorine can take place without the
inversion of configuration via the mechanism1*9

C.6H7O2(UH)3 + SK4 —»- r c 6 H 7 O 2 ( O H 7 ] ^

\

When the trityl group was split off from the 6-O-trityl-
2,3-anhydro-derivative of cellulose with a solution of hydro-
chloric acid in methanol or chloroform for 24 h at room tem-
perature, products with D.S. =0.2—0.4 with respect to
chlorine were obtained. **2 The authors suggested the forma-
tion of 2-chloro-2-deoxyglucose and 3-chloro-3-deoxyaltrose
units:

OH

- C - C -

O
/ \

— C — C —

OH

Cl Cl

The introduction of a halogen into the cellulose macromole-
cule can be achieved via a reaction involving the addition of
the halogen to the double bonds in 5,6-cellulosene. ^3

5,6-Cellulosene is obtained by the pyrolysis of cellulose
6-(alkylxanthate) at 170 °C in a stream of argon. Cellulose
derivatives containing 17.5% of bromine or 8.5% of chlorine
have been obtained by treating a solution of 5,6-cellulosene
in carbon tetrachloride with Br2 and Cl2 at room temperature
for 3 h. The reaction products were characterised by
elemental analysis and IR spectra:

R=OTr, OCONHPh . = Cl2,Br2
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I I I . METHODS FOR THE DETERMINATION OF STRUCTURE

The determination of the structure of halogeneodeoxycel-
luloses is essential for the solution of two interrelated prob-
lems: on the one hand, for the identification of a newly syn-
thesised derivative and, on the other, for the elucidation of
the transformations which cellulose undergoes under the
conditions of a particular reaction. The question of the
determination of the structure is the most complex: (1) on
partial substitution of hydroxy-groups; (2) on non-selec-
tive substitution of three different hydroxy-groups of the
glucopyranose unit of cellulose; (3) on inversion of the
configuration in the reaction centre whereupon the secondary
hydroxy-groups enter into the reaction; (4) when secondary
reactions occur. The macromolecule of the cellulose deriva-
tive can contain in the general case, together with the unchanged
glucopyranose units, also a series of glucopyranose units differ-
ing in the degree of substitution, the position of the substituent,
and the stereochemistry of their reaction centres, as well as
monosaccharide units formed as a result of side reactions. The
determination of the structure of cellulose derivatives there-
fore involves the solution of two problems: (1) the determina-
tion of the monosaccharide composition, which entails the
elucidation, in its turn, of problems such as that of the
degree of substitution, the position of the substituent in
the glucopyranose unit, and the configuration of the sub-
stituent; (2) the determination of the squence in which the
monosaccharide residues are linked up in the macromolecule.

Until recently, there were no reliable methods for the ,
investigation of the structure of halogenodeoxycelluloses.
Due to the general development of the methods for the
determination of the structure of carbohydrates and their
derivatives and also in connection with the advances in the
research into the reactions of halogenodeoxycelluloses,
such methods have now been developed.

In order to establish the structure of halogenodeoxy-
celluloses, methods which both cause and do not cause the
degradation of the polysaccharide chain are used. The
former include acid hydrolysis in combination with paper-
thin- layer-(TLC) or gas—liquid (GLC) chromatography
together with chromatomass-spectrometric, and spectrophoto-
metric methods for the investigation of the hydrolysates.
Among the non-degradative methods, chemical methods based
on selective reactions with the primary hydroxy-group
(tosylation with subsequent iodination), and the glycol group
(periodate oxidation), as well as spectroscopic methods
(13C NMR) are used for the determination of the structure of
halogenodeoxycelluloses.

Quantitative analysis of the monosaccharide composition of
6-bromo- and 6-iodo-6-deoxy-celluloses has become possible
since a procedure has been found for their quantitative
reduction to 6-deoxycellulose. 9>1° In contrast to halogeno-
deoxycelluloses , the latter does not undergo side reactions
during the hydrolysis of the polysaccharide, the tetrahydro-
borate reduction, and acetylation and can be investigated
by the usual methods for the structural analysis of poly-
saccharides. The position of the halogen in the bromo- and
iodo-deoxycelluloses obtained by reaction with N-halogeno-
succinimide and triphenylphosphine has been rigorously
demonstrated by this method. 9>10 The amount of 6-deoxy-
glucose found by GLC and spectrophotometric methods in
the reduced specimens of bromo- and iodo-deoxycelluloses
corresponds to the halogen content in the halogenodeoxycel-
luloses investigated. This demonstrates unambiguously that
the entire bromine and iodine introduced into cellulose is
located at the six carbon atom of the glucopyranose unit of
cellulose. 9'10

Chlorodeoxycellulose is only partly reduced by

Apart from 6-deoxyglucose and glucose, 6-chloro-6-deoxy-
glucose and 3,6-anhydroglucose were detected in the hydrol-
ysis products after the reduction of chlorodeoxycellulose.
Owing to the instability of these compounds under the hydrol-
ysis conditions, it is impossible to carry out a complete
quantitative analysis of the monosaccharide composition of
the polymer using the hydrolytic and chromatographic
methods.

A convenient procedure for the determination of the
structure of chlorodeoxycelluloses is 13C NMR.12'50 The
characteristics of the changes in the chemical shifts of the
signals due to the carbon atoms on substitution of the
hydroxy-groups by chlorine atoms in both the given and
neighbouring monosaccharide units in the disaccharides
investigated have been established for the model compounds
3-methyl cellobioside, methyl 6,6'-dichloro-6,6'dideoxycel-
lobioside, methyl (3' ,6'-dichloro-3' ,6'-dideoxyallopyranosyl)-
6-chloro-6-deoxyglucopyranoside, and methyl (3',6'dichloro-
3' ,6' -dideoxyallopyranosyl)- 3,6-dichloro- 3,6-dideoxyallo-
pyranoside. 50 The chemical shifts of the C(l) signals have
been calculated on the basis of the spectra of the test com-
pounds for all the possible sequences in which the mono-
saccharide derivatives comprising unsubstituted D-glucose,
6-chloro-6-deoxy-D-glucopyranose, and 3,6-di-chloro-
3,6-dideoxy-D-allopyranose are joined together. The spec-
tra of model compounds and the chlorodeoxycelluloses
investigated, obtained by the reaction of cellulose with
sulphuryl chloride, are recorded in solution in deuterated
dimethyl sulphoxide (DMSO-d5). The agreement of the
chemical shifts of the most intense signals both in the region
of the anomeric carbon atoms and in the region of the C(2)-
C(6) atoms with the signals of the carbon atoms of the cor-
responding model compounds showed that 6-chloro-6-deoxy-
D-glucose units linked to one another predominate in chloro-
deoxycellulose with D.S. = 0.7 and that unsubstituted
D-glucose units and a certain number of 3,6-dichloro-3,6-di~
deoxy-D-allose residues are present. The 3,6-dichloro-
3,6-dideoxy-D-allose residues linked to one another pre-
dominate in chlorodeoxycellulose with D.S. = 1.5 and there
is a small amount of 6-chloro-6-deoxy-D-glucose and unsub-
stituted D-glucose units. Thus the method makes it possible
to establish not only the monosaccharide composition of
chlorodeoxycellulose but also the main sequence in which the
sugar units forming part of the composition of the polysac-
charide are linked together. 12>5Q

Some information about the structure of chlorodeoxycellu-
lose can be obtained by the periodate oxidation method.12

Chlorodeoxycellulose with D.S. = 0.7, obtained by the reac-
tion with sulphuryl chloride, absorbed ~1 mole of the oxidant
per mole of the glucopyranose unit of cellulose, which
indicates the retention of all the glycol groups of cellulose at
the given stage of substitution. Chlorodeoxycellulose with
D.S. = 1.5 absorbs 0.5 mole of IOî  per monosaccharide
residue, which means that, when cellulose is treated with
sulphuryl chloride, initially the primary hydroxy-groups and
then one of the secondary hydroxy-groups are substituted
by chlorine atoms.

The method for the determination of unsubstituted primary
hydroxy-groups, based on the successive application of
reactions involving the tosylation of the hydroxyl-groups
and the subsequent substitution of the primary tosyl groups
by iodine on treatment with Nal, has been used1*1 to determine
the position of the halogen in the monosaccharide residues
of halogenodeoxycelluloses obtained by the action of Br2 or
Cl2 in the presence of phosphorus. The number of free
primary hydroxy-groups in the halogenodeoxycellulose
investigated and hence the amount of halogen attached to the
primary carbon atoms are inferred from the amount of iodine
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introduced. However, such proof of the position of the
halogen is not rigorous, since under the conditions govern-
ing the substitution of the tosyl group by iodine there is a
possibility that the bromine atoms at a primary carbon atom
are also substituted by iodine.

A number of workers have used hydrolysis and the study
of the composition of the hydrolysate by chromatographic
methods (paper and TLC, GLC, and chromatomass-spec-
trometry) for the determination of the structure of chloro-
deoxycelluloses.13»22»28 However, the incomplete hydrolysis
of chlorodeoxycellulose1 2·2 2 '2 8 '5 1 and also the occurrence of
side reactions of the sugars with increase of the time during
which chlorodeoxycellulose is kept in 72% sulphuric acid from
2 h in the standard method to 16 h 1 3 or 36 h 2 8 preclude the
derivation of complete information.

IV. THE PROPERTIES OF HALOCENODEOXY-DERIVATIVES
OF CELLULOSE

The data accumulated at the present time on various prop-
erties of halogenodeoxycelluloses, including those of pract-
tical importance such as the resistance to acid hydrolysis,
combustion, and enzyme hydrolysis, are widely scattered.
Only some workers2 2 have published data obtained in a com-
parative study of the chemical properties as a function of the
degree of substitution of halogenodeoxycellulose or the type
of halogen introduced.

1. Physical, Physicochemical, and Mechanical Properties

There have been no systematic studies on the physical,
physicochemical, and mechanical properties of halogeno-
deoxycelluloses .

Chlorodeoxycellulose obtained by reaction with SOC12 in
pyridine from mercerised cotton linters is coloured; 2 1

according to Boechm,22 the colour deepens with increase of
reaction temperature. The replacement of pyridine by the
more polar DMF as the solvent leads to the formation of less
coloured products. 2 3 Colourless products are obtained in
chloroform and carbon tetrachloride. Chlorodeoxycellulose
obtained using methanesulphonyl chloride from soluble
sulphide cellulose is slightly coloured after chlorination for
more than 2 h. 2 9 According to Boechm,22 chlorodeoxycellu-
lose with D.S. = 0.29, 0.67, and 1.04 gives rise to low-
viscosity solutions in copper—ammonia solution and only a
small proportion of such cellulose can be precipitated from
the solution. It has been reported 2 8 that chlorodeoxycellu-
lose containing 16% of chlorine is soluble in water, while that
containing 20% of chlorine is insoluble. Data on the molecular
weight distribution of these two chlorodeoxycellulose speci-
mens indicate the absence of the degradation of the polymer
during chlorination with methanesulphonyl chloride up to a
chlorine content of 16%; when a chlorine content of 20% is
attained, the degree of degradation is slight. The molecular
weight distribution has been established by gel chromatog-
raphy using chlorodeoxycellulose nitrate. On chlorination
with thionyl chloride, the loss of the fibrous structure of
cellulose has been noted. 2 1 The tensile strength does not
decrease on chlorination of methanesulphonylcellulose by
alkali metal halides. 3 2

2. Chemical Properties

The substitution of some of the hydroxy-groups of cellulose
by chlorine hinders the acid hydrolysis of the glycoside
linkages between the monosaccharide units in chlorodeoxy-
cellulose. 12»22»28»51 According to Boechm's data , 2 2 an increase

of the D.S. with respect to chlorine from 0.33 to 1.04 entails
an increase of the fraction of unhydrolysable residue from 0
to 8.3% under the conditions of the standard two-stage
hydrolysis of cellulose; incomplete hydrolysis products are
present in the soluble part. 3,6-Dichloro-3,6-dideoxy-
derivatives of cellulose with D.S. = 1.6 are almost stable under
the conditions corresponding to the hydrolysis of cellulose:
under standard hydrolsyis conditions, only 13—20% of the total
sugars pass into solution (via the reaction with the phenol—
H2SOi, reagent) . 1 2 Chlorodeoxycellulose with D.S. = 2.8
is fully resistant to acid hydrolysis. 5 1 There are data
indicating the resistance of the C—Cl bond in chlorodeoxy-
cellulose to acid hydrolysis: when AgNO3 is added to the
chlorodeoxycellulose hydrolysate, only traces of AgCl are
formed. 2 2

The elimination of the halogen from chloro- and bromo-
deoxycelluloses on treatment with 1 Ν NaOH solution has been
investigated as a function of temperature (20—100 °C) and
reaction time (30-120 min). kl

According to the data of a number of workers, the intro-
duction of a halogen into cellulose increases its resistance
to combustion. In terms of their resistance to inflammation,
methanesulphonyliodo- and methanesulphonylbromo-deoxy-
celluloses are superior to the initial methanesulphonylcellulose
andmethanesulphonylchlorodeoxycellulose. 3 2 Judging from
the length of the charred region, the area of charring, and
the residence time of the ash in the hot state, chlorodeoxy-
cellulose is much more resistant to burning than cellophane
and is little inferior in this respect to poly(vinyl chloride). 8

According to thermogravimetric data, chlorodeoxycellulose
produces more water and carbon and less tar on decomposi-
tion than does cellulose. 5 2 The difference in the behaviour
of cellulose and chlorodeoxycellulose has been explained
by reactions involving the elimination of HC1 from chloro-
deoxycellulose. Chlorodeoxycellulose has been investigated
by special methods and also by IR spectroscopy, X-ray dif-
fraction, and thermogravimetric measurements. It has
been established that the Cl atom bound chemically in chloro-
deoxycellulose or added to cellulose in the form of chlorine-
containing paraffins has little influence on the combustibility
of the materials. 5 3 The combination of Cl atoms and added
Sb2O3 effectively retards combustion (the introduction of
Sb2O3 alone is ineffective). It has been suggested that the
synergism in the action of the above agents is associated with
the catalytic acceleration of the dehydration of chlorodeoxy-
cellulose, which is accompanied by the formation of a ther-
mostable polyene s t ructure . 5 3

The study of the morphology of the charring of chloro-
deoxycellulose fibres by scanning electron microscopy has
shown that their thickness appreciably diminishes under
these conditions, in contrast to the fibres of cotton treated
with fireproofing agents. 5I*

Chlorodeoxycellulose obtained by the reaction with thionyl
chloride, methanesulphonyl chloride, or phosphoryl chloride
has been frequently used as the starting compound for the
preparation of new deoxy-derivatives of cellulose by the
nucleophilic substitution reactions with KSCN,33 NH3, NH2NH2,

K C N ) 23,55,56 KSCH2COOH, RNH 2, 2 i t diethylenetriamine,5 7

ethylenediamine, thiourea, thiosemicarbazide, thioacetamide,58

and 1,6-diaminohexane. 5 9 Cellulose phosphonimidate has
been synthesised by the reactions of chloro- and bromo-
deoxycelluloses with phosphoramidites. 6 0 Mercaptodeoxy-
cellulose has been obtained from chlorodeoxycellulose.61'62

The nucleophilic substitution reaction between chloro-
deoxycellulose and sodium azide has been studied in greatest
detail . 1 3 Chlorodeoxycellulose with different D.S. (0.12,
0.37, and 0.67) was treated with sodium azide in DMF, water,
and DMSO:
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It was established that, when the reaction is carried out in
DMF, the degree of polymerisation falls from 506 to 153,
whereas in water the fall is to 448 and in DMSO to 463.
Furthermore, in the presence of DMSO the greatest degree of
conversion of the halogenodeoxy-groups into azidodeoxy-
groups was noted. Further reactions of azidodeoxycellulose
take place quantitatively and serve as proof of the structures
of both azido deoxycellulose and the initial chlorodeoxycel-
lulose.

Another reaction of halogenodeoxycelluloses which has
been studied in detail is their reduction. The reduction of
6-halogeno-6-deoxycellulose by various reducing agents in
order to obtain 6-deoxycellulose has been investigated by a
number of workers. 9A0,20,63

When 6-iodo-6-deoxy-2, 3-di-O-tosylcellulose is reduced
with zinc in methanol, the iodine content falls only from 28
to 22%, while on reduction with sodium in dioxan it diminishes
from 34 to 6%. 5 3 The formation of C=C bonds in the reac-
tion product was noted in the latter case, which indicates
the simultaneous occurrence of the HI elimination reaction.

The reductive elimination of phenylcarbamate groups from
6-chloro-6-deoxy-2,3-di-0-phenylcarbamoylcellulose on
treatment with LiAlHi» in THF is accompanied by the elimina-
tion of chlorine: 25% of chlorine is eliminated after 1 h and
the chlorine is lost entirely after 5 h. 6-Deoxyglucose and
glucose were detected by paper chromatography in the reac-
tion product after its hydrolysis. 2 0

The reaction conditions and the structure of the products
were investigated most completely in the reduction of
6-chloro-, 6-bromo-, and 6-iodo-6-deoxycelluloses with
NaBH,, in DMSO. 9 > 1 0 6-Deoxycellulose with the highest con-
tent of 6-deoxyglucopyranose units (~80%) compared with the
products obtained previously in other reactions was produced
by the reduction of 6-bromo-6-deoxycellulose. The bromo-
deoxy- and iododeoxyglucopyranose units are then quantita-
tively converted into 6-deoxyglucopyranose units; apart
from the 6-deoxyglucopyranose residues, the final product
contains only the unchanged glucopyranose units.

Halogenodeoxycellulose has been frequently used to obtain
5,6-cellulosene by the reaction involving the elimination of a
hydrogen halide molecule with alkali. When 6-iodo-6-deoxy-
cellulose is treated with 9—10% alcoholic alkali for 1—2 days
at 20—70 °C, a mixed cellulose derivative containing 5,6-gluco-
sene, 3,6-anhydroglucopyranose, and glucopyranose residues
is formed. 37»6lf»65 The use of potassium t-butoxide in DMSO
makes it possible to achieve the quantitative conversion of
chlorodeoxycellulose into 5,6-cellulosene.27

The photoinitiated grafting of methyl methacrylate on
chlorodeoxycellulose has been achieved. 6 6

3. Biochemical Properties

The enzyme hydrolysis of 6-chloro-, 6-bromo-, and
6-iodo-6-deoxycelluloses by the cellulases from T.viride and
A. niger has been investigated and compared with that of

Η

6-deoxycellulose and cellulose hydrate which are the starting
materials in their synthesis. 5 7 From the accumulation of
non-reducing and reducing sugars in the hydrolysates, it
was established that, under conditions optimal for the enzyme
hydrolysis of cellulose hydrate, the specimens of the modified
celluloses are also cleaved by the T.viride cellulase. How-
ever, the hydrolysis is not complete. The obstacles to
enzyme hydrolysis increase with increasing bulk of the sub-
stituent: Η < Cl < Br < I. The reactions involving the
formation of non-reducing sugars are hindered to a greater
extent than the reactions resulting in the formation of
reducing sugars. Among the soluble products of the
enzyme hydrolysis of 6-chloro-, 6-bromo-, and 6-iodo-
6-deoxycelluloses, there is no modified monosaccharide. The
joint action of the T.viride and A. niger cellulases leads to
the formation (according to paper chromatographic data) of
a certain amount of modified monosaccharide from 6-chloro-
6-deoxycellulose with D.S. = 0 . 3 and 0.9.

V. PRACTICAL APPLICATIONS

Although halogenodeoxycelluloses have properties impor-
tant from the practical point of view such as resistance to
inflammation and acid and enzyme hydrolysis, they have not
themselves found applications as yet. It is noteworthy that
their resistnace to acid and enzyme hydrolysis has been
discovered comparatively recently, the possibility of using
for their synthesis sulphuryl chloride—the most readily
available, cheapest, and most effective halogenating agent.
However, there exist many recommendations for the employ-
ment of halogenodeoxycelluloses in the synthesis of deoxy-
derivatives of cellulose of practical importance.

In order to render cotton fabric creaseless, the latter is
treated with phosphoryl chloride in DMF at 65-78 °C for
0.5—1 h. 6 8 The chlorodeoxycellulose formed is treated with
a 1-10% solution of ethylenediamine hydrogen sulphite in
ethylenediamine. The resulting cellulose, cross-linked by
polysulphide linkages, has effective creaseless properties:
the opening angle is 210—300°, while more than 65% of the
strength is retained. However, owing to the appearance of
a yellow colour in the fabric, this method has not found a
practical application.

In order to obtain a cationic polyelectrolyte capable of
adsorbing transition metal ions, particularly mercury and
copper ions, macrocrystalline cellulose is activated with a
20% NaOH solution and is treated with thionyl or methane-
sulphonyl chloride in DMF at 90-100 °C for 1.5-16 h. 6 9 The
resulting deoxycellulose is acted upon by hydrazine hydrate
at 70-110 °C for 1-60 h. It has been suggested that the
resulting hydrazinodeoxycellulose be used for analytical
(detection of traces of polyvalent metals) and technological
(purification of sewage) purposes. 6 9
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Compounds useful as adsorbents have been obtained by the 3.
reaction of chlorodeoxycellulose with diethylenetriamine, S 7

ethylenediamine, thiourea, thiosemicarbazide, 5 8 1,6-diamino-
hexane, S 9 and other compounds. 2,2'-Diaminodiethylamino- 4.
deoxycellulose, obtained by the method of Smits and
van Grieken, 5 7 is characterised by an ion-exchange capacity 5.
of 2.4 Mequiv.cm 2 in relation to variable-valence metals.
The limiting concentrations of iron, zinc, and copper ions
detectable in one litre of water with the aid of membranes
prepared from the given derivative are 1.5 χ 10~7, 0.5 χ 10~7, 6.
and 0.2 χ 10~7% respectively. The cellulose derivatives
obtained by the method of Tashiro and Shimura58 remove
mercury ions from aqueous HgCl2 solutions (concentration 7.
1 χ 10~3%) to an extent greater than 99%. The mercapto-
deoxycellulose obtained from chlorodeoxycellulose is used to 8.
immobilise enzymes and also as carriers for chromatography. 6 2 ' 7 0

— 0 O 0 — 9.

Analysis of the available data shows that the chemistry of 10.
halogenodeoxycelluloses has developed significantly in
recent years. 11.

A series of halogenating agents, new as regards cellulose,
have found applications in the synthesis of halogenodeoxy- 12.
celluloses. The possibility of using a readily available,
cheap, and effective halogenating agent, namely sulphuryl 13.
chloride, for the synthesis of chlorodeoxycellulose with
different D.S. has been demonstrated. A method has been 14.
developed for the introduction of any halogen (Cl, Br, or I)
in the C(6)-position in the glucopyranose unit of cellulose
under comparable conditions. Fluorodeoxycellulose with a
high D.S. has been synthesised. Approaches have been
outlined towards the selective substitution of the secondary 15.
hydroxy-groups in cellulose by halogen. The behaviour
of a series of blocking functional groups in the reactions 16.
involving the substitution of the hydroxy-groups by a
halogen and methods for their successive elimination in the 17.
presence of a halogen have been investigated.

New methods for the determination of the position of the 18.
halogen in the glucopyranose unit of halogenodeoxycellulose
have appeared. A quantitative chemical procedure for the 19.
determination of the structures of 6-bromo- and 6-iodo-
6-deoxycelluloses has been developed. A method has been
devised for the establishment of the structure of chloro- 20.
deoxycellulose by 1 3C NMR. Apart from the position of the
halogen atom, the latter makes it possible to determine the
stereochemistry of the process involving the substitution of
the secondary hydroxy-groups by chlorine and the sequence 21.
in which the sugar residues, differing in the number, posi- 22.
tions, and stereochemistry of halogen atoms, are linked to 23.
one another.

The physicochemical and other properties of halogenodeoxy- 24.
celluloses have been little studied. The investigation of 25.
the biochemical properties, in particular the enzyme hydrol-
ysis reactions, has only just begun. 26.

A series of derivatives, which are difficult or are altogether
impossible to obtain by other methods, have been synthesised 27.
from chlorodeoxycellulose. Some of them have found novel
applications (for the immobilisation of enzymes and as adsor- 28.
bents).

29.
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The physicochemicai properties of ultradispersed media, as a particular case of energy-saturated media, have been reviewed.
The size dependence of the temperatures of fusion, polymorphic transformation, and sintering, the diffusion coefficients, and
the chemical activity of ultra-smalj particles have been explained from a single viewpoint. Methods for Qibtaini
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I. INTRODUCTION

Energy-saturated media are media into which an excess of
energy, comparable with the internal energy of the equi-
librium condensed medium, has been introduced by some
means. An energy-saturated medium can be produced by
dispersal of the substance, plastic deformation of solids,
quenching of a metastable structure or a supersaturated
solution in alloys, irradiation of solids with a beam of
neutrons or hard γ-radiation, etc.

In practice, a combination of these methods is most fre-
quently used. Irrespective of the method used to obtain
the dispersed system, its excess energy is determined either
by the surface energy or by the formation of metastable
solutions (in particular by an increase in the Hmiting
solubility of inert gases in small particles). At the lower
limit of the particle size of dispersed systems (<5 nm), that

is in ultradispersed (UD) media, the contribution of these
forms of energy is comparable with the internal energy, so
that the definition of energy-saturated media is satisfied,
in particular, by UD media.

Cooling a melt sufficiently rapidly (up to ΙΟ6 Κ s"1) makes
it possible to fix metastable structures (phases), super-
saturated solid solutions, and systems with dispersed phase
components.

The deformation of metals and alloys leads to the appear-
ance of dislocations, disclinations, and vacancies, and hence
to saturation by an excess of energy if the relaxation time is
sufficiently long.

The irradiation of a solid by neutrons, a beam of charged
particles, or hard electromagnetic radiation produces radia-
tion defects: vacancies and interstitial atoms, accumulations
of vacancies, and impurity atoms (on neutral irradiation or
as a result of ion implantation), again leading to energy
saturation.
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All states of this kind are non-equilibrium states. In some
cases they are me testable states (when the system is at an
intermediate energy minimum), and in other cases they are
kinetically hindered states. The present review deals only
with states for which the relaxation time is sufficiently
long for local equilibrium to be established, and in a number
of cases a thermodynamic approach can be used to discuss
these systems. The chief characteristics of these media will
be discussed for the case of UD media.

Ultradispersed media (UDM) represent unique states of
condensed substances—macroscopic ensembles of ultra-
small particles with dimensions reaching about 10 nm. The
unusual properties of UD systems may be due both to the
characteristic features of the individual ultra-small particles
present in the ensemble and to their collective behaviour,
determined by the nature of the interaction between them.
In UDM, the surface states acquire particular importance,
since in an ultra-small particle the number of atoms on the
surface becomes comparable with the number of atoms in the
bulk, so that the contribution of the surface energy to the
total energy of the particle becomes comparable with that of
the bulk energy. Thus for the liquid droplets of alu-
minium at ΙΟ3 Κ, the proportion of excess (surface) energy
relative to the bulk energy increases from 9% to 45% with
decrease in the particle size from 10 nm to 20 nm. x The
developed surface influences the lattice and electronic sub-
systems of the UDM, changing the spectra of various ele-
mentary excitations sensitive to change in the symmetry and
the boundary conditions. The interaction of the particles
in the system determines those physical properties of the
UDM resulting from the correlation of the electronic and
phonon states of the system. Finally, the presence of a
large excess of energy in the ultra-small particles leads to
an increase in their chemical activity, and this on the one
hand must be taken into account in their preparation (the
problem of "passivation") but on the other hand can be
used in various technological processes.

A basis for the physical chemistry of UDM is provided by
the theory of heterophase fluctuations, 2 the physicochemical
mechanics of materials,3 the thermodynamics of "small" sys-
tems, **'5 and the fundamental postulates of thermodynamics
and statistical physics. 6

In the last 10 years, the properties of ultradispersed metal
particles and powders (UDP) have been actively studied, 7 " 9

the properties of clusters in ultra-fine channels, in particular
in the pores of zeolites, have been studied, 1 0 plasma-chem-
ical methods for obtaining UDP 11~11» and methods for the
thermal decomposition of solid substances 1 5 have been
developed, new properties of ultradispersed carbon materials
have been studied, 1 6 ' 1 7 the thermodynamics of metastable
states and methods for producing ultradispersed structures
in compact solids under synthesis conditions and with
plastic deformation,1 7"2 1 and the technology of the produc-
tion of heat-resistant amorphous alloys, 2 2 have been
developed, and the physicochemical properties of materials
with ultradispersed structures have been studied. 2 3

An important methodological addition to the physicochemical
analysis of metastable (ultradispersed) systems is the need
to take account of not only the composition and physico-
chemical and mechanical properties but also the structural
characteristics of the reaction products. An important
structural characteristic of a material is its degree of dis-
persion. The three-term formula of classical physicochemical
analysis, "composition-structure-property", can be supple-
mented by the additional term "degree of dispersion". This
is particularly obvious for materials with degrees of disper-
sion at the lower limit of the size of the structural fragments.
Thus in compact form the extended equation of physico-
chemical analysis21f has the following form:

Composition
Atomic, molecular
(mass) from 0 to
100%

Structure

Determined by
X-ray diffraction
or spectroscopy
(infrared, NMR,
Mossbauer, EPR,
etc.), and also
determination of
structural
defects (disloca-
tions, defects,
associations of
defects)

Degree of dispersion

From monoatomic or
molecular to single
crystals, including the
colloidal state

Property
All
measur-
able
properties
(physics,
thermo-
dynamics,
mechanics,
resistance
of
materials)

The introduction of the degree of dispersion into the basic
equation of physicochemical analysis requires firstly the
accumulation of the appropriate experimental data. This is
done using the methods of modern experimental physics:
X-ray, electron, and neutron diffraction, Auger, photo-
electron, and infrared spectroscopy, secondary ion mass
spectrometry, nuclear and electronic magnetic resonance,
and the methods of crystal chemistry.

The effects of size on physicochemical properties, clearly
revealed in ultradispersed systems, are used in various
practical technological processes. For example, the produc-
tion of a system of ultrafine channels from powders makes it
possible to use capillary effects in low-temperature soldering
processes. Ultradispersed powders can provide a basis for
the production of pastes for the permanent joining of
materials of different kinds, and also for the development
of composition materials with improved physicomechanical prop-
erties for the production of tungsten-free hard alloys and
special optical and other materials. The use of UDM as
additives in powder metallurgy (for example in sintering)
decreases considerably the energy of the activation processes.
Promising possibilities are provided by the electrophysical
properties of powdered pure metals and their compounds
(nitrides, carbides, borides, etc.) , which can be used as
superconducting and semiconducting materials and as
getters, catalysts, and filters with improved properties.
The products of a stable ultradispersed structure in compact
materials leads to an increase in their strength up to the
theoretical value and to increased values of the hardness and
toughness.

The use of energy-saturated and in particular ultra-
dispersed media is now one of the most important conditions
for the development of the new technology in various
branches of the national economy. The importance of this
field is the reason for the development of intensive studies
in the USSR and other countries (West Germany, Japan,
the USA, France, Sweden, etc .) .

The solution of the problems associated with the techno-
logical application of energy-saturated media, leading to
direct "production of materials", is not a remote possibility.
The comprehensive development of this field of study is
therefore now necessary.

I I . THE PHYSICOCHEMICAL PROPERTIES OF ENERGY-
SATURATED MEDIA

1. The Thermodynamics of Small Systems. The Minimum Size
of Particles with the Characteristics of the Phase

The thermodynamic and statistical-mechanical approaches
to the study of the theory of UDM have developed fruitfully
in recent years. In the thermodynamic approach, difficul-
ties arise, associated with the limiting change to small sys-
tems. Classical thermodynamics and statistical physics no
longer "operate" with decrease in the particle size to 1 nm.
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When the degree of dispersion is introduced into the thermo-
dynamic description, the energy of the system is no longer a
linear homogeneous function of its variables; 5 an additional
degree of freedom appears, namely the size of the particles
in the ensemble, or in other words the degree of dispersion.
According to the criteria adopted, this requires additional
coordinates in the equilibrium diagrams. The physicochemical
analysis of inorganic materials is therefore complicated con-
siderably, particularly in the case of multi-component systems.

The non-additivity of the thermodynamic functions, due to
the contribution of the phase interface, is taken into account
in Gibbs thermodynamics by introducing the surface tension
σ, related in definite fashion to the chosen interface surface,
and leads to size effects of first order for the principal
thermodynamic quantities. The extension of the thermo-
dynamic approach to the range of small particle sizes (r < 5-7
nm), which is justified in the examination of ensembles of
these particles, makes it necessary to take account of the
size dependence σ (r), and hence leads to second-order size
effects for the principal thermodynamic quantities charac-
terising the small system. It will be shown that σ decreases
with decrease in r, leading to the lowered values of the
Laplace pressure P L , that is to a decrease in the proportion
of the surface energy, which is characterised by p L , relative
to the bulk energy, compared with the result of the calcula-
tion for σ = const. Thus the first-order size effects are due
to the basic non-additivity of the thermodynamic functions,
whereas the second-order effects based on them are due to
the elimination of this non-additivity and the approach of
the bulk and surface states in a small particle. The
second-order size effects represent the most characteristic
feature of the physical chemistry of UDM. Their introduc-
tion makes it possible to extend considerably the range of
applicability of the thermodynamic description to particles
with small dimensions.

Using the thermodynamic approach, Tolman25 obtained
the following expression for σ ( r ) :

where o g is the surface tension of the planar phase interface,
and δ = re - r the difference between the radii of the equi-
molar surface and the tension surface. In the general case
the <5(r) relationship is not known. The determination of the
6(r) relation requires the statistical-mechanical calculation
of the profiles of the density and the pressures of the inter-
phase region for a real spherical structure corresponding to
the given supersaturation. These calculations are fairly
complex, and require the selection of some "single equation
of state", by means of which, given the supersaturation of
the vapour, it is possible to calculate the parameters of the
pressure of the macroscopic condensed phase in equilibrium
with it at a given temperature, to determine the density
profile of the spherical formation, and to find the position
of the equimolar surface and, from the profile of the basic
pressures, the position of the tension surface. In addition,
in the statistical-mechanical calculation it is necessary to
make various assumptions associated with the description of
the inter-phase region.

The following method for the closure of Tolman's expression
(1) has been proposed. 2 6 The difference between the equi-
molar volume Ve = 4ητ|/3 and the tension volume V = 4ΤΤΓ3/3
is related to the dispersion of the equimolar volume:

f' = (kTxTVe)
y't that is Vc — V = a (kTxTVe)

% (2)

where α is a correction factor, and κγ the isothermal com-
pressibility. Expressing r e from Eqn.(2) in terms of r gives
a 6(r) relationship of the form:

Integrating Eqn.( l) with allowance for Eqn.(3) gives the
explicit form of the expression for o ( r ) :

In the range of small dimensions (r « r 0 ) , Eqn.(4) gives a
physically justified linear relationship (o(r)/a s) = r/r0 + . . . ,
and the slope of the straight line is determined by the char-
acteristic dimension r 0 . At high r » r0, the approach of σ
to o s is described by the approximation

os ' 3 ( 3 / )

that is the influence of slight curvature on the surface ten-
sion is proportional to r~3/2, in complete agreement with the
results of statistical-mechanical calculations.2 7

Since Eqn.(2) contains the unknown factor a, the parameter
r 0 can be found only by comparing the experimental o(r)
relationship. These experimental data are not available, how-
ever. Another possibility is to consider data on the spinodals
of the substance. This procedure 2 8 is based on the assump-
tion that at the boundary of stability of the homogeneous
original phase, that is on the spinodal defined by the
condition (9po/3vo)7 = 0, both the radius r of the tension
surface of the critical nucleus of the new phase and the
tension corresponding to this surface σ become zero. Here,
v0 is the volume corresponding to one mole of the vapour.

The radius of the tension surface of the critical nucleus
of the competing phase satisfies the equations

I 2(J

\Pi—Po = —
(5)

(6)

where 1 and 0 are the indices of the parameters of the liquid
and vapour respectively. On going deeper into the meta-
stable range as p 0 -+ p 2 (the pressure on the spinodal), the
size of the critical nucleus r -»• 0, but the decrease in a(r) ~r
leads to the final value of the left-hand side of Eqn.(5).
The approximation of Eqn.(4) in the range of small dimen-
sions gives the expression

(Pi — /'η) L->№ = — =
( 7 )

When p2(T) is known, the difference between the pressures
in the left-hand side of Eqn.(7) can be determined from
Eqn.(6). For two infinitely close states of equilibrium of
the critical nucleus with the metastable vapour it is possible
to write

Τ)

or at constant temperature

( 8 )

The index s relates to quantities on the binodal. Neglecting
the compressibility of the liquid (v1 — v l S = const) and
regarding the vapour as an ideal gas (v o p o = P s v O s ) , Eqn.(8)
with allowance for Eqn.(5) yields:

Ρ ~i' ( 9 )
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If in Eqn.(9) the last term is neglected and p s v o s is
replaced by kT, it is possible to obtain the familiar Kelvin
equation: In (p o /p s ) = 2avls/kT. The ideal-gas approx-
imation is fairly crude in the metastable range, but the pro-
posed 2 9 relation of the isotherm of an ideal gas not to the
far range of the true isotherm, where they are in fact similar,
but to the condensation point, reduces the error of the
approximation considerably.

Equating p 0 in Eqn.(9) to p 2 , and allowing for Eqn.(7),
gives for the parameter rQ(T) an expression of the form:

(10)

If in Eqn.(3) r = 0, then <5 0 = (2/3) l / 3 r 0 .
Thus the fluctuation approach, supplemented by the

spinodal procedure, makes possible not only the closed
calculation of the o(r) relationship but also the estimation
of the minimum spinodal diameter of the competing phase 26 0 .

The problem of finding the minimum size of the nucleating
phase is related to the fundamental problem of determining the
size limit of applicability of the thermodynamic description of
s m a l l s y s t e m s . A r i g o r o u s d e f i n i t i o n o f t h e r m o d y n a m i c c o n -

c e p t s i s p o s s i b l e o n l y i n t h e l i m i t N , v - > - » f J V / V ->• c o n s t , t h a t

is for a large system. The use of the thermodynamic con-
cepts of small systems is justified only in the examination of
not an individual small particle but an ensemble consisting
of η identical particles. As η -*• °°, the ensemble becomes a
macroscopic system, no matter how small its component sub-
systems, and the use of the thermodynamic approach becomes
fully justified. The minimum sî ze of the new formation and
the deviation from homogeneity which would make it possible
to speak of the appearance of a new phase can be considered.
As already shown, the systematic extension of the Gibbs—
Tolman ideas to the range of small dimensions leads to the
boundary condition σ = 0 with the disappearance of the
tension surface (r = 0). The radius of the equimolar sur-
face is non-zero and equal to 60. Since this radius charac-
terises most accurately the size of the physical inhomogeneity,
it is natural to regard it as the minimum size, beyond which
the separation of the system into different phases loses
meaning. The condition of disappearance of the tension
surface corresponds to the disappearance of the nucleus
of the new formation, that is the entire small "particle" is
an interphase particle, so that it is now not a particle of a
new phase, but a cluster. The same condition can alter-
natively be called the spinodal limit of stability of the
homogeneous phase with respect to the appearance in it of
the nucleus of a competing phase, since the work of nucleus
formation also becomes zero. A clear boundary is thus drawn
between homogeneous and heterogeneous states.

2. Change in the Phonon Spectrum with Decrease in the
Particle Size

It is natural to try to describe the properties of an
ultra-small particle by the methods of statistical physics.
If the atoms in a cluster can undergo vibrations about equi
librium positions, and the cluster as a whole can undergo
rotations and translations, then the partition function can
be represented as the product of the translational Z t r ,
rotational Ζτοχ, and vibrational Z v j D partial partition
functions:

Z{N, T) = Z

Here, U0(N) is the minimum value of the potential energy of

inertia of the cluster (that is it is necessary to have an
idea of the shape of the cluster); and Z v i D (N, T)—the
frequencies vj of the normal vibrations of the system, which
can be found from the expression for the potential energy
of the system:

(12)

where U(ru) is the potential of the interaction between the
atoms, of the Lennard—Jones or Morse type.

By expanding U(N) in a series with respect to powers of
the Cartesian coordinates of small displacements of the
atoms from their equilibrium positions and restricting to
harmonic terms, it is possible to calculate the magnitude of
the forces acting on the atoms and to write the equations of
motion of the atoms. Changing from Cartesian to normal
coordinates gives a system of 3JV - 6 independent equations,
whose determinant gives the frequencies of the 3N - 6 modes.
A knowledge of the spectrum of the normal vibrations (the
phonon spectrum) makes it possible to calculate Ζ ν ^ ( Ν , Τ ) ,
and hence the thermodynamic characteristics of the
cluster. 3 0

Direct mechanical methods (of molecular dynamics) of
calculating the properties of the clusters are also used. In
this case, for each atom, a system of ordinary equations of
motion under the influence of the forces is written,

7 v = - 2 vi ••(/-„),
/ = 1

where U(r^) is also the pair interaction potential. The mag-
nitude of the calculation increases in avalanche fashion with
increase in the number of particles, so that the possibilities
of the method are determined by the possibilities of the
computers used. 3 1 The machine methods also include the
Monte Carlo method. 3 2

The phonon spectrum of small particles show low-frequency
modes which are not present in the spectrum of large crys-
tals. 3 3~ 3 5 These "soft" modes are related to the surface
vibrations, and change irregularly with change in the size
of the cluster: the spectrum depends on the geometry of
the equilibrium configuration. The thermodynamic charac-
teristics also change irregularly. The "soft" surface modes
lead to increased values of the heat capacity for small
particles at low temperatures, as follows from the form of
the vibrational part of the partition function

2vib(N, T) = I f exp ( - ^ - ) [1 - exp(-

the cluster. To calculate it is necessary only to
rotrot

know the mass of the cluster; Ζ (Τ)—the moment of

(13)

The change in the low-frequency part of the phonon spec-
trum is due to the fact that the longest wavelength of
elastic vibrations should not be greater than twice the
maximum dimension of the crystal and is determined by the
shape of the solid, the boundary conditions, and the wave
velocities. The density of the frequency spectrum of a small
cube with edge dimensions α can be written in the form: 3 0

g (v) = 4n<Ac'3\·2 — dhsf^ ~ 0,125aw (14)

where w~3 = w~3 + 2w~3 is the average rate (defined in terms

of the rates of the longitudinal Wj and transverse wt vibra-
tions), and the total number of these normal vibrations is

"max

3Λ'= J g(v)dv.
min

For a large crystal, the second and third terms in g(v) can
be neglected, v m j n = 0. Thus v* = 9Νιν3/4πα3, and the
Debye frequency θ = h v m a x / k . For a small particle it is
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necessary to take account of the low-frequency cut-off of
the spectrum ( v m i n * 0 ) , and in this case the use of the
familiar relationship

£ = Avg(v)[exp(ftv/feT)—
(15)

gives the dependence of the heat capacity Cv = (3£/9Γ) ν

on size in terms of V j ^ , and also, with change in the
interatomic distances, in terms of v m a x . The Debye tem-
perature θ for a small spherical particle depends on the
radius R: 3 6

θ sr θ,, + 0Λ (20σκ — 3w/l6vmtx)/R (16)

where G = -9 In 0^/3 In ν is the Gruneisen constant, κ the
isothermal compressibility, and σ the surface tension. This
description of the phenomena is naturally qualitative. For
gold particles with R = 10 nm, θ = 0.9669^,, and for
R = 1 nm, θ = 0.920^,. The same trend is observed experi-
mentally. 3 ?

3. Phase Transformations in Ultra-small Particles

If the size of the cluster exceeds the minimum spinodal
diameter, a particle of a new phase is produced. The
morphology of relatively large metal particles does not
differ from Wolff polyhedra, but for very fine particles
the deviations become appreciable. The particles of face-
centred cubic metals with dimensions up to 20 nm have
dodecahedral and icosahedral forms. A dodecahedral par-
ticle can be represented as a combination of five tetrahedra.
Twenty tetrahedra with a common vertex give the other
stable configuration, that is the icosahedron. The presence
in these crystals of five-fold symmetry axes, not character-
istic of the massive crystals, indicates that at a definite
size of this repeatedly twinned particle, a polymorphic
transformation should take place to give the structure char-
acteristic of large particles of the given metal. Repeated
twinning of tetrahedra cannot give a continuous "framework",
and between some of the twins, gaps filled with an amorphous
phase, or stresses distributed through the entire particle,
will be produced. The stability of small metal particles with
dimensions of 1.5—1.6 nm has been examined theoretically.3 3

It was found, for example, that particles of gold, silver,
and copper with a diameter smaller than 10.7, 7.6, and 6.8
nm respectively have an icosahedral structure, and that
larger particles have the normal face-centred cubic struc-
ture. Aerosil particles of most substances with dimensions i
20 nm in fact have the structure of the massive crystal. 3 0

Thus after the growing particle reaches a certain size, a
phase transformation from the icosahedral to the usual
structure takes place.

Calculations by the methods of molecular dynamics38 of
the temperature dependence of the total energy show that
the temperature-energy diagram contains a section corre-
sponding to heating, a horizontal plateau corresponding to
a phase transformation, and a section corresponding to
supercooled states of the liquid. This indicates that the
concepts of "solid" and "liquid" are also applicable to very
small particles. Measurements on UDP show that particles
with R = 5 nm melt at 200-400 K. 37'39»1*0 This also applies
to polymorphic transformations. An example is provided by
the transition metals W, Mo, and Nb. The massive speci-
mens have a body-centred lattice (3-phase), but thin films
(and small particles) have a face-centred cubic structure
(a-phase). 1* 1

An expression can be written for the chemical potentials
of the melt (L) and the a- and 6-phases with allowance for
the dimensions of fragments of the corresponding phase of
η atoms

-h-

= μ% — λΒρ ( 1 - (17)

Here, a^ (i = L, a, 3) are the form coefficients, σ̂  the
surface energy, and Vj the volume per atom in the melt and
in the a- and 3-phases respectively; λ and Τ . the

heat and temperature of fusion; and Xag and τ\ the heat
and temperature of the a —3 transformation of the massive
specimen. Since μ^ and PR are equal on the equilibrium
line, an expression is obtained for the dependence of the
melting point of the particle on the size n, the shape ota,
and the density PR:

usion- Tn

^fusion
3λ Pi!'

(18)

Here, m0 is the mass of the atom, and Τ the melting point
of a particle containing η atoms. Since PR = P£, OR > o^,
and, usually, ag > ot£, (faceting takes place), then Tn <
T° . , that is the melting point of the ultra-small particles

is lowered.
Similarly, since μ^ and μα are equal on the equilibrium

line,

T"a
(19)

Since α α = and < p a , the difference in
brackets is negative, and the temperature of the polymorphic
transformation of the ultra-small particle Τao is higher than
Τ η for the massive specimen. From this it is clear that in
a certain range of temperatures, as the film becomes thinner,
the β-phase may be converted into the α-phase, metastable
with respect to the massive equilibrium specimen, as observed
in experiments with films of W, Mo, and Nb. ' a

As far as the mechanism of the fusion of the particles is
concerned, Petrov, 3C for example, considers that the most
acceptable model is the cluster model, according to which
any single crystal, when heated to pre-fusion temperatures,
breaks down into clusters separated by amorphous layers of
atoms. With increase in temperature, the thickness of the
amorphous layers increases, and at the moment of fusion,
rupture of the bonds between the clusters takes place.
X-Ray diffraction has shown1*0 that lead particles with
r s 10 nm on fusion break down to give clusters with an
edge length approximately seven times the lattice parameter;
with increase in the temperature of the melt by 300 K, the
cluster dimensions decrease by a factor of only 1.5, and
the structure of the gas is acquired only at the temperature
of the liquid-vapour transformation.

The size dependence of diffusion in small particles has
been studied. 1*2'1*3 A relationship has been established
between the activation energy of diffusion θ and the melting
point of the substance Tm: Q = aTm. ^ If it is assumed
that this relationship is preserved for a given substance
in the UD state, that is that the relationship Qr = aTr is
also applicable for particles with radius r, then eliminating
the factor α gives 6 r = QTr/Tm = θ - QkT/Tm, and the
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diffusion coefficient in a particle of radius r will be

The experimental values of the melting points of the par-
ticles should be substituted in this equation. Since
ΛΓ = Tm - Tr increases with decrease in the particle size,
Dr also increases, and for dimensions of 10 nm it differs
from the diffusion coefficient D in the macro-phase by
several orders of magnitude. "*3

4. The Energy Saturation and Reactivity of a Medium

A very important characteristic of UD media is their
high chemical activity. This is also related to the high
energy saturation of dispersed particles, in particular due
to the contribution of the surface energy. Thus the equi-
librium constant in a closed system is given by the expres-
sion1*5 Ke = exp (-ΔΦ°/ΚΤ), where the change in the Gibbs
potential in the standard state is

ΔΦ° = ΦΙ — Φ? = 2 V/ΦΒ,- — 2 Vl'l-

/ i

This equation is applicable for equilibrium with respect to
the reaction

for given Ρ and T. If the starting materials and products
are dispersed, the change in the thermodynamic potential is:

ΔΨ = ΔΦ° ) — 2 ν ί Δ Φ ί

where the summation is carried out over the dispersed
reagents. Recalculation to one dispersed particle of η atoms
gives 6Φ = ασν2/3η2/3. It is assumed that the reaction is
forbidden under standard conditions (Φ° > Φ?). If in the
dispersed state

φ° -f g ν}ΔΦ} ^ ν ' Δ Φ ί ·
then the reaction becomes possible, and the equilibrium con-
stant of the reaction can be calculated from the equation

Ke = exp 2 ν,ΔΦ, - 2 ν / Δ Φ ; )'RT]

When the reaction products are more highly dispersed than
the starting materials, the entropy factor will facilitate
an increase in the displacement of the process towards the
formation of the products, since ΔΦϋ = ΔΗ0 - ΓΔί>°.

As a result of the extremely high reactivity of UDP, they
react even with inert gases. On the freshly formed sur-
faces of finely divided solids'*6 there is appreciable irre-
versible adsorption not only of oxygen, nitric oxide, and
the products of the dissociation of the liquids in contact
with it, but also of inert gases at ordinary pressure and
temperature. The gas molecules form strong bonds with
the surfaces of the solid particles; the bond energy,
estimated from thermal data, is 2-4 kJ mole"1.

The passivation of metals by inert gases is possible in
the cold plasma of a glow discharge. "*7 For example, the
simultaneous bombardment of an aluminium surface by
argon and hydrogen ions from the plasma leads to the
irreversible penetration of the atoms of these gases not

only into the surface layer (5-10 nm) but also into the
bulk of the metal, with the formation of a metastable
metal-inert gas substitutional solid solution. The concen-
tration of absorbed argon may reach several percent.

It has been established experimentally that the limiting
concentration of dissolved argon in aluminium c 0 is 0.3 at.%
at 400 K. At a higher concentration, the metastable solu-
tion breaks down with the formation of gas-filled bubbles.
The lattice parameter increases practically linearly with
increase in the inert gas concentration from 0.40496 nm for
pure Al to 0.40533 nm for Al containing 0.3 at.% Ar. If
this macroscopic solution is described in the regular approx-
imation and it is assumed that the free energy of argon in
the solution is equal to that of the argon ions, then at
Τ = 400 Κ and c 0 = 0.003 the energy of mixing ΔΗ is
1.5 χ 106 J g-atom"1.

If the solution is a system of small particles, the equilib-
rium concentration is increased. Using the Ostwald—
Freundlich relationship and assuming that the concentra-
tion of Ar in the macroscopic solution is 0.003 at Τ = 400 Κ,
and that the surface tension of the macroscopic solution-gas
boundary is ~l J m~2, gives for particles with dimensions of
10, 3, and 2 nm, the argon concentration values 0.54, 2.20,
and 6.10 at.% and the values of the excess energy of solu-
tion 0.76, 3.66, and 8.10 respectively in units of AH/A//m,
where LHm = 10.68 J mole"1 is the heat of fusion of
aluminium. Thus the solution is formed with a huge expen-
diture of energy. On its relaxation (breakdown), this
excess energy of mixing will be liberated, and at the lower
limit of the UDM it may be appreciably greater than the
heat of fusion of aluminium. In Ref.48, tablets (diameter
6 mm and height 1.2 mm) were compressed and heated at a
rate of -200 Κ min"1 in an inert gas atmosphere (under a
pressure of 0.13 Pa) from powders obtained by the electrical
explosion of wires (r = 0.03-1.3 \xm). At 720-820 Κ the
tablet of copper powder began to glow brightly, and its
temperature rose to 1200 Κ. The temperature of the
aluminium tablets increased spontaneously to 940 K, which
corresponds to the melting point. Thus for powders with
the degree of dispersion indicated, the excess energy is
sufficient to maintain the self-propagating process of sinter-
ing and even fusion.

A whole series of papers describe the experimental
observation of an increase in the chemical activity of
energy-saturated media. It has been reported"*9 that in
two-layer oxide hetero-structures, reactions of the type

MgO+Nb2O;,-+MgNb:O6

take place spontaneously at temperatures 800-1000 Κ lower
than the usual temperatures for the reactions in the
massive state. Many examples from the work of Boldyrev
and co-workers have demonstrated the activation of solid-
phase reactions under the influence of mechanical sub-
division,50 a shock wave,5 1, X-rays, 5 2 and a stream of
protons. 5 3 Finally, recent studies have revealed the high
biological activity of highly dispersed metal powders at all
levels, from the general indices of the metabolism of the
organism to the influence on the activity of individual
biological systems and biomacromolecules. 5 1 * · 5 5 The anti-
microbial activity of various metal powders has been
established. Progress in this field is being held up by
the lack of satisfactory methods for introducing the metals
into the organism. A possible solution is the introduction
of the required metals into the organism as UD powders,
particularly since their activity increases with decrease·
in size. This topic lies outside the scope of the present
review, however, and will not be discussed in detail here.
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I I I . METHODS FOR OBTAINING ULTRADISPERSED
POWDERS OF METALS AND COMPOUNDS

1. Mechanical Methods of Dispersing Solid Metals

Ultradispersed powders can be obtained by the mechanical
dispersal of solids, the decomposition, precipitation, and
reduction of chemical compounds, and the condensation of
metal vapours. A combination of these methods is often
used.

In powder metallurgy, coarsely dispersed materials are
often obtained by mechanical sub-division in ball, rod, or
other mills or in disintegrators, 5 6 and also by electro-
hydraulic impact. When a certain degree of dispersion has
been achieved, however, a dynamic equilibrium is estab-
lished between the processes of dispersal and coagulation
of the particles. To obtain particles with micron dimensions
it is necessary to carry out the sub-division at very low
temperatures, at which the material is more brittle, 5 7 to
use ultrasonic dispersal, 5 e or to add surface-active sub-
stances, which lower the surface energy and strength of
the particles.

Sputtering of melts in liquid or gas streams, and ultra-
sonic 5 9 and other methods can also be used to obtain
powders, but in these cases the products are coarsely
dispersed.

The above methods can apparently be used only as an
intermediate stage in the production of UD powders. Ultra-
sonic treatment can be applied to prepared UDP (to break
down conglomerates, for mixing, and to produce more com-
pact pressings).

There is however a form of mechanical treatment which
creates conditions both for the synthesis of the desired
products (diamond) and for their dispersal, namely the
action of a shock wave. 6 0 Diamonds are obtained by the
shock-wave treatment of mixtures of graphite and metals
at 20-40 GPa and a shock-wave duration of 10-20 us. The
structure and composition of the resulting powders have
been studied. 6 1 The average particle size of the diamonds
was ~4 nm.

2. Physical Methods of Obtaining UD Powders Based on
Volatilisation and Condensation Processes

The simplest and most natural method for obtaining UD
metal powders is by volatilising the metals and condensing
their vapours. This method was used to obtain UDP in
early s tudies . 6 2 Assemblies using the volatilisation—con-
densation principle may differ in the method of introducing
the material to be volatilised, the method of introducing the
energy required to volatilise the metal, the nature of the
working medium, the organisation of the condensation
process, and the system for collecting the powder.

The metal is either volatilised from a crucible or fed to
the heating system in the form of a powder, wire, or stream
of liquid, through special devices.

Energy can be supplied to the metal to be volatilised
through a conductor, 6 3 by high-frequency induction
heating61* or superhigh-frequency currents, 6 5 by electric-arc
discharge in a plasma,6 6 by a laser light flash, etc.

The processes of volatilisation and condensation may take
place in a vacuum, in a stationary inert gas, or in a stream
or gas (in particular in a plasma stream).

In the production of UD powders, the condensation pro-
cess is the decisive stage. The physical principles of the
theory of the condensation of metals is fairly well
developed,67»68 and methods have been proposed 6 7 ' 6 9 ' 7 0

for calculating the particle size distribution of metal aero-
sols. The numerical solution of the equations of the
kinetics of bulk condensation for this model has been
carried out: 7 0 the vapour—gas mixture in the condensation
zone moved in a channel with a constant cross-section of
118.7 mm2 at a constant velocity of 150 m s~l, the axial tem-
perature gradient due to cooling of the stream was 200
Κ min"1, the pressure in the channel was constant and equal
to atmospheric pressure, and the boundary layer was not
taken into account; the argon consumption was 3.5 m3 h""1

(6.24 kg h " 1 ) , and the consumption of tungsten powder
volatilised 2 kg h" 1 . These values of the parameters cor-
respond to those of a real assembly. The kinetic analysis
showed that it is theoretically possible to obtain tungsten
powder with an average particle size of 3—5 nm (without
allowance for coagulation). The length of the coagulation
zone (90 mm) is much less than the length of the nucleation
zone (~4 mm); this makes it possible to protect the powder
formed from coagulation, for example by removing it from
the condensation zone.

Methods of condensation have been discussed in detail. 7 1

The vapour—gas mixture at a temperature of 5000-10 000 Κ
can simply be passed into a chamber of large cross-section
filled with a cooled inert gas, in which condensation takes
place. In improved assemblies, two coaxial streams are
passed into a channel; the inner axial stream contains the
vapour-gas mixture, and the outer annular stream contains
a cold inert gas. As a result of turbulent mixing, the
temperature of the metal vapour is lowered, the super-
saturation increases, and rapid condensation takes place.
The width of the condensation zone in this assembly changes
along the longitudinal coordinate, however, and this gives
a broad particle size distribution function. Nevertheless,
detailed analysis and allowance for the characteristic fea-
tures of the turbulent mixing of non-isothermal coaxial
streams in a channel7 3 makes it possible to decrease con-
siderably the thickness of the temperature layer and to
obtain UDP with a narrow fractional composition. UDP of
copper, aluminium, iron, nickel, and other metals have
been obtained in this way in a laboratory assembly. 7 1 The
average particle size of the powders obtained was 7—20 nm
at a production rate of 40—50 g h" 1, depending on the
material and the operating conditions.

If the vapour—gas mixture is directed into a channel with
a cooled wall, hydrodynamic, temperature, and concentra-
tion boundary layers are established at the surface of the
channel. Under turbulent conditions, the thickness of the
boundary layer and hence of the condensation zone is pro-
portional to the longitudinal coordinate to the power 0.2. 7 1

The resulting particles, under the influence of thermo-
phoresis forces, are displaced across the boundary layer
to the wall. The temperature gradient in the boundary
layer (~105 Κ m"1) is higher than in the layers of the
stream, and this makes it possible to obtain particles with
smaller dimensions (less than 1 μπι). The particles settling
out, however, accumulate on the wall surface and partly
coagulate and cake to form agglomerates. The growth of
the layer of particles on the wall of the channel increases
the thermal resistance of the layer and the temperature of
the outer layer, and this in turn leads to sintering of the
particles with the formation of a crust and overgrowths.
Special methods of cleaning the surface have to be used
to prevent this phenomenon.

The most favourable conditions for the condensation of
metal vapours (to obtain UD powders with a narrow particle
size distribution) are apparently produced on adiabatic
expansion in a Laval nozzle. 7 1 ' 7 2 With sufficiently rapid
expansion of the mixture, a temperature gradient of



114 Russian Chemical Reviews, 56 (2), 1987

~108 Κ s 1 is created, 1 3 and the vapour of the metal (for
example aluminium) condenses almost instantaneously to give
UDP with an average particle size of 50—60 nm. The temper-
ature of the walls of the nozzle should be greater than the
melting point of the metal, to avoid the deposition of metal
particles on the wall and the production of a metallic crust.

The UDP obtained are usually collected on special filters
or by centrifugal deposition. In some assembles, the
particles are either deposited on a rotating drum or endless
belt, after which the surface is cleaned with a scraper, or
trapped in a liquid film.

3. Chemical Methods for Obtaining UD Powders

Chemical methods include precipitation, the reduction of
oxides and other compounds of the metals, and thermal
decomposition. The chief condition for obtaining dispersed
powders by chemical methods is that the reaction should
take place at a distance from equilibrium, with a high rate
of formation of the nuclei of the new phase, combined with a
low rate of their growth. These conditions are ensured by
selecting a temperature at which the chemical reaction takes
place sufficiently intensively, but transfer through the gas
phase is still retarded.

The deposition is carried out in a solution, a stream of
gas, or a plasma. For example, titanium dioxide is obtained
by precipitation as a result of the hydrolysis of titanyl
sulphate with heating. The fresh precipitate is amorphous.
Transformation to the rutile structure is achieved by sub-
sequent heating to 1000-1300 Κ. 7" Methods for obtaining
powdered iron, cobalt, nickel, and alloys of palladium have
been described (see Ref.71 for bibliography). The particle
size of these powders varies from 5 nm to 3 \im.

Oxides and halides are usually reduced using hydrogen or
carbon monoxide. Powdered iron, vanadium, niobium,
tantalum, chromium, molybdenum, and tungsten with an
average particle size of 0.1 urn have been obtained by this
method at 750-1600 Κ. 7 5

Powdered nickel, iron, chromium, copper, etc. are
obtained by the thermal decomposition of the carbonyls,
formates, oxalates, and other compounds at 500—700 K.
These methods have been reviewed in detail.7 > 7 t

General unsatisfactory features of methods for obtaining
metal UDP by low-temperature processes are the formation
of comparatively large particles (0.03—10 μΐη), a wide par-
ticle size distribution, a high concentration of impurities
in the powder, and a complex, multi-stage, non-universal
technology. In a number of cases, however, the large-scale
production of powders can be organised using these pro-
cesses.

A significant increase in the degree of dispersion of the
powders can be achieved by carrying out the process at
high temperatures, in particular in a low-temperature plasma
generated by an arc or induction discharge. This method
can be used to obtain practically all refractory carbides,
nitrides, borides, oxides, etc., and also more complex
compounds. UD titanium nitride powders with a particle
size of <0.5 urn are obtained by reducing the chlorides with
hydrogen in a flux of nitrogen plasma.

Thermodynamic calculations for the systems M—Cl—Η—Ν,
where Μ = Ti, Zr, or Hf, show that at the stoichiometric
ratio of the original components of the reaction

2MCI4+4H!+N! = 2MN+8HC1

the equilibrium throughout the temperature range (400 to
3500 K) is characterised by the presence of chlorides, so
that the degree of transformation of MCI4 into MN is slight,

but a combined excess of hydrogen and nitrogen ensures a
nitride yield of 100% over a wide temperature range . 1 2 The
combined reduction of TiCl^ and thermal decomposition of
hydrocarbons in a nitrogen plasma is used to obtain titanium
carbide nitrides which in the composition range from TiN0 # 9 8

to ΤΚ20ΛΝ0.6 form single phases and consist of a series of
solid solutions of carbon in titanium nitride with the NaCl
structure. The average particle size of these powders is
-50 nm. 7 6

The carbides of titanium, zirconium, hafnium, vanadium,
tungsten, and other metals with an average particle size of
0.01—0.1 um have been obtained in the plasma of an arc dis-
charge using the corresponding metal chlorides and hydro-
carbons as starting materials. 7 7 ' 7 8

UD copper powder has been obtained8 1 by reducing copper
chloride with hydrogen in the stream of argon plasma of an
electric-arc discharge. A thermodynamic calculation for the
Cu—Cl—Η system showed that it is possible to obtain copper
in a yield close to 100% in the temperature range 500—1800 Κ
with more than ten-fold dilution of the system with hydrogen,
relative to the stoichiometric quantity. The assembly gave
copper powder with a particle size <0.1 pm and a relatively
narrow particle size distribution.

The reduction of nickel monoxide in a high-enthalpy
stream of gas obtained by the complete oxidation of propane
by air:

CH.+ 1.5 O2+5.64 N2=3 CO+4 H2+5.64 N2

has been studied. 8 2

Thermodynamic analysis showed that in a 1.2-fold excess of
the reducing agent in the temperature range 800—6000 Κ,
complete reduction of the oxide to the metal is achieved.
The experiments gave nickel powder with an average
particle size of 0.1—0.4 um, containing 0.2—3% carbon and
1.5-6% oxygen.

Silicon carbide powders can be obtained from quartz sand
and a propane—butane mixture7 9 or from a mixture of silanes
and halogen derivatives of hydrocarbons in a hydrogen
plasma at 2800-3800 K. The average particle size is 0.05 to
0.02 urn.

UDP of tungsten have been obtained by reducing tungsten
trioxide in an argon-hydrogen plasma.8 0

An unsatisfactory feature of thermal decomposition and
reduction methods is the low selectivity of the process; the
reaction product usually consists of a mixture of the
desired product and other compounds. l l f

Overall, however, assembles with a low-temperature plasma
at present provide one of the most efficient, productive,
and universal means of obtaining UDP of metals and com-
pounds.

4. The Electrical Explosion of Wires

One version of the volatilisation—condensation method
involves the production of UDP by the electrical explosion
of wires. This method is dealt with separately because of
its practical importance.

In the electrical explosion of wires (EEW), the materials
of the wire breaks down under the influence of a powerful
current pulse; part of the material of the wire may vola-
tilise, while the rest is scattered as liquid droplets. 8 3 As a
result of volatilisation at the expense of condensation in the
stream of rapidly expanding vapour, particles with very
small dimensions are formed, but the solidified droplets give
larger particles. The ratio of these components depends on
the nature of the breakdown of the wire, which is determined
by the process used to introduce the energy into the wire.
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The quantities characterising the electrical explosion of
wires are functions of the parameters:8<*

where I is the length, d the diameter, and η the number of
the exploding wires, Ζ the wave resistance, L the induc-
tance, C the capacity of the circuit, and Uo the initial voltage
at the condenser. The parameters of the explosion are
selected using these variables.

The results of the study of copper powders obtained at an
inert gas pressure of 200 Pa have been described. 6 3 The
size of the spherical copper particles depends to a significant
extent on the density of the energy introduced and the rate
of its introduction. It is possible to obtain a powder with a
maximum size distribution in the region of 20 nm for copper
exploded in air, or in the region of 50 nm for aluminium in
argon.

5. Freeze Drying

Ultradispersed powders of metals and compounds can be
obtained by freeze drying. The starting materials, in
particular metal salts, are used to prepare a solution with
the required composition, which is rapidly frozen by
spraying into a chamber containing a cryogenic medium.
The pressure of the gaseous medium above the frozen
granules is then decreased until it is lower than the
equilibrium pressure for the multi-component system
formed on cooling, and the material is heated with continu-
ous evacuation to sublime the solvent. The product con-
sists of very fine porous granules with identical composition.
Heating the granules in air gives the oxides, reduction gives
the metal powders, and selective reduction gives a mixture
of the oxides and the metals. The UD compositions Pb-10%
MgO, W-S, W-25% Re, Cu-ThO 2, Cu-W, NiZnFe2Olt> etc.
with a particle size of 10-60 nm have been obtained in this
way. 8 5 ' 8 6

The reduction of ammonium paratungstate in solution by
hydrogen gives a finely dispersed tungsten powder with a
particle size of 0.2—0.8 \im, and the product acquires a
completely new s t ructure . 8 7 Ammonium paratungstate has
several crystalline hydrated forms, each of which gives a
characteristic X-ray diffraction pattern. When the para-
tungstate obtained by freeze drying was examined by X-ray
diffraction, however, no diffraction lines were observed.

Sub-micron nickel powders are obtained by this method
from solutions of nickel chloride and nitride.

IV. ENERGY-SATURATED MEDIA AS MATERIALS OF
PRESENT-DAY TECHNOLOGY

1. Materials with an Ultradispersed Structure—A Unique
Form of Composite Material

Attempts to eliminate the gap between the requirements to
be satisfied by constructional materials for present-day
technology and the possibilities provided by the usual
alloys of materials science are being made by developing
and applying composite materials. 2I* The complexity of
this problem lies in the fact that elements of different kinds
(for example metal and non-metal), combined in the same
composite material, must function as a single whole. For a
long time these difficulties could not be overcome, so that
in the past, materials consisting of one substance were
preferred.

Composite materials may be of three main types: metal +
metal; ceramic + ceramic; and metal + ceramic. The com-
ponents either do not react, or react with one another during
use. In the first case the system is a purely mechanical
system, whose behaviour under working conditions can be
predicted from mechanical data with allowance for the scale
factor. In the second case, the components of the composite
materials react to form a new product at the interface. This
practically always takes place, since during use the materials
are subjected to high temperatures and pressures and other
influences. For inorganic materials used at sufficiently high
temperatures, the first case need not be considered.

The reaction "within" the composite material may give
chemical compounds corresponding to the complete range of
possible oxidation states of the metal, including sub-com-
pounds, complex compounds, compounds formed by ceramic +
ceramic and metal + metal (intermetallic compounds) combina-
tion, and also phases of variable composition of the solid
solution type. Thus the "spectrum" of components of a
composite material is complicated considerably when the
corresponding material starts to be used at high tempera-
tures. This makes it difficult to calculate accurately the
behaviour and capacity of the material at different stages
of its use, and its examination is usually restricted to the
determination of the dependence of the properties, in
particular the strength characteristics of the material, on
the intensity of the reaction with time. These phenomeno-
logical data have now been collected for a whole range of
composite materials, and their amount is increasing
rapidly. The generalisation of this experience still lags
behind practice. A tendency to move to the "molecular
level" in the examination of the mechanisms of the reactions
of the components of composite materials is gradually being
observed, in spite of the considerable difficulty of these
questions.

It should be noted, in particular, that the view that the
composition of the products of the reaction in composite
materials is determined by data from the corresponding
equilibrium diagrams cannot be fully accepted, since com-
posite materials are generally non-equilibrium systems.
Thus kinetics must be added to present-day methods for
their physicochemical analysis. Composite materials are
"living" systems, and kinetic questions become fundamental
in their study during use. The equilibrium diagrams in the
case being considered are of major importance if they are
constructed from data obtained in experimental studies with
allowance for kinetics. The question of the importance of
obtaining "kinetic" equilibrium diagrams is not new, 8 8 but it
has not found extensive practical application. The possible
reason may be that up to the present, physicochemical
analysis has been applied chiefly to substances as such,
when there has been no particular need to study the kinetics
of the corresponding processes. Moreover, in the examina-
tion of composite materials it is necessary to take account of
the degree of dispersion of the starting material and the
products formed when the materials are used.

It is usually assumed that composite materials are artificial
systems made up of the corresponding macro-components,
namely the matrix, which is a compact material (metal or
ceramic) of any dimensions, and the reinforcing material,
in the form of fibres or filaments, ceramic or metallic, and
best of all in the form of single crystals. Since a sharp
boundary cannot be drawn between macro- and micro-states,
the concept of composite material can apparently be extended
to include in this category materials having components
with atomic or molecular degrees of dispersion, placing
arbitrary boundaries between individual groups.
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It is appropriate to divide each of these three types of
composite material into three groups, in which the compo-
nents differ in their degree of dispersion.

1) Composite materials made up of two parts ("blocks") of
any dimensions, each of which has independent functions.
In this case the area of contact between the blocks is
negligibly small compared with the blocks themselves, and
at high working temperatures (not exceeding their melting
points) the behaviour of the corresponding composite
material can be regarded as a function of the behaviour of
its component parts, and the "events" at the interface are
of secondary importance, the interface functioning only as
a means of holding the blocks together.

2) Composite materials in which the degree of dispersion
of the reinforcing particles is relatively high: fine single-
crystal filaments, short (1-5 mm) fibres, and fine crystals.
Here, the components cannot behave independently, and the
mass of the interphase formations may be comparable with
that of the original components. The behaviour of this most
widely encountered classical type of composite material
(Al + A12O3; Mg + MgO; etc.) must be examined in a known
temperature range as a system which is the usual object
of physicochemical analysis.

3) Composite materials at the level of mixing of components
with atomic or molecular dimensions. These are ordinary
chemical compounds of the type AB, AB2, A2B, etc., up to
double salts and complex compounds, and also phases of
variable composition. Materials with these components are
not usually regarded as composite materials, but in
principle this is not quite correct, since there may also be
external factors influencing the material (for example radi-
ation, defect-forming influences), when its component atoms
or molecules behave "independently" and influence the
working properties of the material.

The proposed classification may possibly be disputed, but
it covers all types of composite material, if they are class-
ified according to the particle size of the components.
Moreover, account must be taken of the fact that at suffi-
ciently high temperatures (for example close to the melting
points of the components), their mutual diffusion will take
place so rapidly that a composite material of type 2 begins
to function as a composite material of type 3. It is always
necessary to take into account the extent to which this
transformation of one type of material into another is
permissible from the viewpoint of the application of the
composite material.

2. The Relationship Between the Energy Saturation,
Structure, and Mechanical Properties of Materials

The characteristic feature of ultradispersed particles
discussed in the previous sections also appear in compact
materials with an ultradispersed structure. In this case
the degree of dispersion is determined by the average
dimensions of the defect-free regions (structural fragments)
and the angles of disorientation between them. Here, the
relationship between the ultradispersed structure and the
physicomechanical properties of the materials is of the
greatest importance.

In these materials it is possible to distinguish three levels
of structural organisation: 2 1 granules with dimensions of
103-10" nm, angles of disorientation 1-90°; sub-granules
with dimensions of 50-103 nm, angles of disorientation
5'—3°; and blocks with dimensions of 3—100 nm, angles
5'—5". The energy saturation of a structure of this kind
depends on the dimensions of the elements of the structure
and the energy of the interfaces. The energy of the inter-
faces, calculated by the Shockley—Read method, for

example for nickel, varies from 0.0014 J πΓ2 (Θ = 30") to
1.1 J m"2 (Θ = 57°). 2 1

Analogous calculations of the excess values of the chemical
potential for gold show that for dimensions of the structural
fragments of 4.5 nm and large-angle interfaces between
them, the state of the structural fragments corresponds
to the state of the macro-system at the melting point, and
that for dimensions of ~10 nm and large-angle interfaces
it corresponds to the state of the macro-system at a tem-
perature of 0.6 T f u s j o n . Since at this temperature relaxa-
tion processes (of the crystallisation type) take place
actively in metals, a dispersed system with these param-
eters will not apparently be stable.

For low-angle boundaries, an analogous state is reached
at structural fragment dimensions of ~3 nm. It is evidently
possible to speak of a limiting attainable level of dispersion
of a polycrystalline system.

Accordingly to the familiar Oding diagram, the greatest
strength is shown either by materials with a low density of
dislocations (single crystals) or materials with a dislocation
density of ΙΟ^-ΙΟ11* m~2. The strength properties of metals
are influenced not only by the density of dislocations, but
also by the nature of their distribution in the volume.
Distribution of the dislocations in the form of networks of
block boundaries is thermodynamically favourable. Assum-
ing that all the dislocations lie at the boundaries between
the blocks, the size of the blocks L is related to the density
of dislocations ρ by the expression: 8 9

where a is a parameter of the order of 1, defining the degree
of regularity of the distribution of the dislocations. For
ρ = 1015 m~2, the dimensions of the blocks lie in the range 4—5 nm.

The relationship between the structure and the strength
characteristics is given qualitatively by the Hall—Petch rela-
tionship,90 according to which the strength of a metal is
proportional to L"1/2, where L is the size of the granules
for materials with a coarsely granular structure, and the
size of the blocks for materials with highly developed frag-
mentation of the structure.

By changing the sub-structure of the materials (the size
of the structural fragments and the angles of disorientation),
it is possible to control their physicomechanical properties.
9 0 > 9 1 For example, the strength of U-8 steel increases from
1.4 GPa to 2.8-3.2 GPa with decrease in the size of the
structural fragments from 30 nm to 10 nm. The yield point
of TsM-6 molybdenum alloy increases from 400 MPa to 750 MPa
with decrease in the particle size from 160 um to 1 μπι. With
decrease in the size of the granules of the sub-structure,
the impact strength also increases. Thus for 45 steel it
changes from 0.62 kJ m~2 to 1.5 kJ m~2 with decrease in the
size of the granules from 60 μπι to 6 urn.

An important feature is that with the increase in strength,
a sufficient reserve of plasticity is retained, since the
temperature of cold brittleness is lowered. For example, for
molybdenum it is lowered from 600 Κ to 415 Κ with decrease
in the size of the granules from 7.3 μπι to 1.2 |im.

The temperature of the transition from viscous to brittle
breakdown (the temperature of cold brittleness) is a struc-
ture-sensitive property, and decreases with decrease in the
size of the elements of the sub-structure. 2 3 The formation
and growth of cracks of critical dimensions in an UD
material is hindered because of the small size of the struc-
tural fragments and the presence of a large number of
boundaries, so that the breakdown viscosity of the UD
material is increased.

Lowering the temperature of cold brittleness and increas-
ing the breakdown viscosity are important aims for most
constructional materials, particularly refractory materials,



Russian Chemical Reviews, 56 (2), 1987 117

inter metallic compounds, and metal—ceramics. The possibil-
ities provided by traditional methods (metallurgical, thermal,
thermomechanical) in this area have been practically
exhausted. To solve the problems of improving further
the physicomechanical properties of materials it is necessary
to look for new methods of producing ultradispersed struc-
tures.

3. The Production of Highly Dispersed States in the
Synthesis of Titanium Carbide Under Bulk Combustion
Conditions

The mechanism of the formation of a dispersed structure
in the synthesis of titanium carbide under non-isothermal
conditions can be considered. It has been shown17'91'91*'95

for the Ni-C, ΑΙ-Si, and other systems that the presence
of ultradispersed components in the original system gives
metastable equilibrium diagrams. Thus the temperature
of eutectic formation in the Zr-C system is lowered by
500 Κ when the form of carbon used is coke with an excess
energy of about 8.4 kJ mole"1.

The Ti—C system has been studied. 9 2 It contains an
intermediate titanium carbide phase (subsequently denoted
σ). The equilibrium diagram can be divided into two regions,
Ti + σ and σ + C. The thermodynamic potentials in the left-
hand and right-hand regions will have the form:

φ τ 1 + σ = (l _ X) φ· , + λ·φ« + (χ/χ0) ΔΦσ,

<DO+C = (l _ χ) φ· [(ι _ Xo)] Δ Φ

The thermodynamic potential of the σ-phase can be estimated
by the published method: 9 3

+ RT {Axx + A2x* + (1 — x) In [(1 — x)/(l — 2x)] — χ In [x/(\ — 2A-)]}

where for titanium carbide Αλ = 0.62, A2 = -0.32, W o = -368 χ
106 J kmole"1, ΜΊ = 117 χ 106 J kmole"1, W2 = 92 χ 106

J kmole"1. Substituting gives ΔΦσ = (92 χ ΙΟ3 - 1.9T)
J kmole"1.

The liquid phase can be described in the approximation of
regular solutions

<t>L = (1 - y) Φχι + y<S>c + ^T [y In y + (1 - y) In (1 —y)] + y (1 — y) &L

where Μ is the interaction parameter in the liquid solution,

φ ^ = φ°τί + ΑΗΊΙ{\—Τ/ΤΎί), <bc

L=><t>c°+AHc(l-TlTc),

and the temperatures and enthalpies of fusion of the com-
ponents have the values T T i = 1940 K, T c = 4000 K,
/\tfTj = 15.47 x 106 J kmole"1, and AHQ = 104.5 χ 106

J kmole"1.
For simplicity it will be assumed that the homogeneity

range extends to a line around x = 0.5; the formation
potential ΔΦσ at the point of congruent fusion is related to
χ = 0.5; the range of solubility of titanium in carbon
(α-solution) and the influence of pressure are neglected,
and the data on the fusion of carbon are taken for Ρ =107Pa.

Using the condition Φσ + ̂  = Φ on the right-hand eutectic
of the equilibrium diagram (x = 0.643, x0 = 0.5, Te = 3049K)
gives AL = -258.6 χ 106 J kmole"1. The lowering of the
right-hand eutectic as a result of the dispersal of carbon
can now be estimated. In this case it is necessary to add
to the left-hand side of the condition φσ + C = φ^ the term
^^excessi^ ~ X Q ) / ( 1 ~ xo) reflecting the contribution of
the excess energy. For x - y this gives the equation

[(1 — X)/{\ - X0)] ΔΦ" + [(* — *0)/(l - X0)]A#exceSS= ( 1 - Χ) Δ#τ, (1 - Τ/ΤΊΙ) •
+ xAHc(l — TJTC) + R T [χ]η χ + (1 — χ) In (1 — x)] + x(l— x) AL

By specifying a series of values of A H e x c e s s and looking for
the minimum Γ = Τ (χ) it is possible to find the positions
of the eutectic for different carbon materials (CM). The
estimates give downward temperature displacements of the
right-hand eutectic of 540 Κ for coke, 1200 Κ for carbon
black, and 1800 Κ for "amorphous" carbon, with a simulta-
neous displacement to the right along the concentration axis.

Since the carbide phase formed is also dispersed, it is
also possible, by estimating the excess energy of the
σ-phase and making use of the condition Φσ = Φ^, to deter-
mine the decrease in the temperature of congruent fusion
and then to construct the entire metastable equilibrium dia-
gram, as described in Ref.91, including the left-hand side
(with allowance for the degree of dispersion of titanium).

The characteristic features of the M—C diagram determine
the mechanism of the reaction of fine-crystalline mixtures of
a metal and CM. In the reaction of Ti with imperfect forms
of carbon, nuclei of the carbide phase, which will give the
titanium-carbide eutectic, are formed first at the Ti-C
interface. Because of the dispersal of Ti and the carbide,
the temperature of the titanium-carbide eutectic will be
lowered. The metal, penetrating into the channels of the
CM, accumulating in the micro-pores, and reacting with
carbon, gives new TiC nuclei, and Ti and TiC give a
metastable eutectic. The front of this eutectic is displaced
towards the imperfect CM, leaving perfect forms behind it,
that is "processing" of the CM takes place. When Τ i TQ

for the right-hand metastable eutectic is reached, as a
result of spontaneous heating of the mixture, the same
processing of the CM begins, but now with the carbide-
carbon eutectic, with simultaneous precipitation of the
carbide phase. This stage determines the yield of carbide.
These processes are based on the phenomenon discovered
by Elyutin and co-workers. l b There are many reaction
channels, but the system tends to lower its energy, so that
the basic reaction is the processing of the imperfect forms
of CM.

Since the new phase appears on the metastable equilibrium
lines, it is strongly supercooled, as it were "self-quenching"
takes place, and an ultradispersed structure is produced
because of the retardation of the relaxation processes at low
temperatures. This method can also be used to obtain UD
structures in the non-equilibrium processes of the combustion
of powdered exothermic mixtures in the synthesis of inter-
metallic compounds, carbides with metallic bonding, and
other materials. 9 1*'2 0

4. The Production of an Ultradispersed Structure in the

Plastic Deformation of Titanium Nickelide

One method for the intensive treatment of solids involves
a combination of high pressure and shear deformation.
Available data indicate that this leads to physical and
chemical processes which cannot be initiated by other
methods.

The fine structure of titanium nickelide formed by the
action of high pressure and shear deformation, various
physicomechanical properties of the intermetallic compound,
and the stability of its structure when heated have been
studied. 1 8 ' 9 6 The original specimen was a TiNi strip
with thickness 200 μπι, annealed at 770 Κ for 1 h.

Analysis of the X-ray spectra shows that the diffraction
reflections become broader and merge to give a single
diffuse reflection on going from the centre to the periphery
of the specimens; with increase in the angle of rotation of
the anvils, these differences in the structure are less
clearly defined. This is due to the increase in the degree
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of dispersion and defect character of the structure. The
dimensions of the structure are approximately 3—1.5 nm.

Electron microscope studies showed that at low degrees of
deformation the granular structure of the material is close
to the original structure, that is deformation takes place
within the structural fragments, and the distinct boundaries
between them are retained. At high deformations, dispersal
takes place and the range of coherent scattering of X-rays
decreases.

With increase in the deformation and pressure, the micro-
hardness of the specimens increases and reaches 9 GPa.
which is almost ten times that of the material in the
annealed state.

0O0—

Energy-rich media have a number of valuable physico-
chemical properties, which determine the possible fields of
their technological application.

Such properties of UD powders as the lowered tempera-
tures of phase transformations, the increased coefficients of
diffusion in the particles, the lowered sintering temperatures,
etc. make them particularly attractive for the synthesis of
materials with unique properties by sintering, reactive
sintering, hot pressing, and hot isostatic pressing; for
preparing pastes for low-temperature soldering and welding,
etc.

The chemical activity of UDP, including biologically active
materials, is finding a number of useful applications.

The properties of energy-saturated solids (metals and
alloys) are equally valuable. These include increased
strength, hardness, and toughness, and lowered cold
brittleness threshold, for materials with an ultrafine frag-
mentation structure.

A number of technologies have been developed, and
experience gained, in the construction and use of experi-
mental assemblies for the production of UDP of metals and
compounds. Experience has also been gained in the storage,
transportation, mixing, and compaction of UDP.

All this makes the problem of the technological application
of energy-saturated media in industry and the national
economy of the greatest importance.
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The Thermal Theory of the Ignition of Reacting Condensed Substances

I.S.Lyubchenko and G.N.Marchenko

The processes involved in the solid-phase ignition of reacting condensed substances, taking place in the absence of mass
diffusion due to temperature or concentration gradients, have been examined using a single asymptotic method. An analytical
criterion for the ignition of a substance has been formulated, and a basis obtained for a universal linearisation method, which
makes it possible to express experimental results statistically in the form of a linear relationship in a special system of
coordinates. The question of the range of existence of non-degenerate ignition conditions has been discussed in detail.
Experimental data confirming the reliability of the thermal of ignition have been given.
The bibliography contains 97 references.
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I. INTRODUCTION

The study of the processes involved in the ignition of
reacting condensed substances has developed extensively
throughout the world in recent decades, because of their
practical importance. The development of the theory of
ignition originates in classical studies of the theory of
thermal explosion,1"3 summarised in a monograph.1* The
simplest model of the surface ignition of a condensed sub-
stance was first studied in Refs.5-8, where numerical inte-
gration using a computer was used to solve the non-stationary
problems of the heating of the surface of a substance with an
exothermic reaction taking place in the solid phase and with
the Arrhenius dependence of the reaction rate on tempera-
ture.

The non-stationary thermal model of ignition adopted in
these studies provided a basis for subsequent theoretical
and experimental work, which has been reviewed in Refs.9
and 10 and in a recent monograph.11 Since then, a large
number of studies have been carried out, and a new asymp-
totic method in the theory of ignition has been developed,
leading to the further development of the thermal theory and
its experimental justification. It has therefore become
necessary to summarise the theoretical principles of the
thermal theory of ignition from a single asymptotic viewpoint.
Present-day asymptotic procedures, which provide a powerful
analytical method for solving boundary problems for differen-
tial equations with partial and complete derivatives, are most
fully described in Refs. 12-16. In the solution of problems
of mathematical physics of this type, represented by the
problems of the thermal theory of ignition, the asymptotic
method provides a well-founded and convenient instrument
of study, since the numerical values of the activation energy
Ε and the heat Q for the chemical reactions of the ignition
and combustion of known substances are fairly large.

To solve these problems, extensive use is made of approxi-
mate methods, which can be divided into four groups: 1) the
critical condition method,1 7"2 1 2) the method of breakdown
into stages,2 2"2 5 3) the method of successive approxima-
tions,26»27 and 4) the method of integral relationships.2 8

All these approximate methods are based on physical and

mathematical simplifying assumptions about the course of
the process, and not on the rigorous analytical solution of
the non-linear problems of the thermal theory of ignition.
At the same time it should be noted that all approximate
methods are based on the same general view that the ignition
process takes place in two stages: inert warm-up of the
substance and progressive chemical spontaneous warm-up,
ending in a "temperature explosion" at the surface at the
moment of ignition. These ignition conditions have been
called non-degenerate,1 0 in contrast to degenerate conditions,
in which the ignition process cannot develop in the warm-up
and spontaneous warm-up stages. Degenerate ignition con-
ditions can obviously lead either to "superficial burning" of
the substance, at high thermal fluxes from an external
source, or to the production of transition conditions inter-
mediate between ignition and spontaneous ignition, at
extremely low thermal fluxes.

None of the studies mentioned above, carried out using
approximate methods, gives an answer to the problem of the
range of existence of non-de generate ignition conditions.
Moreover, up to the present there has been no single defini-
tion of the criterion of ignition. Since the experimental
determination and the calculation of the ignition delay time
depend on the choice of ignition criterion, the arbitrary
nature of this choice naturally also influences the conclu-
sions about the agreement between theory and experiment.
The moment of ignition is determined experimentally by
measuring either the temperature at the surface of the sub-
stance , or the intensity of radiation, or the pressure in the
system, and also by recording the behaviour of the specimen
after the external heat supply is stopped. Reliable ignition
takes place when the total quantity of heat liberated in the
chemical reactions is greater than the heat loss. It is usually
assumed that ignition does not take place if stationary com-
bustion conditions are not established after the abrupt
removal of the external heat source. 3 It has been shown,10

however, that the calculation of pulse ignition conditions
using this criterion is not a rigorously justified procedure,
since this criterion was obtained by solving the particular
problem of the unsymmetrical combustion of a thin slab of
the reacting substance.
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It should also be noted that the principle of linear uni-
versalism, which makes it possible, within the ignition model
adopted, to "plot" the experimental results statistically on a
straight line in a special system of coordinates, and when
necessary to solve the inverse problem of determining the
thermokinetic constants, has not yet been sufficiently
developed.

Before proceeding to the presentation of the asymptotic
thermal theory of ignition, it may be noted that in the
literature 9 there are three main groups of ignition model,
differing in their representation of the place where the
main chemical reactions take place: 1) the model of gas-
phase ignition, 2) the model of heterogeneous ignition,
and 3) the model of solid-phase ignition.

In the first group of models it is assumed that ignition
takes place as a result of a chemical reaction between a
gaseous oxidant and a fuel vapour. This reaction is a self-
maintaining heat source. Studies of the gas-phase model
of the ignition of solid rocket fuels have been reviewed.9 '2 9

A method for calculating the ignition delay time for the case
where the warm-up time of the substance is greater than the
excitation time of the chemical reaction in the gas phase has
been described.3 0 > 3 1

In the heterogeneous ignition model, the reaction at the
phase boundary between a solid fuel and a gaseous oxidant
is regarded as decisive. In the analysis of the hetero-
geneous ignition process it is necessary to take account of
diffusion and hydrodynamic phenomena. In the particular
case when the rate of the process is determined by the
kinetics of the heterogeneous reaction, however, a purely
thermal approach is possible.2 2 '2 3 '3 2"3 7

The solid-phase (or thermal) theory of ignition is based
on the simplest (from the physical viewpoint) model of the
phenomenon, in which only the processes of heat liberation
and propagation in the substance are taken into account,
and diffusion factors and possible phase transformations are
not considered. The characteristic features of this model
have been formulated,9'10 and it is now widely used in the
analysis of the processes involved in the ignition of non-
volatile systems and systems difficult to volatilise.

In the present review, only the solid-phase models of
ignition are analysed, for different initiation conditions.

I I . THE ASYMPTOTIC ASPECT OF THE THERMAL THEORY
OF IGNITION AND THE INFLUENCE OF THE MECHANISM
OF HEATING ON THE BASIC REGULAR FEATURES OF THE
IGNITION PROCESS

The dimensionless numerical parameters ε = RT0/E,
γ = CRTQ/QE, where To is the initial temperature of the
substance, c the heat capatity, and R the universal gas
constant, appear in the mathematical description of the
thermal model of ignition; 38~1*0 when ε = 0, because of the
Arrhenius temperature dependence of the reaction rate,
the chemical sources of heat become degenerate, and when
γ = 0 there is no combustion of the substance in the ignition
delay period, which corresponds to a zeroth-order reaction.

A natural element of the asymptotic analysis of the problems
of the thermal theory of ignition is the construction of a non-
stationary space—time temperature field in the substance as
ε •+ 0 (ε * 0). For this purpose, use is made of a compound
asymptotic expansion, which gives a uniform approximation
to the exact solution of the ignition problems both in and
outside the boundary layer. Since in this case non-linear
equations of a parabolic type with an exponential source are
being analysed, it follows that in cases where the highest
temperature is reached at the surface of the substance there

is a "temperature explosion" at the surface at the moment of
ignition t*, that is there exists only a local solution of the
boundary problems in the range 0 < t < t*. For the specific
thermal model of ignition, the relationship between the rates
of supply of heat from an external source of energy and
from chemical reactions at the moment of ignition is calculated
unambiguously. This relationship, which can be taken as
a criterion of ignition, is generally easily transformed into a
linear equation in a special system of coordinates and can be
used to calculate the thermokinetic constants of the reaction
from experimental data. In contrast to the ignition criterion,
which assumes that the rates of supply of heat from the
reaction and from an external source of energy are equal
at the moment of ignition,10'18'19'26'1*1 the asymptotic criterion
in principle does not specify this equality. Other criteria,
adopted in Refs.28 and 42-47, are not sufficiently well-
founded, since they were not obtained from a rigorous
analysis of the corresponding boundary problems of the
thermal theory of ignition. They are applicable only in a
restricted range of conditions of combustion initiation.

The asymptotic analysis, together with the ignition cri-
terion, leads to two definite inequalities, fulfilment of which
determines the range of existence of the asymptote or, in
other words, the range of existence of non-degenerate
ignition conditions. This question has not previously been
discussed in the literature, although information on the
range of existence of non-degenerate ignition conditions is
very necessary for experimental workers in the correct
organisation of experiments and choice of initial parameters
and appropriate recording apparatus. The analytical
apparatus of the method of compound asymptotic expansion
exists in differential1*0 and integral1*8 versions. The influ-
ence of the mechanism of heating of a substance on the basic
regular features of the ignition process is examined below
for the case of the solution of the specific problems in the
thermal theory of ignition, and simple equations are given
for calculating the characteristics of ignition.

1. Dynamic Conditions of Ignition of a Non-transparent
Condensed Substance

For a semi-infinite solid slab and a one-dimensional thermal
flux, the mathematical formulation of the ignition problem
has the form:1*9

(1)

(2)

Here, Τ is the current temperature of the substance, t the
time, χ the spatial coordinate, η the degree of transforma-
tion, q the density of the thermal flux from the external
source, ρ, λ, and < the density, coefficient of thermal
conductivity, and temperature conductivity of the substance
respectively, and ko the pre-exponential factor. The
other symbols were given above.

The asymptotic study of the general problem (1) and (2)
has been carried out.1*8'1*9 The chief characteristics of the
ignition for the particular case q = Atn, A > 0, n >-0.5
are calculated using the equations:5 0

(3)

T, = v.Txx + QV"1 (1 - η) exp [-E/RT],
η/ = *ο(1-η)οχρ[-£/ΛΓ]
/ = 0: 7" = Γ0ι η = 0; χ = oo : Τ = 70

η +
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Here, the dimensionless ignition delay time u* is determined
from the transcendental equation

and θ* = is calculated from the equations

( 5 )

In Eqns.(3), T,,, is the scale temperature, Tj the ignition
temperature, Q% the minimum energy required for ignition,
and η* the extent of the combustion in the ignition delay
period. The tabulated Euler gamma-function Γ(ζ) is used
in Eqns.(5). Eqn.(4) gives the relationship between the
rates of supply of heat from the external source and from
the chemical reactions at the moment of ignition. It can be
written in the form

ί ( 6 )

where

on = Q'J' [2.1757 6n)
v; θ 0 = Ε (Τ, - T,)/RTl

For n = 0 (constant thermal flux), the expression for σο has
the form σ0 = 1 . 3 9 θ ο , and with increase in the parameter
n the function c^ increases, that is an > σ0 = 2.9—3.1.
Eqn.(6) can be used as a criterion of ignition. At the same
time, in Refs.10, 18, 41, and 51, the value of an is assumed
to be 1. The range of existence of non-degenerate ignition
conditions is determined by the inequalities5 0 '5 2

A-(n, To) ( 7 )

11 Γ
I 1

1,8 1,9
103/Τ,7Κ~ι

Figure 1. Determination of the thermokinetic constants of
the ignition of nitrocellulose from experimental data; 5 0 con-
tinuous line—calculated by the least-squares method; the
experimental points were obtained for the following values
of n: 1) 0.6; 2) 1.0; 3) 1.39; 4) 2.8.

Eqn.(4) is readily transformed to the special form

l n Z 0 = In [2.\757pQkox>''{RK/E)y·] —
RT,

(8)

the measured values of To, A, n, and t* using the equations

z0 = ^ντ;νΐ6"-1)/4δ;1';, r . = τ0 + At"+V· • δ;1 (c9%yVt (9)

Eqn.(8) is described graphically by a straight line in the
coordinates {in Zo, 103/T*}. It is universal for any values
of {A, n, To} in the range of existence of non-degenerate
conditions. By treating the experimental results by the
least-squares method in the system of coordinates indicated,
it is possible readily to calculate the thermokinetic constants
Ε and Qk0. Fig.l gives experimental data on the ignition
of nitrocellulose under dynamic conditions in a special light
apparatus. 5 0 The least-squares method gave the values

1Λ3

InZo = 56.3458— 24.25~-,E =201 760 J mole"1, Qk0 = 2.4932 xlO25 W kg~\

in good agreement with published data. 1 0

To illustrate the effectiveness of the asymptotic method of
calculating the characteristics of ignition, Table 1 compares
the experimental50 values of the ignition delay time of nitro-
cellulose at To = 300 Κ with the values calculated using
Eqns.(3). The agreement between these values of t* is
good. Finally, it may be noted that the influence of the
relative uncertainty of the determination of ση on the
accuracy of the estimation of i^ has been studied,5 3 and it
was concluded that this influence decreases with increase
in n.

Table 1. Principal characteristics of the ignition of nitro-
cellulose by a variable thermal flux.

Experiment (Ref.50)

105 A,
W m-2s-«

t%, s

Calculated from Eqns.(3)-(6)

η, κ 2*,k.J m"2
1O 4 77*

18.813
4 1 . 1 4 6

0.9218
1.0685
3.1257
4.6509
6.4526

4.7515
9 8465

50.28
67.166

25.308
61.731

0.105
0.0195

0.107
0.054

« = 0,6

C08.C
919.6

«=1.0

33.1529
24.4484

1.8429
1,9079

1.442
1.310
0.640
0.500
0.410

1.453
1,321
0.662
0.512
0.415

571.5
572.8
582.8
586.6
589.7

97.2854
93.2294
68 4039
60.9925
55.4927

1.8470
1.8557
1.9209
1.9457
1.9664

«=1.39
0.602
0.411
0.179
0.155

0.011
0.420
0.181
0.156

585.4
591.0
603,9
606.2

61.3179
51.8317
35.5799
33.2798

0.492
0.372

0.494
0.379

« = 2.8

592.3
596.4

45.6457
40.5171

2.1398
2.1805
2.2749
2.2922

2.8152
2.8531

3 3894
33902

3.6029
3.6033
3.6063
3.6072
3.6079

3.7900
3.7913
3.7937
3.7940

4.2986
4.2995

where Zo and the scale temperature Γ* are determined from

2. The Ignition of a Transparent Substance by a Constant

Thermal Flux (n = 0, A = q)

This problem requires special consideration because of
its considerable methodological importance, since in this
case it is possible to compare results obtained by different
authors. Eqns.(3)—(6) for n = 0 lead to calculation equa-
tions for determining the characteristics of ignition, and
also ignition criteria, differing considerably from those
adopted in the literature. This difference is illustrated by
data on the value of σ0 used in approximate methods (Table 2).

This variety of ignition criteria obtained is related to the
fact that rigorous allowance was not made for the explosive
character of the change in temperature at the surface of the
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substance at the moment of ignition. Only the method of
compound asymptotic expansions50'5"* has made it possible
to obtain a well-justified ratio of the rates of supply of heat
from the reaction and from the external source at the moment
of ignition, and also to find the relationship τ* = (t*/to) =
0.4065 θο , where t 0 is the adiabatic induction period of the
thermal explosion at a temperature T*.

with curve j . 1 8 ' 1 9 » 5 5 on the whole, the discrepancy in the
values of T* obtained by different authors increases with
increase in the density of the thermal flux, reaching 10%.
A comparison of the values of t^ and T^ calculated by the
asymptotic method with the results of the numerical solution
of the problem using a computer7 can be carried out for
nitrocellulose at To = 303 Κ on the basis of the data in
Table 3. Good quantitative agreement is observed.

Table 2. Comparison of different criteria for the ignition
of condensed substances by a constant thermal flux.

1.392·θο''·
2
1
17.64
Ο.1·πθο
Ο.5·πθο
0.5·π''Ό0{[(1+0.2θ0-')— 2.6760-'lg θο] + 1.04240ο-0-Μ5}-ι
[2θο

ί-2θο+1]/1.76(2θο-1)
cxp {eoW.7l+38Q<r*)I<'—l]—3.l3)
Ο.25-πΠ+θο-Ίη2Οο]-2

0.25·πθο

2(1 + Ο.δθο) - ' (adiabatic method)
0.137*-β,,*

Refs.

15.4]
[431

[18, 19,28,55]
46]
7]
191
471
241*

[25]
[10,46]
Γ281*
[441'
2 1 ] '

•Relationship obtained by the present authors using Eqn.
(18) from Ref.10.

560

520
20 30 10

10~5<7,WnT2

Figure 2. Dependence of the ignition temperature of nitro-
cellulose on q, calculated from various data: 1) Refs. 18,
19, 55, 2) Ref.45, 3) from E q n . ( 3 ) , 4) Ref.7, 5) from
E q n . ( 3 ) , 6) Ref.25, 7) Ref.46, 8) Ref.47, 9) Refs.10 and
46.

To illustrate the influence of the value of σ0 on the scale
temperature T*, calculated on the basis of the combustion
criterion (6) for η = 0, Fig.2 gives the T*(q) relationships
obtained from the data of different authors for T o = 303 Κ
for nitrocellulose; the thermophysical and kinetic constants
required for the calculation were taken from Ref.10. Since
all the authors assume that T* = Tj, Fig.2 gives the curve
for the ignition temperature Tj (curve 3), calculated using
E q n . ( 3 ) . Curve 5, obtained by the asymptotic method,
is extremely close to curve 4, obtained by numerical inte-
gration using a computer, 7 and curve 3 agrees fairly well

Table 3. Comparison of the results of the asymptotic and
numerical solutions of the problems of ignition by a constant
thermal flux.

10"4(?,Wm"2

Γ», Κ (Ref.7)
f*,* (Ref.7)
Tt, Κ (Ref.54)
tt, s (Ref.54)

8,38

542
1.564

539
1.522

41.9

582
0.0852

578
0.0828

83,8

601
0.0243
597
0.0236

209,5

628
0.00463

623
0.00449

419

650
0.00132

645
0.00128

Note. The values of T^ and ί% were obtained by numerical
integration using a computer in Ref.7, and by the asymptotic
method in Ref.54.

The results of the calculation of the ignition delay time
using the asymptotic equations (3)-(5) and the equations
obtained in Refs.28 and 56 can be compared. In Ref.56,
the value of t^ was calculated using the interpolation equa-
tion

: 0.699 ±£L(T, — T0)\ T . =

£)= — In
2 (10)

In Ref.28, an equation obtained by the method of integral
relationships

t • [ 1 + θ"1 In (2ΘΟ)]2, θ0 =
 E ( 7 " '~ r " )

RT2
(11)

was used; the ignition criterion (6) with σο = 1 was used to
determine T^.

Table 4 compares the values of t^ for nitrocellulose, cal-
culated by the three methods indicated for different values
of q and T o . The appreciable difference between the results
indicates that the approximate methods28'56 are insufficiently
rigorous. The range of existence of non-degenerate igni-
tion conditions for a substance for q = const is given by
Eqn.(7) with η = 0. Using the relationships which follow
from Eqn.(9) for η = 0 ,

Eqn.(8) can be transformed to

ln[-
* ·' m *»'·

(12)

and can be used to determine the thermokinetic constants
from experimental data. Fig.3 gives the results of experi-
ments on the ignition of "N" powder,5 7 which lie on a straight
line on the coordinates of Eqn.(12). The use of the thermo-
physical constants from Ref.42 and Eqn.(12) gives the values
Ε — 147.8 kJ mole"1, Qk0 = 4.97 χ 1020 W kg" 1 .
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Although the asymptotic approach developed in Ref.44
does not make it possible to establish the range of existence
of non-degenerate ignition conditions, to determine the values
of σ0, Τι, and η%, or to obtain a universal straight line (12),
it nevertheless gives good agreement between the calculated
principal characteristics of the ignition of a substance by a
constant thermal flux, and the results obtained by numerical
integration using a computer. This indicates the advantage
of using asymptotic analysis to study the ignition process.

Table 4. Delay time for the ignition of nitrocellulose by
a constant thermal flux.

lgf£[s] f o r r 0 , Κ Method of
calculation

Refs.

q = 1 0 4 W m ' 2

1.9562
2.1558
2.4517

—2.0438
—1.5545
— 1.2509

1.8475
1.8740
2.2065

1

—2.1525
— 1.7467
— 1.4178

1.5781
1.6892
2.0499

= 106 Wm"2

—2.4219
— 1.8616
— 1.5158

I
II
III

!i
III

[541
Γ56
[28]

Γ541
[56
!28"

Note. I—calculation using the asymptotic equations (3) —(5);
II—calculation using the interpolation equation (10); I l l -
calculation by the method of integral relationships (Eqn.
( I D ) .

1.8

f.O

0-2

-0.6
1.95 2.0 2-05

103/Γ», K"

Figure 3. Determination of the thermokinetic constants of
"N" powder from experimental data; 5 7 continuous line—cal-
culation by the least-squares method, points—experiment.

3. The Ignition of Non-transparent Condensed Substances

The simplest case of the ignition of a substance by a
stream of hot gas having a constant temperature T c (T c > Γο)
can be considered. In this case, the heat exchange at the
surface of the substance (x = 0) can be described using
Newton's law

— XTx = a[Tc — T(0,f)] (13)

where α is the coefficient of heat transfer from the gas to the

substance (a constant quantity). This problem was pre-
viously analysed using the methods of the critical condi-
tion, V,18,1·6,51 breakdown into stages,21* and integral rela-
tionships. 2 8 These approximate methods do not give
sufficient accuracy, however, since they do not use the
analytical procedure of the method of compound asymptotic
approximations.1*0'48'58 As shown below, the latter makes it
possible to establish the ignition criterion and the range of
existence of non-degenerate ignition conditions, and also to
calculate the principal characteristics of ignition and to con-
struct a universal straight line for calculating the kinetic
constants from experimental data.

The ignition criterion in this case has a form analogous to
that of Eqn. (6)

RT-
(14)

where

T. — T,

(0.65)y'

F(XO) =

Ό = φ (y), y =
-ρ γ

y (χ0)

(πχο)~ν' - y (*„)'

The value of σ obtained differs considerably from other
published values: σ = 1 , 1 0 ' a 4.2, * and ( 0 . 1 π θ 0 ) ι / 2 . 7

Eqn. (14) can be used to find the scale temperature T^ and
then to calculate the quantity x0 = φ(ν) and the ignition
delay time:

t. = cPla-2xD (15)

The ignition temperature Tj and the minimum energy of igni-
tion Q^. are calculated using the equations:

Q. = cp (λ/α) (7\. — 70) [2 (V-i)14 -f exp (x0) erf c [x?] — 1 ]

Eqns.(14) and (15) can be used to compare the results of
the calculation of the ignition delay time ί# by the asymptotic
method and by the method used in Refs. 10 and 51 (for σ= 1).
Fig.4α compares the dependence of t* on α for nitrocellulose,
calculated for To = 303 K, with the experimental data. 5 9 The
relationship has the form t t ~ ofm noted earlier. "* Fig.4b
shows that the function m = m(Tc) obtained by the asymptotic
method practically coincides with the curve obtained by
numerical integration using a computer and interpolation,
with the form: ^

= 1.79 — 44 (16)
E(TC-T>)

The experimental value m — 1.64 for Tc = 573 K60 also lies
satisfactorily on the calculated curve. The curves obtained
by the method of Refs. 10 and 51 differ considerably from the
asymptotic relationships, indicating that the use of the igni-
tion criterion with σ = 1 is not sufficiently correct.

The asymptotic approach also makes it possible to deter-
mine the kinetic parameters Ε and Qk0 from experimental
data on the ignition of a substance in a stream of hot gas.
No accurate relationships for calculating Ε and Qko have been
published, and the method used in Refs. 51 and 57, based on
the use of the ignition criterion (14) with σ = 1, as noted
above, leads to errors. The method proposed in Ref.60 also
is not universal, although it enabled the authors of Ref.59
to carry out the treatment of experimental data on the igni-
tion of a number of substances. The best-justified method
for determining the kinetic constants from experimental data
is that described in Ref.58. If in the experiment the condi-
tions of heat exchange (T c , a) are recorded, and the initial
temperature of the substance To and the ignition delay
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time t^ measured, then Eqns.(14) and (15) in the coordi-
nates {In Zo, IQ3/T^} can be used to obtain the equation of a
universal straight line for determining the kinetic parameters

where

In Zo = In [(0.65)-1 λρ<#0 (/?/£)y') £-

= « Τ 1 (7Ό - T,) {Te - Tof

(17)

f. [s]

-1

-3

m

1.8

- ο Μ

2 3
lga [Wm"2K-

0.8
500 1500

rc,K
2,500

Figure 4. a) Dependence of the ignition delay time of
nitrocellulose on the thermal properties of the external
medium for Tc, K: 1,1') 600; 2,2') 700; 3,3') 1000;
4) 1800; 5,5') 2500 (f—calculation using Eqns.(14) and
(15); II—calculation by the method of Refs.10 and 51;
Ill—experiment59); b) dependence of the parameter m on
the temperature Tc: 1) calculation using Eqns.(14) and
(15), 1') calculation by the methods of Refs.10 and 51,
2) calculation using Eqn.(16), 3) experiment.60

Ref.10. It can be seen that with increase in To and decrease
in the temperature of the hot gas T c , the range of existence
of non-degenerate ignition conditions becomes much narrower.
This important feature must be taken into account when
carrying out experiments.

0

-9

-18

-27

j 2500

TC,K

Figure 5. Ranges of existence of non-degnerate ignition
conditions for nitrocellulose at T o , K: 1,1') 383, 2,2') 303;
3,3') 223; a+—curves 1,2, and 3; cf—curves V , 2', and
3' .

The approximate equation t^ = C exp(E/RT^) given in
Ref.10, under the conditions of convective heating, makes
it possible to calculate with an accuracy reaching 10% only
the activation energy from the experimental values of t^,
TQ, a, and T o, but gives no answer to the question of the
magnitude of Qk0. Calculations carried out by the asymptotic
method for octogen, hexogen, nitrocellulose, and "N" powder
confirmed this important conclusion and demonstrated again
the practical applicability of Eqn.(17).

As an illustration, E and Qk0 can be calculated for nitro-
cellulose using published experimental data60 for To = 298 Κ
and Tc = 573 K. The least-squares method and treatment
of the experimental data on coordinates {In Zo, 103/Τ^} gives
the linear equation

lnZ0 = 61.7386 —24.1843 —

With allowance for Eqn.(17) this gives

E = 2.012 χ 10s J mole'1; Qko = 3.475 χ lO^Wkg"1

The value of Qk0 obtained is 19.5 times that previously
calculated by other methods.1 0 This is apparently due to
the inadequacy of the mathematical model adopted for the cal-
culations, and of the physical experiment,60 where in addition
to convective heat exchange between nitrocellulose and the
gas stream, radiant heat exchange from the walls of the
vessel also took place. According to the authors' estimates
it amounted to -30% of the total heat exchange.

The asymptotic approach also makes it possible to find the
range of existence of non-degenerate ignition conditions

a-(T0, Tc) (18)

The corresponding data are given in Fig.5. The thermo-
physical and thermokinetic characteristics were taken from

1. The Ignition of Non-transparent Condensed Substances
Using a Heated Block

The simplest thermal model for the ignition of non-volatile
condensed systems by a heated block assuming that a zeroth-
order reaction takes place has been examined by many
workers using various approximate analytical and numerical
methods.8'26"28'M*' l t5'61~65 The lack of agreement between the
results obtained, however, indicates that the approximate
methods used are insufficiently accurate. Allowance for the
combustion of the substance during the ignition delay time
was made only in Ref.63, but the equation proposed in this
study for calculating the conditional degeneration boundary
gives results which are too high.

The present section gives the results of applying the
asymptotic theory of the ignition of reacting substances; the
examination is carried out for a boundary condition of the
first kind without allowance for phase transformations and
the large number of kinetic and physical stages, and also
without allowance for the dispersal of the substance by the
expanding gaseous reaction products. For ideal heat
exchange between the substance and the heated block, the
system of equations (1) is examined, and the conditions at
the surface are written in the form T(0,t) = T b , where T^
is the temperature of the heated block. In Refs.66 and
67, a complete asymptotic analysis of the problem was
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carried out, and its analytical solution given (in dimension-
less units)

τ. = -£- [1 + 2ΘΓ1 In Go], T, = -^- [1 + 2Θ71 In80 + 7.545ΘΓ1]) (19)

)* · (RTi/E),
AQ = Γ*η-*Η$ {[Q;\l + §ψ· +0.5 (arc sin (— 1 + 2Θ;1) — 0.5π]},
AR^AH — AQ, (AR/HJ . 0.297 — 0.372 for θ0 = 10—30,
η. = 1 — exp (— yr.), η, == 1 —

where

τ = ///„, cRTi Μ *-—-

QE

(20)

(21)

Here, t is the current time, t0 the adiabatic induction period
of the thermal explosion at Γ ο , τ# the dimensionless warm-up
time of the specimen, -η the dimensionless ignition delay time,
θ0 the temperature head of the heating block (θ 0 » 1), n% the
depth of combustion in the warm-up time, nj the depth of
combustion in the ignition delay time, and AH, AQ, and AR
the stored energy, the energy supplied from outside, and
the energy liberated in the reaction respectively.

Eqns.(19) and (20) were obtained neglecting the quantity
g — RT^/E and with the condition that the warm-up of the
substance is complete at the moment ί# when the temperature
gradient at the surface becomes zero, and the ignition of the
substance takes place at the moment ij when the temperature
gradient at the surface becomes infinite. For sufficiently
small values of γθ 2 , the equations for η^ and rij are simplified
and take the form

=γτ., ι?; = (22)

The conditional boundary of degeneration of normal ignition
conditions can be determined from the inequalities η# < α,
nj ύ a, where α = 0.1-0.2. 6 6 Eqn.(20) is then used to find
the equation for calculating the limiting value of the param-
eter γ characterising the conditional boundary of degenera-
tion

γ ^ γ ο = τ71 · In [1/(1—a)] (23)

The equation proposed in Ref.63 has the form γ ο = 0.5 0ό1

and gives results which are 1—2 times higher than those
given by Eqn.(23).

The accuracy of the asymptotic equations for calculating
the basic characteristics of ignition is extremely high, as
indicated by comparing with the results of numerical inte-
gration using a computer (Table 5). Fig. 6 compares the
results of the calculation of the warm-up periods of a react-
ing substance τ# for β = 0 with the approximate equations
used by a number of authors and also with Eqn.(19). The
results of the calculation using Eqn.(19) practically coincide
with those obtained61 by computer calculation. Curves 2
and 3, calculated using the data of Refs.27 and 63, are
close to one another. The results obtained in Ref.26
(curve 1) and in Ref.64 (curve 7) are extremely far from
the true values of the warm-up period. Most authors have
tried to obtain simplified equations for calculating the warm-
up time in the form of functions τ^ = Α θ2,; the coefficient
A has been assigned the values 0.21,6 8 0.207,65 0.25, 27»28

and Ο.ΙδθΛ5»62 This simplification, however, leads to
marked deviations from the results obtained using Eqn.(19).

The asymptotic method has been used1* to obtain more
rigorous values of τ%. Although the authors'* did not use
this method in complete form to solve the problem of the
ignition of a substance by a heated block, they were able to
estimate the lower and upper values of τ,,, (denoted τ̂  and
τ* respectively). Table 6 gives the values of τ~ and τ*
from Ref.44, and also compares the values of τ̂  calculated

using Eqn.(19) and obtained by numerical integration using
a computer.61 Good quantitative agreement is observed.
As θ0 •*• °°, Eqns.(19) are simplified, and in the limit give
the values obtained in Refs.45 and 62. This limit, however,
is only the zeroth asymptotic approximation to the actual
value of the warm-up period of the substance; this approxi-
mation does not give the required accuracy.

Table 5. Dimensionless characteristics of the ignition of a
condensed substance by a heated block.

Ignition
characteristic

τ.

Π

aQ/Ho

e.

10

25.7
23.2

37.3
35.2

40.0
35.5

15

51.6
48.7

67.7
66.7

84.75
79.7

20

86.2
82.7

106.2
106.7

146.0
141.4

25

129.5
125.1

152.9
155.1

223.8
220.8

30

181.5
175.7

207.7
211.7

318.0
315.8

Method of
calculation

1
11

I
II

I
II

Refs.

Γ61]
[66, 67]

Γ61]
[66, 67]

[61]
(66, 67]

Note. I—numerical integration using a computer; II—calcula-
tion using the asymptotic equations (19) and (20).

10 20 JO 8 r

Figure 6. Dependence of the dimensionless warm-up time
of a reacting substance τ% on the parameter θ0, calculated
from various data: 1) Ref.26, 2) Ref.27, 3) Ref.63,
4) Ref.61, 5) from Eqn.(19), 6) Ref.45, 7) Ref.64.

Fig.7 gives the results of the calculation, using Eqns.(20)
and (22) for η # , of the boundary conditions of the degenera-
tion of the normal ignition conditions of nitrocellulose. Non-
generate ignition conditions are produced at temperatures
lying below the corresponding curves 1—3, each of which
corresponds to a definite value of the parameter a. Using
Eqn.(21), Eqns.(19) can be represented in a form convenient
for determining the kinetic constants, that is they can be
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linearised. For example, the following expression is obtained
for the warm-up time

moment of ignition, whereas in problems with boundary condi-
tions of the second and third kind the criterion is the "explo-
sion" of the actual temperature at the surface of the sub-
stance .

Table 6. Comparison of ignition delay times calculated by
different methods.

In [Tb l(Tb- To)] [ s i r 1 ]

Ignition
characteristic

τ .
τ .
τ.—
τ.+

β»

10

25.7
23.2
20.9
28.7

20

86.2
82.7
74.6
97.4

30

181.5
175.7
160.7
203.3

Method of
calculation

I
II
III
III

Refs.

1611
[66, 67]

f441
[44]

Note: I—numerical integration using a computer; II—calcula-
tion using the asymptotic equation (19); Ill—calculation by
the asymptotic method.

Tb, Κ

500

460

420

380
J00 JZO 340 360

T0,K

Figure 7. Conditional boundaries of the degeneration of
the normal ignition conditions of nitrocellulose for values
of the parameter a: 1) 0.2; 2) 0.15; 3) 0.1; continuous
lines—calculation using Eqn.(20), broken line—calculation
using Eqn.(22).

The results of an experimental study of the ignition of
nitrocellulose by a heated block with a temperature T^ =
485-515 Κ at a temperature of the specimens To = 293-298 Κ
have been published. 6 9 Fig.8 gives these results, treated
by the least-squares method on the coordinates of Eqn.(24).
In the treatment of the experimental data, allowance was made
for the fact that under the conditions of the experiment, the
quantity (Γ^-Το)/! 1 ^ varied within a range of 5%. Assuming
that the average value of this quantity is 0.816 χ 10"3 K"1,
treatment of the experimental data 6 9 using Eqn.(24) gives

x 1
Ε = 200 kJ mole"1 and Qk0 = 1.08 x 1 0 x W kg" Treatment
of the data of the same experiment using the equation for the
delay time ij gives the value Qk0 = 7.45 χ 1026 W kg" 1 .

Thus the ignition criterion in the problem with boundary
conditions of the first kind is the "explosion" of the tem-
perature gradient on the surface of the substance at the

-2.0
1.96 2.00 ΖΌΗ

103/rb,K"

Figure 8. Determination of the thermokinetic parameters of
the ignition of nitrocellulose from experimental data: 6 9 con-
tinuous line—calculation by the least-squares method,
points—experiment.

5. The Ignition of a Semi-transparent Substance by a Beam
of Radiant Energy

In the last ten years, studies of the combustibility of
condensed systems using a CO2 laser (wavelength 10.6 urn)
have found extensive application in various branches of
science and technology. They make it possible to carry out
experiments at appreciable thermal flux densities and to
take correct account of the bulk character of the absorption
of light by the substance. The problem of the ignition of
a semi-transparent substance by a beam of radiant energy
has been studied by numerical and approximate analytical
methods by many a u t hors. 1 0 > 1 8 ' 2 1 ' 2 l t > 3 9 ' ' t 2 ' '* ' 5 6 ' 7 0 '* The works
cited, however, give no single expression for the ignition
criterion, do not indicate the ranges of existence of non-
degenerate ignition conditions, and do not contain universal
linear equations making it possible to solve the inverse
problem of calculating the thermokinetic parameters from
experimental data on the ignition of a substance by a beam
of radiant energy.

The mathematical formulation of the problem with the nota-
tion given above has the form:7l

, = y,Txx+Qkoc-1 (1— η) exp (-E/RT) + qv (cp) ~'exp (—vx),
η, = £ 0 (1— η)εχρ(—EIRT); 1 = 0: T = T0, η = 0;

λ'=0: Γ*=0; x=oo: Τ~Τ0 (25)

Here, q is the density of the beam of radiant energy, and ν
the coefficient of bulk absorption of energy at a given wave-
length.

The principal results obtained using the asymptotic theory
of ignition described in Refs.72 and 73 will be given. The
parameter vx = vXToq~x is introduced, representing the
ratio of the thickness of the heated layer to the thickness of
the absorption zone. In the case where Vi » 1, the ignition
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criterion has a form analogous to that of Eqn.(6):

where

{af*"1 • y (±, -U exp
\a a J

0. = 1 + 2 (μ,Ιη)ν' - J - + J - exp (y\u,) erfc l(vlu,)\ (27)
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Qk0. Fig. 9 gives experimental data56 on the ignition of
nitrocellulose (v = 3 χ 101* m"1) and nitrocellulose containing
1% carbon (v = 6 χ ΙΟ1* m"1) for To = 293 K. Treatment of
these data on coordinates {lnZ0, 103/T!)t}, where In Zo is the
left-hand side of Eqn.(34), makes it possible to calculate the
thermokinetic parameters

E= 192767 J mole-1, Qko = 2.\ χ

in good agreement with the values given in Ref.10.

Eqn.(26), with allowance for Eqn.(27), can be used to cal-
culate the dimensionless ignition delay time u^, and hence
the values of θ# and dB^/du^. The dimensional characteris-
tics of the ignition are calculated from the equations

. (^-)V' . [Φ(α)]" (28)

As vx -> °°, Eqns.(26) and (27) lead to the familiar result
given in the section on the ignition of a non-transparent
substance: σ0 = 1.39 θο .

Eqn.(26) and the function θ^ are readily transformed to

Lo.65
£

' RTt

y (t,) = exp [κν2/,] erfc l(y.\%f']

(29)

(30)

If the quantities To, q, v, and t^ are measured experi-
mentally Eqn.(30) can be used to calculate T^, y, and Zo,
and, having expressed the experimentally obtained relation-
ships on coordinates On Zo, lOVT^}, Eqn.(29) can be used
to calculate the thermokinetic constants Ε and Qko. The
ignition characteristics of nitrocellulose t^ and Τ# calculated
from Eqns.(28) for To = 293 Κ show good quantitative agree-
ment with the same quantities obtained by the method used
in Refs.10, 21, and 56.

For the case where ν χ = 0 (1), when the thicknesses of
the heated layer and the absorption zone are commensurate,
the function σ in the expression for the ignition criterion
(26) has the form:

where

x = Vj«> = κν 2 /.

(31)

(32)

and the values of the constants C and m are given in Ref.72.
Eqn.(26) can be used to calculate the dimensionless delay

time x, and hence θ^ and dQ^/du^ from Eqns.(27) and t^
from Eqn.(32). The temperatures Γ# and Tj are then deter-
mined :

Τ. = Τ,β., Γί = Γ.[1+0.75θ.ε1η(1/ε)) (33)

Eqn.(26), in which σ is given by Eqn.(31), can also be
represented in the form of the universal linear equation:

In [v<7 exp (Cxm + x) erfc (χ*)] = In (pQk0) —
RT,

(34)

The value of T^ is calculated from the experimental values of
{To, q, v, t^} using Eqn.(30), and the left-hand side of
Eqn.(34) is calculated from the value of χ using Eqn.(32).
By treating the experimental results by the least-squares
method and using Eqn.(34) it is possible to calculate Ε and

Figure 9. Determination of the thermokinetic constants of
the ignition of nitrocellulose from experimental data; χ con-
tinuous line—calculation by the least-squares method;
1,2) experimental points obtained for the following values
of ν, πΓ1: J) 3 χ 10\ 2) 6 χ 1θ\

Comparison of the results of th« «ajpulatip^i^ φ β ignition
characteristics t^ and Τψ by the agymptotig raethisa (31)-(33)
with the results in Refs.10, 21, and 56 on the whole shows
good quantitative agreement and, which is particularly
important, indicates that the "asymptotic" values practically
coincide with the values obtained by numerical integration
using a computer.21 An exception is the method of Ref.56,
where in the estimation of the scale temperature T^ no account
is taken of the change in the value of v, so that the values
obtained are too high.

If the thickness of the heated layer is much less than the
thickness of the absorption zone, that is for Vi « 1, the
absorption of energy in the zone of the chemical reaction is
slight, and the substance heats up slowly. In this case
the ignition process becomes degenerate and resembles the
conditions of thermal explosion. The principal characteristics
of ignition can be calculated using the equations

Τ =JL\(

with the condition that

τ,'

], η. = γθ.Ίη(1/ε) (35)

Eqn.(35) readily gives the universal straight-line equation

ln(?v/p)=ln(QA l,)— E/RT., T.= T0+vqt./cp (36)

which makes it possible to treat experimental data in the
range Vi « 1 and to calculate the thermokinetic parameters
for the values of To, q, v, and t^ recorded in the experi-
ment. Comparison of the results of the calculations using
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Eqns.(35) and the methods of Refs .10, 21, and 56 shows
that none of these methods g ives satisfactory results in the
range of variation in the parameter v1 examined. This i s
revealed by the excess ive ly high value of T#

10>a and by the
fact that Tj is completely insensit ive to change in v . 5 6 Only
the asymptotic method 9 5 g ives acceptable resul ts in the range
0.009 έ V], £ 0 . 1 , confirming again the usefulness of its prac-
tical application.

Figure 10. Ranges of existence of non-degenerate condi-
tions for the ignition of nitrocellulose by laser radiation for
T o , K: 1,1') 223; 2,2') 293; 3,3') 323; curves 1-3
correspond to q + , and curves V—3' correspond to q~.

Fig. 10 g ives the ranges of existence of non-degenerate
ignition conditions for nitrocellulose, calculated with allowance
for the thermophysical and thermokinetic constants from
Ref.10, for three values of the initial temperature T o for the
cases Vi = 0 (1) and Vi » 1, when the thickness of the
heated layer i s much greater than or commensurate with the
thickness of the absorption zone. 7 3 The ignition conditions
are non-degenerate if the following condition is satisfied:

<Γ(Τ0, (37)

For q » q + , the thickness of the heated layer is small, and
"superficial burning" of the substance is observed, and for
q « q~, the thickness of the heated layer is appreciable and
ignition does not take place. In neither case does the
ignition process take place in two stages, since the warm-up
of the substance is accompanied by spontaneous chemical
heating with an appreciable energy contribution from the
chemical reaction.

I I I . THE IGNITION OF NON-TRANSPARENT CONDENSED
SYSTEMS ON THE PULSED INTRODUCTION OF HEAT, WITH
HEAT LOSSES, AND ON UNSYMMETRICAL HEATING

1. Pulse Ignition Conditions

The development of a sel f-accelerating reaction in a reacting
substance and the formation of a sufficiently wide heated
layer requires the definite action of an external energy
source on the substance. If the external source a c t s for a

limited time, then under certain condit ions, ignition of the
substance may not take place. Pulse ignition conditions
have been studied7'9·1 0'1 7·1*3'6 8''1* by numerical and analytical
methods us ing the Zel'dovich cr i ter ion, 3 applicable only to the
problem of the unsymmetrical ignition of a thin slab of sub-
stance by a heated block. The aim of the works c ited was
to determine the critical ignition condit ions. A more general
problem, however, i s the determination of the ranges of
existence of non-degenerate ignition condit ions, examined
above for the problems of the thermal theory, in which the
continuous supply of heat from the source is assumed.

The problem of the ignition of a substance with step wise
change in the density of the thermal flux at i t s surface
(x = 0) is examined below:

l<72,
<7,><72>Ο (38)

This problem has been studied 7 5 by the method of compound
asymptotic expansions'1 8 without introducing any of the addi-
tional conditions used in Refs.10 and 74. The ignition cri-
terion for the pulsed introduction of heat is given by the
express ion:

. (^-)% exp(-
\aut J

( 39)

where

0, = 1 = 2n-Vi [u* —
ο (u. - u/'l, 1 - qtlqx, u0 = κ/0 (

u.>u0 (40)

The calculation of the dimensionless quantity u# and hence
the calculation of the quantities θ# and dQ^/du^ is carried out
using Eqn.(39), and the dimensional characteristics of the
ignition are calculated using the equations

• d L 9i J

In the limiting particular case Ao = 0, q 2 = q i , E q n s . ( 3 9 ) -
(41) can be used to calculate all the characterist ics of igni-
tion for the continuous action of a source with a flux density

Eqn.(39) can be represented on coordinates {In Z o ,
in the form of the universal straight-line equation

In Zo = In {1.5385Qp*0 (πκ)ν'(/?λ/£)1'4} i -
RT,

where

(42)

(43)

If the quantities To, ίο» t#, qi, q2 are recorded experimen-
tally, it is possible using the least-squares method in the
coordinates indicated to carry out the treatment of the
experimental data and to calculate the parameters Ε and Qk0.
In the particular case AQ = 0, q2 = <?i, Eqns.(43) become

2 0 = q'/'T:1?'', T. = T0 + 2qx (IJncpkf

The range of existence of non-degenerate pulse ignition
conditions is given by the inequalities75

Κ folt <7a, Tn)<to< ?0 (qlt qit To) ( 4 4 )

and the switch-over time to is shorter than the ignition delay
time t # ( q i ) with continuous action of a source with an energy
flux density q i . Fig. 11 i l lustrates the change in the ranges
of the non-degenerate ignition conditions of nitrocellulose
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for T = 300 Κ in the range of values <h = ΙΟ^-δ χ 106 W πΓ2,
Ao = 0.1—0.9 π (the values of the constants from Ref.10
were used).

Ig'ofs]

Figure 11. Ranges of existence of non-degenerate condi-
tions for the pulse ignition of nitrocellulose for qi, W m~2:
1) 10\ 2) 105, 3) 5 χ 105, 4) 10 6, 5) 5 χ 10 6.

Analysis of the results of the calculation using Eqns.(39)-
(41) shows that with decrease in the values of q2 and t0 from
the range of existence of non-degenerate ignition conditions
at a fixed value of the thermal flux density, the ignition
delay time increases sharply. This corresponds to the
physical picture of pulse ignition conditions.

2. The Ignition of Condensed Systems with Heat Loss from
the Lateral Surface of the Specimen

The critical conditions for the ignition of non-transparent
condensed substances have been studied by the thermal
explosion and integral relationships methods, and approxi-
mate equations have been obtained for calculating the ignition
delay time for a cylindrical specimen with heat loss from the
lateral surface and boundary conditions of the second kind
at the ends.2 8 '5 6 '7 6 As shown below, however, the methods
used28'56'76 do not ensure sufficient accuracy of the deter-
mination of the ignition delay time, do not make it possible
to formulate rigorously the ignition criterion, and leave open
the questions of the range of existence of non-degenerate
ignition conditions and the conversion of the experimental
curves to straight lines in a special system of coordinates.

To solve these problems of the thermal theory of ignition,
it is possible to examine the "two-dimensional" problem of
the ignition of a semi-infinite cylindrical specimen of radius
r 0 with heat loss into the surrounding medium, given by
Newton's law

Tt = κ [Γ« + r"1 (rTr)'r) + Qk^'1 (1 - η) exp ( - E/RT),
m = ko(l -η)βχρ(-£//?7·); / = 0: Τ = Τ0, η = 0;

*=oo: 7 = Τ0; * = 0: — XTx = q; r = rB: — XTr = a{T — To) (45)

Here, χ and r are the longitudinal and radial coordinates
respectively, and α the coefficient of heat transfer (a con-
stant quantity) from the lateral surface of the specimen to a
surrounding medium with temperature To. The problem
(45) was solved by averaging77 with respect to the variable

r, and the similarity criterion σα determined78

σα = βμ 0 (Βί), ι β = (46)

where μ ο (Βΐ) is the function of the Biot c r i t e r i o n , defined
and tabulated by L y k o v . 7 9 The ignition cr i ter ion according
to Ref.78 has the form

q = οθ, (dG./d u.)~v' exp (—

where

(47)

(48)

Solving Eqn.(47) gives the dimensionless ignition delay
time x, and hence the quantities of Eqn.(48) at the moment
of ignition. The dimensional characteristics of the ignition
of the substance are calculated from the equations

. = ΤΟΘ., Ti=T,[l + 0.5θ.ε1η(1/ε)], t,=

η , = 1.4:
' \ d u t

Eqn.(47) can also be written in the form

(49)

(50)

where

x = xtj0

2μ0 (Bi), Zo = q'/' (7V;') * exp (— x/2),

T. = T0+ qr0 [λμΓ· (Bi)] "» erf [x*] ( 51)

For α = 0, the particular case of ignition without heat loss,
examined in section II, is obtained. If the values of To, q,
a, t^, and r 0 are recorded experimentally, Eqns.(51) can be
used to calculate the values of x, T^, and Z o , and the least
squares method in the coordinates {in Z o , lO3/!^} can be
used to determine the coefficients of the linear equation (50),
and then the thermokinetic parameters Ε and Qk0.

The range of existence of non-de generate ignition condi-
tions is given by the inequalities5 2

/ d9,
[du, 3

ε-'/·
{du, J 3 ' \du, J 3

Introducing the ignition criterion (47) gives:78

, σα) (52)

The ranges of existence of the non-degenerate conditions (52)
for the ignition of nitrocellulose are given in Fig. 12, and
Fig. 13 makes it possible to compare the results of the calcula-
tion of the ignition delay time i^ from Eqns.(47)—(49) and by
the methods of Refs.28 and 76 for To = 300 K, q = 101* W m~2,
and 0 < σ < 2.

α
The delay time with heat loss can be calculated using the

equation ^
Κ ==/."[ 1 — 1 • 78t°Jd\ ~\ d = cp).Tl/q*aa (53)

where t^ (without allowance for heat loss) is given by Eqns.
(10). In Ref.28 the time t^ was calculated from the equation

t. = d In [(1 —fjd) (l-Wjd)-1} (54)

and t° was determined from Eqns.(11). Fig. 13 shows that
the methods of Refs.28 and 76 give an unjustifiably high
value for the ignition delay time, compared with the asympto-
tic method (47)-(49). This is due to the insufficient
accuracy of the determination of the quantity t ° (see Table
4) and the critical conditions for ignition of the substance.

The problem (45) is readily generalised to the case where
there is additional heat loss due to flow over the surface
being ignited in the case of conductive and convective heat
exchange mechanisms.
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Thus the rigorous asymptotic approach also has an
appreciable advantage over published approximate methods
in the analysis of the ignition of substances with heat loss.

J
2

/

.J' ,

- 2
2'

ig<r

8

\

-1 ,0

-H

-8

[W m"z)

_

O K

—
Figure 12. Ranges of existence of non-degenerate condi-
tions for the ignition of nitrocellulose with heat loss for
To, K: 1,1') 220; 2,2') 300; 3,3') 340; curves 1-3 and
V — 3' correspond to q + and q~ respectively.

warm-up time and the ignition delay time on the parameters
of the problem, and also the critical conditions of ignition.
In Ref.82, the zeroth approximation of the asymptotic method
was used to determine the warm-up time of a substance and
to find the critical conditions for ignition. An asymptotic
non-stationary theory of unsymmetrical ignition of a sub-
stance was developed in Ref.83, where the method of com-
pound expansions was used to obtain equations for calculating
the ignition delay time and the energy supplied to and stored
by the substance in the warm-up period, and the critical
conditions for ignition were found.
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Figure 13. Calculated dependence of the ignition delay
time of nitrocellulose on the parameter σ : 1) calculation
using Eqn.(49), 2) calculation using the method of Ref.76,
3) calculation using the method of Ref.28.

3. The Ignition of Substances with Unsymmetrical Heating

The theory of the ignition of a thin slab of condensed
substance with thickness h, for which a constant high tem-
perature Tz is continuously maintained at one surface, and
a low temperature T2 at the other, has been examined.3.61»80"82

In Refs.3 and 80, a stationary theory of ignition was devel-
oped, and an equation obtained for calculating the heat
removed from the reaction zone under critical conditions. It
was shown that if the heat removed is lower than a critical
value, the slab ignites; otherwise, stationary heat liberation
conditions are established. In Ref.61, numerical integration
using a computer was used to study the dependence of the

Figure 14. Calculated dependence of the dimensionless
ignition delay time τ̂  and the warm-up time τ0 of a reacting
substance on δ 1'2 for unsymmetrical heating: 1) τ^ calcu-
lated from Eqn.(55), 2) τ0 calculated by the method of Ref.
82; the open and black circles give the values of τ^ and τ0

respectively, obtained by numerical integration.61

Fig. 14 for ε0 = 0.1 compares the results of the calculation
of the dimensionless ignition delay time τ# obtained in Refs.
61 and 82 with the results from Ref.83:

RT\ (55)

Curve I, calculated using Eqn.(55), shows good agreement
with the results of the numerical integration. n At the same
time, the values of τ0, which were also found by numerical
integration,61 do not lie on curve 2, obtained by the method
of Ref.82. Non-degenerate ignition conditions are produced
if the following condition is satisfied: 3»Q.80.82.83

h>h,=·-[*« (
r,—τ2 •exp (56)

which with allowance for stationary heat removal from the
reaction zone gives the critical value of the density of the
thermal flux

(57)

In the stationary case for q < q^ the slab ignites, and when
q ^q , ignition does not take place.
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The coefficient σ0 = 2 l / 2 from Eqn.(57) has been used1*3

> find a criterion for the ignition of a semi-infinite slab by
constant thermal flux. This approximation is not rigorous,

3 noted above (section II ) .

rc,,K
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900
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300 10 15 Bi

Figure 15. Ranges of existence of non-degenerate condi-
tions for the ignition of spherical nitrocellulose particles
in a stream of hot gas for T o, K: 1) 340, 2) 320, 3) 300,
4) 250, 5) 220.

-6.12

Figure 16. Determination of the thermokinetic constants
for the ignition of a composite fuel from experimental data; 3 2

continuous straight line—calculation by the least-squares
method; 8 7 the experimental points were obtained for To, Κ
1) 213, 2) 243, 3) 273, 4) 303, 5) 333.

V. THE IGNITION OF NON-TRANSPARENT SUBSTANCES
)N SYMMETRICAL HEATING, AND WHEN HETEROGENEOUS
FACTIONS AND MULTI-STAGE CHEMICAL REACTIONS
•AKE PLACE

The asymptotic method of compound expansions makes it
ossible to solve the important applied problem of the igni-
on of lamellar, cylindrical, and spherical specimens of a

substance in a stream of hot gas, to establish the ignition
criterion and the range of existence of non-degenerate
conditions, and to construct a universal straight line in a
special system of coordinates.81*'85 Fig. 15 gives the depen-
dence of the critical temperature of the medium TC:j. on the
Biot criterion and the initial temperature of the substance
To for spherical particles of nitrocellulose. Ignition takes
place in the regions lying above the curves with fixed values
of T o, when the temperature of the hot gas T c is higher than
the critical temperature TCj)c(Bi). For Tc < TCs|c, inter-
mediate conditions between ignition and spontaneous ignition
are produced.

An asymptotic solution has been described86»87 for the
problem of the heterogeneous-exchange ignition of a sub-
stance when a heterogeneous reaction of zeroth order takes
place, and the results of studies1 0»2 2 '2 3 '3 2"3 7 in which various
approximate methods were used have been summarised.
Experimental data3 2 on the purely heterogeneous ignition of
a composite fuel are given in Fig. 16 in linearised form. The
constants Ε and Qk0 obtained differ considerably from those
found in Ref.32.

The solution of the problem of the ignition of a substance
when successive and parallel reactions take place in it is
also of undoubted interest. The examination of this
problem extends the theory of the influence of multi-stage
chemical reactions on the regular features of the ignition
process. An asymptotic analysis and analytical solution of

these problems have been given. The thermal theory
of ignition has also been used to analyse the ignition of gas
systems. In Ref.91, numerical integration using a computer
was used to study the regular features of the ignition of
gases by a heated surface when a single-stage reaction takes
place and with allowance for diffusion and hydrodynamic
phenomena. An asymptotic analysis made it possible to
study this problem without allowance for hydrodynamic factors.92

The most general asymptotic solution of the problem of the
ignition of gases by a heated surface without allowance for
hydrodynamic factors when successive two-stage and parallel
N-stage reactions take place was obtained in Ref. 93, which
generalises the results of Ref. 92 to the case of multi-stage
reactions.

— o O o —

The aspects of the thermal theory of ignition examined in
the present review do not exhaust existing problems of the
ignition of condensed systems, particularly for the case of
the diffusion and hydrodynamic phenomena accompanying a
multi-stage chemical reaction. The actual ignition of solid
fuels is generally extremely complex, and cannot be described
within a single theory of gas-phase, heterogeneous, or solid-
phase ignition. Attempts are therefore now being made to
develop a single theory taking account of reactions in the
gas and solid phases, and also at the surface of a solid
fuel.91*»95 The constructive ideas of the intermediate asymp-
tote of a non-stationary ignition process, described in Ref.
96, may prove extremely useful in the study of these questions.

The thermal theory of ignition, in which no account is
taken of the gas phase, generally does not make it possible
to predict the influence of the surrounding medium. In the
ranges of existence of non-degenerate conditions and at low
thermal flux densities and high concentrations of oxidant in
the surrounding medium, however, the inert warm-up is
appreciably greater than the time of diffusion and chemical
reaction, so that good quantitative agreement is obtained
between the ignition delay times determined experimentally
and calculated from the thermal theory. 9 7 The method of
compound asymptotic expansions has been used successfully
for the practical solution of problems of the thermal theory
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of ignition. This makes possible an optimistic approach to
the study of the more complex and promising problems of
the ignition of condensed and gaseous reacting systems.
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The Photochemistry and Photophysics of Spiropyrans

A.S.Kholmanskii and K.M.Dyumaev

The results of studies on the structure and nature of the electronic states of spiropyrans (SP) and the products of their
photochromic reactions as well as the mechanism of the dissociation of the C s p i r o -0 bond and the formation of a coloured
form of the SP are surveyed and analysed. Also analysed are the mechanisms of the α-dissociation and predissociation of the
bond, which make it possible to explain satisfactorily the dependence of the quantum yield of the photocolouring reaction on
the structure of the SP, the nature of the matrix, and temperature. The prospects for the utilisation of the photochromic SP
are discussed.
The bibliography includes 179 references.
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I. INTRODUCTION

The photochromic spiropyrans (SP) have continuously
attracted the attention of investigators. By virtue of their
unique properties, they have been finding increasing appli-
cations. This is also promoted by the fact that the photo-
chromic properties of SP are manifested in virtually any
matrix—in the pure compound (in the crystalline or .
amorphous state), in solutions, and in polymers, and the
conditions under which these matrices exist can vary over
a wide range of temperature, viscosity, external pressure,
and electric and magnetic field strengths. This makes it
possible to employ SP as test objects in the study of the
properties of the medium and of the mechanisms of its influ-
ence on the intramolecular photophysical and photochemical
processes.

Spiropyrans are already used to prepare reusable poly-
meric photochromic materials or variable density light
fi l ters, 1 " 9 but their application for these purposes is limited
by the low light sensitivity of the photomaterials and because
enough cyclic information recording and deletion processes
cannot be achieved. Apparently in the future SP will also
be applied in other equally important fields. For example,
it has been reported that they can be used as photoregula-
tors of the ionic conductivity of membranes,1 0 as modulators
of the intensity of the fluorescence of monolayers,1 1 > 1 2 etc.
Presumably in the near future they will be used as elements
in electronic circuits acting at the molecular level.1 3 > l l f

Since the publication of the authors' earlier review,1 5

numerous communications concerning the study of the photo-
chromic reactions of SP and their structure have appeared.
The fairly large amount of the data which have accumulated
and, what is most important, its significance for the under-
standing of the photochemistry and photophysics of SP
urgently require a critical analysis and a survey of the
entire set of the results available.

As before,1 5 in the analysis of the results of the studies
of the primary photochemical processes as a function of the
structure of the SP and external conditions, the SP are
regarded as representatives of a specific class of organic

compounds containing heteroatoms and belonging to the (σττηί)
type in terms of the orbital classification of electronic states. 1 6~1 9

Analysis of the experimental results has shown that the
photochemical activity of SP and their luminescence char-
acteristics are determined by the position of the energy levels
and the orbital nature of the lowest electronically excited
states. Furthermore, in order to understand the mechanism
of the photodissociation of the bond in SP, it is essential to
take into account the degree of involvement of the electrons
of the heteroatoms in the configuration of the electronically
excited states and also the interaction of the electronic
orbitals of the mutually orthogonal heterocycles in both
ground and excited states.

The SP photocolouring reaction can be represented sche-
matically as follows in a general form:6 > 1 5

A zt A —*- Χ—*- Β , (1)

where A is the colourless initial spiro-form of the SP, A* its
electronically excited state, X the cis-cisoid isomer of the
coloured form arising after the dissociation of the bond and
still preserving the orthogonality of the heterocycles, Β the
planar coloured form of the SP, φ the quantum yield in the
formation reaction of the Β form, and φ^ the quantum yield
in the bond dissociation process. The recombination reac-
tions of the photoproducts with transition to the initial state
and also the possible pathway leading to the formation of the
Β form without the formation of the intermediate X isomer
are not shown in Scheme (1).

The chemical structure of the SP considered in the review
are presented in Tables 1 and 2. Table 1 also lists the
known quantum yields of the SP colouring reaction under
the influence of light with λ = 313 and 365 nm ( φ 3 1 3 and φ 3 6 5

respectively). The yields φ were determined in weakly polar
solvents at temperatures close to room temperature. The
total number of SP investigated for which the values of φ
are known is much greater; 6>9>is,20-35 Table 1 includes
only some SP with characteristic s tructures and substitu-
ents . The yields φ in different matrices (for certain SP)
are presented in Table 3.
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I I . THE NATURE OF THE ELECTRONIC STATES OF SPIRO-
PYRANS AND THE PRODUCTS OF THEIR PHOTOCHROMIC
REACTIONS

1. The Structure of Spiropyrans and Their Photoproducts

The structures of more than ten SP, including the struc-
ures of the coloured forms, 3 8 have now been investigated
y X-ray diffraction (XD). 3 6 ~ l t l The XD data show that

-n almost all the SP investigated the angle between the
heterocycles is 90°. However, the heterocycles themselves
are non-planar—the angle of the bend in the planes of the
indoline ring system along the C(3)-N(l) line is 23-30°
and the angle in the bend in the benzopyran ring system
along the C(3 ' )-O( l ' ) line is 11-17°,3 8 depending on the
ring substituents.

Table 1. The structure of spiropyrans and the quantum
yields of the photocolouring reactions.

Table 1 (contd.).

S!
SP 2

S P,3

SP 4

SP5
SP6
SP 7

SP8
SPg
SPlO
S P U

SP.12

S P 1 3

SB
SPl6
SP

1 7

SPl8
SP

1 9

SP20

SP
2
i

SP22
SP23

Structure of SP and substituents Solvent <Pm «Ta.i Refs,

1-CH3

l-CH3-6'-Br
l-CA3-6'-NO2

l-CH3-6'-NO2-8'-OCHs

l-QH5-6'-NO2-8'-OCH3

l-CH3-6'-NO2-8'-C3H5
l-C6H5-6'-NO2-8'-Br
l-C6H5-8'-NOj
l-CH3-6'-Cl-8'-NO2

l-CH3-4,5-benzo-6'-NO2
l-CH3-5-NO2

l-CH3-5-NO2-6'-OCH3

l-CH3-5',7'-dichloro-6'-NO2

l-CH,-6'-NO2-8'-Br
1 -CH3-5-CH3CO-6'-NO r8'-OCH3

l-C5H,OH-6'-NO2

l-C2H,-O-CO-C3H5-6'-NO2
1 -Ci8H3 s-6'-NO2

l-C4H9-6'-NO2

l-C 2H 4-2-0-CO-CH(CH 3) 2-NO

hx, t
t
t
ea
t
d, ea
ea
ea
ea
ea
ea
ea
hp
hp
t
ea
d
t

t

1 
1

 
1

 
1

0.1
0.03

0.40

0.30
0.10

—
—

—
—

0.3G

0.47
0.45

-

Ξ

——
0.76
0.60
0.59
0.45
0.45
0.55
0.45
0.13
0.05
0.025
0.56
0.60
0.60
0.33
0.58
0.55

0.24

0.45

: - C H 3

l -CHvi l ' -NO 2

l-CeH 5-ll '-NO 2

t
mch
t
1

0.07
O.Ofi

—

0.27

0.60
0.08

6, 15
1221
[20, 21
[20. 21
Γ21. 23
[6, 151
115, 26]
[261
[261
[261
|26]
[261
[21, 25
[21, 25
[21, 25'
[21, 25
[61
[61

[9]

[22]
[6]
[271
[271

Structure of SP and substituents Solvent φ,,, <j>M1 Refs.

S P 2 7

SP28

SP
2 9

SP
3 0
 |ll,ll'-di-NO

2
SP

29

SP31

SP32
SP33

SP34

SP35

SP36

, C H S

7'-OCH3SP!
7'-NO2-SP!

H3C
 / V ^ X

H-NO2-SP35

V_N0,
tip

tip

SP37 : H , C X - ;

i
S P 3 8 I 6'-NO2-SP37

0.45

0.55

0.03

0.30

0.60

0.45

0.08

0.07

0.59

[221

[271

[22]

rci

0.03 Ι Γ311

— 1351
0.17 [26]

0.25 j [331

0.03 [331

tip — 0.40 [331

tip 0.55 i 0.12 [331

tip — 0.40 [331

Notation: t = toluene, d = dioxan, ea = ethyl acetate,
hx = hexane, mch = methylcyclohexane, hp = heptane,
and tip = t : 1 toluene—isopentane mixture.

Table 2. The lengths of the dissociating bonds (r) in spiro-
pyrans and the activation energies (EQ) for the thermal bond
dissociation reaction.

SP

SPi
SP2

SP3
SP8
SP 9

SPll
SP14
SP21
SP22
SP23
SP25
SP27
SP32
SP33
SP34
SP35- S P 3 6

SP37
S P 3 8

r, A

.—
1.486
1.492
1.497
1.453
1.495

—
—

1.462
1.4S7

—
1.471

—
1.454

—
1.444
1.465

i^kcalmor 1

If)
9.3

12
7.6
8.5

13
—
7.8
8.0
9.4

7.4
6.1
6.0

15
8.1
—
—

Refs.

|351
1351
[35, 391
[35. 361
|35, 37]
[35. 38]
[381
135]
[351
[35, 38]
[401
[351
[35, 38]
[351
135, 411
1351
[381
[38]

*The activation energies Ea were determined in a matrix
comprising the given compound—the melt or the amorphous
vitreous state of the SP.

SP24
SP25

SP26

1-CH3

l-C6Hs

Ο

-0.2
-0.3

ί3Π
[341

[211

It is of interest to compare the length of the dissociating
bond r with the activation energies Ea for the thermal bond
dissociation in SP and the quantum yield in the photocolour-
ing reaction (Tables 1 and 2). The values of En for all
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SP with the exception of SP 3 2 and SP 3 3 are correlated with
r: as a rule, Ea falls with increase of r. The introduction
of substituents in the 7'-position stabilises the coloured
form of the SP as well as the Ea as a result of the conjuga-
tion of the substituent orbitals with the π orbital of the
central carbon atom. 7>35»38 The correlation between Ea and
r is a consequence of the fact that the dissociation of the
bond in the thermal reaction proceeds via the ground elec-
tronic state of the vibrationally excited SP.

Table 3.
media*.

The quantum yields φ 3 6 5 for spiropyrans in various

Medium**

Toluene (2.38)
Dioxan
CCI4
Ethyl acetate (6.02)
1-Propanol(20.1)
Ethanol(24.3)

Acetonitrile (36.2)

Dimethylformamide (36.7)
Polystyrene

Poly(methyl methaciylate)

SP3

0.76

0.73
0.60
0.14
0.12;

η Αι /7-T \s\U.l' l (V1 h.)

0.06

0.10
0.7;

0.1(77 K)
0.31;

0.07(77 K)

SP12

0.60

0.33
0.06

—

0.05

0.08
0

0

SP13

0.55
0.58

__
0.31

0.107;
0.43***

—

—

SP

SP21

0.27
.

0.30

_

0.2
0.02 (77K)

—

SP22

0.60

0.05

0.3

—

SP27

0.45

0.5

_

0.2 (77 K)

—

*With the exception of specially noted cases, the temper-
ature was close to room temperature. The yields φ 3 6 5 were
taken from Bertelson6 for SP 1 3 , from Reeves and Wilkinson29

for SP3 in PMMA at room temperature, and from Kholmanskii22

and Kholmanskii and Tarasov2" in the remaining cases.
**The dielectric constant ε is indicated in brackets.

***The quantum yield of the sensitised colouring reaction.

On the other hand, there is no correlation between φ and
r. This shows in its turn that the photodissociation of the
bond in the SP proceeds via the electronically excited state
of the SP whose orbital nature determines the mechanism and
the quantum yield φ of the SP photocolouring reaction.
Therefore, in predicting the photochemical activity of the SP
from XD data, it is essential to take into account the factors
which can affect the orbital nature of the excited state, the
intensity of the electronic transition, and also the effective-
ness of the interaction of the electrons of various hetero-
cycles in the excited state. Such factors are in the first
place the orientation of the nitro-group relative to the plane
of the benzene ring and other substituents, and the spatial
orientation of the I orbitals of the heteroatom and the dis-
sociating bond as well as the heterocycles themselves.

Since the pyran ring in the SP is nearly planar and the
C—O—C angle is 119°, 3 6 ~ 3 8 presumably the valence orbitals
of the oxygen heteroatom are sp 2-hybridised.

In the indoline ring of the SP, the nitrogen atom is somewhat
displaced out of the plane drawn through the carbon atoms
linked to it (in particular by 0.26 Ά for SPu 3 8 ) . The
valence angles between the N-C bonds in SP1:L are 121.4°,
119.9°, and 108.8°.3 8 These data suggest the sp2-hybrid-
isation also of the atomic orbitals of nitrogen, although it is
somewhat distorted by virtue of steric factors. This is
also indicated by the comparison of the structural and lumi-
nescence-spectroscopic characteristics of SP and aromatic
amines in which the nitrogen atom is sp2-hybridised. " 2

Indeed the values X m a x = 375 nm and ε 3 7 5 = 1.8 * 10" litre
mol"1 cm"1 2 1 ' 2 5 for the first absorption band in the spectrum
of the SP having the nitro-group in the indoline ring (SP1 X)
are virtually identical with the corresponding values for
p-nitroaniline and NN-dimethyl-p-nitroaniline (376 nm and
1.6 χ 10" litre mol"1 cm"1 for the former and 388 nm and
1.8 χ 10" litre mol"1 cm"1 for the latter" 3 ). We may note
that the agreement between the spectra and phosphores-
cence decay times for SPX 1 and nitroaniline"" also indicates
the similarity of the electronic structures of the Τλ states
of these compounds.

In order to determine the structure of the coloured form
of the SP, IR spectroscopic, 7 >"5 Raman spectroscopic, " 6 and
photoelectron spectroscopic"7 methods were resorted to in
addition to XD. Studies, 9 >"8~5 8 including, for example,
polarisation measurements, 5 1 ~ s " measurements of the dipole
moments of the coloured molecules,56»57 and quantum-chemical
calculations,5 8 have also been devoted to the investigation of
the structure and properties of the coloured form and its
isomers.

2. Luminescence-Spectroscopic Characteristics of Spiro-
pyrans

The study of the orbital nature of the electronically excited
states had as its primary aim the elucidation of the degree of
involvement of the electrons of the heteroatoms in the elec-
tronic configuration of the lowest excited states of the
ΤΓΤΓ* type. The orbital nature of the lowest electronically
excited states of SP and their energy are determined by
investigating the absorption and luminescence spectra using
the theory of solvatochromism. 5 9 ' 6 0 Methods based on
quantum-chemical calculations for SP or compounds modelling
their fragments have also been resorted to in order to
achieve a qualitative justification. 8>5 8»6 1-6 3 with the aid of
these calculations and the theory of solvatochromism, the
charges on the heteroatoms in the excited states were esti-
mated. For this purpose, a study was also made of the
deactivation of the triplet photochemically active (PCA) state
of the SP by various quenching agents and in the first place
by electron donors. The optical absorption spectra of cer-
tain characteristic SP have been published. 5 ' 2 1» 2 2 ' 2 6 ' 2 7 ' 6"" 6 9 .

The electronic transition of the π—π* type in SP without
the nitro-group can be represented as a linear combination
of one electron π—π* (in the aromatic system) and Ι— π*
(electron transition from the heteroatom to the π* orbital of
the aromatic system) transitions and can be designated by
π 1 _ π * . 15,18,19

Calculations have been made for the electronic transitions
and the distribution of the electron density in the S o, Slt

and Γχ states of SPx has been evaluated by the CNDO
method. 6 1 The calculated transition energies as well as the
assignment of the first transition in the benzopyran ring to
the π—π* type agree qualitatively with experimental data.
The redistribution of electron density in the Sx and Tx states
leads to the appearance of a positive charge on the oxygen
(0.07), nitrogen (0.03), and spiro-carbon (0.017) atoms
relative to the So state. These results agree with the
assignment of the lowest Sx and T2 states to the (πι, π*)
type or, briefly, the L type.

On the basis of the results of theoretical calculations, 8»n>63

one can assume that the positive charge on the heteroatom of SPX

in the Sx and Τλ states is ~0.1. We may note that the contribu-
tion of the (Ι, π*) configuration to the excited state of the
molecule is determined by the charge on the heteroatom. 6 3
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The introduction of an electron-donating substituent into
the SP heterocycle leads to the appearance of an additional
absorption band due to the transition involving charge trans-
fer (CT) from the electron-donating substituent to the π*
orbital of the π-electron system. 2 2 The contribution of the
Ι, π*) configuration then diminishes and the positive charge
on the oxygen heteroatom in the excited state is reduced as
a result compared with the corresponding value for SPx·2 3 '5 5

The first transition in unsubstituted SP with the naphtho-
pyran ring (SP 2 1 , SP27, and SP 2 9) is also of the πϊ-π*
type; 2 2 this has been confirmed by solvatochromic studies
and the presence in the absorption spectrum of bands due to
stretching (1290-1350 cm"1) and deformation (450-500 cm"1)
vibrations of the COC group. 2 2» 6S 6 5

Since it is known from theoretical calculations 1 8 ' 1 9 ' 6 3 that
the contribution of the (Ζ, π*) configuration to the excited
state falls as the π-conjugation chain lengthens, presumably
in the case of SP with the naphthopyran ring the positive
charge on the oxygen heteroatom is smaller than for SP^

The introduction of a nitro-group into any of the SP frag-
ments results in the appearance of a low-energy π— π* transi-
tion, which involves intramolecular charge t rans fer . 1 5 ' 2 1 ' 2 6 ' 2 7 '
30,1*8,66-69 ^ spiropyran with the nitro-group in the benzo-
pyran ring (A) can be designated by DSA, where D repre-
sents a heterocycle with a fairly low ionisation potential I
(indoline, xanthene, benzothiazole, etc.) and C represents
the spiro-carbon atom. It is known70 that in molecules of
the DSA type in which the D and A fragments are separated
by three σ-bonds, apart from the local π—π* transition in
the A fragment, hyperconjugation via the system of σ-bonds
is responsible for the charge-transfer transition from the D
to the A fragment:

DSA->(D+SA")*· ( 2 )

The positions and intensities of the absorption bands cor-
responding to the transitions in the A fragment and in pro-
cess (2) are determined by the value of I for the D fragment
and the electron affinity ε^ for the A fragment as well as
the energy of the interaction of the (DSA*) and (D+SA~)*
configurations. 7 0

10"3e, litre moP'c

10

0
35 30 10~3i>. cm"1

Figure 1. Absorption spectra of SP in isopentane: 1) SP^
2) SP3; 3) SP^; 4) SP3i,; 5) difference between the absorp-
tion spectra of SPi, and 8-methoxy-6-nitro-2//-chromene
(MA). 6 8

In SP the interaction with the π electrons of the D and A
rings as a consequence of spiroconjugation62 and the hyper-
conjugation of the η, σ, and π orbitals of the non-planar D

and A rings in the ground state of the spiropyran can also
lead to the appearance of a transition of type (2). 6 l

Indeed comparison of the absorption spectra of SP having
different D rings with the spectrum of the molecule modelling
the A ring (MA), presented in two publications, 68>69 makes it
possible to discover in the spectrum of the SP an additional
absorption band whose position (vjj ) depends on the struc-
ture of the D ring and which has ah extinction coefficient ε
a factor of 2-3 smaller than the band due to the transition
in the A ring. The value of vj^A for indoline SP is close
to νΛ for the band due to the π— ττ* transition with charge
transfer in the A ring, which is designated by πι—π*π* , 1 5 ' 1 6 '
2 1>2 6 where π^ represents the orbital of the nitro-group and
I the orbital of the heteroatom conjugated with the π system
of the benzene ring1*2 (Fig.l). The first absorption band in
the spectra of these SP therefore constitutes a superposition
of the absorption band due to the charge transfer transition
in the A ring and the transition (2). Since I for the D ring
in SP31| is greater than I for the D ring in SP 3 , 7 0 the fre-
quency Vĵ A for SP3 4 should be greater than for SP3. It is
therefore evident that vjyj for the first absorption band of
SP3 4 is greater than VM for SP3 (Fig.l).

32 30 28

Figure 2. Dependence of the positions of the maxima of the
first absorption bands of SP3 (a), SPX1 (b), SP2i,. (c),
SP26 (d), and SP3 4 (e) on the universal interaction function
/"(ε, η): 1) hexane; 2) isopentane; 3) cyclohexane;
4) heptane; 5) carbon tetrachloride; 6) benzene;
7) toluene; 8) chloroform; 9) tetrahydrofuran; 10) ethanol;
11) methanol; 12) acetone; 13) acetonitrile; 14) chloro-
benzene; 15) dimethylformamide; 16) dimethyl sulphox-
ide.6 6»6 7

The energies of the (π, π*) states (DSA*) and (D+SA~)*
of spiropyran diminish as a result of general interaction with
the solvent and to a greater extent than the energy of the
ground state of SP. 5 9 ' 6 0 If the molecule has no isolated
orbitals, the dependence of vjyj on the dielectric constant
and the refractive index is described in this case by the
familiar59 function of the general interactions /"(ε, η). This
relation for characteristic SP is illustrated in Fig. 2 (accord-
ing to the data of Kholmanskii and co-workers1 5 '6 6 '6 7). The
orbital nature of the electronic transition and the change in
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the dipole moment of the molecule in this transition can be
determined from the qualitative and quantitative analysis of
these relations. In particular, in the case of SP3I> the
presence of a break in the relation between vjyj and /"(ε, n)
for / = 2 demonstrates the involvement of the electrons of
the isolated η orbital of the oxygen in the oxaindan ring in
the transition (2). The specific interactions of the highly
polar and OH-containing solvent molecules with the η orbital
of SP3n lower the ground level of this compound. As a result
of the summation of the effects of the universal and specific
interactions, VM hardly changes when f > 2, while under
conditions where f < 2 the dependence of vjyj on /"(ε, η) for
SP3k has almost the same slope as for SP3, SP,,, SP 2 6 , and
MA (Fig. 2 6 9 ) . This indicates the similarity of the changes
in the dipole moment of the SP on excitation of the transition
in the A ring and in the transition (2).

However, the dipole moment changes appreciably when the
oxygen heteroatom in the A ring is replaced by nitrogen
(as in SPn) and sulphur (as in SP2,,) (Fig.2). Evidently,
as a consequence of the changes in I for the D ring and ε A
for the A ring of SPX 1 and SP2,,, the transition (2) in these
SP has a significantly greater energy than the transition
in the A ring . 6 8 ' 7 0 On the basis of the dependence of VM
on /(ε, η ) , it is possible to estimate the charges on the
heteroatoms in the DSA* states of the (π, π*) type 2 1 ' 6 6 which
will be designated for brevity as states of the Ν type
(Table 4).

Table 4. The orbital nature, the charges on the heteroatom
(q), the lifetimes (τ^), and the constants for the quenching
by triphenylamine of the triplet states of spiropyrans
( k T P A ) in toluene.2 3.2 7-5 5» 6 6

SP

SPi
SP2

SP3
SP7

SP12
SP22
SP22
SP24
SP26
SP28
S P 36
SP38

State

L
L
S
S
A"
L

(π,π*π η *)
—
,V
L

(.-1,-r*.·!,,')
(.π,η'Πη*)

Tt, S

io- s

—
ΙΟ-9

6· 10-'°
1.5-10-8

<io- 8

—
—

6 - 1 0 - f

1.5· 10"8

2-10- f

,ΤΡΑ

litre moPs"1

Γ, • 10s

<G-10 s

4 • 10s

—
9 -10s

3-107

—
—

5-10s

10s

6 -107

-0.1

<n.i
0.4

—
0.4

<0.1
«0.1

0.2
0.4

si 0.1
«0.1
«go.i

In SP with the naphthopyran ring containing the nitro-
group, the first electronic transition is of the ΤΓ— π*π* type. 2 7

The involvement of the I electron in excitation is improb-
able 1 8 ' 2 7 and the charge on the nitro-group is transferred
mainly from the naphthalene ring.

All the SP with the nitro-group phosphoresce at 77 K.6 > 2 1 >

2 7> 6 6 In addition, the fluorescence of SP 1 9 in liquid solution
at room temperature has been observed. 7 1 The phosphores-
cence spectrum of SP3 has a vibrational structure. It follows
from its analysis, carried out by Khamchukov et a l . 7 2 and
Gehrtz et a l . , 7 3 that the stretching (symmetrical) and
deformation vibrations of the nitro-group are manifested in
the spectra. The frequencies of these vibrations differ
appreciably for SP and MA.68 The 0—0 transition frequency
v 0 0 in the case of the phosphorescence of SP with the nitro-
group in the benzopyran ring can be both greater and smaller
than the v 0 0 for the phosphorescence of the corresponding
nitrochromene, depending on the structure of the D ring. 6 8 ' 6 9

For example, for SP of the type of SP3 and SP,,, the fre-
quency VQO is greater by ~700 cm"1 than for the phosphores-
cence of the corresponding MA and the quantum yield φ ρ η

of the phosphorescence of the SP exceeds by a factor or
three that for the MA. 6 9 These differences are apparently
caused by the interaction of close levels of the (DSA*) and
(D+SA")* singlet and triplet states of the SP.

The position of the 0—0 band in the phosphorescence
spectra of spiropyrans with the nitro-group is almost inde-
pendent of the nature of the solvent. 6.29."β,72,73 Q n t n e

other hand, in the case of SP2 this band undergoes a hypso-
chromic shift by -2000 cm"1 on replacement of the non-polar
matrix by a polar one or by a hydroxylated matrix. 29>l*8 The
phosphorescence lifetime of SP having the nitro-group and
the corresponding nitrochromenes varies from ~0.03 to 0.3 s.
The phosphorescence excitation spectrum of SP3 coincides
with the absorption spectrum within the limits of the first
absorption band in solvents of the type of petroleum ether,
propanol, and tetrahydrofuran ( T H F ) . 3 0 ' 7 2 These results
make it possible to assign the phosphorescence state of SP
with the nitro-group in the benzopyran ring to the 3N type
and in the case of SP2 to the 3L type.

The high values of the intersystem inversion constant
KST f° r SP with the nitro-group are due to the presence of
intermediate 1 > 3 (n, π*) levels of the nitro-group, at least one
of which is located between the 1>3N levels. 1 5 ' 6 6 ' 6 8 ' 7 1 1 ' 7 5 The
constant K^j can reach in this instance -1011 s"1.16-18»71*
It follows from the analysis of the experimental data for
nitroanisoles, epoxynitroindalone, and nitronaphthalenes7 6"7 8

and from theoretical calculations that the energy of the
x (n, π*) level for SP with the nitro-group is -27 500 cm"1 and
that of the 3 (n, π*) level is 23500 cm~1-24500 cm"1.

The fluorescence of the spironaphthopyrans SP 2 2 , SP 2 3 ,
and SP 2 8 arises from the 1 (π, τπτ*) state and the simultaneous
presence of both fluorescence and phosphorescence shows
that the 1 > 3 (n, π*) levels of the nitro-group lie above the
energy level of the (π, π*π^) s t a t e . 2 7 ' 7 9 ' 8 0 The sharp dif-
ferences between the fluorescence and phosphorescence
intensities of SP 2 2 , SP 2 3 > and SP 2 8 indicate different positions
of the 3L and 3 (π, π*7$) levels in these compounds and hence
a different nature of the phosphorescent states.

Only fluorescence is observed for SP without the nitro-
group (SPX and S P 2 1 ) , 6 5 ' 8 1 ' 8 2 but one can postulate that the
lowest triplet level of SPX has an energy close to that of the
phosphorescent level of SP2.

The following facts are known about the luminescence-
spectroscopic characteristics of the SP photoproducts.
The coloured form (B) exhibits only an intense fluoroes-
cence. 6 ' 7 ' 1 5 ' 3 0 ' ' * 9 In a study 7 3 of the photocolouring reac-
tion of SP3 at Τ ύ 4.2 Κ, which stops at the state involving
the formation of the cis-cisoid isomer X, the phosphorescence
band of the X isomer has been discovered (at -15000 cm"1 in
trimethylpentane and n-hexane). The formation of this
isomer has been confirmed by the method involving the
optically detectable magnetic resonance, whose use together
with theoretical calculations made it possible to investigate
the structure of the X isomer and to represent it in the fol-
lowing form:

It has been established by studying the photocolouring
reactions of SP at low temperatures and in the matrix com-
prising the compound itself that an absorption band whose
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frequency is close to the absorption band of the thermody-
namically more stable trans-isomer of the Β form corresponds
to the cis-cisoid isomer of the Β form of SP such as SP3 or
spironaphthopyrans with and without the nitro-group. 6>35>1*9'

. Spectrokinetic Studies on Photochromic Transformations
f Spiropyrans

The spectrokinetic studies on photochromic reactions of
SP, carried out under both photostationary conditions and
with the aid of pulse (mainly laser) techniques proved fruit-
ful for the elucidation of the orbital nature and the energy
of the PCA state of the SP and for the determination of the
photocolouring reaction mechanism. We shall not dwell on
a large number of studies of the kinetics of the reactions of
the coloured form of SP in which the influence of the struc-
ture of the SP and the nature of the matrix on the rate con-
stant for the dark decolorisation of the Β form 5 5 ' 8 3 " 8 9 and
the molecular association processes of the SP in both A and
Β forms were investigated. 7 1 f ' 8 3 ' 9 0 " 9 7 The association effects
significantly complicate the pattern of the photochromic
reactions of the SP, particularly in aliphatic solvents and at
high SP concentrations but do not influence appreciably the
primary intermolecular photophysical and photochemical pro-
cesses over a wide range of SP concentrations (ΙΟ^-ΙΟ"1* M)9 7

in weakly polar solvents.

We shall analyse in the first place the results of the study
of the quenching of the photocolouring reactions of SP by
various quenching agents under photostationary conditions.
These studies were performed to elucidate the question of
the involvement of the triplet state of the SP in the photo-
colouring reaction and to determine its orbital nature.

The following results were obtained in experiments on the
quenching of the photocolouring reaction by molecules with
a low energy of the Γ state (anthracene, etc.) and electron
donors. The reaction involving the photocolouring of SP
having the nitro-group in the indoline and naphthopyran
rings in weakly polar solvents proceeds 100% via the triplet
state, while in SP with the nitro-group in the benzopyran
ring it proceeds via this state to an extent not less than
70%. 23,27,29,98,99 T h e r e s u l t s o f t h e estimation of the lifetimes
of the lowest triplet states of SP (including PCA) are pre-
sented in Table 4. The quenching of the SP photocolouring
reaction by electron donors is due to the deactivation of the
triplet state as a result of electron transfer in a triplet
exciplex between the SP and the electron d o n o r . 2 3 ' 9 9 ' 1 0 0 " 1 0 2

The quenching rate constant kq depends on I for the elec-
tron donor and ε^ for the spiropyran in the excited state.
For example, for tetramethyl-p-phenylenediamine (TMPP), it
is close to the diffusion rate constant regardless of the SP
structure. 2 3 Conclusions concerning the orbital nature of
the deactivated triplet state of various SP have been reached
from a comparison of the kq for the same electron donor
having a higher I than TMPP. These data for the case where
the quenching agent was triphenylamine are listed in Table 4,
from which it follows that kqPA is correlated with q. The

contribution of the (i, π*) configuration to the Γ state of the
SP of the corresponding type and the electron affinity εΑ are
determined by the positive charge q on the heteroatom. The
negative charge is in this case localised on the nitro-group
and ensures, for example, the effective formation of hydro-
gen-bonded complexes between the proton-donating additive
in the SP or another aromatic nit ro-com pound in the excited
s t a t e . 6 ' 7 6 ' 1 0 3 ' 1 0 "

The low values of τχ (Table 4) are due to the rapid intra-
molecular deactivation of the triplet state as a result of the
reaction yielding the coloured form. This evidently also
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Figure 3. Energy level diagrams for certain SP; IN, BP, and NP are the indoline, benzopyran, and
naphthopyran rings of the SP. 6 6
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accounts for the absence of an influence of added oxygen
and cyclo-octatetraene15»71 on φ at concentrations of additives
of ~10~3 and 10~2 Μ respectively. Such concentrations are
insufficient for the observation of an appreciable influence
by the quenching agent on the photocolouring reaction of the
SP with the nitro-group in the benzopyran ring. 2 3 > 1 0 2

Thus experimental studies have shown that both the singlet
(for SP without the nitro-group) and triplet (for SP with
the nitro-group) PCA states should include a definite con-
tribution by the (Ι, π*) configuration. This contribution
determines the positive charge on the heteroatom in the D
and A rings and, as will be shown below, the mechanism and
the effectiveness of the dissociation of the C S pj r o -O bond
depend in their turn on the latter. The probability of the
population of the levels of the PCA states depends signifi-
cantly on the relative positions of the electronic levels of the
SP. Datais,22,27,29,68,io5-io7 concerning the disposition of
the electronic levels of the various fragments of the SP mole-
cule make it possible to construct a diagram of the lowest
electronic levels for SP with certain characteristic structures
and substituents (Fig. 3 6 6 ) . The suggested disposition on
the diagram of the levels which had not been observed
experimentally is shown by dashed lines. Levels of the
1 > 3(ηπ*) type have been conventionally represented by a
single level designated by n, and this also applies to the
levels of the (DS*A) and (D+SA~)* states of SP3, which are
represented by a single Ν level.

I I I . THE MECHANISM OF THE PHOTOCOLOURING REACTION

The principal question concerning the mechanism of the
photodissociation of the CSpiro—Ο bond and the formation of
the Β form is how the redistribution of electron density
arising on excitation of the π-electron system of the SP
ensures the weakening of the Cgp^—Ο σ-bond and what
role the vibrational excitation of the SP molecule plays in
the bond dissociation.

The intramolecular photophysical and photochemical pro-
cesses are unambiguously determined by the orbital nature
of the electronically excited state of the SP, which specifies
the initial redistribution of electron density, regulating both
the mechanism of the interaction of the electrons of the
C S pi r o -O σ-bond with other electrons of the molecule and the
mechanism of the excitation of particular vibrations in the
molecule. The orbital nature of the electronically excited
state of the SP is determined in its turn by its molecular
structure. For this reason, the elucidation of the mechanism
of the bond photodissociation makes it possible to relate
directly the effectiveness of the photocolouring of the SP to
the structure, i .e. permits the specific synthesis of SP with
particular photochromic properties.

1. The Mechanism of the α-Dissociation of the Cspj^o-0
Bond

The quantum yields of the photocolouring reaction of SP
with the nitro-group in the indoline ring are fairly high and
comparable to the φ for SP with the nitro-group in the
benzopyran ring (Table 1). On the other hand, the energy
of the electronic excitation of these SP on irradiation with
light at the wavelength corresponding to the first absorption
band is fully localised in the indoline fragment regardless of
the type of substituent in the benzopyran ring (Fig.3 2 1 ' 2 5 ) .

For SP with an analogous disposition of the levels but with
a different orbital nature of the lowest triplet state, the
values of φ are significantly smaller than for SP of the SP3

type (cf. with SP 1 0 in Fig. 3 and in Table 1). The principal

difference between the orbital nature of the lowest triplet
state of these SP consists in a much greater positive charge
on the nitrogen heteroatom in the 3N state of SP of the S P U

type than in the 3L state of SP of the SP l 0 type.
On the basis of data for the structure of SP (see Section

II) , their central part can be represented as follows:

Here the axis of the ί orbital of oxygen is perpendicular to
the plane of the figure. It follows from XD data for SP that
the solid angle between the i^ orbital and the OQ—Q bond is
10—30°. Bearing in mind their close proximity, one can
postulate the interaction of the electrons of these orbitals.
In the gound state of the SP, such interaction is referred to
as the anomeric effect. 2 1 > 1 0 8 its essential feature consists
in the mixing of the l^ orbital and the unoccupied antibond-

ing OQ_Q orbital. As a result of this interaction, the Csp^—Ο
bond is weakened even in the ground state. 36~1*1

We shall now discuss the orbital nature of the N-type trip-
let PCA state of S P U . It follows from Section II, that the
luminescence-spectroscopic characteristics of SP with the
nitro-group in the indoline ring virtually coincide with the
corresponding characteristics of p-nitroanilines and are close
to the characteristics of p-cyano-N,N'-dimethylaniniline.109

For the latter compound it is known110 that the dipole moments
of the molecule in the XN state ("b") and in the biradical
state with "twisted" configuration ("a") are virtually identical.
This makes it possible to represent the structure of the pre-
cursor of the state "a", namely the Franck— Condon state
"b", also in the form of a biradical in which the unpaired
electrons are localised on the nitrogen atom of the CN group.

Taking into account these data and using the one-electron
approximation, the N-type Franck—Condon state of SP i : L, in
which there is an appreciable positive charge on the nitrogen
atom, can also be represented by a biradical. Consequently
the i^ orbital in the 1>3JV states of SP1:L has a radical char-
acter and this leads to the exchange interaction of the elec-
trons of the Zfl and σς;-ο orbitals, which constitutes the
basis of the mechanism of the α-dissociation of the bonds
(type 1 Norrish react ion 1 9 ' 2 0 ' 1 0 0 ) . The vibrationally excited
radical-cations of amines and various carbonyl compounds
dissociate according to this mechanism. 1 9 ' 1 0 0 ' i : L 1 ~ 1 1 3 In SP of
the SPX 1 type, the vibrational excitation of the spiro unit (II)
is also essential for the dissociation of the C s p j r o—Ο bond via
the α-mechanism.113 Under these conditions, the most
effective are the low-energy deformation vibrations of one
heterocycle relative to the other, in which the solid angle
between the axes of the *N and OQ—Q orbitals diminishes.
The torsional vibrations of the heterocycle are less effective
in this respect, although their excitation can increase sharply
the probability of the non-radiative relaxation of the elec-
tronically excited state of the SP l l l f with formation of the Β
form.

Together with the dissociation of the C-0 bond, the dis-
sociation of the CSpj r o— C(3') bond in SP with the nitro-
group in the indoline ring can also dissociate via an analo-
gous mechanism. Presumably this reaction ensures the
irreversible decomposition of the given SP which has a lower
photostability than SP with a nitro-group in the benzopyran
r i n g . 1 1 5
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The effectiveness of the dissociation of the Cgpj^-0 bond
via the α-mechanism is fully determined by the electronic
structure of the indoline ring in the 3N state. The intro-
duction of various substituents into the benzopyran frag-
ment of an SP containing the nitro-group in the indoline ring
has virtually no effect on the yield φ. 2 1>2 5>1 0 2

Since, like the nitro-group, the acetate group is an elec-
tron-accepting substituent, its introduction into the 5-posi-
tion renders the lowest triplet state a highly polar CT state.
It follows from the data of Gal'berstshtam and co-workers9'89

that the disposition of the electronic levels of SP 1 5 is
analogous to that in SP 1 X. Taking into account these data,
it is possible to postulate also for SP 1 5 a mechanism for the
α-dissociation of the CSpfro—Ο bond, which explains the
fairly high value of φ 3 6 5 for this SP (0.24) compared with
φ 3 6 5 for SP 1 0 (Table 1).

Thus the a-dissociation mechanism, well known in the
photochemistry of organic compounds, makes it possible to
explain the high effectiveness of the cleavage of the
CSpiro—Ο bond in the formation of the Β form of SP with an
electron-accepting substituent in the indoline ring.

We shall consider the mechanism of the photodissociation
of the bond in indoline SP with the nitro-group in the benzo-
pyran ring and SP with other D and A rings (xanthene,
oxaindan, e tc .) . Before doing this, we may note that the
mechanism of the bond cleavage in the MA

CH3

L

hypotheses 1 5 ' 2 1 ' 1 0 2 concerning the dependence of the mecha-
nism of the photodissociation of the bond in SP on its struc-
ture.

to

0-5

5 (e/vM)Vl, rel. units

Figure 4o Dependence of φ on ( ε / ν ^ ) 1 ' 2 for different SP:
1) SP3; 2) SP6; 3) SP 3 3; 4) SP8 (the values of ε and VM
have been taken from Kholmanskii et a l . 1 5 ) .

)
OCH3

(III)

proceeds to the extent of 80% via JV-type Τ state and the
quantum yield of the Β form of compound (III) is 0.7. 1 1 6

On this basis, one can assume that the (DS3A*) state of SP
is likewise a PCA state. Furthermore, in the case of indoline
SP with the nitro-group in the benzopyran ring, the positive
charge is localised in the (D+SA~)* states on the nitrogen
atom of the D r i n g , 2 8 ' 1 1 7 ' 1 1 8 while the negative charge is

localised on the nitro-group.
103.118.119

Consequently the
electronic structure of the given states ensures bond dis-
sociation via the α-mechanism. Thus the high values of φ
for the spiropyrans of SP3 type are due to the fact that
both lowest ΛΝ states of the (DSA*) and (D+SA~)* types
are PCA states and that the photocolouring reaction proceeds
via the mechanism

DSA

) »(DS3A*)-

I
3(D+SA~r

( 3 )

The probabi l i ty of bond dissociation on excitation in the PCA
sta tes of SP is determined by the charge q on the oxygen and
ni t rogen atom. The la t ter depends in i t s t u r n on the change
in t h e dipole moment of the molecule, which is correlated with
t h e dipole moment of the t rans i t ion |M | for t rans i t ions with
intramolecular C T . 1 5

The value of |M | is related to the experimental c h a r a c t e r -
ist ics of the CT b a n d : 1 2 0

| = 0.0958 (Δν,/ιεΜνΜ1)1/; ( 4)| Μ |

where Δν χ / 2 is the half-width of the CT band. Assuming
that φ is proportional to q, it is possible to obtain with the
aid of Eqn.(4) the relation between φ and the intensity of
the first absorption band of the SP with the nitro-group.
Fig. 4 presents the dependence of φ on ( ε ^ υ ^ ) ' for a
series of SP. Its linearity demonstrates the validity of

The occurrence of the transition (2) and the corresponding
states (D+SA~)* in SP of the SP3 type makes it possible to
explain readily the dependence of the probability of the
photoionisation of the SP on its structure in the presence
of an external electron acceptor. 2 8>1 1 7A2i,i2 2 Scheme (3) can
also be used successfully to account for the intra- and inter-
molecular photochemical processes occurring on UV irradia-
tion of an SP8 single crystal at 77 Κ, 123>121· since the key
factor in these studies was the assumption of the formation
of the 3(D+SA~)* states via the tunnel electron transition
between the D and A rings in the (DSA*) state of the SP.
The orbital nature of the (DSA*) state ensures, with the
corresponding probability, the α-dissociation of the
Cspiro~N bond, which may be the basis of the irreversible
photodecomposition of SP of the SP3 type.

On the basis of XD data for the structure of SP^, its
spiro-unit can be represented as follows:

On excitation of the (D+SA )* states in SP31t, the positive
charge is localised on the oxygen atom of the oxaindan ring
and its UQ orbital assumes a radical character (see Section
I I ) . Since the no orbital is almost orthogonal in relation
to the σ orbital of the CSpiro—Ο bond [see structure (IV)],
the exchange interaction between the electrons of these
orbitals is unlikely. As a result, the (D+SA~)* states of
SP3ij are not PCA states. The lower yield φ for SP 3 4 com-
pared with SP3 (Table 1) and the temperature dependence
of φ for SP31,

 3 3 show that the levels of the 1 > 3(D+SA-)*
states are below the levels of the PCA states of the (DSA*)
type.



144 Russian Chemical Reviews, 56 (2), 1987

As in a study by the authors of the review,27 the following
scheme can be formulated for SP^:

•_». (DS'A*)

'-*• 1iD+SA">*-^

3A*) >" S
DSA-21-1 \\Tf I (5)

• 3(D+SAT->- DSA
The energy difference ΔΕ between the (DS3A*) and 3(D+SA~)*
states of SP31, is close to the activation energy £ a for the
photocolouring reaction27 and can be estimated by comparing
the known values of EQ for other SP. Ea for SP31, is greater
than for SP3 (-0.04 eV) 2 9 but smaller than for SP22 and SP36

(-0.15 eV), 2 7 since φ = 0 for SP31t at 77 Κ and does not
change appreciably in the range 180—250 K. 3 3 Consequently
an estimate in the range 0.04 < ΔΕ < 0.15 eV is valid for
ΔΕ = Ea. For such a low value of ΔΕ, the PCA state of the
(DS3A*) type is effectively populated via a thermal mecha-
nism.

The structure of the xanthone ring also fails to ensure
conditions essential for bond dissociation via the α-mecha-
nism in the (D+SA~)* states. 2 1 ) 1 0 2 The more significant
decrease of φ for SP26 compared with SP3 (Table 1) is
apparently caused by the increase of Δ Ε to such an extent
that the thermal population of the PCA state of the (DS3A*)
type becomes improbable and the state is almost completely
deactivated owing to the transition (DS3A*) -»• 3(D+DA~)* •*•
DSA.

In SP of the SP2i, type, the valence orbitals of the sulphur
atom are sp ^hybridised,1*0 which diminishes the degree of
their conjugation with the ττ-electron system of the benzene
ring and the charge q in the λΝ state (Table 4). The
values of I for the indoline and benzopyran rings are
similar. 7 0 On the basis of these data, one can postulate
that the levels of the (D+SA~)* states lie above the corre-
sponding levels of the (DS*A) states and that the α-dissocia-
tion of the CSpiro—S bond is unlikely; the photocolouring
reaction of the given SP therefore proceeds with a fairly
high value of φ via the (DS^*) state31*'1*0 in accordance with
the predissociation mechanism (see below). Thus, using
the known1 5 '2 1 '2 1*'2 6 '7 0 '1 2 5 '1 2 6 features of the changes in the
intensity and energy of CT transitions (within the ring
having the nitro-group and between the orthogonal rings)
as a function of the structure of the SP and the nature of
the matrix and also by invoking the α-dissociation mecha-
nism , it is possible to explain successfully and to predict
the photochemical activity of SP.

2. The Role of Vibrational Excitation and the Mechanism of
Bond Predissociation in SP

Studies of the influence of the vibrational excitation of the
electronically excited state on the kinetics of the photochemi-
cal reaction are of undoubted interest. For SP with the
nitro-group, the photocolouring reactions proceed mainly
via the formation of the triplet state: the vibrational
excitation of the PCA state is essential to ensure the effec-
tive interaction of the orbitals of the orthogonal rings, which
constitutes the basis of the α-dissociation mechanism. The
energy of the electronic excitation, equal to the difference
between the energies of the Sx and Τχ states (5000-6000 cm"1),
may be expended on this vibrational excitation.16»66 This
excitation is also necessary to ensure that the atoms whose
bond· is ruptured can move apart to a sufficient distance to
avoid recombination.19

SP with the naphthopyran heterocycle (SPN) are character-
ised, like their benzopyran analogues, by high yields φ
(Table 1). However, the increase in the length of the
π-electron system changes the disposition and orbital nature

of the lowest electronically excited states of SPN (Table 3),
as a result of which their photophysical and photochemical
properties are also altered. In particular, the yields φ for
SPN without the nitro-group depend only very slightly on
th nature of the solvent and of the second heterocycle
(Tables 1 and 3). This is a consequence of the photocolour-
ing reaction of the given SP via a singlet state in accordance
with a mechanism different from the α-dissociation mecha-
nism. 2 2,2V7 it has been established22 that the dissociation
of the Cgpirg—Ο bond in the 1L state requires the excitation
of the SPN at least to the first vibrational level of the given
state. The vibrations whose nature is that of the vibrations
of the COC group (see Section II) and their excitation pro-
mote the non-radiative transition A* -*• X under these con-
ditions. The same transition is evidently responsible for
the decrease by a factor of two of the intensity of the fluo-
resence of SP2i on increase of the frequency of the exciting
light from v 0 0 to ν = vOo + 500 cm"1. 6 5 In conformity with
these features, the yield φ tends to zero on excitation of
the SPN by light having a frequency ν close to v 0 0. zz

In the irradiation with light having λ = 365 nm (v 3 6 5 =
27 400 cm"1) of the spiropyrans SP2 9, SP3 5, and SP3 7, the
energy of the light quantum is lower than the energy of the
0—0 transition (hvOo), whose frequency can be determined
from the absorption spectra. For SP3 5, SP2 9, and SP3 7, this
frequency is 28750, 28640, and 28500 cm"1 respectively.2 2 '2 3

In this case the photocolouring reaction takes place because
light with λ = 365 nm is absorbed by vibrationally and
rotationally excited SPN molecules in the ground electronic
state. Consequently φ 3 6 5 for these SP should be proportional
to the number n# of such molecules, which is determined by
the Boltzmann distribution n# = nexp [-Δ v/JcT)], where
Δ ν = v00 - v 3 6 5.

- I n φ

1100 1200 1300 Ρ, cm"

Figure 5. Dependence of -In φ on Δ ν for SP: 1) SP 2 9 ;
2) S P 3 5 ; 3) SP37 (the values of φ and ν have been taken
from Kholmanskii2 2 and Kholmanskii and Lokshin 3 3 ) .

Thus In φ should be directly proportional to Δν. Fig. 5
presents the dependence of -In φ on Δν for a series of SPN,
from the slope of which it is possible to determine T. It
proved to be 250 + 10 K, i . e . was virtually identical with the
temperature at which φ 3 6 5 had been determined for these

S p 22,33 T n e r e s u i t constitutes additional confirmation that
the photocolouring reaction of the SPN without the nitro-
group proceeds via the 1L state of the vibrationally excited
SPN molecule. Under these conditions, light with λ = 313nm
excites either the higher vibrational levels of the S x state or
the S 2 state is excited. The maximum value φ = 0.6 (Table 1)
is obtained in both cases. It follows from the temperature



Russian Chemical Reviews, 56 (2), 1987 145

variation of φ for SPN with the nitro-group that Ea for the
photocolouring reaction exceeds Δ£, which is equal to the
difference between the energies of the 3L-type PCA state
and the lowest 3 (π, ΤΓ*ΤΤ$) state by -600 cm"1 and is close to
the frequency of the first vibrational quantum. 2 7

These results suggested 2 2 ' 3 5 that the bond dissociation in
SPN proceeds via the predissociation mechanism. The role
of the dissociative level is then assumed by the electronic
level of the cis-cisoid isomer X, which intersects the level of
the PCA state in the vicinity of its first vibrational level.
The formation of the isomer X leads to the isomerisation
mechanism for the degradation of the electronic excitation
energy to vibrational energy. 6>l27>12* O n the basis of the
results described and using the data 6 ' 7 ' 3 5 for the Ea for the
forward and reverse thermal formation reactions of the
coloured form of SP, it is possible to represent the path
followed in the photochemical and thermal formation reactions
of the isomer X in the Β form by potential energy curves and
the transitions between them can be illustrated (Fig. 6).

time range ^10 7 s. The T—T absorption spectrum of SPX has
been obtained by means of the sensitised population of the Tx

level via the T—T energy transfer mechanism.1 2 8

The photocolouring reaction of the nitrochromene(III) and
the 3,3-dimethylpiperidine SP with the benzopyran ring has
been investigated by laser flash photolysis.1 1 6 '1 1*1 The fol-
lowing process scheme, analogous to scheme (1), has been
proposed for compound (III):

it/ I (6)

Β

The absorption spectra of the states 3A, 3X, and Β are
similar and can be distinguished only kinetically using the
differences between their lifetimes, which are 80 ns, 400 ns,
and 0.1 s respectively. The quantum yields in the formation
of Β via 1A and 3A are in the ratio 1:4, their sum amounting
to 0.7, while the quantum yield of the state 3A is 0.7.

E, kcal mol

20

reaction coordinate

Figure 6. The potential energy surfaces for the ground
and electronically excited states and the thermo- and photo-
colouring reaction pathways of SP 3 5 .

3. The Nature of the Short-Lived Products arising in the
Flash Photolysis or Pulse Radiolysis of Spiropyrans. The
Mechanism of the Photocolouring Reaction

Numerous studies have been made of reaction (1) by the
method of kinetic pulse spectroscopy (especially laser spec-
troscopy). 55,7n,90,99,ii6,i2e-mi T h e t i m e r e s o l u t i o n of pulse

apparatus has been increased at the present time to the
picosecond range. 7 l*,97rL32,1' t0 The values of Amax obtained
in the above studies, characterising the absorption by short-
lived products, and their lifetimes are listed in Table 5.
An especially large number of studies have been devoted to
SP containing a nitro-group. It has been established for
SPX and SP 2 1

 i5,55,^,^A2S that the photocolouring reaction
proceeds via the XA state. Only the absorption bands of the
coloured form but not of the short-lived products are
observed in the spectra of the photoproducts at least in the

Table 5. Spectrokinetic characteristics of the short-lived
products of the photolysis and radiolysis of spiropyrans.

SP

SPi

SP3

SP4

SP5

SP6

SP7

SP16

S P 1 7

SP20

SP23

Nitro
chromene (II!)

Method of
study

l.p.

f.p.
f.p.
l.p.
l.p.
l.p.
l.p.
l.p.
l.p.

f.p.
f.p.
f.p.
l.p.
l.p.
l.p.

f.p.

l.p.
l.p.
l.p.
l.p.

l.p.
l.p.
l.p.

p.r.

l.p.
l.p.

l.p.

l.p.

l.p.

At, s

10-6

10~'j

10-6

io- s

10-"
1 1 ' ) - '

io-9

10-s

10-"

10-i
in-6
io-G

10-9

io-?

io-«-

10-6

io- s

10-8

io- s

10-9

io-s

10-8

10-8

io-6

10-9

10-9

ίο-11

10~8

io-s

Matrix

ch

t
mch
mch
ms

e
pmma
t, e

t
t
ee
t
e
pmma

pmma

b
e
an
t, e

b
ppg
ms

b

t

an

b

b

t

*-max> n m

480

440
430
430
430, 600
430
430, 570
460
430, 580

445
440
480—520
420
440, 470
470

470, 530

440
445
460
450

450
450
450

430

440
440

440

470. 530

330, 520

T, S

5-10"7

5-10—*
ΙΟ-3

1.5· 10-?
2.5· ΙΟ-7

i c - 8

10-8. JO-?

10- 9 —io- e

5-10-*
10-5
0.2
) 0 - s . jo-o

0.2

2-10-7

3-10"7

9-10-7

10~7

5-10-c

3-10-5

2-10' 6

2-Ϊ0- 3

io-c

10- 8: 10- ;

10- 6

10- 6

8-10- 8;
4-10- 7

Refs.

| ! 2 8 1

[1291
[1301
1901
[961
[1311
[1311
[1311
Π32]

[129]
[991
[1331
[1311
[1311
[1311

[133. 134]

Π371
11371
11371
[1311

[1351
[1351
[135]

[139]

Γ971
[971

[140]

[1381

[1161

Notation: f.p. = flash photolysis, l .p. = laser photolysis,
p . r . = pulse radiolysis, Δί = time resolution of the method,
ch = cyclohexane, mch = methylcyclohexane, t = toluene,
e = ethanol, ee = 2: 1 ethano—ether mixture, b = benzene,
an = acetonitrile, ppg = poly(propylene glycol), ms =
micellar solutions, pmma = poly (methyl methacrylate).
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Scheme (6) is also valid for the piperidine SP with the sole
difference, that, owing to steric factors, the reaction stops
at the stage involving the formation of the isomer X and
not B.

The formation reaction of the coloured form of SP with the
nitro-group by pulse radiolysis in benzene proceeds via
mechanisms similar to that described by scheme (6) or more
precisely via the "triplet channel": 5 5 > 1 3 9

o,
Β

( 7 )

The lifetime of the state 3A is <10~8 s, while that of 3X is
2 χ 10~6 s (in the absence of oxygen). The presence of
atmospheric oxygen accelerates the reaction 3X -> Β, increas-
ing thereby the yield of B.

The influence of various quenching agents (oxygen,
TMPP, and triphenylamine) on the kinetics of the decrease
of the intensity of the short-lived absorption band of the
SPi, solution in toluene at 440 nm has been investigated" by
flash photolysis using the results of a study of the quench-
ing of the photocolouring reaction in photostationary experi-
ments. This absorption disappeared with the rate constant
^105 s"1 and did not arise in the presence of O2. The
results obtained show that the photolysis of SP^ proceeds
via a mechanism analogous to mechanisms (6) and (7) and
that the absorption band at 440 nm constitutes a superposi-
tion of the absorption bands of two SP photoproducts— 3A
and 3X. " Oxygen and the electron donor deactivate 3X
and 3A respectively under these conditions.

Thus, on the basis of the results of a number of studies,"*'
99,116,139,1̂ 1 a n d t a k i n g i n t o account the fact that in the
photostationary colouring of SP with the nitro-group the
reaction proceeds mainly via the triplet state, one can
postulate that scheme (6) is valid for SP with the nitro-group,
as for compound (III), with the sole difference that the
deactivation of the 3X state by oxygen in the case of SP
leads to the formation of the Β form, while in the case of
compound (III) the initial form of the nitrochromene is
regenerated. 1 1 6

We shall analyse from this standpoint other studies of the
photocolouring reaction by the laser flash photolysis method.
The short-lived spectra of SP3 and SP2 0 arise over a period

of only -ΙΟ"1 1 s and the disappearance of the band at
580 and 440 nm in the initial instants proceeds in accordance
with the same law with a characteristic time in the range
10~9—10~8 s, depending on the solvent (toluene and ethanol).
Hence it follows that these two bands belong to the same
product. By analogy with other studies 1 3 0 ' 1 3 7 ' 1 1* 2 and in
view of the high rate of its appearance, Krysanov and
Alfimov132 assigned the 440 nm band to the So •+ S* absorption
of the isomer X, assuming that it is formed from the XA state.
Although this reaction can in fact make a definite contribu-
tion (<:20%) to the formation of the isomer X and the Β
form,97»116'11*1 nevertheless it is preferable to attribute the
band to the overall absorption by the SP and the isomer X
in the Τ states (3A and 3X respectively). This assignment
makes it possible to explain the biexoponential kinetics of
the decrease of the absorption by the short-lived products,
noted in a number of investigations1 3 2 '1 3 7 '1 1*0 '1 1 1 2 and charac-
terised by two times τχ and τ 2 , and also the influence of the
presence of oxygen on the latter. The rapid and slow com-
ponents of the kinetics of the decrease of absorption can be
reasonably assigned to absorption by the 3A and 3X states
respectively. The time τλ for the 3A state is then 10~9-
10~8 s, while τ2 for the 3X state is ~10~7 s. The time τχ for
the 3A state agrees well with its existing estimates (see
Table 4 and Refs.139, 143, 144). For such values of τχ and

τ 2 and at a low O2 concentration (~10~3 M), the quenching
process, whose rate is determined by diffusion, can exert an
appreciable influence only on the slow component of the
decrease of the absorption by the short-lived products, i .e.
on τ 2 for the 3X state. Indeed it has been noted that τλ

remains unchanged and τ 2 diminishes with the simultaneous
increase of the yield of the Β form in the presence of O 2 . 1 3 7 >

i39,ii»2 T h e h i g h r a t e o f f o r m a t i o n of 3A is also not sur-
prising, since Kgj for aromatic nitro-compounds is of the
order of ^lO11 s~x. For example, the maximum intensity of
the T—T absorption for nitroanisoles is attained after only
~10~lx s. 7 6 This is also promoted by the high quantum
yield (0.6-0.7) for the formation of the triplet states of
aromatic nitro-compounds. 76>78»11*5

Analysis of the absorption spectra of the short-lived prod-
ucts131»132»11*0 permits the conclusion that in the case of SP,
as for compounds (III), the extinction coefficients of the 3A
and 3X states and the positions of the absorption bands are
similar. In the range 570—610 nm the pattern of the varia-
tion of the short-lived spectrum may become complicated as a
consequence of the superposition of the absorption band of
the Β form.

For SPi» and SP5, the assignment of the 440 nm band to the
T—T absorption in PMMA 1 3 1 agrees with the results of a
study 1 3 3 in which the identity of the lifetimes of the phospho-
rescence and of the short-lived absorption of SP5 at 77 Κ
was established. The character of the time variation of the
spectrum of the short-lived product derived from SPu 1 3 1

permits the conclusion that the 420 nm band represents the
superposition of the absorption bands of two products with
appreciably different lifetimes—of the order of 10~8 and
10~6 s, which agrees qualitatively with the results of Khol-
manskii et al. "

Biexponential kinetics of the decrease of the absorption at
440 nm have been observed for SP 1 7 in acetonitrile; 9 7 the
shorter-lived absorption was assigned by the authors to the
SQ—S^^ absorption by the isomer X, since the decrease of the
absorption intensity at 440 nm was not accpanied by an
increase in the region corresponding to absorption by the Β
form (500-600 nm). However, as noted above, the con-
stancy of the absorption intensity in the range 500—600 nm,
which was observed also in other studies, 1 1 6 , 1 3 9 , l l t 6

 m a y be
be due to the fact that the decrease of the 3A absorption
and hence also of the 3X absorption is compensated by the
increasing absorption by the Β form.

It has been established97 that the absorption of SP 1 7 at
λ = 530 nm increases with a characteristic time of 2.7 χ
10"10 s (in methylcyclohexane) regardless of the initial SP
concentration (the latter fact shows that the association of
the SP molecules does not affect the primary photoprocesses
in the molecule). This increase was attributed to the reac-
tion XA + Β which may make a slight contribution to the
formation of the Β form in the case of SP with the nitro-
group, as for compound (III).

Summing up the discussion of the results obtained with the
aid of kinetic pulse spectroscopy, one may conclude that the
formation of two products can be detected kinetically on appa-
ratus with a time resolution S10~8 s and that the lifetime of
the shorter-lived product is not appreciably influenced by
oxygen. With laser pulse apparatus with a time resolution
S10~7 s, a single short-lived product is detected as a rule,
its lifetime depending on the presence of O2. The identifica-
tion of these products as the SP and the isomer X in the 3A
and 3X states respectively appears to be most likely.

Thus, on the basis of the above analysis and taking into
account the data in Section II and in the previous parts of
the present Section, one can formulate the following general
mechanism of the SP photocolouring reaction:
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(8)

The scheme does not show the recombination reaction of the
excited states A* and X* to give A and also the transitions
XX -*• 3X and 3X ->• X and the reverse dark reaction Β -*• A
re entirely feasible.

The occurrence of the photocolouring reaction via a
particular channel is determined by the structure of the SP
and external conditions. For SP containing a nitro-group,
the reaction takes place mainly via the triplet channel, while
for SP without the nitro-group the singlet channel is
involved. Bearing in mind that the bond dissociation reac-
tion in the 3A state of SP3 has an activation barrier of 0.04
eV, 2 9 the photochemical reaction pathway for an SP of the
type SP3 can also be represented under these conditions by
the transitions illustrated in Fig. 6.

The results of the study of the kinetics of the reactions
of the SP photoproducts and their lifetimes make it possible
to estimate the rate constants for the transitions between
them. The rate constant for the intersystem transition for
SP with the nitro-group in a weakly polar solvent has values
in the range >10i:L s"1 (transitions of the type lA ->• 3A and
apparently XX ->· 3X). 7I* The rate constants for the transi-
tion 3A -y 3X or Β as well as the transition \A ->- Β are in
the range ΙΟ8—1010 s"1 9 7 depending on the structure of the
SP. The transition 3X -*• B(X) in the absence of oxygen is
characterised by a rate constant of 10s—107 s"1. This applies
to SP whose Τ state is photochemically active. If the Γ state
is photochemically inactive, its lifetime increases to 10"6 s
(SP22 and SP 2 3 ) . The transitions between the isomers B,
including the transition X -»· Β (A), take place with a rate
constant of ~107 s"1 at room temperature. 1 3 7 Since the
transition X -> A(B) can have activation barriers (Fig. 6 and
Refs.6 and 35), the photocolouring process can be arrested
at the X-isomer formation stage as the temperature is
reduced, which has in fact been observed. 35Λ°»73>80

IV. PROSPECTS FOR THE EMPLOYMENT OF PHOTOCHROMIC
SPIROPYRANS IN SCIENCE AND ENGINEERING

Photochromic SP have found the main application in the
preparation of various recording media and in the treatment
of optical information and also in the manufacture of filters
with a variable optical density. 5 ' 7 ' 9 More than 20 light sen-
sitive compositions of photographic materials in which SP play
one role or another are patented annually in this field. Apart
from their use as colour-generating components (in photo-
chromic and free-radical photographic materials with a
sensitivity up to 10"1* J cm"2»1*·1'*7"1'*9), SP are also introduced
as spectral sensitisers in diazotype, photopolymeric, and
electrophotographic photomaterials. 7 Photochromic materials
based on SP have a high resolving power (up to 101* mm"1)
and a capacity for recording and counting on a real time-
scale; the light sensitivity of photochromic materials to UV
light is 0.05 J cm"2 for a unit decrease in optical density while
their sensitivity to IR irradiation is 1-2 J cm"2. 4 > 5 The num-
ber of recording and deletion cycles on the photochromic
material varies from tens to thousands depending on the
optical density drop and the type of material. 5

Photochromic materials based on SP are being improved by
increasing the number of cycles which can be achieved and
the light sensitivity and by creating multicolour photochromic
systems and materials, which make it possible to regulate the

storage time of the information recorded on them. In order
to solve the latter problem, the influence of the polymer on
the characteristics of the photochromic transformations and
the possibility of stabilising the coloured form by selecting
the appropriate polymer or the type of chemical binding of
the SP to the latter are investigated 3 2 ' 8 1*' 8 6 ' 1 5 1" 1 5 3 as is
altering the structure of the SP to increase the activation
barrier of the thermal decolorisation reaction. 1 5 0 > 1 5 1

The light sensitivity of photographic materials based on
SP, in which the image is recorded on the basis of the fluo-
resence of the coloured form of the SP, reaches 10~5 J cm"2.1>'7

Materials of a similar type are nowadays being vigorously
investigated and improved.

We shall consider in greater detail the use of SP as regula-
tors of various physicochemical processes controlled with the
aid of light. The principal property of SP which permits
their use in this field is the sharp difference between the
physicochemical characteristics of the coloured and colourless
forms. The coloured form of the SP with the nitro-group
is a highly polar merocyanine dye and hence it possesses the
entire wide variety of properties characteristic of this class
of dyes.

The possibility of the photocontrol of the potential differ-
ence on the surface of a membrane with the aid of SP has
been investigated.1 0 '1 5 1* For this purpose, one uses the
ability of the coloured form of the SP on the surface of the
membrane to react effectively with a proton to form a posi-
tively charged product. The surface charge on the mem-
brane and hence the potential difference is regulated in this
way.

The possibility of using SP for the investigation of the
photoregulation of ion transport through a biological mem-
brane is extremely a t t ract ive , 1 5 4 " 1 5 6 particulaly the photo-
control with the aid of SP of the transport of metal salts
(KC1 and NaCl) and aminoacids through liquid membranes.
By means of an SP, using the photochromic properties of its
hydrochloride, it is possible to control the electrical conduc-
tivity of liquid solutions by means of l ight . 1 5 7

The possibility of the photoregulation and investigation of
the chemical reactivity of biological molecules by introducing
SP into their compositions appears promising. Thus inter-
esting studies have been made on the photocontrol of the
chemical reactivity of the SP-modified α-amylase. 1 5 8 ~ 1 6 1 The
mechanism of the influence of SP on the chemical reactivity
of compounds is based on the change in the distribution of
electron density in the molecule under the influence of the
charges of the highly polar Β form. The same property of
the coloured form determines also the possibility of using SP
as surfactants, capable of altering the surface tension at the
interface between two liquids 1 6 2 ' 1 6 3 and also of regulating with
the aid of light the hydrophilicity of the polymer surface.1 6 4"1 6 6

The use of SP as light-sensitive additives in films and
Langmuir—Blodgett monolayers is of special interest. 11>13>1't>
167-169 gp m o tjifie (j by introducing a long saturated hydro-
carbon chain into the indoline or benzopyran fragment (as,
for example, in SP1 8) are used for such purposes.

Thus it is possible to modulate fluorescence by light and
also to investigate the mechanism of the energy and electron
transfer between layers, regulating the distance between them
with the aid of intervening multilayers consisting of different
numbers of monolayers but without admixtures (for example,
the thickness of the cadmium arachidate layer was 25 Α 1 6 9 ) .

The high rates of the intermolecular reversible photochem-
ical processes in SP (see Section III) give rise to the hope
that the use of SP in multilayers of various structure in
combination with the appropriate laser pulse technique will
help to create interrupters or modulators of light or electric
signals, which are triggered over a period of ~10~u s.
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Since SP exhibit photochromic properties when adsorbed
on solid surfaces, 5~ 8 it is of undoubted interest to introduce
them as light-sensitive admixtures into ordered monolayers
prepared by the chemisorption of certain compounds on solid
surfaces, including oriented polymers. 1 7 0 ~ 1 7 2

The introduction of SP into liquid crystal materials and
the synthesis of molecules with liquid-crystal properties on
the basis of SP make it possible to expand the range of
applications of the latter. I f 8 » 1 7 3 - 1 7 5 The preparation of
photochromic compositions in the form of micellar solutions
or the use of SP with amphiphilic properties makes it possible
to render visible a stream of liquid to which the SP has been
added1 7 6»1 7 7 and to apply the method of flash photolysis to
the study of various problems of the hydrodynamics of liquids.

It has been suggested 1 7 8 ' 1 7 9 that SP be used as analytical
reagents for the ions of a series of metals, because the latter
react with the Β form to produce intensely coloured chelate
complexes.
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The 1f3-Anionic Cycloaddition Reactions of αβ-Unsaturated Thiolates
and Their Analogues
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The reactions of a|3-unsaturated alkali metal thioiates and the analogous salts of selenols and tellurols involving the 1,3-anionic
cycloaddition mechanism are examined. The principal factors determining the capacity of the unsaturated triad anions for
1,3-anionic cycloaddition are identified and surveyed, which makes it possible to predict the mode of the reactions of these
compounds.
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I. INTRODUCTION

The reactions involving the cycloaddition of neutral 1,3-
dipoles to unsaturated compounds have now been thoroughly
investigated in relation to many examples. Huisgen formu-
lated the main principles governing the structure of the
1,3-dipolar system and proposed a synchronous cyclo-
addition mechanism. As a result of these studies, 1,3-dipolar
cycloaddition has become an important method of synthesis
of heterocyclic compounds. 1

The αβ-unsaturated compounds of sulphur and its
analogues (selenium and tellurium) usually participate in 1,3-
dipolar cycloaddition reactions as fairly reactive dipolaro-
philes and, due to the specific influence of the sulphur
atom, the product is a regioisomer of the cyclic adduct dif-
ferent from that obtained in the case of αβ-unsaturated oxy-
gen-containing compounds. However, the multiple bond
remains the reaction site. 2

The reactions of αβ-unsaturated sulphur compounds in
which they participate as 1,3-dipoles and not as dipolaro-
philes have also been discovered recently. Thus a group of
Soviet and foreign chemists have been actively investigating
the interaction of l,2-dithiole-3-thiones, which are stable
quasi-aromatic compounds, with dipolarophiles. 2 ' 3 Drozd and
co-workers extended the above reaction to allylic and
propargyl derivatives of dithiocarboxylic acid esters. "*'5

In all these cases the cyclisation is accompanied by a sigma-
tropic shift.

Other instances of the 1,3-dipolar reactivity of sulphur
compounds, for example, the adducts of carbon disulphide
with phosphines or diamines, are also known.2

Nitrile sulphides, whose structure and reactivity are
analogue to the classical 1,3-dipolar nitrile oxide systems,
have been obtained recently. 6

Thus the capacity for 1,3-dipolar cycloaddition, known
previously only for oxygen and nitrogen compounds, has
been recently demonstrated also for sulphur compounds.

Within the framework of the principle of the conservation
of orbital symmetry in a chemical reaction, 1,3-dipolar
cycloaddition is a special case of the symmetry-allowed
[U4S + π28]cycloaddition of allyl anions to unsaturated com-
pounds. 7 For this reason, the allyl and propargyl anions
have been used as the basis of the classification of the

octet-stabilised 1,3-dipoles:

The possibility of the involvement of such anions in cyclo-
addition reactions analogous to that of the "classical" 1,3-
dipoles was predicted by Woodward and Hoffmann.7 These
reactions with participation of αβ-unsaturated anions have
been called "1,3-anionic cycloaddition" (1,3-AC) on Kauff-
mann's suggestion.9 The reactions involving the cyclo-
addition of inorganic azides (anionic 1,3-dipoles) to multiple
bonds, known for a long time, can also be included among
them: x

Li-/tN=N—V.1
 <ΓΝ - Ο

CrII-C=N ) }==1
" V ' / .

.Θ »3'>

/ue

The 1,3-AC reaction of the unsubstituted allyl anion has not
so far been achieved. However, allyl anions having substitu-
ents in the 2-position capable of stabilising the charge on the
central atom of the triad do undergo the 1,3-AC reaction with
activated alkenes. Thus 2-cyano-l,3-diphenylallyl-lithium
reacts with trans-stilbene in a rigorously stereospecific man-
ner with formation of the corresponding cyclopentantes. cis-
Stilbene does not react with the salt, which confirms the
concerted mechanism of the formation of new bonds. 1 0

The participation of propargyl anions in 1,3-AC reactions
has not been investigated, although it has been suggested
that the dimerisation of 1,3-diphenylpropyne under the
influence of lithium diisopropylamide proceeds via the
1,3-AC of the 1, 3-diphenylpropargyl anion. 9

The study of this key reaction, predicted by the theory,
developed only after 1974 as a result of the studies by
Kauffmann and co-workers devoted to the nitrogen-containing
allyl anions. 9 This group of chemists demonstrated that
l,3-diphenyl-2-aza-allyl-lithium is the most reactive in
1,3-AC reactions with participation of a wide variety of
unsaturated compounds ("anionophiles" according to Kauff-
mann's terminology).
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The study of the 1,3-AC reactions of 2-aza-allyl-lithium
compounds with simple alkenes demonstrated their great
similarity to the reactions of 1,3-dipoles of the allylic type . 8

Thus simple unsubstituted alkenes do not react with 2-aza-
allyl-lithium compounds, as in the case of the usual 1,3-
dipoles. Only the introduction of phenyl substituents
(styrene, stilbenes) into the dipolarophile or an increase
in the strain in the multiple bond (norbornene, acenaphthyl-
ene) leads to 1,3-AC. Such reactions proceed exclusively
regioselectively, as for the usual 1,3-dipoles. trans-Stilbene
is more reactive in 1,3-AC reactions than cis-stilbene. In
most cases the 1,3-AC proceeds stereospecifically: trans-
stilbene reacts with cis-1,3-diphenyl- 2-aza-allyl-lithium to
form only one conformer of tetraphenylpyrrolidine:

These data indicate a concerted mechanism of 1,3-AC.
Apart from the alkenes enumerated above, alkadienes and,
as shown recently, arylallenes are fairly reactive in the
1,3-AC reactions with 2-aza-allyl-lithium compounds.1 1 The
introduction of organoelemental substituents, incorporating
Group IV—VI elements in the Third and Fourth Periods such
as sulphur, selenium, phosphorus, arsenic, silicon, and
germanium, into alkenes favours the 1,3-AC reactions. 1 2

The 1,3-AC reactions of 2-aza-allyl-lithium compounds with
alkynes and nitriles frequently lead to heteroaromatic prod-
ucts, since they are accompanied by the elimination of
hydrogen.

The nature of the multiple bond in the anionophile has a
particularly pronounced influence on the 1,3-AC reactions.
As in the reactions with the usual 1,3-dipoles, the oxygen-
containing anionophiles are less reactive in cycloaddition to
2-aza-allyl-lithium anions than the sulphur and nitrogen
compounds. Aldehydes, ketones, and carbon dioxide react
with 2-aza-allyl-lithium compounds to form only linear
adducts. Carbon disulphide is uniquely reactive in 1,3-AC
reactions. 9

Thus 1,3-AC reactions have been relatively thoroughly
investigated only for nitrogen-containing allyl anions. The
results of these studies have been summarised in a review9

and have been included in a reference publication on general
organic chemistry. 1 3

Yet another type of 1,3-AC reactions involving sulphur
compounds, namely αβ-unsaturated thiolates and their
Group VIA analogues has been investigated in very recent
years. These reactions make available new groups of sulphur-
containing hereocycles and extended thereby greatly the
scope of 1,3-AC in organic synthesis. The present review
is devoted to a survey of the results of the authors of the
review and other chemists in the study of the reactivities of
αβ-unsaturated thiolates in 1,3-AC reactions.

αβ-Unsaturated thiolates are generally related to thioalde-
hydes, thioketones, and thioketens and the investigation of;
their reactivity therefore helps to extend the applications of
various thiono-compounds in organic synthesis.

Ethylenic thiolates, which are salts of enethiols—a
tautomeric form of thiono-com pounds—have been known for a
comparatively long time, while the salts of acetylenic thiols—
the "enol" form of thioketens—were first obtained only in
1962. χι* The electrophilic substitution reactions of αβ-unsatu-
rated thiolates have been most thoroughly investigated. In
contrast to the enolates, which react both via the oxygen
and carbon centres, unsaturated thiolates interact with

electrophiles only via the thiol reaction c e n t r e . 1 5 Ethylenic
selenolates and even more so the tellurolates were until
recently difficult to obtain or were unknown owing to the

instability of the initial ^>C=Se and "̂ >C=Te compounds.1 6 As

a result of studies mainly by Arens and his school,1 4 the
salts of αβ-acetylenic selenols and partly tellurols are readily
available.

The nucleophilic character of the heteroatom in αβ-unsatu-
rated thiolates and their analogues as well as the available
data on the reactivity of 1,3-dipoles of the "allylic type" 8

have determined the choice, as objects of study, of aniono-
philes such as heterocumulenes and activated acetylenes, in
the first place carbon disulphide, whose unique reactivity
in 1,3-dipolar cycloaddition reactions is well known.1 Further-
more, αβ-unsaturated thiolates can be successfully intro-
duced into "mixed" dimerisation reactions with Huisgen's
classical 1,3-dipoles. Such reactions have been fairly
thoroughly investigated for the αβ-unsaturated compounds
of tervalent phosphorus. 2 The latter are regarded as 1,3-
dipolar systems with the negative charge on the phosphorus
atom and the positive charge on the extreme carbon atom
involved in the multiple bond.

. INTERACTION WITH HETEROCUMULENES

1. αβ-Ethylenic Thiolates

2-Alkyl(aryl)ethylenethiolates are usually obtained as
mixtures of the Z- and E-isomers on treatment of the cor-
responding ethylthioethylenes with alkali metals in liquid
ammonia. 1 7 ' 1 8

Despite the fact that carbon disulphide exhibits a unique
reactivity in both 1,3-dipolar cycloaddition and 1,3-AC
reactions, 2-alkyl(aryl)ethylenethiolates enter into the
1,3-AC reaction with the above anionophile with difficulty.
The formation of cyclic adducts is not then the only reaction
pathway. The unsubstituted ethylenethiolate does not form
cyclic adducts with carbon disulphide, like the allyl anion: 1 9 ' 2 0

The reactions of alkali metal 2-alkyl(aryl)ethylenethiolates
with carbon disulphide lead to the corresponding 1, 2-dithiole-
3-thione in a low yield after neutralisation and oxidation with
atmospheric oxygen. The addition is preferentially to the
thiol reaction centre. Treatment of the reaction mixture
with methyl iodide results in the formation of methylalk-1-
enyl trithiocarbonates. On the other hand, when iodine is
added to the reaction mixture as the oxidant, only dialk-1-
enyl disulphide is obtained. 2 0 In contrast to the thiolate
anions, the enolate anions react with carbon disulphide to
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form C-adducts and not cyclic adducts: 2 1

o
2 R ' - C = C - Oe + CS2

I I
Η R

propene-1-thiolate with carbon disulphide: 1 9 ' 2 0

s

RCC-/ \=CCR.

R' S R'

In order to elucidate the causes of this difference between
the behaviour of enolates and ct3~unsaturated thiolates in
the reaction with carbon disulphide, the charge distribution
in the C(2)=C(1)-X (X = S or O) systems was estimated from
1 3C NMR spectra and from quantum-chemical calculations. 2 2

It was established that the maximum negative charge is
located in both cases on the heteroatom, but the nono-uni-
formity in charge distribution is more striking for enethio-
lates than enolates. In the case of enethiolates one may speak
of the strong nucleophilic centre on sulphur and the weak
centre on the C(2) atom, while in the enolate anion there
are two nucleophilic centres of approximately equal strength
[O and C(2)].

These data agree with the mode of nucleophilic addition of
alkenethiolates to the electrophilic carbon atom of carbon
disulphide. However, the question of the mode of addition
of enolates and the mechanism of the [3 + 2]cycloaddition of
alkenethiolates to carbon disulphide remains open.

The possibility that the reaction proceeds not only via the
concerted mechanism but also via a stepwise mechanism is
real for 1,3-AC reactions to an even greater extent than
for 1,3-dipole cycloaddition.8 > 9 One can assume accordingly
that the reactions of an enolate with carbon disulphide
belong, like the reactions of alkenethiolates, to the [ π 4 8 +

π 2 8 ] cycloaddition type, but the suggested cyclic adduct is
unstable owing to the instability of the O—S bond. A similar
hypothesis has been put forward in the literature for the
reactions of enolates with carbonyl compounds. 2 3

In order to confirm this hypothesis and to explain the
causes of the observed high regioselectivity of the reaction,
the results of quantum-chemical calculations for the enolate
and enethiolate ions and carbon disulphide were analysed
with the aid of the rules established by the molecular orbital
perturbation theory in the 1,3-dipolar cycloaddition reaction. 2 2

Such analysis is entirely justified, since 1,3-AC also belongs
to the class of [ π 4 8 + V2S]cycloaddition reactions.

The calculations have shown that the distribution of the
energy levels of the frontier orbitals in the reactions of
both enethiolates and enolates with carbon disulphide belongs
to Sustmann's type I. However, the estimation of the regio-
specificity of the cycloaddition of enethiolates and enolates
to carbon disulphide by the energy stabilisation method
yields a different result for these interactions. The
observed regioisomer of the cyclic anion (l,2-dithiole-3-
thione and not l,3-dithiole-2-thione) was accurately pre-
dicted in the case of enethiolates, while for the enolates the
stabilisation energies of different regioisomers of the cyclic
adduct are approximately the same. The reaction of the
enolate with carbon disulphide is not cycloaddition. On the
other hand, the same method predicts correctly the experi-
mentally observed mode of nucleophilic addition of enethio-
lates and enoaltes to carbon disulphide. 2 2 Thus it has been
suggested that the formation of l,2-dithiole-3-thiones in the
reactions of alkenethiolates with carbon disulphide proceeds
via a concerted mechanism with the immediate formation of a
cyclic anion and not the nucleophilic addition product, which
cyclises under the influence of the oxidant after neutralisa-
tion. 2 0 - 2 2

A mixture of the Z- and E-isomers of 2,4-diethyl-l,3-
dithietan (the propenethiol dimer), whose formation is
promoted by the presence of weak proton donors, has
also been discovered in the products of the reaction of

CH3CH2CH CHCH2CHS + [CH2CN]eM·;2 CHSCH=CHS®M® - 2

M=Li, Na, K.

A similar dimerisation has been observed also for thio-
ketones in the presence of bases. 21*

Heterosubstituted ethylenethiolates are much more reactive
in the 1,3-AC reactions with carbon disulphide. In view of
the fact that the capacity of the 1,3-dipole for cycloaddition
reactions is directly related to the ability of substituents to
destabilise the dipole and to stabilise the transition state, 8

the ease of the 1,3-AC should diminish in the following
sequence of heteroatoms in the 1-position in the ethylene-
thiolate: Ν > Ο > S.

Substituted 1-aminoethylenethiolates do indeed react with
carbon disulphide even at -55 °C to produce a high yield
of only substituted 5-amino-l,2-dithiole-3-thiones: 2 5 ~ 2 7

s
HK ,R i) HCI Rx ) \

+ CS,
ι® R'R'N

M = K , Na; R = H . Alk, Ar; R*,R*<-Alk. Ar.

A
S 5

Here it is essential to note that substituted 1-aminoethylene-
thiolates, obtained by the reaction of thioamides with potas-
sium or sodium amides in liquid ammonia, exist exclusively in
the form of the Z-isomers.28

On the other hand, l-methoxy-2-phenylethylenethiolate
reacts with carbon disulphide only at room temperature, and
more effectively on heating, the product of the oxidative
dimerisation of the intermediate cyclic anion, namely 5,5'-
dimethoxy-4,4'-diphenyl-1,1', 2,2'-tetrathiofulvalene, being
formed unexpectedly: 2 9

CH,0 C,H5

HjC, OCH,

The reactions of 1-methylthioethylenethiolates with carbon
disulphide give rise to only traces of l,2-dithiole-3-thiones.
Cyclic adducts were obtained only by the reaction of the
dithioesters with carbon disulphide in the presence of tri-
ethylamine and oxidants (S or I2) in a solvating solvent:25

S

/\
i

R-i

CH,s

R=Alk, Ar

NN-Disubstituted 1-aminopropene-l-thiolates react vigo-
rously with carbon disulphide regardless of the structure of
the substituents at the nitrogen atom with formation of only
the NN-disubstituted 5-amino-4-methyl-l,2-dithiole-3-
thiones.26

The nature of the substituent in the β-position in Ν-sub-
stituted a-aminoethylenethiolates has a much more significant
influence on the reaction with carbon disulphide.27

Thus, in the absence of a β-substituent, the products of
the competing oxidative dimerisation, namely substituted
5,5'-diamino-l,l'-2,2'-tetrathiafulvalene, are formed apart
from the usual 1,3-AC products:27'29

Η R l R 2 N

+ CS, —

Η NR1!R'R1
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The introduction of a bulky substituent in the β-position
in ethylenethiolate results in the reaction with carbon
disulphide being accompanied by the elimination of an amine
molecule and the formation of 4-t-butyl-l, 2-dithiole-3-
thione:2 7

s
Η\/™' ,)Hc, ™,C »

|| + cs,-aa^ \V™ >•
j N^^S^K® S

V
The cyclic structure of the intermediate is confirmed by

the formation of a monopiperidide of trithiomalonic acid on
interaction of potassium 1-piperidinoethylenethiolate with
carbon disulphide in the presence of acetonitrile:

are also capable of entering into the 1,3-AC reaction:

/
CH,=c

\
Ν

I) CSi 2) HCI
CH.CN

II
C /—.

The compound isolated is not oxidised by atmospheric oxygen
to the corresponding l,2-dithiole-3-thione.27

Only one example of the formation of l,3-dithiolan-2-thiones,
and not 1,2-dithioles, in the reactions of alkene-1-thiolates
with carbon disulphide is known in the literature, namely on
interaction of 2-acetamidoethylenethiolate with carbon
disulphide: 3 0

CH,CONH

X
NHCOCH3

R'/ ^S©Nae

R, R'=H, CH,

R-

R'-
S;

The formation of alkene-1-thiolates may be postulated as
an intermediate stage in certain methods of synthesis of
l,2-dithiole-3-thiones, in the first place in the reaction of
thioketones with carbon disulphide in the presence of a
base (triethylamine) and an oxidant (sulphur):21*

II R
R-C-CHr-R cs2, s, N(C2HS)3 \ / \ .

SH

R—C=CH—R
R = n-C 3 H 7 , i so-C 4 H 9 .

- - II

This can also occur on interaction of alky 1-substituted
enamines with a mixture of sulphur and carbon disulphide31

and also in the reactions of nitriles having mobile hydrogen
atoms in the α-position with carbon disulphide and sulphur
in the presence of bases3 2 '3 3 and in the exothermic reaction
of keten NS-acetals with carbon disulphide and sulphur in
dimethylformamide (DMF):31*

(CH,),N-C

The αβ-ethylenic selenolates, which are isoelectronic
analogues of alkene-1-thiolates having the amino-group in
the α-position and which have been obtained recently,

Υ
6 ), N/NSftSK

S

υ HCI C.H». J\

^ γ γ(C,H

The reaction is accompanied by the formation, together with a
thiaselenole, also of compounds with the dithiole structure,
because selenium is replaced by sulphur in the selenolate
anion.3 5

Like carbon disulphide, phenyl isothiocyanate is an active
dipolarophile and anionophile in 1,3-dipolar cycloaddition and
1,3-AC reactions.1'9 In contrast to carbon disulphide, its
molecule is asymmetric and, as shown in relation to the
1,3-dipolar cycloaddition reactions, it is capable of interacting
via the C=S and C=N bonds.1 However, in 1,3-AC reactions
involving 2-aza-allyl anions, phenyl isothiocyanate reacts only
via the C—N bonds.9

NN-Disubstituted 1-aminoethylenethiolates, which are the
most reactive in the 1,3-AC reactions with carbon disulphide,
combine with phenyl isothiocyanate and phenyl isocyanate via
the carbon reaction centre with formation of derivatives of
dithio- and mono-malonic acids respectively: 3 6

H. ,R
+ QHs-NCX

Alk a N / X S e K 6

C6HjNHC

CH-C
\NAIV,

X = S . R-=C6H5

.NAlk,

R-Alk, Ar; X-O, S.

The products of the reactions of ethylenethiolates with
phenyl isothiocyanates are oxidised by iodine to the corre-
sponding 3-phenylimino-l,2-dithioles. The unusual site of
nucleophilic addition (at the carbon centre of ethylene-1-
thiolate) and the formation of a cyclic adduct in the reaction
of 2-phenyl-1-piperidinoethylenethiolate with phenyl iso-
thiocyanate suggest a concerted mechanism of the addition
reaction. Derivatives of thiomalonic acid are formed as a
consequence of the high instability of the corresponding
cyclic anions. The phenyl substituent increases somewhat
the stability of the cyclic anion, which is oxidised to a 1,2-
dithiole after neutralisation.28'36

Sodium 2-acetamidoalkenethiolates react with isothio-
cyanates, forming, after neutralisation, linear nucleophilic
addition products, which are tentatively identified as sub-
stituted dithiocarbamates. The latter cyclise to thiazolidine-
2-thiones on heating in dimethyl sulphoxide (DMSO) in the
presence of t-C^H9OK: 3 0

13. /NHCOCH,
\ -f RN=C=S

H/\S6Naffi

CH,CONH R

CHS N̂

R=AIk, AT.
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Ethylenethiolates can react even with l,2-dithiole-3-thiones.
Thus the condensation of 4-methyl-l,2-dithiole-3-thione with
sodium or potassium propene-1-thiolate results in the forma-
tion of 3,5-dimethylthiapyran-2-thione: 2 0

s »

°KA
l| S + CH,CH=CHS©Me •

f ν /

On the other hand, the interaction of NN-disubstituted
5-amino-l,2-dithiole-3-thiones with an excess of NN-disub-
stituted potassium 1-aminoethylenethiolate leads to derivatives
of l,6,6a-S(IV)-trithiapentalene:3 7

,©.©

R ' . N

R3R

— Β 1 , R4 = Alk, Ar. Η; R2, R3, R5, R 6 = Alk.

It has been shown for aza-allyl anions that the nature of the
double bond involving a heteroatom has a marked influence
on the 1,3-AC reaction. Thus aldehydes, ketones, and
carbon dioxide react with 2-aza-allyl-lithium derivatives to
form only linear products. 9 Alkene-1-thiolates react
analogously with carbonyl compounds i38"1*0

—CH=c—SeM®

1) O=O
/

2) H,O©
\ / S

C(OH)CH-C ί
/ \M®-LI, Na, McCl.

2. αβ-Acetylenic Thiolates

αβ-Acetylenic thiolates are isoelectronic analogues of 1,3-
dipolar systems of the propargyl type such as nitrileimides,
nitrileimines, and diazonium betaines.8'1*1 Instead of the
nitrogen atom, the role of the centre at which the charge is
stabilised is assumed by the sp-hybridised carbon atom
having a higher electronegativity than the sulphur atom.1*2

The cyclic anions formed on the 1,3-AC of αβ-acetylenic
thiolates are more stable than in the case of αβ-ethylenic
thiolates, since they have the character of the cyclopentenyl
and cyclopentadienyl anions. "*3 However, both the cyclo-
pentadienyl anion and its hetero-analogues readily undergo
cycloelimination for an "inexplicable" reason (in Huisgen's
words'*1). Probably, the 1,3-AC reactions of αβ-acetylenic
thiolates can take place only in the presence of stabilising
substituents such as aromatic groups. The activating
influence of such substituents has been noted for 2-aza-allyl
anions9 and for αβ-ethylenic thiolates. 1 9 ' 2 0 > 2 S ' 2 7

αβ-Acetylenic thiols and their analogues are unknown and
are believed to be extremely unstable. hh In the form of
alkali metal salts, they are nevertheless readily available.
The method of synthesis of αβ-acetylenic thiolates, seleno-
lates, and tellurolates on interaction of acetylides with
chalcogens in liquid ammonia was proposed as early as
1962: "*5

+ Xe - RC^CXX®Nae;

. . . etc.

The main deficiency of this method is the synthesis of
salts with impurities comprising polyelement derivatives.
The most convenient method of preparation of the salts of
αβ-acetylenic thiols and selenols is the decomposition of
4-substituted 1,2,3-thia- and 1,2,3-selena-diazoles by strong
bases (alkali metal amides and hydrides and alkyl-lithium):'16"'·9

M©B©

S, Sc; R = Alk, Ar.

C=CX©M® 2 + BH ;

There also exists a convenient preparative version of the
method of synthesis of an important group of thiolates and
selenolates—potassium 2-arylethylenethiolates and 2-aryl-
ethyleneselenolates—by treating the corresponding thia-
and selena-diazoles with KOH.1*9'50

The synthesis of potassium 2-phenylethylenethiolates
and 2-phenylethyleneselenolates in a pure form made it
possible to investigate them by infrared and 1 3C NMR
spectroscopy. Analysis of the spectroscopic data and the
results of quantum-chemical calculations demonstrated a
significant non-uniformity in the charge distribution in the
CEC—X (X = S or Se) system. In the selenolate anion, this
non-uniformity is more pronounced than in the thiolate anion.51

The presence of a strong nucleophilic centre at the hetero-
atom in the molecules of αβ-acetylenic thiolates and seleno-
lates agrees well with the mode of the alkylation and acyla-
tion reactions.1*1*'51 The non-uniformity in the charge
distribution in these anions predetermines the possibility
of their involvement in 1,3-AC reactions.

Compared with αβ-ethylenic thiolates, their acetylenic
analogues react more vigorously with heterocumulenes con-
taining the C=S bonds. Thus it has been established
that both αβ-acetylenic thiolates 5 2" 5 7 and the analogous
selenolates l t 9 > 5 7 ~ 6 0 interact with carbon disulphide to form
only l,3-dithiole-2-thiones and l,3-thiaselenole-2-thiones
respectively:

R\

RC-CXeMe

l) cs.
2)H®

H
I >-S»

M=Na, K; X=S, Se; R=H, Alk, Ar.

Some workers suggested an unusual nucleophilic addition
mechanism for this reaction (the formation of a salt of
trithiocarbonic acid) with subsequent intermolecular addition
of the anion to the triple bond. 5 2 A similar reaction mecha-
nism has been invoked to account for the results of the inter-
action of sodium acetylide in succession with selenium and
carbon disulphide; in addition to the expected 1,3-thia-
selenole-2-thione, l,3-dithiole-2-thione, l,3-dithiole-2-
selenone, l,3-thiaselenole-2-selenone, and l,3-diselenole-2-
thione are also formed:6 0

CH

c +cs2

Se®

, S ,

- H ®

-H®

;± I \ = S 7X

C H
III
C +CSSe.

R=Alk, Ar; X=S, Se, Te.

Anothe reaction mechanism is more probable. The 1,3-thia-
selenole-2-thione formed in the course of the concerted
1,3-AC of ethyleneselenolate to carbon disulphide undergoes
1,3-anionic cycloelimination61 to form ethylenthiolate and
CSSe. The latter reacts further analogously to carbon
disulphide.
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The introduction of substituents increasing the stability
of the cyclic anion prevents the 1,3-anionic cycloelimination.
For this reason, only 5-aryl-l,3-thiaselenole-2-thiones are
formed in the 1,3-AC of 2-arylethyleneselenolates to carbon
disulphide. 4 9 ' 5 0

The influence of substituents on the 1,3-AC has been
investigated by the method of competing reactions in relation
to the interaction of potassium 2-(p-R-phenyl)ethylene-
selenolates with carbon disulphide. It has been observed
that the introduction of electron-donating substituents
promotes and that of the electron-accepting substituents
hinders cycloaddition. As was to be expected, electron-
accepting substituents stabilise the heteropropargyl system
C^CSe, while electron-donating substituents actually
destabilise it. "*9

Acetylenic thiolates and their analogues react analogously
also with CSe,: 6 0 ' 6 2

W Χ κ

X=S, Se; R=H, CBH5.

The interaction of sodium 2-phenylethylenetellurolate with
carbon disulphide leads to the formation of 5-phenyl-l,2-di-
thiole-3-thione, which confirms the intial formation of
5-phenyl-1,3-thiatellurole- 2-thione. 5-Phenyl-1,2-dithiole- 3-
thione could have been formed only from its decomposition
products by interaction with a new carbon disulphide mole-
cule: 6 3

y a ,Λν

In contrast to αβ-ethylenic thiolates, the 1,3-AC reactions
of αβ-acetylenic thiolates with isothiocyanates lead only to
N-substituted 4-aryl-l,3-dithiole-2-imines:6"'65

In the absence of heterocumulenes and when proton donors
with pKa < 18 (water, methanol, acids) are used, αβ-acetyl-
enic thiolates and selenolates "dimerise" to cis-2, ω-diaryl-
(alkyl-l,4-dithiafulvenes or their selenium analogues:5 3»5 7»6 7"6 9

Ν /
i)RC=CX'5>M©
SI H®

M=Li, Na, K; X = S , Se; R = ( C H 3 ) 3 C , (CH S) 2CH, Ar.

"V

The stereoslectivity of this reaction 6 8 ' 6 9 and its kinetics 7 0

confirm the occurrence of the concerted 1,3-AC of 2-aryl-
substituted ethylenethiolates and ethyleneselenolates to the
thio- or seleno-ketens formed from them as intermediates.
This mechanism has also been confirmed by the unusual char-
acter of the interaction of sodium 2-phenylethylenethiolate or
2-phenylethyleneselenolate with phenyl isocyanate:61*

C6HE,C=CX®Na® -

X = S , Se.

1) C.H.NCO
2) H®

QH,
\ /

Ο NHC,HS

The formation of "1,4-dichalcogenfulvenes" agrees well with
the much greater reactivity of thiono-compounds compared
with carbon compounds in 1,3-AC and 1,3-dipolar cyclo-
addition reactions. 1 ' 9

When the salts of 2-arylethylenetellurol are neutralised
with an ethereal solution of HC1 in DMSO and other similar
solvents, they give rise to mixtures of cis- and trans-2,4-
diarylidene-l,3-ditelluretans (II) in a satisfactory yield 6 3 ' 7 1

and not to ditellurafulvenes (I) , as expected by analogy
with sulphur and selenium compounds:

ArCH=C< )C=CHAr -f x — '

(ID
A r x / T e

(HI)

/'Ar

(I)

M=Li, Na; R=Alk, Ar.

On reaction with phenyl isothiocyanate, potassium 2-aryl-
(alkyl)ethyleneselenolates produce 5-aryl)alkyl>-l,3-thia-
selenole-2-phenylimines in the form of mixtures of the syn-
and anti-isomers, differing in the position of the benzene
ring at the nitrogen atom relative to the selenium atom, in
60-80% yield:1*9'6'*'66

RC=CSesKa

1) C.H.NCS R\
2)H® \

C 6H 5

v

anti-C6HsISe cUH-CeH5/Se

In the case of aryl-substituted selenolates, the anti-isomers
are formed as the main product, while alkyl-substituted
selenolates give rise to the syn-isomers. " 9

cis-3,5-Dibenzylidene-l,2,4-tritellurole (III) was isolated
in an insignificant yield as an impurity. 7 2 The neutralisation
of tellurolates with trifluoroacetic acid nevertheless leads to
ditellurafulvenes ( I ) . 7 3 The role of DMSO is extremely sig-
nificant.6 3 When diethyl ether is incompletely replaced by
DMSO,7 1"7 3 the yield of 1,3-ditelluretan (II) falls sharply.

I I I . INTERACTION WITH ACETYLENIC COMPOUNDS

Like heterocumulenes, acetylenecarboxylate esters are active
electron-accepting dipolarophiles or anionophiles in 1,3-di-
polar cycloaddition or 1,3-AC reactions. 1 ' 9 However, it has
been shown that, under the conditions of the reaction of N-sub-
stituted 1-aminoethylenethiolates with acetylenecarboxylate
esters, the latter polymerise readily.71*

On the other hand, the interaction of sodium 2-acetamido-
propene-1-thiolate with dimethyl acetylenedicarboxylate leads
to a high yield of the cyclic [3 + 2]adduct—the dimethyl ester
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of 2-acetamido-4-methyl-4,5-dihydrothiophen-2,3-dicarboxylic
acid and the product of its further reaction—methyl 4-methyl-
thiophen-3-carboxylate: 7 5

NHCOCH,
CO.CH, CH^/ C H >

6 HO H v j 1 ΗΦ.Δ _

CHj NHCOCH,

\
SsNa®

CO,CH,

-COi
-CH.CONH,

d
CH, CO/JH3

The study of the interaction of 2-acetamidopropene-l-
thiolate with other anionophiles containing a triple bond
(methyl ester or nitrile of phenylpropiolic acid) showed that
only linear adducts—substituted divinyl sulphides—and also
the products of their subsequent reaction are formed in both
cases,7I* for example:

C H 3 NHCOCH,

CO 2CH S

C

111
c
ι

C 6 H 6

CH,

— - , CH3CONH S

CH,OCO

CH,CON

C e H 6

In contrast to αβ-ethylenic thiolates, the 1,3-AC reactions
of αβ-acetylenic thiolates with a triple bond are energetically
more favourable, since the charge redistribution takes place
more readily: a more stable cyclic anion with a thiophen
structure is formed.

Thus it has been established that αβ-acetylenic thiolates
react with acetylenedicarboxylate esters via the [3 + 2]-
cycloaddition mechanism with formation of derivatives of
thiophen-2,3-dicarboxylic acid: 5 0 ' 6 7

COjR' ρ

I \
Q \

c

CO 2R'

CH.CN [ C H 2 C N ] e M e

' ^ S - ^ ^ C O U R '

!M=Li, K; R=Alk, Ar; R'=Alk.

The reaction proceeds most effectively in aprotic non-polar
or weakly polar solvents (benzene, THF) in the presence
of proton donors with pKa = 20—25 (acetone, acetonitrile).
Under these conditions, a solution of potassium 2-phenyl-
ethylenethiolate in a mixture of THF and acetonitrile contains
only ion pairs, which has been demonstrated by the study of
the electrical conductivities of these solutions. 7 7 The role
of the solvents as the proton donor for the cyclic anion has
been confirmed by carrying out the reaction of potassium
2-phenylethylenethiolate with dimethyl acetylenedicarboxylate
in the presence of deuterioacetone. This resulted in the
formation of dimethyl 4-phenyl-5-deuteriothiophen-2,3-di-
carboxylate. When the reaction is carried out without a
proton donor, or with proton donors having pKa < 18, or in
the presence of the "mild" proton donor (CH3)3CBr, the
"dimerisation" of acetylenethiols to c is - 2, ω - diary 1-1,4- dithia-
fulvenes takes place instead of cyclisation.5 0

The study of the interaction of 2-arylethylenethiolates with
asymmetric dipolarophiles—phenylpropiolic acid—demonstrated
a significant dependence of the mode of reaction on the nature
of the cation. Thus only one of the possible regioisomers of

the cyclic adduct, namely alkyl 4-aryl- 2-phenylthiophen-3-
carboxylate, is formed in 65—82% yield from lithium 2-aryl-
ethylenethiolates. Under the same conditions, potassium
2-arylethylenethiolates gives rise to the E-isomers of the
products of nucleophilic addition to the triple bond in phenyl-
propiolate esters and not to cyclic adducts: 7 8

C

COjR'

R CO2R'

M=LI \ /

U
^CQtR·

The absence of products of nucleophilic addition to
acetylenedicarboxylate esters can be accounted for by the
more effective stabilisation of the cyclic anion under the
influence of two carboxy-groups.

In order to investigate the reactivity of acetylenic
selenolates in 1,3-AC reactions wth acetylenic compounds and
to determine the influence of the nature of the heteroatom,
a study was made of the reactions of 2-phenylethylene-
selenolate with an active anionophile—dimethyl acetylene-
dicarboxylate : 7 9

Scheme

C.H 5

C

COoCH,

CO..CH,

" \

/ C . H .

Η

C6H5C s 'CSe CO2CH3

/ θ
CH3OCO K®

H® CcH5C5=CSe CO2CH3

[ K ® C 3 E S C — C O 0 C H 3 ] -

C O 2 C H S .

Careful analysis of the reaction products revealed the
presence, together with the usual 1,3-AC products, namely
dimethyl 4-phenylselenophen-2,3-dicarboxylate,80'81 also of
the nucleophilic addition product, i .e. dimethyl Z-(2-phenyl-
ethynylseleno)butenedioate, andtrimethyl 4-phenylselenophen-
2,3,5-tricarboxylate. The formation of derivatives of seleno-
phentricarboxylic acid can be regarded as the result of the
carboxymethylation of the selenophen anion by dimethyl acetyl-
enedicarboxylate . The resulting methyl propiolate combines
with the initial selenolate to form the ester of Z-3-(2-phenyl-
ethynylseleno)propenoic acid. As usual, 2,uj-diphenyl-l,4-
diselenafulvene is formed as a side product. 5 3 The formation
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of these reaction products supports the intermediate existence
of the anion of the substituted selenophen formed in the
course of the concerted 1,3-AC reaction.

On passing from acetylenic thiolates to selenolates, the
negative charge on the heteroatom increases, 5 1 which should
promote nucleophilic addition to the heteroanion. Indeed,
the products of nucleophilic addition to the triple bond of
the ester were not detected in the reactions of acetylenic
thiolates with dimethyl acetylenedicarboxylate.5 0 Acetylenic
selenolates give rise to small amounts of nucleophilic addition
products, but 1,3-AC products are mainly produced. 7 9

In order to investigate the influence of the cation on the
selectivity of the 1,3-AC reactions of acetylenic selenolates,
a study was made of the interaction of lithium 2-phenyl-
ethyleneselenolate with the same anionophile—the ester of
acetylenedicarboxylic acid. The nucleophilic addition
product was not then detected, the 1,3-AC product being
formed with a significant increase of the yeild of the dimerisa-
tion product. 7 9

All these data suggest that the influence of the cation on
the mode of the reactions of selenolates with acetylenecarbox-
ylic acid esters is due to the different states of the selenolate
in the reaction medium, i.e. the different amounts of ionic
character of the selenium—methyl bond.

Since it is known that crown-ethers alter significantly the
state of salts in solutions as a result of their coordination to
the cation, the interaction of the potassium salt of 2-phenyl-
ethyleneselenol with the same anionophile was investigated
in the presence of dibenzo-18-crown-6 ether. Only the
cyclic adduct was then obtained in a satisfactory yield. 7 9

The 1,3-dipolar cycloaddition reactions are usually highly
regiospecific.x In order to determine the regiospecificity of
the reactions investigated, a study was made of the inter-
action of 2-phenylethyleneselenolates with asymmetric aniono-
philes—phenylpropiolic acid e s te r s . 7 9 ' 8 2 It was then observed
that the lithium salt produces only one of the possible regio-
isomers—methyl 2,4-diphenylselenophen- 3-carboxylate,
together with the product of the nucleophilic addition of
the initial selenolate to the triple bond of the anionophile—
methyl Z-3-(2-phenylethynylseleno)-3-phenylpropenoic acid:

C,H5 CO2CH3

III I"

c + c
SeeM® QH 5

C eH 6 CO2CH3

M=Li \ /

/ \ S e / \
Η 6 e C6H5

C,HS Η

\ /
/ — \

QH5C=CSe CO2CH3.

IV. "MIXED" DIMERISATION WITH HUISCEN'S 1,3-DIPOLES

Ethylenethiolates enter into "mixed" dimerisation reactions2

with 1,3-dipolar systems of the kind formed when HCI is
eliminated on treatment with bases . 1 The hydrochloride of
the base formed in the reaction reacts as a proton donor
in the neutralisation of the cyclic anion.

Thus, when the C-chlorohydrazone is converted by treat-
ment with triethylamine into a nitrileimine and the latter is
made to react, without being isolated, with Ν-substituted
1-aminoalkenethiolates, then [3 + 3]cycloaddition products,
namely 5,6-dihydro-4H-l,3,4-thiadiazines, are mainly
obtained: 8 3

N(C2lli)j θ © ,
ArNH—N=CRJ ., * ArN—N=CR ;

I - Ha

e ©
ArN—N=CR2 4- RCH=C

Although the formation of both "half-chair" and "half-boat"
conformers with any relative disposition of the substituents
is sterically feasible, nevertheless, judging from the ΧΗ
NMR spectrum, only the "half-chair" conformer is actually
formed. 8 3

On the other hand, l-NN-dialkylamino-2-phenylethylene-
thiolates react with C-chloro-N-phenylhydrazones under con-
ditions which rule out the generation of nitrileimine, with
formation of only 4H-l,3,4-thiadiazines,83>81* i .e. the reaction
is accompanied by the elimination of an amine:

C,H5CH= ArNHN=CR'

i

-ArNHN=C—R' -\
\

S

CeH6CH=C

AT

Under the reaction conditions, 5,6-dihydro-4H-l,3,4-
thiadiazine is not converted into 4H-l,3,4-thiadiazine, but
it does readily eliminate an amine molecule in the presence
of an equimolar amount of acid or on the surface of silica
gel. 8 3

Sodium 2-acetoamidoethylenethiolate reacts with N-phenyl-
methylenehydrazonoyl chloride to form 5-acetamido-5,6-di-
hydro-l,3,4-thiadiazine. The product of the nucleophilic
substitution of the halogen in the C-chlorohydrazone by the
thiolate is suggested as an intermediate:8 5

On the other hand, the poassium salt of 2-phenylethylene-
selenol (which is more nucleophilic than the lithium salt)
reacts with the same anionophile to form only the nucleo-
philic addition product having the same Z-configuration.

The interaction of sodium 2-phenylethylenetellurolate with
dimethyl acetylenedicarboxylate led to the dimethyl ester of
4-phenyltellurophen-2,3-dicarboxylic acid. As for seleno-
lates , the cyclisation is accompanied by nucleophilic addition
to the triple bond of the es ter : 6 3

C O J C H J

I

c
I
CO3CH3

QHsCis CTeCH=CHCO2CH8

f
CO2CHS

Η T e CO2CH3

T e x , CO2CH3

CH3OCO ΗΗ

The yield of the tellurophen is appreciably lower than that
of the thiophen5 0 or selenophen7 9 in the analogous reactions.

CH3 NHCOCH3

I + C 0 H 5 C(Cl)=NNHC e H 6

"CHS NHCOCH3

C e H 5

CH3CONH J.
\ / N \

'SC=NNHC,Ht

C.H6

S C,H 5

The less reactive potassium l-methylthio-2-phenylethylene-
thiolate reacts with the C-chloro-N-phenylhydrazone of ethyl
glyoxylate to form only the linear product of the nucleophilic
substitution of chlorine: 8 3

C e H 6 CH=C
SCH3

C 0H 5NHN=CCO 2Q,H 5

a

,SCH3

CO,C,H,
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However, potassium l-diethylamino-2-phenylethylene-
selenolate readily enters into the [3 + 3]cycloaddition reaction
with nitrileimines obtained from the same C-chlorohydrazones.
forming 2-ethoxycarbonyl-4,5-diphenyl-4H-l, 3,4-selenadi-
azine: 8 6

C eH 5 Se~K®

0 β

C , H 6 N - N = C C O 2 C i H 6 - H N ( C > H . ) , -

C,H6

N

Sodium 2-acetamidoethylenethiolates react also with another
widely used 1,3-dipole—benzonitrile oxide, 1 forming 6-acet-
amido-5,6-dihydro-l, 4, 2-oxathiazines:

CHS NHCOCH,

k.·
CHSCONH n

\ / U \

-f C,H6C=N -» Ο
H,C

Here too it is assumed that the reaction proceeds via a two-
stage mechanism.85 On the other hand, the interaction of
potassium 2-phenyl-l-piperidinoethylenethiolate with benzo-
nitrile oxide yielded only benzohydroximoyl-2-phenyl-l-
piperidinovinyl sulphide: 8 7

0,Η£Η=Ο^ y
Ν

CeH5C=N -• Ο

—OH

Acetylenic analogues of ethylenethiolates and ethylene-
selenolates are also capable of undergoing the [3 + 3]cyclo-
addition reaction with the usual dipoles—nitrileimines.

Thus potassium 2-phenylacetylenethiolate reacts with nitrile-
imines, generated from C-chloro-N-arylhydrazones by treat-
ment with bases, via the [3 + 3]cycloaddition mechanism with
formation of 2,4,5-trisubstituted 4fi-l,3,4-thiadiazines in a
satisfactory yield: 8 8> 8 9

Ar Ar

R

Λ.Λ.
R=Ar,

When the reaction of potassium 2-phenylacetylenethiolate
with C-chloro-N-arylhydrazones is carried out in the absence
of a base, the products of the nucleophilic substitution of the
hydrogen atom—the corresponding (C-2-phenylethynyl
sulphido)-N-arylhdrazones—are formed in a quantitative
yield. 8 9 Their treatment with strong bases (KOH in methanol)
results in their ready intramolecular cyclisation with quantita-
tive formation of 4H-l,3,4-thiadiazines:8 9

C.H5C^CS9K® + ArNHN-C (Ci) R
ArNHN=(

(C-2-phenylethynyl mercapto>-N-arylhydrazones

However, under the influence of triethylamine the intra-
molecular cyclisation does not occur, which permits the
unambiguous assumption that the interaction of 2-phenyl-
acetylenethiolate with nitrileimine proceeds only via a two-
stage mechanism.

V. CONCLUSION

Among the αβ-unsaturated heteroanions of Group Via ele-
ments, only sulphur and selenium derivatives, in which the
electronegativities of the heteroatom and the extreme C(2)
atom of the anion are comparable, exhibit a distinct capacity
for 1,3-AC. It has been shown for αβ-ethylenic thiolates that
the introduction into the anion of substituents equalising the
charge distribution and the ρ, ττ-electron density at C(2) and
S has the greatest influence on the reactivity of unsaturated
sulphur and selenium anions in cyclisation reactions. 2 1 ' 2 8

The influence of the heteroatom is no less significant. Thus
the basicity of the heteroatom increases in the series of
αβ-acetylenic thiolates, selenolates, and tellurolates, which
promotes the occurrence of reactions involving the nucleo-
philic addition of the anion to the multiple bond of the
anionophile. 5 0 ' 6 3 ' 7 9

On the other hand, enolates have a fairly uniform charge
and ρ,π-electron density distribution over the C(2) and Ο
atoms of the t r i a d , 2 1 ' 2 8 but cyclic adducts are not formed. It
may be that, as a consequence of the weak transmission
properties of the oxygen bridge, 9 0 charge redistribution on
formation of the cyclic anion is difficult.

The majority of the features of the 1,3-AC reactions
investigated for αβ-unsaturated heteroanions can be readily
accounted for from a standpoint of the concerted cycloaddi-
tion mechanism. The αβ-unsaturated heteroanions of the
sulphur subgroup behave like Sustmann's type (I) 1,3-dipolar
system or as electron-donating 1,3-dipoles. 2 1 > 2 8 > 5 1 ' 7 l f The
introduction of electron-donating substituents promotes and
that of electron-accepting substituents hinders the 1,3-AC
reactions of the anion, destabilising or stabilising its charge
respectively. The stability of the intermediate cyclic anions,
which increases under the influence of substituents, particu-
larly aromatic substituents, plays an important role in 1,3-AC
reactions. " The structure of the anionophile influences the
reactivity of the unsaturated anions analogous to 1,3-dipolar
cycloaddition reactions. 1 Only electron-accepting aniono-
philes with substituents capable of stabilising the charge
give rise to stable cyclic adducts with αβ-unsaturated hetero-
anions . 5 1

The accumulated data concerning the effect of the charac-
ter and positions of substituents on the reactivity of hetero-
propargyl and heteroallyl anions and also the available
literature data on the 1,3-AC reactions of aza-allyl anions9

and allyl anions1 0 make it possible to formulate general postu-
lates on the basis of which a particular unsaturated triatomic
anion can be assigned to systems capable of entering into
1,3-AC reactions.

1. A uniform distribution of the ρ,π-electron density at
the extreme atoms of the triad is necessary. It can be
achieved either as a result of their approximately equal
electronegativities or by introducing the appropriate substi-
tuents.

2. Since the reactions involving the 1,3-AC of αβ-unsatu-
rated anions to anionophiles are accompanied by a cyclic
charge shift on formation of the cyclic anion, the bonds and
atoms entering into the composition of the αβ-unsaturated
anions must have satisfactory transmission properties. The
bonds both in the anion and in the anionophile must have
high polarisabilities.

3. The cyclic anion formed as an intermediate must be sta-
bilised either by the increased electronegativity of the central
atom of the triad, or by conjugation with a substituent, or
by the removal of the anionic group. Otherwise the reaction
proceeds with formation of linear products of addition to the
multiple bonds with retention of the same regioselectivity as
in the cycloaddition.
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Using these principles, it is possible to predict the reac-
tivities in the 1,3-AC reactions of heteroallyl anions containing
Group V and VI elements which have not been investigated in

this respect. Thus the R 2C=N-XG or R-C (X = S or Se)
\χθ

systems having substituents such as aryl, heteroaryl,
CH=CHR, or ΟΞΟΗ at the central atom should be reactive
in 1,3-AC reactions.

Indeed it has been found recently that the trialkylammonium
salts of aromatic and heteroaromatic dithiocarboxylic acid 9 1 " 9 3

interact with active anionophiles, forming the corresponding
1,3-dithioles:

R'

j^ QS ι HI
XS©NH (C,H,)f C

/ \ / R '
RCH | ;

R'
«CO.CH,, CFS.
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1,3,2-Diheterophosphacyclanes Containing a Hexacoordinate Phosphorus
Atom

R.A.Cherkasov and N.A.Polezhaeva

Data are presented on the methods of synthesis, structure, and physical and chemical properties of cyclic compounds of
hexacoordinate phosphorus-X6-1,3,2-diheterophosphacyclanes, in which the phosphorus atom is incorporated in one, two,
and three heterocycles containing P-0 or P-N bonds. The dynamic stereochemistry and equilibrium dissociative as well as
tautomeric processes involving them are described. The role of phosphorus! VI )f intermediates in the reactions of
organophosphorus compounds with tricoordinate, tetracoordinate, and pentacoordinate phosphorus is analysed.
The bibliography includes 140 references.
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I. INTRODUCTION

Compounds of hexacoordinate phosphorus (phosphorates)
began to be investigated vigorously only in the last decade,
although the first description of substances of this type
dates back to 1954 and is associated with the study of the
adducts of PC15 with pyridine (see Dillon et a l . 1 ' 2 and the
references quoted therein). Numerous inorganic "ate"
complexes formed by compounds of pentacoordinate phos-
phorus and basic substances 3 as well as cyclic and acyclic
organylhalogenophosphorates "* are known. Cyclic phos-
phorates with six P—C bonds and aromatic substituents and
finally X6-l,3,2-diheterophosphacyclanes with monocyclic,
bicyclic, and tricyclic structures were later described.
Individual aspects of the chemistry of compounds of
hexacoordinate phosphorus have been dealt with in
reviews. 5~8

Numerous phosphorus(VI) compounds are now known and
their number continues to grow, which undoubtedly indi-
cates an appreciably greater role of these compounds in
phosphorus chemistry than has been assumed hitherto.
Hexacoordinate intermediates in the reactions of organo-
phosphorus compounds containing a phosphorus atom with
a lower coordination number are apparently important.
Interesting data have been obtained on the steric structures
of phosphorates and the equilibrium processes involving
them.

Analysis of the literature data has shown that the stability
of hexacoordinate phosphorus compounds increases sharply
following the incorporation of the phosphorus atom in one or
several rings, mainly five-membered rings. The acyclic
alkoxyphosphorates known at the present time9 are stable
only in solution.

The first attempt has been made in the present review to
give a systematic account of the available literature data on
1, 3,2-diheterophosphoacyclanes containing a phosphorus-
(VI) atom entering into the composition of one, two, or
three rings, mainly four- or five-membered rings, and

t [Roman numerals used in this way refer to coordination
number and not to oxidation state in this review (Ed.of
Translation)].

bound to several heteroatoms (Ο, Ν). Data on the methods
of synthesis, structure, physicochemical, and chemical
properties of these compounds, the dynamic and equilibrium
processes involving them, and the role of phosphorus(VI)
compounds as intermediates in the chemical reactions of
organophosphorus compounds (OPC) were used in the
review.

The data on the compounds of hexacoordinate phosphorus
with the 1,3, 2-diheterophosphacyclane structure, summar-
ised in the present review, supplement the available informa-
tion about the reactivities of similar heterocyclic compounds
containing tricoordinate, 1 0 tetracoordinate, u and penta-
coordinate 1 2 phosphorus atoms and in our view they provide
at the same time an integral picture of the chemistry of
1,3,2-diheterophosphacyclanes.

I I . SYNTHESIS AND REACTIONS

Phosphorates of two types are known: those with salt
(ionic) structures, in which the phosphorus atom is part
of the composition of a phosphorus(VI) anion or (more
rarely) a phosphorus(VI) cation, and neutral molecules,
which exist in the form of dipolar ions with an anionoid
phosphorus atom. A convenient analytical criterion whereby
it can be demonstrated that the phosphorus atom has a
coordination number of six is the marked shielding of the
31P(VI) nucleus; it is manifested by the fact that the sig-
nals in the NMR spectra are displaced to very strong
fields (between -70 and -300 p . p . m . ) . As already stated,
the cyclisation of phosphorus(VI) compounds tends to
increase their stability; the acyclic organylphosphorates
(MeO)6P~ and (EtO)6P~ have been identified by 3 1P NMR
in solutions. They decompose when an attempt is made to
isolate them from solution. 9

1. Monocyclic Phosphorates

The commonest method of synthesis of monocyclic phos-
phorates involves the reactions of phosphorus pentahalides
with bifunctional nucleophiles in which one of the halogen
atoms at the pentacoordinate phosphorus is substituted and
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a sixth phosphorus—element bond is formed as a result of
the donor—acceptor interaction of the electron-deficient
P(V) atom with a second basic centre of the bidentate
organic ligand. The reaction of o-hydroxybenzophenone
with PC15 leads to a quantitative yield of the six-membered
cyclic phosphorate ( I ) , to which the structure of a dipolar
ion has been attributed on the basis of the spectroscopic
data and the high dipole moment (9.17 D ) : 1 3

© Θ
CI (SbCl<

(I)

β-Dicarbonyl compounds evidently react in the enolic form,
as in the formation of A6-l,3,2-dioxaphosphorinane ( I I ) . 1 1 * ' 1 5

Substitution by a neutral nitrogen-containing base is accom-
panied by the quaternisation of the donor centre [in struc-
t u r e ( I I I ) ] 1 6 ' 1 7 and the strength of the donor-acceptor bond
increases after the introduction of electron-accepting sub-
stituents at the phosphorus atom, for example, for R1 = F
in the phosphorate ( I V ) . 1 8 ' 1 9

The formation of hexacoordinate structures in reactions
involving nucleophilic substitution at a pentacoordinate
phosphorus atom is frequently ensured by the presence of
a donor centre in a suitable position within the substituting
reagent:

RW4 + I '
O—Si

(Χ
—SiMe, Ο—

(IV)

R1=F, Me, Et, Ph; R » = H , M e .

The intramolecular cyclisation of NN'-dialkyl-N-halogeno-
phosphoranylamidines (V), formed in the reaction of NN'-
disubstituted amidines with the chlorides of tricoordinate
or pentacoordinate phosphorus made it possible to obtain a
series of phosphorates (VI) containing the 1,3,2-diaza-
phosphetidine ring. 2 0~2 3 We may note that the reaction of
N-chloroamidines constitutes in essence the 1,1-addition of
the N—Cl fragment to the P(III) atom of the chlorophos-
phine:

Η 1 —c{ 4- R4R5PC1 1

X-R3

X
+ R 4PC1 4

I I / R

Ν Ρ—Β

/
Ν—R 3

(v)
(VI)

X = H, SiMe3; R1 = Ph, CC13, CF3; R
2, R3 = alkyl; R4, Rs = alkyl, aryl,

halogen.

The reaction of NN'-dimethyl-N-trimethylsilylbenzamidine
with bis(o-phenylenedioxy)chlorophosphorane results in the
formation of tricyclic phosphorates. 2 0

The stability of the four-membered monocyclic phosphor-
ates (VI) depends greatly on the character of the substitu-
ents at the phosphorus atom and in the N—C-N triad. The
benzamidinium derivative with four chlorine atoms at the
phosphorus atom (VI, R1 = Ph, R2 = R3 = Me, R1* = R5 =C1)
is the most stable. The replacement of the phenyl group at
the amidinium carbon atom by the electron-accepting CC13

and CF3 groups destabilises the P(VI) structure, inducing
the reversible Ρ -»• C migration of a chlorine atom22 (see

Section IV). An increase in the bulk of the substituent
at the nitrogen atom and the introduction of two phenyl
groups at the phosphorus atom lead to the same result.
Three phenyl groups at the phosphorus atom stabilise only
the phosphonium salt (VII) , 2 3 while the butoxy-group
induces the disproportionation of the alkoxyphosphorate
(VIII) to the tetrafluoro-analogue ( I X ) . 2 1

Ph—C

Me
I © ©

Ν—PI'b3 C l w

7«—Me

(VII)

r
PhC(© Ρ—Cl — >

ν I OPu
I v

i. *(V1I1)

Γ
Ph—C \® PFi

Υ
Me

(IX)

Hexacoordinate phosphorus compounds may prove to be
more stable than the phosphoranes having the analogous
structure. Thus the presence of bulky substituents in
the diazadiphosphetidine ring induces the rearrangement
of the phosphorane (X) to the corresponding phosphorate
( X I ) : 2 1 ·

Fs-P-N-R

R-N—P-F, "

R = t-Bu.

R _N-PF,

R
(X) (XI)

The intramolecular addition of the nucleophilic imino-
nitrogen to the P(V) atom, inducing the formation of stable
phosphorates, can occur so readily that, for example, in
the chlorination of the aminophosphimine (XII) the resulting
phosphorane (XIII) rearranges immediately to the phos-
phorate (XIV): 2 5

MeN<
S P C 1 2

(XII)

MeN
/PCI^NBu-t

SPC14

(XIII)

>NBu-t.

(XIV)

The reactions of halogenophosphoranes (XV) with silyl-
carbamates lead analogously to the phosphorate-carbamates
(XVI) in a high yield. 2 6" 2 8 The latter are also obtained
when CO2, COS, and CS2 are inserted in the Ρ—Ν bond
in aminophosphoranes (XVII):

Me(CF3)3P—X + Me3SiY—C—NMe2 —

(XV)

Me(CF3)3P—NMe2

Y, Z=O, S.

CF3

(XVI)

The monothiocarbamates (XVI, Υ = Ο, Ζ = S) are con-
verted quantitatively into the dithio-derivatives on treatment
with carbon disulphide. The resonance of the phosphorus
atom in the phosphetidines (XVI) is characterised by a
signal at very high field (between -251 and -298 p .p .m.) .

Phosphorus(VI) compounds may be formed from phos-
phoranes also as a result of the addition to the electrophilic
P(V) atom of "external" nucleophiles—the anions of proton-
containing nucleophiles and neutral η-donor Lewis bases.
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The interaction of NN '-dimethylurea with PC15 results in
the formation of a phosphorate (XIX) with the diazaphos-
phetidine ring as a result of the chlorination of the phos-
phorane (XVIII) produced initially: 2 9 " 3 1

PC15 + MeNHC(O)NHMe

Me

^ PCI3

Ν

A·' .
(XV) II)

CICi© PC1+.

ΐ
Me

(XIX)
Further substitution of the chlorine atoms in compound (XIX)
on treatment with dimethylurea leads to a phosphorate of
the spiran type, which, however, cannot be isolated from
solution. 3 2

Monocyclic phosphoranes are characterised by a pro-
nounced Lewis acidity and readily react with anions, being
converted into stable phosphorates. Thus, in the presence
of crown-ether, the phosphorane (XX) is converted by
alkoxide into the corresponding sodium phosphorate, 3 3 while
the perfluoropinacol trifluorophosphorane combines with both
a fluoride anion and a neutral trimethylphosphine molecule,
forming stable phosphorates with the characteristic chemical
shifts of the P(VI) and P(IV) atoms in compound (XXI):31*'35

P (OCH,CF3)3 + NaOCHsCF,

(XX)

)P(OCH,CF,)«Na®;

P) = -128p.p.m.

CF, CF3

\κ
CF,

CF3 CX Θ

C F S -

CF-

CF3

—CK C F 3 -

CF,

PF»

=-122.9 p.p.m. (XXI) 2Op.p.m.

The formation of the six-membered monocyclic phosphorate
(XXIII) as a result of the addition of hydrogen fluoride to
the N—P=N triad of the cyclophosphazene (XXII) has been
described:

PF-.

I
Cl'3
(XXII)

\
C

CF,
I

C—Nil

Cl'3
(Will)

The structure of the dipolar phosphorate (XXIII) was demon-
strated by the IR, XH, 1 9 F , and 3 1P NMR spectra [<5(31P) =
162.7 p.p.m.] and mass-spectrometrically.36

The thermal and hydrolytic stabilities of phosphorates are
close to the corresponding properties of phosphoranes.
Chlorine-containing phosphorates are usually very sensitive
to moisture, while certain fluorine-containing compounds
exhibit an appreciable hydrolytic stability. 3 7

As already mentioned, the high-field position of the Ρ(VI)
signal in the 3 1 P NMR spectra, characteristic of phosphorates,
can be convienently used for the identification of the latter.
The values of 6( 3 1P) for monocyclic phosphorates are in the
range -100—200 p.p.m., while for acyclic P(VI) compounds
the 6( 3 1P) reach -300 p.p.m.; 3 8 > 3 9 the phosphorus atom in
fluorine-containing phosphorates usually resonates in some-
what weaker fields. **° The shielding of the phosphorus
nucleus as a rule diminishes when the P(VI) atom is incor-
porated in one or more five-membered rings (see Section III).

2. Bicyclic Phosphorates

The incorporation of a phosphorus atom in one or two
heterocycles is known to stabilise hypervalent s tructures . 1 2

This is equally valid also for P(VI) compounds: the stability
of phosphorates increases on passing from acyclic to mono-
cyclic and bicyclic and further to tricyclic A6-phospha-
cyc lanes.

The commonest method of synthesis of bicyclic phos-
phorates involves the addition of ionic or neutral nucleo-
philes to the P(V) atom in the corresponding spirophos-
phoranes. The addition of the phenoxide ion or pyridine
to the spirophosphorane (XXIV) leads to the spirophosphates
(XXV) and (XXVI) respectively with two bidentate and two
monodentate ligands:1*1'1*2

y

CF 3 CF3

(XXV)

The ionic compound (XXV) is more stable than the dipolar
ion (XXVI), which regenerates the initial phosphorane after
prolonged heating.

The addition of ionic nucleophiles to the phosphoranes
(XXVII) results in the formation of the more stable cis-
phosphorates (XXIX), which are the products of thermo-
dynamically controlled reactions; under the conditions of
kinetic control, the trans-isomers (XXVIII) arise and
undergo the trans—cis isomerisation as the temperature is
increased. "1'"3-'*8

R R
1 1

R-H U

0 0

CK3 C

(XXVII)

Χ, Υ = F,

•R R

-60°C

O C 6 H 4 F

R R

—| 1—R
\θ/°

Υ—Ρ Χ

0 0

CF3 Cl'3

(XXVIII)

-ρ-

η

II—

(J

0

>
/

Η

— \ ~ H

0

CF;

(XXIX)

Compounds with a P-H bond, namely hydrophosphorates,
constitute an interesting group of phosphorates. They
can be synthesised from the hydrophosphoranes (XXX)
by treatment with alcohols in a basic medium **9~55 or by the
reaction of monocyclic phosphonites with catechol under the
same conditions: 1*9 '5 6"6 0

+ R0H +B 1

+ B-
(XXXI),

The hydrophosphorates (XXXI, R2 = OPh) regenerate
phosphoranes in many instances on treatment with acids
via a reaction which is the opposite to that of the formation
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reaction of the Ρ(VI) compounds:

CF3COOH—>- (XXX) -f PhOH + CF3COO® Et 3 NH.

Acetic acid does not induce this decomposition, i .e. the
basicity of the phosphorate (XXXI) is intermediate between
that of MeCOCT and CF3COO~.

The ease of formation of phosphoarates from spirophos-
phoranes and nucleophiles depends on the Lewis acidity of
the P(V) atoms and increases as the cyclic substituents
become more electron accepting. 5 h The greatest tendency
to be converted into P(VI) compounds is shown by spiro-
phosphoranes containing 4,5-benzo-1,3,2-dioxaphospholan
rings; spirophosphoranes with alkylenedioxy-substituents
do not form hydrophosphorates on interaction with alcohols.55

The spirophosphoranes (XXXII), which are derivatives of
catechol and amidoximes, are sufficiently electrophilic to
combine with the protic nucleophiles methanol, aminoalcohols,
and amidoximes in non-polar solvents in the presence of
bases, although the interaction with pyridine has not been
observed under these conditions.5 3 In polar solvents,
phosphorates decompose to symmetrical phosphoranes.

The interaction of the phospholan (XXXIII) with amidoxime
in solution in the benzene—ether mixture takes place in an
unusual manner. Substitution of the dimethyl amino-group
and subsequent reaction of the phosphorane (XXXII) with
amidoxime proceed via the hydrophosphorate (XXXIV) stage,
in which the Ν—Ο bond is broken. This leads to the phos-
phorate (XXXV), containing the P—OH and Ρ—Η groups, the
first of the hydroxyphosphorates described: 5 3

IPNMe, + RC=.NOH

" 2

N (XXXI I)

Γ Ί
RN=C=N'II .

I

At elevated temperatures, the hydrophosphorates (XXXI,
Β = Et3N) decompose. The decomposition pathway depends
on the nature of the exocyclic substituent R2: for R2 =Me,

t-Bu, or Ph, hydrogen is evolved and alkyl(phenyl)spiro-
phosphoranes are obtained (pathway a ) . The presence at
the phosphorus atom of groups which can be eliminated more
readily (R2 = Ph or OMe) results in the regeneration of
the amine and the hydrophosphorane (XXX) (pathway

60

(XXX) (XXXI)

On dissolution in pyridine, the spirophosphoranes
(XXXVI) interact with the solvent. The dynamics of this
process has been investigated (see Section VI) and the very
hygroscopic phosphorate (XXXVII) has been isolated.1*2'61"63

In the course of 24 h, it is converted into the tricyclic
phosphorate (XXXVIII):

(XXXVUI)

In the presence of stronger bases (triethylamine, triethyl-
enediamine, and di-isopropylamine), the reaction does not
stop at the hydrophosphorate stage and a tricyclic phos-
phorate is formed immediately. It has been suggested6 3

that stronger (harder) bases react with the tautomeric
P(III) form of the hydrophosphorate (XXXVIa), which gives
rise, with participation of the hydrophosphorane (XXXVIb)
to the phosphite-phosphorate (XXXIX) and subsequently
the phosphorate (XL):

(XI.)

Et3NH
(XXXIX)

δ ( Ρ ΐ ) = -99 p.p.m., VpH = 800 H2

δ(Ρ2) = + 140 p.p.m.
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An analogous process probably occurs also in the case of
spirophosphoranes with a P-OH bond.6I*

3. Tricyclic Phosphorates

Among all the derivatives of hexacoordinate phosphorus
known at the present time, tricyclic phosphorates together
with halogenophosphorates constitute the most numerous
group of compounds. The inclusion of the P(VI) atom in
the octahedral structure of the spirotricyclophosphorate,
especially one made up of three five-membered rings,
increases sharply its thermodynamic stability (reduces the
molecular energy). It is therefore not surprising that tri-
cyclic phosphorates have been some of the first organic
compounds with a hexacoordinate phosphorus atom to be
synthesised and characterised.

The first tricyclophosphorate was obtained as a result of
the unexpected and interesting reaction of hexachloro-
cyclotriphosphazene with catechol in the presence of tri-
ethylamine. 65~70 o-Aminophenol reacts analogously:
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/v
OH

I II

(XLI)

HO

Τι

Ρ e

Cl Cl

\p/

Ν Ν
! II

CI,P PCI2

Ο
(XLIi)

After the phosphorate (XLI) has been heated for a long
time in anhydrous dimethylformamide (DMF), the phos-
phorate (XLII) is formed, while in the presence of moisture
the product is tri(o-phenyl) phosphate. The latter is also
obtained on hydrolysis of compound (XLI) with hot water
and on acidolysis with inorganic acids.

The thermodynamic ease of formation of the tris(phenylene-
dioxy)phosphorate anion determines the course of many reac-
tions of compounds of tricoordinate, tetracoordinate, and
pentacoordinate phosphorus with catechol in the presence
of bases 12'71~71* or with the dilithium salt of catechol: 7 5

phosphate form (XLIV), and is completed by the formation
of the phosphite (XLV) and the phosphorates (XLIc) bound
in a hydrogen-bonded complex with a solvent molecule: SH

(XXXVIa, b)

(XLUI)

XI Ο

Ml

I'XLIV)

V (XLIc)... DMF

(XLV) OH··· DMF

Reactions involving the substitution of mobile ligands in
phosphoranes by bifunctional compounds and reactions in
which bidentate ligands add to tervalent phosphorus com-
pounds have been fruitful for the purpose of the synthesis
of phosphoranes.

The first of these principles constituted the basis of the
synthesis of the aliphatic tricyclic phosphorate (XLVII) by
the reaction of ethylene glycol with the spirophosphorane
(XLVI): 7 6

E t O - P -f- HOCH2CH,OH \ PNa.

(XLVI) (XLVII)

Compound (XLVII) does not melt before decomposition
(300-310 °C). The attempts to obtain other aliphatic tri-
cyclophosphoranes by this method were unsuccessful.

The phosphorate (XLVIII), made up of three different
rings, arises analogously when the exocyclic dimethylamino-
group in the spirophosphorane (XLIX) is substituted by a
diol.· The same X6-phosphacyclane (XLVIII) can be arrived
at using the interaction of the hydrophosphorane (L)
[which is apparently involved in the reaction in its tautomeric
phosphite form (LI)] with benzil in the presence of
dimethylamine: 77~82

> P X 2 Y , P C 1 6

,OH

VOH

Ν I PA
"%.;\r

(ΧΠ)

\ / \ O / λ

Χ, Υ = halogen

)
, POCI,, P4O i n

A-Et s NH(a), MeaNH5 (b) , Η (c)

2,2'-Dihydroxybiphenyl reacts with PC15 to form a phos-
phorate with three seven-membered rings.71*

The phosphorate (XLIc) is stable only in a basic medium
(DMF, DMSO, amines) and apparently exists in solutions in
the form of the free acid; 7 1 it has been suggested61* that in
weakly basic solvents this compound exists in the tautomeric
P(V) form (XLII).

The tricyclophosphorate of type (XLIc) is formed as a
result of the oxidation of the hydrophosphoranes (XXXVIa,
b) with DMSO, sulphur, or iodine in DMF. The reaction
evidently takes place via r. stage involving the hydroxy-
phosphorane (XLIII), which interacts with its tautomeric

/

(I -r McOOH)C(OIl)Nfe->

.\~Me_.

(.XLIX)

(LI)

Treatment of the phosphorate (XLVIII) with trifluoroacetic
acid converts it into the phosphorane (LII). The methanoly-
sis of compound (XLVIII) induces the elimination of catechol
and leads to the phosphorane (LIII). Conversely, catechol
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and dimethylamine readily convert the methoxyphospha(V)-
cyclane (LIII) into the phosphorate (XLVIII) at room tem-
perature: 7 8 ' 8 1

(XLVIII)

OMe
Ph

(LIII)

These reactions reflect the comparative ease of the inter-
conversions P(V) ^ P(VI) in the presence of acids and bases
(see Section IV).

Substitution with subsequent intramolecular cyclisation via
the formation of the Ν ->• Ρ donor—acceptor bond made it
possible to synthesise cationic compounds with hexacoordinate
phosphorus from bipyridyl and pyridyl ketone: 1*3>83>8'*

(LV1)

The anion exchange of the chlorine in the phosphorate
(LIV) makes it possible to obtain other Ρ(VI) compounds,
including an exotic molecule in which the hexacoordinate
phosphorus is present in both the anionic and cationic
components.1*3 The phosphorate (LV) enters into the
Arbuzov reaction, forming the phosphonato-phosphorate
(LVI) in the form of two spectroscopically different diastereo-
isomers81* (see below).

The second principle governing the increase of the coor-
dination number of the phosphorus atom to six with formation
of tricyclic phosphorates involves the addition of bifunctional
nucleophiles to the phosphorus atom in cyclic phosphites
having in the exocyclic substituent a group capable of adding
to the phosphorus c e n t r e . 8 5 Thus the reactions of cyclic
phosphoramidites with hydroxy acids and further with
α-diketones lead to the tricyclophosphorates (LVII):

°y°H

V
,/

^ V
b ©

Ph Ph
(LVII)
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transannular Ν -*• Ρ bond: 86

(LX)
R = t-Bu. (L1X)

The authors 8 6 suggest that the equilibrium (LX) ^ (LIX)
occurs in the system, as shown by the observation of two
signals in the 3 1 P NMR spectra—at -14.5 p.p.m. for (LX)
and at -96.2 p.p.m. for (LIX) in proportions of 2 : 3.

The interaction of N-t-butyldiethanolamine with the amide
or chloride of phenylenephosphorous acid leads only to a
phosphorate of type (LXI). 8 7 An equilibrium mixture of the
phosphorate (LXI) with the P—OH fragment and the phosphate
has been obtained in the reaction of phosphorous acid con-
taining the 1,3,6,2-dioxazaphosphocane ring with tetra-
chloro-o-benzoquinone:86

t-Bu-ΓΎ
v Vr.

In order to synthesise tricyclic phosphorates, dicarbonyl
compounds have been made to interact not only with cyclic
phosphites but also with cyclic phosphonium compounds.
Thus the first phosphorate (LXIII) with a P-P bond has
been obtained by adding chloranil to the anionoid phos-
phorus atom in the condensed bicyclic structure (LXII):

II

-/\-s

2Me3SiN—C—NSiMe3 + 3 Et2NPCI2 *- Cl—]

Me Me ,

Θ I©
i2~ n_vt

(LXIII)

The phosphite (LI) is converted analogously into the phos-
phorate (XLVIII), while 1,3,6,2-dioxazaphosphocane
(LVIII), obtained from a phosphonamidite and N-t-butyl-
diethanolamine, reacts with chloranil to form the phos-
phorate (LIX), in which the coordination number of phos-
phorus , equal to six, is determined by the formation of the

The chlorine atom at the phosphorus atom can be exchanged
for fluorine by treatment with arsenic trifluoride (but not
sodium fluoride). 8 8

The spirocyclic phosphonium salt (LXIV) interacts with
salts of catechol or naphthalene-l,8-diol, forming a phos-
phorate in which the P(VI) atom is part of two phospholan
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rings and one 1,3,2-dioxaphosphorinane ring: 7 5

(LX1V)

The phosphorane (LXV) has been obtained by the reaction
of 3,5-di(t-butyl)-o-quinone with white phosphorus in
the presence of 3, 5-di(butyl)catechol as the reductant . 8 9

The addition of triethylamine to compound (LXV) induces
the precipitation of the phosphorate (LXVI), which is also
formed in the reaction of phospha(III)adamantane with the

qn

same o-quinone:

•'\ \ / v

e Θ
PHNEt 3

HO ""• N R °
(LXV) (LXVI)

R = C (Me), .

The thermolysis of the dimer (MeNPF3)2, which results
in the formation of complex polyhedral structures incorporat-
ing hexacoordinate phosphorus atoms, has been described.9 1

III. MOLECULAR STRUCTURE AND DYNAMIC STEREO-
CHEMISTRY

X-Ray diffraction analysis of acyclic, 92~91* monocyclic,15'18'
19,26-28,30,35 s p i r o bicyc l ic , " and spirotricyclic1*4'70 hexa-
coordinate phosphorus compounds made it possible to estab-
lish unambiguously their tetragonal-bipyramidal structure
with a greater or smaller distortion of the octahedral skeleton,
depending on the nature of the ligand bound to the central
P(VI) atom.

The length of the Ν—Ρ bond in the nitrogen-containing
Ρ(VI) complexes, formed via the intermolecular [as in com-
pound (LXVII)] or intramolecular [as in compounds (LXVIII)
and (IV)] binding of the nitrogen atom to phosphorus, is
greater than the length of the usual single nitrogen-phos-
phorus bond (1.769 X). 1 8 ' 1 9 ' 9 1*

-Me

(LXVII) (LXVIII)

An appreciable weakening of the Ν •*• Ρ bond has been
observed in the series of neutral P(VI) complexes (IV),
(LXVII), and (LXVIII): 1.898 A for (LXVII), 1.911 Ά for
(LXVIII), and 1.980 X for (IV), owing to the decrease of
the Lewis acidities of the groups in the sequence PF5 > POF4 >
POF3Ph. It is striking that the influence of other ligands
is also reflected in the length of the P—F bond. Thus the
length of the P-F bond in compound (LXVIII) diminishes
with decrease of the electronegativity of the trans-ligand
in the sequence F-P(F) > F-P(«-N) > F - P ( O ) . 1 8

A significant distortion of the regular octahedral geometry,
expressed by the deviation of the PF 1 , PF 2 , and PO bonds
from the P—C bond, has been observed in the molecular
structure (IV). This may be a consequence of the repulsion
of the coplanar Ρ—Ο and P—F bonds from the P—C bond,
which is characterised by a high electron density in the
lat ter . 1 9 A similar deviation of the fluorine atoms from the
nitrogen atom has been observed in the complex (LXVII).91*
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An increase in the length of the phosphorus—nitrogen
bonds (1.91 and 1.85 A) compared with the single bond has
been found also in the four-membered ring of the zwitterionic
complex (XIX). 3 0 On the other hand, the C—Ν bonds are
much shorter (1.34 and 1.19 A) than the usual bond (1.48 A)
and this suggests the delocalisation of the positive charge
in the N—C—Ν triad and the partial double bond character
of the C—Ν bonds. One of the causes of the formation of
the "long" Ρ—Ν bonds in compound (XIX) may be the angular
strain in the four-membered phosphorus-containing hetero-
cycle.

For the same reason, the Ρ—Ο bonds in the complexes
(XVI) are appreciably longer (1.82 and 1.89 A) compared
with the phosphorate (XLIa). 2 6 ' 2 7 The electron density
in these compounds is also delocalised in the carbamate
unit, which is indicated by the smaller lengths of the C-0
bonds (1.29 and 1.30 A) compared with the usual bond
(1.43 A) and by the significant shortening of the C—Ν bond
involving the bridgehead carbon atom (1.33 X); the ter-
minal C—Ν bonds are considerably longer (1.48 and 1.49 A).
The small difference between the lengths of the Ρ—Ο bonds
is associated with the trans -influence of the Me and CF3

groups. The P-O bond in the trans-position with respect
to the relatively small electron-accepting trifluoromethyl
substituent is somewhat shorter than the O-P(Me) bond.

The fluorophosphorates Fi t-n(CF3)nPO2CNMe2 have an
analogous steric structure. The trifluorophosphorate
(n = 1) has been isolated in the form of two structural
isomers with "equatorial" and "axial" CF3 groups. One
isomer has been observed for each of the compounds with
η = 2 and η = 3, X-ray diffraction of the monofluoro-
derivatives demonstrating the "equatorial" disposition of
the fluorine atom; the carbamate ring, the fluorine and
phosphorus atoms, and the carbon atom of one of the CF3

groups are coplanar. The length of the P—O(F-cis) bond
(1.832 Ά) exceeds somewhat the length of the other bond,
namely P-O(F-trans) (1.788 A ) . 2 8

The difference between the lengths of the Ρ—Ο bonds
(1.706 and 1.723 X) in the five-membered phenylenedioxy-
rings of the tris(o-phenylenedioxy)phosphorate anion
(XLIa) reflects some distortion of the octahedral structure
of the phosphorate. The endocyclic ΟΡΟ angles (91.4°)
are close to the right angle, indicating the absence of
angular s t ra in. 7 0

At the same time the increase of the length of the endo-
cyclic ether bonds compared with the exocyclic bonds is
evidently in general characteristic of small rings incorporat-
ing a phosphorus atom and heteroatoms with an unshared
electron pair.1*5 Thus the exocyclic P-0 bonds in the
phosphorate (XXV) are appreciably shorter (1.656 A) than
the endocyclic bonds (1.711 X). According to the a u t h o r s / 5

this may indicate a greater degree of (p-d)^ binding of the
unshared electron pairs of the exocyclic oxygen atoms to
the phosphorus atom compared with the endocyclic atoms.
This effect, which has also been established in phosphorane
molecules, is called "steric inhibition of (ρ—(ί)π bonding". kS

It has been suggested1*5 that this may entail a decrease of
the shielding of the phosphorus nuclei by the electrons,
which is reflected in a shift of the 3 1P signal in the NMR
spectra towards weaker magnetic fields, observed when one
or several five-membered rings are introduced into hydroxy-
phosphorane molecules:

OH

( P h O ) 6 P

δ(31Ρ) = -88.7 ρ.p.m. -30 p.p.m.
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In phosphorate molecules a tendency has also been
observed towards decreased shielding of phosphorus on
passing from acyclic [δ( 3 1Ρ) = -142 p.p.m. for (MeO)6P~K+ 9

and -147 p.p.m. for (EtO)6P"K+ 9] to monocyclic [-128
p.p.m. for (XXI) 3 3 ] , bicyclic [-109.5 p.p.m. for (XXV) kl

and -98 p.p.m. for (XXXI, R2 = OPh) 5 0 ] , and tricyclic
[-82 p.p.m. for (XLI, A = Na) 7 5 and -89 p.p.m. for
(XLVII) 7 0] phosphorates.

A distorted octahedral configuration has also been found
in the cationic bipyridyl P(VI) complex (LIV).1*4 The unusual
features of its structure can be clearly revealed by compar-
ing it with the structure of the phosphorate (XLI) and the
hypothetical spirocyclic phosphonium cation (LXIX), from
which compounds (XLI) and (LIV) can be produced formally
by the addition of the bidentate phenylenedioxy- and
bipyridyl ligands respectively: "*"*

3 1 P spectra of the phosphorates (LXXI) led to an analogous
conclusion: 9 8

(XLI)
(C.H.O,)

(LIV).

The Ρ—Ο bonds in the cation (LIV) are shorter by 0.045 A
and the endocyclic ΟΡΟ angles are greater by 1.6° than in
compound (XLI). The ΟΡΟ axis, which is almost straight
in compound (XLI), bends in compound (LIV) towards the
bipyridyl ligand (172.7°). The imaginary addition of the
phenylenedioxy-dianion to the tetrahedral phosphorus in the
cation (LXIX) yields a P(VI) configuration which is close to
the octahedral P(VI) configuration in compound (XLI). An
analogous change in the geometry of the molecular skeleton
should also occur in the transition (LXIX) -* (LIV), but,
since the bipyridyl ligand is a weaker electron donor than
the catechol dianion, the features of the "tetrahedral" con-
figuration are retained in the structure (LIV).1*1*

X-Ray diffraction data for the only cyclic six-membered
λ6-1,3,2-diheterophosphorinane investigated by this method,
namely the acetylacetonate complex (II) , indicate only small
changes in the length of the Ρ—Ο bond compared with those
in compound (XLI), i .e. the Ρ—Ο bonds in the dioxaphos-
phor(VI)inane ring are also of the σ-type. The ring has
the boat conformation with the phosphorus and C(5) atoms
deviating from the plane of the remaining atoms. 1 9

Thus an octahedral O^ geometry is characteristic of phos-
phorate structures, as for many other molecules incorporat-
ing elements with a coordination number of six. 9 5 Recent
calculations for the hypothetical PHg molecule have shown96

that this geometry is more stable than the alternative pris-
matic geometry with the D 3^ symmetry:

Q
Sw

ρ θ

• f t «>

The tris-chelate hexacoordinate structures, including
phosphorate anions, are chiral and exhibit the enantiomeric
equilibrium (1) in solutions. The diastereotopic nature of
the methyl groups in the isopropyl groups of compound
(LXX) (two doublets with 6 = 0.86 and 1.03 p.p.m., J^h =
7 Hz) confirms this postulate. 9 7 The study of the 1H and

(LXX)

The phosphorus atom in compound (LXXIa) gives rise to two
signals in the region of -90 p.p.m. and the difference
between the chemical shifts is 0.5 p.p.m. The proton of
the aliphatic ligand resonates in the form of two doublets
with 6(A) - 5.33 p.p.m. and 6(B) = 5.19 p.p.m. At the
instant of the synthesis of compound (LXXIa) at room tem-
perature, the isomer ratio (B) : (A) = 25 : 75, varying with
time to 44 : 56. Coalescence of the doublet is observed at
120 °C.

The study of the kinetics of the epimerisation of the
optically active Ρ(VI) compounds by the polarimetric and
NMR method made it possible to determine the free energies
of activation for the unimolecular epimerisation process
AG# = 20.5 kcal mol"1 for (LXXIa) and 21.7 kcal mol"1 for
(LXXIb), whose rate increases with increase of the concen-
tration of the test substances. 9 8 ' 9 9 The epimerisation of
phosphorates is characterised by low activation entropies
and, as noted for phosphorates of type (LXXI), is acceler-
ated in the presence of acids. 10°

Two mechanisms of the enantiomeric isomerisation (and in
general of polytopic processes) of octahedral structures has
been discussed: the regular mechanism unaccompanied by
the dissociation of the bond between the central atom and
the ligand and the irregular mechanism which takes place
with cleavage of the element—ligand bond. In the former
case the ligand isomerisation process proceeds in accordance
with the trigonal twist mechanism via a transition state
having the pyramidal D3^ s t ructure , 9 6 ' 1 0 1 while in the
second case the process proceeds via intermediates with a
pentcoordinate central atom.

Calculation of the barriers to the topomerisation of simple
molecules95'96 demonstrated that the regular mechanism is
energetically unfavourable. Thus the energy barriers to
the trigonal twist Ε amount to -66 kcal mol"1 for PFe, -56
kcal mol"1 for PClg, and -41 kcal mol"1 for PHg, which
indicates the stereochemical rigidity of the octahedral O^
structures for atoms of non-transition elements. It is diffi-
cult to say to what extent these calculated data are applic-
able to complex real systems containing oxygen and nitrogen
atoms as well as chelated ligands, but one should note that
the replacement of hydrogen atoms by more electronegative
atoms or groups increases the activation barr ier . 1 0 1

The experimental results of the study of the kinetics of
the epimerisation of phosphorates presented above led the
authors 9 8 " 1 0 0 to the conclusion that, the isomerisation has
the irregular mechanism. The process proceeds with disso-
ciation of one of the ether bonds in the aliphatic five-mem-
bered ring, pseudorotation in the phosphorane intermediate,
and subsequent recyclisation leading to the formation of the
second enantiomer. The free energies of epimerisation found
fall within the range characteristic of ligand reorganisation
processes involving phosphoranes (14—22 kcal mol" 1 ). 9 6 ' 1 0 2

The low activation entropies agree with this conclusion and
the concentration effects found are associated with the varia-
tion of the ionic strength of the solution, which influences
the dissociation of the bonds and the charge separation. 9 8
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An analogous epimerisation mechanism has been proposed
for neutral P(VI) chelates (LVI): the AG# for these pro-
cesses fall within the range indicated above: 18.1 kcal mol"1

for (LVI, R = C5EUN) and 17.3 kcal mol"1 for (LVI,
R = Ph). 1* 7

At the same time the irregular permutation process has
been postulated for the cis—trans isomerisation of the phos-
phorates (XXVIII), investigated by 1 9 F NMR." At room
temperature these compounds are characterised by the
energetically favourable cis-disposition of the aryloxy-lig-
ands. However, at -101 °C the CF3 groups in the phosphor-
ate (XXVIIIb, R = Me) give rise to signals at -0.49 and
-0.75 p.p.m., while p-FC6H4O generates signals at -60.2
and -61.7 p.p.m. The CF3 signals coalesce reversibly at
-77 °C (AG# = 9.7 kcal mol"1), whereas for p - F C ^ O coales-
cence is observed at 34 °C (AG# = 14.5 kcal mol"1). For
the analogous cis-anion (XXVIIa, R = H), the free energy of
activation determined from the coalescence of the signals of
the trifluoromethyl group, is 17.2 kcal mof1 ( T c = 80 °C).
In the case of the l,3,2-dioxaphosphor(VI)inane anion
(LXXII), the signals of the CF3 groups coalesce at 3 °C
(AG# = 13.1 kcal mol"1), whereas the signals of the p-FCgH^O
groups remain separated up to 60 °C (AG# > 16 kcal mol"1).

Thus the energy barriers to "equilibration" in the phos-
phorates (XXVIIIa, b) and (LXXII) are different for differ-
ent magnetically non-equivalent groups—CF3 and p-FCeH^O.
This can be explained from the standpoint of the formation
of different trigonally-prismatic intermediates in the above
processes:

CF 3 CF3

(XXVIII)

R = H(a); Me (b)

\ ,OC6H,F-/7

\N)C6II4F-p

CI-3 CF 3

(LXXII)

Scheme 1

π 6 L ' 12

Ο . ι ,L

Ρ"

ό 4

CF, CF,

A4

(LXXIV)

3 0 Ό

(LXX11I) CF3
(LXXV)

In the structure (LXXIII, L = p - F C ^ O ) the 60° clockwise
rotation of the (2,4,3) trio relative to the (1,5,6) trio leads
to the trigonal prism (LXXIV) in which the CF3 groups are
equivalent and there is no p-FC6H4O (Scheme 1). On the
other hand, the 60° anticlockwise rotation of the (1,2,3) trio
relative to the (4,5,6) trio generates the trigonal prism
(LXXV) with the equivalent fluorophenoxy-groups and
non-equivalent trifluoromethyl groups. Other possibilities
involving a trigonal twist (there are eight in all—not shown
in the Scheme) have an analogous effect on both types of F
atoms. The observed experimental results are believed1*7 to
agree well with the regular permutation polymerisation pro-
cess . The retention of the values of Jpp for structures
(XXVIII) and (LXXII) confirms the intramolecular character
of this topomerisation.

The permutation isomerisation of NN-dimethylbenzamidinium
tetrafluorophosphorate (LXXVI), as a result of which the
mutually non-equivalent F(l,2) and F(3,4) atoms change
places in the tetragonal bipyramid according to 1 9 F NMR
data, is also intramolecular.1 0 3 This is indicated by the
retention of the 3 1 P - 1 9 F and 3 1 P- 1 H spin-spin coupling

and also by the absence of an influence of the concentration
of the test substance in solution and by the nature of the
solvent on the rate of isomerisation

Scheme 2

Ph—C \"θ θ Ρ '

I F 4

Me

(LXXVIa)

Me

Me

(LXXVI)

Ν'

Me

(LXXVIb)

Two alternative isomerisation mechanisms were discussed
in this instance also: irregular and regular. The irregular
mechanism can in its turn include the dissociation of the
phosphorus—nitrogen bond, which leads to structure
(LXXVIa) (Scheme 2), in which all four fluorine atoms
change places (pathway a) or the dissociation of the P—F
bond with migration of, for example, the F 2 atom to the
cationoid carbon. In this case (pathway b) the positions of
three F atoms change and structure (LXXVIb) is formed
(the intermediate structures are not shown in Scheme 2).
For the regular mechanism, it is also possible to put forward
several versions of the trigonal twist, but the exchange of
all fluorine atoms is preferred to the greatest extent [path-
way α leading to (LXXVIa)].

The fairly high free energy of activation for the permuta-
tion isomerisation of compound (LXXVI) (23.6 kcal mol"1 at
170 °C) exceeds the values characteristic of the polytopic
rearrangements of phosphorates. In view of this and also
the independence of the rate of isomerisation of the nature
of the solvent the authors are inclined1 0 3 to select the
regular mechanism via pathway α (LXXVI) -> (LXXVIa),
although the available data are as yet insufficient for an
unambiguous conclusion.

Thus one may decide that, on the basis of what are so far
still few instances of the study of polytopic rearrangements
of P(VI) compounds, it is impossible to arrive at reliable
conclusions about their mechanism. However, one cannot
rule out the possibility that the character of the ligand
reorganisation in phospha(VI)cyclanes can depend greatly
on their structure—the nature of the atoms attached to
phosphorus and the number, size, and compositions of the
phosphorus-containing heterocycles. One can only note
that the irregular mechanism is believed to be preferred
for spirotricyclic phosphorates, while the regular mechanism
is preferred for spirobicyclic and monocyclic phosphorates.

IV. P ( V I ) ^ P ( V ) EQUILIBRIUM PROCESSES

The capacity for the rupture of one of the P(VI)—ligand
bonds, which is responsible for the possibility of the intra-
molecular or intermolecular P(V)^P(VI) equilibrium pro-
cesses, is characteristic of certain hexacoordinate phos-
phorus compounds.

When the tautomeric mixture (XXXVia, b) interacts with
pyridine, a successive decrease of the intensity of the low-
field NMR signal of the P(III) atom in the form (XXXVia)
and an increase of the peak intensity in strong fields,
reflecting the content of the P(V) form (XXXVIb) and the
P(VI) form (XXXVII), are observed as the mole fraction of
the base increases and the temperature is reduced. An
appreciable excess of the base at room temperature shifts
the resonance peak to the "phosphorate" region (-93 p.p.m.
for 8 moles of pyr idine) ." 2 ' 6 1 ' 6 2
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The position of the P(III) ^ P(V) «* P(VI) equilibrium is
significantly affected also by the basicity of the amine. The
weak base diphenylamine does not induce appreciable changes
in the 3 1P NMR spectrum, while in the presence of tertiary
and secondary aliphatic amines the signals due to the P(III)
and P(V) forms disappear and high-field doublets appear
at -110 p.p.m. ( J P H = 800 H z ) . 6 3

The addition of pyridine to the chlorophosphorane
(LXXVII) is also accompanied by a shift of the (LXXVII)
signal (-9.5 p.p.m.) to a strong field (-84.5 p .p .m.) :

it is converted into the phosphorate (LXXXIII).

CMe,

(LXXVII) (LXXVIII)

It has been suggested1*3 that the reversible addition of the
base molecule [(LXXVII) ^ (LXXVIII)] takes place without
a significant reorganisation of the (LXXVII) molecular
skeleton and requires only a low activation barrier to be
overcome. This is responsible for the lability of the above
equilibrium and for this reason the average signal of both
forms, (LXXVII) and (LXXVIII), is observed. However,
after the addition of even the first portions of pyridine,
the (LXXIX) signal is observed at -100 p.p.m., together
with the -84.5 p.p.m. peak, its intensity increasing with
increase of the mole fraction of pyridine on reaching a
maximum in the presence of a twofold excess of the base.
The (LXXVIII) •> (LXXIX) transition represents a substitu-
tion reaction and requires a higher activation barrier to be
overcome. In the presence of an excess of pyridine the
cationic P(VI) compound (LXXIX) crystallises quantitatively.

The capacity of phosphoranes to be converted into phos-
phorate structures is manifested most distinctly in the forma-
tion of the intramolecular P-N bond. Compound (LXXX)
exist in the P(VI) form even at room temperature [δ( 3 1Ρ) =
78 p . p . m . ] . 6 2

(LXXXl

The s t u d y of factors determining the capacity for intra-

molecular Ν -»• Ρ complex formation in sys tems of type (LXXX)

has demonstrated a strong influence of the nature of the
ligands on the tendency towards the formation of phos-
phorates. The electron-accepting properties of the sub-
stituents at the phosphorus atom play a decisive role in this
connection. Thus, when one fluorine atom is replaced by an
alkyl group in the molecule of compound (IV), the N-P bond
is not formed and the difluoro-derivative exists exclusively
in the form of the difluorophosphorane, while tri- and tetra-
fluoro-analogues exist only in the Ρ(VI) form.18

Two arylenedioxy-substituents have a strong positive
influence on the phosphorus atom, so that compound
(LXXXI) is characterised by a high-field signal [δ( 3 1Ρ) =
89 p . p . m . ] . The introduction of the aliphatic ethylene-
dioxy-group instead of the phenylenedioxy-ligand results
in the existence of only the P(V) form—the phosphorus atom
in the structure (LXXXII) is pentacoordinated. However,
when compound (LXXXII) is acted upon by sodium hydride,

(LXXXI)

(LXXXII) δ(31Ρ) = -28 p.p.m. (LXXXIII) δ(31Ρ) = -83 p.p.m.

The high-field signal can reflect the P(V) =̂  P(VI) equilib-
rium , which is as a rule established rapidly on the NMR time
scale and for this reason both forms are manifested by a
single average signal, whose increasingly upfield shift
implies an increase in the content of the P(VI) compound
in the equilibrium mixture. Thus the resonance peak for
compound (LXXXIV) in the region of -85 p.p.m., recorded
at 20 °C, is observed in weak fields (-75 p.p.m.) at 150 °C
and, conversely, on reducing the temperature to -70 °C,
the signal undergoes an upfield shift to -88.7 p.p.m., while
at -90 °C an additional resonance line appears at -90.6 p.p.m.
It has been suggested8 5 that a decrease of temperature shifts
the equilibrium towards the P(VI) isomer, which exists in the
two diastereoisomeric forms (LXXXIVa) and (LXXXIVb), with
corresponding doubling of the signal at -90 °C.

(LXXXIVb)

It is striking that replacement of the endocyclic oxygen
atom in the ethylenedioxy-fragment of compound (LXXXIV)
by the more electron-donating NMe group lowers the Lewis
acidity of the phosphorus atom and the oxazaphospha(VI)-
cyclane (LXXXV) is a phosphorane [δ( 3 1Ρ) = -43.7 p.p.m.]

(I..XXXV)

Comparison of the structures of compounds (LXXXII) and
(LXXXIV) also indicates the importance of the effects of
electron delocalisation in the stabilisation of hexacoordinate
structures. The π-electron system of the hydroxyquinoline
ligand, which promotes the delocalisation of electron
density, favours the P(VI) form more than does the aliphatic
structure of N-phenylglycine. The relative instability of
the P(VI) acetylacetonate compound (LXXXVI) is explained
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by the fact that the delocalisation of electron density is
restricted to the region within the non-polar 1,3,2-dioxa-
phospholan r i n g . 8 5

The influence of the entropy factor on the position of the
P(V) -^P(VI) equilibrium, which is more significant for
intermolecular complex formation (AS0 = -30 e.u.) than for
intramolecular complex formation (-10 e . u . ) , has been
noted. 8 5 In particular, as a result of this complex forma-
tion is not observed in the pyridine-phosphorane (LXXXVIII)
system if compound (LXXXVII) exists mainly in the P(VI)
form.

(LXXXVIII) δ(31Ρ) = -26 p.p.m.
(pyridine)

(LXXXVII) δ(31Ρ) = -86 p.p.m.

Finally, mention must be made of the role of steric effects
of the substituents in the ligand. Thus the introduction of
a methyl substituent in the 2-position in the hydroxy-
quinoline fragment in compound (LXXX) shifts the equilib-
rium towards the P(V) form, which has been explained by
the repulsion of the methyl group and one of the oxygen
atoms of the benzodioxaphospholan rings. This hinders the
closure of the oxazaphospholan ring (the formation of an
Ν •*• Ρ b o n d ) . 8 5

It has been suggested that the P(V) =̂  P(VI) equilibrium
obtains also in the tri(phenylenedioxy)phosphorate anion
(XLI) and is displaced towards the phosphorane (XLIa) in
solution and towards the phosphorate in the crystalline
phase : 6 6

(X

K
(XLI)

PHNEt. ^
/

/°\/\
HNEf,

(XLIa)

A sextuply degenerate rearrangement with "random
wandering" of the charge over the aromatic ligands obtains
in this instance. 95>101t However, the rate of such "random
wandering" is low on the NMR time scale, so that the single
average chemical shift due to the P(V) and Ρ(VI) nuclei as
well as the protons of the aromatic ring is observed in the
spectra.

Such intramolecular degenerate tautomerism, associated
with the "random wandering" of the free valence over the
aromatic fragments, has been observed for the stable
radicals having the octahedral P(VI) structures (LXXXIX).104

On the other hand, the nitrogen compound (XC), having a
analogous structure, exists in the phosphorane form,
although the authors do not reject the possibility of forma-
tion of the corresponding phosphorates in the crystalline
s t a t e . 6 8

It has been established in many instances that the con-
jugate acid (XCIIa) of the anion (XCIa) and its analogues
are intermediates in the synthesis of phosphorates from the
corresponding phosphoranes and diols, usually catechol (see
Section I I ) . The transition (XCII) ->- phosphorate (XCIII) is
a prototropic process associated with the intermolecular
proton transfer to an "external" base, as in ring closure
in hydroxyalkyl (aryl) phosphates. 1 2

The study of the interaction of PC15 with catechol and
2, 2'-dihydroxybiphenyl established the occurrence of the
stepwise substitution of the chlorine atoms including the
prototropic equilibrium P(V)=^P(VI) 7k (Scheme 3)

Scheme 3

2 P C l j ^ ^ ^

δ 31Ρ =-27 p.p.m.

θ
BH:

-9 p.p.m.

-+• ό ό ό ό /ΐ~\

A V
W1

(XCI) = -31 p.p.m. (XCII) = -29 p.p.m.(XCIII) = -84 p.p.m.

ί

When the PC15 : catechol ratio is 1 : 2.5, the deposition of a
crystalline deposit of compound (XCI) is observed. The
latter is redissolved by an excess of catechol. The existence
of the equilibrium (XCI) =̂  (XCII) (the ratio of the com-
pounds involved was 8 : 2 in benzene) has been established
by NMR. The addition of DMF to this mixture induces a
gradual shift of the signal of compound (XCII) (-29 p.p.m.)
to the region of -84 p.p.m. of compound (XCIII) and a
decrease of intensity followed by the disappearance of the
-31 p.p.m. signal of the compound (XCI). This corresponds
to the process (XCI) ^ (XCII) ** (XCIII), in which the
equilibrium between the last two compounds is attained
rapidly on the NMR time scale.

Koenig et al. 71* also did not rule out the existence in solu-
tions of an equilibrium between compound (XCI) and the ion
pair (XCIa), which has been confirmed by the ebullioscopic
determination of the molecular weight of this compound:

(xci):

Me

(ΧΟδ(31Ρ) = -46.3 p.p.m.

The conversion of the ω-hydroxyalkylphosphorane into a
phosphorate has been observed in systems constructed with
the aid of hydroxyacid ligands. In toluene the equilibrium
(XCIV) ^ (XCV) is fully displaced towards the phosphorane
(XCIV), while in DMF and DMSO it is displaced towards the
spirophosphorate (XCV). 1 0 5

The action of strong bases on the (XCI) ^ (XCII) equilib-
rium mixture leads to the formation of the insoluble phos-
phorates (XCIII). The use of the chiral base (-)-brucine
in this reaction 71* made it possible to observe the signals of
two diastereoisomeric brucinium phosphorates (-84.4 and
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and -84.5 p .p .m.) , which are in equilibrium. A kinetic
study of the epimerisation of these diastereoisomers led the
authors71* to the conclusion that the P(VI) anion is obtained
in the synthesis in a non-racemic form and that the P(V) ->•
(VI) transformation is therefore stereospecific. The results
obtained7 h agree well with the concept of the occurrence of
degenerate tautomeric processes with participation of spiro-
bicyclic and tricyclic anions of type (XLI).

The first example of chlorotropic tautomerism with
participation of pentacoordinate and hexacoordinate phos-
phorus compounds has been described recently: 2 2

r
Ν

CX 3—C i© PC14 Z*±L

Ν

Me

(XCVI) X = Cl(a);F ( b )

Cl Ν

CX,—C. PCI,

Me

(XCVII)

The equilibrium (XCVIa) ^ (XCVIIa) is attained fairly
slowly on the NMR time scale: the signals of both forms can
be detected in the spectra. As the CX3 group becomes
more electron accepting (CF3 > CC13), the solvent polarity
decreases, the temperature rises, and the equilibrium is
displaced towards phosphoranes. Thus at 30 °C the content
of the P(V) form (XCVIIa) is 60% in CD3CN, 84% in C6I^Cl2-o,
87% in C6H6, and 97% in C 5D 1 2; at 50 °C the content of the
P(V) tautomer in CD3CN increases to 66%. The signals of
the methyl protons coalesce at 120 °C. The independence
of the rate of interconversion of the tautomeric forms of
concentration indicates the intramolecular character of the
tautomerism and suggests a structure with a bridging
chlorine atom and a hexacoordinate phosphorus atom as the
transition state or the intermediate.

The equilibrium processes with participation of penta-
coordinate and hexacoordinate forms of organophosphorus
molecules examined here model satisfactorily the first stage
of the associative nucleophilic substitution of the penta-
coordinate phosphorus, which presupposes the addition of
the nucleophile to the P(V) atom of the substrate with
formation of hexacoordinate intermediates and/or transition
sta tes . 1 2

The question of the character of the intermediates or
transition states in nucleophilic substitution reactions at a
hexacoordinate phosphorus atom is therefore intriguing.
The substitution of chlorine in compound (LXXVII) by a
pyridine molecule with formation of the dipyridine Ρ(VI)
cation (LXXIX) "*3 is one of the few examples of such reac-
tions . The process is most likely to proceed via a dissoci-
ative mechanism with the preliminary elimination of the
chloride anion. The associative mechanism appears unlikely:
not a single example of the existence of structures with a
phosphorus atom surrounded by seven ligands has so far
been discovered. In the tris(dithiocarbamato)phosphines,
io6,io7 trisdithioacylates, and phosphinodithioyl derivatives
of other group VB elements 1 0 8" 1 1 0 described hitherto, a
coordination number of seven of the central atom is attained
by the formation of three sulphur-element coordinate bonds
by virtue of the presence of a stereochemically active
unshared electron pair of the element.

V. CYCLIC COMPOUNDS OF HEXACOORDINATE PHOS-
PHORUS AS INTERMEDIATES IN THE REACTIONS OF
ORGANOPHOSPHORUS COMPOUNDS

It has been suggested and in many cases demonstrated
that X6-l,3,2-diheterophosphacyclanes can be intermediate
in reactions of organophosphorus compounds containing the
atoms of tricoordinate, tetracoordinate, or pentacoordinate
phosphorus. The involvement of P(VI) intermediates in the
reactions of tervalent phosphorus compounds has been
demonstrated only in some instances and is more likely to
be an exception rather than the r u l e . 1 0 The intermediate
formation of hexacoordinate phosphorus compounds occurs
only in specific cases—in reactions of bifunctional or poly-
functional reactants or substrates.

The formation of the intramolecular P(VI) complex
(XCVIII) in the transesterification of the phosphite (XCIX)
with phenol has been detected from 3 1 P NMR spectra: the
signal of compound (XCVIII) with δ( 3 1 Ρ) = -100 p.p.m. and
Jph = 860 Hz, whose intensity is high at the beginning of
the reaction and decreases as the latter is completed, has
been detected at -70 °C in methylene chloride: 1 1 1

(XCIX) δ(31Ρ) = +126 p.p.m. (XCVIII) = -100 p.p.m.
/PH = 860 Hz

Λ. 9Ph no-fl~\

\

128 p.p.m.

The stabilisation of compound (XCVIII) is achieved as a
result of the presence of the 1,3,2-benzodioxaphospholan
ring and the possibility of the formation of intramolecular
Ρ •+ Ν bonds.

The spirobicyclic phosphorate (Ca) has been isolated in
15% yield in the reaction of 2-ethyl-4, 5-benzo-l,3,2-dioxa-
phospholane with diethylamine.6 0 On heating, the salt (Ca)
evolves a hydrogen molecule and is converted into the phos-
phorane (Cla). The same result has been obtained in the
reaction of catechol with ethylphosphonous bis(diethylamide):

-Hj.-K»2NH

(CI) a) X = O; b) X = NH

The interaction of o-aminophenol, leading to the phos-
phorane (Clb), can take place via the same pathway. How-
ever, the corresponding aminophosphorate could not be
isolated owing to its smaller stability [see structure (XC)].

The results of the reactions of aryl thiocyanates with
alcohols and diols in the presence of triphenylphosphine has
been explained by the involvement of pentacoordinate
and hexacoordinate phosphorus intermediates. The inter-
action of phenyl thiocyanate with triphenylphosphine and
ethylene glycol takes place via pathway α (Scheme 4) and
leads to 2-phenylthioethanol and triphenylphosphine oxide.1 1 2
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Aliphatic alcohols react analogously with formation of alkyl
aryl sulphides. 1 1 3 On the other hand, another pathway
(pathway b ) , leading to the isolation of p-methoxybenzene-
thiol and the cyclic phosphorane (CV), is also followed in
the reaction with participation of p-methoxyphenyl thio-
cyanate. It has been suggested" 2 that the oxonium-phos-
phorane adduct (CII) is a key intermediate in these pro-
cesses.

ArSCN + P h 3 P

ArS—PPh 3

OCH2CH2OH

(CIU)

Η SAr

Scheme 4

Η—OCHoCHiOH ~«CN
A r S 1 Ten," %

(a) *~ Θ
- ^ ^ HOCH2CH2OPPh3 — > • ArSCH2CH,OH + P h 3 P = O ;

CH \
I 2 \ph3 + ArSH ;

V
(CV) SAr

© Θ Ο PPh3

(c).ArSPPh3 CN / \

CH2

(CIV)

Ph3POCHoCH,OPPh3

I I
SAr SAr

(CVI1)

ArSCH,CH,SAr

(CVIII)

CH2

(CVI)

2 P h 3 P = O .

Its deprotonation by the cyanide ion affords the phos-
phorane (CIII); the decomposition of compounds of type
(CIII) via pathway α is responsible for the formation of
sulphides in the reactions of alcohols and of 2-phenylthio-
ethanol in the reaction of ethylene glycol. The p-methoxy-
phenylthio-group is difficult to eliminate compared with the
phenylthio-substituent and for this reason the attack by
the terminal hydroxy-group on the pentacoordinate phos-
phorus atom competes with elimination of the arylthio-
group from the phosphorane (CIII, Ar = p-MeOCeH^) (path-
way a ) . This leads to the cyclic dipolar phosphorate (CIV);
the fragmentation of the latter leads to the p-methoxy-
benzenethiol and the cyclic phosphorane (CV) (pathway b ) .

The possibility of the formation of the phosphorate (CIV)
in these processes has been confirmed by the synthesis
of aryl methyl sulphide in the reaction of p-methoxyphenyl
thiocyanate with 2-methylthioethanol (MeSCH2CH2OH), which
proceeds via the intermediate (CIX), which is analogous to
the intermediate (CIV):

SAr

MeS—PPh 3

/ \
CH, 0

CH,
(CIX)

The involvement of p-nitrophenyl thiocyanate in this reaction
does not lead to the formation of the sulphide, because the
nucleophilicity of the arylthio-group is in this case insuffi-
cient for the demethylation of compound (CIX, Ar =
p-NOaCeHij) and the process proceeds in the "normal" way
via pathway α to the bis-sulphide MeSCHzCHaSCel^NC^-p.

An essential condition for the formation of the phosphorate
intermediate (CIV) from compound (CIII) is the presence of
a free hydroxy-group, since glycol monoethers react only
via pathway α, like primary alcohols.1 1 2

The p-nitro-substituent in the aryl group stabilises the
negative charge on the phosphorus atom in the phosphorate
(CIV) and the possibility of yet another competing pathway
(pathway c) arises in this case; it is associated with the

deprotonation of the phosphorate (CIV) by cyanide ion and
the appearance of the ion pair (CVI). The interaction of
the ions of the pair (CVI) leads to the bis-sulphide (CVIII)
via the bisphosphorane (CVII) stage.

When the nitro-group is introduced in the o-position in
the benzene ring, the formation of compound (CIV) is
hindered for steric reasons and the process is therefore
wholly directed via pathway a. The same results have been
observed when 1,3- and 1,4-diols were used. Evidently the
formation of phosphorates with a greater ring size than in
compound (CIV) is energetically unfavourable.

An analogous intermediate formation of a five-membered
ring in the P(V) and P(VI) intermediates ensures a sharp
acceleration, induced by alkoxide ions, of the decomposi-
tion of 3-hydroxypropylphosphonium chloride (CX) (the
rate constant at 60 °C is 7.3 litre mol~2 min"1), compared
with triphenyl-n-propylphosphonium chloride (the rate con-
stant at 60 °C is 0.003 litre rnoF2 m i n " 1 ) : 1 1 " ' 1 1 5

θ

Ph 3 P(CH 2 ) 3 OH

(CX)

Ph

- P H ©

It has been suggested that tetracoordinate phosphorus
compounds can give rise to P(VI) intermediates in chemical
reactions involving base-catalysed nucleophilic substitution
at a tetrahedral phosphorus atom.

In the presence of bases, the cyclic enediol phosphates
(CXI) readily phosphorylate alcohols to form asymmetric
diesters of phosphoric acid.1*1 '1 1 6 Effective catalysis by
bases (amines, 1 1 7 ' 1 1 8 phenoxides, 119)12° and the acetate
i o n 1 2 1 ) , which increases the rate of reaction by tens and
hundreds of times, takes place in these reactions:

(CXII) (CXI)

• (R'0)(R 20)P(0)0CH(Me)C(0)iIe -

X=OR, OAr, t/ Ι , ΟΡς if , etc.

VN \A

P ( θ + HOCHCOMe ;

χ» A .

The mechanism of the catalytic action of bases is associated
with the formation in the first stage of the hydroxy-
phosphorane (CXIII), which is obtained either by the reac-
tion of the full phosphates (CXII, X = OR) with the catalyst
or as a result of the addition of the alcohol to the enediol

phosphate with a P-N bond (CXII, X=N<^ j , N / e t c . ) . 1 1

The interaction with the substrate leads to an increase of
the coordination number of the phosphorus atom in the
rapidly formed intermediate phosphorate (CXIV):

Me

M e — C = C — 0 ©

(CXV)

RO(R2O)P(O)0C(Me)C(O)Me + B.
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The removal of one of the ligands in the intermediate (CXIV)
converts the latter into the phosphorane (CXV) and then
into the reaction products.

The essential feature of the catalytic action of bases
apparently consists in increasing the rate of addition of
nucleophiles to a phosphorane intermediate of type (CXIII)
compared with the rate of reaction with the initial phosphate.

The phosphorylation of enediol phosphates by amide
derivatives is accompanied by autocatalysis, because the
interaction of, for example, the phosphimidazole (CXII,
X = imidazolyl) with alcohol in the first stage is associated
with the liberation of imidazole, which ensures effective
catalysis of the phosphorylation react ion. 1 1 6 " 1 1 8 ' 1 2 2

The duration of the reaction of phosphoric acid triesters
in the presence of imidazole is 2—30 min, while in its absence
it is 8-12 h . 1 1 7 Triethylamine is just as effective in the
reactions of primary alcohols and hardly affects the rate of
phosphorylation of secondary alcohols. This is caused by
the high steric requirements by the tertiary amine under
the conditions involving the formation of a hexacoordinate
intermediate. A definite role is also played by the basicity
of the amine. Thus, in the base-catalysed opening of the
ring in enediol phosphates by alcohols, the effectiveness of
the catalysis is correlated with the basicity of the amines. 1 2 3

The catalytic action of the ρ-nitrophenoxide ion in the
trans-esterification of p-nitrophenyl diphenyl phosphate by
alcohols has been explained by the formation of acyclic
P(VI) intermediates.1 1 6 '1 2 1*

It has been noted 1 1 7 ' 1 1 9 that the mechanism discussed here
probably operates in the action of enzymes catalysing the
reactions of phosphates and pyrophosphates in biological
systems, because the presence of tyrosine, lysine, arginine,
and histidine facilitates the addition of nucleophiles to a
tetracoordinate phosphorus atom.

The base-catalysed cyclisation reactions of tetracoordinate
phosphorus compounds containing an ω-hydroxyalkyl,
o-hydroxy, or o-siloxyphenyl group u > 1 2 also take place
with participation of P(VI) intermediates. Thus silyl trans-
fer, which is responsible for the occurrence of the phos-
phate-phosphorane equilibrium (CXVI) (CXX), is acceler-
ated by amines, the effectiveness of such catalysts
diminishing as the steric requirements of the amines become
more s tr ingent . 1 2 5 The process includes the addition of the
amine to the phosphate with formation of the monocyclic
phosphorane (CXVII), in which the trimethylsilyl group is
transferred from the phenoxy-oxygen to the equatorial oxy-
anionic centre, so that the intermediate phosphorane
(CXVIII) is produced. The addition of the anion to the
phosphorane centre leads to the spirobicyclic zwitter-ionic
phosphorate (CXIX), whose decomposition to the amine and
siloxyphosphorane completes the isomerisation process:

OSiM»3

(CXX)

The examples of the base catalysis of nucleophilic reactions
of tetracoordinate phosphorus compounds presuppose the
occurrence of two successive stages involving the addition
of nucleophilic species to the tetrahedral phosphorus atom
of the substrate and the phosphorane centre of the inter-
mediate , which necessitates the participation of intermediates

with the phosphorate structure in these processes. In this
connection we may note that the formation of Ρ(VI) inter-
mediates, which may arise by the reaction of two hydroxide
ions with the phosphoryl centre, has not been ruled out in
the hydrolysis of five-membered cyclic phosphates either.1 2 6»
1 2 7 This hypothesis has been based on the experimental
observation of a second-order dependence on hydroxide ion
at high pH (in excess of 10) on the hydrolytic reaction.

However, the attempts to demonstrate the formation of
phosphorate intermediates in the hydrolysis of ethyl
ethylene phosphate using an isotope label and 3 1 P NMR
(190.3 MHz) were not successful.1 2 8 Nevertheless, the
experimental data presented in this section make it necessary
to consider the possibility of the formation of Ρ(VI) struc-
tures and processes involving the interaction of tetracoor-
dinate and even more so pentacoordinate phosphorus com-
pounds with nucleophilies.1 2 9 Furthermore, the data
obtained in recent years leave no doubt that intermediates
containing a P(VI) atom do in fact to a large extent deter-
mine the kinetic and synthetic results in many reactions of
phosphoranes. 1 2

It is known1 2 that nucleophilic substitution at a penta-
coordinate phosphorus atom can proceed via one or two
mechanisms—dissociative, presupposing the unimolecular
decomposition of the phosphorane to a phosphonium inter-
mediate, and associative, in which nucleophilic species are
added to or eliminated from the P(V) atom of the substrate,
the formation of Ρ (VI) intermediates in the second case has
been established experimentally by isolating the products
of the addition of ionic or neutral nucleophiles to phos-
phoranes.

Theoretical calculation for the minimum reaction energy
pathway (MREP) in nucleophilic substitution at the P(V)
involving the simple model reactions (2)-(4), i .e.

Η Θ -f PH6 Tl (ΡΗβ)
Θ tt PH5 + Η Θ ,

Η Θ + ΡΗ4Με ^ (PH5Me)© r; PH4Me -f Η Θ ,

Η Θ -f PH3Me2 ^ (ΡΗ,Μ^)0 ?? PHjAfej + H e ,

(2)

(3)

(4)

demonstrated that the attack by the hydride ion takes place
rigorously in the equatorial plane of the trigonal bipyramid
of the substrate. 9 5 The interaction leads to an octahedral
intermediate and the main geometrical rearrangement of the
system takes place in the reaction zone (R = 2.0—2.2 X)
with a gradual decrease of the total energy (see Figure).
The trans-equatorial ligand begins to "sense" the approach
of the nucleophile even over long distances and the trans-
P—Η bond gradually lengthens and, when the interaction is
completed, reaches its equilibrium value. The lengths of
the cis-P—Η bonds increase monotonically.

Calculations for the less symmetrical RRXPH3 molecules have
shown that the energetically most favourable direction of
attack of a nucleophile involves movement along the bisector
of the RPR1 angle.

According to the data of Minaev and Minkin,9 5 the addition
of the nucleophile to the P(V) atom results in the preferen-
tial cis-disposition of the most electronegative group and
the removal of the electronegative group being substituted
takes place in the cis-conformation. #

# The view has been expressed recently that equatorial
attack by the nucleophile in the trigonal bipyramid of the
phosphorane intermediate1 3 0 and not only axial attack, as
had been believed previously, λ 1 is possible also in reactions
involving nucleophilic substitution at a tetrahedral phos-
phorus atom proceeding with retention of configuration.
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At the same time, it has been shown'16'1'9 that, when the
formation of Ρ(VI) anions is subject to kinetic control, the
addition of ionic nucleophiles to spirophosphoranes results
in the initial formation of trans -phosphorates, which
isomerise on raising the temperature to the thermodynam-
ically favourable cis-phosphorates1 2 (see also Section IV).

The minimum energy pathway in reaction ( 2 ) ; 9 5 the heats
of formation of the supermolecule (hHf, kcal mol"1) are
quoted for different distances R between the hydride ion
and the attacked molecule: a) 120.5; b) 118.4; c) 115.4;
d) 88.9; e) 78.6.

succession all the chlorine atoms for the azido-ligands

Scheme 5

Ι θ
N=N—NR (CXXIII)

(CXXI1)

00
(CXX1)

(CXXIV)

IN?

do-
(CXXV)

R = Me3Si

Thus reactions involving the nucleophilic substitution of
chlorine atoms by azide ions proceed via a series of con-
secutively formed individual phosphorate intermediates. 1 3 1

The interaction of hydroxyphosphoranes with alcohols,
which takes place via transesterification1*1 '1 3 2 '1 3 3 or alco-
holysis5 5 mechanisms, also involves the intermediate
formation of phosphorates. Thus in the presence of γ-col-
lidine, benzyl alcohol substitutes the pyrophosphate ligand
in the phosphorane (CXXVI) in a relatively rapid and
reversible reaction proceeding via the monocyclic phos-
phorate (CXXVII). The coordination of the phosphorus
atoms is preserved in the reaction products.1*1

(EtO)2P

0

0 MeO

— O — P — 0 — P ^

OE ^
MeO

+ PhCH20H + Β

(CXXVI)

: (Eto)2
° Y _Me0 pv_C F.i P — 0 — Ρ — Ο — Ρ -τ-» MeO^ • 3 + ( E t o ) 2 p — ο — Ρ ' ;

(CXXVII)
©
BH

OCH2Ph

0
OEt Θ

BH

However, in alcoholysis reactions leading to products
with a reduced coordination number of the phosphorus
atom, the formation of phosphorate intermediates can be
established spectroscopically in many instances. 5 5 The
methanolysis of the hydrophosphorane (CXXVIII) in DMF
leads to the cyclic phosphite (CXXX) and the aminoacid
(CXXXI). At -60 °C a high-field signal [<5(31P) = 110 p.p.m.,
Jpfj = 760 Hz] was recorded in the NMR spectrum of the
reaction mixture:

The formation of phosphorate intermediates in nucleophilic
substitution at a pentacoordinate phosphorus atom has been
detected in many instances by NMR.12

In the reaction of the chlorophosphorane (CXXI) with
trimethylsilyl azide at -100 °C, the main product is the
zwitter-ionic adduct (CXXII), which eliminates chloro-
trimethylsilane at -60 °C and is converted into the azido-
phosphorane (CXXIII). However, the use of a twofold
excess of the silyl azide yields as the main component of
the reaction mixture the phosphorate (CXXIV), which is
subsequently converted into compound (CXXV) (Scheme 5).

The equilibria (CXXIII) ^ (CXXIV) and (CXXIV) ^
(CXXV) are characteristic of the interaction of phosphoranes
with nitrogen-containing nucleophiles (see Section IV).
Phenylenedioxytrichlorophosphorane also combines with the
azide molecule in the first stage and then exchanges in

(CXXX) (CXXXI)

The signal was assigned to the intermediate (CXXIX) on
the basis of a comparison with the similar spectroscopic
characteristics of the phosphorate (CXXXII) obtained from
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compound (CXXVIII) and t-BuOK.

OBu-t
(CXXII) 5(31P) = -112 p.p.m., Jm = 740 Hz

It is striking that the attack by the nucleophile is directed
not to the alternative electrophilic centre of the molecule of
compound (CXXVIII), namely the carbonyl carbon atom,
but to the phosphorane phosphorus atom, which is known12

to be characterised by a pronounced Lewis acidity. The
replacement of the phenylenedioxy-substituent in compound
(CXXVIII) by the less electron accepting ethylenedioxy-
group precludes the detection of the Ρ (VI) intermediate
in the course of alcoholysis. 5 S

It has been suggested that the transesterification of
spirophosphoranes in neutral media and their subsequent
polymerisation at an elevated temperature (>90 °C) proceed
via a stage in which bicyclophosphorates (CXXXII) are
formed:1 3"

; Μ Θ
l>90*C

J Κ
-polymer.

ο—c coo*

(cxxxii)

The formation of the oxonia-phosphorate intermediate
(CXXXIII) probably ensures 1 3 5 intermolecular ligand
exchange between the cyclic and acyclic phosphoranes
(CXXXIV) and (CXXXV):

(PbO)5P -

(CXXXV)

(CXXXIV)

MeO OMe OPh

(CXXXIII)

Systems in which phosphotropic tautomerism occurs with
participation of the phosphoranyl group have been dis-
covered recently. 1 3 6 Two equal intensity singlets, at 3.63
p.p.m. (1) and 3.94 p.p.m. (2), as well as a singlet at
3.75 p.p.m. (3) with the intensity ratio (1 + 2) : (3) =
0.45 : 0.55, have been observed in the XH NMR spectrum of
a solution of the phosphorane (CXXXVI) in o-dichloro-
benzene at 25 ° C. The 3 1 P NMR spectra also contain two
singlets with 6( 3 1P) = -26.8 and -36.7 p.p.m. and the same
intensity ratio. The proton signals coalesce at 120 °C. This
spectral pattern was explained by the existence of a dynamic
equilibrium between the forms (CXXXVIa), (CXXXVIb), and
(CXXXVIc) owing to two consecutive 1,3-migrations of the
phosphoranyl group in the N=C—N=C—Ν pentad of compound
(CXXXVI):

N—Ar

The free energy of activation for the process is 16.9
kcal mol"1. The rate of these migrations is independent of
concentration, which indicates an intramolecular mechanism
of this phosphotropic process, involving the formation of
the intermediate (CXXXVII) with a hexacoordinate phos-
phorus atom, which is short-lived on the NMR time scale
and cannot therefore be detected spectroscopically.

(cxxxyii)

A degenerate triad phosphotropism, associated with the
migration of the PF3Ph group, occurs in the phosphorane
derivatives of trihalogenoacetamidinium. The intermediate
phosphorate intermediate cannot be detected, because it is
destabilised by the electron-accepting group at the cationoid
carbon atom and the phenyl group at the phosphorate
phosphorus atom: 1 3 7

CX3-C

Ν

f s
—P—Ph

Me

cx3—c^e pr3ph

One cannot rule out the possibility that the phosphoro-
tropic tautomerism (CXXXVIIIa) ^ (CXXXVIIIb), observed
in monocyclic phosphoranes containing an acyl group at an
endocyclic carbon atom, 1 3 8~1 '*0 can involve not only a disso-
ciative mechanism via a betain intermediate (CXXXIX) with
the phosphonium atom, but also via an associative mechanism
with participation of a hexacoordinate intermediate or
transition state (CXL). However, the experimental data
are insufficient to make a choice between these variants.

Ό ο

II Θ J\ ,
tC^=C—CR 1

X

®P(OMe)3_

(CXXXIX)

θ

*-ιΐν
ο ο

MeO I OMe
OMe

(CXL)

X = O,NPh,CHRz

R.R^Me.Ph

P(OCH3)3

(CXXXVIIIb)

The present paper completes a series of reviews1 0 1 2

devoted to the chemistry, mainly reactivity, of 1,3,2-di-
heterophosphacyclanes containing a phosphorus atom with
different coordination numbers. Summarising briefly the
literature data of the last decade, one must note that all
the main current trends in the development of organo-
phosphorus chemistry have been reflected in the chemistry
of these phosphorus-containing heterocycles. The endeavour
by investigators to establish a relation between the structure
and reactivity of OPC and to express it quantitatively when-
ever possible must be included among them in the first place.
Much attention has been devoted to the study of the fine
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details of the reaction mechanisms and through their under-
standing to the development of new methods of synthesis
of OPC, including those which are practically useful. The
discovery of the character and role of the intermediates in
the reactions of OPC is important for the development of
the chemistry of phosphorus compounds at the present stage.
It has led investigators to recognising the fact of the rela-
tive ease with which the coordination number of the phos-
phorus atom can change and to new views on the character
of the driving forces in the reactions of OPC and has
strongly stimulated progress in the chemistry of hyper-
valent compounds of phosphorus and other non-transition
elements.

At the same time, many problems in the chemistry of
1,3,2-diheterophosphacyclanes, such as the character of
the intramolecular electronic interactions, the manifestation
of the stereochemistry of the phosphorus-containing hetero-
cycle in the reactivity of OPC of this type, the quantitative
characteristics of the electronic and steric effects of the
alkylene(phenylene)dihetero-substituent or the entire
phosphacyclane fragment, and many others still require a
more far-reaching development. We are confident that
studies in the near future will be marked by new successes
in this rapidly developing field of organophosphorus
chemistry.
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The Resonance Raman Light Scattering in Studies of the Structures and
Functions of Flavins and Flavoproteins

T.M.Ivanova

The application of the spontaneous and non-linear resonance Raman spectroscopic methods in studies on flavins and
flavoproteins is examined. The biological functions of flavin systems are briefly surveyed and the parameters of the resonance
Raman spectra and their relation with the electronic structure of the isoalloxazine ring in various oxidation states are described.
The possibilities of identifying the flavin chromophore in a protein environment, in charge-transfer complexes, and in modified
systems are discussed.
The bibliography includes 115 references.
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I. THE LINEAR AND NON-LINEAR RESONANCE RAMAN
SPECTROSCOPIC METHODS

Resonance Raman light scattering (RRS) was observed in
the 1950's before the appearance of universal Raman scatter-
ing (RS) excitation sources—lasers. "Resonance" implies
in this sense the coincidence of the frequency of the exciting
light with one of the frequencies of the electronic transition
in the molecule. This term was first applied to the descrip-
tion of the large increase in the intensities of certain Raman
lines of aromatic nitro-compounds on excitation in the long-
wavelength absorption band region. 1 All the characteristic
features of RRS were described in subsequent studies :2~k

high intensity coefficients exceeding by a factor of 103-109

the intensity of the usual RS; selective intensification of
only certain normal vibrations among those actually applicable
to the given electronic absorption band; the appearance in
certain cases in the Raman spectrum of progressions of
intense overtones; relations between the RRS line intensities
and the parameters of the electronically excited state. These
properties made it possible to expand greatly our ideas about
the interaction of light with matter and to obtain new informa-
tion about molecular structure and have led to analytical
possibilities unavailable in the traditional RS methods. The
invention and theoretical application towards the end of the
1960's of lasers led to a vigorous growth of the applications
of RS, in particular RRS , in the solution of a wide variety
of problems in physics, chemistry, and biology. 5 ) 6 At the
same time numerous non-linear effects, arising in matter
under the influence of coherent laser beams, were observed
and foundations were laid for a new field-non-linear optics
and one of its branches, namely non-linear scattering
spectroscopy.

In contrast to the traditional spontaneous RS, arising from
fluctuation (thermal) vibrations, in non-linear scattering
spectroscopy one considers the interactions with forced
intramolecular vibrations which are excited under certain
conditions by the powerful light fields of lasers in a large
volume of matter. It is important to emphasise that the
coincidence of the phases (phase synchronisation) of the
forced vibrations plays the main role in these processes,
whereas their amplitudes in the strongest light field remain
smaller by 2—3 orders of magnitude than the fluctuation
(spontaneous) changes in the normal nuclear coordinates.
The first of these phenomena observed was forced Raman
scattering (FRS). 7 Although the spectroscopic possibilities
of this method are extremely limited, it served as the physical

foundation of a whole series of non-linear Raman spectro-
scopic methods developed in the subsequent decade8 and
based on measurements of the amplitude, polarisation and
phase of coherent waves "scattered" by forced vibrations.9 '1 0

Although many of these processes are not scattering in the
traditional sense of the word, their interpretation may be
based on classical ideas about the modulation of polarisability
by normal nuclear vibrations, which are widely used in
spontaneous Raman spectroscopy and which only arose at the
time of the publication of Placzek's book,11 while the param-
eters of the non-linear scattering—the intensities, forms,
half-widths, and positions of the signal—may be compared
with spontaneous RS data.

The rapid progress in the technology of lasers with tunable
frequencies resulted in what were initially unique measure-
ments becoming routine measurements.12 Two non-linear
Raman spectroscopic methods, which have found most prac-
tical applications and whose variants analogous to spon-
taneous RRS have also been investigated, are briefly
described below.

The Coherent Anti-Stokes (Stokes) Light Scattering
(CALS and CSLS) Spectroscopy. Two coherent beams with
the frequencies ωχ and ω2 such that their difference ωι-ω 2

coincides with one of the intramolecular vibration frequencies
ωΓ can be excited and phase-synchronised against the back-
ground of the vibration with the frequency to r; a third
(trial) wave then interacts with forced vibrations, is
scattered, and gives rise to intense coherent components
in the anti-Stokes and Stokes regions: 8

0Ja, C = (D±(<B, — G)2)

The most widely used vers ion of th i s method is one where one
of the pumping waves is used as the tr ial wave (ω = ω ι ) :

ωβ = 2 ω ι — ω2

Evidently, by varying the difference ω1-ω2, it is possible
to obtain all the frequencies corresponding to the spontaneous
Raman spectrum of the molecule. The abbreviations CALS
and CSLS widely used nowadays in the foreign literature
were introduced by Byer et al;1 3 however, even earlier
Akhmanov and co-workers10 proposed for this process the
term "active RS spectroscopy (ARSS) which we shall also
use subsequently.

The analogue of spontaneous RRS, where the coherent
pumping frequency ωχ is close to the frequency of the elec-
tronic (one-photon) transition in the molecule ωθ, is nowadays
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vigorously investigated in the CALS spectroscopy. On
decrease of the difference ωχ—ωθ, a sharp increase in the
intensity of the coherent signal was observed in the CALS
spectra. l l f ' 1 5 In the region of the one-photon resonance,
the CALS and CSLS lines have extremely complex contours
due to the interference of several contributions—electronic
and vibrational (see, for example, Refs.9 and 10). This
factor initially led to an erroneous interpretation of the
observed phenomenon as inverse RS1 5 (see below). Theoreti-
cal analysis within the framework of quantum-mechanical
ideas has shown16 that, when ωχ is scanned in the region of
a broad electronic absorption band, the contour of the anti-
Stokes line can vary from positive Lorentzian through dis-
persion to negative Lorentzian, depending on the ratio of
the parameters: the frequencies uilt ωθ, and ω and the
decay constants ΓΘ and T r of the electronic and vibrational
oscillators. For identical values of ωι—ωβ, the CALS and
CSLS signals have different forms (Fig. l ) . This has been
observed experimentally for cytochrome c, 1 5 vitamin Bi 2 , 1 5

β-carotene,1 7 and certain other biologically active sub-
stances . 9

The case of "double resonance", vibrational and electronic
(one-photon), has also been investigated in inverse Raman
spectroscopy. This method has a number of advantages,
among which the absence of an intense permanent back-
ground, associated with the non-resonance electronic sus-
ceptibility and generating a serious interference in the CALS
and CSLS spectra (under conditions remote from one-photon
resonance), is important.9 '1 0 It has also been suggested
that, in contrast to ARSS, in the intensification—attenuation
scheme it is possible to obtain spectra fully corresponding
to spontaneous RS, including the form of the signal.19»20

In the first experiment on resonance inverse RS, direct
measurements were made of the absorption.2 1 Subsequently
various modulation schemes were proposed22»23 permitting a
significant improvement of the detection limits.21* The
experiments on the excitation of inverse RS in the region
of broad electronic absorption bands showed that21* the form
of the signal changes as a function of the ratios of ωι, ω β ,
and Γ β . The results of a model parametric calculation of the
resonance inverse RS line contour are presented in Fig. 2.

(150 1500 1550 1500 1550
ωι~ω2, cm"1

Figure 1. A model calculation of the CALS (a) and CSLS
(b) band contours on resonance excitation;1 6 the values
of the parameters simulate the case of vitamin B^; ω θ =
18,000 cm"1, ω Γ = 1500 cm"1, T e = 500, and Tr = 10.
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Figure 2. The contours of the inverse Raman signal
(below) on excitation in the region of the absorption band
(shown dashed); model calculation.21*

Inverse Raman Spectroscopy. CALS and CSLS are four-
photon processes. A lower-order non-linear process,
namely a two-photon process, was also observed in the
1960's. When two coherent beams with the frequencies ωχ
(intense pumping) and ω2 (weaker trial wave) were allowed
to interact with the medium, Jones and Stoicheff18 observed a
weakening of the intensity of the trial wave, while the fre-
quency difference ω 2-ωι coincided with the vibrational
transition frequency u)r:

co2 — ω^ω,.; α>ι<ω2

This phenomenon was called the inverse Raman effect.18

Instead of the weakening of the trial high-frequency wave in
the field of powerful low-frequency pumping, one can employ
another scheme and observe an intensification of the trial
low-frequency ω2 wave under the influence of the intense
high-frequency ωι pumping.1 9 The corresponding terms
have been proposed in the Soviet literature: forced RS
(FRS) in intensification and inverse RS (IRS) in attentua-
tion. 1 0 These methods are sometimes referred to as modula-
tion methods bearing in mind the change in the optical
properties of the medium at the frequency of the trial wave.10

The advantages of coherent Raman spectroscopy in the
study of rarefied gases and in the diagnostics of plasma,
rapid combustion processes, etc. have been frequently
noted.8»10»12 In comparing the possibilities of spontaneous
RRS and its coherent analogues in studies of the structures
of complex molecules in condensed phases, one should note
in the first place the difficulties associated with the extrac-
tion of information from coherent Raman spectra in the
region of one-photon resonance; the treatment of spon-
taneous RRS data is in this case much simpler. The ARSS
and inverse Raman spectra have been calculated on a com-
puter by adjusting parameters. At the same time, the
complexity of the form of the coherent signal and the changes
in the latter in the resonance region due to the interference
by several contributions make it possible to obtain, with the
aid of parametric analysis, a series of additional data—in
particular one can estimate the decay constants for the
electronic and vibrational oscillators, determine the fre-
quencies in the excited state of the molecule, and refine the
position of the 0-0 transition. However, all these pro-
cesses have so far been inadequately studied.
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Figure 3. The prosthetic flavin groups and the numbering of the atoms in the isoalloxazine
ring (I) : a) riboflavin; b) flavin mononucleotide; c) flavin adenine dinucleotide; d) lumi-
flavin; II) semiquinone form; III) fully reduced form; IV) 5-deaza-8-hydroxyflavin.

The excitation in the region of resonance of complex and
especially biological molecules is known to entail frequently
the appearance of an intense fluorescence, which fully rules
out the observation of spontaneous RRS. Since the CALS
and inverse Raman signals are located in the anti-Stokes
region and the fluorescence occurs in the Stokes region,
they provide a unique possibility for recording Raman spectra
in the presence of fluorescence. We may also note that the
average level of the intensity of the irradiation of the speci-
men in the coherent spectroscopy is lower by 1—2 orders of
magnitude than in the recording of spontaneous Raman
spectra, which is important for photolabile substances.

Thus non-linear Raman spectroscopic methods significantly
supplement the spontaneous spectroscopic method and some-
times constitute the only means of observing the Raman
spectra. Yet another field, associated with studies on non-
stationary processes and the determination of the dynamic
characteristics of short-lived intermediate states, which is
extremely important for biology, has developed rapidly
during the last decade within the framework of non-linear
spectroscopy (see, for example, Akhmanov and Koroteev,10

Chapter 5). Progress in the technique of the generation of
short and ultras ho rt [picosecond (ΚΓ1 2 s)] pulses and the
creation of adequate recording methods25"27 permitted the
study of rapid biological processes, including the conforma-
tional rearrangements in the active centres of haemopro-
teins2 8 and in visual pigments.2 9

The scale reached by studies with the aid of linear and
non-linear resonance Raman spectroscopy in biology can
be inferred from the appearance of the term "resonance
Raman spectroscopy of haemoproteins",30 "resonance Raman
spectroscopy of visual pigments",3 1 etc. The comparatively
new rapidly developing field of flavoproteins has been least
thoroughly investigated in this sense. 32~31* This review
discusses resonance Raman spectroscopic data obtained for
flavin and flavoproteins in connection with their structures
and functions; the latest ideas concerning the role of flavo-
proteins in living nature and certain mechanisms of their
action are also briefly surveyed.

I I . THE STRUCTURES AND FUNCTIONS OF FLAVOPROTEINS

Flavins and Flavoproteins. This important class of
natural products has been little investigated partly because
of historical reasonst as well as a number of other factors:
the great complexity of the molecules, the difficulty of
isolation, the low content in natural objects, and, which is
most important, the unusual wide variety of the functions of
flavin-containing compounds in nature: in higher animal
and plant organisms as well as micro-organisms. Flavo-
proteins are in most cases enzymes with a prosthetic group
containing a substituted isoalloxazine ring (Fig. 3), usually
in the form of flavin mononucleotide (FMN), flavin adenine
dinucleotide (FAD), or riboflavin. The highly conjugated
tricyclic isoalloxazine system, in which there are compre-
hensive possibilities for electronic rearrangement by virtue
of the presence of four nitrogen atoms and fragments ana-
logous to the amide group, constitutes the centre of numerous
biochemical reactions. The flavin system incorporated in a
wide variety of protein environments—from comparatively
short polypeptide chains (flavodoxins, -130—170 aminoacid
residues3 5) to enormous dimeric molecules (glutathione
reductase, ~480 residues in each subunit36»37)—affects the
enzyme catalysis of the oxidation-reduction reactions of an
enormous number of substrates, including amines, alcohols,
amino- and hydroxy-acids, dithiols, etc. * The reactions
of flavoproteins with molecular oxygen are no less varied.
In certain oxidative processes, one oxygen atom of the O2

molecule is transferred to the substrate, while the other is
incorporated in a water molecule; in other reactions, molecu-
lar oxygen is reduced with formation of the superoxide Ο~2.

t T h e first natural flavin compound, namely riboflavin, was
identified in 1935, while the most important prosthetic group,
flavin adenine dinucleotide, was not identified until 1954.
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Apart from its life supporting functions in organisms and
plants, flavin enzymes play an enormous role in the turnover
of the elements in nature effected by micro-organisms, in
particular in the global turnover of carbon.3 8 In the course
of evolution, soil bacteria developed a wide variety of enzymes
(monoxidases) catalysing the decomposition of residues from
higher plants, mainly lignin, which is a stable natural poly-
mer.3 8 The function of flavin enzymes is just as important
in the metabolism of nitrogen and especially sulphur, whose
biological circulation effected by bacteria has been estimated39

as amounting to 75% of the total content of sulphur on earth.
The applications of these compounds have extensive bio-

medical aspects. In the organisms of higher animals, the
most important agent supporting the normal level of flavo-
proteins is riboflavin, which is ingested with food and is then
transferred by special transfer proteins to the tissues, where
it is bound in the form of FMN and FAD cofactors to other
proteins. l | 0 One can apparently expect that in the immediate
future it may be possible to approach an understanding of
certain molecular aspects of diseases (including certain
hereditary afflictions of the brain and the peripheral nervous
system) associated with the deficiency of flavoproteins and
the disturbance of their metabolism in the organism. ^ This
is also indicated by the development of the medicinal anti-
hypertensive agents and psychotropic preparations (deri-
vatives of phenothiazine and tricyclic antidepressants),
whose structure is close to that of riboflavin; their activity
is apparently based on the inhibition of the conversion of
riboflavin into FMN and FAD in the organism.w The func-
tions of flavoproteins determining the occurrence of various
detoxification processes, involving a wide variety of aromatic
compounds, sulphur-containing derivatives, and mercury,
have also been elucidated.

The multiplicity of functions of flavin enzymes has become
evident only recently. On the basis of mainly biochemical
data which have now accumulated, Massey and Hemmerich1*3

suggested that five main classes of flavoprotein can be dis-
tinguished in accordance with the characteristic features
of their catalytic cycles.

The field of flavins and flavoproteins is developing rapidly.
Unusual flavin enzyme systems containing a modified iso-
alloxazine ring, including flavins with "double modification"
of the ring—the 5-deaza-8-hydroxy-derivative (Fig. 3), the
so-called F-420 cofactor of methane bacteria, have been
discovered and investigated.ιμ*'1*5 In contrast to haemo-
proteins, the flavin group does not form covalent bonds with
the protein in most cases and is retained in the active centre
mainly with the aid of strong hydrogen bonds, favourable
electrostatic interactions, etc. However, whole series of
flavoproteins have now been identified in which the iso-
alloxazine ring proved to be covalently bound to the apo-
protein, usually in the C(8)-position via a CH2 group to
histidine, cysteine, or tyrosine residues.h &

Nevertheless, despite the undoubted progress made, the
field of flavoproteins has so far been developing mainly
via the extensive accumulation of new data, leaving many
problems unsolved. The true natural substrates are
unknown for a whole series of flavoproteins distributed in
animal and plant tissues; the biological functions of many
flavoproteins, including one of the first compounds identi-
fied— "the old yellow enzyme", have not been elucidated
either. The biological role of the covalent bond between
the isoalloxazine chromophore and the protein in covalently
bound flavoproteins is unknown. All the biological oxida-
tion-reduction chains contain at least one flavoprotein, which
transforms two-electron transport into one-electron transport
to a "one-electron" acceptor (cytochrome or sulphur-contain-
ing protein). The unique mechanism on this 2e~/le~ switch
still remains obscure.

Protein plays an enormous role in the functioning of flavin
enzymes. The immediate protein environment of the iso-
alloxazine ring actually determines ultimately its specific
function in the enzyme. However, our information about
this field is still very limited and the structure (even the
primary structure) of many vitally important flavoproteins
remains unknown. X-Ray diffraction data have now been
obtained for representatives of only three classes of flavo-
proteins: flavodoxins, **7 glutathione reductases, * and
p-hydroxybenzoate hydroxylases.** Furthermore, it is
evident that only knowledge of the details of the steric struc-
ture of the active centre (in certain cases even the static
[resting-state] structure) would make it possible to reach
well-founded conclusions about the mechanism of the catalysis
and the character of the intermediate stages. The example
of glutathione reductase is instructive from this point of
view; according to X-ray diffraction data, 3 6 ' 3 7 the immediate
environment of FAD in this enzyme predetermines its func-
tions as a two-electron transferring agent and blocks the
structures necessary for the transfer of one electron.

Figure 4. The bond lengths in the oxidised planar structure
of the isoalloxazine ring (a) and the "butterfly" conformation
of the fully reduced form (b); the energy minimum corre-
sponds to the angle θ = 15°. 50

However, this example is exceptional and most of the proposed
mechanisms of the biochemical reactions of flavoproteins
remain extremely speculative. In order to account for the
mechanism and to identify the intermediate stages, tradi-
tional biochemical methods are resorted to, in particular
methods using the formation of artificial complexes of the
enzyme with the inhibitors. Another procedure for the
"probing" of the active centre is based on the ease of the
separation of the flavin chromophore from the aproprotein, **9

which can then be joined to isoalloxazine chemically modified
at points tentatively assumed to be of "key" importance for
the kinetic and thermodynamic parameters of the catalysis.
In order to deduce the environment of the isoalloxazine
chromophore in the protein, indirect physical information is
also used. For example, it is known that the intense
fluorescence characteristic of flavins is quenched following
addition to certain proteins. It has been suggested that
this can occur only when the isoalloxazine ring interacts
with the tyrosine and tryptophan in the active centres of
the protein which are close to it in space. 3 5
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Electronic Absorption Spectra and Structural Parameters
of the Isoalloxazine Ring. Three main biological functions
of the isoalloxazine chromophore, namely (de)hydrogenation
(only 2e~), activation of molecular oxygen (2e~ or le~), and
"pure" electron transport (le~), are possible by virtue of
electronic rearrangements of three stable forms (Fig. 3):
oxidised, half-reduced (semiquinone; radical), and fully
reduced. In addition various ionisation and protonation
states are possible for the last two forms.

The structural parameters of the isoalloxazine ring are
indicated in Fig. 4. The conformational possibilities in the
conjugated flavin system are extremely limited; according
to X-ray diffraction data, the fully oxidised isoalloxazine
ring in all the flavin systems investigated experimentally
has a planar structure in conformity with the predictions of
quantum-chemical calculations (see Dixon et al. 5 0 and the
references quoted therein).

The "butterfly" conformation with a dihedral "folding"
angle θ relative to the N(5)—N(10) axis of approximately 10°
has been predicted for the fully reduced form by MO SCF
calculations (in the INDO version—incomplete neglect of
differential overlap)5 0 (Fig. 4). The experimental values of
θ for this form in model systems vary in the range 30—8°,
whereas in proteins the angle θ can apparently be even
smaller.51 Calculation has shown50 that the variation of the
angle θ in the range 20—0° can be achieved for an energy
expenditure of approximately 3.5 kcal mol"1, which corre-
sponds to slight conformational rearrangements of the
aminoacid residues in the protein surrounding the flavin.
For this reason, a planar structure is apparently preferable
for the semiquinone form in the protein environment. f f i
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Figure 5. The electronic absorption spectra of an FMN-
containing protein—flavodoxin from Clostridium MP; a) oxi-
dised form; b) semiquinone form; the polarisation spectra of
single crystals with Ε || crystal c axis (curves 1 and 5) and
EL crystal c axis (curves 4 and 8) as well as the spectra of
the solutions (curves 2 and 6) are shown; curves 3 and 7
represent the calculated isotropic spectra of the crystals. 5 5

26400 cm" 1 , 5 3 which are due to the two lowest π •*• π* transi-
t ions* and which will henceforth be designated as the a-
and 8-bands (Fig. 5). K Polarisation measurements of the
absorption in crystals5 5 and earlier studies on oriented films
and the polarisation of the fluorescence of model flavins
showed that the corresponding transitions are linearly
polarised in the plane of the flavin ring in the direction
close to the axis parallel to the plane of the ring and per-
pendicular to the N(5)-N(10) axis. 5 5

III. THE RESONANCE RAMAN SPECTROSCOPY OF FLAVINS
AND FLAVOPROTEINS

The Non-Linear and Spontaneous Resonance Raman
Spectroscopy of Flavins. The resonance Raman spectros-
copy of flavin systems, like that of certain proteins of
other classes, constitutes in essence the only (with the
exception of X-ray diffraction analysis) source of the most
detailed information about the structure of the active centre.
Indeed, until recently, the electronic rearrangements of
the isoalloxazine ring in the functioning of the flavoprotein
could be inferred from only one parameter—the change in
the positions and intensities of the long-wavelength π -»• π*
transitions.1*3 Apart from the usual limitations, the applica-
tion of NMR is in this case complicated also by the fact that,
in addition to the protons of the two methyl groups in the
7- and 8-positions and the CH bonds in the 6- and 9-posi-
tions, whose signals contain little information, the isoalloxa-
zine ring1 contains a single proton at the Ν(3) atom; the
low relative content of the flavin fragment in proteins
hinders the application of 13C NMR. The NMR data obtained
hitherto refer mainly to the ribityl fragment of FMN and
FAD.56

ω1-ω2, cm
1651. Ζ 1565.5 1176 1385.6 1Z91.S 1202,1 1109.5

I 1 1 1 1 1 f—
5Z1.1 519.0 516.6 511.2 511.8 509.1 507.0

ω2, nm

The flavin chromophore has intense absorption bands in
the long-wavelength part of the spectrum: one band at
20000-25000 cm"1 and another with centre at approximately

Figure 6. The resonance CALS spectra of flavin adenine
dinucleotide [a) in H2O; b) in D2O] and riboflavin-binding
protein [c) in H2O; d) in D2O]; pH 7; ωι = 480 nm. 5 8
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In a free state the flavin chromophore (FMN, riboflavin)
exhibits a very intense fluorescence, its intensity exceeding
by several orders of magnitude (by a factor of ~101*) that of
the Raman lines. The first resonance Raman spectra of
FAD and FAD-containing protein (glucose oxidases) were
obtained by means of the "spatial" separation of the scatter-
ing and fluorescence in the anti-Stokes ARSS (CALS) method
with excitation in the region of the α-band.5 7 The fre-
quency ωχ = 480.0 nm, tentatively coinciding with that of
the 0—0 transition (ω0ο)> was used as the pumping fre-
quency. ^ Further improvement of the experimental
technique (the introduction of a second monochromator into
the optical path of the signal) made it possible to reduce the
background in the vicinity of the pumping frequency and to
obtain CALS resonance spectra for FAD and two FAD-contain-
ing proteins, glucose oxidase and riboflavin-binding protein
(Fig.6), starting from 300 cm"1 in certain cases. Μ
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Figure 7. The ω Γ = 1635 and 601 cm 1 band contours in
the resonance CALS spectra; the frequencies ω! are indi-
cated in the Figure. 5 9

As already mentioned, the major difficulties in the resonance
excitation in the CALS are associated with the variation of
the signal contour as a function of the ratios of ω 1 ( ωβ, ωΓ,
and a number of other parameters.1 6 The FAD line contour
(ω Γ = 1635 cm"1) is illustrated in Fig.7 as a function of the
varying ωχ in the region of the α-band. 59 It is seen from
these data that approximate estimates based on the semi-
classical model16'60 agree with experiment fairly satisfactorily
(see also Fig . l ) . A positive Lorentzian contour is observed
at ωχ = ωο; for higher and lower energies (toi = ωΟο ± ur/2),
the signal becomes of the dispersion type and has a negative
Lorentzian contour at ωχ = ωοο ~ ω Γ . . We may note that,
under the same excitation conditions, only a positive Lorent-
zian contour was observed for the ω Γ = 601 cm"1 lines, which
the authors attributed to a large contribution of Franck—
Condon factors.5 9 In conformity with model calculations,16

only dispersion line contours were observed for a coherent
Stokes signal. Thus the exact determination of the fre-
quency in the resonance CALS spectra may be difficult. The
only practical procedure remaining so far is one involving

the recording of a series of spectra at different pumping
frequencies in order to discover the purely dispersion or
purely Lorentzian contour.

Almost simultaneously with these studies, reports concern-
ing the spontaneous resonance Raman spectra of flavins
appeared. A group of Japanese workers a# used the ability,
noted a long time ago, of the protein matrix to weaken greatly
the fluorescence of the isoalloxazine chromophore and obtained
the spectra of two riboflavin-binding proteins: from chicken
egg yolk and white, and also of the 3-CH3-, 2-CH2COOH-,
and 7,8-Cl-derivatives of riboflavin attached to the upper
end of the apoprotein. Subsequently the resonance Raman
spectra of several other flavoproteins and of the FMN and
FAD prosthetic groups themselves were obtained; in order
to eliminate the interfering fluorescent background, various
procedures were employed; excitation by lines at longer
wavelengths (600 nm; in the preresonance region)6 3 or at
shorter wavelengths (λ = 363.8, 351.1, 337.1, and 257.3 nm,
in the region of high-energy electronic transitions of the
chromophore), and also by adding quenching agents,
mainly KI. 6*' 6 5

In the first investigations,5 7 '5 8 it was already noted that
only vibrations localised in the isoalloxazine ring are intensi-
fied by resonance and that, as might have been supposed,
the vibrations associated with the substituents at N(10),
namely ribose (in riboflavin), phosphoribose (in FMN), or
adenosine diphosphate-ribose (in FAD ), are not intensified.
Typical FAD spectra are illustrated in Fig. 6. We may note
that some of the frequencies in the above study differ from
those obtained subsequently in spontaneous Raman spectra
(Table 1). Bearing in mind that positive CALS line contours
are obtained at the pumping frequency ωχ = 480 nm5 8 while
negative contours are obtained at the frequency ωι = 495 nm6 6

the agreement between the frequencies in Table 1 can be
regarded as satisfactory. It was shown subsequently that,
under identical excitation conditions, the resonance Raman
spectra of riboflavin, FMN, and FAD are almost identical in
the region above 1100 cm"1 (for which reliable data are
available) with the exception of small differences as regards
the intensities of a number of bands . 6 4

The Assignment of the Vibration Frequencies. In the
very first studies, attempts were made to compare the
resonance Raman frequencies with the structural elements
of the isoalloxazine ring. The correlations were based
initially on a single experiment involving isotope substitution
[the replacement of the exchanging N(3)H proton by deu-
terium58-61'63] and also on data for 7, 8-Cl-substituted
derivatives6 1 and intuitive guesses. However, a fundamental
study by Kitagawa et a l . , 6 7 who obtained the resonance
Raman spectra for the Ν(3) and N(3)D forms of the isotope-
substituted [2- 1 3C]-, [4a-1 3C]-, [10a-1 3C]-, [2,4,4a,10a-13C]-,
[5- 1 5N][l,3- 1 5N]- and [l,3,5-15N]-riboflavins was soon pub-
lished. In order to eliminate fluorescence, the authors
used the ability of certain proteins, noted above, to exhibit
a "quenching" effect on the fluorescence of isoalloxazine and
the ease of the formation of its complexes with the apoprotein;
the complexes of all the above derivatives with the ribo-
flavin-binding protein from chicken egg protein were obtained
in this way. The study of Kitagawa et al. 6 7 prepared a basis
for a reliable calculation of the normal vibration frequencies
of the flavin system, but these extremely rich data have
remained virtually unused. The only calculation of the
vibration spectrum of 10-methylisoalloxazine (lumiflavin)
carried out hitherto6 8 can be regarded as only preliminary.

#The observation of a single isoalloxazine line on excitation
with a UV laser had been reported in an earlier study. 6 2



188 Russian Chemical Reviews, 56 (2), 1987

Table 1. The frequencies of the resonance Raman lines of the prosthetic flavin groups (cm" 1).

Band designation

/
//
III
IV
V
VI
vnVlll
X
XI
XII
XIII

FAD (Ref.58)
a

H,O

1635 s
1584 m

1507 w
—

1416 s
1359 s
—

1260 m
—

1185 w
1164 w

D,O

1634 s
1584 m

1507 m
—

1416 s
1359

 s

—
1297 m

—
1179 w
1144 w

FAD (Ref.63)
b

Η,Ο

1633 w
1585 m
1551 m
1504 m
1468 w
1412

 s

1356 vs
—

1261 m
1234 s
1190 w
1166 m

D.0

1628 w
1584 m
1548 m

1502 m
1469 m
1410 s
1351 vs
—

1300 m
1233 m
1171 m
1147 m

FAD (Ref.64)
c

Η,Ο

1629
1582
1548
1500
1461
1408
1353
1280
1255
1228
1182
1160

FMN (Ref.63)
c

Η,Ο

1633
1584
1551
1503
1469
1413
1355

1261
1233
1187
1166

D,O

1628
1584
1548
1502
1468
1411
1351

1300
1230
1172
1149

FMN (Ref.66)
d

Η,Ο

1629
1582

1503
—
1412
1355

1261
1233, 1192
1170
1151

D.O

1628
1580

1504

1414
1357

1300

—

FMN (Ref.64)
e

ΗΛ

1626
1583
1549
1500
1459
1405
1350
1278
1256
1228
1183
1158

aCALS, ωχ = 480 nm. b Spontaneous RS, λ = 600 nm. c p H 8.5 with added 5 M.KI;
d In H2O, CALS, ωχ = 495 nm. e I n H2O with added 6 Μ ΚΙ;
vs = very strong, m = moderate, and w = weak.

spontaneous RS,1 λ
spontaneous RS , λ = 488 nm.

= 514.5 nm. s = strong (intense),

The force constants of the valence bonds and angles and
also the interaction constants were in the main transferred
in the above study from benzene, pyrimidine, and uracil
molecules, taking into account the bond length—force con-
stant correlations (see the references in the paper of Bowman
and Spiro6 8). At first sight, the force field generated in
this way could in principle reflect the specific features of
the flavin system; the large bond interaction constants (up
to 15% of the diagonal force constant) are characteristic of
molecules with a high degree of delocalisation of the electron
density. Nevertheless, almost all the frequencies calculated
in terms of this approximation differ appreciably from the
experimental values and in certain cases the differences for
the most intensive bands reach 80—100 cm"1. However, it is
more significant that the calculated data do not reproduce the
line shifts on isotope substitution.6 7 This is particularly
clear for the -1250 and 1160 cm"1 bands, which undergo the
greatest shifts on deuteriation, and in certain isotope-
substituted specimens. Among the reasons for the failure
of the calculation, one of the main ones consists apparently
in the incorrect initial assignment of certain frequencies.
The selection of the force field, in which certain important
interactions, for example, those of the N(5)-C(4a) and
C(10a)—N(l) bonds, were altogether disregarded, was also
relatively unsuccessful (Fig.3). We may note that the
initial approximation chosen by the authors proved to be
relatively unsuitable also for uracil, where the calculation
likewise reproduced unsatisfactorily the increase of the
frequencies in the region of 1250 cm"1 on deuteriation. 69

Thus only preliminary conclusions may be made so far con-
cerning the nature of the individual resonance Raman bands
of flavins, mainly on the basis of isotope substitution
data. 6 1 ' 6"' 6 7

Band I. The highest-frequency 1630 cm"1 band has been
assigned in most investigations to vibrations with the pre-
dominant involvement of the benzene ring, mainly on the
basis of the appreciable decrease of this frequency following
substitution by halogen atoms in the 7- and 8-positions.61»70

This Raman line proved to be almost insensitive to isotope
substitution in the 2-, 4a-, 5, 1, and 3-positions; a it
hardly shifts for the 1,3- and 5-deaza-derivatives71 and is
not intensified on resonance excitation at the frequency
corresponding to the long-wavelength (a) absorption band.
All the data obtained hitherto show that the symmetrical ( v s )
and anti-symmetrical ( v a s ) vibrations of the C(2)=O and

C(4)=O carbonyl groups are not manifested in the resonance
Raman spectrum.

Band II (1548 cm" 1). This band changes appreciably on
substitution of the N(5), C(4a), and C(10a) atoms in ring
I I 6 7 and disappears in 5-deaza-FMN. n However, the
appreciable involvement of other coordinates is indicated by
the shift of this band in the N(3)-substituted derivatives. n

On resonance excitation at the frequency of the S-band
(370 nm), it was possible to observe only this line. ez

Table 2. The shifts of the resonance Raman lines of the
N(3)H forms of the isotope-substituted riboflavin specimens.67

», cm"
l a

1631 (1630)
1584 (1582)
1548 (1548)
1503 (1409)
1465 (1462)
1407 (1406)
1355 (1351)
1302 —
1282 —
1252 (1295)
J229 (1232)
1179(1181)
1161 (1147) (1138)
3073 —
994 (990)
834 (832)
789 (772)
740 (744)
633 (629)
605 (602)
576 —
521 (522)
496 (474)
429 (427)

"C

2-

2
3
6
3
5
3
4
0
0
14
0
3
1
3
2
2
2
1
1
4
3
1
1
2

4o-

1
8
5
2
6
5
3
2
2
0

3
4
2
3
0
0
0
0

—1
1
4
1
2
2

2.4.4a, 10a-

2
13
21
7
8
12
15
5

17
4
8
5
3
4
2
4
2
0
4

. 5
2
—
2

»N

δ-

1
4
3
1
1
1
0
0
0
0
0
2
1
^
0
5
2
1

—1
1
9
4
1
3

1.3-

1
1
2
2
3
4
1
0
0
10
2
4
1
4
1
5
2
0
1
1
2
1
2
0

1.3.5-

2
5
4
4
6
6
1
2
0
10
2
6
2
2
3
10
6
2
2
4
9
7
4
6

a The frequencies for the N(3)D form are given in brackets.

Band III. Large isotope shifts (21 cm"1 in the 2,4,4a, 10a-
13C-substituted derivatives (Table 2) have been observed
for the low-intensity 1548 cm"1 line.
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Bands IV, V, and VI. The weak bands at 1500 cm"1 (IV)
and 1462 cm"1 (V) and the intense 1407 cm"1 band (VI) are
approximately equally sensitive to isotope substitution.
The 1407 cm"1 vibration is appreciably delocalised; the
shifts of this band are large on 13C and 15N isotope sub-
stitution in ring (III) and amount to approximately 10 cm"1 in
the 7,8-dichloro-derivatives. 6 1

Band VII. The 1355 cm"1 band is one of the most intense
in the resonance Raman spectrum. It has been noted that
it is intensified on resonance with the electronic absorption
α-band (450 nm) and is the most intense on excitation in the
pre-resonance region.6 3 Table 2 shows that the correspond-
ing vibration is very sensitive to 13C substitution and is
relatively insensitive to 15N substitution. However, this
finding is not in any "conflict" with the decrease of the
frequency of this line in the deaza-derivatives, n since a
different system of conjugated bonds is formed on replace-
ment of the N(l) and N(5) atoms by carbon atoms.

Bands VIII and IX. The very weak lines at 1302 cm"1

(VIII) and 1282 cm"1 (IX) are almost insensitive to isotope
substitution.

Bands X, XI, XII, and XIII (1255, 1228, 1182, and
1160 cm" 1 ). The greatest changes occur in this group of
bands on replacement of the N(3)H proton by deuterium and
were noted in the very early studies; № not only the line
frequencies but also the relative line intensities change
significantly under these conditions (Fig. 6). Evidently the
ν = 1295 cm"1 band is the analogue of the intense 1255 cm"1

band in the spectrum of the deuteriated specimen. The
increase of the frequency by more than 40 cm"1 is usually
explained, after Kitagawa,61 by the breakdown of the
"resonance" interaction of the C—Ν stretching vibration
(tentatively at 1290 cm"1) with the in-plane NH deformation
vibration, which reduces this frequency in the non-deu-
teriated specimen. § However, we may note that the idea
of "resonance" in interactions of the vibrations is altogether
unnecessary for the explanation of the observed changes.
Evidently, the frequency considered can increase even as
a result of a slight involvement of the fairly rigid N-D
bond when the amplitude of the stretching vibration of the
deuterium atom is large. If this hypothesis is correct, then
the replacement of the N(3)H hydrogen by the methyl-group
should entail an increase in frequency, which has been
observed experimentally for N(3)-methyl-lumiflavin.70 It is
evident from these ideas that the change in the 1255 cm"1

frequency can serve as a criterion of the strength of the
hydrogen bonding of the N(3)H group of flavin with the
solvent or the aminoacid residues in the active centre of the
protein; the frequency should increase as a result of the
increase of the effective rigidity of the C—N(3)—Η angle
as a consequence of the additional binding of the hydrogen
atom (see below).

Among the remaining bands of this group, the 1179 cm"1

band partly corresponds to the most "delocalised" vibration.
The 1179/1160 cm"1 band pair undergoes an appreciable
change in the relative intensities on isotope substitution6 7

also in N(3)-derivatives6 1 and also on substitution by heavy
atoms in the 7- and 8-positions. a Evidently any kind of
reliable assignments in this region are impossible without a
reliable calculation of the normal vibration frequencies;
there appears to be little justification for the scheme of
frequency shifts on deuteriation proposed by Schmidt et al.61*

§ As already mentioned, this shift has an analogy with that
observed in the Raman spectrum of uracil; n however, the
increase of the frequency in the latter on deuteriation is
only by 16 cm"1.

(with the exception of the 1255 + 1290 cm x shift discussed
above). Data for the region below 1100 cm"1 have also been
obtained; CT the greatest isotope shifts are apparently loca-
lised in ring II and have been observed for the 834 cm"
band, while the greatest shifts on deuteriation are those of
the 789 and 496 cm"1 frequencies.

The Hydrogen Bonds Involving the Isoalloxazine Ring in
the Active Centres. Since the prosthetic flavin group does
not in most cases form a covalent bond with apoprotein,
hydrogen bonding is important for the stabilisation of the
structure. The change in the distribution of electron
density in the isoalloxazine ring on formation of hydrogen
bonds is evident from the changes in the electronic absorption
spectra in model systems (see Yagi and co-workers73'71* and
the references in the latter communication). As already
mentioned, the frequencies and intensities of the bands in
the range 1160—1300 cm"1 are sensitive to hydrogen bonds
in the resonance Raman spectra. The hydrogen bonding of
flavins has been studied experimentally by Schmidt et al.,6 l f

who compared the spectra of model flavins in H2O (a powerful
hydrogen bond donor and acceptor), dimethyl sulphoxide
(DMSO) (a polar solvent which is a weaker acceptor than
H2O), and acetonitrile (a polar solvent). Potassium iodide
was added to suppress fluorescence. On passing from
aqueous solutions to DMSO, a change in the relative inten-
sities of bands II and X and a decrease of the frequency of
band X were noted. In the subsequent discussion the weak
1281 cm"1 band was used as an "indicator" of hydrogen bond-
ing; however, it has been shown67 that the corresponding
vibration is insensitive to any kind of isotope substitution in
rings III and II, i .e. at the sites where the hydrogen bonds
are localised.

On the basis of these model studies, the authors attempted
to examine the hydrogen bonds in the active centres of
three FAD-containing flavoproteins of different classes and
reached the following conclusions: (1) the acyl-CoA-depen-
dent general aliphatic acid dehydrogenase is characterised
by a "somewhat reduced" hydrogen bonding compared with
FAD in H2O; (2) acyl-CoA-oxidase does not form at all or
forms only weak hydrogen bonds in all the potential N(l) ,
N(5), C(2)=O, C(4)=O, and N(3) hydrogen bonding
centres; (3) glutathione reductase is bound to the same
extent as the free FAD group in water.

However, examination of the data of Schmidt et al. №

(Fig. 8) shows that the real situation is much more complex
than the above simplified picture. In the case of acyl-CoA-
dehydrogenase, the 1253 cm"1 band has an unusually high
intensity, which may be a result of strong hydrogen bonding.
X-Ray diffraction data have not as yet been obtained for
acyl-CoA-oxidase, but the paradoxical conclusion that there
is no hydrogen bonding in flavins of this class conflicts both
with the entire experience gained in the steric studies on
flavoproteins31* and with the UV spectroscopic data.71* An
attempt has been made74 to estimate the influence of hydrogen
bonding on the electronic transition energies and absorption
band intensities by modelling the hydrogen bond involving
the heteroatom in the isoalloxazine ring (O or N) in the
MO SCF calculation by variations in the ionisation potential
of the valence state. The authors carried out calculations
in this way for all the possible variants of hydrogen bonding;
in the light of these results, the experimental electronic
spectroscopic data for oxidases should correspond to a
strong hydrogen bond at N(5). 7It The resonance Raman
spectrum of glutathione reductase in the region 1300-
1200 cm"1 has a complex contour made up of four incompletely
resolved bands, № which differs completely from the picture
for free FAD in aqueous solution. The resonance Raman
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spectroscopic data refer to glutathione reductase from yeast;
the three-dimensional structure of the glutathione reductase
from erythrocytes has been determined recently with a high
resolution;3 6 '3 7 in this complex protein the isoalloxazine ring
brings the subunits into contact by means of hydrogen bond-
ing between the N(3)H proton of the FAD in one subunit and
the histidine residue in the main chain of another subunit;
the N(l) and Ν(5) atoms form strong hydrogen bonds with
the aminoacid residues of the active centre. Since gluta-
thione reductase contains two FAD domains, it is quite
possible that the complex contour of the resonance Raman
spectrum can be accounted for by certain differences in the
orientation and strength of the hydrogen bonds of the two
isoalloxazine rings.

1600 moo /ZOO
v, cm"1

Figure 8. The resonance Raman spectra of aqueous solutions
of certain flavoproteins:№ a) acyl-Co A-dependent general
aliphatic acid dehydrogenase (pH 8.4; λ = 488 nm); b) ali-
phatic acid acyl-CoA-oxidase (pH 8.0; λ = 488.0 nm);
c) yeast glutathione reductase (pH 7.6; λ = 514.5 nm).

Flavodoxins. Flavodoxins are the smallest of the FMN-
containing proteins; both long (~170 aminoacid residues) 7 5

and "short" (138 3 5 and 148 n residues) flavodoxins fulfil
identical biological functions; they transport one electron to
other flavin systems, proteins with Fe/S centres, or haemo-
proteins. The two one-electron oxidation-reduction poten-
tials of these molecules differ significantly, which makes it
possible to characterise three forms; the oxidised form,
the semiquinone (radical), and a reduced form, which makes
the flavodoxins convenient model compounds. The reso-
nance CALS spectra with excitation frequency of the long-
wavelength absorption band have been obtained66»78 for
representatives of two classes of flavodoxins isolated from
the bacteria Clostridium and Desulfovibrio, which differ in
the aminoacid sequences, electronic spectra, and ability to
bind riboflavin.π

High-resolution X-ray diffraction data are available for
the same proteins, 3 5 ' 7 6 ' 7 9 which permits a comparison with the
possible interactions with the resonance Raman spectroscopic
parameters. It has been shown for flavodoxins of both
types that the ribityl component "immersed" in the protein
environment forms strong hydrogen bonds with the latter.
The planar isoalloxazine ring is disposed nearer to the sur-
face of the globule, but its contacts with the solvent or with
an electron donor are strictly limited by the protein environ-
ment, which "closes" the pyrimidine and central pyrazine
windows, so that only the dimethylbenzene component is
accessible to external contacts. Fig.9 illustrates the system
of hydrogen bonds postulated for FMN in the active centre
of the Desulfovibrio vulgaris flavodoxin.7e Evidently, with
the exception of N ( l ) , all the donor and acceptor atoms are
hydrogen-bonded, i .e. the situation in this instance is
analogous to FMN in an aqueous environment. Nevertheless,
on comparing the CALS spectrum (Table 3) of this flavodoxin
with the spectrum of FMN in H2O, the authors 6 6 noted a
change in frequencies (cm" 1 ): 1629 (free)—1624 (bound);
1582-1573; 1412-1407; 1261-1251; 1233-1227; 1192-1185.
The intensity of certain bands changes even more appreciably
than the frequency, which is particularly notable in the

region 1100-1300 cm" As already mentioned, the low
frequency (1251 cm ) and the low intensity of this line

(Trp-60)

Figure 9. A tentative system of hydrogen bonds of the isoalloxazine ring in the active centre
of the flavodoxin of Desulfovibrio vulgaris;76 the numerals represent the numbering of the
aminoacid residues in the protein chains; slight rotation of the residue 62 permits the formation
of a hydrogen bond with the Ν(5) atom; the orientation of the flavin relative to the tryptophan
and tyrosine residues is shown above.
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most probably indicate a decrease of hydrogen bonding along
the section C(2)O-N(3)-C(4)O. Among the remaining dif-
ferences , the decrease of the frequency and intensity of the
1571 cm"1 band are the most significant; bearing in mind the
sensitivity of the corresponding vibration to isotope sub-
stitution,67 one can postulate a change in electron density
in ring II as a result of the binding of Ν(5). However,
there is also another possibility; the isoalloxazine ring in
the active centre of flavodoxin is sterically close to the indole
ring of the tryptophan-60 residue and the aromatic ring of
tyrosine-98 (Fig. 9). It is known that the intense fluores-
cence of the FMN in flavodoxins is entirely quenched; a
stacking interaction of the isoalloxazine ring with tryptophan
has been suggested as the quenching mechanism.79 One
cannot rule out the possibility that the change in the intensity
of the 1573 cm"1 band is associated with an interaction of this
type. However, we may note that the flavin and indole rings
are in this case non-coplanar and make an angle of 45°, which
renders the charge-transfer interaction problematical.

Jrp-90

Gly-57

Figure 10. The orientation of the aminoacid residues 55—59
and 89—90 relative to the isoalloxazine ring in the active
centre of the oxidised (light lines) and semiquinone (dark
lines) form of the flavodoxin of Clostridium MP.35

Another flavodoxin from a Desulfovibrio of the same class
(Desulfovibrio gigas), whose three-dimensional structure is
unknown, has also been investigated by resonance Raman
spectroscopy.6 6 While the aminoacid compositions of the
gigas and vulgaris flavodoxins are similar, their abilities to
bind FMN were found to be different.75 The CALS spectra
demonstrate unambiguously that the immediate environment
of the FMN in the active centres of the two proteins consi-
dered should be completely identical.6 6

A representative of another class of flavodoxins (from
Clostridium), fulfilling analogous biological functions, differs
significantly in many details of the environment of the iso-
alloxazine ring, whilst there is an overall homology of the
three-dimensional structure with those of the proteins of
the Desulfovibrio type examined above and the binding of

the ribityl phosphate component is very similar.35»79 How-
ever, despite the differences in the chemical sequences, in
the active centres of proteins of these classes there is a
considerable analogy of the steric structures, which appar-
ently in fact plays a decisive role in their functioning. In
the Clostridium flavodoxin the pyrimidine and pyrazine rings
are likewise "close", the typtophan-90 residue is close to
the pyrimidine component (at an angle of 27°), and the
orientation of the Gly-57 residue, the interaction with which
is tentatively believed to stabilise the semiquinone form (see
below), is equivalent to the orientation of Gly-61 in the
Desulfovibrio flavodoxin. ^ The CALS spectrum of the
Clostridium flavodoxin78 is in general similar to the spectra
of the Desulfovibrio proteins obtained under the same excita-
tion conditions (ωχ = 480 nm 6 6); a decrease of the frequency
and intensity of the 1577 cm"1 line (tentatively assigned to
the flavin—tryptophan interaction).is observed in this case
also, but the changes in the relative intensities of the bands
in the range 1100-1300 cm"1 indicate a different character
of the hydrogen bonding in the active centre of the Clos-
tridium flavodoxin. The high quality of the CALS spec-
trum, 7 8 for which the authors were able to obtain reliable
data in the region below 1000 cm"1, is noteworthy. The
character of the low-frequency section of the spectrum
proved to be significantly different than for free FMN.63

There is no doubt that analysis of the low frequencies made
it possible to obtain subsequently additional information about
the electronic rearrangements and interactions of the prosthe-
tic flavin group in the active centres of the proteins.

Table 3. The frequencies (cm 1) in the resonance Raman
spectra of certain flavoproteins.

Band
designation

/

//

III
IV
V
VI

VII
VIII
IX
X
XI
XII
XIII

RBP
(Ref.67)

a

1631

1584

1548

1503

1465

1407

1355

1302

1282

1252

1229

1179

1161

Flavodoxins

gigas

(Ref.66)
b

1624

1573

1545

1501

1407

1352

1251

1227

1173

1163

vulgaris

(Ref.66)
c

1626

1571

.—

1501

—
1407

1354

_
1254

1223

1185

1164

Cl.MP

(Ref.78)
d

1628

1577

—

1505

1409

1356

1279

1257

1231

1179

1165

GO
(Ref.58)

e

1626

1578

__

1501

1404

1364,1345

—

1230

1182

1158

CoA
(Ref.l64)

f

1624

1583

1544

1496

1454

1407

1352

—

1253

1231

1182

1162

CoA
(Ref.64)8

1698

1586

1551

1498

1460

1412

1403

1351

1251

1233

1182

1162

GR
(Ref.64)

h

1G27

1580

1402

1353

1281

1261

1246

1224

1180

1155

a RBP = riboflavin-binding protein from chicken egg protein,
pH 7, λ = 488.0 nm. b » c CALS, u»i = 480 nm. d Clostri-
dium MP, pH 7.3, CALS, ω χ = 480 nm. e Glucose oxidase,
CALS, u)i = 480 nm. f Acyl-CoA-dependent aliphatic acid
dehydrogenase; here and henceforth there was spontaneous
RS with λ = 488.0 nm at pH 8.4. S Acyl-CoA-oxidase (from
yeast), pH 8, λ = 488.0 nm. nGlutathione reductase (from
yeast), pH 7.6, λ = 514.5 nm.

The Semiquinone Form. A key property of flavoproteins,
as one-electron transferring agents, is the thermodynamic
stabilisation 11 of the intermediate radical state—the so-called

USee, for example, the references in the paper of Smith
et al. 3 5 concerning the association of the semiquinone form
with the particular protein compared with the oxidised form
on energy grounds.
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semiquinone form (Fig. 3). The electronic absorption spectra
of model systems and flavoproteins with a stabilised semi-
quinone form contain intense bands due to the π •*• π* transi-
tions in the range 500-600 nm (Fig. 5), ** which indicates the
retention by the isoalloxazine ring of the planar structure
characteristic of the oxidised form; this is also demonstrated
by the electronic nuclear double resonance (ENDOR) spectra.80

These conclusions have been fully confirmed by X-ray dif-
fraction data. M t It follows from Fig. 10, where the disposi-
tion of the aminoacid residues closest to the flavin in the
active centre is illustrated for the oxidised and semiquinone
states of the flavodoxin, that the formation of the semi-
quinone form is unaccompanied by any radical changes in the
orientation of the isoalloxazine ring in the active centre.
At the same time the conformational rearrangements of certain
aminoacid residues, particularly along the Gly-57—Asp-58
section, are apparently decisive for the stabilisation of the
semiquinone. A special role has been attributed3 5 to the
change in the orientation of the Gly-57 residue by approxi-
mately 180°; as a result, conditions are created in the semi-
quinone for the formation of the N(5)...O (Gly-57) hydrogen
bond and the dissociation of the 0(4)...NH (Asp-58) hydro-
gen bond, which may exist in the oxidised form. According
to Smith et al., 3 5 the N(5)...O (Gly-57) binding is a decisive
stabilising factor; # the shift of the atoms of the other resi-
dues in the active centre (with the exception of Asp-58) is
on average 0.5 A; the orientation of the tryptophan residue
relative to the plane of the isoalloxazine ring also changes
somewhat. We may note that these conformational rearrange-
ments fully correspond to 3.4 kcal mol"1—the preferential
energy of the association of the semiquinone form relative
to the oxidised form. A study 5 5 of the polarisation absorp-
tion spectra of flavodoxin crystals showed that the electronic
a- and B-transitions in the oxidised and semiquinone forms
(in terms of the author's notation55) are linearly polarised
in the plane of the flavin ring with the direction of the
transition moment closer to the N(5)—N(10) axis (Fig.6)
for both the a- and β-bands. The most interesting con-
clusion reached by the above investigators5 5 is that, in the
electronic spectra of the semiquinone structure, both low-
energy it -*• π* transitions take place between orbitals of the
same type as in oxidised FMN. This hypothesis is apparently
confirmed by the following experimental observations:K

(1) similar band polarisation ratios; (2) similar (3-band con-
tours and similar frequencies observed in the diffuse vibra-
tional structure of the α-band (the 0-0 and 0-1 transitions
respectively at 21000 and 22000 cm"1) for the oxidised form and
at 1620 and approximately 17300 cm"1 for the semiquinone
form; (3) similar correspondingly normalised intensities.
The identical signs for the a- and 3~bands observed in the
circular dichroism spectra of both forms and the similar
anisotropies of the transitions may also serve to support the
above hypothesis. f f l Thus if the hypothesis is valid, the
formation of the semiquinone structure should be represented
by the addition of one electron to the unoccupied IT orbital of
the oxidised form without a significant redistribution of
electron density.

Apart from the information about the change in electron
density in the semiquinone, the identification of this structure
on the basis of Raman spectroscopic data may prove to be
especially useful also because the manifestations of the semi-
quinone form in the electronic spectra of flavoproteins are
frequently similar to those observed on formation of charge-
transfer complexes (see, for example, Massey and Hemmerich1*3

and the references quoted therein). The resonance Raman
spectra have now been obtained for the semiquinone forms of
two proteins, namely flavodoxin78 and the riboflavin-binding
protein, 8 2 and also for the semiquinone forms of FMN and FAD
stabilised by the methylation of the Ν(5) atom.83 As might
have been supposed, the change in bond orders in ring II
led to changes in almost all the vibration frequencies of the
flavin system (Table 4). On excitation in the region of the
β-transition of the semiquinone (λ = 514.5 nm; Fig. 11), the
1611 cm"1 band predominates in the spectrum;8 3 as the
α-transition is approached, its intensity diminishes82 and,
after excitation at the frequency corresponding to the long-
wavelength slope of the absorption α-band, the band at
approximately 1340—1370 cm"1 becomes most intense. 8 3 It has
been suggested78»83 that the intense 1611 cm"1 line of the
semiquinone is an analogue of the 1580 cm"1 line of the oxi-
dised form and that the corresponding vibration is localised
mainly in ring II. However, bearing in mind the reduced
bond orders in ring II and also the displacement of the
unshared electron pair of the Ν(5) atom from the conjugation
system on formation of the semiquinone structure, a decrease
(and a fairly large one) of the corresponding frequency might

Table 4. The frequencies of the resonance Raman lines of the semiquinone structures of flavinsa.

Flavin

RBP
b
 (H

2
O)

" (D
2
O)

Flavodoxin
0
 (H2O)
(D2O)

5-Me-FAD
d

e

5-Me-FMN
f
(H

2
O)

(D
2
O)

8-Cl-5-Me-FMN
f

v, cm"
1

1617 s
1618

1611 s
1611

1611 v.s
1G11 m

l«13m
1 (i 1 1 m

16111 w

1582 w
1585

—

1500 m
1500 m

1500 m
1588 m

1590 m

1553 w
1535

—

1516 m

1516 w
1514 w

1516 w

-

—

M7fi w
1432 m

1443 v.w
1440

 w

1443 w

1407 w
1407

—

—

—

—

1393 en
1387

1391 s
1386

1372 w
1372 v.s

137Π v.s
1372 v.s

1378 v.s

1350 m
1353

1378 m

1351 m

—

—

-

1333 w

1330
 m

1330 v.s

1334 v.s
1334 v.s

1334 s

1273 w

1269 m

1278 «r
1278 w

1282 v.w
1256 v.w

—

1230 m

1232 s

1224 w
1224 m

1224 m
1204 w

1220 w

1160 v.w

—

117Ί m

1170 m
1178 m

1170
 m

1082 w
1089,1060

—

—

—

—

R
ef

s.

[82

[78J

[83]

[83]

]83,

a F o r the region above 1000 cm
f λ = 641.7 nm.

b λ = 514.5 nm. c CALS , ω1 = 620 nm. d λ = 514.5 nm. e λ = 647.1 nm.

tThe "folding" angle relative to the N(5)-N(10) axis (Fig.5)
is 2.5° in the semiquinone.35

#In the flavodoxins of the Desulfovibrio class,76 this role is
fulfilled by the Gly-61 residue; the H(62)-O(4) bond is
possible in the oxidised form of the protein.
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have been expected. Furthermore, the 1611 cm"1 line is
almost insensitive to either methylation of the Ν(5) atom83 or
to the deuteriation of the semiquinone structures in which an
exchangeable proton is present at the N(5) atom.78'82 Thus
the resonance Raman spectra can be used as a reliable cri-
terion in the identification of the semiquinone structure,
which has in fact been done8** in studies on the NADP com-
plex with adrenodoxin reductase. However, the Raman
resonance spectroscopic data obtained hitherto cannot be
used to either confirm78'83 or reject Eaton's hypothesis.55

In order to solve this problem, detailed studies of the
dependence of the resonance Raman lines on the exciting
frequency (the excitation spectra) in the region of the a- and
β-electronic transitions of the semiquinone are necessary. On
the other hand, the proposed correlations of the resonance
Raman frequencies of the semiquinone and oxidised struc-
tures8 3 can be reliably established only on the basis of data
for isotope-substituted specimens.

1050 1Z00 1350 1500
v, cm"

165D

Figure 11. The spectra of N(5)-methyl-FAD in the semi-
quinone form; spontaneous RRS; excitation wavelengths
(nm): a) 647.1; b) 514.5.83

Reduced Flavins. The fully reduced isoalloxazine ring
undergoes electronic transitions at shorter wavelengths than
the oxidised and semiquinone forms (Fig. 12), a factor making
difficulties in the measurement of the resonance Raman
spectra. The latter have been obtained comparatively
recently only for structures where the reduced form gives
rise to a charge-transfer complex. The so-called "purple
complexes", formed at the intermediate stages of the reaction

of D-aminoacid oxidase (DAO) with D-alanine and D-proline,
have been investigated. 85~88 These complexes have a charac-
teristic long-wavelength absorption extending to approxi-
mately 750 nm. On excitation with light at wavelengths in
the region of the long-wavelength band, a resonance intensi-
fication of the lines of both the substrate (alanine and pro-
line) and of the active centre of the enzyme (FAD) was
observed. Using numerous verions of isotope substitution
in the isoalloxazine ring and in the substrate molecules, the
authors85"88 assigned the frequencies with exceptional reli-
ability and demonstrated that, (1) the isoalloxazine ring in
the purple complex exists in the fully reduced form, (2) the
-1605 cm"1 vibration of the flavin, which intensifies more
than others on excitation at wavelengths corresponding to the
charge-transfer band, is localised in the C(10a)-C(4a)-
C(4) = 0 fragment, and (3) the 1692 cm"1 band in the com-
plex with D-alanine and the 1658 cm"1 band in the complex
with D-proline refer to the C=N§ stretching vibrations of
aminoacids, which are thus involved in the imino-form in the
complex formation reaction. An interesting and hitherto
unexplained feature of the complexes with D-alanine is the
sensitivity of the -1540 cm"1 line to isotopic substitution in
both the substrate molecule and in FAD.№
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Figure 12. The electronic absorption spectra of the fully
oxidised (curve 1) and fully reduced (curve 2) forms of
FMN. "3

The resonance Raman data obtained provide direct evi-
dence that the C(10a)-C(4a)-C(4)=O fragment of reduced
FAD in the purple complex is in close contact with the
HN = C—COO" plane of the substrate, ensuring an inter-
action of the charge-transfer type.

Charge-Transfer Complexes. One of the most important
features which is apparently essential for the functioning
of many flavin systems is their ability to form charge-
transfer complexes (CTC); such complexes are formed by
almost all flavoenzymes containing pyridine nucleotide.89

Data obtained recently on the three-dimensional structure of
glutathione reductase36'37 confirmed that the NADP ring in
the active centre is indeed located above the isoalloxazine
ring in a conformation favourable for the formation of a

§ The changes in these frequencies in the deuteriated
specimens indicate an appreciable involvement of δ(ΝΗ) in
the vibration.
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charge-transfer complex. Certain flavo-proteins are known
to be capable of undergoing charge-transfer interactions
also with other substrates, in particular with benzene deriva-
tives.»89 The mechanisms of the formation of such complexes,
their structure, and their catalytic value are still in many
respects obscure. The formation of CTC of flavins is
usually inferred from the appearance of a long-wavelength
absorption in the range 500—700 nm, which is accompanied
as a rule by a decrease of the intensity of the a- and
B-bands, but these changes, as already stated, are extremely
similar to those observed for semiquinone flavin structures.
Resonance Raman spectroscopic data have been obtained
recently for a series of model CTC of flavoproteins: it is
now already evident that the resonance Raman spectra make
it possible to identify reliably the CTC of flavins and can
yield, in principle, unique information about the structure
and about the site of the charge transfer.

The first model for the study of the CTC of flavins was
the so-called old yellow enzyme (OYE) containing the FMN
prosthetic group. In nature, this protein exists in the
"green" form—a complex with p-hydroxybenzaldehyde;90 it
is also capable of forming artificial complexes with a wide
variety of aromatic and heteroaromatic derivatives contain-
ing hydroxy-groups.1*3'90 Japanese workers9 1 '9 2 investigated
the resonance Raman spectra of the products of the inter-
action of OYE with a set of substituted phenols on excitation
at the wavelength corresponding to the long-wavelength
absorption band. Analysis of the data obtained shows in
the first place that, in the complexes investigated, the
flavin is present in the oxidised state; the 1628, 1585, 1548,
1415, 1356, 1260, and 1160 cm"1 bands present in the spectra
of all the specimens have virtually the same frequencies as
in the spectra of FMN and riboflavin. At the same time a
resonance intensification of the bands (especially in the
low-frequency section), specific to the substituted substrate,
is observed in the resonance Raman spectra at 477, 390, 475,
386, and 547 cm"1 respectively for p-CH3, p-Cl, p-F, p-NO2,
and other substituted phenols respectively. In the high-
frequency region, it is also possible to identify bands
referring to the phenolic component, which is especially
apparent for complexes with pentachloro- and pentafluoro-
phenols.9 2 Studies on the frequency dependence of certain
resonance Raman lines in the charge-transfer band9 2 have
shown that the 1588 cm"1 frequency of isoalloxazine and the
1475 and 454 cm"1 frequencies of phenol make the greatest
contribution to the vibrational structure of the long-wave-
length electronic absorption band (Fig. 13).

In this case the spectra do not exhibit frequencies referring
directly to the C-OH fragment of phenol, which is charac-
teristic of, for example, the complexes of the phenoxide anion
with metals, but the interaction takes place locally via the
phenolic oxygen atom. The character of the dependence of
the intensity on the excitation frequency 7(v) for the
1588 cm"1 line92 yields direct evidence for charge transfer to
the flavin ring. Since the corresponding vibration is asso-
ciated predominantly with the N(5)-C(4a)-C(10a) fragment,
these data make it possible to infer the location of the charge
transfer. The occurrence of such interaction requires a
sandwich conformation with parallel isoalloxazine and phenol
rings. The constancy of the frequency of the 1588 cm"1

band (as for the remaining frequencies of the isoalloxazine
ring) shows that all the changes in electron density refer
exclusively to the excited state of the molecules. The
greatest charge transfer occurs in the complex with p-nitro-
phenol, which can be inferred from the change in the dis-
tribution of intensities in the resonance Raman spectrum.

The same characteristic features have been noted in the
resonance Raman spectra of the charge-transfer complexes
of other flavoenzymes obtained at present. In the study

of the complexes of the CoA-dependent aliphatic acid dehy-
drogenase (containing FAD) with acetoacetyl-coenzyme A,
the authors observed a resonance intensification of the 1586
and 1550 cm"1 l ines,* confirming thereby the fact that the
electron transfer in the interaction with the most varied
donors is directed to the Ν(5) and C(4a) centres of the iso-
alloxazine ring, in agreement with quantum-chemical calcula-
tions . * Artificial complexes of D-aminoacid oxidase with
amino- and hydroxy-benzoates have also been studied: * the
latter are known to be effective inhibitors of the enzyme. On
excitation at the frequency corresponding to the long-wave-
length absorption band (λ = 632.8 nm) of the complex of DAO
with o-aminobenzoate, the 1583 cm"1 (isoalloxazine ring) and
568 cm"1 (o-aminobenzoate) lines were observed. It is of
interest that resonance intensification has not been observed
for the meta- and para-aminobenzoates, which indicates
severe conformational limitations in the formation of the CTC.

500 600 700
λ, nm

Figure 13. Dependence of the intensity of certain spon-
taneous resonance Raman lines of the complex of old yellow
enzyme with pentachlorophenol on the frequency of the
exciting light; the intensification of the lines of the flavin
component [1) 1628 cm"1; 2) 1588 cm"1] and the ligand
[3) 1475 cm"1] can be seen; the contour of the absorption
band is shown by a dashed line. 9 2

In the reaction of pig liver DAO with β-cyano-D-alanine, the
intermediate stages also consist of CTC of the oxidised flavin
according to resonance Raman spectroscopic data. 9 7 We may
note that, in the spectra of all the DAO complexes investi-
gated , the "hydrogen bond indicator" band is at 1240 cm"1,1Γ96>97

i .e. is appreciably displaced towards lower frequencies
compared with other flavins, which indicates extremely
specific interactions of FAD with the DAO apoprotein.
Charge-transfer complexes have been identified also in the
intermediate stages of the anaerobic reduction of adreno-
doxin reductase by the NADP coenzyme.98

Metal Complexes. The problem of the interaction of flavins
with metals is important for the understanding of the mecha-
nisms of the functioning of flavoproteins containing Fe/S
centres and also molybdenum.99 The model complexes of
FMN with silver and ruthenium100 and the complexes of the
riboflavin-binding protein (RBP) and 10-methylisoalloxazine
with ruthenium(II) have been investigated.1 0 0·1 0 1 The elec-
tronic absorption spectra of the silver(I) complex of FMN
contain a weak shoulder at approximately 530 nm on the

11 The assignment of this band in the spectra of the DAO
complexes has been confirmed by the 1242 •*• 1284 cm"1

shift on deuteriation.
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long-wavelength slope of the α-band, while an intense band
at ~630 nm appears in the spectra of the complexes (NH3)iJRu^
(Fig.14).

J00 WO

1000 1Z00 moo won
v, cm

i8oo

Figure 14. The electronic absorption spectrum of the com-
plex of the riboflavin-binding protein with R u ^ i N ^ ^ (a)
and the spontaneous resonance Raman spectra: c) the
RBP-RuUiNHs)!, complex; d) the complex of RuHiNHsH
with 10-methylisoalloxazine; excitation at λ = 647 nm
(indicated by an arrow on the absorption spectrum) was used
in both cases; b) the spectrum of RBP (λ = 488.0 nm) is
presented for comparison.101

The resonance Raman spectroscopic data may permit the
conclusion that the interaction in the Ag+ FMN complex is of
the charge transfer type. Apart from the»N(5) atom (whose
involvement can be inferred from the increase of the intensity
of the 1580 and 1540 cm"1 lines), the oxygen atom closest to
Ν(5) apparently also participates in the reduction; this is
indicated by the changes in the symmetric and antisymmetric
vibrations of the carbonyl groups in the infrared spectrum
of the complex Ag+ FMN. 10° On formation of the complex
of R u n ( N H 3 ) 4 with RBP, 1 0 1 the frequencies and relative
intensities of almost all the lines in the resonance Raman
spectrum are altered. The frequencies and particularly the
distribution of the intensities on excitation at 647.1 nm
(Fig. 14) resemble most closely those observed for the semi-
quinone form (Section 5). However, this hypothesis requires
further tests. It is of interest that bands at -1700-1710cm"1,

referring to the carbonyl groups, are manifested in the
resonance Raman spectrum of Ru^RBP as well as in the
spectrum of the model ruthenium (II) complex of 10-methyl-
isoalloxazine . 1 0 1

The data obtained for the model metal complexes estab-
lished102 that there is no direct electron transfer between
the Fe/S cluster and the flavin in the ETF hydrogenase, t
an FAD-containing flavoprotein, which incorporates Fe/S
centres and functions in the electron transport chain,
although such transfer might have been postulated on the
basis of the EPR spectra (see the references in the paper of
Schmidt et a l . 1 0 2 ) .

Modified Flavins. As already mentioned, in many cases
the prosthetic group of the flavin can be readily separated
from the protein without its denaturation, modified by the
introduction of substituents, and then rejoined to the apo-
protein. Such modifications have been widely used to
obtain information about the interaction of the flavin with
the protein, mainly from kinetic data—the binding constants,
the changes in catalytic activity, and the changes in the
electronic and circular dichroism spectra. The 1- and
5-deaza-derivatives or substitution of the methyl groups in
the 7- and 8-positions are most often used for such pur-
poses. # Evidently the results obtained cannot as a rule be
interpreted unambiguously, since several factors can change
simultaneously in the modified compound: the conformations
of several aminoacid residues in the active centres (and hence
the character of the interactions with the prosthetic group),
the steric conditions for the approach of the substrate, and
finally, the electronic structure of the isoalloxazine ring
itself. Extensive data have been obtained recently on the
resonance Raman spectra of modified flavins, both free and
bound to different proteins,es,70,71,103,ΙΟΊ w h i c h m a k e s it
possible, in principle, to differentiate these factors. It
follows from resonance Raman spectroscopic data that the
presence of halogen atoms in the 7- and 8-positions changes
little the distribution of electron density in the isoalloxazine
ring; the changes in the resonance Raman spectra7 0 can be
accounted for in this instance by the mass effect. However,
the introduction of groups containing unshared electron
pairs (the hydroxy-, amino-, or mercapto-groups) in these
positions leads to radical changes in the resonance Raman
spectroscopic parameters (Fig. 15). It had been suggested
earlier on the basis of UV spectroscopic data (see Massey
and Hemmerich1*3 and the references quoted therein) that
tautomeric (sic) transformations of the type

i.e. equilibrium between the benzenoid (I) and quinonoid (II)
forms, are possible for compounds of this kind. In all
cases the bathochromic shift and an increase of the intensity
of the long-wavelength absorption band were noted for the
suggested quinonoid structure.

tETF = electron-transporting flavoprotein.

#In the flavoproteins with known structures, 3 5 ' 3 6 the iso-
alloxazine ring is oriented in such a way that the benzene
component and the 7- and 8-methylgroups are on the
"surface" and are least in contact with the aminoacid residues
of the active centre. This apparently actually accounts for
the ease of the binding of the 7,8-modified analogues to the
protein.
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A large decrease of the frequencies of bands II and III
(by 30-40 cm" 1 ), changes in the range 1400-1200 cm"1, and
the appearance of a whole series of new bands in the range
1100-1000 cm"1 are characteristic of the resonance Raman
spectra of these derivatives (Table 5). The changes are
especially large in the resonance Raman spectra of 8-mer-
captoflavins exhibiting a long-wavelength absorption ( A m a x =
500-600 nm), greatly exceeding in intensity the absorption by
other derivatives (Fig. 16). In conformity with UV spectro-
scopic data, the following tautomeric structures have been
proposed for 8-mercaptoflavins as a function of the environ-
ment and the ionisation potential:1*3

«
R

ν\Α/Νγ°
•NH

y
I /NH

6 Ο

(A) X
m a x

 3s 470 nm | (B) X
m a x

 s 560 nm

ρ λ 3,8 | i —H+

S-v ,κ ,N, Λ\ *Ο S K ~\/\/N\/NV°
NHH/AA/y

/NH

Ο Ο

(C) Xmax = 520 nm (D) \ m a x a 560-600 nm

/zoo 1500 180L·
Δω, cm"1

Figure 15. The inverse spectra (resonance excitation) of
8-aminoriboflavin (a) and 8-hydroxyriboflavin (b) atpH7.3. 6 5

The resonance Raman spectra of mercaptoriboflavin in
various states have been obtained.1 0 3 It follows from these
data that the frequencies of lines I and II for the protonated
form (pH 2) are reduced (by 9 and 14 cm"1 respectively
relative to the riboflavin), but the constancy of the positions
of the remaining lines and, what is more significant, of the
distribution of the band intensities indicate the retention of
the "benzenoid" character of the electron density, as in the
halogeno-derivatives. 70>1№ According to resonance Raman
data, 8-mercaptoriboflavin103 and 8-methylmercaptoriboflavin101f

add precisely in this form to the riboflavin-binding protein.
The transition to conditions for the formation of the anionic
(thiolate) form (C) (accompanied by a bathochromic shift of
the absorption band) leads to radical changes in^ the resonance
Raman spectrum, in which the 1616 and 1545 cm"1 bands are

dominant; the latter band is usually regarded as an analogue
of the 1584 cm"1 band of the oxidised form, the correspond-
ing vibration being localised in the N(5)-C(4a)-C(10a)
section67 and it is therefore regarded as an indicator of the
double bond character of this fragment.6 5 '1 0 3 The large
decrease of the frequency of line II has been interpreted
in all investigations as evidence for the decrease of the
order of the π-bonds in this section of the isoalloxazine ring
and as decisive evidence in support of the quinonoid struc-
tures (B) and (D). The study of the variation of the fre-
quency of the 1545 cm"1 band1 0 3 has shown that the corre-
sponding normal vibration does indeed contribute to the
long-wavelength electronic transition. However, we may
note that no convincing evidence has been obtained so far
in support of the fact that this vibration is localised in the
same fragment as the 1584 cm"1 vibration of the oxidised form.
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Figure 16. a) The electronic absorption spectra of modified
flavoproteins: 1) 8-mercaptoflavodoxin; 2) D-aminoacid
8-mercapto-oxidase;1*3 b) the spontaneous resonance Raman
spectra: 1) 8-mercaptoriboflavin (pH 8.4; λ = 514.5 nm);
2) lactate 8-mercapto-FMN-oxidase (pH 7; λ = 632.8 nm). 6 5

It had been noted earlier that the binding of 8-mercapto-FMN
by certain proteins does not entail significant changes in
the colour of the "red thiolate" form (flavodoxin),105 while
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the addition of the modified prosthetic group to lactate oxi-
dase, glucose oxidase, D-aminoacid oxidase, and old yellow
enzyme results in a change of the red colour to a deep blue
colour (Fig. 16). 1 0 5 Since all the flavoproteins enumerated
belong to the class of oxidases, it has been suggested that
oxidases stabilise the "blue benzoquinone" structure (D) and
that the presence of the atninoacid residue, stabilising the
negative charge on the N(l)—0(2) section of isoalloxazine, in
the active enzyme centre of the oxidase is essential:

Η—B—protein

Table 5. The frequencies of the resonance Raman lines
(cm"1) of modified flavin systems.

Band

designation

I
II
III
IV
V
VI

VII

VIII
IX
X
XI
XII
XIII
XIV

RF
(Ref.65)

a

1631

1582

1547

1501

1462

1407

1354

1281

1250

1228

1178

1161

1072

8-OH-RF

(Ref.65)
b

1635 (1638)

1560 (1555)

1508

1440

1365

1340(1337)

1285 (1286)

(1215)

8-OCH3-

RBP
(Ref 82)

1«38

1578

1542

1506

1413

1387

1358

1276

1237

—

1152

1071

8-SCH3- .

RBP

(Ref. 104)

1624

1564

1533

1505

1476

1405

1348

_

1246

—
1194

1150

1084

1014

8-NH2RF

(Ref.6)

1645

1565
—-

—
1480

—
1380

1330

1285

—
—
—
—
—

—

8-NH(CH
3
)-

ρ-Dp
i\iJr

(Ref.71)

1641

1567

1537

1531

—
1407

1360

—
—
—

1162

—

8-N(CH
3
)2-RF

(Ref.65)

1629

1558

1519

—
—
1405

1375

1335

1281

1251

1212

—
1133

—

—

Note. RF = riboflavin; RBP = riboflavin-binding protein.
a T h e discrepancies with the data of Nishina et al. 7 0 for

RBP do not exceed -2 cm"
are given in brackets.

b T h e data of Dutta et al. 7 1

The resonance Raman spectra of the "blue benzoquinone"
structures have been obtained by Schopfer et al. K (Table 6).
The spectrum of 8-mercapto-FMN lactate oxidase excited at
λ = 632 nm (denoted by an arrow) is illustrated in Fig. 16;
the data for glucose oxidase and old yellow enzyme are
presented in Table 6. These results demonstrate that the
same electronic structure of the 8-mercaptoflavin prosthetic
group, differing appreciably from the traditional hydroxy-
form of riboflavin, FMN, and FAD, is characteristic of all
the proteins enumerated. Certain changes in the frequencies
of the principal bands within the limits of each spectrum evi-
dently reflect the specific features of definite protein-flavin
interactions in the active centre of the enzyme. In the
literature these spectra have been interpreted as referring
to the "fully quinonoid" structure (D), 6 5 while the spectra
of derivatives of 8-hydroxy,8-amino-, 8-mercapto-, ^
8-methylamino-,71 8-methoxy-, 70 and 8-methylthio-ribo-
flavins101* are thought to be "intermediate" between those
corresponding to the typical quinonoid and benzenoid struc-
tures with "greater" or "lesser" quinonoid character. 6 5

Apart from a number of discrepancies (the differences
between the resonance Raman spectra of derivatives for
which identical "contributions" by the quinonoid structure
have been predicted on the basis of electronic spectra, "t3>65

a significantly "benzenoid" distribution of intensities in the
case of the 8-methoxy- and 8-methylthio-derivatives accom-
panied by major shifts of band II in the latter case, e tc . ) ,
the very concept of describing the electronic states as mix-
tures of resonance structures and of the resonance Raman
line shift as a result of a particular "percentage content" of
the quinonoid form is unproductive and cannot yield any
specific information either about the distribution of electron
density in the isoalloxazine ring or about the interactions
of the latter with the protein. The correlations of the
positions of certain resonance Raman bands with the Hammett
constants, 6 5 > 1 № disregarding the influence of the masses
and kinematic interactions on the vibration frequencies (see,
for example, the correlations for band I in the study of
Schopfer and Morris10"), are also of little use. Despite the
very unique nature of the resonance Raman spectra obtained
for modified flavins, they have been scarcely used. The
interpretation of these results requires additional experi-
ments with isotope-substituted specimens, which would per-
mit reliable assignments of the vibration frequencies, and
also quantum—mechanical calculations of the electron density
in the modified flavins.

Table 6. The frequencies (cm
spectra of 8-mercaptoflavins.65

in the resonance Raman

RBP
a

1631

1582

1547

1501

1462

1407

1354

1304

1281

1250

1228, 1178, 11G1

1072

8-SH-RF
b

1620

1548

1507

—

1360, 1320

.

—

.

—

8-SH-FMN-LO
c

1614

1536

1504

—

1345

1292

1223

1161

1110

1092

1063

8-SH-FAD-GO
d

1606

1530

1501

—

.

1337

1263

1209

1159

1099

1079

8-SH-FMN-OYE
e

1611

1528

1500

—
—

1343

—
1220

1168

1111

10S7

1039

aRiboflavin-binding protein, quoted for comparison.
b 8-Mercaptoriboflavin, pH 8.4 with added 3 Μ ΚΙ. c L-lac-
tate 8-mercapto-FMN-oxidase, pH 7. d Glucose 8-mercapto-
FAD-oxidase, pH 7. e 8-Mercapto-FMN derivative of old
yellow enzyme, pH 7.

Stacking Interactions of Flavins. It has been frequently
suggested in the literature that the free FMN and FAD groups
in solutions exist under certain conditions in the form of
stacking complexes. In particular, the changes in the
fluorescence properties of flavins have been attributed to
interactions of this type. It is known that the fluorescence
of FAD in aqueous solution is appreciably quenched compared
with an aqueous solution of FMN at the same concentration;
it has been suggested1 0 6 that one of the probable causes of
the quenching may be the stacking interaction of the iso-
alloxazine and adenine rings. The possibility of the forma-
tion of intramolecular stacked structures from the isoalloxa-
zine and adenine rings in the FAD molecule has been dis-
cussed.1 0 7 When 30% of DMSO is added to the solvent, such
interaction is significantly weakened and the FAD fluorescence
is intensified by a factor of 40, approaching that of FMN.
Attempts have been made to detect stacking interactions with
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the aid of resonance Raman spectra. Comparison of the
frequencies in the spectra of aqueous FMN solutions at a
concentration of approximately 60 mM,63 where the FMN mole-
cules should be fully dimerised, with the CALS spectra of
dilute aqueous solutions and solutions in the H2O-DMSO
mixture6 6 failed to reveal any significant differences. One
should note however that these results are difficult to com-
pare, because the data of Nishimura and Tsuboi63 refer to
spontaneous RRS under conditions of virtually non-resonance
excitation (λ = 600 nm), while the data of Irvin et al. α refer
to the excitation of the anti-Stokes ARSS (ωι = 495 nm),
which gives rise to a negative Lorentzian contour. On com-
paring the CALS spectra of FAD in water and aqueous
DMSO, the authors noted small changes in certain frequen-
cies. 6 6 However, it was subsequently confirmed that the
FMN spectra in solutions at high concentrations, ensuring
stacking interactions (>50 mM), do not differ from the spectra
of dilute solutions (<2 6 4

Flavocytochromes. These compounds, which function in
electron transport chains, contain two centres for oxidation-
reduction reactions: flavin and cytochrome (haem group).
The mechanism of the functioning of flavocytochromes is in
many respects still obscure;1 0 8 little is known also about an
interesting feature of these compounds—the postulated intra-
molecular tunnelling from flavin (electron donor) to cyto-
chrome (electron acceptor). Furthermore, the study of this
interaction is of general importance for many-centre enzymes.

1.Z

1.0

1 0.8

«0.6

ο

* DM

0.1

0 —Λ
300 VOO 500 600

λ, nm

Figure 17. The electronic absorption spectra of flavocyto-
chrome c5 5 2 in the oxidised (curve 1) and reduced (curve 2)
forms; the symbols B, Qoi, and Qoo denote the absorption
bands of haem c and α and β denote the absorption bands
of the flavin component.113

Flavocytochrome c present in purple and green phototropic
bacteria, which play an important role in the biological reduc-
tion of sulphates and in the general sulphur turnover on
Earth, has been most thoroughly investigated in the class
of cytochromes.39 Flavocytochrome c 5 5 2, isolated from
Chromatium vinosium, consists of two non-equivalent sub-
units, one of which (Mr = 21000) contains two haem c groups,
while the other (Mr = 46000) contains one FAD group. 1 0 9

The isoalloxazine ring is in this case covalently bound to the
protein by a sulphide linkage in the 8-position.U0 Accord-
ing to EPR data, 1 1 1 the two haem c groups are non-equiva-
lent ; the immediate environment of one of these groups
(apparently consisting of the ligands) varies with the pH.

I 1 I

1700 WOO 1300 950
·+— v, cm"1

Figure 18. The resonance Raman spectra of flavocytochrome
c5 5 2 (pH 6.5) on excitation with light corresponding to the
514.5 (a), 501.7 (t>), 496.5 (c), 488.0 (d), and 476.5 nm
(e) lines; internal standard—SO?" ion (v = 983 cm" 1); the
vertical dashed lines indicate the positions of the resonance
Raman lines of flavin.113

Flavocytochrome c5 5 2 has been investigated by the resonance
Raman method simultaneously by two groups of investi-
gators.1 1 2 > 113 Owing to the unsuccessful choice of the excit-
ing frequencies in the study of Ondrias et al. , 1 1 2 it was not
possible to identify the resonance Raman lines which could
be assigned to the isoalloxazine rings. The electronic
absorption spectrum of the enzyme (Fig. 17) consists of a
superposition of the intense absorption by haem [the Β
bands (Soret bands) QOo and Qm.] and less intense bands at
approximately 450 and 480 nm referring to the flavin frag-
ment. By altering the frequency of the exciting line, the
authors 1 1 3 isolated the 1629, 1346, and 1244 cm"1 lines of the



Russian Chemical Reviews, 56 (2), 1987 199

isoalloxazine ring together with the intense resonance Raman
lines of the cytochrome at 1645, 1566, and 1366 cm"1, which
are close to the frequencies observed for horse ferricyto-
chrome c (1637, 1563, and 1316 cm"1 respectively u"). The
intensity of the isoalloxazine lines is highest on excitation at
λ = 476.5 nm, in the region of the bands due to the elec-
tronic transitions of flavin (Fig. 18).

The resonance Raman spectrum of the reduced (ferro) form
of flavocytochrome C552 contains lines referring exclusively to
the haem groups; u 3 their number, polarisation, and fre-
quencies are virtually the same as for other ferrocytochromes
c. 1 1 5 Judging from the symmetrical contours of the sharp
1588 and 1316 cm"1 lines, both haem groups in the ferro-
cytochrome C552 molecule should be identical. The absence
of bands due to the isoalloxazine ring shows that the flavin
exists in this case in the fully reduced form and not in the
semiquinone form.113

The photoreduction of the entire enzyme and its con-
stituent cytochrome- and flavin-containing submits separately
as well as the interaction with strong inhibitors (sulphite
and cyanide) have been investigated with the aid of RRS. 1 1 3

The changes in the intensities of the resonance Raman bands
in the spectra of the complexes with cyanide and sulphite
suggest that both adducts are formed as a result of the addi-
tion to the Ν(5) atom of the isoalloxazine ring, which is the
cause of the inhibition of the enzyme. It has been shown113

that in the, photoreduction, which in this case proceeds
exclusively in the presence of ethylenediaminetetra-acetic
acid, the first prosthetic group to be reduced is the flavin
system, while the haem groups cannot be reduced in the
absence of flavin. These experiments constitute the first
direct evidence for the occurrence of intramolecular transfer
from the flavin group to the cytochrome in this class of
enzymes.

—0O0-—

Thus extensive data have now been obtained on the reso-
nance Raman spectra of flavins. Evidently the method can
be used successfully for the identification of the isoalloxazine
ring and the derivation of information about its structure in
all possible oxidation and ionisation states. Under conditions
where the scope of NMR is extremely limited, resonance
Raman spectroscopy remains in essence the only method
potentially capable of yielding extensive information about
the ground and excited states of flavin systems. Neverthe-
less, these data have so far been used to a small extent.
Compared with the novel methods of isolation and synthesis
of, for example, the modified specimens and with the excep-
tionally sophisticated experimental spontaneous and non-
linear resonance Raman spectroscopic technique, the results
of the interpretation appear to be modest. This situation is
caused mainly by the inadequate development of the theo-
retical basis of the analysis of the normal vibrations and
quantum-mechanical calculations of the electron density in
model flavin systems. Evidently the description of the
changes in the electronic states of the isoalloxazine ring in
terms of the percentage contents of the resonance structures
cannot promote the discovery of the real situation. Despite
the abundance of data available on isotope-substituted speci-
mens and modified systems, there has been so far no adequate
calculation for the normal vibrations of flavin. In view of
the quantum-chemical and vibrational spectroscopic methods
which have now been developed and the present level of com-
putational techniques, such theoretical data could be readily
obtained after the correct choice of model. All the informa-
lion about the frequencies, intensities, and polarisations of

the resonance Raman lines could be fully employed on this
basis in order to deduce the state of the isoalloxazine ring
and its interactions with the protein environment.
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Using a combined approach based on the symbiosis of macromolecular and colloid chemistry of polymers with inorganic
chemistry, data on the low- and high-molecular-weight anionic metal oxoborates in the crystalline, amorphous, and vitreous
states, in solution, in the melt, and in the gas phase are surveyed. An attempt is made on this basis to present an adequately
logical and well-founded picture of their structure, to indicate a new method of study, and to facilitate the prediction of the
properties of technical materials and the improvement of the technology of their manufacture. The entire wide variety of
borates and many of their properties can be accounted for by the variation of the configurations and conformations of the
macroanions in response to changes in external influences as a result of the flexibility of the B-O-B bonds by virtue of the Ο
atoms being in a state intermediate between sp2- and sp-hybridisation involving Β atoms. The necessity to develop the polymer
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I. INTRODUCTION

The unity of the nature of organic, organoelemental, and
inorganic polymers and the differences between them have
already been discussed in a review,1 where the inadequate
development of this problem in relation to polymers of the
last type was noted. The number of new publications on
this topic can be literally measured in single figures.2'3

This is clearly inconsistent with the abundance and impor-
tance of inorganic polymers in nature and technology.""8

The ideas developed in a monograph by Korshak et al.9

stimulated at an earlier stage the consideration of certain
aspects of the macromolecular physics and chemistry of

boron oxides and hydrogen oxoborates.1 This review is
devoted to polymeric metal oxoboratest (henceforth referred
to simply as borates).

tThe fluoro-, peroxo-, and other borate systems as well
as inorganic polymers with B-O-E linkages in the macro-
anions (E = Si, Al, P, etc.), i.e. the corresponding boro-
elementoxanes,10 will not be considered here. We note only
that the use of the principles of macromolecular chemistry
will permit an approach to the synthesis of such polymers
and materials based on them.11"16
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The characteristic features of the electronic structure of
boron are responsible for the presence of the BO 3 and
Β(\ sp2- and sp'-hybrids in the structures of borates and
also for the possibility of their interconversions.17 This
complicates the structure of borates compared with, for
example, phosphates18 or silicates.19 The elucidation of the
structures of many borates has been scarcely reflected in
their terminology, particularly in the trivial names of natural
compounds. Although stereoregular crystalline linear (chain
and cyclochain) borate polyanions can be fully described,
according to IUPAC recommendations,20 with the aid of
stereochemical definitions and designations adopted by IUPAC
for polymers,21 in practice such terminology is not being
used. Since the existing nomenclature for polymers20"22

refers solely to linear single-stranded and quasi-single-
stranded structures, the present review has retained mainly
the traditional terminology of the chemistry of borates, in
particular, the prefixed "phyllo" and "tekto" are used to
designate two- and three-dimensional structures respec-
tively.23 Since the term "polyanion" has a dual significance
in the chemistry of borates—it is frequently used to desig-
nate both intrinsically polymeric (chain, layer, and network)
and isolated ("island") anions with a low degree of polymer-
isation, in the present review the latter are referred to as
oligoanions21* and the former as macroanions. The macro-
anions are in their turn subdivided into linear (poly-),
layer (phyllo-), and network (tekto-). Instead of terms
of the type "basic structural blocks",25 "basic structural
units",26 etc., the term "constitutional repeat units" (CRU) 2 7

(it is also referred to as the elementary unit28), taken from
the chemistry of macromolecular compounds, is used. The
symbol "»" has been replaced by the designation "n" used
in the chemistry of macromolecular compounds.

The oligoanions are subdivided, as usual, into triborate,
tetraborate, pentaborate, etc. anions. In order to reflect
their wide variety, caused by the different combinations
of BO3 and BOi, for the same number of boron atoms, it is
most convenient to employ the nomenclature of complex
compounds.29 The review includes data on oxoborates
published up to 1985, including data on new oligoanions
with η = 12 3 0 and η = 16,31 on the heptaborate CRU,32

etc., for example, the structure CaO.2B2O3.0.5H2O,33 which
have not been included in any of the previous reviews.31*
Data on anhydrous crystalline26 and vitreous7'35 borates,
etc. have also been supplemented.

I I . HYDRATED BORATES

1. Crystalline Compounds

The fundamental principles governing the formation of
structures25 are described below taking into account the
postulates of the chemistry of macromolecular compounds:

1. The simplest groups in the structures are BO3 and BOi,.
2. The monomeric and dimeric anions are made up only of

BO3 groups or only BOi» groups.
3. As a result of oligocondensatfon, the monomeric anions

tend to form reactive anionic preoligomers, in which the
degree of polymerisation of the simplest groups BO3 (BO.,),
functioning as structural fragments (subunits20) of the
oligoanions, is η 2 3.

4. The oligoanions specified in paragraph 3 can be modified
by grafting to them side branches consisting of boron-oxy-
gen and other element-oxygen groups.

5. Both monomeric and oligomeric anions (including modified
anions) can polymerise via polycondensation (sometimes with
ring opening) to macroanions functioning at the given stage
of structural organisation as the CRU of the macroanions. #

6. In the structures of hydrated borates there is a possi-
bility of the coexistence of the macroanions with mono-, di-,
and οligo-anions.

7. In the hydrated borates, the oxygen atoms capable of
being protonated are usually (but not always) protonated in
the following sequence: initially the terminal oxygen ions
(with formation of hydroxy-groups), next the oxygen atoms
of the BO* sp3-hybrid, then the oxygen atoms of the BO3 sp 2-
hybrid, and finally the hydroxy-group (with formation of
water molecules).

The water in the crystalline hydrated borates can be
present both in the molecular form (five classes of such
water are distinguished)36 and in the form of protons and
hydroxyls, the hydrogen bonds playing an important role
in the formation of the structures under these conditions.
As the water content diminishes, the degree of polycon-
densation and the degree of cross-linking of the boron-
oxygen anions increase.36

Fig.l presents the known varieties of the borate mono-,
di-, and oligo-anions in the fully hydrated form. Partly
dehydrated forms have also been detected in real borates.
Some of the oligomers illustrated in Fig.l (D, a; G; H)
have so far been detected in a modified form and as CRU of
the macroanions. Examples of similar modified CRU are
presented in Fig. 2.

Fig.3 illustrates the "pentamer trimer" (i .e. a tripenta-
borate—not a pentadecaborate), found in the structure of
natural ammonioborite,37 and also the oligoanion [Bi6O2it.
.(OH)1 0]1 0~ in which there are two heptaborate anions held
by the BO3 triangles.31 The last example can also be
regarded as an exception to the 7th of the principles quoted
above; in the presence of water molecules, non-protonated
oxygen bound to boron is present in the structure.

Starting with triborates (1BO3 + 2BO4), stereoisomers
begin to appear. The triborate ring is a component of
almost all oligoanions [the central Ο atom in the structure
of the hexamers is coordinated to three Β atoms at once and
the charge of the hexamers is not equal to the number of
Β(IV) atoms as in other oligoanions, where it is smaller by
unity]. One of the varieties of the tetraborate compounds
is an exception.

The stereochemical similarity of borates to organic com-
pounds has already attracted the attention of investigators38

and Fig. 3b demonstrates their ability to form "chelate"
complexes which constitute the basis of many coordination
polymers.39

Examples of borates in the macroanions of which the
residues of mono- and oligo-anions behave as CRU are given
in Tables 1 and 2. Figs.4 and 5 represent the fragments of
certain macroanions included in the above Tables.

The set of data presented reveals the wide variety of
macroanions, the origins of which are discussed in Sec-
tion IV. In the light of ideas about the functionality of
monomers in polycondensation,76 the tendency towards the
formation of predominantly heterocyclochain and layer poly-
boroxane macroanions, the possibility of their successive
cross-linking, and also the possibility of the formation of

#The macroanions are capable of forming still higher forms
of supermolecular (more precisely, "superionic") structural
organisation, for example, formations of the spherulite type.
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statistical and block-copolymers with Β—Ο—Ε linkages (E =
Si, Al, P, etc.) were already considered previously.1 The
possibility of the modification of the structures illustrated in
Fig. 1 by the grafting of various side branches and the forma-
tion of the CRU shown in Fig. 2 also follows from the same
pre-conditions. This type of transformation occurs likewise
in the case where the polycondensation of the oligoanions is
accompanied by the opening of the ring, as happens, for
example, in the conversion of borax into kernite in accor-
dance with the scheme shown in Fig.6.25

It is noteworthy that polyborates [for example, hydro-
boracite (III) and colemanite (IV) in Table 1] frequently
give rise to superionic formations of the type of spherulites,77

despite the views of Frenkel'.6

Since boron absorbs effectively slow neutrons and hydro-
gen absorbs fast neutrons,78 hydrated borates and binding
compositions based on them79'80 are promising as materials

for protection against neutron radiation. The mechanical
indices (density, hardness, etc.) increase almost linearly
on passing from the monoanionic to the di- and oligo-anionic
structures and further to polymers, reaching a maximum for
network macroanions.81 The latter also contain the maxi-
mum amount of boron but the hydrogen content is then
reduced to a minimum. This means that chain or layer
macroanions have the optimum properties. An idea about
the necessary ratio of the components can be gained from the
data in Tables 1 and 2. On the other hand, the conditions
in the synthesis of the binding materials must be close to
those in the synthesis of single crystals (see the original
communications quoted in the Tables). Clearly polycrystal-
line and even amorphous polymers, formed by borates at
323—523 K,17 are suitable for the preparation of technical
binders, phylloanions being usually produced under hydro-
thermal conditions.82 It is useful to employ for this purpose
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Figure 1. Borate monomers, dimers, and preoligomers with η S 3 in the fully hydrated form; their residues occur as the
"usual" CRU of macroanions (Table 1) and subunits of modified (combined) CRU (Fig. 2).
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the experience gained in the chemistry of macromolecular
compounds in carrying out the polycondensation reactions83

and to invoke the mechanochemical reactions81* which are
already employed in the practical synthesis of borates.85

Hydrated borates, for example calcium borates, are manu-
factured on an industrial scale.86 The B2O3 content in the
polymeric borates is higher than in the monomeric and
oligomeric borates and for this reason, in the manufacture

of calcium borates, the half-finished product CaO.B2O3.6H2O
with the monoanion [Β(ΟΗ)υ]~ 3" is nowadays subjected to
polycondensation in the course of the so called "drying"
(Ref.86, p. 115) and is converted into the commercial product
CaO.B2O3.2H2O (43% B2O3). Commercial preparations with a
higher B2O3 content can be obtained under conditions where
the degree of polymerisation of the boron—oxygen anions is
increased further.

χ Η(

,' Ο Ο ·

Α. >Χ

Θ - Η θ -

(XXIII) and (XXIV)

Λ
\

"V, ΗΟ

ΟΗ

Χ'
(XXVI)

(XXV)

Ό ν Ο

Ο Β Ο Β Ο
V / λ V / ΗΟ—]

Χ
Η

OH

H
__θ__ (XXVII)

Θ--
(XXVIII)

OH

SB

OH
°\/°~\ /° °\ /B"~°V

Β Ο—Β-ΟΗ ΗΟ—Β—Ο Υ

</V --A-- -Α- ΥΘ' \)Η

(XXXII) (XXXIII)

Figure 2. Examples of modified CRU in the macroanions of hydrated borates (the numerals corre
spond to those adopted in Table 2 for specific compounds); the arrows indicate the sites of
grating of subunits; the connecting oxygen atoms shared with neighbouring CRU are indicated
by dashed lines (see the footnote to Table 2).
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The adhesive, binding, and film-forming properties of
borates,8 7»8 8 which are characteristic of polymers and are
considered in the next Section, are also of practical interest.

HO—Β —ΟΗ

Figure 3. The tripentaborate oligoanion (a) in natural
ammonioborite (ΝΗι,)3[Β15θ2ο(ΟΗ)θ].4Η20 and the oligoanion
with η = 16 (b) as part of the "chelate" oligoanion in
synthetic Na6{Cu2[B1 6O2 1 t(OH)1 0]}. 12H2O.

2. Solutions of Oxoborates

The water-soluble borates of Group la s elements have
been most thoroughly investigated. On dissolution in
water, their macroanions are degraded as far as the forma-
tion of mono-, di-, and oligo-anions with η = 3—5.1 The
regions in which some of them predominate in solution are
shown in Fig.7.31*'82

It is striking that the structures made up wholly of BOi,
tetrahedra (for example, the network HBO2-I macromole-
cules1) hydrolyse very slowly, in contrast to structures
containing also the BO3 triangles (for example, the cyclo-
chain ΗΒΟ2-Π macromolecules1), which makes it possible
to isolate them from the mixture.8 9 Consequently the
resistance of borate macroanions to hydrolysis can be
increased by filling with electrons the unoccupied ρ orbitals
of the BO3 sp2-hybrids by their interaction with electron
density donors, for example, with phosphates,7»15 or by
exposing them to UV 1 3 or ionising 9 0 radiation and by
similar procedures.

Highly concentrated solutions in the MxOy—B2O3-H2O
systems (M = metal), 8 7 ' 8 8 obtained on heating or hydrothermal
treatment, exhibit adhesive, binding, and film forming prop-
erties. Concentrated solutions in the M2O—B2O3—SiO2—H2O
system have the same properties. 9 1 In the latter case even a
very small content of boron compounds in compositions made
up of oxygen compounds induces qualitative changes in the
structures and properties of the statistical and block-copoly-
mers formed.91

As already mentioned ,1 true solutions of borate polymers
can be most readily obtained in non-aqueous solvents—either
organic such as nitrobenzene in which they swell 9 2 or in
"water removing" inorganic solvents of the type of H2SOi,.93

It has been suggested that in the latter case dissolution is

Figure 4. Fragments of the macroanions of certain borates presented in Table 1; the hydrogen
atoms in the hydroxy-groups have been omitted for simplicity; here and henceforth the small
filled circles denote boron and the larger open circles denote oxygen.
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accompanied either by complex formation91* or by polymer-
analogue transformations with formation of CRU of the type 9 5

- Β ' Ν Β -

d Ο o r
—Β Β—Ο—δ-

Ι I II
0 0 0
\s/

The formation of a complex between Β (OH) 3 and iron salts in
solutions has also been noted. 9 6

(ΣΣΜ (urn)
Figure 5. Fragments of the macroanions of certain borates
presented in Table 2.

The set of data presented above provides a key to the
understanding of the genesis of natural borate ores and
the determination of the necessary conditions for the prep-
aration of their synthetic analogues.

In nature at Γ < 323 Κ, mono-, di-, and oligo-borates
are produced in the primary sedimentation period, under-
going various kinds of changes in the subsequent post-sedi-
mentation period. As a result of polycondensation in accor-
dance with the scheme38

accompanied under suitable conditions by ring opening
(Fig.6), the grafting of side groups, and similar processes,
the primary sedimentation borates are usually converted into
secondary, post-sedimentation borates, as a rule chain or
layer borates, following a change in thermodynamic conditions
in deep layers. 8 2

In order to obtain a synthetic borate with a particular
structure, it must be deposited from a solution containing
definite mono- or oligo-anions. On the other hand, as can
be seen from the data in Fig. 7, each of them exists pre-
dominantly within narrow temperature, pH, and concentra-
tion ranges, in the presence (see Section IV) of particular
metal cations, and, finally, within a limited time interval
(on "ageing" of the solutions). This greatly complicates the
separation of borate homologues, which requires the applica-
tion of many sophisticated technological methods and special
procedures. 3 1*' 8 6 ' 9 7" 9 9 On the other hand, if the solution
contains borate homologues of several varieties at once,
then non-crystalline variable-composition amorphous borates
are deposited from such a solution.

3. Amorphous Systems—Behaviour on Heating

Apart from the procedure noted above, amorphous borates
are also formed in the course of the dehydration of crystal-
line hydrated borates (at a temperature ensuring the removal
of the most strongly bound OH groups from the structures),
yielding the so called amorphous powders.7 7 The conversion
of the amorphous borates into crystalline anhydrous com-
pounds on further heating is accompanied by an effect which
has been called the "borate rearrangement" (BR). 7 7

In contrast to the usual crystallisation, whose rate is
limited by the rate of removal of energy from the system, BR
has an explosive (chain) exothermic character and occurs
always at a reproducible temperature specific to each borate

Table 1. Examples of polymeric hydrated crystalline borates with the "usual" CRU (see also
Figs.l and 4).

CRUa of macroanions

Monoborate

Triborate

Tetraborateb

Pentaborate

Initial monomer
or preoligomer

IB(OH),]»-

lB,O,(OH)t]l-

[Β,Ο,(ΟΗ),]»-

[B 4O,(OH),r

[B,O,(OH)«]1-

[BjO.tOH),]·-

Form and formula of macroanions

Chain [B I V O(OH),]^-

Cyclochain ΙΒ^πΒ ΐνΟ4(ΟΗ),ΐ;^

Cyclochain (BmBj vO 4(OH) 3];y-

Layer [ B n ' B J V O , ( O H ) ]™"

Cyclochain lB I

t

I IBi v0,(0H),ft'1-

Cyclochain [B4"B I VO,(OH)»]£-

Cyclochain [Bi I IB[ vO,(OH),ft ( t"

Layer ΙΒ^Β^Ο,ίΟΗ)]^"-

Ditto in combination with
monomeric B(OH)3 located in
the plane of the layers0

Examples of specific compounds (the trivial names are also
quoted for the natural borates)

Wimsite Ca[BO(OH),]ln=CaO-B,O,-2H,O

Τ1[Β,Ο4(ΟΗ),]Β·0,5Η,Ο=Τ1,Ο.3Β,Ο,·3Η,Ο
Hydroboracite CaMglBjO^OHtaljn-SHjO = CaO-MgOx

x3BjOa-6H,O
Colemanite CalBf04(OH),] f l-H,0=2CaO-3B,06-5HJ0
Fabianite Ca[B<O,(OH)]nrt=2CaO-3B,O»-H,O (monolin.)
CalB3O5(OH)]/OT=2CaO-3B,Os-H,O (orthorhomb.)

Na,[B4O.(OH),]/,=Na1O-2B1O,.H,O

Larderellite ΝΗ«ΙΒ,Ο,(ΟΗ)1]Λ·Η,Ο=2ΝΗ4ΟΗ·5ΒΙΟ,·3ΗίΟ
Escurite Na,[B6O,(OH),],l-2H,O=2Na,O-5B,O1-7HIO
Nasinite NaJB,O,(OH)]„,· 2H,O=2Na,O·5B.O,·5H,0
Κ,ΙΒ,Ο,(ΟΗ)1ηΛ·2Η1Ο=2ΚΛ>·5Β,Ο,·5Η,Ο
GoweriteCa[BjO,(OH)]fmB(OH),-3H,0=CaO-3B,0,-5H»0

p- and A-WitchitesSrJBiOl(OH)]w,-B(OH),-H1O = 4SrOx
χ 1 1 Β Α · 7 Η ι 0

Refs.

140]

[41]
142]

143]
144]
145]

146]

147]
[48]
[49]
[501
1511

152, 53]

Designation

(I)

(Π)

(HI)

(IV)
(V)

(VI)

(VII)

(VIII)

(IX)

(X)
(XI)

(XII)
(XIII)
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Table 1 (cont'd).

CRUa of macroanions

Pentaborate

Hexaborate

Initial monomer
or preoligomer

[Β,Ο,ίΟΗ),]»-

[Β,Ο,(ΟΗ),]»-

Form and formula of macroanions

Cyclochain [Β^ΙΒ]νΟ,(ΟΗ)1]*'1-

Layer [B^B^O^OH),]^"-

fNetwork [ B ^ B ^ O , ] ^ " -

Cyclochain [Β^'Β^Ο^ΟΗ),];"-

Layer [Β^Β^Ο,ίΟΗ),]™-

Examples of specific compounds (the trivial names are also
quoted for the natural borates)

Probertite NaCa[BjO,(OH)4L-3H,O = Na,O-2CaO-5B,O, X
XlOH.0

HeydorniteNa2Ca3Cl(SO4)2[B5O8(OH)2]^
Na3[B5O8(OH)2]nn.H2O = 3Na2O.5B2O3.4H2O

d

UJiBiOi(OH)t]nn= II=3Li,0 ·5B,O,·2H,0 (orthorhomb.)e

Hilgardite Οβ,ΙΒ,Ο^.. · Cl • H,O=3CaO · CaClj · 5BjO3 X
X 2H,O(monoclin.)S

Na,[B4O,],nB-HsO=3Na,O-5B1O,-2H,O

Aristarainite Na, Mg[Ba,O,(OH)4].- · 4 H , 0 = N a , 0 · MgO X
X6B,Q,-8H,O

Nobleite Ca[B,0,(OH),]nrt-3H,O=CaO-3B20s-4H,O
Tanellite Sr[B,0,(0H) s] n B-3H,0=Sr0-3B,0 3.4H,0

Refs.

[54]

[55]

[56J

[57]

[58J

[59]

[60]

[61]
[61]

Designation

(XIV)

(XV)

(XVI)

(XVII)

(XVIII)

(XIX)

(XX)

(XXI)
(XXII)

a The CRU of the macroanions27 may not be identical with the stereorepeating unit . 2 1 Thus the

CRU in wimsite I is —B—O-, while the stereorepeating unit is in essence a diborate unit consisting

OH
of two BOij tetrahedra.1*0

b See also Table 2 [(XXIII) and (XXXIV)].
c The monomeric B(OH)3 groups in gowerite are located in each layer, while in p- and A-witchites

they are located in alternate layers. In the structures of the latter the two-layer arrangements
made up of identical phylloanions differ only by their relative dispositions; whereas the first
layers are identical, the second in A-witchite is a mirror image of the second layer of p-witchite
in the plane perpendicular to the c axis. 6 2

dAlthough compounds (XV) and (XVI) have the same initial preoligomer [B5O6(OH)6]3~, its poly-
condensation can occur with participation of different OH groups, so that ultimately the end
groups in compound (XV) consist of two different triangles with one OH group in each, while
those in compound (XVI) consist of two OH groups in one of the tetrahedra.

e The synthesis under a pressure of about 100 MPa results in the formation of Li3[B5O8(OH)2]-I
(tetragonal), in the anionic network of which it is possible to distinguish helical strips made up
of triborate rings (1BO3 + 2BO^).63 Sections through the deformation electron density of this
borate61* indicate the covalent character of the boron—oxygen bonds in the BO3 and BOij groups
and also in the B-O—Β bridges, whereas the Li-0 bonds are significantly ionic.

'•The tektoanion is anhydrous and contains no functional OH groups, being a product of a
later stage of the three-dimensional polycondensation of the preoligomer [B 5O 6(OH) 6] 3~. The
zeolite-like boron—oxygen skeleton formed has large cavities in which water molecules are
accommodated and in the case of compound (XVIII) also chlorine, so that the borates (XVIII) and
(XIX) constitute, as it were, an intermediate stage on the way to the fully anhydrous systems—
see (LXII) and (LXIII) in Table 3. Having the same CRU, the macroanions of (XVIII) and (XIX)
nevertheless consist of different stereorepeating units: in compound (XVIII) the identity period
along the boron-oxygen chains in the network is 0.63 nm, while in compound (XIX) it is 1.12 nm,
i .e. corresponds to 2CRU.

triclinic modification of hilgardite has the same tektoanion.6 5

(somewhat tj.ow melting point T m ) , and is accompanied by
a marked contraction, an increase in the density and hard-
ness of the substance, so that, on the basis of physical
properties, it is difficult to put forward the hypothesis that
before and after BR one is dealing with a substance having
the same chemical composition.77 It has been established 1 0 0 " 1 0 3

that, above the temperature of the BR exothermic effect, the
specimens consist as a rule of a mixture of two borates, for
one of which the modulus m = B2O3/M;x.Oy is higher and for
the other lower than for the initial borate—in the limit it is
made up of B2O3 (m = °°) and monomeric (dimeric) borates
with a minimum modulus if the newly formed borates are
thermodynamically unstable. From the standpoint of the
chemistry of macromolecular compounds, this resembles very
closely the solid-phase polycondensation101* or polymerisa-
tion 1 0 5 reactions. Both reactions proceed at an appreciable
rate over a narrow temperature range below Tm, are auto-
catalytic, their rate has a high temperature coefficient, and

their activation energy is also high. Bearing in mind that
at the instant of the occurrence of the BR amorphous borates
already lack the OH functional groups '§ (although the
isolation of low-molecular-weight anionic products in the
chemistry of silicates is also attributed to polycondensation
processes as an alternative to ionic polymerisation107), it is
more likely that the BR represents a kind of unusual solid-
phase polymerisation process. It is noteworthy that, in the
course of the BR, a fundamental change in the structures
of the CRU of the macroanions frequently takes place. For
example, colemanite, (IV) in Table 1, is converted after the
BR into a mixture of Ca[(BO 2 ) 2 ] n , (XXXV) in Table 3, and
C a 2 [ B 8 O 1 ^ ] n n n , (LXXVI) in Table 4, 1 0 2 while hydroboracite,
(III) in Table 1, is converted into a mixture of Ca[(BO 2 ) 2 ] n

§ Certain iron borates are exceptions.3
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Table 2. Examples of polymeric hydrated crystalline borates with modified (combined) CRU (see also Figs.2 and 5).

Initial monomers and oligomers whose
grafting results in the formation of the

subunits in the CRU

(2BO3 + 2BO4)b

(1ΒΟ,+2ΒΟ«)+(2ΒΟ,+10Ο«)

(2BO3 + 2BO4)d + IBO3 + (IBO3 + 2BO4)

(3BOi+2BO«)+(3BO,+2BO4)

(2BOS+3BO4)+1BO,

(3BO,+3BO«)+2BO,

(3ΒΟ,+3ΒΟ«)+(3ΒΟ,+3ΒΟύ+2ΒΟ,

(3BO,+4BO«)+1BO,

(4BO,+5BO4)+1BO4+1BO4

Form and formula of macroaniona

Cyclochain [BlnBjvO»(OH) .Β Ι Ι ΙΟ(ΟΗ)];"-

Layerc lBnlBiVO«(OH)1.Bi"BIVO1(OH)t]^-

Network [ Β ^ Β Γ Ο , - Β ' Χ , Β " ^ ^ , ^

X(OH),]JT"

Layer [Bi"B;VO.(OH) ·Β;»Β!νΟ.(ΟΗ)]4Γ-

Cyclochain [Β^ιΒΐνΟ,ΐ,(ΟΗ)ίΧ

ΧΒ Ι Π Ο Μ ( O H ) , ^

Layer [Β^Β^Ο,,^ΟΗί.Β^Ο,,, ίΟΗ),]^

Layer [ B ^ O , (OH),· Bi"Bj v 0 f >β(ΟΗ) X

XBiX.tOHi.C1-

Cyclochaine [Β? ΙΒ4

: νΟ1 1(ΟΗ) ί·Β
Ι ΠΟ (ΟΗ)1***

Layer {Β4

ΠΒίνΟ1 4(ΟΗ)4·[Β ι νΟ(ΟΗ),Μ;£*-

Examples of specific compounds (the trivial names of the natural borates
are also given)

Kernite Na,[B4O,(OH),]n-3H,O=Na,O.2B,O,-4H,O

Me[B,Oi(OH)6]aBn=MgO-6B,0,.5H,O

Ca, [B,Oli(OH),]Bm,=CaO-2B,O1.0,5HtO

Biringuchite Na« [Bi0OM(OH)t];w-2H,O=2Na1O-5B,O,-3H,O

Caliborite HKMg,[B,O,(OH)1]lrt-4HtO=K,O-4MgO-12B,Ori9H,O

Strontioborite SrlBeOu(OH)4]nn=SrO-4Bt<V2HiO

Ca[BAt(OH)4]n n=Ca0.4B,Os-2H tO

Strontioginorite (Sr, Ca) t[B1 4Ow l(OH) i]n n-5H1O=

=2(Sr , Ca)O-7B,O8-8HtO

Τ14ΙΒ,Ο11(ΟΗ)4]η.Η,Ο=Τ1,Ο·2ΒΙΟ,·2Η,Ο

Preobrazhenskite HMg,[BuO16(OH)e]nn=6MgO-llB,OJ-9H,O

Refs.

[66]
[67, 68]

[69]

[33]

[70]

171]

[72]

[73]

[74]

[68,32]

[75]

Designation

(XXIII)

(XXIV)

(XXV)

(XXVI)

(XXVII)

(XXVIII)

(XXIX)

(XXX)

(XXXI)

(XXXII)

(XXXIII)

a I n order to maintain a unified treatment, on passing to the CRU of the anhydrous borates (see Section III), the sub-
units in the CRU and the CRU in the macroanions are distinguished in Fig. 2 with respect to the connecting oxygen
atoms35 and not the boron—oxygen bonds.2S»31* For this reason, whereas the formulae of the CRU are identical, those
of the subunits differ somewhat from those adopted in the literature.2 5 > 3 l f

^The initial preoligomer is illustrated in Fig.l (D, b); the formation of the polyanion is illustrated schematically in
Fig. 6.

CA characteristic feature of the phylloanion of this borate is the grafting of side branches (2BO3 + ΙΒΟι,) to the main
chain of the hydroboracite type—see (III) and (IV) in Table 1, as well as the cross-linking of these chains into layers
via B-OH-B bridges 6 9 and not B-O-B bridges as is usually the case. Since two oxygen atoms (at the sites corre-
sponding to grafting and cross-linking) are incoordinate (with 2B and 1 H), the charge of the CRU does not agree
with the number of B V̂ atoms in it and is in fact equal to only -1 and not -3 [cf.also with (XX)-(XXII) in Table 1 and
(XXIX)-(XXXI) in the present Table].

The initial preoligomer is illustrated in Fig.l (D, a).
e The CRU of the polyanion of the given borate can be regarded also as the dimer of the CRU of compound (XXIV) in the

present Table.

and Mg 2{[B l fO 7]n n n} 2, (XLIX) in Table 3, 1 0 1 and preobrazhen-
skite, (XXXIII) in Table 2, is converted into a mixture of
Mg2{[Bi»O7]nnn}2 and Mg2B2O5 with a dimeric anion (on
further heating, the former melts incongruently decomposing
into the same compound Mg2B2O5 and B2O5, which are in fact
the final products of the thermal transformation of preo-
brazhenskite 1 0 3). In the polymer chemistry of phosphates,
this type of opening and transformation of the rings is
attributed to heterolytic cleavage and the formation of
zwitter-ions, the polymerisation proceeding subsequently in
accordance with an ionic mechanism (Ref.5, p.91). As
regards borates, it is known only (in relation to the so called
calcium "octaborates". which are in fact tetraborates 1 0 8), that
although neither they themselves nor their dehydration prod-
ucts are electrically conducting, nevertheless electrical con-
ductivity appears at the temperature of the BR 1 β 9 despite
the fact that T m is higher by 100 °C. However, electrical
conductivity can be manifested also on homolytic cleavage of
the rings accompanied by the appearance of radicals. EPR
studies on the BR as well as its initiation by different

methods might throw light on this question. Hitherto BR
has been initiated mainly thermally, although in the chemistry
of macromolecular compounds the radiation, mechanochemical,
and other methods are used for the initiation of solid-phase
polymerisation.x °5II

The examples presented demonstrate differences in the
structures of hydrated and anhydrous borates even when
these contain the same cations and show that it is useful to
consider separately these genetically interrelated compounds.

H Phenomena analogous to the BR effect are not a unique
feature of borates. They occur also in the thermal trans-
formations of aluminosilicates, for example, kaolinite (which
consists of alternating polysiloxane and polyaluminoxane
phylloanions1* and is a component of natural clays), into
mullite and silicon dioxide.1 1 0 The latter are ingredients
in the compositions of ceramic materials whose polymer-
colloidal nature and composition are complex.6 '1 1 1
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I I I . ANHYDROUS OXOBORATES

1. Crystalline Compounds

The main methods for the preparation of crystalline
anhydrous oxoborates are the BR considered above (for
amorphous powders), synthesis from solutions or melts
under normal and increased pressures, and also heat treat-
ment of vitreous borates below Tm. In the last case, the
process resembles the BR as regards its chain character
(induction period, autoacceleration) the physical properties
(density and hardness) of the crystals obtained from the
amorphous powders and vitreous systems being identical·7 7

HO—Β

Β—OH

HO—Β

AH

etc.

Figure 6. Schematic representation of the polymerisation
reaction of borax to give kernite. 2 5

The main principles governing the formation of the struc-
tures 2 6 are described below taking into account the postulates
of the chemistry of macromolecular compounds.

1. The simplest groups in the structures are BO3 and BO^.
2. The monomeric and dimeric anions are made up only of

BO3 or only BC%.
3. The simplest groups (subunits) can function as the CRU

of the macroanions, which are usually formed as a result of
the linking of the vertices of the BO3 triangles and BO^

tetrahedra via the ρ-bridges

-B-O-B-.t

^B-O-B-, or

4. Oligoanions with η k 3 can exist in the structures of
anhydrous borates, but such oligoanions are more common as
the CRU of the macroanions with a structure specific to
anhydrous borates.

tAn instance of the polymerisation of the BOi» tetrahedra
\ Ο /

via JB N Β bridges is known—see (XCIX) in Table 4

and the corresponding remark in the same Table.

211

5. A decrease of Μ^Ο-,/^ί^ (i .e. an increase of the
modulus m) and an increase of the size of the metal cations
(to a lesser extent) lead to an increase of the degree of poly-
merisation and of the density of the cross-linking of the
macroanions (and also of the ratio BO3//BO4 for MxOy/B2O3 ^ 1),
while an increase of the charge of the cations My~ induces
the opposite tendency.

6. Each Ο atom is usually linked to two Β atoms (the ratio
BO 3/BOit = m - 1 is valid for such compounds having the
composition nMa.Oy.mB2O3 when m > 1), but terminal (non-
bridging) oxygen ions and transitional (bridging) oxygen
atoms with hybrid coordinations with respect to boron of 3
and even 4 can be encountered. #

7. The phyllo- and tekto-anions of the anhydrous M+ and
M2+ borates exhibit a tendency towards twinning, frequently
with formation of interpenetrating polymer networks (IPN).
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Figure 7. Borate homologues in aqueous solutions (B^ is
an abbreviated designation of the corresponding borates
presented in Fig. l) : a) the fraction of the corresponding
borate as a function of the pH of the solution at a boron
concentration c = 0.4 Μ and Τ = 298 Κ (I) and also at
c = 0.6 Μ and Γ = 393 Κ; the regions where they pre-
dominate as a function of the pH and the boron concentra-
tion c in the range 1— 6 g kg" 1 according to the data of
Farmer31* and Ozol82).

#See Figs.9-12.
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Fig.8 presents the known varieties of the mono-, di-, and
oligo-anions in the fully ionised (cationic) form. Specific
examples of such borates are not considered here, as for
hydrated borates in Section II. We shall only note that the
pentaborate (Fig. 8, D), which is not mentioned in the mono-
graph of Leonyuk and Leonyuk , 2 6 has been discovered in
the structure BisOtBsOu] = 3Bi2O3.5B2O3,

112 while the
oligomer (Fig. 8, £) has been found in the structure Pb6.
.[B10O2i] = 6PbO.5B2O3.

113 The latter is not in fact a
decaborate and consists of a modified (combined) oligoanion

(two tetraborates grafted to one another via two BO3 tri-
angles).

Fig. 9 presents examples of the "usual" CRU in the macro-
anions of anhydrous crystalline borates and Table 3 lists the
corresponding specific compounds.

Fig. 10 presents modified (combined) CRU and Table 4 the
corresponding borates.

The fragments of the macroanions of certain borates quoted
in Tables 3 and 4 are illustrated in Figs. 11 and 12. Fig. 13
demonstrates the formation of IPN.

A n = l (B03; B04) fin»2 (2BO3; 2BO4)
a I b ο α I b

ΟΘ Ι °Θ ° Θ ° Θ Ι *Θ °Θ

C η = .'5 (3BO3)

f[ B I V ( O " ) 4 f [ΒΙ

2

ΙΙΟ(Ο-)4]
4"

D η = 5 (3ΒΟ3+2ΒΟ4) Ε η = 1θ[(2Β03+2Βθ4) + 2Β03 + (2Β03+2Β04)]

f ο ^
Ο θ , >Έ ν

0 " " ο I cT ο
I ^ B . Hf ι ^ ο ^

Ν
ο®

ι7-
Θ °θ

Θ

, 1 2 —

Θ

Figure 8. The monoanions, dianions, and oligoanions of anhydrous crystalline borates in the
fully ionised (cationic) form.

0®

A -
(XXXIV)-

-(XXXVIII)

Ο©

Θ—Β—0

. - θ -

Τ ;

(XXXIX) (XL)and(XLI)

, Θ \ . >

(XLIV)-(XLVII)

Ο'

U

Υ
--Θ-

(XLVIII)-(LIII)

•VVV

(LIV) and(LV)

.«Μ
>θ

(LVI)-(LXI) (LXII)and(LXIII)

Figure 9. Examples of the "usual" CRU in the macroanions of anhydrous crystalline borates (the
Roman numerals correspond to those adopted in Table 3 for specific compounds).



Russian Chemical Reviews, 56 (3), 1987 213

From the standpoint of the chemistry of macromolecular
compounds, it is evident that, when the individual BO3 (or
BOi») groups are linked predominantly by covalent bonds to
other elementoxane groups (SiO^, PO ,̂ A1O,,, etc.), forming
the corresponding macroanions with the linkages B-O-E (for
example, in the chain polyanions of calcium175 or strontium176

aluminoborates), then they are no longer isolated26 and enter,
in the form of subunits of a new kind, into the composition of
the corresponding CRU in inorganic polyborelementoxanes,
which are not considered here. Conversely, compounds of

the type La2O3.B2O3.2MoO3 and La2O3.B2O3.2wO3 [compounds
(XXXVII) and (XXXVIII) in Table 3], in the structure of
which discrete MoOi, and WO* tetrahedra! are not in
contact either with one another or with the chain poly-
boroxane polyanion, are not copolymers (inorganic poly-
boroelementoxanes) from the standpoint of the chemistry
of macromolecular compounds, i.e. are not boromolybdates
and borotungstates,26 since the polyanions contain only
B-O-B linkages. These compounds should be regarded
rather as mixtures of a polyborate with a monomolybdate or

Table 3. Examples of polymeric anhydrous crystalline borates with the "usual" CRU (see also
Figs. 9 and 11).

CRUa of macro-
anions

Konoborate

Triborate

Tetraboratee

Pentaborate

Initial monomer
or preoligomer

BO»

BO4

2BOj+lBO«

3BO«

2BO»+2BO«

4BO,+1BO 4

2ΒΟ,+3ΒΟ 4

Form and formula of macroanion

Chain ΙΒ !ιιΟ(Ο-)β~

Layer" [Β 'Χ, ίΟ")]™-

Network [ B I V Q | J ^ -

Network [Bj»BlvCkCJ-

Networkd ΙΒ^Ο,ί^

Network (two IPN)f ilB^'B^ClJUJ1"},

Network (two IPN)« {(B{"B I VO,1^-},

Layer ( Β ^ ' Β ^ Ο , ^ " ) , ! ^

Layer [ B i " B ' v O , l i ^

Examples of specific compounds

υ[ΒΟ,ΙΛ=α-υ,Ο.ΒΑ
Ca[(BQrf,J(I=CaO.BA-I
Eu[(BO,),JB-EuO.B,0,
La,I(BO,)1lB.[Mo04J,=La10|.B,0,.2MoO,
La,[(BO,)i]B.[WO4J,=La1O,-BA-2WO,
NdAI,O0..((BOllf,)4U=-Nd,0,.2AIA-4B,O,
«-ΊΒΟ,Ι,,^^γ-ϋ,Ο-Β,Ο,
Zn4O((BO,)flmrt»4ZnO.3B,01·

CslBAW.-Cs.O-SB.Q,
U|BAU,-Urf>-SByOb
CiJiB.O.iiJww-OiO-BA-IV
Sri[(BlOJ,]/I/u,-SrO.BiO,-IV
Cu,((BlO,)il(Uln-CuO-BtO,
Pc«(BA)iJ»(U,-WO-BiO,

L«4{[B4O,)(lnrt},=LitO.2B,O,
Μβ,ίΙΒίΟ,Ι^,-ΜβΟ^Β,Ο,
Μη·{ΙΒ«Ο,1Λ/1η},-.ΜηΟ·2Β,0,
Ζη,ίΙΒ,Ο,Ι^Ϊ,-ΖηΟ^Β,Ο,
GttlB«O,U,)i-Cd0-2BA
Fe.UBAW.-FeO^B.O,

K,{[B,O,lmw}t=a-K,O-5B,O,
Κ·ί[Β.Ο.1ηηη,,=β-Κ.Ο·5Β,Ο>
LaColBAoU^LajO^CoO· 5Β.Ο,
NdCo[B,0Mlnrt=Nd,0,-2CoO-5B,0,
SmCo[ B,Ow]rta=Sm,O, · 2CoO · 5B.O,
HoCo[ B,Ol0 J ) W=Ho,0, · 2CoO- 5B.O,
YCo[BlOI0)nrt=Y,O,-2CoO.5B,Oi

LaMg[B,O»eJnn=La,OJ. 2MgO ·5Β,Ο,
Ευ,ΙΒ,Ο,Ι^.α^βΕϋΟ.Ευα,-δΒ,Ο,
Eu,f B,OtlBnn · Br=3EuO · EuBr, · 5B.O,

Refs.

1114]
[115]
1116]
[117]
[117]
[118]
[119]
[120]

(121J
(1221
[123]
[124]
[125]
[126]

[127]
[1281
[129]
H30]
(1311
[132]

[133]
[134]
[1351
1136]
[137]
[1381
[139]
[140]
(141)
[141]

Designation

(XXXIV)
(XXXV)

(XXXVI)
(XXXVII)

(XXXVIII)
(XXXIX)

(XL)
(XU)

(XLII)
(XLHI)
(XLIV)
(XLV)

(XLVI)
(XLVII)

(XLVIII)
(XLIX)

(L)
(LI)

(LH)
(LIU)

(LIV)
(LV)

(LVI)
(LVII)

(LVI 11)
(LIX)
(LX)

- (LXt)
(LXII)

(LXIII)

aThe CRU of the macroanions27 may not be identical with the stereo repeating units; for example,
the stereorepeating units in compounds (XXXIV)-(XXXVIII) are made up of two BO3 triangles.

bWhen the tetrahedra are joined together into chains, the stereorepeating unit is 2ΒΟ ,̂ when the
chains are joined up to form a layer, rings consisting of six BOi» are produced, and when the

layers alternate, the ^JB-O~ terminal bonds in the layers are alternately directed to one side or

another of the layer, so that overall a structure similar to micas is formed.4

cThe tetrahedra in the tektoanion of this borate are linked in such a way that a "Chinese
lantern" with six "windows" (rings made up of 4BOi*) and eight "windows" (rings made up of
6BO1,) is produced.

d Alt hough the borates (XLIV) and (XLV) have identical CRU, they differ from compounds
(XLVI) and (XLVIII) in the way that the CRU are joined together in space.

eAs in Section II, the "kernite-like" CRU have been classified as modified units—see compounds
(LXX) and (LXXI) in Table 4.

fAlthough the borate (XLVIII) has the same CRU, it differs from compounds (XLIX)-(LIII) in the
stereorepeating units.

£The borates (LIV) and (LV) differ in the disposition of the CRU relative to the double rota-
tional axes (in one case the axes pass near the ends of the pentaborate groups and in the other
they pass virtually through their centres).
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tungstate just as compounds (XII) and (XIII) in Table 1 are
mixtures of phylloborates with monoborate.

It is seen from the data presented that the macroanions
of anhydrous crystalline borates are more complex and varied
than the hydrated macroanions (see also, Section IV).
Modified CRU, distinguished by a great variety, are encoun-
tered among them more frequently. The macroanions them-
selves have a three-dimensional structure and more rarely
two- and mono-dimensional structures. Network macro-
anions then tend to form IPN. All these factors prevent
a stereoregular packing of the macroanions, greatly hindering
the formation of polymeric single crystals of anhydrous
borates. This requires the maintenance of a series of
special conditions, including prolonged isothermal treatment,
the introduction of seeds, etc.26 When polymeric borate
melts are cooled in the usual way, they pass to a vitreous
state.

2. Vitreous Oxoborates

Many borates, including the borates of all the Group IA
and IIA elements, zinc and cadmium (Group IIB), thallium
(Group IIIA), lanthanum (IIIB), lead (Group IVA), and
bismuth (Group VA),7 tellurium (Group VIA),177 and other
elements, let alone binary and more complex borates, have
been obtained in a vitreous state. In contrast to the
crystalline borates, the vitreous borates are non-equilibrium
systems, i.e. in any specific borate glass one of the many
structures characteristic of melts having the same composi-
tion is fixed.

Table 5 makes it possible to compare the boundaries of
the glass formation regions in certain borate systems177·178

with data concerning the crystalline compounds existing in
these regions.179 It is easily seen that all the compounds
with known structures are in this instance the polymers listed

/ \

V \ -e-i : -4- -i-

(LXXVI)
(LXXVII) (LXXVI1I)

(LXXIX)and(LXXX) (LXXX1)
(LXXXII)

Figure 10. Examples of modified (combined) CRU in the macroanions of anhydrous crystalline
borates in Table 4 (the notation is analogous to that adopted in Figs.2 and 9); for the CRU
of the macroanions (XCVI)-(XCVIII), the numerals opposite the connecting oxygen atoms sp2-
hybridised with respect to boron represent the fraction of such atoms contributed by neighbouring
CRU.
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(LXXXIII) (LXXXIV)

V ·
1 LA

Λ ... -β- Ο^Ο.

(LXXXVI) '· (LXXXVIHMXC) | .

A(LXJvXVJI)

. ^ ,

(XCI)-(XCV) '

ίνΜγν
^ / 3Τ· ο -Α-- μ/3 -

(XCVI)-(XCVIII)

Figure 10 (contd.).

(XCIX)

in Tables 3 and 4. This suggests that the structures which
have not so far been elucidated also have a polymeric struc-
ture (or at least an oligomeric structure with η > 5).

The glass formation regions are usually bounded by com-
positions forming optically homogeneous glasses (these
boundaries depend on the experimental conditions—the
volume of the melt and the rate of its cooling). Polymeric
borates can also form optically inhomogeneous glasses. In
one case these are liquating glasses,181»182 the appearance of
which is a consequence of the immiscibility, with phase
inversion, characteristic of colloidal polymer systems.1 8 3

In another these are partly crystallising glasses, whose
formation may be caused by the crystallisation of chain
polyanions with a simple configuration or by the formation
of rigid networks of the type of boracites. In the latter
case, the fraction of flexible Β—Ο—Β bonds diminishes as
the transitional Ο atoms undergo a change from a state
involving sp-hybridisation to states involving spz- and sp3-
hybridisation with Β atoms (the -O- bridges are replaced

by Ο and even -O-), i.e. the configurational-conformational

statistics of the polymers is impoverished. However, the
low-molecular-weight inionic fraction, especially monomeric
borates, crystallises most readily, even under conditions
where the melts are subjected to intense cooling. In other
words, the tendency of a particular substance towards glass
formation is determined not only and not so much by kinetic
as by structural factors.181* Among them, the leading role
is due to the presence in the structure of atoms or groups of
atoms connected by directional bonds181* § and such struc-
tures should possess fairly pronounced flexibility, ensuring
a definite set of conformations and configurations (see Sec-
tion IV).

§The latter agrees with all the criteria of the polymeric
structure of matter. 1 ' 1 8 5



216

The fact that glasses are formed in boron oxide-zinc oxide
(cadmium, lead, and bismuth oxide) systems when the B2O9

content is less than 50 mole % suggests that the above
elements are incorporated into the macroanionic network of

Russian Chemical Reviews, 56 (3), 1987

the glass with formation of B-O-E linkages.7 In particular,
this has been confirmed for the PbO-B2O3 system by NMR
data7 and for t h · ZnO-B2O3 system by the results of the
EPR study of the mechanodegradation of the corresponding

Table 4. Examples of polymeric anhydrous crystalline borates with modified (combined) CRU (see
also Figs. 10 and 12).

Grafted groups (CRU subunits)

1BQ,+1BO«+1BO,

1BO4+1BO4+1BO4

(1ΒΟ,+2ΒΟ«)+1Β(ν

3BO«+iBO4+lBOj+lBO,

3BO,+(2BO,+1BO4)+3BO3

(2BO,+2B04)+(1BO,+2B04)+1BO,

(2Β0,+2ΒΟ4)+1Β04+(2Β0,+1ΒΟ.)

(ΣΒΟ,+βΒΟΛ+ΙΒΟ»

(4BO»+1BO4)+(2BO,+1BO4)

(3BOrl-2BO4)+(2BO,+lBO4)

(3B0rf 2BO4)+(1BO,+2BO«)

(4BO,+1BO4)+1BO4(2BO$+1BO4)

(4BO1+1BO4)+(2BQ,+2BO4)

1ΒΟ«+2-Ι(4ΒΟ,+1ΒΟ4) + l K V l ·
+(2BOrflBO4)l

(3BOrf3BO4)+lBOt

Form and formula of macroanion

Cyclochaina

ΙΒηιΟ(Ο-) ·ΒινΟ,·ΒιιιΟ(0-)ΐ];η-

Layeib

ΙΒ"Ό(Ο-) ·ΒΙνΟ,.Β"Ό(Ο-)]|ϊϊ*-

[B I VO,-B I VO 1 > ((O-) - B l v O i f , ( O - ) C -

Cyclochain
ΙΒ Ι Π Β^ ν Ο,(Ο-)·ΒΙ1Ι0(Ο-)]«'1-

Network
[Bj v O.-B I V O 1 .B 1 I I O l i ,B" I O 0 i 6 (O-) I l^r

Network (two IPN)

U B 3 °4.»'B» B ° i - B 3 °4.slfUin It

Network
IB, Β, Ο,·Β Β, Ο,,·Β Oul]mn

Network

[B> I IBi vO7.B I VO i.Bi"B l vO llir~

Network [ Β ^ ^ ^ - Β ^ Ο , ] 4 , ^

Network (two IPN)e

{lB4»B l vO..B I

1»B' vO sir i-j1

Layer [B^B^O, , -B^B^O, ,X

Network [ Β » · Β ^ 0 , . § . Β " Ι Β ^ 0 . ) , 1 * Τ

Layer (2 layers)f

{ΙΒν'Β'νο,-Β^Ο,-Βν'Β^Ο,Ι^-},

Network (two IPN)8

([B»'B'VO..Bi»BivO,lJ!r-},

Network

lB I V O 1 -2(Bj"B l v O e -B I I I O l , X

X Bi»B I VO,)lir-

Networkh

n4 I IBi vo l i f l-B i no l >,cr

Examples of specific compounds (the trivial names of the
natural borates are also given)

La[BA]B=La,(V3B,Ot

NdlBA]B=Nd.O,-3B1O1

S m l B A l ^ S m A - S B A
Gd[BAln=G(V),.3BA
Bi[BIO.lnn=Bi1O,-3BtO,

Yohachidolite CaAllB/)7]n/l=2CaOAl,O,-3B1O,

Calciborite Ca,[B4O,lB=CaO.BA—Η
AgJBAk-.Ag.O-B.O,

CaJB.Oul^-CaO.B.0,-111
Sr.lB.Oul^^SrO Β,Ο,-ΙΙΙ

CSitlB.Ox.l^l^P-Cs.O-gB.O,

K4lBA4lnm,=K,O-2B1O,

CaJBiOMlwul=CaO-2B,O1-II

C«»tB«Ou1(Uv,='2CaO.3B,O,

Αβ,,,Νβ^,ΙΙΒ^Μΐ^^Ο,β Ag,O0,4 Na,O-4BA
Ba,UB,OI,l(W1}t~BaO-4BA

NaJB,O14lm,=a-Na,O.2B,O1

Ββ,ΙΒ,ΟΜί,^,^ΒβΟ^Β,Ο,

Na.ilB.OjsU^P-Na.O.SB.O,

Νβ,ίΙΒ,ΟΜί^,-α-Νβ,Ο-βΒίΟ,

Κ,[Βι,Ο«1Βηη=Β5Κ,Ο·19Β,Ο1

L!4Cl[B,Oulnnn=V-3LI,0-2LlCl -7B.O,
Ll lCllB tO l l,,lB ( W I-4Li4O.2LiCl TB&f

Refs.

11421
1143]
H441
[1441
[1451

[1461

1147]
[1481

[149]
1124J

11501

H511

[152]

H531

[1541
H551
[1561

[1571

[158J

[1591

[160J

[1611

[162]
11631

Designation

CLXIV)
(LXV)

(LXVI)
(LXVII)

(LXV1II)

(LX1X)

(LXX)
(LXX1)

(LXXII)
(LXXII1)

(LXXIV)

(LXXV)

(LXXV1)

(LXXVII)

(LXXV1II)
(LXXIX)

(LXXX)

(LXXXi)

(LXXX1I)

ILXXXIII)

(LXXXIV)

(LXXXV)

(LXXXVI)
(LXXXV1I)
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Table 4 (cont'd).

Π- Grafted groups (CRU subunits) ;

βΒΟ«+1ΒΟ,

7BO«

βΒΟ,+2ΒΟ 4

6BO«+2BOS

Form and formula of macroanion

Network [BjvOUf,.B"O l i f C T "

Network [B^Oul^"-

Network [Bj vO1 M.Bi vO,,,Cr

Layer* [Bi v 0 u -2B m 0 M C-

Examples of specific compounds (the trivial names of the
natural borates are also given)

a-Boracite Mg£l[B1Ou]mn=a-5MgOMgCl,-lBtO,
F ei. |Me ) I..

cl[B,OuJm i /, = 5(Fe, Mg)O-(Fe, MtfClfTBA
Νί,ΒιΙΒ,Ο,,Ι,,^δΝίΟ.ΝΙΒΓ,^Β,Ο,

(3-Boracite Mg,Cl[BTOullnrt=P-5AlgOMgCI1.7B1OI

MfoBr[B,Ou]nw,=5MgOMgBr1-7B1Ot

Οο,ΙΙΒ,Ο,,Ι^,-δΟΟ-ΟοΙ,.νΒ,Ο,
Cu,Br[BJOuJnrol=5CuO-CuBr1.7B,O,
Cd^0i,IB,O1,]nnn-5CdO-CdS.7B1O,

Eu,[B.O14W,=EuO.2B,O,
Sr,[B,O1«]wu,=SrO-2B,O,
P b , [ B A « U = p b 0 - 2 B , 0 s

Na,Zn,MnB4f,7O,t=3Na,O-6ZnO.3MnO-7B,Oj

Refs.

HW1
f!64J
[165J

fieej
1167]
1168]
1168]
1169]

[170]
[171]
[171]

[172]

Designation

(LXXXVIII)
(LXXXIX)

(XC)

(XCl)
(XCII)

(XCIII)
(XCIV)
(XCV)

(XCVI)
(XCVII)

(XCVIII)

(XCIX)

aWhen two CRU are joined together, a modified tetraborate ring is formed in the chain—see
Fig. 12 (LXIV)-(LXVII).

°When the CRU are joined together, "windows" consisting of rings made up of (4BO3 + 4BOi,)
are produced in the layer.

cWhen the CRU are joined together, two forms of "windows" consisting of rings made up of
4ΒΟ% and 6BO1, are produced in the layer.

d"Kernite-like" CRU—see also (XXIII) and (XXIV) in Table 2.
eAs can be seen from Fig. 10, compound (LXXVIII) differs from compounds (LXXIX) and LXXX)

by the different ways in which the triborate subunit is joined to the pentaborate subunit in the
CRU.

^Two layers are cross-linked by oxygen bridges (between the pentaborate subunits of the CRU
and the BOi» tetrahedra).

i>Thus the metastable low-temperature $-form, having the same overall composition as the
α-form, undergoes changes both in the steric structure of the macroanions and in the structure
of the CRU subunits.

n The borate (LXXXVII) has a structure transitional between those of (LXXXVI) and (LXXXVIII).
Whereas in compound (LXXXVI) the site of the 13th oxygen atom (at the centre of the ring) is
unoccupied, in compound (LXXXVIII) it is fully occupied, while in compound (LXXXVII) it is
partially occupied.

hi subsequent refinement confirms the interpretation of Bondareva et a l . 1 7 2 , it will be necessary
to recognise the possibility of the anion polymerisation not only via Β—Ο—Β bridges but also via

v bridges. In this connection one should note that the initial interpretation of the struc-

xr
ture of the borate (XCVII) also assumed such a possibility,1 7 3 but subsequently it was regarded as
incorrect. 2 6 ' 1 7 1 However, there is no fundamental prohibition of such polymerisation (see also
Section IV). For example, the so called "fibrous" W-form of silicon dioxide, polymerising from the

i.e. the SiOu tetra-gas phase and having the chain structure1 /Si^ /-"v / u i \ / " * \ • '
No/ \r \r \r

hedra are in this case also joined together via their edges, is known in the chemistry of silicates.
However, this product is unstable and after isothermal treatment is gradually transformed into the
usual three-dimensional varieties of silicon dioxide (initially, at 473-1073 K, into tridymite and at
higher temperatures into cristobalite), where the tetrahedra in the network are joined together
in .the usual way—via vertices (Si-O-Si) bridges—although different CRU are in fact produced.

^Boron is not present solely as part of the composition of the purely borate macroanion and part
of it participates in the form of BO3 triangles together with the ZnOi, tetrahedra in the construc-
tion of the "cationic" part of the structure. 1 7 2

glasses.1 6 6 In the latter case the mechanodegradation of
the macroanions involves precisely the B-O-Zn linkages,
which are weakerii than the B-O-B linkages:1 8 6

IT In the terminology of the chemistry of glass,1 8 7 zinc
behaves in this instance as a modifier-intermediate.

As already mentioned, consideration of such copolymers is
outside the framework of this review. The above results 1 8 6

have attracted attention primarily because of the very fact
of the detection of radicals in the mechanical breakdown of
borate glasses, since in low-molecular-weight compounds the
dissociation of chemical bonds with formation of radicals does
not occur under such an influence,81* i .e . the phenomenon of
mechanode gradation is characteristic of polymers alone.81*
Together with polymer-analogue transformations, the
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exchange interaction of the macromolecules, etc. it is a
specific chemical property of macromolecular compounds.
The macromolecular nature of the substance is also manifested
in a series of specific physical properties. These include
the capacity for fibre and film formation, adhesion (binding)
properties, orientation effects in electric, magnetic, and
mechanical fields (in the last case up to crystallisation on
stretching), and the ability to pass to the highly elastic
state (non-Newtonian flow of melts and solutions, dissolution
with preliminary swelling, immiscibility in the plastic state,
characteristic features of the change in heat capacity at a
low temperature, the presence of a spectrum of relaxation
times, etc. 1 8 8 " 1 9 0 A number of similar properties have also
been shown by vitreous borates.1»7·181*'191"193 The effect
associated with the orientation of the structure of the sodium
borate glass on vitrification in weak (0.07 and 0.8 T) magnetic
fields may serve as one of the new examples of this kind.191*
Similar effects have been observed for organic polymers
and diamagnetic liquid crystals and, when the number of

elementary units in molecules of such substances is of the
order of 106-108, orientation is already achieved at a mag-
netic induction Β α 0.1 Τ .19k

Overall, the concept of the presence in the structure of
a covalently bound element—oxygen "network" is nowadays
virtually generally accepted for borate (and other oxides)
glasses,1·7·35»1811'187'191-193 etc. In this case the term "net-
work" includes the concept of macroionic element—oxygen
chains or segments of these chains (including highly
branched chains), two-dimensional layers, and also intrinsi-
cally three-dimensional networks and their fragments.
Although the discussion concerning the structure of the
last features is still continuing,195·196 as regards vitreous
bo rates,35 there are numerous experimental data demonstrat-
ing the presence in such a "network" of CRU analogous to
those shown in Figs. 9 and 10 together with the corre-
sponding metal cation clusters. However, for thermodynamic
and kinetic reasons, these CRU are frequently different for
crystals and glasses of the same composition, for example,

(LW)-(Ln)

Figure 11. Fragments of the macroanions of certain borates in Table 3.
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the SrO.2B2Oft CRU are not the same in the crystalline and
vitreous states.95 At the same time, the presence in the
"network" of borate glasses of CRU analogous to (XXXIV) to
(XXXVIII), (XLII) and (XLIII), (XLVIII)-(LIII), and (LIV)
and (LV) in Fig. 9 and (LXXVIII) and (LXXXI) in Fig. 10,
as well as the CRU subunits (LXXIV) and (LXXV) in the
same figure can now be regarded as established.35 Evi-
dently, BO 3 and BOi, can also function as independent CRU

of the network and its fragments. The idea of a covalently-
bound macroionic network in vitreous borates would be
incomplete if one disregarded the possibility of its further
differentiation already at the polymer-colloidal level of
structural organisation (see the next Section).181~183

In contrast to the abbreviations Δ and Τ (or t) adopted
for BO3 and BO* in the crystal chemistry of borates,25·26

in the chemistry of vitreous borates85 a more far-reaching

(1 layer) (uxxxsm)-(ic) (xcn)-(icm)

Figure 12. Fragments of the macroanions of certain borates in Table 4 [the A-A view for the
clinographic (XCVI)—(XCVIII) projection—cf.with the planar representation of the corresponding
CRU in Fig. 10].
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gradation has been adopted in the abbreviations for borate
groups together with a terminology based on chemical com-
position and not structure (Table 6). Here it is easy to
put BO3 = a, BO'j = b, BO? = b", BOfT = bm , BO* = c,
etc. At the same time the term "diborate" for what is

Russian Chemical Reviews, 56 (3), 1987

actually a tetraborate CRU and the term "tetraborate" for
the modified CRU (LXXVIII) in Fig. 10 are unjustified. The
use of double Greek prefixes to designate heterochain CRU
with identical η ("di-triborate", "di-pentaborate") is also
not entirely apt—it implies the dimerisation of the CRU.

Figure 13. Examples of the formation of the IPN from the macroanions of anhydrous borates:
a) for the borate (LXXXIV) in Table 4 [stereopairs based on "spherical" models were used:
I) CRU; II) network made up of CRU I; III) IPN made up of two networks II\; b) for the
borate (XLIX) in Table 3 [a simplified clear model was used: I) CRU; II) its conventional
representation; HI) IPN made up of two networks II].
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Here it will be more convenient to invoke ordinal Latin
prefixes or, even better, the nomenclature of complex
compounds.29

In considering vitreous borates, one cannot bypass the
question of the so called "borate anomaly" (BA)—the
changes in the properties of borates which are non-additive

in terms of composition.35»197 The extreme and inflections
in the "composition—property" relations are located pre-
dominantly in the regions corresponding to the compositions
2M2O.5B2O3 and M2O.5B2O3 (28.6 and 16.7 mole % M2O) and
for certain properties also when the M2O content is 4 to
5 mole.1 9 7 Among the different models of the structural

Table 5. Comparative analysis of certain vitreous and crystalline anhydrous borates (see also
Table 7).

MjOv in
theM^Oy-
B 2 O 3

system

Li*Oe

Na,O

K.0

MgO

CaO

SrO

BaO

T1.0

La,O,

ZnO"

CdO

PbOK

ΒΙΑ

Limits of glass
formation region,
mole % MxOy
(Refs.177, 178)

lower | upper

0

0
(67V

0

43.0

27.1

24.2

17.0

0

10.0

44.0

13.9

20.0

22.0

50

30
(72V

37

44.2

41,1

43.0

39.8

44.5

28.2

G3.6
(79.6)

55.0
(85.4)

76.5

65.3
(85.0)

Crystalline compounds (Ref.179) formed at atmospheric pressurea in different composition ranges (mole % MxOy)

50 | 46.2

o-(XXXIV)

α-Trimer (Ref.26)
β-?

Trimer (Ref.26)

?

Phase I
(XXXV)

Phase I-?f

a-?
0-Trimer (Ref.26)

?

(XXXVII)S
(XXXVIII)

α, β-?

-

?

-

-

-

-

a-(XXXVIII)
0-(XCl)e

-

-

-

-

-

?

(XCV)'

-

-

40 | 37.5 | 33.3 | 28.6

-

?

-

?

(LXXVII)

-

-

-

-

?

-

-

-

—

-

-

-

-

-

-

-

-

-

-

Pentomer
(Ref.112)

(XLVIII)

a-(LXXXI)
β. V-?

(LXXV)

(XLIX)

Phase I-?
II-(LXXVI)

(XCVII)

(LXXXII)

«. β, V-?

-

(LI)

(LID

(XCVIII)

-

?

?

-

-

-

-

?

-

-

-

-

-

-

25

(XLIII)

a-(LXXXIV)
β-(ίΧΧΧΙΙΙ)

V?

?

-

?

?

-

?

(LXIV)

?

-

-

(LXVIII)

20.8 | 20 | 16.7

-

-

(LXXXV)

-

-

-

-

-

-

-

-

-

-

?

a-(LXXVIII)

β·?

?

-

-

-

(LXXX)

?

-

-

-

-

?

-

α, β. Τ?

o-(LIV)
β-tt-V)

-

-

-

-

?

-

-

-

-

-

10

?

α. β, Τ-?

? d

-

-

-

-

-

-

-

-

-

a The macroanions listed in Tables 3 and 4; the literature references are given to the monoanions
and oligoanions; ?—the compound is known but its structure has not been elucidated; dash—
there is no information about the formation of compounds; a-, $-, and γ- as well as phase I,
II-the compound exists in different polymorphic modifications.

^Compounds belonging to the Li2O—LiCl—B2O3 system are also present in the glass formation
region; see compounds (LXXXVI) and (LXXXVII) in Table 4.

c The Na2O—B2O3—CO2 system (effect involving the retention of CO2 in the structure of borate
glasses containing more than 67 mole % Na2O

 1 8°).
^It is appropriate to make a comparison with the structure of caesium borate of the same com-

position—see compound (LXXIV) in Table 4.
e The MgO-MgCl2-B2O3 system.
Isostructural with CaO.B2O3-I according to some data. 2 6

£The La 2 0 3 -B 2 0 3 -Mo0 3 and La2O3-B2O3-WO3 systems.
n For the last four systems, there is a possibility of the incorporation of Zn, Cd, Pb, and Bi

into the structure of macroanions in the vitreous state, i .e . the formation of the corresponding
copolymers.7

JThe CdO-CdS-B2O3 system.
JThe compound 6PbO.5B2O3, consisting of oligoanions with η = 10, is also present in the glass

formation region 1 1 3 (see Fig.8, E).
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changes occurring under these conditions, Tarasov's
model181*»199 with certain modifications, illustrated in Fig. 14
(here Nn is the fraction of BOi» according to NMR data), is
thought to be outstanding. 1 9 8

Table 6. The system of notation adopted in the chemistry
of vitreous borates. 3 5

Borate groups

Fig. 8

A, a
B,a
C
—

_

—
—

—
—
—
—

Fig.9

__

—

(XXXIV)—
(XXXVIII)

(XLI1) Η (XLIII)
—

—
(XLVIII)—(LIII)

(LIV) Η (LV)
—
—

Fig. 10

Subunit (LXXIV)
__

Subunit (LXXXI)

Subunit (LXXV)
—

Subunit (LXXXI)
(LXXVHI)

Names of gioups

Orthoborate

Pyroborate
Cyclic metaborate
Chain metaborate

Boroxole ringb

Triborate
Triborate with one

cyclic (non-bridging)
oxygen ion

Di-triborate
Diborate
Pentaborate
Di-pentaborate
Tetiaborate

Symbolic

repre-
sentation4

b''

b\
b,

*co

<h

<γ
abc

act

« A
atc

<¥»

a H e r e α r e p r e s e n t s t h e BO 3 t r iangle with all the br idg ing
(connecting) oxygen atoms, b , b " , and bm r e p r e s e n t similar
t r iangles with one, two, and t h r e e terminal (non-bridging)
oxygen ions, and c is the BOif te t rahedron with all the
br idg ing (connecting) oxygen atoms [as in t h e CRU (XL)
and (XLI) in F i g . 9 ] . For example, the CRU (XLII) and
(XLIII) in Fig .9 can be r e p r e s e n t e d b y t h e abbreviated
formula a 2 C .

^ T h i s is also the CRU in t h e layer network of v i t reous
B 2 O 3

 1 > 3 5 (although it has been sugges ted 2 0 " that the model
in Fig. 15c agrees best with experimental data in th i s case) .

According to this model, as the M2O/B2O3 ratio increases ,
t h e (B 2 O 3 ) macromolecules, which are initially of the parquet
type (Fig. 14a), are cross-linked to form a three-dimensional
network (Fig. 14b) via the react ion 3 5

\

\
B—O—+ 1M.0 -» Β +2Μ+

/ \
Ο Ο

/ \

Ν,, = 33.3% while in the latter Nk = 0. The larger Na+ and
K+ ions break up the chain into segments as far as the for-
mation of the corresponding cyclic trimers. The capacity
for glass formation is then lost (Fig.l4f"). Tarasov's model
agrees with NMR data and explains satisfactorily a number
of the changes in the properties of the vitreous borates.7·181*·
200-202 A t t n e g a m e t i m e j t c a n b e S U p p i e m e n t e d by taking

into account the idea that some of the boroxole rings in the
B2O3)C structure are opened,1»203 particularly on passing to
melts (Fig. 1 5 ) . m This is the reason for the larger set of
CRU in the network and in the fractions of low-molecular-
weight anionic groups in borate glasses.35»200»205

a)

b)

Figure 14. Tarasov's model for the cross-linking-degrada-
tion reactions of a network of borate glasses with M2O
contents in the range χ = 0— 50 mole % (according to
Tarasov1 8"»1 9 9).

Next follows the accumulation in the network of non-con-

necting ΒΟΊ* groups, i.e. the terminal^B-O~M+ groups

(Fig. 14c) with retention of the maximum density of cross-
links attained in the region of χ = 25 mole % M2O. After
this, the completion of the "accumulation" of BO!, is accom-
panied simultaneously by the degradation of the cross-links
between the layers (Fig. 14d). The latter then involves
bonds between cyclochains in the layer, including the
termination of the cyclochains themselves (Fig.l4e).
Finally, in the composition M2O.B2O3, the small Li+ ions
are distributed freely at the terminal Ο atoms after the
degradation of the polyboroxane layers into strips and
chains and tha capacity for their formation is retained
(Fig.l4f). Under these conditions, as in the case of
B2O3,1 the CRU in the Li2O.B2O3 chains in the vitreous and
crystalline states are not identical, since in the former state

This type of model does not exhaust the entire wide
variety of mechanisms of the change in the long-range
polymeric order in borate glasses (and the Β A effect
associated with it). For example, the interconversions of
the one-, two-, and three-dimensional macroanions and
their CRU can change as a result of hydrolysis (the proper-
ties of the glasses synthesised in vacuo and in air differ1 9 7).

The fraction of the ^,Β-ΟΗ end groups (the changes in N^ are

not recorded by NMR) corresponding to 20% mole % M2O can
amount to only 0.002-0.004,206 but this is not small, because
even 0.01—0.1% of cross-linking (destructuring) agents are
capable of influencing the course of macromolecular reactions.189

Since vitreous borates are polyelectrolytes,207 certain extreme
(for example the solubility minimum) can be induced by passage
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through the isoelectric point ( p i ) . 2 0 8 Since acid-base inter-
actions are a fundamental concept in the chemistry of glass,209

it is to be expected that additional structure-forming oxygen
can be introduced into the glass network not only with M2O
(see Fig. 14) but also directly from the atmosphere as Nk is
varied.2 1 0»2 1 1 From the standpoint of the chemistry of macro- -
molecular compounds, it is also not immaterial in what way
the glass network has been formed: (a) by the fusion (con-
gruent or incongruent) of the polymeric single crystal;
(b) by the introduction of M2O into the polymer (B 2O 3)C

(Fig. 14); (c) by synthesis from a charge containing mono-
meric B(OH)3. In the latter case a series of macroanionic
reactions, including polycondensation, BR effects (Sec-
tion II), etc. take place. For example, a mixture of Li2O.
.B2O3, Li2O.2B2O3, and Li2O.4B2O3 is formed at 873-1173 Κ
from a mixture of H3BO3 and Li 2CO 3. 2 1 2 Although the
exchange interaction1 5 can lead to the formation of an
equilibrium melt, it remains probable that different confor-
mations of the macroanions, a distribution of their molecular
weights, etc. will be observed under different cooling condi-
tions in glasses with identical overall compositions. t
Finally, changes in the structural organisation already at
the polymeric-colloidal level can exert an appreciable influ-
ence on the properties of glasses, 1 8 1" 1 8 3 as will be shown in
the next Section.

Table 7. The phase separation regions and parameters in
certain borate glass forming systems.1 8 1

MxOy in the

system

Li 2 O c

MgO
CaO
SrO
BaO
TljOg

2nO
CdO
PbO
Bi2O,

Critical tempera-
* , , _ e If

lure, κ

726
—
_
_

1423
933 and 778d

1060
—

Critical compo-
sition (ec),
mole % MxOy

4.5
—
_
_

6.9
48.2 and 4.1

—

9.4
—

Liquidus
temperature
at cc, Κ

1003
1415
1248
1213
1151
809

1409
1235
1253
1015

982

Minimum
temperature8

7"min. K

293
1415
1248
1213
1151

873 e

1409
1235
1253
853
982

Concentration
range" for
liquation at
r m i n , mole %
MX0y

2—6 [224]
1.0—49.3
0,9—27.0

0—21.0
0.7-16.3

37.0—52.0
1.5—21.5
2.6—50.0
0.5—37.0
0.5—18.7
2.0—19.0

a I n the range investigated.
^Like the boundaries of the glass formation regions

(Table 5), these boundaries depend on the method of
observation and can differ from the data quoted here . 2 1 3

In particular, the electron paramagnetic probe method,2 1 k

for example, EPR for Cu 2 + and other ions, 2 1 5 reveals the
presence in the optically transparent borate glasses of the
region of the so called "EPR immiscibility".216 In order to
eliminate the latter, for example, in the K2O—BaO-B2O3

system, the K2O content should be ten times greater than
that required for the elimination of opalescence.2 1 6

CA "pseudophase" structure,2 2 1 f»2 2 5 resembling structures
of the phason type, known in the colloid chemistry of poly-
mers 1 8 3 and intermediate between the classical one- and two-
phase structures, has been discovered in alkali metal borate
systems with Na2O and K2O.

<*The system has two critical points—the upper point in the
region of stable liquation and lower point in the region of
metastable liquation.

e The temperature at which the region of liquating composi-
tions is widest.

3. Oxoborate Melts

Melts of low-molecular-weight anionic borates are typical
ionic liquids: they expand with increase of temperature and
their viscosity falls, while on cooling they readily crystallise
without passing to a vitreous state. On the other hand,
monophase and multiphase glasses, polycrystalline sitalls,
and polymeric single crystals can be obtained from melts of
macroanionic borates ( i .e. glass-forming melts) when the
composition and conditions are varied.

Table 7 indicates the regions and parameters of phase
separation in certain borate glass forming systems.1 8 1 The
table shows that phase separation is manifested for low
contents of M .̂0 in B2O3. The latter does not exhibit
microheterogeneities other than thermal density fluctua-
tions. 2 1 7 * The characteristic LAX 22° and light scattering 2 2 1

"flash" on passing to a melt is gradually abolished and the
state usual for thermal density fluctuations obtains. The
content of M^Oy less than 25 mole % in the melt is apparently
insufficient for the formation of the structure, illustrated
in Fig.l4£>, throughout the bulk of the melt. New CRU,
stabilised by the metal cations, arise in the B2O3 matrix
(Fig. 15). These CRU form individual blocks in the B2O3

matrix (this is indicated by the low-frequency branch of
the Raman spectra2 0 0»2 2 2) connected to the CRU of the matrix
via Β—Ο—Β linkages. Ultimately the "network" is found to
be made up of CRU blocks of different chemical nature. In
the colloid chemistry of polymers1 8 3 such systems (of the type
of network polyblock polymers or IPN)§ are treated as multi-
component polymer mixtures as regards phase separation.
Phase separation in such mixtures proceeds via binodal
(nucleation and growth) and spinodal mechanisms. The
phase decomposition mechanism is known1 8 3 to influence
the morphology of the polymeric-colloidal structures formed.

The nucleation and growth
mechanism

1. The composition of the
second phase remains con-
stant and invariant in time
(equilibrium phase).

2. The interface between the
growing phase and the
matrix is sharp.

3. There is a distinct tendency
towards a statistical distri-
bution of the sizes and posi-
tions of the particles of the
equilibrium phases.

4. The particles of the segre-
gated phases tend to
become spherical and only
weakly interconnected.

Spinodal mechanism

1. Before the attainment of
equilibrium, there is a
continuous change in
composition.

2. The interface is diffuse
and only gradually
becomes sharp.

3. A definite regularity
arises in the sizes and
distribution of the
segregated phases.

4. The separated phases are
usually non-spherical and
are highly interconnected.

#We have in mind a preparation obtained from an evacuated
melt. The presence of H2O entails, according to low-angle
X-ray diffraction (LAX) data, 2 1 7 the appearance of 25-30 nm
heterogeneities, which is correlated with electron-microscope
observations2 1 8 and is reflected in a change of the rheological
properties 2 1 9 (the appearance of a yield point and a decrease
of viscosity). A decrease of viscosity is characteristic of
only low (<0.3 mole %) H2O contents, while an increase of the
water content to >0.5 mole % inhibits such decrease.

t Effects similar to Β A (as well as BR) are not a unique
feature of borates and are manifested also in phosphate,
inverted silicate, and other oxide glasses.1 9 7

§A characteristic feature of macromolecular networks is
the presence of rings in the latter and also a globular super-
molecular organisation.2 2 3 This is probably valid also for
macroanionic networks.
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The rheological, electrical, optical, diffusion, and chemical
properties of borate melts and glasses, their glass points,
densities, thermal expansion coefficients, capacity for
crystallisation, etc. depend in their turn on the charac-
ter of the phase distribution.181»182 Hence the importance
of taking into account the polymeric-colloidal aspect in
synthesising vitreous materials with specified properties
becomes clear.

the presence of not less than 1012 prenuclear centres in
1 cm3 of the volume, then the synthesis of polymeric single
crystals requires the directional growth of one or several
nuclei (see the original communications quoted in Tables 3
and 4). In general, the rate of growth changes from 2
[PbO.2B2O3— (XCVIII) in Table 4] to approximately
3000 urn s" 1 [Li2O.2B2O3— (XLVIII) in Table 3 2 2 9 ] .

Figure 15. Quasi-crystalline models for the B2O3 melt:201*
a) [BOx.sW b> [ B 3 O ^ s ] n n ; c) [ Β ^ ^ - Β Ο ^ ] ^ =
[B^Oelnn'» the last model agrees best with the experimental
data.

Together with features which they have in common with
polymer mixtures, systems of the type of network polyblock
polymers and IPN are also characterised by features such
as the presence of chemical and real spinodal curves. For
systems with an upper consolute point (UCP), the latter
passes below the chemical spinodal curve, so that the region
of unstable states under the real spinodal curve can be
altogether inaccessible.183 In the region between the chemi-
cal and real spinodal curves lie dissipative systems of the
phason type, which are intermediate between the classical
one- and two-phase systems. These apparently include also
the so called "pseudophases" 221* and "modulated structures" 2 2 S

observed in borate melts and glasses. On ultracentrifuga-
tion of the melts,182»226 the compositions of the separated
phases correspond to those expected on the basis of the
phase diagrams. Numerous examples of the practical
applications of phase separation in glasses, including the
so called precondition for the formation of sitalls,228 are
known.227 The heat treatment of borate glasses designed
to convert them into sitalls is carried out at 1023-1173 Κ
(Ref.228, p.410). If polycrystalline sitalls are obtained in

4. Oxoborates in the Cas Phase

Above the UCP, the glass-forming melts are homogenised
evidently as a consequence of the decrease of the molecular
weight and of the degree of polymerisation with increase of
temperature. The presence of ΜαΟν

 230»231 as well as
H2O

 x»232 in the B2O3 melt promotes its thermal degradation
with transfer to the gas phase of low-molecular-weight
anionic metal oxoborates233"239 or of the low-molecular-weight
fraction of hydrogen oxoborates.1 Graft copolymerisation
of the latter with various oxide substrates11"13 makes it
possible to achieve the chemical moulding of joints and
coatings,21*0"21*3 which has an advantage over the traditional
technology in that it is possible to avoid laborious operations
involving the processing of a macroanionic substance, since
the synthesis of the polymer is combined with its moulding.
As a consequence of the heterodiffusional character of the
polymer formation reaction,21*1* reactions of this type made it
possible to achieve a gradient anisotropy of properties
(refractive index, coefficient of thermal expansion, etc.)
with respect to thickness. Special procedures for the
formation of boron—oxygen monomers in the gas phase are
also used in establishing a refractive index gradient in the
manufacture of articles for fibre and integrated optics .21*5»21*6

IV. CONCLUSION

The question arises how one can account for the wide
variety of borate macroanions which can be different for
borates having identical chemical compositions. It is known
that the unique nature of the macroanions and macromolecules
is determined by the following criteria: (1) chains (layers,
networks) of atoms or groups of atoms (CRU) linked by
directional, predominantly covalent.fl bonds can be dis-
covered in their structure by one method or another;1»185

the capacity for the formation of such chains (layers, net-
works) is determined by the structure of the electron shells
of the corresponding atoms, i.e. by their position in the
Periodic System of the Elements;6'18" (2) the set of their
properties does not change appreciably with decrease
(increase) in the size of the chain (layer, network) by one
or several CRU.1»27 Such chains (layers, networks) are to
some extent flexible due to the retention of the rotational
degrees of freedom of the constituent units ,21*8 which is
achieved in polyelementoxane macroanions as a result of a

Hit has been suggested21*7 that a given chain (layer, net-
work) is polymeric provided that the degree of covalence of
the bonds between the atoms in it is not less than 50% (52,
65, 68, 71% respectively for Al-O, Si-O, B-O, and P-O) or
in the case of magnesium—oxygen polymers it can even be as
low as 43%. Apart from electronegativity, the decrease of
the entropy of a particular element with increase of the
degree of polymerisation, i.e. of the number of covalently
bound atoms, can serve as a measure of the degree of
covalence of bonds.21*7
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change in the bond length and valence angles in the Ε—Ο—Ε
p-bridges (E = Si, B, P, Al, etc. ). 1 8M 9 1

 T h i s e n s u r e s a
fairly large set of conformations in the given macroanions
(a physical change in the steric form) and configurations C.
change in form accompanied by a chemical reaction, i.e. by
at least one transposition of bonds or valence angles).
Hence one can understand not only the ability of the macro-
anions to pass to the vitreous (and for linear and layer
macroanions also the highly elastic) state181*»191 but also their
ability, familiar in crystal chemistry,21*9 to "become adjusted"
to the cationic component of the structure, i.e. their ability
to alter, as the nature of the cations is altered [or, for the
same cation, when the conditions of synthesis are changed—
see, for example, (LXXXIII) and (LXXXIV) in Table 4],
their configuration at all levels of the structural hierarchy—
from CRU (including the formation of the "bow-shaped"

I / \
configurations 0 and bridges of the type Ε Ε 21*9) to a

/ \ Cr
superanionic organisation (the formation of IPN). In
anhydrous compounds the requirements for the flexibility of
the macroanion are enhanced, as increase in degree of hydra-
tion entails the appearance of the possible coordination of the

cations not only to the -E—O~ end groups or the connecting

-E~- groups but also to the oxygen of water with subsequent

damping [?bonding (Ed.of Translation)] via hydrogen bonds
to the anion.3 6 '2 5 0

As a result of the non-directional nature of the ionic bond,
the cations always tend to become surrounded by the maximum
number of counter-ions. For this reason, in the structuralt
sense, cationic constructions constitute a conservative, rigid
base of substances with element-oxygen macroanions.2lf9 On
the other hand, the macroanions are a component of the
structure of such substances, which is variable and responds
to a change in the nature of the cation and external condi-
tions. Their configurational and conformation statistics are
determined by Ο atoms in a state intermediate between the
sp2- and sp-hybridisations with atoms of other elements251

and ultimately determines both the wide variety of borates,
silicates, phosphates, and similar compounds and many of
their properties.

This justifies the assumption that the development of the
chemistry of these substances, which are widely distributed
in nature and are used in technology, will be determined by
the advances in their polymer chemistry. The chemistry of
macroanions, which, in contrast to the macromolecular
chemistry of carboatomic compounds, is still an inadequately
developed albeit a promising field of polymer chemistry,
comes to the fore for such substances. For the development
of this field, it appears useful to employ a combined approach
the necessity for which has been noted at the XXIInd Con-
ference on the Chemistry and Macromolecular Compounds.252

Its essential feature is as follows: since the unity of the
material world is manifested in inorganic polymers, in order
to reflect it adequately it is essential to achieve the symbiosis
of various chemical disciplines, in the first place the macro-
molecular and colloid chemistry of polymers with inorganic
chemistry. In this sense the present review (as well as the
previous review1) should be regarded as an attempt at a
practical realisation of this type of approach to borates and
an attempt to present on this basis a sufficiently logical and
well-founded picture of their structure, to demonstrate new

ways of study, and to facilitate the prediction of the proper-
ties of technical materials and the improvement of the tech-
nology of their manufacture.

— 0 O 0 —

During the preparation of the manuscript for the press,
a new monograph, devoted to inorganic polymers, was
published.253 Other publications251*'255 and the Russian
translation of the IUPAC recommendations concerning the
nomenclature of single-stranded and quasi-single-stranded
inorganic polymers256 attract attention in this connection.
The choice of oxygen as a basis for the chemistry of non-
carbon polymers has been justified2511 and a classification of
the elements of the Periodic Systems in terms of their con-
tributions to the structures of heteroatomic polymers has
been developed.

During the same period, the family of oligoborates has been
supplemented by a new representative KsHiCu^OfB^Osa.
.(OH)8]}.33H2O,257 where η = 20. Ghose258 examined the
stereoisomers of the hilgardite network [(XVIII) in Table 1]
with stereorepeating units made up of 1-, 3-, and 4-CRU.

Fig. 9 may be supplemented by an example of a new penta-
borate CRU (3BO3 + 260^) with a single terminal (non-
bridging) Ο atom:

Λ
Ο—Β

V V

Β Ο

' V-B-"

\ •OQ

tBut not in the chemical sense (for example, exchangeable
cations).

while Table 3 may be supplemented by the corresponding

example of a layer macroanion [B3 B2 O8(O~")]^n~, whose
presence in the CaNa[B5O9]nn has been established,259

and by yet another representative of phylloborates belonging
to the LnCo[B5O1 0]n n group, where Ln = Yb.260 Table 4
should be supplemented by new examples of boracites:
Fe9Cl[B7O1 3] r m,?

 2 6 1 and Cu 3 I[B 7 O 1 3 ] n n n . 2 6 2

Thermodynamic calculations have been carried out on the
regions corresponding to the existence of various boron-
oxygen monomers in the B2O3—H2O vapour-gas phase at
Τ = 300-1500 Κ at atmospheric pressure.2 6 3

The section on vitreous borates can be supplemented by
data from a new review.261* Detailed data on alkaline earth
metal borates are described in a new monograph.265
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The Isomorphism and Catalytic Properties of Silicates with the Zeolite
Structure

K.G.lone and L.A.Vostrikova

The properties of a new group of catalysts based on crystalline silicates with the zeolite structure!, containing the multicharged
Be2*, B3+, Cr3+, Fe3+, Mn2+, Cu2+, Zn2 +, Mo6+, Se6+, etc. cations occluded in the hydrothermal crystallisation process, are
described. The state of the multicharged cations in the silicates has been characterised by physical methods (NMR, EPR, and
X-ray diffraction). The selectivity and catalytic activity of such silicates in the formation and other reactions of hydrocarbons
and hydrocarbon mixtures are examined.
The bibliography includes 174 references.
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I. INTRODUCTION

According to Pauling's theory1 and Tanabe's later revised
versions,2 the acid—base properties of binary oxides are
determined by the incomplete compensation of the charges
of the corresponding ions by the oxygen atoms in the
environment. Any isomorphous heterocharge substitution
of Si1** cations in the silicon—oxygen skeleton of silicates by
other cations of the type Si1**** Mn+, where η φ 4, should
then impart to silicates a capacity for acid-base catalytic
activity. Crystalline silicon oxides, including silicalite,3

with an extensive system of pores are indeed adsorbents,
but they do not possess catalytic properties. The catalytic
properties of aluminosilicates, including zeolites, are deter-
mined by the fixation of aluminium cations in isomorphous
positions in the silicon-oxygen skeleton as a result of the
exchange SiOjf" ** ΑΙΟίΓ.

The idea that the above isomorphous heterocharge substitu-
tion takes place in zeolites, constituting a precondition for
the formation of catalytically active centres, has been con-
firmed by a large number of data. For example, a depen-
dence of the unit cell constant on the aluminium content in
the zeolite crystals has been established.1*'5 It has been
shown by 27A1 NMR that the vast majority of aluminium atoms
in zeolites are in a tetrahedral oxygen environment.6'7 It has
been observed by 29Si NMR 8 " 1 0 that the second coordination
sphere of the Si1** ion in the silicon—oxygen skeleton may
contain between 1 and 4 aluminium atoms in groups of the
type [Si(OAl)n]

n~. A statistical model has been developed
for the distribution of such groups with respect to the
quantity η as a function of the overall aluminium content
in the zeolite.11 It was later suggested7·12"15 that the
change in the conditions of hydrothermal synthesis and in the
subsequent treatment of zeolites can induce a deviation of
this distribution from the statistical average in one direction
or another.

tWe shall henceforth refer to crystalline silicates with the
zeolite structure, obtained under hydrothermal conditions
from mixtures to which aluminium compounds had not been
added before hydrothermal synthesis, as elementosilicates
or ex-silicates.

It has been established that, as cations are eliminated15*16

and also as a result of treatment of the specimens with
acids,17»18 SiCl*,19»20 and water vapour,21'22 a signal with
<5 =-3—Op.p.m., assigned to Al atoms in an octahedral
oxygen environment, i.e. outside the skeleton, appears in
the 27A1 NMR spectra of zeolites together with a signal having
the chemical shift δ = 55—61 p.p.m. (which corresponds to
Al3+ in a tetrahedral coordination with oxygen ions, i.e. in
the silicon—oxygen skeleton. The solid-phase reactions

ι in-i)— (n 1) « iS 4.

(1) (Π)

leading to the appearance of the centres (II), probably occur
during the cation elimination process [ "decatenation"] and
in the course of thermochemical treatment. A group of
type (II) can be regarded as a conjugate acid and base,
capable of two-centre interaction with the reactant molecule.
According to the literature,12'15 the selectivity and stability
of the catalytic action of zeolites depend both on the distribu-
tion of the groups [Si(OAl)n] with respect to η and on the
concentration of groups of type (II).

Zeolites have found applications as catalysts in petroleum
processing and in petrochemical processes. Different
questions concerning their synthesis, investigation, and
application have been considered in many reviews and mono-
graphs.2 3"2 5 A series of studies devoted to new generation
zeolites, of the ZSM type or pentasils, have been published
during the last decade.26'27 However, any zeolites constitute
merely a special case of the manifestation of isomorphism,
because they are all silicates with the same type of iso-
morphous substitution: SiOiT * AlO^ or Si1** «" Al3+Na+.

A series of studies have been made in which silicates with
the zeolite structure have been synthesised without adding
sources of aluminium but in the presence of multicharged
cations or Group I-VIII elements (Mn+), which created pre-
conditions for the isomorphous substitutions Si1** **· Mn+ in
the silicate skeleton formed.23»28"30 This method of syn-
thesis of silicates differs significantly from the methods of
preparation of zeolites, in which multicharged cations are
introduced by ion exchange. A zeolite behaves in ion
exchange as a polyacid salt in which the chemical composi-
tion of the macroanion does not change and only the chemical
nature of the cation, compensating for the negative charge
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of the skeleton, is altered:

lSi(OAl)n]
n

The state of the cations fixed in zeolites in this way has been
characterised in a large number of studies 3 1 ' 3 3 (see also the
relevant reviews25»3").

The introduction of multicharged cations Mn+ into the
initial silica gel before its hydrothermal crystallisation leads
to the possibility of altering the chemical composition of the
anionic part of the silicon—oxygen skeleton:

[Si(OM)nr and1ISi(OM)n_1]
<B-1>-- -Mft

T h e uncompensated c h a r g e of t h e anionic component of t h e
silicate and hence also the strength of the centres with
acid—base properties should depend on the nature of the
cation Mn+.

I I . GENERAL RULES GOVERNING THE LIMITATION OF THE
DEGREE OF ISOMORPHOUS SUBSTITUTION

The ideas about isomorphism are widely used in geochemis-
try and crystal chemistry. According to definitions,35»36

isomorphism is a result of the capture of impurities in the
course of the crystallisation of the system with substitution
of some of the atoms by the impurity atom without change in
the type of crystal structure of the original state. Approxi-
mate relations between the thermodynamic parameters of the
system and the degree of isomorphous substitution have
been examined in a review.37 The principal postulates
which must be taken into account in estimating the proba-
bility of isomorphous substitution reduce to the following:

1. By virtue of the existence of a definite relation between
the enthalpy of formation of the system with isomorphous
substitution and the ratio of the radii (R) of the interacting
ions A and Β, the limits of the mutual substitution are smaller
the greater the difference between the values of R. It has
been suggested38 that the isomorphous exchange A ^ Β is
possible provided that hR/R £0.15.

2. The ions A with larger R substitute the ions Β with
smaller R more readily than in the case where substitution is
accompanied by a decrease in the coordination number of the
ion A and, conversely, the substitution is more difficult if it
is accompanied by an increase in the coordination number of
the ion A.38

3. The limits of isomorphous substitution depend on the
ratio of the electronegativities χ and ionisation potentials of
the interacting ions.

4. In the isomorphous substitution A ^ Β there is a pos-
sibility of a shift of the central atoms with retention of the
symmetry of the environment in the main system. The
minimum in the free energy of the system is attained when
the atoms A and Β shift by (0.025-0.03)R.

5. Since the exchange A ** Β does not alter the long-range
electrostatic interaction, a long-range order in the disposi-
tion of A and Β may be absent, but a short-range order
should exist as a condition for the attainment of the energy
minimum.39

6. The substitution A ** Β can occur when the charges
differ by 1, 2, and 3 units. The compensation of the excess
charges generated can be non-local (via the formation of
electronic and hole centres) and local, when a species with
a balancing charge is located in the immediate vicinity to
the excess charge. Local defects can have uncompensated
magnetic moments and can interact with an external magnetic
field, which leads to the possibility of their investigation by
EPR.

7. The distribution of ions in the crystal lattice can be
statistically uniform or non-uniform.1'0'''1

8. The mutually substituting cations should be chemically
inert in relation to one another.

Examples of pairs of cations whose mutual substitution can
take place with a high probability have been published:35 the
substitution of Si"+ by the Ge"+, Al3+, Be2+, Fe3 +, Ga3+, P 3 + ,
and Ίι*+ ions is most probable for the Si**** Mn + system.

The parameter p, introduced by Pauling,1 can also be used
as a criterion for the selection of cations capable of mutual
substitution. By definition,1 ρ is a criterion of the stability
of the state of the cation in the given coordination environ-
ment and is a function of the attractive and repulsive forces
of the ions in the first coordination sphere. To a rough
approximation, ρ can be set equal to the ratio of the radii
of the cation and anion. The critical values of the param-
eter ρ for oxides (p c ) outside the limits of which the
coordination environment of the cation should change,
calculated in accordance with Pauling's approximations, are
listed in Table 1. The table also includes the values of ρ
for different cations. [The ionic radii R taken from Bokii " 2

and R_2_ = 1.36 A "*3 were used in the calculation of p.)

Table 1. The parameter ρ for the Mn+ cations.1

Group 1
0>c = 0.732;

M"+

Pb»+

Sn»+

Τ1·+

Nd«+

Eu«+

C.N. = 8)

Ρ

0.926
0.750
0.772
0.73
0.71

Group 2
(pc = 0.414;

M " +

ln»+

Mn 1 +

Z n t +

Hi«+

Cu«+

Sn«+

Fe»*
Mo«+

Ti«+

PJ4+

Cr»+

Sb»+

Gas+

Sb»+

C.N. = 6)

Ρ

0.676
0.669
0.610
0.603
0.589
0.492
0.492
0.478
0.470
0.470
0.470
0.470
0.456
0.456
0,449

Group 3
(p c = 0.225;

M n +

Al»+

Mn«+

Ge«+

Vi+

Si«+

Cr·*·
ps+
Se«+

Be«+

C.N. = 4)

Ρ

0.419
0.382
0.323
0.294
0.287
0.257
0.257
0.257
0.250

Group 4
0>c = 0.147; C.N.-3)

M"+ Ρ

0.147

According to Pauling's criterion,1 only cations comprising
Group 3 in Table 1 should be fixed in a stable tetrahedral
environment. Vernadskii's isomorphous series, within the
limits of which cations in natural formations are believed to
be capable of isomorphous mutual substitution, is widely
known: Si"+, Al3+, Ga3+, Fe3 +, Cr3 +, V"+, Mn2+, Mg2+,
Τι1·*.35 It is assumed35 that, within a narrow range of
concentrations of the substituting ion (less than 1 at.%),
isomorphism is possible in virtually all inorganic compounds.

I I I . HYDROTHERMAL SYNTHESIS

The principal procedures in the synthesis of zeolites and
ez-silicates are the same. The initial mixtures contain in
both cases a source of silicon, alkali, and salts of multi-
charged cations but in the synthesis of elementosilicates a
source of aluminium is not added. There is a possibility of
synthesising elementosilicates incorporating simultaneously
several types of cations, with the substitution Si*** =* M?+ +

In the preparation of elementosilicates with the structure of
zeolites of the pentasil or ZSM type, organic surfactants,
namely quaternary ammonium bases, poly amines, amino-
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alcohols, alcohol, etc., are also introduced into the initial
mixture. An aqueous silica sol, water glass, and silica gel
are used as sources of silicon. A mixture consisting of a
source of silicon, a source of Mn +, organic additives, alkali,
and, sometimes, a seed is homogenised and then placed in an
autoclave, where it is kept under hydrothermal conditions
for 1-30 days at 80—200 °C. After the completion of crystal-
lisation, the deposit is filtered off, washed, and dried.
Before catalytic tests, the solid product is annealed at
520-550 °C in order to eliminate organic inclusions and cations
are removed by treatment with ΝΗι,ΟΗ + NE^Cl solutions or
solutions of inorganic acid.

We shall consider briefly the characteristics of the chemical
behaviour of the SiO2-H2O and SiO2-MnOm-H2O systems in
hydrothermal treatment. It is known"* that Si(OH)i» coagu-
lates in the range 6 < pH < 8, dissolution and depolymerisa-
tion begin at pH £ 9, while at pH > 10.5 complete depolymer-
isation of (SiO 2) n is observed. In the pH range from 12 to
13.56, the system contains predominantly disilicate ions of
the type [Si2(OH)1 0]2~ whereas at pH > 13.83 the monosilicate
ions [Si(OH)52H2O]~ predominate.

Thus polymerised silicon-containing ions of the type
[Si n O m (OH) p ], in which the coordination number of Si1*"1" is 4,
predominate in aqueous media in the range 6 < pH < 10. As
a result of the surface reactions [Si nOm(OH) p] + 20H~ -»•
[Si n O m (OH) p O] = + H2O, such species require a negative
charge.

The polymerisation condensation of silicate ions includes
reactions proceeding via an ionic mechanism with participation
of OH". The condensation leads to the formation of siloxane
linkages and the probability of the synthesis of cyclic struc-
tures is therefore high.

As a result of polymerisation condensation processes,
silicate ions incorporating individual elements or individual
structural blocks comprising crystalline varieties of silicates
may be formed in an aqueous medium. Such structural
blocks may be four- and six-membered rings of tetrahedra.
The six-membered rings can be combined to form secondary
structural blocks: an individual six-membered ring (beryl)
and one-dimensional (amphiboles), two-dimensional
(pyroxenes), and three-dimensional (elements of ultra-
marine, α-quartz, tridymite, and cristobalite) chains of
rings.

The multicharged ions hydrolyse in aqueous solutions with
formation of positively charged species and liberation of a
proton to the outer sphere of the complex. The pK for the
acid hydrolysis of multicharged cations have been pub-
lished. l f 5·1 1 6 In alkaline media the hydroxides of Zn2+ and
Si1*"1" are more basic than Si(OH)u, while the hydroxides of
the cations listed below are more acid, their acidity
decreasing in the sequence Ti"+ > Fe2 + = Fe3 + s Ga3+ >
Th"+ > Al3+ > B 3 + > In3 + > Si"+. The multicharged B, Ge,
Tl, Cr, Mo, W, and V ions can hydrolyse with formation of
negatively charged species. There is also a possibility of
the polymerisation of hydroxides with formation of dinuclear
and polynuclear complexes.l>7

The addition of metal salts facilitates the coagulation and
polymerisation of silicate ions. In the presence of multi-
charged hydrolysed Mn+ ions, the solubility of silicate ions
falls in the first place owing to heteropolymerisation reac-
tions:

—Μ—Οχ—Μ—OH

—Μ—OH

Ο

—Μ—Ο/

^ΟΗ

^ΟΗ
+Η.Ο.
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The Al3+ cation interacts most effectively with the mono-
meric silicate ion at pH 9. In the pH range 5-7, there is a
possibility of the formation of the [A1(OH)2]

+ and [A12(OH)5]
+

ions. The complexes ΝβΑ1ι3(ΟΗ)32(8Οι,)^(Η2Ο)α are formed
in the presence of SO?,". The cation [Α1(ΟΗ)*]~ is formed at
pH 9-11."

The interaction of Fe3 + with the surface Si-OH groups
proceeds via heteropolymerisation processes, which has been
demonstrated by the fact that at pH 6-8 the precipitation of
Fe(OH)3 on the macrosilicate ions is not observed in an SiO2

containing system.'*1'
As regards the character of its interaction with (SiO 2) n,

the cation Cr3+ differs greatly from Al3+. The reason is that
the chromite ion is not formed as readily as A1OJ; further-
more, Cr3+ is much larger than Al3+ and cannot be incorpo-
rated in the SiO2 lattice with formation of stable anions.

The chromate ion, containing Cr6+, retards the polymerisa-
tion of Si(OHK at pH 0.5-3.0. It has been suggested*1' that
the silicate ions dimerise in the presence of Cr6+ with forma-
tion of species of the type

0_Η···0···Η-0
I II I

H—0—Si -O—Cr—O—Si — O - H
I !! I

0_Η··0···Η-0

The chemical properties of the Be2 + cation resemble those
of Al3+; solutions of beryllates, like those of aluminates,
contain polymeric anions of the type Be2o|~ and oxo- and
hydroxo-complexes. The hydrolysed Be 2 + ion is capable
of being strongly adsorbed on silica.***

The rate of interaction of silicic acid polymers with
molybdic acid is higher the lower the molecular weight of
the polymer. The interaction is preceded by the successive
dissociation of the silicate ions to the monomer, which results
in the formation of molybdosilicic acid.'*1' The reaction of the
silicate ion with Η3ΡΟι, represents condensation without the
participation of water.'*'· The Si-O-P and Si-O-B linkages
hydrolyse in aqueous solutions. The precipitation of zinc
salts by sodium silicate entails the mutual coagulation of zinc
hydroxide and silica without the subsequent crystallisation of
an amorphous deposit.l*8'1*9

Table 2. Conditions in the synthesis of beryllosilicates
with the zeolite structure.

Type of
structure

D, ortho-

riiomoic
Faujasite
Zeolite Υ
Faujasite
Zeolite A, X
TRS-27, -41,

-42

Source of Be^+

Be(NOj), + NaAlO,

Be(NO3),
NaBeO,
NaBeO2

—
Be(NO3>2 in alcohol***

Source of S i 4 +

|32% S1O2
sol

Na silicate
Na silicate
SiO2 sol

—
TEOS**, S1O2

sol

1. 'C

175

100
70—130
70—100

100
155—200

τ, days

2

2
1—2

2
2—5

0.5—1.0

SKVBeO·

12-60

14 3
10

2.5—6.0
12—100

Refs.

[50]

[51)
[52]
[53]

[54, 55]
[56]

The condensation process is catalysed by hydroxide ions in
this case also. The higher the charge of the ion, the
greater its capacity for coagulation in relation to silica sol.

•Molar ratio in solid product.
**TEOS = tetraethyl orthosilicate.

***Organic additives—tetrapropylammonium hydroxide and
triethanolamine.

Thus, when the precipitation process is carried out in the
range of mixture compositions and pH in which zeolites are
formed, the sources of Si1** and M n + enter into the composi-
tion of polymeric blocks. The heteropolymerisation takes
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place via the interaction of polymers. The direction of this
interaction depends on (a) the ratio of the basicities of the
polymers containing Si1** and M n +, (b) the sign and charges
on the species, and (c) the degree of polymerisation and
dehydration of the monocationic polymers in the initial mix-
ture for hydrothermal synthesis.

On the basis of general considerations, one can assume
that the synthesis of the crystalline silicate should be
preceded by the following stages: (1) the hydrolysis of
the source of M n + and the formation of monocationic polymers
containing the SiH+ or M n + ions; (2) the heteropolymerisation
of the monocationic polymers; (3) their depolymerisation;
(4) the oriented fixation of the polymeric blocks accompanied

by the establishment of long-range order in the arrangement
of ions in the skeleton.

The rate of crystallisation of the silicate system should
depend on the ratios of the rates of processes involving the
aggregation of the polymeric species, on the one hand, and
their depolymerisation and orientation, on the other. The
depolymerisation and reorientation stages require a definite
activation energy and their rate should therefore increase
with increase in the temperature of the hydrothermal treat-
ment and should also depend on the presence of an initiator
and, what is especially important, on the nature of the ion-
transferring component. The rate of reorientation of the
blocks is higher the larger the polar species of the deposit

Table 3. Conditions for the synthesis of borosilicates with the zeolite structures.

Type of structure

Zeolites A, X, and P,
H-sodalite, analcime

Zeolite A

Faujasite

Faujasite

Zeolite-like

Pentasil

-

ZSM-5

ZSM-5

Boiolite: A, B, ...,1,
AMS-1,-11,-12

AMS

Eu-1, Eu-2

Pentasil

ZSM-5

ZBM-30

ZHB

Source of B ' +

borosilicate
glass

Νο,ΒΟ,

B.O,

Borosilicate

Β»ΗΛΙ(ΟΗ)3

H,BO,+A1(OH).

Β,Ο,

—

borosilicate
glass

Η,ΒΟ,

Η,ΒΟ,

-

Η,ΒΟ,

Η,ΒΟ,

Η,ΒΟ,

Η,ΒΟ,

Source of Si*+

Na silicate

Na silicate

-

kaolin, quartz

aetosil

aerosil

soluble glass

—

-

TEOS

30% S1O2 sol

solid S1O2

silica sol

40% S1O2 sol

S1O2 (pyrogenic)

aerosil

Organic additive

-

-

-

-

HMDA

HMDA, DPDA, TEDA,
PDA,DETA

MEA

—

HMDA

TPAOH, TEAOH,
TBABr, EDA

TPABr

HMDA
derivative

TPABr

EDTA + TPA

DPDA, TEDA, PDA, )
DETA

DEG, TEG, HMDA

<. *C

80

45-170

-

1100

100—200

150

170

—

150

150—170

165

85—250

165

168
166
185

170
200

80—200

τ, days

7—9

-

-

0.02

5

5

1

—

5

6—17

7

1—30

7

7
10
3.5

5
0.5

0.5-5.0

SICWB.O,

-

1.78

0.24-2.02

-

145

33

-

31.7

168

4-13.9

—

-

44.4—104.5

—

80

10—50

Remarks

-

-

-

-

conversion of methanol into
unsaturated hydrocarbons

synthesis of olefins from
methanol and dimethyl ether

carrier, adsorbent

conversion of methanol and
ethylene into aromatic and
aliphatic hydrocarbons

reforming, alleviation

cracking, hydrocracking,
isomerisation of xylenes

isomerisation and disproportion-
ation of C2 and higher hydro-
carbons

separation of aromatic
hydrocarbon

isomerisation of xylenes

conversion of methanol into
dimethyl ether

synthesis of olefins from
methanol and dimethyl ether

conversion of hydrocarbons

Refs.

157J

1581

(59)

[00—G2]

(631

[64, 65]

[66)

[67]

[681

[69, 701

[711

[72, 731

[74)

[751

176)

[56, 77, 781

Notation: TEOS = tetraethyl orthosilicate, HMDA = hexamethylenediamine, TPAOH = tetra-
propylammonium hydroxide, TEAOH = tetraethylammonium hydroxide, TBABr = tetrabutyl-
ammonium bromide, EDA = ethylenediamine, TPABr = tetrapropylammonium bromide, DPDA =
dipropylenediamine, TEDA = triethylenediamine, DEG = diethylene glycol, and TEG = triethylene
glycol.
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or the larger the charge of the elementary blocks.1*8 The
nature and concentration of the sources of the multicharged
ions as well as the nature of the organic additives playing the
role of ion-transferring agents therefore influences strongly
the crystallisation of silicates with a particular structure.

The conditions for the synthesis of silicates described in
the literature are described systematically in Tables 2-6.
In the synthesis of beryllosilicates (Table 2), the source of
beryllium employed is its nitrate or sodium beryllate, while
the source of silicon is silica sol or sodium silicate. The
reactant ratio and the crystallisation temperature influence
the type of crystal structure of the final product. The
crystalline zeolite-like orthorhombic silicate with a SiO2/BeO
ratio of 12—60 has been obtained by the hydrothermal treat-
ment of a mixture consisting of sodium aluminate, beryllium
nitrate, and an aqueous solution of silica sol for 24 h at
175 °C.50 Silicates with structures of type A, X, and Υ
zeolites have been obtained by the crystallisation of mix-
tures of definite composition at 70-130 °ο.5 1~5 5 A zeolite,
designated by TRS, with the ratio SiO2/BeO > 12 in the
solid product (of the ZSM type), has been obtained from a
mixture of beryllium nitrate and tetraethyl orthosilicate in
the presence of tetrapropylammonium hydroxide in an
alcoholic medium over a period of 12-17 h at 155-200 °C.56

Table 3 presents the conditions for the synthesis of boro-
silicates, the composition of the solid phase synthesised, and
also the reactions in which silicates have been investigated.
A borosilicate of the type of a zeolite with the ratio
SiO2/B2O3 = 1 . 7 8 has been obtained from sodium silicate and
borate at 45-170 °C.5 7"5 9 A zeolite of the faujasite type has
been synthesised from a mixture of borosilicate, boron oxide,
kaolin, and quartz after it had been sintered at 1110 °C.6 0"6 2

High-silica borosilicates with the structure of pentasils63"78

have been obtained by the crystallisation at 150—170 °C of
mixtures incorporating a source of boron (H3BO3), freshly
prepared aluminium hydroxide, aerosil, and organic amines.
The use of monoethanolamine66 and hexamethylenediamine as
the organic compound together with borosilicate67'68 glass or
soluble glass enabled the authors to obtain zeolites of the
ZSM-5 type.

The main conditions for the synthesis of silicates with the
zeolite structure, containing Group III, IV, V, and VI
elements, are presented in Table 4. Numerous phosphorus-
containing silicates with the analcime, chabazite, phillipsite,
sodalite (HS) and type A, Χ, Υ, Ρ, and L zeolite structures
have been synthesised.7 9"8 1 The crystallisation was carried
out from the gel at 80—200 °C using reactive phosphorus-
containing compounds as the sources of phosphorus, usually
orthophosphoric acid. The presence of an organic compound
[tripropylamine (TPA)] in the crystallising system promoted
the crystallisation of a silicate with the type ZSM zeolite
structure.82»83 A sulphur-containing zeolite has been
obtained by introducing sulphuric acid into the crystallising
mixture instead of phosphoric acid.82 Silicates with the ZSM
structure have also been obtained from systems incorporating
silica sol, TPABr, hexamethylenediamine (HMDA), and also
arsenic, tin, indium, or tellurium salts.83»85"88 A zeolite-like
silicate, whose composition incorporates iron and arsenic
cations, is formed in an acid medium at 220 °C.e>*

Gallo- and germano-silicates (Table 5) were synthesised for
the first time from aqueous solutions of sodium gallate and
germanate and silica sol at 100 °C.90 The silicates obtained
proved to have the same structures as zeolites X, A, and Ρ
and thomsonite, which was demonstrated by X-ray diffrac-
tion. It was noted that zeolite A crystallises only from
sodium aluminogermanate gels, while zeolite X crystallises
from a mixture of sodium gallogermanate and sodium alumino-
germanate. Zeolite Ρ is formed on recrystallisation of zeo-
lite A in an alkaline solution.90 An analogue of zeolite X has
been obtained from sodium metasilicate and GaCl3 in an
alkaline solution·91'93"95 The zeolite chabazite has been
synthesised from the potassium galloaluminosilicate system,
while phillipsite has been obtained from the sodium gallo-
silicate system.96·97

The crystallisation of HGaClt» and sodium silicate for
different periods at 200 °C is accompanied by the formation
of several types of zeolites.92 Analogues of faujasite having
the aluminosilicate composition have been obtained in an
alkaline medium from sodium and potassium germanates at
temperatures not above 100 oC ̂ 3-95,98-100 zeolites of the

Table 4. The principal conditions for the synthesis of silicates with zeolite structures containing
Group III, IV, V, and VI elements.

Element
introduced

P(AI·)

Ρ
Ρ
Ρ

Ρ

s
As
As
Sn

Te

Pb
Iii(Ce·)

Type of structure

analcime

zeolites X, Y, A, L, P, S, and HS

analcime, chabazite, zeolite A, phillipsite

zeolite Y, ZSM-5

ZSM-5

ZSM-5

OTW

ZSM

ZSM

ZSM
faujasite

ZSM

Source of M"+

H3PO4 + Al, Na phosphates

K,PO«

H,PO 4

H,PO4

PCI,

H,SO«

KH2ASO4, As ferrite

As,O,

SnCI4-5H,O

H,TeO,

PbSiO,

In,(SO4),

Source of S i 4 +

S1O2 (colloidal)

clays, zeolite

*•

40% S1O2 sol

zeolite

40%SiO2Sol

SIO,

aerosil

S1O2 (colloidal)

S1O2 (colloidal)

Na silicate

S1O2 sol

Organic
additive

_

—

—

TPABr

TPABr

TPABr

—

HMDA

TPABr

TPABr

—

TPABr

t, *C

230—450

230—530

60—70

145
150
145
220

150

150

150

100

150

τ, days

1—68
4—5

—
2
0.05
2

0.05
5

1
1

4

0.05

S'<VMrtOm

—

—

—

12

_

_

1380

32

32

—

12

Refs.

[79]
[80]
[81J
[82]
[83J
[82]
[84J

[85]
[86, 87]

[88]

[89]
[83J

•Introduced together with the element.
••Synthesis carried out by the coprecipitation method.
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type of pentasil and ZSM-11 crystallise at 150 °C in the
presence of HMD A and tetrabutylphosphonium chloride
respectively.72·73·103

Table 5. Conditions in the synthesis of silicates with the
zeolite structure containing the Ga3+ and Ge1·* cations.

Type of
structure

Thonuonite,
zeolites A, X,
and Ρ

Analcime, natto-
lite, nepheline,
gismondine,
H-sodalite

Zeolite 13X

Zeolite A

Zeolite 13X

Chabazite

Phillipsite

Faujasite

Faujasite

Zeolite

ZSM-11

Eu-1, Eu-2

Source of M n +

Οβ,Ο» GeO,

HGaCl«

GaCl,

Ga,O>
Ga(OH),

Na gallate

Kgallate

NagaUate

GeO2 in KOH

Ge«+

Ga3* substitutes
Al3 +

Ga3* substitutes
Al3 +

Ga»\ Ge«+

Source of Sf*+

-

Na silicate

Na silicate

Na silicate
SiO2 sol

S1O2S0I

Κ silicate

Na silicate

-

-

Ge 4 + sub-
stitutes Si 4

Ge 4 + sub-
stitutes S i 4 +

solid SiO2

Organic
additive

-

-

—

-

-

-

-

-

—

TBP

HMDA

t, *C

100—200

200

102

150
93

170

100

100

90

-

-

150

85—1501

τ, days

3

5-10

0.25

7
12

3

7

7

2.5

-

-

4

1—30

SKV
/M»om

-

2.6

5
4.5

5

-

-

2.02

-

-

—

-

Refs

1901

[92]

[911

193]

[94, 95]

196]

197]

[98]

100, 101]

[102]

[103]

172, 73]

Notation: TBP = tetrabutyl phosphate; HMDA—see
reference to Table 3.

The data in Table 6, where the conditions in the synthesis
of silicates crystallising in the presence of transition metal
cations and platinum group elements are presented ,101*"128

permit the following conclusions. The crystallisation of a
silicate system, into the composition of which the above
cations have been introduced together with quaternary
ammonium compounds, leads to the formation of systems iso-
structural with type ZSM zeolites in alkaline media at 100 °C
and above. The sources of cations are their salts and oxides
and acids based on them. The sources of silicon and organic
ions are the reagents indicated in Tables 2-5.

The characteristic features of the crystallisation of silicates
in the presence of multicharged cations have been studied
systematically as a function of the nature and content of the
latter.129~197 The influence of the temperature, crystallisa-
tion time, component ratio, and the nature of the modifying
cation on the content of the zeolite-like silicate phase has
been investigated. For the ratios OH/SiO2 = 0.1-0.2,
TBABr/SiO2 = 0.11-0.15, and H2O/SiO2 = 20-50 and tem-
peratures in the range 140-200 °C, the silica sol crystallises
predominantly with formation of a product having the X-ray
diffraction parameters of a type ZSM-11 zeolite regardless of
the nature of the source of Mn+. In many cases the solid
product may contain α-quartz or an amorphous phase
depending on the temperature, crystallisation time, and
the type of cation. With increase of crystallisation tempera-
ture from 140° to 200 °C for the same crystallisation time, the

constant of the crystalline zeolite phase (CZP) passes through
a maximum in the range 140-150 °C in many cases (Fig.l).
As the CZP crystallisation temperature increases further,
the content of α-quartz diminishes and increases. This
result confirms the available data showing that the zeolite
phase is formed as an intermediate in the hydrothermai treat-
ment of the SiO2-H2O-M(OH)m system; after a time, it
recrystallises and denser and thermodynamically more stable
structures, including α-quartz, are formed.23

W -

zoo
t,°c

Figure 1. The influence of the temperature of the hydro-
thermal treatment (t, °C) of silica sol on the content of the
ZSM-11 phase in the solid product obtained after the intro-
duction of various cations Mn+: 1) Mn; 2) Cr; 3) Eu;
4) Fe; 5) Cu; 6) Zn.X33

20 -

τ, days

Figure 2. The influence of the duration of the hydrothermai
treatment (τ, days) on the content of the ZSM-11 phase in
the solid product obtained after the introduction of various
cations Mn+: 1) Ti; 2) Cr; 3) Cu; 4) Zn; 5) B; 6) Eu.137

Changes in the CZP content of the same character are
observed after an increase in the duration of the hydro-
thermal treatment of silica sol, keeping the temperature and
the composition of the initial mixture unchanged (Fig.2):
the content of the ZSM phase usually increases during the
first 2-5 days and then gradually diminishes.133

A common feature is the decrease of the content of the
ZSM phase with increase of the amount of Mn+ in the initial
mixture (Fig. 3); this means that the crystallisation reactions
of silicate ions are retarded in the presence of Mn+.*"* The
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cause of this phenomenon has not been investigated in detail.
However, presumably in the presence of the Mn+ hydrolysis
product either the solubility of the silicate increases or the
degree of coagulation diminishes and the stability of the silica
sol increases as a result of the adsorption of the [MnOm(OH)p ]
groups on the surface of the polymeric species of the silicate

237

system. The adsorbed polymeric ions containing Mn+ can
prevent the establishment of long-range order in the silicate
system.

According to Pauling's criterion, stabilisation in an eight -
membered oxygen environment is most likely for the cations
in groups 1 (Table 1). It has been shown137 that most of

Table 6. Principal conditions for the synthesis of silicates with zeolite structures containing
transition elements.

Element

Tl

Ti

V(A1)

V

V

V

Cr

Cr

Cr

Cr

Cr

Cr

Fe

Fe

Fe

Fe

Fe

Fe

Ni

Co

Zn

Zn

Zn

Zn

Zr

Zr

Zr(Al)

Mo(Al)

Mo

Ru

Ag

Pt

IIS

Type of structure

silicate

TRS-1 . . .TRS-64

ZSM-5

VK-2

zeolite

ZSM-5

TRS-48

silicate

ZSM-5

TRS-28

zeolite-like

AMS-1

CZS

-

silicate

zeolite-like

zeolite

zeolite

ZBM-30

ZSM-5

ZSM-39

A

ZSM-5

TRS-66

ZSM

silicate

ZSM

zeolite

silicate

ZSM

ZSM

ZSM

ZSM

ZSM

Source of M"+

TiOCI,

T1OCI2, TE-Ti, TiCl4 f

TiCI4

v,o,

VC13

v,o5

H 4VO 3

Cr,O3

CrK(SO4)2

CrfNOj),

Cr sulphate, hydroxide, and oxide

NaCrO 2

Cr nitrate and sulphate

ferroalloy

Fe,O,

Fe-phosphoric acid

Fe nitrate

Fe sulphate, oxide, and hydroxide

Fe sulphate and oxide

Ni nitrate

Co[Co(NH,),]*

NajZnO,

Zn nitrate

Zn nitrate

ZrijBeOn

ZrOCl, (KOH)

ZrOj

ZrOCl,-8HjO

MoO,

H,Mo0 4

RuCl2

Ag(CH,COO)

HjPtCl»

HgCI,

Source of S i 4 +

Na silicate

TEOS

S1O2 (pyrogenic)

Na silicate

soluble glass

Na silicate

TMOS

chabazite

Na silicate

TEOS

soluble glass

30% S1O2 sol

S1O2 sol

S1O2 (dust)

chabazite

-

S1O2 sol

soluble glass

S1O2 (pyrogenic)

S1O2 (colloidal)

S1O2 (colloidal)

Na metasilicate

S1O2 (colloidal)

TEOS

Na silicate

Na silicate, S1O2 sol

S1O2 (colloidal)

Na silicate

Na silicate

S1O2 sol

S1O2 sol

S1O2 sol

sol, soluble glass

S1O2 (colloidal)

Organic
additive

-

TPAOH

HMDA

-

HMDA

TPABr

TPAOH

-

TPABr

TPAOH

HMDA

TPABr

TPAOH

TPAOH

-

HMDA

TPABr

C4H,NH

-

TPABr

TPAOH

TPABr

-

TPABr

TPAOH

-

TPABr

TPABr

TPABr

TPABr,
TEABr

TPABr

t. °C

95

145—175

100-200

60

150

96

175

100

96

155

150

150

165

100

100

350

148

150

170

100

210

95

100

197

96

200

150

160

100—160

96

96

96

OR

90

τ, days

1,5

10

0,5—5

2,5

5

5—6

6

-

5—6

13

5

2-20

15

0,5

-

1

2

5

5

19

5

-

14

6

5 - 6

1,5

25

5

2

5—C

5—6

5 - 6

5 - 6

5-6

SIO,/MnOm

5—20

3

-

Refs.

[104, 105]

[106]

[76]

2—4 I [107J

127

-

17

-

-

38

164—399

16

-

-

-

1

32

81

-

160

-

1-1,5

50

15

-

-

-

-

150

-

-

-

—

-

[108]

[56J

[106]

1109]

[110]

[106]

[ i l l , 112]

[113]

[114, 115]

[116]

|109J

[117]

[118—120]

[121—123]

[124]

[125]

[126]

-

[84]

[106]

[56]

[104, 105]

[121]

[127J

[128]

[56J

' [56]

[56]

[56]

[50]

Notation: TMOS = tetramethyl orthosilicate, TEBr = tetraethyltitanyl.
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the group 1 cations contained in the initial silica sol are not
entrained by the solid phase on crystallisation; the solid
product obtained after filtration, washing, and the elimina-
tion of cations contains 3-20 times less of M n + than the
amount introduced into the initial silica sol. A mainly
amorphous phase is obtained in the presence of Tl3+ and
Sn2 +.

10 -

30 60

SiO2/MnOm

Figure 3. The content of the type ZSM-11 type zeolite phase
in the final crystallisation product as a function of the con-
centration of the added cation in the initial silica sol: 1) Ga;
2) Fe; 3) Cr; 4) Mn; 5) Sb; 6) Eu; 7) I n . 1 3 3

Table 7. The S i / M n + ratios (mole fractions) in the
"decationated" products of the crystallisation of silica gel
with the initial ratio Si/M+ = 60 (crystallisation temperature
150 °C). 1 3 7

Cation

Μθ·+
Se«+

Zn«+

Ti« +

T i s +

N d s +

E u 3 +

l n 3 +

Fe3 +

Cr^

Si/M n +

700
1000
1000

480
750
700

1300
330

95
56

CZP, %

100
100
100
100

70
100

70
80

100
95

Cation

Ga»+

Al s t

B'+

Pb»+

Sn*+

Mn«+

Zn*+

Co»+

Cu»+
Be>+

Sl/M n +

50
70
67

150
280
119
119

27
73
36

CZP, %

125*
100
100
50
80

100
100
100
80

100

*The content of the zeolite phase of the ZSM-11 type was
considered in relation to a standard, for which silicalite was
used.

Six-membered coordination by oxygen is stable for group 2
cations (Table 1). Only traces of these cations have been
detected in the solid products of the crystallisation of mix-
tures containing Ύι*+, Mn2+, ZrH+, and Mo6+ (Table 7).1 3 7

For systems with the Fe3+, Cr3+, Cu2+, Co2+, Ga3+, B3+, Be2 +

cations, the ratios Si/Mn+ in the initial gel and its solid
crystallisation product are similar. In these systems, the
presence of M n + does not prevent the crystallisation of silica
sol and the M n + cations are mostly occluded by the crystalline

phase formed. The probability of occlusion depends on the
size of the cation. Indeed the cations enumerated have the
smallest values of ρ among the group 2 cations.

Regardless of the value of p, cations with the 4+, 5+, and
6+ charges are not retained by the silicate in any of the
groups. Thus the Se 6 + , Pt"*+, Mo6+, and Zr"*+ cations are
present in the crystalline product in trace amounts, which
are much smaller than in the initial silica sol. When the
alkalinity of the system is the same as under conditions where
the silicate crystallises, the cations forming part of the com-
position of the anion [NaMnOm]~ are probably present in a
dissolved state.

A high degree of crystallinity of the solid products and
similar Si"+/Mn+ ratios in the initial mixture and in the
crystalline phase have been observed for systems with
group 3 and 4 cations.137 Mixtures containing the highly
charged V1** and Se 6 + cations, which are removed from the
solid deposit already in the filtration and washing stages,
constitute an exception in this instance. Owing to the high
alkalinity of the system, vanadate and selenate ions are
probably formed and remain in the liquid phase on crystal-
lisation. The presence of compounds containing V"*+ and
Se*+ for Si"*+/Mn+ ratios ranging from 15 to 30 hinders the
zeolite formation process.132

IV. THE STATE OF THE MULTICHARGED CATIONS IN
SILICATES WITH THE ZEOLITE STRUCTURE

The state of the multicharged M n + ions in the product of
the crystallisation of the SiO2-MnOm—H2O system can be
various and depends both on the composition of the initial
mixture and on the nature of Mn +. Thus, apart from the
fixation of M n + in the silicon—oxygen skeleton in positions
isomorphous with Si"*+, there is a possibility of occlusion of
M n + in salts or oxides within silicate channels or on the outer
surface of the crystals and also of their localisation near
groups incorporating oxygen ions with an uncompensated
charge (in cationic positions). Various methods have been
used to investigate the state of the Mn + ions: (1) X-ray
diffraction (the incorporation of Mn + in the skeleton is
inferred from the change in the crystal lattice parameters50»51»
5\"-6i,6Vi). (2) high-resolution NMR which makes it
possible to determine the symmetry of the coordination
environment and the composition of the second coordination
sphere of the silicon atoms;132»133»135"138 (3) EPR and
Mossbauer spectroscopy (when paramagnetic cations are
introduced into the composition of the silicates131»131*»139).
The principal results of these studies are considered below.

1. The State of Mn2 +

The state of the Mn2+ cations in the elementosilicates
obtained from silica gel with added MnCl2 has been investi-
gated by EPR.131* EPR spectra with an isotropic g-factor of
-2.00 have been recorded for all the manganese-containing
silicates with the structure of the type ZSM zeolite. The
spectrum of the Mn2+-containing elementosilicate at 77 Κ
(Fig. 4) can be represented by a superposition of two signals
with a Lorentzian shape and a width of 1250 and 450 G and a
6-component spectrum in which the splitting between the
third and fourth components is 93 G. Their relative con-
tributions to the overall intensity are 91, 8.5, and 0.5%
respectively. The Mn2+ cations, to which the signals of the
first two types correspond, are probably present in a state
with a weak interaction. In the EPR spectra of cations of
the third type the splitting between the hyperfine structure
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components is 90-98 G; the splitting increases as the
temperature of the recording is reduced and on passing to
the Q-range. This spectrum can be attributed to Mn2+

cations in an octahedral oxygen environment. In this case.,
as in type X and Υ zeolites,138 the width of the EPR line is
determined by the relaxation due to the periodic modulation
of the crystal field caused by the distortion of the solvation
shell of the ion and the anisotropic movement of the solvated
ion.

The Mn2+ ions responsible for the hyperfine structure
(HFS) in the EPR spectrum are apparently not "built into"
the zeolite skeleton and are separated from the oxygen atoms
of the skeleton by the solvation shell. An additional con-
firmation of this conclusion has been obtained in a study of
the EPR spectra of specimens of elementosilicates heated at
500 °C and a pressure of 10"5 mmHg for 2 h. Instead of the
superposition of several signals, single lines were observed
in the EPR spectra of these specimens, whose width depended
on the amounts of water and oxygen adsorbed after the
activation of the specimen. On the basis of the form of the
EPR spectra, one may claim that there are no Mn2+ ions in
the test specimen in a tetrahedral environment of oxygen
atoms. We may note that the EPR method by no means
permits the detection of all the manganese ions introduced
into the specimens.13<t

40 G
ι 1—*•

Η

Figure 4. The EPR spectrum of the Mn2+ cations of a
manganese-containing silicate recorded in the X-range (a)
and Q-range (b) at 20 °C (dashed lines) and -110 °C (con-
tinuous lines).131f

2. The State of C r 3 +

The EPR spectra of specimens of elementosilicates con-
taining chromium exhibit a symmetrical signal with g = 1.98
and AH = 600 G,1 3 1 which may be assigned to the disperse
chromium hydroxide [Cr(OH)3.nH2O]. After heating the
specimens at 300 °C and above, the intensity of this signal
diminishes together with an increase in its width. This
may be caused by the dehydration of the hydroxide with
formation of the antiferromagnetic Cr2O3, or, which is most
probable, the oxidation of the Cr3+ ions in the chromium
oxide particles. The latter hypothesis has been confirmed
by the appearance of a signal due to the Cr5+ ions, whose
intensity increases with increase of the heat treatment tem-
perature. The distribution of the chromium ions detected

by EPR on the surface of silicate crystals is indicated by
the change in the spectra of the Cr5 + ions following the
adsorption of pyridine.

3. The State of C u 2 +

Signals of mainly two types (I and II) are observed in the
EPR spectra of specimens of elementosilicates131'139 syn-
thesised in the presence of Cu2+ ions:

£'n = 2.30 A\~*\60G *1=2.055 A\ = 25 G

£'ll'=2.32 /lV=157G £i'=2.058 ,4V = 26.5 G

The parameters of these signals correspond to Cu2 + ions
fixed in an octahedral oxygen environment. The difference
between the parameters of the ions of types I and II is
probably determined by the existence of tetrahedral distor-
tions for the type II Cu2 + ions. After the specimens have
been heated at 250 °C and above, the intensity of the EPR
signals of the Cu2 + ions is found to increase. It is note-
worthy that some of the detected Cu2+ ions are inaccessible
to the adsorbed molecules, which is indicated by the absence
of changes in the EPR spectrum after the adsorption of
pyridine· The copper ions interacting with pyridine give
rise to an EPR spectrum with the g, = 2.26, AB = 1.86 G and
gL = 2.08, Ai = 40 G signals, which is due to the formation
of pyridinates.131

Overall, the hydrothermal synthesis of elementosilicates
from silica gel containing copper compounds results in the
stabilisation of the bulk of the copper (-90%) in a state
undetectable by EPR, probably in the form of an oxide phase.
A small proportion of the copper (~10%) is stabilised in the
form of isolated ions and, after treatment with thionyl, in a
specific form with antiferrodistortion order.1 3 9

The crystal lattice parameters of the copper-containing
zeolite do not differ from those of the unmodified zeolite,
which provides additional grounds for the assumption that
the isomorphous substitution of silicon atoms by copper atoms
with tetrahedral coordination does not occur. It is more
likely that the copper cations are localised in the channels
of the zeolite structure and that the exchange interaction
between them takes place via silicon—oxygen bridges or
via oxygen atoms which do not belong to the zeolite skeleton.

H. The State of \Λ+

The character of the X-ray diffraction patterns of
specimens of vanadium-containing elementosilicates shows
that the systems synthesised are mixtures of three phases:
silicalite (crystalline SiO2 with the zeolite structure),
α-quartz, and an admixture of amorphous SiO2. With
increase in the amount of VOJ introduced into the initial
sol, the content of the crystalline silicate phase in the speci-
men diminishes, as a result of which the actual SiO2/V2O5

ratio in the solid phase is smaller by a factor of 4—10 than
in the initial gel.

Low values of the HFS constant for the parallel orientation
as well as the dependence of the character of the EPR spec-
trum on the temperature of the measurement are to be
expected for a V1*"1" ion in a tetrahedral coordination.11*0

The EPR spectrum of vanadium-containing silicates
obtained by hydrothermal synthesis is characteristic of V1**
ions in an octahedral coordination with tetragonal distortion
(gr, = 1.93, A, = 1.95 G and gL = 1.96, Αχ = 56 G) in the
isolated (as part of the composition of VO2) and exchange-
linked states. Since the intensity of the EPR signal of Vlf+

proved to be many times smaller than might have been
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expected from chemical analysis, it was concluded that the
main bulk of the V**+ ions present in the silicate are bound by
a strong exchange interaction and are present in the composi-
tion of polymers. The EPR spectrum of the V"+ ions in this
state has not been observed.11*1

Thus there are no grounds for the assumption that the V**+

cation is "built into" the silicon—oxygen skeleton in tetra-
hedral positions in the course of the hydrothermal synthesis
of silicates with a zeolite structure.

5. The State of Fe3 +

The incorporation of Fe3 + ions into the composition of
type A, X, and Υ zeolites in the hydrothermal synthesis of
the latter has been frequently established.11*2"11*7 The source
of Fe3 + consists of the admixture of iron compounds present
in the components of the initial mixture. Thus it has been
shown11*2 that 0.01% of Fe3 + cations are occluded in type Υ
zeolites obtained by hydrothermal synthesis. Three
signals, with g = 4.27, 2.4, and 2.0, have been observed
in the EPR spectra. The signal with g = 2.4, whose width
was 1600 G and which diminished with increase of tempera-
ture, was assigned to magnetite Fe3Oit, which has ferro-
magnetic properties. The Curie point, determined from the
magnetic susceptibility, was at 572 °C and was attributed to
the highly defective nature of the phase produced. The
EPR spectrum of Fe3 + occluded in the zeolite NĤ Y and
mordenite was found to contain three signals:11*3 with g= 4.3
(narrow), 2.3, and 2.0 (both broad). The first was assigned
to Fe3 + fixed in a tetrahedral oxygen environment with
pronounced orthorhombic distortion. The signal at g = 2.0
was assigned to all the cations in the octahedral environment
incorporating three oxygen atoms and three OH groups at
cationic sites.

The EPR spectra of the Fe3 + ions forming part of the com-
position of a type Υ zeolite1"*1*"11*6 have been interpreted in
the same way: the signals with g = 2.2—2.3 were explained
by the presence of an amorphous oxide phase11*3 and an
occluded salt,11*5 in which the Fe3 + cations are in a state
with strong exchange interaction. The fraction of Fe3 +

cations in a tetrahedral environment (g = 4.3) was -4% of
the total ¥e3Ow content in the zeolite. The part of Fe3 +

forming part of the composition of the phase giving rise to
the signal with g = 2.2—2.3 was most readily extracted.

A zeolite of the ZSM-5 type, in which the Fe3 + cations
were introduced before the hydrothermal crystallisation of
silica gel, has been synthesised11*6 in the presence of hexa-
methylenetetramine. The general character of the EPR
spectrum resembles that described above.11*2"11*5 After the
reductive treatment of the specimen, the intensity of the
signal with g = 2.02 diminished markedly, while the intensity
of that with g = 4.28 remained almost unchanged.

A characteristic signal with g = 4.3 (Fig. 5a), which can be
assigned to isolated Fe3 + ions, was observed131 in the EPR
spectra of iron-containing elementosilicates with the ZSM
structure. The transitions near g — 4.3 in the low-field
part of the spectrum refer to Fe3 + ions whose ligand environ-
ment is appreciably distorted (type I). The main transitions
noted in Fig. 5 can be assigned to Fe3 + ions stabilised in a
weakly distorted octahedral environment (type II) (D, Ε Shv).
Analogous spectra have been observed for Fe3 + ions in the
hexa-aquo-complexes formed on dissolution of iron salts in
water at low concentrations. The absence of a significant
temperature dependence of the EPR of type II Fe3 + ions also
indicates the fixation of the iron cations predominantly in the
form of isolated ions. A symmetrical line in the vicinity of

g — 2.00 (type III), characteristic of exchange-bound Fe3 +

ions, can be observed in the EPR spectrum of the specimens
obtained at 200 °C.

1000G

Figure 5. The EPR spectrum of the Fe3 + cations of an iron-
containing silicate: a) initial specimen; b) after dehydration
at 400 °C; c) after the adsorption of pyridine on the speci-
men and subsequent dehydration at 400 °C , 1 3 1

The assignment of the signal with g — 4.23 in the Fe3 + EPR
spectra to Fe3 + ions in a tetrahedral coordination does not
alone justify the claim that the corresponding Fe3+ ions are
fixed in the silicon—oxygen skeleton at sites isomorphous with
those of Si1**. Indeed the iron oxide compounds can incorpo-
rate Fe2+ and Fe3 + cations fixed in tetrahedral cavities.11*0

Some evidence for the view that the Fe3 + cation giving rise
to the EPR signal with g = 4.23-4.3 enters into the composi-
tion of the silicon—oxygen skeleton of a type ZSM zeolite has
been obtained.11*7

The intensity of the signal with g = 4.27 in the EPR spec-
trum of the products of crystallisation of the Na2O.nFe2O3.
. SiO2.mH2O mixture increased almost in proportion to the
content of the zeolite phase (Fig.6), but diminished after ion
exchange. On the other hand, the intensity of the signal
with g = 2.0 was independent of the degree of crystallinity
of the specimen but increased with increasing Fe2O3 content
for the well crystallised specimens. In the studies
enumerated above, it was shown that the intensity of the
signal of the type I ions is very low. In one study11*5 it
corresponded to 4% of the total amount of the Fe2O3 present
in the type Υ zeolite. In another study11*7 the signal
intensity ratio 1^27^2.0 w a s 20—30.

Thus the literature data permit the conclusion that a small
proportion of Fe3 + ions are built into the silicon-oxygen
skeleton of the elementosilicate in the course of hydrothermal
synthesis; most of the ions remain in the iron oxide phase or
in cationic sites. These data indicate the possibility of the
formation of the [Si(OFe)n]

n~Fe3 + groups in the skeleton.
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After the removal of cations by acid or NHijOH solutions,
there is a possibility of the rupture of both Si-O-Fe-O-Si
and Si—Ο—ΑΙ—Ο—Si linkages as a result of hydrolysis.
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Figure 6. The relative intensities of the EPR signals of the
Fe 3 + cations with g = 4.27 (curves 1) and g = 2.0 (curves 2)
for a silicate occluding Fe 3 + ions during hydrothermal treat-
ment as a function of the content of the crystalline phase (a)
and the content of Fe2O3 in the crystallisation product (b) . 1 3 7

The state of Fe 3 + at various sites in the silicon—oxygen
skeleton of faujasite11*8 for Si/Al = 1 has been calculated by
the semiempirical LCAO-MO SCF method in the CNDO/2
valence approximation. The authors11*8 concluded that the
F e 3 + cations must be bound to the oxygen atoms in the zeolite
skeleton by strong donor—acceptor bonds whose strength
is comparable to that of the bonds involving Al3+. Compari-
son of the charge density and Wiberg indices of the FeSi5O6.
,(OH)12Na and AlSi5O6(OH)12Na clusters formed on iso-
morphous substitution of Si1*"1" in the six-membered silicon-
oxygen ring showed that the Al3+ and Fe 3 + ions have identical
effects on the properties of the skeleton; the Fe—Ο bond is
stronger than the Al-0 bond.

6. The State of Be2 +

The isomorphous substitution of the atoms of the silicate
skeleton by Be 2 + ions has been observed in natural minerals:
in helvin Mn^BesO^S, whose structure is similar to that of
sodalite NaitAlaSiaO^Cl, with a three-dimensional skeleton
formed by the linkage of silicon—oxygen tetrahedra, and in
tugtupite,11*9 where the isomorphous substitution is of the
type 2A13+ ** Be2+Si' t+. Beryllosilicates with the analcime
structure have been synthesised 1 5 0 ' 1 5 1 at 150-400 °C in the
course of 1—3 weeks from gels having the composition
NaBe l t 5Si2O6 and NagBei.s.Si^sOiz.NaCl. The formula
Nai6BeeSiif0O96(H2O)i6 has been proposed for the final
product. Its derivatograms showed an exothermic peak at
150—500 °C. The authors attributed its appearance to the
removal of zeolitic water.

It has been noted 1 5 1 that the size of the unit cell and the
refractive index of the products formed decrease linearly
with increasing degree of isomorphous substitution 2A13+ ^
Be^Si1**. These facts are regarded as proof of the occur-
rence of isomorphous substitution. Thus the unit cell of
Na3Al2xBe1.5_xSi5_a:O13(lt_a;c)> synthesised under condtions
with 0 ύ χ i 1.5, varies from 13.72 A for the zeolite without
Be 2 + cations to 13.36 for beryllosilicate, while the refractive
index varies correspondingly from 1.48 to 1.519.

The state of the Be 2 + cations in the solid state can be
investigated by NMR. The interpretation of the 9Be NMR
spectra is made difficult by the high sensitivity of the
spin—lattice relaxation, which requires an exact determina-
tion of the strengths of the pulse for each specimen analysed,
and by the low intensity of the signal obtained. The
[Be(H2O),J2 + ion gives rise to a narrow resonance line at 50
and 1000 Hz, which indicates a symmetrical tetrahedral
environment with quadrupolar interaction whose extent is
close to zero.

It has been concluded152 that a Be 2 + ion in a tetrahedral
environment gives rise to an NMR signal in a stronger field
than the same ion in the tricoordinate state. A Be 2 + ion in
a three-membered environment gives rise to a 9Be NMR
signal with a chemical shift <5, relative to [Be(H2O)J2+(NO3)2,
ranging from -21 to -11 p.p.m., while the same ion in a
tetrahedral environment gives rise to a signal ranging from
-12 to +1 p.p.m. The substitution of the negative ions of
the environment by ions with a higher negative charge leads
to a downfield shift of the signal. The introduction of
strong bases into the environment of Be 2 + causes an upfield
shift of the signal. For example, the substitution of CHI by
Cl~ in the first coordination sphere of the Be 2 + cation results
in a shift of the NMR line from -4.2 to -5.5 p.p.m. The
9Be NMR spectra of BeCl2 in dimethyl sulphoxide, diethyl
ether, and ammonia have δ = -5.5, -3 .1 , and -1.7 p.p.m.
respectively.

The state of Be 2 + in beryllosilicates with the zeolite ZSM
structure was investigated by the 9Be NMR method for the
first time by lone and co-workers.132»133»137 The spectra
consisted of a single signal, whose chemical shift relative
to that of 9Be in the spectrum of sodium beryllate was
-5.8 p.p.m. (Fig. 7a). The character of the spectrum
differs also from that of beryllium oxide. The intensity
of the 9Be NMR signal is proportional to the amount of
beryllium determined by chemical analysis. Comparison of
the 9Be NMR signal intensity and the Be 2 + content determined
by chemical analysis showed that most of the Be2 + ions in
the silicate synthesised are fixed in the crystalline silicon-
oxygen skeleton.1 5 3

7. The State of P5 +

Like Si1*"1", the P 5 + cation can have a tetrahedral oxygen
environment and can form a three-dimensional phosphorus-
oxygen skeleton. Bearing in mind the similarity of the radii
of the above cations, one may expect the occurrence of the
isomorphous substitution PO3," -^ SiO£~. In nature, this
phenomenon has been observed in the mineral viseite, which
is a structural analogue of analcime.21f

Phosphorus-containing crystalline silicate with the analcime,
chabazite, phillipsite-harmotome, and type A, L, and B(P)
zeolite structures, containing 5—25% [of phosphorus? (Ed.of
Translation)], have been synthesised.151* It has been
established that the lattice constant diminishes with increasing
P2O5 content in the type Υ zeolite (thus a = 12.249 A in the
presence of 5.2% of P2O5 and α = 12.232 A in the presence of
10% of P 2O 5). The increase of the cell parameter is caused
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by the fact that the length of the P-O bond (1.54 A) is
smaller than those of the Si-0 (1.61 A) and Al-O (1.75 A)
bonds. With increase of the P2O5 content in the type A
zeolite, the intensity of the refraction also changes almost
linearly. These data enabled the authors151* to conclude
that the Si1*"1"* P 5 + isomorphism occurs in the type A zeolite
synthesised.

The state of the B 3 + ions in a silicate isostructural with the
zeolite ZSM-11 has been studied systematically as a function
of the conditions of their synthesis;132·133»135»136 the ele-
mentosilicates were synthesised by the method of lone et al.130

Two lines were observed in the U B NMR spectra of boro-
silicates—a symmetrical narrow line with a width of ~1.7 kHz
and a chemical shift of -23.3 p.p.m. (signal I) and a broad
line with δ = -17 - 64 p.p.m. (signal II).1 3 5

50 p.p.m.

Table 8. The unit cell parameters as a function of the ratio
B/(B + Si) in borosilicates with the zeolite structure.157

Figure 7. The 9Be NMR spectrum of crystalline beryllo-
silicates; SiO2/BeO2 ratio in initial hydrogel: a) 60; b) 30.137

8. The State of B 3 +

It has been established that B 3 + cations in a tetrahedral
coordination are present in the BFi, BH^, [HB(OR)3]~, and
[B(C6H5)iJ~ anions. In compounds with oxygen, boron
forms either a planar structural BOi unit with angles of 120°
between the bonds or boron-oxygen tetrahedra (in glasses).
In solutions, B(OH)3 polymerises with formation of cyclic
polymers, whose presence has been established also in
crystalline borates. The latter include both BOI groups
and BOi; groups and consist of six-membered rings of the
type

This has been demonstrated by X1B NMR.
The boron phosphate BPOi», obtained by the interaction of

boric and phosphoric acids, includes a tetracoordinate boron
atom; the phosphate contains B-O-P linkages, l l>0

Borosilicates and aluminoborates with zeolite structures
have been synthesised in many studies. The substitution of
SiH+ by B 3 + cations in the zeolite skeleton was not demon-
strated by Barrer and Marchilly.155 It has been suggested156

that boron cations are occluded in the zeolite cavities in the
compound NaBO2 or ΝβΒ(ΟΗ).». These conclusions conflict
with data1" according to which all the unit cell parameters
of borosilieates decrease almost linearly with increase of their
B2O3 content (Table 8). The B2O3 content was determined
from the amount of the carbon-containing precursors of
borosilicates. Simultaneously with increase of the ratio
B/(B + Si), a transition from the monoclinic to the ortho-
rhombic system was observed.

B/(B + S!)

0
0.007
0.016
0.022
0.041
0.049
0.109

a, A

20.117
20.087
20.050
20.022
20.002
19.974
19.934

».A

19.874
19.852
19,822
19.816
19.805
19.774
19.716

c, A

13.371
13.364
13.372
13.340
13.334
13.306
13.269

d.X

90.62
90.46
90.00
90.00
90.90
90.90
90.00

c, A>

5345.5
5329.3
5314.3
5292.6
5282.1
5255.9
5215.0

The NMR spectra of the glasses usually show two types of
lines due to the boron atoms in different coordination
environments.158 At a frequency of 30 MHz, a second-order
quadrupolar splitting of ~15 kHz occurs for boron atoms in
ternary coordination, which corresponds to a quadrupolar
interaction constant of ~2 MHz. For tetracoordinate boron
atoms, the quadrupolar interaction constant is much smaller.
As a result of the latter, the spectrum of boron in a tetra-
hedral oxygen environment does not exhibit second-order
splitting even at low frequencies; the line due to boron
atoms in a tetrahedral environment is comparatively narrow
and symmetrical. As a result of this, the narrow symmetri-
cal line I, observed in the NMR spectra of borosilicates, can
be assigned to boron atoms in a tetrahedral oxygen environ-
ment.

With increase of the ratio OH/SiO2 in the initial borosilica
sol, the chemical shift of the U B NMR signal in the spectra
of the resulting borosilicates did not change, but the
intensity of the main spectral line with δ = -23.3 p.p.m.
(signal I) 1 3 5 diminished. The degrees of crystallinity of
the corresponding borosilicate change in the same sequence
(NaB-0.1 > NaB-0.2 > NaB-0.3) with virtually identical total
B2O3 contents in these substances (Table 9). The increase
of the crystallisation time from 48 to 144 h (NaB-0.1 speci-
mens) led to a comparatively small decrease of the intensity
of signal I without change in the chemical shift and line
width. The degree of crystallinity of the corresponding
specimens (NaB-0.1 series) hardly changed under these
conditions, but their B2O3 content diminished somewhat.
With decrease of the B2O3 concentration in the specimens
(from 4 to 0.7%), the intensity of signal I in the 1XB NMR
spectra also fell.

Comparison of all the data enabled the authors135'137 to
postulate that signal I with δ =-23.3 p.p.m. corresponds
to boron atoms fixed in the crystalline part of the boro-
silicate synthesised as part of the composition of the silicate
skeleton. Significant differences have been observed
between the X1B NMR spectra of freshly prepared specimens
and the same specimens after a test in the catalytic conver-
sion of methanol and after subsequent regeneration by
annealing in air at 520 °C. The intensity of signal I in the
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U B NMR s p e c t r a decreases s h a r p l y , while t h e in tens i ty of
the broad band i n c r e a s e s . In t h e course of t h e treatment
of borosil icates at elevated t e m p e r a t u r e s in t h e presence
of water v a p o u r , t h e Si—Ο—Β linkages a r e probably h y d r o -
lysed with the accompanying displacement of t h e B 3 + cations
from sites with a t e t r a h e d r a l oxygen e n v i r o n m e n t . 1 3 7

δ = -75.5 p . p . m . has been ass igned to Si-COGa)!» and t h a t
with δ = -81.5 p . p . m . h a s been ass igned to Si—(OGa) 3 . The
2 9 Si NMR spectrum of Ga-thomsonite includes s ignals with
δ = -82.9 and -83.5 p . p . m . The MAS 7 1 Ga NMR spectrum
h a s been m e a s u r e d 1 3 2 » 1 3 7 for a gallosilicate with t h e ZSM-11
s t r u c t u r e , obtained b y t h e method of lone et a l . 1 3 0 , and was
found to contain one broad band with a chemical shift re lat ive
to G a ( N O 3 ) 3 of 154-155 p . p . m . ( F i g . 8 ) .

Table 9. The influence of t h e ratio OH/SiO 2 in the initial
mixture and of t h e crystal l isation time τ on the content of
t h e borosilicate p h a s e i s o s t r u c t u r a l with the ZSM-11 zeolite
(crystal l isat ion t e m p e r a t u r e 150 °C, SiO 2 /B 2 O 3 = 6 0 ) . 1 3 5

+ 155
0.5 p.p.m.

Specimen

NaB-0.1

NaB-0,2

NaB-0.3

OH/SiO.

0.1
0.1
0.1
0.1

0.2

0.2
0.3

r, h

48
78

120
144

48

120
48

[B2O3],
wt.%

1.6
1.5
1.4
1.2

1.8

1.1
2Λ

ί,η,ν1

570
580
530
540

170

120
180

CZP, %

90
100

95
90

30

16
20

'rel

1.0
0.9
0.8
0.7

0.4

0.2

Notation: [B2O3] = B2O3 concentration in the silicate and
Irel = relative intensity of signal I in the U B NMR spectrum.

9. The State of Ga 3 +

The structure and properties of the oxygen-containing
Ga3 + compounds are similar to those of aluminium oxides. l l f 0

Gallium trioxide c-Ga2O3 as well as gallate ions contain both
tetracoordinate and octacoordinate Ga 3 + ions.

Chabazite and phillipsite have been synthesised1 5 9 in the
presence of Ga3 + cations, but evidence for the isomorphous
substitution of Si1*"1" by Ga3 + was not published. A type X
zeolite has been synthesised1 6 0 in the presence of Ga3 +

cations and a change in the unit cell parameters was
observed. Sodalite with the ratio SiO2/(Ga2O3 + A12O3) =
1.28 and Na-GaX (1.14), Na-GaX (1.42), and Na-GaY (2.17)
faujasites have been obtained1 6 by the hydrothermal method.
The A12O3 content in these silicates was ~1% of the amount of
Ga2O3 introduced. The state of the Si1*"1" and Ga3 + ions in
the zeolite was investigated by 29Si and 71Ga NMR respec-
tively and it was shown that the intensity of the NMR signal
depends on the Si/Ga2O3 ratio, which was determined by
chemical analysis. 1 6 0 ' 1 6 1

Comparison of the chemical shifts of the 29Si NMR signals
of zeolites having the silicon—oxygen composition and their
gallium analogues160»161 showed that the introduction of Ga
instead of Al diminishes somewhat the shift of the peaks
corresponding to the Si—(OM)n groups, where Μ = Ga or Al.
The intensity of the peaks corresponding to the Si-OM and
Si—(OM)2 groups in the case of Ga-sodalite is smaller than for
the Al—Ga-zeolites.

A 2 9Si NMR signal, whose chemical shift is also smaller than
in the case of the aluminium-containing analogues, is charac-
teristic of type X and Υ gallium-containing zeolites. The
relative intensities of the peaks in the 2 9Si NMR spectra of
Ga- and Al-faujasites are similar, which indicates the
identical character of the distribution of the corresponding
elements in both cases.

The 71Ga NMR signal of the zeolite Ga-Y, obtained by
Thomas et a l . 1 6 1 , is broad and its chemical shift relative to
Ga(NO3)3 is -182.5 p.p.m. The 2 9Si NMR signal with

Figure 8. The 71Ga NMR spectrum of crystalline gallosilicates
with the ZSM-11 structure; SiO2/Ga2O3 ratio in the initial
silica sol: a) 60; b) 30. 1 3 7

The set of data obtained by the 29Si and 71Ga methods
justifies the assumption that the degree of isomorphous
substitution and the character of the distribution of the Ga 3 +

ions in the silicon—oxygen skeleton are similar to the corre-
sponding parameters for Al3+.

Thus, depending on the type of the cation and the condi-
tions in the hydrothermal treatment of the initial gel in the
thermochemical treatment of the finished products, the
modifying element M n + can be fixed (1) in the composition
of the individual (oxide or hydroxide) phase within cavities
or outside the silicate crystals with the corresponding
octahedral (for transition metal cations) and ternary (for
boron) coordination, (2) in cationic sites in the form of
species neutralising the negative charge of the skeleton, and
(3) in the silicon—oxygen skeleton with a tetrahedral sym-
metry of the environment comprising oxygen atoms at sites
isomorphous with respect to those of the Si1** cations. The
catalytic properties of the silicates should depend signifi-
cantly on the state and the degree of coordination of the
M n + cations. Thus in the first case the individual phase
can behave under the reaction conditions as an inert additive
or can exhibit catalytic activity in oxidation-reduction reac-
tions. The conversion of methanol on silicates with such
additives can proceed with decomposition to CO and H 2. The
M n + cations fixed in silicates in accordance with types 2 and 3
should influence the acid—base properties of the latter.
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V. CATALYTIC PROPERTIES

Crystalline silicates with zeolite structures (elementosili-
cates) are binary oxide systems like zeolites themselves.
According to general ideas developed by Pauling1 and
Tanabe,1'2 the acid-base properties of the binary oxides
are determined by the incomplete compensation of the charges
of the oxygen ions in polyhedra differing in the charges of
their cations. Thus an uncompensated charge Ζ is generated
on the oxygen atoms of the two polyhedra M'Oi* and Μ'Όι*

( Μ " Λ +

with n1 Φ n2. According to Pauling's second rule,162 the
charge of the anion must be equal to the sum of the electro-
static forces of the bonds between the anion and the
surrounding cations. The electrostatic strength of the
bond is defined by Pauling as the ratio of the charge of
the cation (enj) to its coordination number (c). Hence
the following formula is obtained for oxygen atoms in binary
oxides:

L. -| ·
c c

The formation of a proton-donating centre on a polyhedron
with an excess charge takes place (a) on substitution of the
cation, compensating for the excess charge of the poly-
hedron, by a proton; for example, we have for silicates
with a tetrahedral coordination of the cation

• Na+ •l(OSi)»(OM)Ml(<
l(OSi)B(OM)«_,

( b ) In the heterolytic dissociation of water molecules in the
field of the o x y g e n atoms of the polyhedron and the cation
compensating for the charge:

l(SiO)B
- · H+

Μ

The energy of the ^)0...H bond in the /O...H group should

Si
diminish in a series of polyhedra with the cations M+ > M2+ >
M3+, because the excess charge on the oxygen atoms
decreases in the same sequence. For this reason, if the
mobility of the proton in the [(SiO)n(MO)J (-n] ( l '~n )"H+ group
is adopted as a measure of its proton-donating activity, then
the mobility should decrease in the sequence M3+ > M2+ > M+.

Thus the proton-donating activity of silicates incorporating
triply charged ions at sites isomorphous with those of Si1 |+

should be greater in the presence of doubly and singly
charged cations.

Evidently the strength of the acid centres of silicates
incorporating M n + cations with identical charges should
depend on the radius of the cations. The strength of the
acid centres has been compared163 with the difference between
the electrostatic potentials (AV) of the BOX and AOy poly-
hedra at the sites of the Β -*• A substitution:

= 2 (flilrfoo —

where q4 i s the charge of the ion at a distance rj from the
site A in the B O x . n A O y matrix.

If one beg ins with the fact that the degree of polarisation
of the O-H bond in the [ ( S i O ) n ( O M ) ^ _ n ] t ' * ~ n ) " H + group
depends on the electrostatic potential e/r in the field of the

cation Μ and if the M-0 bond length in the silicate is the
same as in the oxide of Μ, then the acidity of the OH group
in silicates incorporating triply charged cations should
diminish in the sequence B 3 + > Al3+ > Ga3+ > Fe3 + > In 3 + with
decrease of e/r for these cations. However, this approxima-
tion has little predictive power, because the assumption of
the equality of the M-0 bond lengths in the silicate and the
oxide has not been confirmed experimentally.

No studies have been published hitherto in which the
variation of the strength of the acid centres of silicates was
estimated as a function of the nature of the cation M n + sub-
stituting Si"*+ isomorphously in the silicate skeleton. So far
there have been few studies in which the strength of the
acid centres of such systems has been determined experi-
mentally. Their comprehensive investigation is only
beginning. The XH NMR method has been applied161* in a
comparative determination of the proton-donating strength
of the OH groups in the zeolite ZSM-5 and borosilicate
(H-borolite). The authors based their conclusions on the
assumption that the chemical shift of the 1H NMR signal
reflects the degree of shielding of the proton nuclear spin
by electrons and can serve as a measure of acidity. The
authors observed that the XH NMR spectra of the two speci-
mens each contain two signals—with 6 = 6 and 2 p.p.m.
(ZSM-5) and 3.5 and 2 p.p.m. (H-borolite). The signal at
δ = 2 p.p.m. was assigned to the Si-OH groups, that with
6 = 3.5 p.p.m. to the Si—Ο—Β groups, and that with <S =
6 p.p.m. to the Si-O(H)-Al groups. The authors16"
concluded that the acidity of the OH group also increases
in this sequence.

The catalytic activity of the solid surface is known to
depend not only on the strength but also on the concentra-
tion of the active centres present on it. It has been estab-
lished1 6 5 on the basis of the relative intensities of the
X1B NMR signals of the boron cations having tetrahedral
and ternary coordination in borosilicates with zeolite struc-
tures that only 5-10% of the total number of the B 3 + detected
in the specimens by chemical analysis is fixed in the former
state.

It has been demonstrated11*7 by X1B and 71Ga NMR that not
more than 10—20% of the total amount of the elements which
were determined by chemical analysis in the hydrothermal
crystallisation product are present in a tetrahedral oxygen
environment in zeolites with the erionite structure syn-
thesised in the presence of the B 3 + and Ga3+ cations.

Thus the true concentration of the cations substituting,
isomorphously the silicon atom in the silicon—oxygen skeleton
and hence also the number of the catalytically active centres
can be much less than the total content of the given element
in the silicate. The latter factor hinders the determination
of correlations between the nature of the M n + cations fixed
at isomorphous sites and the catalytic properties of the sili-
cates. Nevertheless the data considered above show that the
hydrothermal synthesis of the sources of SiO2 in the presence
of sources of multicharged M n + cations leads to the formation
of silicates with the zeolite structure, whose catalytic proper-
ties differ from those of aluminosilicate zeolites.

1. Germanium-containing Elementosilicates

The catalytic properties of the NaGe—X faujasite, syn-
thesised from the Al— Ge gel and having the composition
Νβ75.8(ΝΗΟΖ0.2(Α1θ2)96(ΟβΟ2)96 have been investigated166 in
the isomerisation reaction of n-butenes at 150—350 °C. Com-
parison of the properties of the faujasites based on AI2O3—
SiO2 (HX and HY) and Al2O3-GeO2 (HGeX) led to the fol-
lowing findings.
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1. For high degrees of ion exchange, significant break-
down of the crystal lattice of the germanosilicate is observed
as a consequence of the lower stability of the germanium-
oxygen zeolite skeleton compared with that of the silicon-
oxygen skeleton having an analogous structure.

2. In the presence of HGeX specimens, the isomerisation
of n-butenes proceeds in accordance with a first-order equa-
tion without change in the kinetic parameters for 3.5 h, while
in the presence of HX and HY the first order of the reaction
is maintained only in the first 6 min after the start of the
experiment. The catalytic activity of the zeolite HY falls
during 1.5 h by a factor of 7, while the activity of HGeX
does not change during this period.

3. The activation energy and selectivity of the process
are close to those observed for HX and HY when the reac-
tion is carried out in the presence of HGeX.

4. The rate of reaction, referred to a single active centre,
and the average acidity of the OH groups diminish with
increase of the Si, Ge/Al ratio in the zeolite HGeX. The
process proceeds, as for the Η Υ and HX catalysts, with
participation of Br^nsted acid centres.

2. Boron-containing Elementosilicates

Boron-containing faujasites have been investigated in the
cracking of cumene39 and it has been shown that their
catalytic properties resemble those of the Al, Si-faujasites.

Data55»58 concerning the catalytic properties of boron-
containing silicates (borolites) in the synthesis of t-butyl
methyl ether (TBME) from methanol and isobutene are of
great interest. It has been shown that at 150-170°C it is
possible to attain a high degree of conversion of the initial
reactant and that the yield of TBME in the presence of
type B, C, and D borolites is 96-99.3%. The borolites
proved to be highly selective and stable catalysts of the
decomposition of TBME to isobutene and methanol over a wide
temperature range; they ensure a selectivity of 99.8% and
do not induce the subsequent conversion of isobutene and
methanol. In contrast to this, in the presence of alumino-
silicate zeolites methanol can be dehydrated with subsequent
redistribution of hydrogen in the resulting olefins. The
type C borolite acts as a catalyst of the alkylation of benzene
by ethylene at 450 °C, a space velocity of 4 h" 1, and for the
ratio benzene/ethylene = 5.69·70

According to the data in Ref.71, borolites are catalytically
inactive in the synthesis of hydrocarbons from methanol.
Bragin et al.6 7 arrived at the opposite conclusion having
established that borolites with the zeolite structure exhibit
a high activity and selectivity in this reaction. The catalytic
properties of borosilicates in the synthesis of hydrocarbons
from methanol have been investigated129"137 as a function of
the state of the boron atoms in the silicate skeleton and of the
content of the Al3+ admixture in them. Under the same
conditions, the highest degree of conversion was attained
in the presence of boron-containing aluminosilicates with
SiO2/Al2O3 ratios of 126 and 220 (Table 10, specimens 1
and 2). The catalytic properties of these specimens are
typical for type ZSM zeolites with the same SiO2/Al2O3 ratio.
At 380 °C the degree of conversion of methanol is close to
100% and the fraction of C5 and higher hydrocarbons is 57 to
60% of all the hydrocarbon reaction products and includes
16-27% of aromatic compounds.136

The borosilicates in which the A12O3 content is very low
(SiO2/Al2O3 > 1000) and the SiO2/B2O3 ratio is 25 and 46 have
sharply different catalytic properties from those of alumino-
silicates (Table 10): at 380 °C the main reaction product is
dimethyl ether and C 2-C 7 olefins. The content of aromatic

hydrocarbons in the reaction products is less than 2%.135

With increase of the reaction temperature from 380° to 500 °C,
the content of dimethyl ether in the reaction product falls
(from 54 to 56% for specimens with SiO2/B2O3 = 30), while
that of aromatic and aliphatic hydrocarbons increases
sharply (from 1.2 to 13.6 and from 32.5 to 67.8% respectively).
However, after the reaction—regeneration cycle, the selec-
tivity of the action of the catalysts changes: the selectivity
diminishes with respect to the higher hydrocarbons and
increases with respect to dimethyl ether.

Table 10. The degree of conversion of methanol and the
composition of the reaction products in the presence of
boron-containing silicates* with the ZSM-11 structure.3 6

Silicate

Boroaluminosilicate-1
Boroaluminosilicate-2
Borosilicate No. 3
Borosilicate No.4
Borosilicate No.5
Silicalite

Chemical compo-
sition of silicate

δ"

0.08
0.12
0.03
0.05
0.05
0.05

ο"
iff

37
102
25
46

135
—

I
126
220

1000
1000
1000
1500

100
100

76
69
42

1—2

Composition of carbon-containing

*

D
M

E
**

traces
10.2
54.3
79.1

100.0
100

reactions products, %

vl

_
32.5
15.6

0
0

ο

ar
om

at
i

hy
dr

o-
ca

rb
on

s

27.4
16.2

1.2
1.6
0
0

CM

Ml
57.0
61.6
10.4

4.3
0
0

Μ

If
43.0
28.2

2.8
1.0
0
0

"'Reaction temperature 380 °C, contact time (gas phase)
20—30 s, methanol content in mixture 20 vol.%, pressure
1 atm.
••Degree of conversion of methanol.

•••Dimethyl ether.

Cyclic compounds were not detected in the reaction
products for specimens with SiO2/B2O3 = 135 and silicalite
(Table 10). These results show that the high catalytic
activity of boron-containing zeolites in reactions involving
the synthesis of aliphatic and aromatic hydrocarbons from
methanol, observed in some investigations, is due to
admixtures of aluminium. Nevertheless, there is a relation
between the content of B2O3 in borosilicates and the degree
of conversion of methanol, which supports the hypothesis that
the B 3 + cations enter into the composition of the active cen-
tres. However, as shown above, a considerable proportion
of the boron cations are displaced from the silicate skeleton
on elimination of cations and in the reaction-regeneration
cycles. The boron atoms remaining in the tetrahedral
coordination at sites isomorphous with those of silicon (or
aluminium) atoms apparently constitute a significant propor-
tion of the entire B2O3 introduced.

It has been established in a number of studies1 6 7"1 7 1 that
borosilicates with the structure of type ZSM zeolites are
highly selective catalysts of the synthesis of olefins from
methanol. The content of aromatic hydrocarbons in the
reaction products obtained166 at 500 °C and for a 100% degree
of conversion of methanol in the presence of borosilicates was
5.4—13.8% and the selectivity with respect to the sum of the
Cz-d» olefins was 56-70.9%. After treating the borosilicate
having the ratio SiO2/B2O3 = 35 with hydrochloric and
hydrofluoric acids, its selectivity with respect to olefins
increased to 78.9%. The same result was obtained in other
investigations169'170 at a reaction temperature of 550 °C. It
is known that the content of olefins in the products obtained
in the presence of aluminosilicate zeolites with the same
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structure (pentasil) and under the same conditions is not
more than 20-30%, while the content of aromatic hydrocarbons
in C5 and higher fractions is up to 60-80%.

The appreciably lower catalytic activity of borosilicates
compared with aluminosilicates containing approximately the
same amount of B2O3 has been attributed135»137»171 to two
causes: (1) the catalytic activity of the Si—(OB)n groups
of the silicate skeleton in reactions involving an acid—base
mechanism is appreciably lower than that of the Si-(OAl)n

groups; (2) the actual content of boron cations in the
silicon—oxygen skeleton at isomorphously substituted sites is
extremely low.

3. Elementosilicates with Transition Metal Cations

The catalytic properties of silicates where the Cr3+, Pt"*+,
•\Λ+, Μο6+, and Zn2+ cations were introduced into the initial
mixture before hydrothermal synthesis have been investi-
gated82 in the disproportionation of toluene. The dispropor-
tionation was carried out in an atmosphere of hydrogen at a
pressure of 400 Ν cm"2, for the ratio Η2/hydrocarbons = 2,
and at temperatures in the range 455-593 °C. The degree
of conversion of toluene reached 14—31.8%. The same
catalysts were tested in the hydrocracking of the petroleum
fraction with T n D = 107-185 °C at a pressure of 70 Ν cm"2,
for the ratio H2/hydrocarbons = 3, and at temperatures in
the range 480-540°C.106

Silicates with the ZSM-5 structure, synthesised in the
presence of Cr3+, have been investigated in the alkylation of
toluene by methanol. It has been established that the
chromosilicates (Cr-ZSM) with SiO2/Cr2O3 ratios of 107
and 38.5 differ in the selectivity of their action from alumino-
silicates with the same type of crystal structure (Al— ZSM).
For a degree of conversion of methanol of 21—23%, the selec-
tivity with respect to the total xylenes in the presence of
chromosilicates was 94—99.2%. The content of p-xylene
among all the xylene isomers then reached 90.9—58.2%, which
is much higher than the equilibrium content (25%). For the
chromosilicate impregnated with boric acid, the content of
xylenes in the reaction products at 450° and for a degree of
conversion of toluene of 20.13% was 86.28% and the content of
p-xylene among all the xylenes was 74.55% under these condi-
tions. At 500 °C and for a degree of conversion of toluene of
24.1%, these values were respectively 92.36 and 72.7%. The
authors172 suggest that the high para-selectivity of the
chromosilicates is due to several causes: the influence of
diffusion-dependent limitations, a higher concentration of
strong acid centres than in aluminosilicates, etc. The ferro-
silicates with the crystal structure of zeolites of the pentasil
group have been tested as catalysts of the isomerisation of
xylenes.1 7 3 The content of p-xylene in a mixture of aromatic
hydrocarbons containing xylenes and ethylbenzene increased
as a result of the isomerisation reactions in the presence of
ferrosilicates at 340°C and atmospheric pressure from 7.4 to
14.5% (to 14.4% in the presence of aluminosilicate), while the
content of m-xylene diminished from 55 to 40.1%.

The conversion of methanol has been investigated in the
presence of a phosphorus-containing silicate with the ZSM
structure.82 The reaction was carried out in an atmosphere
of H2 at a pressure of 3.5 atm, with the ratio H2/hydrocar-
bons = 2, and at temperatures of 372° and 400 °C. The
specificity of the action of this catalyst compared with
aluminosilicate zeolites is difficult to judge on the basis of
the data presented , 8 2 because the content of aluminium in
each specimen is not indicated. This precludes the estima-
tion of the influence of the modifying element on the catalytic
properties of the silicates synthesised.

Aluminosilicate zeolites with the chabazite and erionite—
offretite structures have been synthesised151 from gels con-
taining sources of boron, titanium, gallium, and zironium.
Catalytic data are presented for lanthanum-containing
chabazite and erionite. The selectivity in the synthesis
of olefins from methanol proved to be higher by 1—2% (82 to
83%) in the presence of these catalysts than in the presence
of the Η-form of chabazite not containing lanthanum (81%).
It was demonstrated in the same studies that the selectivity
of the action of type ZSM-5 zeolites, synthesised in the
presence of sources of Zr1*"*" and Ti1**, in the synthesis of
olefins from methanol is higher by 8-9% (64-65%) than for
the usual ZSM-5 zeolite (56%). However data concerning the
content of A12O3 in the test specimens and the state of the
titanium and zirconium cations are not presented in the above
communication.

A detailed study has been made of the catalytic properties
of silicates with the structure of ZSM zeolites, synthesised
in the presence of transition metal cations but without the
addition of sources of aluminium, in reactions involving the
synthesis of hydrocarbons from methanol.129"137 The
catalytic properties of the silicates synthesised were com-
pared with those of crystalline silicon oxides having the
structure of the ZSM-11 zeolite (silicalite) with the composi-
tion 0.02Na2O.Al2O3.IOOO SiO2 and obtained by a method
analogous to that of lone et al.130 At 380 °C methanol is
converted to an extent not more than 50% in the presence of
silicalite and the main reaction product is dimethyl ether
(88—99%); hydrocarbons were also formed in trace amounts.
The activity of silicalite was accounted for by the presence
of the Al3* admixture at sites isomorphous with respect to
those of the Si"*+ cation. A similar low activity and selec-
tivity with respect to C2— C1 0 hydrocarbons and a high selec-
tivity with respect to dimethyl ether was shown by silicates
containing the V"+, Cr3+, Mn2+, Cu2+, Eu3+, and In3+cations.

According to the data of Vostrikova et al.13*, the degree of
conversion of methanol in the presence of manganese-con-
taining silicates was 2—5% and the main reaction product was
dimethyl ether. The low catalytic activity was observed
both for the specimen where 90% of the manganese (according
to EPR data) was in the state of Mn2+ ions and for the speci-
men in which 90% of the manganese introduced was not
detected by EPR.

The silicates of the triply charged Ga3+ and Fe3+ ions as
well as beryllium silicates manifested a high catalytic activity
in the conversion of methanol into hydrocarbons.132·133 The
selectivity with respect to C2-C1 0 hydrocarbons at 410-450 °C
was 60-98% (Table 11). In the presence of type ZSM-5 and
ZSM-11 zeolites, the degree of conversion of methanol under
the conditions investigated was not less than 95-98%. The
reaction products contained 22—38% of light Ci—Ĉ  hydrocar-
bons and 60—70% of liquid hydrocarbons. Mainly propane
and butane were detected in the Ci-Ci, fraction, while the C5

and higher fractions were found to contain aliphatic aromatic
alkyl-substituted compounds. The overall content of
products agreed on the whole with that quoted in a review.26

The amount of aromatic hydrocarbons in the reaction product
increased with decrease of the ratio SiO2/Al2O3 in the catalyst.
Thus, it amounted to 46% for SiO2/Al2O3 = 38 and to only 22%
for SiO2/Al2O3 = 280.137

A series of studies have been carried out in which the
combined substitution of the Si1*"1" cations by aluminium atoms
and another cation (Cu-Al, Al-Fe, etc.) was achieved.171*
The introduction of copper or iron ions into the alumino-
silicate at the hydrothermal synthesis stage altered the
selectivity of their action. Thus, for the same A12O3 con-
tent, the amount of aromatic hydrocarbons in the reaction
products, obtained from methanol, was less in the presence
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of aluminoferro- and aluminocupro-silicates and greater in
the presence of aluminosllicates. A sharp change in the
selectivity of the action of silicates was attained after the
complete replacement of AI*+ by Fe s + in the latter. Thus
the amount of aromatic reaction products did not exceed 10%
in the presence of iron silicates whose A12O3 content is at the
level of impurities (less than 0.1%) and the Fe2O3 content is
not less than 1.5%. On the whole, the fraction of aromatic
hydrocarbons in the product obtained under the same condi-
tions in the presence of catalysts with identical A12O3 or
Fe2O3 contents (Fig. 9) diminished in the sequence SiO2—
A12O3 > SiO2-Al2O3-CuO > SiO2-Al2O3-Fe2O3 > SiO2-Fe2O3.

Table 11. Catalytic properties of silicates with the zeolite
structure containing Group I—VIII elements in methanol
conversion reactions.

Modifying
element

Pb
Se
Te
Sn
Sb
Eu
Zn
Mn
Ti
In
V
Cr
Nd
Be
Β
Ga
Al
Fe
Fe

SICVMnOm

1000
443

1000
335
280
535

1000
78
77

367
663
480
112
700

91
46

210
58
57

109

a. %

Products, wt.%

CO, CM. DME
C2-C10
hydro-
carbons

Reaction temperature 380 'C

2.5
41.0
66.0

6.0
25.3
18.0
25.0

5.8
2 - 5
2 - 5
29.0
45.0
45.6
39.0
82.5
69.6
93.5
96.0
84.0
86.0

0.4
0.2
0.3
3 0

12.3
18.4
21.5
58.3

—
_

7.3
1.2
0.4
1.1
0.7
0.5
2.0
0.7

99.6
99.8
99.7
97.0
87.3
81.6
78.5
41.7

100.0
100.0
100.0
100.0

92.4
97.7
81.0
79.0

6.4

12.7
37.4

_
_

_

_

_
0.3
1.1

18.6
19.9
92.9
99.5
85.3
61.9

0. %

Products, w

CO. CH, DME

t.%

^2-ClO
hydro-
carbons

Reaction temperature 410 °C

69.4
41.2
76.0
40.0
31.9
29.0
37.0
39.0

29.0
57.0
43.0
61.0
45.0
87.2
74.0
97.0
99.6
96.5
92.5

2.4
3.2
1.7
0.5

21.3
51.2
46.5
80.0

51.2
0.4

23.0
1.7
1.1
5.3
0.9
1.2
2.5
1.2

88.1
96.8
97.9
97.5
78.7
48.8
51.2
20.0

48.8
99.2

100.0
75.2
96.6
50.3
24.9

1.0

2.5
7.4

9.5

0.4
2.0

2.3

_

0.4

Γ.8
1.7

48.6
69.7
98.1
98.8
95.0
91.4

cu, wt.%
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Figure 9. The content of aromatic compounds (c_j.) in the
hydrocarbon methanol conversion products as a function of
the M2O3 content in the crystalline silicate with the ZSM-11
structure (for reaction at 380 °C); rate of supply of liquid
•methanol 1 IT1; composition of silicate: 1) SiO2-Al2O3;
2) SiO2-Al2O3-CuO; 3) SiO2-Al2O3-Fe2O3; 4) SiOz-Fe^.

Thus, for the same M2O3 content in the silicate, the
aromatisation reactions proceed at the lowest rate in the
presence of iron-containing silicates and at the highest rate

in the presence of aluminosilicates. Analysis of the aliphatic
component of the hydrocarbons formed demonstrated that the
fraction of hydrocarbons with a chain length of C s and above
diminishes in the same sequence owing to the increase of
the fraction of the light C3—d, paraffins and, in the presence
of the SiO2-Fe2O3 system, also the Cs—C^ olefins.171·

A dependence of the rate of conversion of methanol (fc),
referred to one mole of M2O3 in a silicate with triply charged
cations, on the quantity e/r, where e is the formal charge
and r the radius of the cation, has been established137

(Fig. 10). The character of the variation of lgfc as a func-
tion of e/r does not change when the reaction temperature is
raised from 380° to 450 °C: in both cases the curve passes
through a maximum. At 380 °C the maximum corresponds
to gallium silicate and at 450 °C to aluminium silicate (zeolite).
The lowest values of lgfc were obtained for indium and boron
silicates. The maximum content of the C2-C1 0 hydrocarbons,
including olefins and aromatic compounds, in the reaction
products was observed for aluminium and gallium silicates;
the maximum yield of dimethyl ether was noted in those cases
where the amount of hydrocarbons in the reaction products
was lowest.

In
,3+

Figure 10. a) Dependence of the relative rate of conversion
of methanol in the presence of various silicates on e/r at
380 °C (curve 1) and 450 °C (curve 2); b) dependence of
the selectivity S in the formation of various methanol con-
version products in the presence of silicates on e/r at 380 °C:
1) aromatic hydrocarbons; 2) isoparaffins; 3) dimethyl
ether; 4) C2-C7 olefins.137

V I . CONCLUSION

The results presented in the present review show that
silicates with the zeolite structure containing cations of only
one type (Silf+) exhibit no catalytic activity in reactions
involving an acid-base mechanism. Thus hydrocarbons
are not formed from methanol in the presence of silicalite.
Silicates with the structure of zeolites, whose multicharged
cations are fixed predominantly in an octahedral environ-
ment (V1·*, Cr3+, Mn2+, Cu2+) and do not therefore enter
into the composition of the silicon—oxygen skeleton, do not
differ from silicalite as regards the selectivity of their action
with respect to aliphatic reaction products. At 450 °C and
above, methanol decomposition reactions with the predominant
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formation of CO and CHi, (up to 60-90% of all reaction prod-
ucts) take place in the presence of these silicates, which can
be due to the catalytic action of the phase comprising the
oxides of the corresponding cations.

Aromatic hydrocarbons, paraffins, and olefins are formed
from methanol in the presence of silicates in which at least
some of the cations F e 3 + , Ga 3 +, Al3+, Be 2 + , or B 3 + are in a
tetrahedral oxygen environment. The Ε PR and NMR data
suggest that the introduction of these cations into the initial
gel before the hydrothermal synthesis leads to the formation
of active centres having the composition [Si(OM)n(SiO),,-n]^~n)-

The dependence of the activity and selectivity of these
silicates on the quantity e/r for the cations introduced is not
linear, passing through an extremum. The character of the
catalytic action is determined by the fact that not only the
strength but also the concentration of the active centres
depends on the nature of the cation in the silicon—oxygen
skeleton. If the length of the Μ—Ο bond differs in one
direction or another from that of the Si—Ο bond, then major
structural distortions of the silicon-oxygen skeleton should
occur. Since the bond length varies in the sequence
B-0 < Be-0 < Si-0 < Al-0 < Ga-0 < Fe-0 < In-O, then
the greatest distortions in the skeleton are to be expected
for the B-, In-, and Fe-containing silicates.

The concentration of the M n + cations in the silicon-oxygen
skeleton of silicates should depend on the thermodynamic
probability of their fixation in a tetrahedral oxygen environ-
ment relative to another, higher, or lower coordination. The
energy of the stabilisation of the V"+, Cr 3 + , Mn2+, and Cu 2 +

ions in an octahedral coordination is very high and the
incorporation of these cations in the silicate skeleton in a
tetrahedral environment has not been demonstrated. The
B 3 + cations can be fixed in a ternary coordination with a high
de gree of probability.

The fact that mainly olefins or dimethyl ether are formed
from methanol in the presence of silicates containing the B 3 + ,
Be 2 +, and Fe 3 + cations indicates the slow subsequent conver-
sion of these products into aromatic hydrocarbons and
paraffins. Consequently centres having the composition
[Si(OM)n(SiO)^-n]^~n^~. where Μ φ ΑΙ, are much less active
in the hydrogen redistribution reactions in unsaturated com-
pounds than the [Si(OAl)(SiO) k-n] ( l*"n )~ groups.

Bonds of the type

,O-Si—
—Al-O-M—

N } - Si-

may be formed in the synthesis of zeolites (aluminosilicates)
in the presence of multicharged cations M n + introduced into
the initial silica-alumina gel. For the same A12O3 content,
silicates without additives have a higher concentration of the
[Si(OAl)n(SiO)i f-n] ( l*~n )~ centres with high values of η than
the silicates incorporating the M n + cations.

The introduction of multicharged cations, capable of sub-
stituting the Si"*+ and Al3+ cations isomorphously, into
aluminosilicates (zeolites) should therefore diminish the num-
ber of aluminium atoms in a single active centre and hence
the ability of the latter to accelerate the hydrogen redistri-
bution reactions in unsaturated compounds.
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Study of Converse Problems in Chemical Kinetics as a Method for the
Investigation of the Mechanisms of Complex Reactions

E.F.Brin

The application of mathematical modelling methods to the determination of the mechanisms of complex chemical reactions is
considered. On the basis of the analysis of the present state of the mathematical modelling of chemical kinetic processes, it is
shown that the study of converse problems constitutes an extension of the traditional kinetic approach to the construction of
models. A classification of the direct and converse problems in chemical kinetics is proposed. It is shown that converse
problems are of greatest interest at the present time in the identification of the chemical type of the reaction mechanism.
The bibliography includes 133 references.
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I . INTRODUCTION

The determination of the mechanisms of chemical processes
is a complex physioochemical problem, whose solution is based
on the fundamental postulates of theoretical chemical kinetics
and on experimental studies.1"3 The development of com-
puter techniques and progress in the mathematical methods
used in chemistry have altered qualitatively the role of
mathematical modelling in the solution of this problem, having
converted it into a method for the investigation of the mecha-
nisms of chemical reactions just as legitimate as other proce-
dures.1*"6 However, in most studies on the application of
mathematical modelling in chemical kinetics,7"15 mainly prob-
ability-statistical and computational aspects of the problem
of the construction of models are considered and due atten-
tion is not paid to the kinetic aspect. The present review
is devoted to the analysis of the present state of precisely
this, kinetic aspect.

I I . STUDY OF CONVERSE PROBLEMS IN CHEMICAL KINET-
ICS AS A DEVELOPMENT OF THE KINETIC APPROACH TO
THE CONSTRUCTION OF MODELS

One of the main ways of investigating the mechanisms of
chemical reactions involves the kinetic approach.16·17 The
term reaction mechanism has usually come to be understood
as the set of chemical stages making up the process.5»18

In a broader sense, the word mechanism includes funda-
mental kinetic characteristics of the process such as the
determination of the active species in the reaction, the ratios
of the rates of the individual stages, etc.1*»13»19"22 (to make
the treatment concrete, this type of mechanism has been
called22 the kinetic type of reaction mechanism).

The modelling method in the kinetic approach is based, on
the one hand, on the kinetics of reactions of different
classes and, on the other, on experimental design, which
makes it possible to isolate and investigate quantitatively
certain small fragments of the overall kinetic scheme.l*»17

A logical application of this approach permits the determina-
tion of the mechanism of the entire process, including the
kinetic parameters of the stages. Indeed the majority of the

mechanisms known at the present time have been deduced in
precisely this way.8"10»17»23 The success of this method has
been to a large extent associated with the development of
ideas about radical chain reactions.1·21*·25

The modelling procedure in the kinetic approach includes
three main stages:1*»5·17»22·26 (1) the purposeful collection of
information, including the establishment of a tentative kinetic
scheme process; (2) the selection of experimental methods
on the basis of data obtained in the first stage and the design
and carrying out of the experiment; (3) the kinetic-mathe-
matical analysis. The application of the methods of computa-
tional mathematics and of the qualitative theory of differential
equations in all the three stages of the modelling process9

made it possible to isolate as the object of study a kinetic
model of the process (i .e. a system of differential chemical
kinetic equations).17·27 The problems involved in the con-
struction of such models reduce to problems involving the
recovery of the right-hand sides in the systems of differen-
tial equations, which have come to be called the converse
problems in mathematical physics.28"80 Thus the converse
problems in chemical kinetics are, in a broad sense of the
term, problems involved in the determination of the reaction
mechanism.9»17»31 In essence, the converse problems involve
the extension of the kinetic approach to processes whose
models cannot be investigated without using computer tech-
niques.

The specific content of each stage in the study of the
mechanism is determined in the first place by the aim of the
mathematical model.5 Accordingly, it is possible to distin-
guish two large classes of converse problems;32 the first
class includes the converse problems whose study is used as
a method for the investigation of the mechanisms of complex
chemical reactions and the second includes converse problems
in which mathematical models are a means for the solution of
practically important problems of control, optimisation,
prediction, etc. (target converse problems).

The traditional formulation of the converse problems in
chemical kinetics1*»17»18»32»33 assigns primary importance to the
rate constants for elementary reactions. It is assumed that,
provided that the values of all the constants are known, the
mathematical model of the process is defined and can be used
for the solution of the target problems. For reactions of
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simple types, such formulation of the problem18»35 is correct
and the problems involved in setting up mathematical models,
in the determination of their adequacy, and in the estimation
of the parameters are in essence solved simultaneously.

However, one should not apply mechanically such formula-
tion of the converse problem in the consideration of reactions
of complex types (chain, autocatalytic, and such processes)
also because, in relation to complex processes, the converse
problems are solved as a rule under conditions of an acute
deficiency of experimental data, as a result of which the
solutions obtained are ambiguous."»1 7~2 2 '3 3"3 6 This ambiguity
has in fact led at one time to a natural lack of confidence by
experimenters in the results obtained from the solution of
converse problems.3 3 '3 5 Evidently the ambiguity of the solu-
tion obtained can be eliminated by improving only the experi-
mental technique and not the numerical method.30 Thus some
modification of the formulation of the converse problems is
essential.3 0

In the first place, we may note that the formulation of the
converse problem for reactions of complex types should vary
depending on the aim in constructing the model and on the
amount of α priori information about the process mechanism.
Thus, for processes whose kinetics are known beforehand
(i.e. with a known kinetic type of reaction mechanism22),
the aim of the investigation is the determination of the
unknown rate constants. In this case special kinetic experi-
ments are used to solve the problem. V8»23»33»37-1*0 As a rule,
the use of such problems is correct when the amount of
experimental data is sufficient. The necessity to develop
special experimental techniques for virtually each specific
problem, their uniqueness, and high cost led to their com-
paratively rare employment when the aim of the study is to
obtain a mathematical model of the process reflecting ade-
quately the main kinetic features. In this case experimental
methods are used to solve the problems whereby one can
record the kinetics of the changes in the concentrations of
comparatively stable reaction components1*»18 or to measure
the steady-state reaction rates .ν, 1 0 " 1 1 * In this situation the
mathematical model of the process is not determined by the
rate constants themselves but by certain combinations of the
latter,9»10»17~23i'fl~'*6 whose determination can sometimes be the
aim of the solution of the converse problem—the identification
of parameters.1*2

The main deficiency of the kinetic approach when such
experimental information is available consists in the fact that
the measurements refer to the rates of slow stages and do
not yield information about the rates and presence of faster
stages,1*8 i .e. about the kinetics of conversion of the active
components of the reaction. Evidently, in the absence of
α priori information about these kinetic features, the for-
mulation of the problem of the parametric identification
becomes pointless and the problem of the identification of
the mechanism (more precisely the kinetic type of mechanism)
of the reaction comes to the fore. Indeed, the kinetic
scheme of the process contains no information about the
reactivity of the reaction components and about the relative
contributions of the stages to the overall process. In the
absence of such information, it is impossible to isolate before-
hand the combinations of constants determining the course of
the process. Accordingly, there is also a change in the
specific aim of the study, which consists in this instance in
the determination of the kinetics, i .e . of the possible reac-
tion mechanism.13»21»26

The most obvious way of obtaining information necessary
for the determination of the possible mechanism consists in a
direct experimental measurement of the varying concentra-
tions of the intermediate reactive reaction components. How-
ever, as already stated, the high cost and complexity of the

methods limits significantly the applicability of this
approach.1*»17'23'37»'*9 The availability of experimental meth-
ods whereby the kinetics of the conversion of the "slow"
reaction components or the steady-rates of the stages can be
recorded has made such an experiment the main procedure
for the determination of the possible reaction mechanism.
The dependence of the initial or steady-state rates, induc-
tion periods, and other macrokinetic parameters under
experimental conditions, for example, on the initial concen-
trations, does indeed frequently permit the determination of
the reaction mechanism8~15»23 on the basis of which it is
possible to set up an adequate mathematical model.

The converse problems in chemical kinetics, which result
from the natural extension of the kinetic approach, possess
not only all the advantages but also all the disadvantages of
the latter. Within this framework, it is impossible to demon-
strate that the true reaction mechanism has been established1*8

and one can only speak of the lack of contradiction between
the mathematical model, corresponding to the mechanism
obtained, and the existing experimental data,1*»19 i .e . of the
possibility that such a mechanism can occur. The term
"identification" should also be understood in precisely this
sense. *

The mathematical and computational aspects of the problem
have been described fairly completely in the literature and
here we shall specify only certain problems of a mathematical
character, whose solution determines the real possibility of
formulating the converse problems of chemical kinetics:
(1) experimental design;13»30»1*2»1*9'50 (2) the choice of the
functional determining the similarity between the experi-
mental and calculated values of the observed variables ;26>l*2»
50-54 (3) the selection of a method for the integration of the

system of potential chemical kinetic equations;1*»1 3 '1 7 '2 0 '2 6»5 5"6 3

(4) the selection of a method for the minimisation of the func-
tional V1,13,19-21.'*2,50,52-55»63"71'

I I I . DIRECT PROBLEMS IN CHEMICAL KINETICS

In chemical kinetics the course of the process is determined
by the time variation of the concentrations of the reactants.
This dependence constitutes the information obtained from
the study of the chemical process. The derivation of this
information by the mathematical modelling of the chemical
process is understood as the direct problem.18 To make the
treatment concrete, we shall consider processes for which the
variation of the concentrations of the reactants (x) is speci-
fied unambiguously by the Cauchy problem:

ax (-\\

This system6»17»27 constitutes a kinetic model of the chemical
process. The form of the right-hand side of Eqns.( l) is
determined by a set of kinetic postulates,17»75 which can be
formulated in the following manner for the processes involved
in isothermal equilibrium chemical kinetics in closed systems
and which are mainly considered in this review.

1. The chemical process can be represented by a set of
elementary stages:

Σ v''Al~+ Σν~ιιΑι' / = 1 - 2. . . . , Λί , (2)

where A l f A2, ..., A# are the components participating in the
reaction and ν is the stoichiometric matrix (v« = v« - v«;
the plus and minus signs correspond to the stoichiometric
coefficients of the reactant entering into the jth reaction and
formed in it).
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2. The relation between the rate of the elementary stage w<
and the concentrations of the reactants involved in it, Xj =
[Aj], is determined by the Law of Mass Action:

(3)

where kj is the rate constant for the jth stage.
3. The overall rate of conversion of the fth reactant is

determined by the principle of the independence of the
occurrence of the elementary stages:

(4)
/ - I

Thus, for the situation considered, the kinetic model of the
process is specified by (1) the stoichiometric matrix ν and
(2) by the initial concentrations and the rate constants.

The kinetic model should reflect the asymptotic character
of the chemical process (the rapid attainment of steady-stage
regimes with respect to the concentrations of the active reac-
tants and the negligible contribution by the rates of certain
stages to the rates of change in the concentrations of the
reactants). We shall put Eqn.(l) in the following form:

a
Φ ί ( * , * ) ; ί — 1 , 2 Ν;

where
Μ

/-I

(5)

(6)

Here k = (k l f k2, ..., kjy) is the rate constant vector and
tj and Hjj are parameters. We may note that Eqn.(l) is a
special case of Eqn. (5) when T{ = 1 for all i and the elements
of the matrix Hy are determined for non-zero vy and are
unity.

We shall define the kinetic model as a special model in rela-
tion to Eqn.(l), provided that there exist parameters τ and
Η in Eqn.(5) such that, when τ8 •*• 0 (s = ρ + 1 Ν) and
Hmn + 0, the system of Eqn.(l) is converted into a system

d<
•<fi{x,k);

cp,(x, k)\

(7)

such that, over a certain time interval t <
certain range of initial concentrations x°
inequality holds:

!*(<)-«(*) |<e ,

(ti, t2) and in a
X, the following

(8)

where x(t) is the solution of Eqns.(7) and ε is a certain
specified accuracy [for example the accuracy of the numerical
integration of Eqn.(l)]. For convenience, we assume that
the method of steady-state concentrations is applicable to the
last Ν—ρ reactants. The parameters H m n will be set equal
to zero, provided that the rate of the nth stage in the mth
equation can be neglected.

We set up32'1*2 a correspondence between the observations
vector η(ί), in which account is taken of both the incomplete-
ness and errors of the measurement, and the vector x(t),
which is a solution of Eqns.(l) or (7):

where Ε is the symbol of the mathematical expectation of a
random quantity and R a square matrix. In the general
case, for example, in spectrometric measurements, the

matrix R can be non-diagonal and can include spectral
parameters. However, the matrix R is fairly often diagonal,
i.e. measurements are made of the concentrations themselves
and the diagonal elements of R are identical with the param-
eters of the vector τ or rank(R) < Ν - p. This situation
will in fact be mainly analysed in the present review.

The procedure where the vector n(t) is brought into
correspondence with the vector-function f(x, k) set up on
the basis of Eqns.(l) will be referred to as the general
direct problem and will be regarded as complete if rank(R) = N;
otherwise it will be regarded as truncated.32 The procedure
in which the vector n(t) is brought into correspondence with
the vector-function φ (χ, k) set up on the basis of Eqns.(7)
will be referred to as the special direct problem.

Thus each direct problem is determined by the rules
governing the construction of the right-hand sides of the
equations, the stoichiometric matrix, the kinetic parameters
and the law (R) relating the exact solution x(t ) to the
observations vector η(ί). 3 2 For special direct problems,
an essential intermediate link between the rules governing
the construction of the right-hand sides, including the
specification of the stoichiometric matrix, and the rules
determining the kinetic parameters and the law (R) is the
rule according to which the transition to the system of
differential-algebraic Eqns.(7) is effected.

Evidently, depending on the values of the rate constants,
the selected time interval, and the initial concentration
range, different special problems correspond to the solution
of the general problem [in the sense of the fulfillment of
inequality (8)]. For this reason, before formulating the
converse problem, we shall consider the classification of
special kinetic models.

IV. SPECIAL KINETIC MODELS

We shall divide the kinetic models into two large classes.
For models of class 1 (referred to by convention as the
"chain" class), there are no linearly dependent equations
among the algebraic components of Eqns.(7). For models
of class 2 (the "catalytic" class), certain algebraic equations
in the system (7) are linearly dependent. From the stand-
point of kinetics, this means that a stationary regime with
respect to the concentrations of the initial reactants is not
established in "chain" processes, while in "catalytic" proces-
ses there is a possibility of the attainment of a stationary
regime with respect to the concentration of the catalyst,
which is a starting material. For "catalytic" processes,
we eliminate from Eqns.(7) the linearly dependent equations
and supplement the system by the material balance equations.
Bearing in mind that certain concentrations involved in the
material balance can be negligible, we introduce the param-
eters h into the material balance equation. For example, in
the case where the system contains one equation which is a
linear combination of the remaining equations, we have

(10)

Where hf = 0 provided that the concentration of the ith reac-
tant in Eqn.(10) can be neglected, whilst otherwise h = 1
and c° is the initial concentration of the catalyst.

Evidently the selection of the elements of the vector τ and
of the matrix Η is not arbitrary in the general case. Thus
Tf can be zero only for intermediate reactants or the cata-
lyst. Under these conditions, the choice of τ̂  = 0 deter-
mines to a large extent the choice of the elements of the
matrix H. Indeed, in order that stationary conditions should
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hold with respect to all the intermediate reactions, it is
essential that the following system be soluble:18

(11)2
/-ι

where Ζ are the numbers of the intermediate reactants
(suppose that I = ρχ + 1, ..., N, where ρχ < p) and μ,· are
the stoichiometric numbers of the stages.

The sum of the stages, taken with the corresponding
stoichiometric numbers which are selected so that the overall
stoichiometric reaction equation does not include intermediate
species (for a stationary regime, the active intermediate
species), is referred to as the reaction pathway76"79 and
determines a certain general kinetic model with lower dimen-
sions:

-£«•<*. χ); y P , ) , (12)

where ŷ  = Xf for i = 1, 2, ..., p x .
Evidently the choice of the stochiometric numbers must

ensure that Eqn.(ll) holds for I = ρ + 1, ..., Ν and does
not hold for Ζ = ρχ + 1, ..., p. Here the elements of the
matrix Η must be unity, provided that the corresponding
μν φ 0 and must be zero in the opposite case. The elements
of Η not entering into the algebraic component of Eqns. (7)
are selected arbitrarily.

We shall illustrate this procedure in relation to a catalytic
reaction:18

(1)
(-1)

(2)

Stages

E-fS-i-ES
ES — Ε + S
ES-vE + P

Pathways
I
1
1
0

II
1
0
1

III
2
1
1

Here S is the substrate, Ε the catalyst, and Ρ the reaction
product. On the assumption of the stationary character of
the reaction, the equation determining the stationary condition
is

μ,-μ-,-μ,-Ο

By choosing the smallest positive integral solutions of this
equation, we find that three pathways (I—III) can be realised
in the given system and that each pair of pathways is linearly
independent.

We shall consider the balance equation

^i[E]+^lES] = {£]°. (14)

Evidently, three ways of selecting the parameters h( in
Eqn.(14) are possible^ (1) Κχ = fi2 = 1; (2) Κλ = 1,
fxz = 0; (3) Κι = 0, hz — 1. Thus, in the given system
nine special models will formally correspond to the single
general kinetic model. For example, for the second pathway,
the following special model exists:

At

at = «2*4 >

We may note that the determination of the general kinetic
model with lower dimensions is possible only if the algebraic
component of Eqns. (7) is soluble in an explicit form in terms
of the concentrations of the reactants with respect to which a
stationary regime is established.19 However, the asymptotic
character of the behaviour of kinetic systems increases
significantly the probability of obtaining an explicit form of
such models. For example, this has been achieved for
extremely complex processes involving the joint oxidation
of hydrocarbons.80»81

A definite asymptotic form of Eqns.(l) or a definite
kinetic feature of the reaction corresponds to each set of
numbers if, //«, and fif. A definite reaction regime has
been brought into correspondence80 with each asymptotic
type of this kind. When the range in which the initial
concentrations are specified or the degree of conversion is
altered, the regime can change. The set of regimes which
can be realised in the system for the specified rate constants
determines the kinetic type of the reaction mechanism.22

Evidently a certain region in the rate constant space, in
which specific asymptotic properties of Eqns.(l) are mani-
fested, corresponds to each kinetic type of reaction mecha-
nism. This region has been defined22 only for "chain"
processes (in the form of the ratio of the rates of elementary
stages).

The solution of the direct problems in chemical kinetics is
comparatively rarely the aim in itself; these problems [like
the mathematical problem of integrating Eqns.(l) or (7)] are
usually a component of the converse problems. One can
indicate only one important feature associated intrinsically
with their solution: the elucidation of the question of which
special kinetic models correspond to the general model [in
the sense of the fulfillment of inequality (8)] when the
rate constants are known or within a certain range of rate
constants and for specified ranges of the initial concentra-
tions and a specified time interval.1·»17»26·63'82»83

In other words, this problem consists in determining the
kinetic type of the reaction mechanism. For example, in the
solution of the problem for the methane oxidation reaction, it
has been shown26»63 that, up to 1600-1700 K, the course of
the process is determined by the chain reaction regime, while
at higher temperatures it is determined by the free radical
reaction regimes; for the ethane oxidation reaction,81* the
kinetic type of the reaction mechanism is determined by the
regime in which degenerate branching is associated with the
decomposition of performic acid or of the superperoxy-radical
and not with the reaction CH2O' + O2 -• HCO* + HO2\ as had
been assumed earlier. Gontkovskaya et al.85 considered five
reaction regimes and Dimitrov17 considered six reaction
regimes in the combustion of hydrogen as a function of
conditions. The reaction regimes in the liquid-phase oxida-
tion of hydrocarbons have been investigated.V1»86 The
direct problem has been solved87»88 in order to test the
correspondence between the approximate formula for the
calculation of the inhibition period in the inhibited oxidation
hydrocarbons, obtained on the basis of a special kinetic
model, and the exact values of this quantity obtained by
solving the general direct problem.

where Χχ = IS], xz — IP]» #3 = [E], and x^ = [ES]. The
general kinetic model with lower dimensions corresponding
to this special model then has the following form:

V. CLASSIFICATION OF THE CONVERSE PROBLEMS IN
CHEMICAL KINETICS

If the direct problems are considered as problems of
discovering one realisation η(ί) of a certain structure,
determined by the rules governing the construction of
Eqns.(l), (9) or (7), (9), then the converse problems can

, be naturally interpreted as the recovery of the elements
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of this structure from the set of observations n(t). 3 2 The
rules governing the construction of the realisation η(ί) are
regarded as statistical hypotheses.

We shall consider these hypotheses for isothermal chemical
kinetic processes in which it is assumed that the following
parameters are known: Πχ—the matrix for Vfj; Π2—the law
relating the rate of the elementary stage to the concentra-
tions, for example, Eqns.(3); Π3—the expression for the
total rate of conversion of all the reactants, for example
Eqn.(4); Π*—the limiting transition to which corresponds the
the solution of the partial direct problem, or the absence of
such a transition; Π5—the kinetic parameters.

The system of hypotheses Πι—Π 5 determines the general
kinetic model and its corresponding special models. We
shall supplement this system by hypotheses C, defining
the model of observations, in which the following parameters
are assumed to be known: Cx—the matrix R; C2—the form
of the distribution of experimental errors (with an accuracy
to within the values of the parameters); C3—the parameters
of the distribution.

This system makes it possible to construct a hypothetical
solution to the direct problem and to compare it with the
existing set of experimental data n(t). It is natural to
consider the converse problems in chemical kinetics as
problems of the recovery of the unknown hypotheses in this
system from the known set of η(ί). The converse problems
associated with the recovery of the hypotheses C2-C3 are
outside the framework of this review. Their recovery
requires as a rule the formulation of special statistical
experiments.

The form of the matrix R is in most cases not known
exactly. When different spectrometric measurements are
performed, the matrix R frequently includes unknown
parameters (for example, the absorption coefficients in
spectrophotometric measurements72), which also have to be
recovered in the solution of the converse problems. How-
ever, for simplicity, we shall assume that the matrix R is
fully defined.

It is easy to note that, in the formulation of the direct
problem, a hierarchy of hypotheses Ilj arises and consists in
the fact that a definite content cannot be attributed to the
hypothesis Π8 if the hypothesis Π8-χ has not been formulated.
The pointlessness of formulating the converse problem as
the problem of recovering the hypothesis Hs when the
hypothesis Π8_χ is unknown follows from the hierarchy of
hypotheses. It is evident that, for example, the formulation
of the problem of finding the rate constants has no signifi-
cance if it is not known α priori whether the Law of Mass
Action holds.

As a rule, having at ones disposal a set of observations,
it is possible to state beforehand whether we are dealing with
a complete [rank(R) = N] or truncated [rank(JR) < N] solu-
tion of the direct problem. The situation is different as
regards the question whether the above set of observations
is a result of the solution of the general or special direct
problems. In fact, in a real situation we are always dealing
with a solution of the general problem and the limiting transi-
tion to the special problem is merely a mathematical reflection
of the characteristic features of the chemical reaction.

We shall refer to the converse problem as general if it is
known that there is no limiting transition in which it is
impossible to distinguish the solutions of the general and
special direct problems for a specified experimental accuracy.
Otherwise we shall refer to it as a special converse problem.

The asymptotic character of the behaviour of chemical
processes and the difficulty of the experimental measurement
of the changes in the concentrations of aU the reactants are
due to the same physicochemical causes. The times during
which the process begins tb be determined by the special

kinetic model amounts to millionths of a second (and less).
This creates experimental difficulties in the study of the
kinetics before the attainment of a stationary regime.
Furthermore, in view of the high reactivity of the "fast"
reactants, their concentrations are low (down to 10~12 M)
and their experimental determination also gives rise to diffi-
culties at the present time. Thus the deficiency of experi-
mental data at the disposal of investigators in the solution
of converse problems with deep physicochemical roots and
the success of the solution are in many respects determined
by the availability of α priori data on the process investi-
gated.22

The extent to which the chemical process has been studied,
i.e. the availability of information about Π χ—11$, determines
the level of the converse problem.32 The zero level corre-
sponds to the case where all the factors constituting the
direct problem, including the parameters, are known. The
converse problem at this level consists in testing the con-
sistency of the general or special kinetic model with the
available set of experimental data. The converse problems
at this level have been solved, for example, by Emanuel' and
co-workers.89"91 Evidently, whatever the level of the
converse problem, the question of consistency is the first
to which it is essential to obtain an answer in the course of
its solution.

The usual formulation of converse problems as problems
involving the determination of unknown kinetic parameters5»1"*»
i7-22,26,35,i»i-« o n t f t e a 8 g u m p t i o n t h a t information about

Πι—lit» is known beforehand belongs to the first level. A
systematic approach92 has been made1*2 to the consideration
of mathematical models of chemical kinetics. The term model
is understood as a rule governing the transformation of the
input variables into output variables, established by the
analysis of causal-consequential relations:93

η(χ(0)«=Β{*. ε, θ} , (15)

where B{. } is an operator transforming the variables t, ε,
and θ (where t is the time, ε are random factors, and θ are
unknown parameters) into the observed variables η. Fol-
lowing the terminology proposed by Gorskii,1*2 we shall define
the converse first level problem as the problem of parametric
identification arising in the case where the structure of the
model, expressed by the operator B{.}, is known α priori.
Otherwise, problems of structural identification arise—the
converse problem at higher levels. The second level prob-
lems are associated with the recovery of hypothesis Πι» for
specified Πχ—Π3, i.e. with the establishment of the kinetic
type of the reaction mechanism.

The third and fourth level problems are associated with
the recovery of the principal postulates of the chemical
kinetics. In fairly numerous instances, for example, when
reactions occurring under the conditions of a high density of
the external energy flux (shock tubes, molecular beams,
plasmachemical processes, etc. are considered), one cannot
use the usual/Arrhenius kinetics.26»1*0'*3 For a correct
formulation of the kinetic postulates, it is essential to find
the distribution of the excited species with respect to states.
Thus the given problems refer to the generalised non-equi-
librium chemical kinetics91* and extend far outside the frame-
work of the present review. Analysis of studies concerning
non-equilibrium chemical kinetics has shown that, as a rule,
the mathematical models for such processes are obtained
within the framework of a physicochemical and not a kinetic
approach.17

The fifth level problems are associated with the selection of
one of several versions of the kinetic schemes for the process.
If each such version (hypothesis) does not necessitate the
reformulation of the fundamental postulates of chemical
kinetics, a definite special kinetic model corresponds to it.
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Thus in the case of equilibrium Arrhenius chemical kinetics,
the second and fifth level problems actually refer to the same
level.

1. Converse First Level Problems

When problems are considered at this level, account must
be taken of the degree of completion and generality of the
formulation of the direct problem with the aid of the solution
of which a set of η« is believed to be obtainable. If a
complete solution of the general direct problem is available,
i.e. the kinetics of the variation of the concentrations of all
the reactants in the time interval t e [ 0 , Γ] have been deter-
mined experimentally, the problem has been correctly formu-
lated.3"'36»"5 The question of the validity of the formulation
of the converse problem for the case where a truncated solu-
tion of the general direct problem is available (measurements
are not made for all the reactants) or for the complete solu-
tion of the special problem (measurements are made for all the
reactants in the stationary regime) can be elucidated for each
specific problem. In the general case (truncated solution of
the special problem), the formulation of the problem is as a
rule incorrect.νν·.*«-».»»-«,Μ-Μ.9β From the physico-
chemical standpoint, such formulation is equivalent to an
attempt to extract more information from experimental data
than the latter contain."'19 Indeed the solution of the special
truncated direct problem agrees in this case [in the sense
that Eqn.(8) holds] with the solution obtained by the inte-
gration of the general kinetic model with lower dimensions
[Eqn.(12)J.

Thus the attempt to find all the rate constants reduces to
the recovery of the concentration dependences for the "rapid"
reactants which do not enter into £qn.(12) at all."1 From the
mathematical standpoint, the causes precluding the solution
of the problem in terms of the traditional formulation are as
follows:5" (1) the inadequate information extractable from
the measurements; (2) a significant non-linearity of the
kinetic models in terms of the constants being solved;
(3) different sequences in the initial set of experimental
data; (4) the lack of information about the fundamental
statistical characteristics of the measurement. These
causes are a consequence of the physicochemical charac-
teristic of the processes (the asymptotic character of their
behaviour), which were considered above.

Thus the solution of the problem of finding the rate con-
stants gives rise to difficulties not as a result of any
mathematical causes but by virtue of the complexity and
the considerable labour involved in the extraction of
sufficient experimental information.19'20

Regardless of the purpose for which the model has been
constructed, the converse problem at the first level consists
of two components:20'21 the first significant component
includes the test of the consistency of the proposed kinetic
model with the available set η« of experimental data; the
second, target component involves the extraction from the
experiment of information about the process mechanism which
is essential for the construction of the model. The fact
that in the observation range the process is described by
a special kinetic model and an umambiguous determination
of the rate constants is therefore impossible clearly indi-
cates a way of modifying the formulation of the converse
problem. The first component of the problem then consists
In finding a function from the class defined by Eqns.(l)
which agrees [in the sense of Eqn.(8)] with the function
from the specified class (7) providing the best description
of the experimental data, The possibility of passing to a
general model with low dimensions [Eqn.(12)] makes it

possible in many instances to formulate the problem as one
involving the finding of a function from the class defined
by Eqn.(12). However, having solved this problem, it is
essential to test whether rate constants having a physical
significance, for which Eqn.(8) holds, do exist. Thus the
first part of the converse first level problem can be formu-
lated as follows: do parameters k or κ such that the
kinetic model is not rejected for the given level of signifi-
cance, actually exist? Hence follows the most frequently
encountered formulation:1"» 17»2S the aim is to find the
parameters k or κ ensuring a maximum in the probability
function.

Having solved the first part of the problem, it is possible,
on the basis of the purpose for which the model has been
constructed, to formulate the second part, which may con-
sist in finding the unknown rate constant k or the
unknown combinations of constants κ or the aim may be
to reach a conclusion about the behaviour of the process.

2. Problems of Parametric Identification

The problem of finding unknown rate constants arises as a
rule when a large amount of a priori information is available
about the process, i.e. when many rate constants and some
of their ratios are known. Special experimental kinetic
studies are then performed,37'39 which make it possible to
estimate or revise a comparatively small number of constants.
The vast majority of the values of the rate constants for
elementary reaction known at present35'96 have been obtained
as a result of this approach.

For example, the aim of the study of the interaction of
fluorine with halogens near the self-inflammation limit was
the revision of the rate constants for the branching and
energy chain termination reactions.72 The experiments were
performed under the conditions in the development of the
branching-chain process, whose mechanism and the majority
of rate constants were known.97 The problem proved to be
correctly formulated and the required parameters were
estimated on a computer. An analogous investigation of the
hydrogen combustion reaction52 made it possible to revise
four of the ten rate constants on the basis of the dependence
of the maximum concentration of the radicals on the initial
conditions. The solution of these converse problems does
not give rise to fundamental difficulties. The methods
developed10'20·26'52»53'61'83»98 (see also the studies quoted by
Gorskii"2) have been applied successfully with this aim also
in the study of reactions of simple types.18»99·100

The practically important properties of the process are
often determined by the kinetics of the variation of the
concentrations of the "slow" reactants. In this case the
system of Eqns.(12) constitutes a model of the process and
both parts of the converse first level problem can be com-
bined in a single problem of the identification of the param-
eters κ. In many instances the parameters κ themselves
determine the practically important properties of the process
investigated and their determination is the aim of the solution
of the converse problem, for example in tests.101»102 This
formulation of the converse problem also generally proves
to be correct. Combinations of the rate constants have been
estimated, for example, for the pyrolytic reactions of
ethane,20»61 the joint oxidation of hydrocarbons,10'81·103 and
the liquid-phase oxidation of tetralin 1 0" and in the study of
the decomposition of hydroperoxides,105 the initiated oxida-
tion of hydrocarbons in the presence of inhibitors,101'102 etc.

The formulation of the converse problem is used especially
frequently in the study of heterogeneous-catalytic reactions.
Thus the parameters κ have been estimated for the n-butene
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de hydro gen ation reactions,106 the interaction of ethane with
water vapour,107 the hydrogenation of oxo-synthesis alde-
hydes,1 0 8 the isomerisation of higher olefinic hydrocarbons,109

the dehydrogenation of η-butane , 1 1 0 the hydrogenation of
phenol13 and benzene,11 the oxidation of carbon monoxide,111

etc. A more detailed bibliography on the solution of the
converse problems in the study of heterogeneous-catalytic
processes can be found in a number of other communica-
tions. 5- 1 5 ' 2 6 · 2 7 · 5 0

The combinations of rate constants obtained can be used to
revise the intrinsic rate constants using the results of the
corresponding experiment or using α priori information about
certain rate constants.103

3. Target Converse Problems

The situation where both parts of the converse problem are
solved simultaneously21·62 was considered in the previous
subsection. The validity of the formulation of this problem
ensures the uniqueness of the solution of the parametric
identification problem. The availability of such solutions
makes it possible to test the hypothesis about the adequacy
of the process model. In the general case the transition to
a general kinetic model with lower dimensions is not always
justified: any set of constants satisfying the physical
significance (or the specified form) of the special kinetic
model and ensuring an adequate description defines a
mathematical model which can be used to solve target
problems.

As examples of the solution of the first part of the con-
verse problem, we may point to studies on the modelling of
the oxidation of tetralin,101* the radiation-initiated isotope
exchange of deuterium with the hydroxy-groups of silica
gel,26 the oxidation of methylacrolein,112 the oxidation of
ethylbenzene in the presence of aromatic amines and bivalent
copper compounds,113 the coupled oxidation of hydrocar-
bons,111* the oxidation of coconut oil,115 the sulphonation of
secondary alcohols,116 the catalytic oxidative dehydrogena-
tion of n-butene,117 the oxidative regeneration of alumino-
silicate cracking catalysts,118 the cyclooligomerisation of
butadiene,119 the oxidation of methanol,120 the photochemical
oxidation of polyolefins,121 the oxidation of anthrahydro-
quinone,122 the liquid-phase oxidation of p- and m-di-iso-
propylbenzenes , 1 2 3 the oxidation of carbon monoxide ,121* the
hydrochlorination of acetylene,125 etc. In these studies the
rate constants were used solely as a means for the parametric
test of the hypothesis of the adequacy of the corresponding
mathematical models.

When the problem of adequacy has been solved positively and
solution (1) has been found, one can proceed to the solution
of a particular problem for which the mathematical model has
been constructed. Formulation of such target problems will
be considered in relation to kinetic prediction problems.3»126

Suppose that one needs to test the truth of the claim that the
target function <t>[oc(k)] belongs to the region u. For this
problem, there may be three solutions: (1) "yes", i.e. <j>eu
and the probability of the error is less than β, (2) "no",
i.e. <№£u and the probability of error is less than a, and
(3) the amount of experimental data for a well-founded answer
for the specified a and 3 is small. Here α and β are respec-
tively errors of the first and second kind.

t . Allowance for the α priori Information in the Solution of
Converse First Level Problems

Evidently first level problems arise when sufficient α priori
information is available about the process mechanism: the
mechanism must satisfy a whole series of various requirements,

which make it possible to formulate the hypotheses
Πχ-Π*. The need to take into account the α priori informa-
tion in the formulation of converse problems has already
been pointed out.11*·17'20'22·26 The range of parameters among
which the solution has to be found is limited to certain control
requirements from which the general control requirements,
valid for any chemical reaction, and special requirements
determined from the analysis of the available experimental
data and α priori kinetic information, have been isolated.
The general control requirements are believed to include17

the Law of Conservation of Matter, the Law of Conservation
of Energy, and the requirement that the concentration of any
re act ant at any instant is non-negative. In essence, these
requirements constitute a test of the validity of the formula-
tion of the kinetic scheme and the validity of the integration
of Eqns.(l). In conformity with the terminology developed
in the present review, we shall refer to the control require-
ments as general if they differentiate a certain class of
special kinetic models, within the framework of which the
"true" model is located, and we shall call them special if they
differentiate one special model from this class.

The general control requirements are formulated on the
basis of data obtained or available outside the formal kinetic
approach to the construction of mathematical models and
qualitative information about the process investigated which
the investigator usually processes. We shall consider, for
example, the consecutive chemical reaction127

Suppose that the variation of the concentration of sub-
stance C, corresponding to the solution of special direct
problems, is determined experimentally:

[C]{i, fc) = lA]0l[l-exp(-fceff01· (16)

In the absence of α priori information about the process
mechanism, two special direct problems, defined by special
control requirements, correspond to this solution: (1) k-ι >
k2 and (2) kj « k2; accordingly, we have keff = k2 or
keff = kx. The problem is formally outside the framework
of the first level. In an informal consideration of A and B,
the latter are real chemical substances and the possibility
of the realisation of a particular special direct problem is
determined in essence by the strength of the chemical bond
in the corresponding molecules. Thus α priori information
about the bond strength in the molecules of substances A
and Β makes it possible to formulate general control require-
ments within the framework of which the solution to the
problem must be sought. For example, if the bond strength
is greater in the molecule of substance A, then the general
control requirement has the form k± « k2. Analysis of semi-
quantitative data for the concentration of the intermediate Β,
which is not measured, leads to an analogous result. For
example, when Max[B](t) « [A] 0 , we obtain kj. « k2 and
keff = kx. The regions corresponding to the existence of
different kinetic types of mechanisms of the liquid-phase
oxidation reaction of hydrocarbons in the oxidation of hydro-
carbons inhibited by phenol have been related128»129 to the
R-H bond strength and temperature. For these classes of
reactions, it is possible to isolate, on the basis of the bond
energy and temperature, the general control requirements
within the framework of which the converse problem should
be solved.

Qualitative information about the process investigated may
include at least two kinds of data:22 (1) semiquantitative
data on the yield of particular reaction products or the con-

centrations of intermediate reactants; (2) data concerning
any effect observed in the system, for example, critical
phenomena, the effect of inhibiting or initiating additives,
etc. Formal mathematical treatment of such data makes it
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possible to differentiate a system of general control require-
ment s.

The question of the formal treatment of the control require-
ments ensuring the limitation of the region in which the con-
verse problem is to be solved has been examined1"»22'26 but it
is outside the framework of the present review. We shall
only note that the control requirements must determine
unambiguously the region in the rate constant space where
the given special catalytic model of the process is realised.

Evidently the general control requirements unambiguously
define the special kinetic model only for thoroughly investi-
gated processes when a large amount of α priori physico-
chemical information is available. For example, such infor-
mation has been obtained in the determination of the kinetics
of the catalytic action of trinuclear clusters of the oxoacetates
of the iron—chromium series in the model reaction involving
the oxidation of ascorbic acid by hydrogen peroxide.130

However the determination of such information is frequently
associated, for example, in the study of pharmacokinetic
reactions,49 with serious experimental difficulties even for
the example of consecutive chemical reactions considered
above. Thus the problem of the identification of the kinetic
type of the reaction mechanism—a converse second level
problem—then comes to the fore.

V I . IDENTIFICATION OF THE REACTION MECHANISM

The ambiguity of the solution of the converse problem in
terms of the traditional formulation is expressed, on the one
hand, by the degeneracy of the minimum in the functional
reflecting the similarity between the experimental and
theoretical values of the observed variables, and, on the
other hand, by the appearance of local minima in this
functional. In both cases the ambiguity is caused by
the deficiency of the experimental data, manifested in the
asymptotic character of the system of differential Eqns.(l).
Hitherto the formulation of the problem subject to the condi-
tion that the minimum in the functional is degenerate has
been considered; we shall now deal with the formulation of
problems involving the presence of local minima in the func-
tional. The formulation of the converse problem as the
problem of selecting the versions of the mechanisms agreeing
well with the amount of experimental data arose as the natural
response by investigators in the field of kinetics to the lack
of validity of the traditional formulation.33

In the early studies the versions of the mechanism (the
hypothesis about the mechanism) were special cases of a
certain general kinetic scheme including all the process
stages considered in the alternative versions of the mecha-
nism. 13-15,26,57,101,102,131 F o r example, Peterson131 considered
eight alternative mechanisms of the oxidation of naphthalene
and later Bard and Lapidus50 considered thirteen such mecha-
nisms, which are special cases of the general mechanism

N-
Μ

where Ν is naphthalene, Ρ phthalic anhydride, Μ maleic
anhydride, Q naphthoquinone, and G gaseous products.

The need to formulate the problem by selecting the possible
mechanism was dictated by the experimentally demonstrated
lack of validity of the traditional formulation of the prob-
lem.20'26 Indeed, if the formulation had been correct,
then rate constants close to zero would have been obtained
for stages which "do not occur" (the reactions take place
at negligible rates) in the solution of the converse problems.
However, even in the case of model problems26 this was not
found to. be the case.

The presence of local minima in the functional in the case
of mechanisms from which one cannot exclude any one stage
necessitated an increase in the complexity of the concept
of "version of the mechanism". Thus the ratios of the
rates of individual stages13»22 and different hypotheses con-
cerning the reactivity of the intermediate reactants20'22

have been included in this concept. It has been shown22

that all these hypotheses are special cases of the descrip-
tion of experimental data by an asymptotic form of the com-
plete system of differential Eqns.(l).

The need for the structural identification of kinetic
models arises in the formal approach20 to the study of any
fairly complex process. Thus the model reaction involving
the initiated chain consumption of a substance Μ with
quadratic destruction of the active centre R, determined by
the following kinetic scheme, has been considered:22

Stages P a t h w a y s
I II III IV V VI VII

(1) - ^ R 1 2 0 1 2 0 0
(2) M - * - R 1 0 2 1 0 2 0
(3) R + M - > - R + n 0 0 0 1 1 1 1
(4) 2 R -*• c h a i n t e r m i n a t i o n 1 1 1 1 1 1 0

If the experimental relation [M] e xP(t) is determined by a
solution of the general direct problem with smaller dimen-
sions, i.e.

at
— *.ir[Mj;

then the experimental data will be described by a kinetic
model corresponding to pathway III:

and the model corresponding to cyclic pathway VII, where
the concentration of active centres is determined by path-
way II:

-x[M]

where κ =
An analogous situation has already been considered above

for the case of a consecutive chemical reaction.127 The
existence of several special kinetic models, describing
equally well the experimental data, has been demonstrated,
for example, in two investigations,26'11* while the existence
of local minima in the functionals, in which the quality of the
description of the experimental data is different, has been
described in other studies.20»115»132. Thus the need arises
for a procedure whereby the local minima could be sorted
and which would make it possible to find a unique solution
to the problem of the identification of the reaction mechanism
or which would demonstrate the non-unique nature of the
solution.

As can be seen from the examples presented, local minima
arise in the region of the rate constants space corresponding
to different special kinetic models.21 The hypothesis that,
in the region where a particular kinetic type of reaction
mechanism applies, local minima can exist enabled Pavlov
and Brin22 to reduce the problem of sorting the local minima
to the problem of dividing the rate constant space into
sections in which the system (1) has specific asymptotic
properties. This creates the possibility of extending the
approach, used in the selection of the possible process
scheme,13-15»26.50»102.131 to the problem of the identification
of the kinetic type of reaction mechanism.22'80 Thus the
solution of the problem at this level (when the hypotheses
Πι— Π3 are known) is determined by the following procedure:80
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(1) The formal treatment of the qualitative data concerning
the process in the form of a system of control requirements
common to all the alternative hypothetical mechanisms.

(2) The formulation of hypotheses and specification of a
system of special control requirements distinguishing one
hypothesis from another (taking into account the possible
change in the reaction regime).

(3) The selection for each hypothesis of the initial values
of the rate constant ensuring the satisfaction of the control
requirements (general and special) and a parametric test of
the adequacy of the corresponding mathematical models.

(4) Statistical analysis of the results of tests of each
hypothesis.

(5) Logical design of a discriminating experiment.
(6) The representation of the results of the solution of the

problem.
Fairly extensive experience has now accumulated in the

solution of problems in terms of such formulation. For
example, this procedure has been used to select the most
probable mechanism of the radiation-initiated isotope
exchange between deuterium and the hydroxy-groups of
silica gel,26 to investigate the mechanism of the formation
of methane in the pyrolysis of ethane,133 to establish a
possible mechanism of the oxidation of anthrahydroquinone
by molecular oxygen , 1 2 2 to study the catalytic hydrogenation
of phenol and the conversion of methane,13 to model the
kinetics of the liquid-phase oxidation of tetralin,101* to
identify the mechanism of the inhibited liquid-phase oxida-
tion of hydrocarbons,101»102 etc. In the main, hypothetical
mechanisms differing in the set of elementary stages were
considered in these investigations and the limiting transitions
to systems of differential-algebraic equations were assumed
to be known α priori.

The abundance of kinetic types of reaction mechanisms,
which can be formally realised within the framework of a
complex scheme, and the sometimes extremely large expendi-
ture of computer time on the test of each hypothetical mecha-
nism limit the scope of the approach. We shall list certain
procedures which make it possible to overcome these diffi-
culties and to facilitate and accelerate the solution.22»80

Firstly, α priori information can be used to reduce the num-
ber of hypotheses considered. Secondly, it is possible to
design and carry out an experiment whose aim is to compare
qualitatively the principal observed kinetic features with the
features obtained using various special kinetic models. For
example, comparison of the experimental ratio of the initial
rates of consumption of methylacrolein and the accumulation
of methacrylic acid with the same ratio arising from different
hypotheses about the reaction mechanism made it possible to
eliminate a series of hypothesis from consideration.80

Thirdly, one can design and carry out an experiment which
makes possible the successive refining of the mechanism with
increase of the amount of experimental material available.
For example, this approach made it possible to analyse at
each stage of the treatment not more than three hypothetical
kinetic types of reaction mechanisms.115

—oOo—

Thus, the study of converse problems can be recommended
to experimenters as a method facilitating the complex proce-
dure whereby one establishes the mechanisms of chemical
reactions. By regarding the study of converse problems as a
generalised kinetic approach to the construction of mathemat-
ical models, one can use such studies as a method for the
investigation of the mechanisms of complex reactions.
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Application of the Spin Trapping Method in Kinetic Measurements

R.G.Gasanov and R.Kh.Freidlina (deceased)

The results obtained in recent years by the spin trapping method in the solution of a number of kinetic problems are analysed
and a systematic account is given of the rate constants for the addition of alkyl, polychloroalkyl and hetero-radicals as well as
certain others to nitroso-compounds and nitrones; the kinetic data obtained by the spin trapping method in the study of the
isomerisation, fragmentation, elimination, substitution and addition reactions are surveyed.
The bibliography includes 127 references.
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I. INTRODUCTION

The spin trapping (ST) method is used widely and success-
fully in the study of the mechanisms of reactions involving
radicals.1"1 6 Its essential feature consists in the fact that
the short-lived radicals formed in the reaction add to the ST
agent (STA) specially introduced into the reaction mixture,
which leads to the formation of stable radicals capable of
being identified by EPR.

The range of compounds which can be used as STA is
fairly large. The present review includes the results
obtained using nitroso-compounds and nitrones as STA.1"10

When radicals are captured by these compounds, the products
are mainly nitroxy-radicals, whose physicochemical proper-
ties have been thoroughly investigated.17"19 The large set
of such STA,1"7 their selectivity,5»20"23 and their other
features2 4"2 8 make it possible to identify radicals of different
nature by EPR.

In order to identify the radicals formed during the reac-
tion, it is essential to know the rate constants for their addi-
tion to the STA. These data are also required for the
quantitative estimation of the rates of individual stages of
complex chemical processes. The rate constants for the
addition of a wide range of radicals to STA have now been
determined and kinetic data characterising different stages
of important processes in radical chemistry have been
obtained. The present review is devoted to a survey of
these results and an analysis of the scope of the ST method
in the study of the reaction kinetics.

I I . THE SPIN TRAPPING METHOD IN KINETICS

The radicals Rx formed in the reaction interact with the
STA, giving rise to nitroxy-radicals—spin adducts (SA):

R, + STAARXRNO . (i)

The radicals can participate in the following reactions:

(a) addition

R1 + M^-Ra, (2)

where Μ is the monomer,

(b) isomerisation

R ^ R » , (3)

(c) fragmentation or elimination

(d) substitution

( 5 )

These reactions compete with the main reaction (1) if their
rates are comparable to that of the latter.

The radicals Rj, where i = 1—5, can recombine or dis-
proportionate :

R, + R, -*• non-radical products. ( 6 )

The use of the ST method implies that the rate of capture of
the radicals obtained in reactions (l)-(5) by the STA is
higher than the rate of their conversion into non-radical
products. The rate constants for the recombination and
disproportionation of short-lived radicals are of the order
of k6 s 106-1010 litre moF1 s"1.2 9"3 5 If the concentration
of the short-lived radicals Rj, which depends on the rate of
initiation of the reaction, does not exceed 10"7—10"8 Μ and
[RNO]0 = 10~2-10"3 Μ (the STA concentrations most fre-
quently used in experiments1'5),^then it follows from the
condition k^RNOh » 108-1010 [Rj] that, when

-Μ0β litre molds' (7)

stage (6) can be neglected (kj is the rate constant for the
addition of the radicals Rj to the STA). Consequently if
[STA]0 a 10"2-10"3 Μ and condition (7) holds, it is possible
to disregard stage (6). For example, it has been shown30

that the recombination of alkyl radicals may be neglected
when the solution contains 2 χ 10~2 Μ 2, 4, 6-tri-t-butyl-
nitrosobenzene.

Thus the knowledge of the rate constants for the addition
of the radicals Rj to STA makes it possible to select initial
STA concentrations and to create necessary experimental
conditions such that it is possible to disregard the recombina-
tion and disproportionation of radicals and hence to simplify
appreciably the reaction mechanism in kinetic studies .#

The rate constants for the addition of the radicals Rj to
STA (kj.) have been determined mainly using the methods of
competition kinetics. Under these conditions, reactions (2) to
(5), for which the rate constants kj (i = 2—5) have been
measured, were used as^the reactions competing with the
addition of the radicals Rx to STA. The rate constants kx

have been determined using the methods of non-stationary
kinetics {d[RiRNO]/dt * 0} and quasi-stationary concentra-
tions {d[RjRNO]/dt = 0}.

The difference between the ST method and the direct detec-
tion of the short-lived radicals in the liquid phase by EPR
consists in the fact that the time required to obtain a sta-
tionary concentration of the nitroxy-radicals amounts in
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many cases to many minutes, which permits the measurement
of the rate of formation of these radicals. Such experimental
conditions are reached when STA effective in relation to the
given radical at low rates of initiation are used. It has been
demonstrated,3 6 in particular, that, for a rate of initiation of
3 χ 10~8 mol litre" 1 s"1, the times taken to attain a stationary
concentration of the spin adducts (SA) of the C13C radicals
svith 2-methyl-2-nitrosopropane (MNP) at [MNP]0 = 3.73 χ
10~3 M, nitrosodurene (ND) at [ND]0 = 3.27 χ 10~3 Μ, and
A-phenyl-N-t-butylnitrone (PBN) at [PBN]0 = 2.15 χ 10~2 Μ
ire 7.5, 54, and 4 min respectively.

The formation of the nitroxy-radicals A and Β is described
by Scheme I when reaction (2) is used as one competing with
the addition of the radicals f̂  to the STA:

Scheme 1

RjRNO
(A)

—*-+ RSRNO
(B)

The nitroxy-radicals formed in the course of the reaction
reach stationary concentrations in many instances after a
short time interval. For this reason, the measurement of
the rate of their formation involves considerable experimental
difficulties. In the study of such reactions, the rate con-
stants for the addition of the radicals Rx to the STA are
determined by the method of quasi-stationary concentrations.
The necessary and sufficient conditions for the determination
of this constant after the attainment of stationary concen-
trations by the nitroxy-radicals will be examined in relation
to the systems where reaction (2) competes with reaction (1).
Such processes can be described by Scheme I supplemented
by the recombination and disproportionation stages:

B + R , - 1

non-radical products;

Rt-i4

p>- non-radical products;
R 2 - l

( I D

(12)

The rate constant kx is in this case determined by the
expression

d [A]/d< ^ fr [NRO](, _ [A]

d[B]/d/.e MM], [B] ' (8)

where [A] and [B] are the concentrations of the STA radicals
Ri and R2 before the attainment of their stationary values.

A method has been proposed3 7 for the determination of kj.
on the basis of the measurements of the rate of formation of
the radicals RxRNO in the absence and presence of substances
with which the radicals Ri can interact, for example, by
adding to Μ via reaction (2). The constant /cx is calculated
from the formula

d [ A ] a b s

d [ A ] p r

(9)

where d[A] ^ and d[A]p r are the increments of the con-
centrations of the SA of the radicals Ri with RNO in the
absence and presence of M.

Eqns.(8) and (9) are valid under conditions where
d[R 2]/dt = 0 and d [ R J / d i = 0, which hold for short-lived
radicals over a fairly short interval (see, for example,
Denisov3 8). The choice of the STA is fairly wide. If the
rate constant for the addition of the radical to one STA is
known, then, by using the method of non-stationary kinetics,
it is possible to determine the corresponding constants for
other STA from the expression

[A] ^fettRNOlo

JB] e * ' [ R ' N O ] ,

Eqn.(lO) is valid for the reactions

(10)

(A)

(C)

When Eqns.(8) and (10) are employed, it is essential to
know the relative stabilities of the nitroxy-radicals. It is

known that the stability of these radicals is determined
by many factors. However, the relative stabilities of the
radicals A and Β or A and C, identified by EPR, can be
estimated directly in the course of the study of the reaction.
For this purpose, it is necessary to follow over a time interval
the variation of the ratio of the concentrations of the radicals
detected by EPR, and then to extrapolate this ratio to the
start of the reaction. 3 i ' k 0

A + A—-»- non-radical products.
B + B-l

If the conditions

(13)

(14)

where [ A ] g t and [ B ] s t are the stationary concentrations of
A and B, are satisfied, then the addition of the radicals Ri
to Μ in the presence of RNO can be described by Scheme I
and by reactions (11) and (12) (the methods of calculation
of fcn, klz, and k13 are described below).

At Ri and R2 concentrations of 10"8-10"9 Μ and for [ A ] s t +
[B] s t < 10~5 M, conditions (14) for certain short-lived radi-
cals are fulfilled, because it is known'11"'1'' that kn and fc12

are greater than k13 by 5—7 orders of magnitude.
When account is taken of stages (11) and (12), it follows

from Scheme I that

[B] k'2iR3] '

On substituting the stationary concentration

in Eqn.(15), we obtain

[A] = = t 1 [ R N O ] B . ^([AI
[B] MM]» " 4 ^ [Ml

[A]

(15)

(16)

(17)

(18)

It follows from E q n . ( 1 8 ) t h a t , in o r d e r to determine the k x

for the chemical react ions descr ibed b y Scheme I and s tages
(11) and (12), it i s essential not only to identify the n i t roxy-
radicals A and Β b y EPR b u t also to know#/c1 2 and# the r a t e
cons tants for the addition of the radicals Rx and R 2 to t h e
STA. E q n s . ( 1 7 ) and (18) a r e t h e most general for the cal-
culation of the r a t e c o n s t a n t s for t h e addition of the radicals
Ri to t h e STA in the case of chemical processes descr ibed b y
Scheme I and s tages (11) and (12) when the radicals A and Β
have at ta ined s tat ionary c o n c e n t r a t i o n s . I t follows from
E q n . ( 1 8 ) t h a t , when /c 2 [RNO] 0 » k12{[A] + [B]}, t h e n a
simple express ion can b e used to calculate k1:
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[RNOI, [B]
(19) following expression is valid:

Eqn.(17) is valid also under the condition where kx » k'2
and kitRNOJo »kxx{[A] + [B]> (or kx 2:107-10e Utre mol"1 s ' 1 ) ,
i .e . when the radicals Rx are much more reactive than the
radicals R2 in the interaction with the STA. It is desirable
that the condition [A]/[B] - 1 (taking into account the
multiplicity of the signals in the EPR spectra of the spin-
adducts of the radicals Rx and R2, on the one hand, and STA,
on the other) should hold, although the content of the
nitroxy-radicals in the reaction mixture can be determined
over a fairly wide range of [A]/[B] ratios by means of
standard computer programs for the simulation of EPR spec-
tra.1*5 Using Eqns.(17) with known values of klt k2, and k'2
and having determined the dependence of the ratio [A]/[B]
on [RNOlo/lMlo,1*6 it is possible to calculate k12.

Application of the method of quasi-stationary concentra-
tions31 to the radicals formed in the processes described by
Scheme I and stages (11) and (12) yields

*ulR»]+*i»tR,]
[RNO], .

When the conditions

hold, it follows from Eqn.(20) that

Taking into account Eqns.(21) and (22), we obtain from
Eqn.(18)

k ^ MMh JA]_
1 21RNO], [B] '

(20)

(21)

(22)

(23)

Thus, when conditions (21) hold, Eqn.(23) can be used to
calculate kx.

Eqns.(8), (9), (17)-(19), and (23) have been obtained for
examples where the reaction competing with reaction (1)
involves the addition of Rx to M. Other expressions for the
calculation of ki can be obtained by similar procedures having
selected reactions (3)-(5) as the reactions competing with the
addition of Ri to the STA. Joint examination of reactions (1)
and (3) or (4) yields an expression for the calculation of kx
similar to Eqns.(8), (9), (17)-(19) and (23)#in which
[M]o = 1, k2 = k3, or k2 = k* [B] = [R3RNO], or [B] =
[R3RNO] respectively. Similarly, when reactions (1) and
(5) are considered jointly, one must replace [M]o by [XR5]
in the above expressions and k2 = k5 and [B] = [R5RNO]
must be adopted.

Thus the identification by EPR of the spin-adducts of the
radicals Ri and Rf (where i = 2-5) with the STA and the
knowledge of the constants kj are necessary for the deter-
mination of the rate constant for the addition of the radicals
Rx to the STA using the methods of non-stationary kinetics
and qua si-stationary concentrations. If Eqn.(9) is used,
then it is sufficient to identify the SA of the radicals Rx with
the STA in order to determine kx. Another feature which
makes this method convenient is the factathat it can be
applied also in cases where the radicals Rt (i = 2—5), formed
as a result of the involvement of Rx in secondary reactions
[see reactions (2)- (5)] , are not trapped by the STA.

For reactions described by Scheme II, i .e.
Scheme II

initiator -+• R» ,

R, + RjRNO i*-non-radical products,
2R,RNO i*· non-radical products,

<24>

It has been suggested1*2 that the following expressions be
employed to determine kx, k n , and k13:

(25)

(26)

The rate of initiation is determined by the method of measure-
ment of the initial rate of formation of RxRN0.1*2''*7 Having
determined kx by Eqn.(25), it is possible to calculate kxl.
The knowledge of the constants k u and k13 and Vf makes it
possible, in its turn, to establish the limits of validity of
condition (14) and kx[RNO]0 » kX3[R1RNO]st and hence the
limits of the applicability of Eqn.(18) or (19) in the calcula-
tion of kx. Since kxi may be determined also by other
physicochemical methods,1*8"51 the agreement between their
values calculated by two independent methods can serve as a
criterion of the correctness of the rate constants found for
the addition of the radicals to the STA.

There exists a fairly wide range of methods for the deter-
mination of the rate constants for the addition of short-lived
radicals to the STA, which may supplement one another in
one form or other.

I I I . THE RATE CONSTANTS FOR THE ADDITION OF
RADICALS TO SPIN TRAPPING AGENTS

1. The Rate Constants for the Addition of Carbon-Centred
Radicals

Primary, secondary, and tertiary alkyl radicals are trapped
by a large number of STA.1»1*"6»52»53 It is noteworthy that,
when 2,4,6-(Me3C)3C6H2NO (BNB) is used as the STA, the
secondary radicals add both to the nitrogen atom, giving rise
to nitroxy-radicals, and to the oxygen atom with formation of
anilino-radicals.51*'55 Tertiary alkyl radicals add exclusively
to the oxygen atom of the NO group in BNB.

Ingold and co-workers1*1"1*3 determined the rate constants
for the addition of primary and secondary alkyl radicals to a
large number of STA using the cyclisation of H2C=CH(CH2)3.

.CH2 (I) to the radicals CH2-fcH(CH2)3CH2 (II) and of

H2C=CH(CH2)3CHMe (III) to the radicals CH2-CH(CH2)3OHMe
(IV). The authors1*2»1*3 chose cyclisation as the reaction
competing with the addition reaction in the determination of
the rate constants for the addition of the radicals (I) and
(III) to the STA. The rate constants for the cyclisation of
the radicals (I) and (III) had been calculated earlier from the
EPR spectra.1*3'56 The rate constants determined in the
above investigations1*2»1*3 for the addition of the radicals to
the STA are listed in Table 1, which also includes the rate
constants for the addition of the radicals PhCMe2 and CMe3 to
STA, obtained by Doba et al.37 and Maeda and Ingold.1*3

Table 2 summarises the data on the rate constants for the addi-
tion of carbon-centred radicals with functional substituents.
It follows from Tables 1 and 2 [cf., for example, No.4 in
Table 2 with the data for the radicals (III) in Table 1] the
replacement of the alkyl group or hydrogen at the C « atom by
other substituents does not entail an appreciable alteration of
the rate constants for the addition of the secondary radicals
to the STA.
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Table 1. The rate constants (10 5 k x, litre mol"1 s"1) for the
addition of alkyl radicals to STA.

No.

1
2
3
4
5
β

7
8
9

10
11
12
13

STA

MNP
ND
BNB
PMNB
NB
DMPO
MBN
PBN
4-MeO-PBN
4-Me-PBN
4-CN-PBN
4-NO2-PBN
(MeO)3-PBN

Radical

H,C=CH(CH,),fcHJ*

90,2
407.0

4.7

25.8
31.3

1.33
1.16
1.24
1.68
2.88
0.18

H,C-CH(CH,),OHMe··

61
406

0.18··»·; 3,1*····

42
13
0.68

—
—

PhfcMeJ*

100
110

4.8···*·

1.9
12

0.0027; 10······

—
—

K.t,t · ··

33
2000

2.3·····1400
2000

0.1

—
—

Notation: MNP = 2-methyl-2-nitrosopropane, ND = nitroso-
durene, BNB = 2,4,6-tri-t-butylnitrosobenzene, PMNB =
pentamethylnitrosobenzene, NB = nitrosobenzene, DMPO =
5,5-dimethylpyrroline 1-oxide, MBN = methylene t-butyl
nitrone, and PBN = α-phenyl N-t-butyl nitrone.

*At 40 °€."2

**At 40 °C.kS

***At 26 °C.37

****Nitroxy-radical.
*****Anilino-radical.

******At 60 °C.57

3. The Rate Constants for the Addition of Ηetero-radicals

Table 4 presents the rate constants for the addition of
hetero- and other radicals to the STA and also the rate
constants for the addition of hydrogen and a hydrated elec-
tron.

Table 3. The rate constants for the addition of a-chloro-
radicals to STA.

No.

1

2

3

4

5

6
7

8

9

10

STA*

ND

ND

ND

PBN

MNP

MNP

MNP

MNP

MNP

MNP

Radical

C1,C

C1(CH2),CC1,

C1SCCH,CHC1

CI3C

CI3C

Cl(CHt)ICCl !

C1SCCHC1

CljHCCClj

ClCHjCClCCI,

ClCHjCCljCCl,

lO^Ari.litremor1 s'1**

91 (20°)

13 (20°)

14 (20°)

0.7(20")

18.9(20°)

1.7(20°)

3.3(40°)

3.3(40°)

3.8(40°)

3.8(40°)

Refs.

[36]

136]

[68]

[36]

[36]

[36]

[67J

[67]

[67J

[67]

*For the significance of the notation, see the footnote to
Table 1.
**The temperature (in °C) at which fci has been determined is
given in brackets.

Table 2. The rate constants for the addition to STA of
carbon-centred radicals with functional group substituents.

No.

1

2

3

4

5

6

7

STA*

PMNB

MNP

ND

ND

Me,(COMe)CNO

PBN

ND

Radical

cyclo-C 6Hn

(Me3Co)sCH

H C Q C H ^ C H ,

CCl3(CH2CHMe)rt"*

RCHsCHCCl.X · · · ·

Ph

Ph

10"5 *• 1, litre mol"1 s"1**

160(26°)

9-45 (25°)

351 (40°)

394 (40°)

10 (60°)

120 (20°)

30 000-60000(20°)

Refs.

[58]

[59]

[60]

[61]

[62]

[63]

[64]

*For the significance of the notation, see the footnote to
Table 1.

**The temperature (in °C) at which ki has been determined
is given in brackets.

***n = 1.2.
****χ = c i , F, or H.

2. The Rate Constants for the Addition of CCI3 to Other
a-Chloro-radicals

The range of STA which may be used for the identification
of CCI3 and other ct-chlororadicals is limited.5»21»65»66 The
rate constants for the addition of chloro-radicals to the STA
used most frequently for their trapping have been deter-
mined3 6»6 7·6 8 (Table 3).

The radicals Et3Si (V) are widely used for the generation of
other radicals as a result of the abstraction of a halogen:

Et3Si + RHal (27)

The constants kZ7 for many halogen-containing compounds
have been determined.8 1 Various STA are used for the EPR
identification of the radicals (V). 5V5,8 2,8 3 i n the case of
BNB, anilino-radicals are produced, while the reaction with
PBN gives rise to nitroxy-radicals. The radicals (V) add at
high rates to the carbonyl group in ketones:8 2

(V) + R'ROAR'RCOSiEts . (28)

The constants k 2 8 have been determined for certain ketones
and the rate constants for the addition of the radicals (V)
to BNB and PBN have also been determined7 1 '7 2 (see Table 4,
Nos.5 and 6). Reactions (27) and (28) have been adopted as
the stages competing with the addition of the radicals (V) to
the STA.

Table 5 lists the rate constants for the addition of the
radicals HO, HOO, CH2O, MeCHOH, Me2COH, and MeCH2.
.CHOH to substituted PBN.

It is seen from the data in Tables 1—5 that the rate con-
stants for the addition to the most frequently used STA have
been determined for a large number of radicals. Although
these constants have been obtained in relation to different
STA for some of the radicals, nevertheless by employing
Eqn.(lO) it is also possible to determine the rate constants
for the addition of the radicals to other STA. The rate
constants for the addition of the radicals to STA vary over
a range of several orders of magnitude depending on the STA
used. This property of the STA makes it possible to choose
a suitable STA permitting the use of simpler expressions, for
example Eqn.(19), for the determination of the rate constants
for reactions (2)-(5).
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It follows from Tables 1—3 that nitroso-compounds are more
effective STA for the trapping of aliphatic carbon-centred
and phenol radicals than nitrones. Among nitroso-com-
pounds, aromatic compounds are more reactive than alkyl
nitroxy-radicals, provided that there is no appreciable steric
hindrance. The highest rate constants for the addition of
radicals have been obtained for nitrosodurene (Tables 1 and
3, Nos.1-3). However, it does not follow from this that
nitrosodurene is also the most reactive STA for other radi-
cals, because the efficiency of the STA depends on many
factor a, for example on the stability of the SA formed,8"»85

on the thermal and photochemical stabilities of the STA, and
other causes.

can also involve factors other than the delocalisation of the
unpaired electron in the SA.

In contrast to nitroso-compounds, aliphatic nitrones are
more reactive than aromatic nitrones (Table 1, Nos.7—13;
in addition, cf.No.14 in Table 4 with Nos.1-3, 5, and 6 in
Table 5). It is believed1*2 that this is associated, apart
from other causes, with the steric factor, because aliphatic
nitrones are less sterieally hindered than aromatic nitrones.
Comparison of the rate constants for the addition of certain
radicals to substituted and unsubstituted nitroso-compounds
and nitrones shows that the steric structure of the substitu-
ents influences significantly the reactivity of the STA (cf.
Nos.2-4, 7, 8, and 13 in Table 1, Nos. 14-18 in Table 4, and
Nos.1-3, 5, and 6 in Table 5).

Table 4. The rate constants for the addition of hetero-
radicals and other radicals to STA at 20 °C.

No.

1

2

3

4

S

«

7

8

9

to
11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

STA

4-Me-PBN

PBN

PBN

PBN

PBN
PBN
BNB

DMPO

MNP

MNP

PMNB

NB

DMPO
DMPO
MNP
MNP

H2C=N(O)CMe3

HMPO

DeMPO

PMPO

Me4-PO

PBN

PBN

PBN

PBN

α-2-pyridine 1-oxide N-t-butyl

α-3-pyridine 1-oxide ΛΜ-butyl nitione

β-4-pyridine 1-oxide JV-t-butyl nitione

PBN

Radical

HO
PhCOO

MeO

Η

»
Et,Si

HO
MeO

PhS

PUS

PhS

McCO

»
MerfX)

»
Me,CO

Me£O

Me,CO

Me£0

Me£0

co;
CH.O

o;
HO
HO
HO

EtO

L0*^*i, litre mol"

s-1

5000

i—100

1200

5500

430-990
60—120
16000

20000—27 000

1300 (—40")

1700

3200

2 200

5000
7300

15
11 (40°)

3000—5000

3800

3300

4100

86

100000

150

120

50

32000

48000

35 000

2000

Refs.

169]

[47, 63]

[70]

[301

(711
[72]
[72]

169]

173]

1741

[74]

174]

[75]
[76]
175]
[77]
[75]

[761

[76]

[76]

[76]

[78]

[78]

[78]

[78]

[79]

[79]

[79]

[80]

Notation: 4-Me-PBN = 4-N-methylpyridine t-butyl nitrone,
HMPO = 5-n-hexyl-5-methyl-l-pyrroline Ν-oxide, DeMPO =
5-n-decyl-5-methyl-l-pyrroline N-oxide, PMPO = 5-n-propyl-
5-methyl-l-pyrroline N-oxide, and Mev-PO = 3,3,5,5-tetra-
methyl-1-pyrroline N-oxide; for the significance of the
remaining abbreviations, see the footnote to Table 1.

The high rate constants for the addition of carbon-centred
radicals to aromatic sterieally unhindered nitroso-compounds
can be accounted for by the stabilisation of the SA as a result
of the delocalisation of the unpaired electron over the aromatic
ring,86 so that aromatic alkyl hydroxy-radicals should be
more stable than dialkyl nitroxy-radicals. However, com-
parison of the rate constants for the addition of thiyl radicals
to NB, PMNB, and MNP (cf.Nos.9-11 in Table 4 and Nos.l,
4, and 5 in Table 1) shows that the efficiency of the STA

Table 5. The rate constants (10~7 k l t litre mol"1 s"1) for the
addition of radicals to substituted α-phenyl n-t-butyl
nitrones (PBN) at 25°C.78

No.

1
2
3
4
5
6

STA

PBN
4-Me-PBN
4-MeO-PBN
4-CN-PBN
4-NO2-PBN
4-C1-PBN

Radical

Me,CO*

0.55
0.34
0.55

0.9
0.65

HO

850
470
640
650
740

HOO

0.5
0.1
0.1
0.6
0.3

έΗ,ΟΗ

4.3
2.5
2.9

75.0
120.0

MetHOH

1.6
0.1
0.95
2.0
3.5

Μ«£θΗ

1.0
0.1
0.15

MtCH.OHOH

1.3
0.35
0.1
1.7
0.65

'"According to the data of Janzen and Evans;75 the solvent
was benzene, while in all the remaining cases it was water.

It follows from the data in Tables 4 and 5 that nitroso-
compounds and nitrones are just as effective for the identi-
fication of oxygen-centred radicals. As for alkyl radicals,
aliphatic nitrones are more reactive than aromatic nitrones
(cf.No.14 and Table 1 and No.l in Table 5). Furthermore,
the polarity (Table 5) and steric properties (Nos.8-13 in
Table 1 and Nos. 15-18 in Table 4) influence appreciably the
effectiveness of nitrones, as happens for aromatic nitroso-
compounds (Table 1, Nos.2-4).

The causes of the differences between the activities of the
STA in relation to different radicals are so far not altogether
clear. For example, MNP is a relatively ineffective STA^
compared with NB and PMNB, in the trapping of the Me3C
radicals (see Table 1, Nos.l, 4, and 5). However, it is
seen from the comparison of the rate constants for the addi-
tion of thiyl radicals of MNP, NB, and PMNB (Table 4,
Nos. 9-11) that the difference between the effectiveness
of these STA and that of thiyl radicals is insignificant.
The strength of the bond between the radicals and the STA
apparently has a significant influence on the effectiveness of
the STA. Thus the rate constants for the addition of
silicon-centred radicals to nitrones are somewhat higher
(Table 4, No. 5) than the corresponding rate constants for
carbon-centred radicals (No. 8 in Table 1 and No.4 in
Table 3). On the other hand, the rate constants for the
addition of silicon-centred radicals to BNB with formation of
a silicon-carbon bond are greater by approximately two
orders of magnitude than the rate constants for the addition
of the same radicals to PBN (Table 4, Nos.5 and 6).
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The rate constants for the addition of alkyl radicals of
various types to the most effective STA have similar values
(Table 1, Nos.1-3 and 5; Table 2, Nos.3 and 4). The radi-
cals containing the HO group at the α-carbon atom are an
exception (Table 5), which may be associated, apart from
other causes, also with the fact that all these radicals have a
planar or nearly planar s t ructure 8 7 ' 8 8 and the steric structure
of the radicals identified does not therefore play a significant
role.

The rate constants for chlorine-containing radicals depend
appreciably on the nature of the radical. # For example, the
rate constants for the addition of the C13C radicals to nitroso-
compounds are approximately an order of magnitude greater
than the corresponding rate constants for the RCC12 and
RCHC1 radicals (Table 3). This is probably associated with
the geometry of the radicals, because it is known87 that the
C13C radicals have ajnore pronounced pyramidal structure
than the RCC12 or RCHC1 radicals.

According to In gold and co-workers ,1*2»1*3 the relative error
in the determination of fcx for aliphatic carbon-centred radi-
cals is 30%. The error is determined mainly by the difficulty
of measuring the relative stabilities of the radicals detected
by EPR, because, during the initial period of the reaction,
the signal to noise ratio precludes a more accurate deter-
mination of the relative SA concentration and the extrapola-
tion of the ratio to zero time owing to the low concentration of
the radicals. The absolute values of kx listed in Tables 1-5
can differ by a factor of 2-5,"2 '1*3 '5 9·7 7 which is associated
with the accuracy of the determination of the rate constants
fcf [i = 2-5, see reactions (2)-(5)] for other reactions
competing with the addition of the radicals to the STA,
because the fcj enter into the expressions for the determina-
tion of fci (see Section II).

Table 6 lists the activation energies and pre-exponential
factors for the addition of n-alkyl radicals. It follows from
these data that the pre-exponential factors are in the range
characteristic of the addition of radicals to the double bond
within the limits of the accuracy of their determination,2 9 '3 1 '
8 9 ' 9 0 while the activation energy for this reaction is low.

Table 6. Parameters of the Arrhenius equation for the
reaction involving the addition of radicals to STA.

STA*

MNP
BNB
PBN
MNP

Radical

n-alkyl
n-alkyl
n-alkyl

CC1,CH2CHCC1,F

T, °C

40—70
40—73
27—70

—40-27

kcal mol'l

2.0
1.0
1.2

2.5

log>l (litre
mol-1 s-1)

8.4
6.5
7.3

Refs.

[42]
[42]
[42]

[62]

*For the significance of the notation, see the footnote to
Table 1.

IV. THE USE OF THE SPIN TRAPPING METHOD FOR THE
DETERMINATION OF THE KINETIC PARAMETERS OF ISOM-
ERISATION, FRAGMENTATION, ELIMINATION, SUBSTITU-
TION, AND ADDITION REACTIONS

Section III listed the rate constants for the addition of
short-lived radicals to STA. These constants were deter-
mined for cases where the reactions selected to compete with
addition of the radicals Ri to the STA were cyclisation,

substitution, or addition reactions whose rate constants
were known. Certain data on the rate constants for the
isomerisation, fragmentation ; elimination, addition, and
substitution of the radicals Ri, obtained by the ST method,
are compiled below. On the other hand, the addition of the
radicals Rx to the STA for which the rate constant has been
measured were selected as the reaction competing with the
above reactions.

It has been shown in Section II that, in order to be able
to determine the rate constants for reactions (2)—(5) by the
ST method, it is essential to detect simultaneously by EPR
the SA of the radicals Rx and Rj (i = 2-5) [except in the
cases where it is possible to employ Eqn.(9)J. Evidently
the STA whose SA with the radicals Rx and Rj have the
simplest EPR spectrum are the most suitable for these pur-
poses. Many nitrones satisfy this condition. On inter-
action of radicals with these compounds, fairly simple spectra
are obtained, and the nitroxy-radicals formed are extremely
stable. However, the spectra of the SA of many radicals
with nitrones have similar hyperfine interaction (HFI) con-
stants21*»91 and the lines due to individual radicals can there-
fore frequently overlap. Nevertheless, the large set of the
possible nitrones5 2»9 1 '9 2 allows the elimination of these diffi-
culties in many instances. As regards nitroso-compounds,
their selection as the STA depends on many factors and
therefore requires special study in the investigation of a
particular reaction. Nitroso-compounds are known to be
selective (see, for example, Freidlina et al.5) with respect
to individual radicals. For this reason, it is not always#

possible to detect simultaneously the SA of the radicals Rx

and R. with the aid of nitroso-compounds. In such cases
one can use Eqn.(9) to determine the rate constants for
reactions (2)—(5).

When Eqns.(8), (9), (19), and (23) are used to determine
kz, it is necessary to know only the values of fci. However,
the application of these expressions requires that certain
conditions be maintained. If these conditions are not
fulfilled, then more complex expressions, for example
Eqn.(17), may be used to determine fc2, which requires the
knowledge of the rate constants for the addition of the radi-
cals Rx and R2 to the STA. It follows from the data in
Tables 1—5 that much information is now available about the
rate constants for the addition of short-lived radicals to STA.
The main difficulty with which the use of Eqn.(17) for the
calculation of kz is associated consists in the comparatively
small amount of data available for the rate constant fc12.
However, on the basis of Eqns. (24)—(26), it is possible not
only to determine fc12 but also to establish the validity of
condition (14).

1. Determination of the Rate Constants for the Isomerisation
Reaction

The present development of the chemistry of radical
processes has shown that the chemical processes involving
the rearrangement of radicals in the liquid phase [see reac-
tion (3)] are general and can be regarded as one of the
principal types of radical reaction together with the frag-
mentation, elimination, substitution, and addition reac-
tions. 3 5 ' 9 0

The rearrangements of radicals with 1,2-migration of the
chlorine atom93>9lf and sulphur-containing groups 9 5 as well
as different types of isomerisation with migration of hydrogen
to a more remote radical centre9 3»9 6 occupy an important place
in the series of known rearrangements of short-lived radicals.
Such rearrangements have been investigated by methods of
preparative chemistry, 9 3- 9 6, EPR,21»66»67»97"101 and other
physicochemical methods. 9 3 · 9 6 · 1 0 2» 1 0 3



270 Russian Chemical Reviews, 56 (3), 1987

The STA more effective in relation to the radicals Rx and R2

investigated, namely MNP and ND, have been used to deter-
mine the isomerisatkm rate constants k3 (Nos.l and 2 in
Table 1 and Nos.7-10 in Table 3). The rate constants k3

were determined with the aid of the expression

[see Eqn.(19)], which has been shown in Section II.to be
valid subject to the condition ks[RNO]0 » k{[R3RNO] +
[R^NO]}, where k is the rate constant for the interaction of
the radicals R3 with RiRNO and R3RNO [see reaction (12)].

(a) Determination of the rate constant for the isomerisation
of polyhalogeno-radical8 with 1,2-migration of chlorine. The
attempts to determine the, rate constant for the rearrange-
ment of the radicals CC13CH2 to CC12CH2C1 with 1,2-migration
of chlorine by the EPR method have been unsuccessful,
because it has not been possible to observe signals due to
the non-rearranged radicals even at -140 °C.97·98 On the
basis of the results obtained,98 it has been suggested that
these reactions are characterised by low activation energies
and that the rate constant for the isomerisation of the primary
radicals CC13CH2 to CC12CH2C1 is apparently kis · 1010 s" 1 at
50 °C.8 7'9 8

Using the selectivity of nitroso-compounds, Freidlina et al.5

detected the SA of the radical CC13CH2 with Me2C(COMe)NO.
The rearranged CC12CH2C1 radicals have been detected with
the aid of ND as the STA. In subsequent studies,6 2'6 6'6 7 it
was possible to detect simultaneously the SA of the non-
rearranged and rearranged radicals in other reactions.
These results made it possible to find an approach to the
determination of the rate constants for the rearrangement of
polyhalogeno-radicals with 1,2-migration of chlorine by the
ST method.

The authors62·66»67 used MNP as the STA for the determina-
tion of the rate constant for the isomerisation of polyhalo-
genoradicals with 1,2-migration of chlorine, because, with the
aid of this compound, it is possible to establish the equiv-
alence or non-equivalence of the two β-chlorine atoms in the
SA of these radicals with the STA66·10*»105 and thereby assign
unambiguously the spectra of the non-rearranged and
rearranged radicals when these are present simultaneously
in the reaction mixture (Table 7).

Table 7. Parameters of the Arrhenius equation for the
reaction involving the isomerisation of the radicals Rx to
ρ 39,60,62,66,67

No.

1
2
3
4
5
6
7
8
9

*.

CCUCHQ
ClCHjCClCCl,
RCH.CMeCCl,
RCH,OHCC№
CCl,aH,
PhC(SPb),OHt

RCO,CH,(CHJ^H,
RCO,CH,(CHJ,CH,
RCOtCH^CH^CH,

ύα,αα,Η
ααί,οα,έα,
RCH,CMeClCCl,
RCH»CHC1CC1F

CCLCHgCl
PhC(SPta)CH,SPh
RCO,CH(CH,),Me
RCO,CH(CH,)«Me
RCO1CH(CH,),Me

i<r4 fc3, s"1

1.8·
1.0·
3.3

10
10·

5.6
13

1.8
0.78

—
10»
10»
10»

8· 10"
3-10»
2·10>·
7-10»

E, kcal mol"1

12.5
10.5
8.0
8,8
6.3
8.5
8.6

*At 20 °C; in the remaining cases the data refer to 40 °C.

Arrhenius equation characterising these reactions are
summarised in Table 7 (Nos.1-5). The knowledge of the
isomerisation rate constants leads to the possibility of
predicting a whole group of isotypical telomerisation, poly-
merisation, addition, and substitution reactions in which the
intermediate radicals may rearrange with 1,2-migration of
chlorine. In particular, the study of the polymerisation of
H2C=CHCC12X, where X = Cl or F,106 showed that the poly-
mer formed consists mainly of the rearranged—(CH2.
.CHClCClX)n—units. Since the rate of isomerisation of
the secondary radicals is at least an order of magnitude
higher than the rate of their addition to the monomer, the
radicals RCH2CHCC12X formed have sufficient time to isomer-
ise.

(b) Determination of the^rate constant for the isomerisation
of the radicals PhC(SPh)2CH2 to PhC(SPh)CH2SPh with 1,2-
migration of the SPh group. The rate constant for. the
rearrangement of the radicals PhC(SPh)2CH2 to PhC(SPh).
.CH2SPh has been determined39 in the temperature range
10-70 °C (Table 7, No. 6). These radicals are obtained on
thermal or photochemical isomerisation of acetophenone
diphenylmercaptal to l,2-di(phenylthio)ethylbenzene.107

The activation energy and the pre-exponential factor obtained
proved to be closer to the parameters characteristic of radical
isomerisation62»108'109 than to the parameters of the elimina-
tion31»110 or addition31 reactions. These results enabled the
authors39 to assume that the isomerisation of the radicals
PhC(SPh)2CH2 to PhC(SPh)CH2SPh with 1,2-migration of the
thiyl group proceeds via an intramolecular mechanism.

(c) Determination of the rate constant for the isomerisation
oj radicals with migration of hydrogen. The SA of#the initial
CH2(CH2)nCH2CO2R and the rearranged Me(CH2)nCHCO2R
radicals with ND have been identified by EPR.60.101 The
non-rearranged radicals were generated by abstracting
bromine from BrCH2(CH2)nCH2CO2R by triethylsilyl radi-
cals.1 0 1 The radicals Me(CH2)nCHCO2R are.formed as a
result of the rearrangement of the radicals CH2(CH2)nCH2.
.CO2R with 1,4-migration (n = 2), 1,5-migration (n = 3),
and 1,6-migration (n = 4) of a hydrogen atom.

Table 7 (Nos.7— 9) presents the temperature variation of
the rate constants for the isomerisation of the radicals
CH2(CH2)nCH2CO2R to Me(CH2)nCHCO2R. These results
were obtained over a narrow temperature range (ΔΤ = 30 to
40 °C) and for a small number of experimental points.101

Nevertheless it follows from the above data that 1,5-migra-
tion is preferred on both kinetic and thermodynamic grounds
in reactions where there is a possibility of the rearrangement
of the intermediate radicals with migration of hydrogen.

The use of the ST method yielded the kinetic and thermo-
dynamic parameters for the isomerisation of short-lived
radicals with migration of chlorine, the thiyl group, and
hydrogen. The error in the measurement of the isomerisa-
tion rate constants, especially in the rearrangement of
radicals with 1,2-migration of chlorine, is apparently half
an order of magnitude and is associated with the inaccuracy
in the determination of the rate constant for the addition of
the non-rearranged radicals to the STA. Nevertheless the
results obtained make it possible to take into account the
role of the rearrangement stage in complex chemical reactions.

2. Determination of the Rate Constants for the Fragmentation
Reaction

The rate constants for the isomerisation of certain poly-
halogeno-radicals with 1,2-migration of chlorine determined
in the above studies62»66»67 and the parameters of the

The rate constants for the fragmentation of the radicals
RCO (R =isopropyl, t-butyl, 1-adamentyl, tetra-allyl,
and cumenyl) have been measured87»77 using MNP as the STA.
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The fragmentation of polymeric radicals via the mechanism

Me Me Me Me Me Me

-CH.-C-CH—C-CH.-C- 5- -CH,—C-CH=C + CH.-C- ,
I
Ph Ph Ph Ph Ph Ph

(VI) (VII)

h a s also been s t u d i e d . 1 1 1 Having determined the s ta t ionary
concentrat ions (2g) of the SA of t h e radicals (VI) a n d (VII)
with MNP a n d hav ing adopted values in t h e r a n g e 3.3 χ 106 to
9 χ 106 l i t re mol" 1 s " 1 for t h e r a t e c o n s t a n t s for t h e addition
of t h e radicals (VI) to MNP, the a u t h o r s 1 1 1 obtained k 2 9 =
5 χ 10 3 -4 .1 x 10* s " 1 at 25 °C.

[CCWolCCljiCHiCHX^NtOJAr] '

In particular, it has been shown68 that, when a more general
expression is used [see Eqn.(18)] to determine fcpr, the same
values of fcj?r are obtained as in the case where the above
formula was used. This is associated with the fact that, as
numerous results show,36»1*1»1*2'61»68»117 the rates of addition of
the radicals CC13(CH2CHX)^ to ND are much higher than the
rate of reaction of these radicals with the SA. The values
of kj*, determined in a number of studies61»68»117 are listed in
Table 8.

3. Determination of the Rate Constant for the Abstraction of
a Chlorine Atom from CCI,, by the Telomeric Radicals CCI3.
.(CH2CHX)n (n = 1-3; X = H, Me, or Cl) and Their Addi-
tion to Olefins

The telomerisation of the olefins H2C=CHX (X = H, Me, or
Cl) with CCli, takes place at a fairly high concentration of the
telogen via a radical chain mechanism:1 1 2~ l l l f

Scheme III
initiator -* R ,

R + CCI4 -» RC1 + CC1, ,

6CI3 + H,C=CHX -• CCl,CH,(iHX ,

*»
CC1,CH,CHX H,C=CHX -*• CCI,CH,CHXCH,CHX ,

w

CC1SCH,CHX + CC1, ̂ CC1,CH,CHXC1 -f CC1, ,

(Ti)

Table 8. The chain transfer (ktr, litre mol""1 s"1) and
propagation (kp, litre mol""1 s"1) rate constants for telomeric
radicals at 40 °C.

No.

1

2

3

4
5

6

7

Radical

CC1SCH,CH,
CCls(CHtCH,);

CC!,(CH,CH,);

CCl,CH,CHMe
CCl,(CH,CHMe);

CC1,CH,CHCI
CC1,(CH,CHCI);

Ι Ο " 4 * , ,

0,39

9,0

14.0

1.4
20.8

0.045

0.176

ΙΟ"3 kp

45

30

19

8.8
4.2

168
98

Refs.

[117]
[H7J

U17J

[61]
[61]

[68]
[68[

CC13(CH,CHX);+ H,C=CHX Λ CC13Λ

+ cci3 ,

2CC1, -ΐ>- products .

It is seen from this scheme that the relative yield of the
telomer-homologue T n is determined solely by the competition
between the stages involving the substitution and addition of
the radicals CCl3(CH2CHX)n [stages ( a ) - ( d ) ] . The methods
of competitive kinetics made it possible to investigate the
reactivity of the radicals. The determination of the partial
chain transfer constants Cn = k™r/kp is a widely used method
for such estimates. An appreciable difference between Cx

and Cn (η £ 2) has been observed in the telomerisation of
styrene, 1 1 5 ethylene, propene, and vinyl chloride1 1 6 with
CCU. In order to elucidate the causes of the changes in
the quantities Cn, it is essential to calculate fc"r or kp and
to establish thereby the contribution of stages (c) and (d)
to the telomerisation of CCU with olefins.

The rate constants for the abstraction of chlorine from CCli»
by the radicals CCl3(CH2CHX)n (where X = H, Me, or Cl)
have been determined6 1.6 8»1 1 7 by the ST method. The
telomeric radicals were generated by the photochemical
decomposition of CCl3(CH2CHX)nI in the presence of
Hg(m-C2H2B1 0H9-9)2.

1 1 8 In the determination of the rate
constant k5 = k^r for the abstraction of chlorine from CCli»
by the radicals CCl3(CH2CHX)n, the.authors6 1»6 8»1 1 7 used ND
as the STA, which is most effective in relation to these radi-
cals, and also the expressionf

tThis expression is analogous to Eqn.(19) with k5 = k2;
[M]o =.[CC1JO, [A] = CCl3(CH2CHX)nN(0)Ar, and [B] =
CCl3N(0)Ar, where Ar = 2,3,5,6-Μβ^6Η.

Table 9. The rate constants k5 for the abstraction of hydro-
gen by the radicals Ph 1 2 2 and MeO 1 2 3 at 20 °C.

Reaction

Ph + MeOH
Ph + MeCHOH
Ph + Me,CHOH
MeO + MeCH,OH
MeO + ethylene glycol

10" 5*5, litre
mol"l s'l

1.4
2.3±0.1
4.1±0.1

5.0
6.2

Reaction

MeO + glycerol
MeO + MeOCHAMe
MeO + HCOOMe
MeO + iMeOCHjOH
MeO + n-pentane

10"5 ks, litre
mol-1 s-1

13
19
48
34

1

Freidlina and co-workers61»68»117 determined the chain
propagation rate constant /c" [see Scheme III, stages (a)
and (c)] listed in Table 8 from the values of fc"r obtained and
the partial constants Cn for chain transfer in the telomerisa-
tion reactions of propene and vinyl chloride.1 1 6»1 1 9~1 2 1 It
follows from the data in Table 8 that (1) the reactivity of the
radicals CCl3(CH2CHX)n (X = H, Me, or Cl) in reactions with
CCU depends significantly on the position of the CC13 group
relative to the radical centre and on the nature of the sub-
stituents at the α-carbon atom, (2) the differences between
the values of Cn for the telomerisation of ethylene and
propene with CCli, are associated mainly with the differences
between the rate constants for the abstraction of chlorine
from CCl^ by the radicals CC13CH2CHX and CCl3(CH2CHX)n,
where η £ 2 and X = Me or H, and (3) the changes in the Cn

for the telomerisation of vinyl chloride with CCli» are asso-
ciated with changes in both k" r and fcl}·



272 Russian Chemical Reviews, 56 (3), 1987

4. Determination of the Rate Constants for the Abstraction
of Hydrogen by the Radicals Ph and MeO

The rate constants in the abstraction of hydrogen from
methanol, ethanol, and isopropyl alcohol by phenyl radicals
have been determined122 using PBN as the STA (Table 9).
Table 9 presents also the rate constants for the abstraction
of hydrogen from various compounds by the radicals MeO.
These data were obtained on the assumption that the rate
constant for the addition of the radicals MeO to PBN is 1.2 χ
10β litre raol"1 β"1.

5. Determination of the Rate Constants for the Addition of

Radicals to Compounds Containing the S=C\Groups

It is known12»15»121*»125 that compounds containing the
linkages can be used as STA. The stability of the radicals '
formed then depends significantly on a series of factors (for
further details, see Scaiano and Ingold12). Using MNP and
(Me3C)2C = S as the STA, Scaiano and Ingold determined the
rate constants for the addition of methyl radicals to
(Me3C)2C = S . The SA of the radicals Me with MNP and
(Me3C)C = S have been identified by EPR at -40 °C:

Mt +

Me

MeN (O)CMe»
(VIII)

MeSC(CMed,

(IX)

The value k30 = 1.5 χ 105 litre mol"1 s" 1 was adopted for the
rate constant for the addition of the radicals Me to MNP at
-40 °C on the basis of the data of Perkins and Roberts.59»77

The rate constant k31 = 1.1 χ 106 litre mol"1 s" 1 was deter-
mined by comparing the rates of formation of the SA of
methyl radicals with MNP and (Me3)2C = S using the known
value of k30. The results obtained showed that alkyl radi-
cals add to compounds containing the S=C> linkage at high

rates. Thus the interaction of the radicals Ph with
S = C(OPh)CH2Ph and S = C(OPh)CHPh2 yields in addition
to the radicals PhSC (OPh)CH2Ph and PhSC(OPh)CHPh2, i.e.

Ph + S=C (OPh) CHtPh ^5- PhSC (OPh) CHJPh , ( 32)

Ph + S=C (OPh) CHPh, ̂ 5- PhSC (OPh) CHPh, , ( 33)

the radicals S = C(OPh)CHPh and S = C(OPh)CPh2:

Ph + S=C (OPh) CHJPh Η- S=C (OPh) CHPh , ( 34)

Ph + S=C (OPh) CHPh, ^ - S=C (OPh) CPh, . ( 35)

With k3lt = k35 = 5 χ 106 litre mol"1 s" 1, the rate constants
for the addition of phenyl radicals to S = C(OPh)CH2Ph and
S = C(OPh)CHPh2 at 45 °C were found15 to be k32 = 2.3 χ 106

and k33 = 2.7 χ 106 litre mol"1 s" 1 respectively. It is note-
worthy that the values of k32 and kJ3 determined by the ST
method are virtually identical with the corresponding con-
stants calculated on the basis of the direct identification of
the radicals PhSC(OPh)CH2Ph and PhSC(OPh)CHPh2 by
EPR.15

The phenylation of benzene has been investigated63 by the
ST method. Having adopted the value of 1.2 χ 107 litre
mol"1 s" 1 for the rate constant for the addition of phenyl
radicals to PBN at 25 °C in methanol, the authors63 obtained
the constant k&aa « io 5 litre mol"1 s" 1 for the addition of
phenyl radicals to benzene, which agrees well with the results
of the phenylation of benzene by phenyl radicals obtained by

Levy et al.126 and Scaiano and Stewart127 using other
methods.

—oOo—

Thus the experimental results considered in this review
demonstrate the probable usefulness of the application of the
ST method in the determination of kinetic data for individual
stages of complex chemical reactions of various types.
Although the amount of such data is at present small, never-
theless one may hope that further accumulation of experi-
mental rate constants for the addition of radicals to STA as
well as the analysis of the dependence of the rate constants
for the addition reaction on the steric and polar properties of
the radicals and on the nature of the STA will permit a con-
siderable extension of the range of reactions for which
kinetic data may be obtained.
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The Conformations of Polymethine Dyes
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The conformational features of polymethine dyes and related compounds are examined and the principal factors controlled by
the conformational equilibrium are identified. The methods for the determination of the geometrical structures of
polymethines are discussed. Special attention is devoted to a new method for the determination of their conformations—from
the absorption spectra of dyes with two chromophores.
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I. INTRODUCTION

Polymethine dyes are a special class of organic compounds:
they possess the unique ability to sensitise to visible light
light-sensitive materials based on silver halides. The
capacity of polymethine dyes for aggregation and adsorption
on silver halides depends greatly on the steric structure of
the cations of the dye itself.1 - 3 In particular cis—trans
isomerism has a pronounced and a by no means unambiguous
influence on the effectiveness of the sensitisation.

Yet another field in which polymethine dyes are applied
has been established in recent years—laser technology.
Lasers based on these compounds generate radiation in the
range 500—1250 nm. It has been established that the iso-
merisation of polymethine dyes plays an important role in the
degradation of the photoexcitation energy, which ultimately
affects the luminescence and generation properties of these
dyes."·5

Finally, polymethine dyes are a convenient model for the
theory of the colour of organic compounds. Systematic
investigation of the dependence of the colour of polymethines
on their structure has made it possible to test a number of
important postulates of this theory: the influence of the
electronic symmetry of the chromophores, the intermolecular
steric hindrance, and the presence of neutral solvents
(solvatochromism) on the colour.6 Furthermore, it has been
shown that certain spectral anomalies of polymethine dyes
are caused by the cis—trans isomerism.

However, despite the fact that the study of the conforma-
tional features of polymethine dyes is of both theoretical and
practical importance, special reviews on this topic have not
so far been published. Isolated non-systematic data may be
found in the review of Stunner and Heseltine.1 X-Ray dif-
fraction data for a series of cyanines are presented in Smith's
review7 and their photoisomerisation is considered in Kuz'min's
review.*

The aim of the present review is comparison of new and old
spectroscopic data on the geometrical structure of poly-
methines and the elucidation of the factors on which it
depends. Particular attention has been devoted to a new
method for the determination of the conformations of poly-
methines—from the absorption spectra of dyes with two
chromophores.

I I . ROTATIONAL ISOMERISM OF COMPOUNDS RELATED TO
POLYMETHINES

It is known that the ease of interconversion of atomic
groups in the molecule depends on the order of the bond
connecting these groups. For example, the barriers to the
rotation of various substituted ethane derivatives are in the
range 12—75 kJ mol""1, while the barriers to rotation around
significantly double bonds are extremely large (120—200 kJ
mol"1). 8 Hence, in contrast to the conformers of paraffins,
the geometrical isomers of olefins are stable and can be iso-
lated in a pure state. However, olefins tend to undergo
photoisomerisation and the ratio of the products in the reac-
tion mixture depends on the extinction coefficient of each
isomer at the irradiation wavelength. 9

The geometrical isomerism of polyenes can involve both
double and single bonds. The planar trans-configuration
(A) or the planar s-cis-configuration (B) and the cis-con-
figuration (C) of the polyene chain are most energetically
favoured; these configurations ensure the maximum inter-
action of neighbouring π-bonds, which can be represented
by the following set of resonance forms :

-CH«=CH—CH=CH— «—• - CH—CH=CH-CH— «~» — CH-CH=CH~CH-

Η Η

(Α) (Β) Γ (C)

Since the contribution of ionic resonance structures should be
small, polyenes are characterised by an appreciable alterna-
tion of bond orders. Even a slight shift of electron density
is sufficient to increase the barrier to rotation about the
central bond from 7.3 kJ moP1 in but-1-ene10 to 20. 5 kJ mol"1

in butadiene.8»10 One should also note that the trans-form of
butadiene is more stable by 9.6 kJ moP1 than the s-cis-form
and that at room temperature butadiene exists in the most
extended irons-form.

As a rule, the absorption bands in the UV spectra of cis-
polyenes and the cyclised s-cis-dienes are less intense than
the bands of the fully trans-isomers. 9»u Yet another
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characteristic feature of the electronic spectra of cis-polyenes
is the appreciable short-wavelength absorption—the so called
"cis-peak".9 The latter is completely absent from the spectra
of trans-polyenes owing to the mutual cancellation of the com-
ponents of the second transition moment, which are equal in
magnitude, have opposite directions, and are oriented along
the long chain of the molecule.12 In order to account for
the spectroscopic characteristics, it has also been suggested
that the model involving the interaction of bound chromo-
phores be used.u»^ For this purpose, the polyene molecule
is divided into two parts relative to the bond involved in the
isomerism and each component is regarded as an autonomous
chromophore. According to the theory of the interaction of
bound chromophores,13»15 any deviation of the torsional angle
from 180° relative to the bond connecting the two chromo-
phores removes the prohibition of the short-wavelength
absorption.

Like olefins, polyenes undergo reversible cis-trans transi-
tions under the influence of light.9 Thus the cis—trans
photoisomerisation constitutes the basis of the transformations
of retinal, which play an important role in the visual process.16

Amides, thioamides, amidines, and their vinylene homo-
logues can serve as examples of compounds with bonds more
delocalised than those in polyenes. The electronic structure
of these compounds is characterised by an appreciable con-
tribution of the resonance dipolar structure (B):

intense colour compared with the initial form. The activa-
tion energy for the reverse reaction depends on the struc-
ture of the ketocyanine and also on the strength of the
acid used as the catalytic additive and is in the range 41—
71 kJ mol"1.20

The merocyanines of type (III), formed as a result of the
photoinitiated opening of the pyran ring of the spiropyran
(IV), are a kind of analogue of aminopolyvinyl ketones:21

One of the stages in this reversible process is the cis—
trans isomerisation with respect to the central bond, this
stage determining the experimentally observed rate of the
dark decolorisation.22

-N-(CH=CH). -CH=X * - - — N=(CH-CH)n=CH-X"
I I

(A) (B)

Depending on the nature of the heteroatom X, the ease of
the s -cis -trans isomerisation decreases in the sequence
NR > Ο > S, which can be explained by the increased con-
tribution of the structures (B) in the thione. The opposite
variation has been found for the rotation about the remaining
formally double bonds. For the vast majority of compounds
of this kind (for η > 0), the isomerisation activation energy
is in the range 38-96 kJ mol"1 and the acidity of the medium
and the steric and the electronic structures of the sub-
stituents play a significant role. The relative thermodynamic
stabilities of the conformers depend on the nature of the sub-
stituents and the dielectric properties of the medium. e · 1 7

The ketocyanines (I) and (Ha), whose nature is similar to
that of aminopolyvinyl ketones, have the fully trans-
(EEEEEEEE)-structure: " ' 1 9 t

R1
(I)

X=S,

R> R·
(Ha)

r /

R1

[2)s; X = C (CH,),, R1*

R1 R»

(lib)
„ R»=H, (CH,),, (CH,),.

In non-polar solvents the ketocyanines (Ha) undergo photo-
isomerisation with respect to a bond with a high order, the
photoisomer (lib) being stable and having a deeper but less

t Since different names are used to designate the same con-
formers of polymethines and related compounds, whenever
necessary in the present review the two most frequently
employed terms are used for them.

I I I . CONFORMATIONS OF VARIOUS POLYMETHINE DYES

1. Conformations of Streptocyanines

The protonation or alkylation of aminopolyvinylamines leads
to the cationic conjugated systems (V)—streptocyanines,
which possess "polymethine properties" i.e. their π bonds are
fully delocalised and the charges on the atoms of the poly-
methine chain alternate.23 The anionic systems (VI), namely
oxanines, are also in the "polymethine state". The amino-
polyvinyl ketones (thiones) in which the contribution by the
dipolar limiting structure is comparable to that of the
uncharged structure, i.e. merocyanines, are also close to
the "polymethine state":

(V) (VI)

Polymethine compounds are character i sed by relatively
narrow and intense principal absorpt ion b a n d s , which indi-
cates a comparatively small change in bond l e n g t h s on excita-
t ion. A second maximum is usually observed on t h e s h o r t -
wavelength side of t h e s e b a n d s , being separated from t h e
main maximum by 1200—1400 c m " 1 . I t is associated with t h e
vibrational 0—1 t rans i t ion polar ised, like t h e 0—0 t rans i t ion,
along t h e axis of t h e polymethine chain.2 1*»2 5

X-Ray diffraction data have shown t h a t , r e g a r d l e s s of t h e
length of t h e u n s u b s t i t u t e d polymethine chain and t h e p r e s -
ence of s u b s t i t u e n t s at the ni t rogen atoms, the cations of t h e
s t reptocyanines have t h e fully t r a n s - ( E 2 n ) - c o n f o r m a t i o n with
the equalisation of bond lengths character i s t ic of t h e "poly-
methine s t a t e " and a slight a l ternat ion of t h e valence angles
formed by t h e sp 2 -hybr id i sed carbon a t o m s : 2 6 " 3 1

The cations of the s t reptocyanines invest igated are almost
p lanar , which e n s u r e s t h e maximum interact ion of t h e π-elec-
t r o n s and t h e i r delocalisation.
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The *H NMR spectra 3 2" 3 6 also support the fully trans-
conformations of compounds (V) and (VI) in solution: the
spin—spin coupling constants of the protons of the poly-
methine chain (12—14 Hz) do not change significantly also
after the introduction of the bulky methyl group in the meso-
position in the polymethine chain of the streptocyanine
(V, η = 2), which rules out the formation of the EZEE-con-
flrmation as a means of eliminating the steric hindrance
which has arisen.

A narrow singlet in the XH NMR spectrum of compound
(V, η = 2, R1 = CHS, R2 = C 6 H 5 ), due to aromatic protons,
shows that the phenyl groups are arranged at right angles
to the plane of the polymethine chain. **

The steric structure of the streptocyanines (Vila, b)
has been investigated with the aid of the nuclear Overhauser
effect. v It has been shown that a, a' -di- and β-mono-
alkylated trinethine streptocyanines exist in the fully trans-
(EE)-conformation. Compared with the unsubstituted cation,
there is some change in the valence angles, which is greater
the greater the bulk of the substituent. The distortions of
the angles and the deviation of the components of the cation
from planarity for equal bulk of the substituent are greater
in the α-derivatives (Vila):

N(CH,),
(CH,),N +

N(CH,),

R 1 = H, R 2 = H, C H 3 , CHS, iso-C|H, (a); R>=CHS, C,H4. R«=H (a); R=NO, (b)

iso-C3H7) t-C4H9, R
2 = Η (b)

Alkyl groups manifest weak electron-donating properties
and their influence on the geometrical structure of the poly-
methines can be explained primarily by steric causes. Sub-
stituents such as the nitro- group are capable of being
included in the conjugation chain, forming new chromophores
and altering therby the conformation of the cation [com-
pounds (Villa, b ) ] . 3 8

The XH NMR spectra of the streptocyanines (V, R1 = R2 =
CH3, η = 1, 2) exhibit two signals due to the protons of the
methyl group at room temperature and for η = 3 also at a
reduced temperature. The magnetic non-equivalence of these
protons is caused by the hindered rotation of the methyl
groups about the C N(CH3)2 bonds. With increase of
the length of the polymethine chain, the barrier to rotation
diminishes from 70 kJ moF1 (n = 1) to 47 kJ mol"1 (n = 3 ) .
An increase in the acidity of the medium reduces the activa-
tion energy for the first compound to 36 kJ mo!"1. Experi-
mental results39»1* agree with data obtained by the ab initio
calculation of the activation energies for the rotation of the
amino- groups. k l

The electronic spectra of streptocyanines (V) cannot serve
as a reliable criterion of their conformational homogeneity at
room temperature, because instances of the overlap of the
bands of isomers absorbing at close wavelengths are possible.
A decrease of temperature as a rule causes a narrowing of the
absorption bands as a result of the decrease of the amplitudes
of low-frequency vibrations. * The appearance of inflec-
tions on the long-wavelength slopes of the principal bands
was noted under these conditions [compounds (V), η = 2, 2,
Ri = R 2 = (CH2)3-eI·. w The authors*3 attribute such local
maxima to the thermodynamically less stable mono-cfs-con-
formers. The absorption bands of streptocyanines with
shorter (n = 0, 1) chains do not inhibit such splitting. Apart
from the principal long-wavelength band, the spectrum of
compound (V, η = 3) shows yet another specific band in the
region of shorter wavelengths, whose intensity increases on
heating. By analogy with the short-wavelength absorption
of cis-polyenes, this band has been called the "cis-peak" and
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has been assigned to absorption by the unstable cis-con-
formers, whose concentration in the equilibrium mixture
increases with increase of temperature.

The fixation of the polymethine chain of streptocyanines
in the mono-cis-(ZE2n-2E)-configuration (IX) and the di-cis-
(Z£2n-2Z)-configuration (X) also leads to a bathochromic
shift of the principal absorption band. Although the elec-
tronic influence of the substituent (the cyclic trimethylene
group) also contributes to the magnitude of this shift, it is
believed ** that the contribution amounts to only half of the
overall shift. The oscillator strength of the principal
absorption band decreases in the sequence trans > cis > di-
cis. The experimental results have been confirmed by
LCAO-MO calculations.1* Unfortunately the authors'* did
not pay attention to the short-wavelength part of the spec-
trum, where the appearance of "cis-peaks" on passing from
the trans- to the cis-form might have been expected:

NR'R-

(IX)

R1,R2-CH3, (CH2)4; R3,R4=CH3, C6H5, (CH2),

(X)
2 = CH3,(CH2)4

Characteristic changes in the absorption spectra of strepto-
cyanines occur when their solutions are irradiated at the
wavelength of the absorption maxima. **3>lf5~''9 It has been
established that this entails the appearance of a new band,
which is displaced to longer wavelengths relative to the first
and is characterised by a smaller oscillator strength. In
many instances the appearance and increase of the intensity
of the new band are accompanied also by the appearance and
increase of the intensity of the bands of the "cis-peaks"
polarised at right angles to the principal band.'*3»'·5 The
photochemical reaction is reversible and the rate of the dark
reaction increases with increase of temperature and depends
on the viscosity of the solvent. The process activation
energies are in the range 58—67 kJ mol"1. An increase of the
acidity of the medium lowers this energy to 42 kJ mol"1. **
These spectroscopic data can be readily interpreted within
the framework of the cis-trans isomerisation of strepto-
cyanines , although the formation of the excimers of these
compounds on excitation has been postulated.1*9 However,
photoisomerisation is supported by the activation energy,
which is intermediate between the barriers to rotation about
the double and single bonds, which corresponds to a bond
order of 1.5 in the "polymethine state".

The phototropic mono-cis-(EZ)-form (XI) of the strepto-
cyanine (V, η = 1, R1 = R 2 = CH3) has been compared
with the di-cis-(ZZ)-form (XII), which is known to be
stereohomogeneous. **3»**

(CH3)2N N(CH3)2

MCH,)2

(V)

"max = 31750 cm"
/ = 0.63

(XI)

vmitx = 29400 cm"

/ = 0.47

(XH)

vmax = 28400 cm"

A distinct bathochromic shift and a decrease of the oscil-
lator strength are observed on passing from the trans- to
the di-cis-form.

The same behaviour is reflected qualitatively by the results
of the LCAO-MO calculation for certain conformers of penta-
methine streptocyanine.5 0 According to the calculated data,
the energy of the ground state of the conformer increases
in the sequence (A)-(F) and the bathochromic shift of the
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absorption band should take place in approximately the same
order:

N / \ / \ / \ N \ / \ / \ N /\/\N
(A), fully trans- (B), mono-cis- . , /

(C), mono-cis-
N

(D), di-cis- (E), di-cis- (F), di-cis-

Calculation has also shown that the rotation around the
central bonds of pentamethine streptocyanine requires the
expenditure of 61 kJ moP 1, while the rotation about the
remaining C^^^-C bonds requires 58 kJ mol"1, "*3 which is in
fair agreement with experimental data.

2. Conformations of Monomethine Cyanines

True cyanines of type (XIII) differ from streptocyanines
by the fact that the terminal nitrogen atoms, adjoining the
polymethine chain, are at the same time components of hetero-
cyclic nuclei.

R (xm) R
X,Y = O,S,C(CH3)2,CH=CH,NR; R = H,Alk, Ar

The closest methine group is also incorporated in the hetero-
cyclic ring, so that the cyanine with m vinyl group corre-
sponds to the streptocyanine with η = m + 1 vinyl groups.

On passing from simple cyanines to compound (XIII), i .e.
on replacement of a hydrogen atom by a bulky group X or Υ ,
the steric interaction of the cation intensifies in the first
place and the possibility of twisting about the C Ν bond
vanishes in the second place. Furthermore, in asymmetric
cyanines (X * Y) the "polymethine state" differs from the
ideal state, namely an alternation of bond orders arises and
is more pronounced the greater the difference between the
basicities of the terminal heterocycles.5 1 The latter factor
merits attention because a decrease of the order of a bond
facilitates rotation about the latter.

The steric interaction of the heterocyclic nuclei with one
another is especially characteristic of monomethine cyanines
(XIII, m = 0). According to X-ray diffraction data, the
steric structure of the cations of monomethine cyanines
depends primarily on the effective bulk of the groups X and
Υ in the terminal heterocycles and also on the presence of a
substituent at the carbon atom linking these groups. 5 2" 5 8

Thus the chromophores of monomethine cyanines (XIV, R1 =
CH3, C2H5, R2 = H) have the almost planar fully trans-(EE)-
structure.5 2»5 3 The same conformation obtains in the cation
(XV, Q = CH), but, owing to the steric interaction of the
hydrogen atoms in the 3 and 3' -positions, the planar struc-
ture is distorted (the central torsional angle increases to
50°). The angles between the planes of the heterocyclic
rings and the C(2)C(9)C(2' ) plane are the same.51* On the
other hand, the angles of rotation of the heterocyclic nuclei
relative to the C(2)PC(2' ) plane in the phosphorus-containing
analogue (XV, Q = P), which also has the trans-(EE^struc-
ture, are 40° and 24°, which means that the positive charge
is displaced towards the first nucleus; this is also indicated
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by the proximity of the anion to i t . K

(XIV) (XV)

The appearance of a bulky substituent at the meso-carbon
atom precludes the formation of a planar structure of the
cation owing to the strong steric hindrance. Furthermore,
the most favourable form in which the cations of the meso-
methylthiaquinocyanine (XVI) exist in the crystal is the
di-cisoid form, in which the angle between the planes of the
heterocycles is 60°.K

(XVI), (XVIII), R=C 2 H 5

The strong steric interactions of the isopropylidene groups
in the hypothetical trans-form of monomethine indocyanine
are the cause of the non-planar di-cis-(ZZ)-structure of
the cation (XVII). The dihedral angle between the planes
of the indolenine rings is 48°. 5 7

The monomethine cyanines (XVIII) with terminal 1,1' ,3 ,3 ' -
tetraethylimidazo[4,5-b]-quinoxalinium nuclei, which are at
an angle of 55°, also belong to non-planar dyes. In view
of the high symmetry of the cation, all its conformations are
degenerate.5 8

The number of signals of the N-alkyl groups can serve
as a criterion for the selection of a particular conformation
on the basis of XH NMR spectra. Thus a single signal due to
Ν-methyl groups has been detected in the Ή̂ NMR spectra of
monomethine quino-, oxa-, and thia-cyanines, which demon-
strates, according to the author, 5 9 the trans-(EE^configura-
tion of these compounds. The introduction of a bulky alkyl
substituent at the meso-carbon atom entails the splitting of
this peak, which indicates the mono-cis-(ZE)-structure of the
meso-substituted monomethine cyanines in solution. A simi-
lar splitting has been observed59 for the aza-cyanines (XIX)
and also for monomethine pyridocyanine (XX, R = CH 3).
The simple structure of the XH NMR spectra in the regions
corresponding to the resonance of the protons of the ethyl
group and also comparison of the observed and calculated
"aromatic" components of the spectrum permit the conclusion
that compound (XX, R = C2Hs) and its meso-analogue exist
exclusively in the trans- (EE)-form:60

(XIX) (XX)

The influence of the steric structure of substituents on the
principal characteristics of the absorption spectra of mono-
methine cyanines has been observed in a number of studies.2>61»62

It was found that the sterically unhindered monomethine thia-
cyanines (XIV, R1 = H, R2 = Η or CH3; R1 = CH3, R

2 = H )
have approximately the same absorption maximum at 425 nm,
while the steric interactions in the sterically hindered dyes
(XIV, R1 = R2 = CH3) lead to an appreciable bathochromic
shift of the band. The same pattern has been observed for
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a series of quinoline dyes. The possibility of the existence
of various conformations of the sterically hindered dications
has been postulated, but the spectroscopic shifts have been
accounted for exclusively by a greater or lesser deviation of
the components of the cation from the planar disposition.2·61

In contrast to this, Scheibe et al.62 attribute all the spectro-
scopic changes for a series of monomethine pyrido- and quino-
cyanines exclusively to transitions to particular conforma-
tions. The choice of the geometrical structure of the cations
in the above study62 was based on the oscillator strength.
The authors62 justly assume that, by analogy with strepto-
cyanines, the absorption intensity decreases in the series
of structures trans > cis > di-cis. However, they compared
dyes which differ both in their electronic structure and in
the influence of substituents, on the one hand, and in their
tendency towards solvation, on the other. Nor has any
account been taken of the fact that the decrease of the
absorption intensity can result not only from a trans ~cis
transition but also on distortion of the planar structure of
the polymethine chain.

The study of the absorption bands of monomethine cyanines
has shown that, in assigning the postulated conformers, one
should take into account the short-wavelength part of the
spectrum, since the presence of the "cis-peaks" can serve as
proof of the presence of cis-forms. However, this procedure
requires careful selection of the objects of comparison.1*»63

It has been noted l | 5 ' № that monomethine cyanines do not
undergo a photoisomerisation resembling that of strepto-
cyanines or such photoisomerisation takes place with an
extremely low quantum yield.

3. The Conformations of Carbocyanines and Their Vinylene
Analogues

The carbocyanines (XIII, m = 1) are pentamethine strepto-
cyanines as regards the length of the polymethine chain and
differ from the monomethine cyanines in that the conforma-
tional transitions in their cations can take place via both the
central and peripheral bonds of the polymethine chain.

X-Ray diffraction analysis of the thiacarbocyanines (XXI)
unsubstituted in the polymethine chain has shown that their
cations have exclusively the fully trans-(E£EE)-structure and
are almost planar. According to different data, the dihedral
angles between the planes of the heterocyclic nuclei and the
plane of the remaining atoms of the chromophore range from
3° to 12°. 65~69 These angles depend on the effective bulk of
the N-alkyl groups. Thus the replacement of an ethyl group
by a methyl group leads to an appreciable flattening of the
cation.67"68 The EEEE-conformation of the chromophore is
also realise, in the crystal of thiazolinocarbocyanine (XXII).
The polymethine chain and one of the heterocyclic nuclei
then have a planar structure, while the second nucleus has
the half-ciiair form.w

(XXIIIa, Q = P) it amounts to 15.1°. In another crystalline
modification, formed by the dyes (XXIIIa, Q = Ρ or As), this
angle diminishes to 6.8° and 6.3° respectively. n

The deviation of the planes of the heterocyclic nuclei in
the crystal of imidocarbocyanine (XXIV) by 8° from one
another is caused by the weak steric interaction of the ethyl
groups.n

The indocarbocyanine (XXIIIa, Q = CH) also has a transoid
structure in the crystal. The dihedral angle between the
planes of the indoline nuclei is 13.8°. In the aza-analogue
(XXIIIa, Q = N), this angle is 13.3°, while in compound

(XXIII)

R1, R2 = CH3 (a); R1 = CH3, R
2 = C2H5 (b)

XH NMR data for unsubstituted carbocyanines rule out the
mono-cis-conformation with respect to the central bond,
because the spin—spin coupling constant for the protons of
the polymethine chain is 12-14 Hz and the mono-cis-conforma-
tion with respect to the peripheral bonds is ruled out owing
to the equivalence of the N-alkyl groups. 73~7S The study
of the indocarbocyanines (XXIIIb, Q = CH, N, or P) with
the aid of the nuclear Overhauser effect has made it possible
to rule out also the symmetrical di-cis-(£ZZE)-form of these
compounds.Λ

The conformational homogeneity of the unsubstituted thia-
carbocyanines has been confirmed also by the fact that their
absorption,7 7"7 9 emission, and fluorescence excitation79

spectra, recorded at room temperature, are virtually identical
with the spectra obtained at a low temperature.

The pulsed photoexcitation of the cations of sterically
unhindered carbocyanines leads to the appearance of short-
lived cis-isomers, whose absorption bands have undergone
a bathochromic (oxacarbocyanines) or hypsochromic (thia-
carbocyanines) shift relative to the parent bands. l*'l|8'77»80~83

The activation energy for the reverse dark reaction is
50 kJ mol""1 for oxacarbocyanine and 63 kJ mol"1 for thia-
carbocyanine.61* The introduction of electron-donating sub-
stituents in the 6,6'-positions in the benzothiazole rings
increases the activation energy, while the introduction of
electron-accepting substituents diminishes it. This finding
has been explained by the corresponding increase or decrease
of the bond orders in the polymethine chain; here it is
assumed that the photoisomerisation of carbocyanines unsub-
stituted in the polymethine chain involves the peripheral
2- and 8-positions.β In the photoisomerisation of asymmetric
dyes, the activation energy for the cis -*• trans relaxation
decreases with increase of the difference between the basi-
cities of the terminal heterocycles. Since this is accompanied
simultaneously by an enhancement of the alternation of bond
orders in the polymethine chain, it is assumed83 that the dark
isomerisation involves a bond with a reduced order, i .e. takes
place outside the more basic nucleus.

The introduction of a substituent in the α-position in the
polymethine chain of the carbocyanine leads to a steric inter-
action of the substituent with fragments of the heterocyclic
nucleus and the polymethine chain. In the crystals of
a-ethylindocarbocyanine (XXV), the energy of such inter-
action is insufficient for the isomerisation of the cation and
the latter therefore exists in a distorted fully trans- (EEEE)-
conformation. The presence of a second substituent in the
a' -position precludes the existence of the fully frans-form,
probably owing to the steric interaction of the substituents,
while the crystal of the cation (XXVI) exists in the di-cis-
(ZZEE )-form, the dihedral angle between the planes of the
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heterocyclic nuclei amounting to 34.7°. №

An attempt has been made to separate the steric and elec-
tronic effects of the substituents in the a- and αα' -positions
in the polymethine chain on the basis of the absorption
spectra of the thiacarbocyanines (XXVII).85"88

:—C(R')=CH—C(R 2)

(XXVII)

R»=H, CH,, CH 5 , C,H,. i so-CH,, C,HS, OCH,, Cl, NHCOC,HS, Ν (CH,) C.H,. COOC.H»

CHO, QHJS, SC.H», SC.H,; R»=H. CH,, C.H». C,H7,iso-C,H7, C.H., OCH,, SC.H,. Cl,
NHCOC,H5, Ν (CH,) C,H» .

The introduction of a substituent of any electronic type
as a rule induces a hypsochromic shift of the absorption
maximum of the thiacarbocyanine (XXVII). The influence
of a similar second substituent in the a' -position is not the
same as that of the first and not only quantitatively but also
qualitatively. It has been suggested85»86 that the influence
of a single substituent is associated with the breakdown of
the electronic symmetry of the chromophore, while the spec-
troscopic changes in disubstituted dyes are determined by
the competition between the electronic nature of the sub-
stituents and the steric hindrance to the planar disposition
of the cation. Such hindrance commences on monosubstitu-
tion and intensifies on disubstitution, which is indicated by
the corresponding decrease of the absorption intensity.
The cis—trans isomerisation, which is most likely to involve
peripheral bonds of the polymethine chain, probably con-
tributes to the spectroscopic shifts. This is indicated87 by
the almost identical absorption of solutions of αα' -diethyl-
carbocyanine (XXVII) and the dye (XXVIII) with a seven-
membered ring in the chromophore.

C—C(F)=CH—CH=C

\

I

CH

(XXIX)
(XXVIII)

A mixture of the cis- and trans-isomers of a-fluorothiacarbo-
cyanine (XXIX) was detected from the absorption spectra at
a low temperature.8 8

The photoisomerisation of α-substituted carbocyanines pro-
ceeds with a high quantum yield, close to that for the unsub-
stituted compounds. It has been suggested that the photo-
isomers of the compounds compared have the same nature,
i .e. are EEZ-isomers and that the isomerisation involves the
unsubstituted 2- and e-positions:1*'89'90

where Q is a heterocyclic nucleus.
The introduction of a bulky substituent in the ^-position

in the polymethine chain also intensifies the steric interaction
of the fragments of the carbocyanine cation. There has been

a considerable growth of interest in dyes of this kind, because
β-ethylthiacarbocyanine proved to be an effective sensitiser
of silver halides. 1 - 3

According to X-ray diffraction data, the thiacarbocyanine
cation (XXX) has a distorted EEEE-structure. Compared
with the unsubstituted dye (XXXI), the distance between the
sulphur atoms is increased owing to the repulsion of the
latter from the ethyl group separating them. 9 1 In contrast
to this, the thiacarbocyanine (XXXI) exists in the solid phase
in the non-planar mono-cis-(EEZE)-form.3'92

R — CH3, R = C2H5

The β-phenylthiacarbOcyanine cations exhibit in the crystals
the fully trans-(EEEE) conformation.93 The phenyl group is
then rotated almost at right angles to the long axis of the
cation and does not have an appreciable effect on the colour
of the dye. 6 1

The absorption bands of solutions of β-substituted carbo-
cyanines (XXXII) are split at low temperatures into two bands
in close proximity.78'91*-97 The intensity of each band
increases on excitation of the neighbouring band by irra-
diation at the wavelength of its absorption maximum. The
cessation of irradiation entails the return of the system to
the initial equilibrium state. The experimental data have
been interpreted within the framework of the cis-trans iso-
merism of the test compound: steric interaction of the β-sub-
stituent with the terminal nuclei increases the energy of the
ground state of the EEEE-form (XXXIIa) and makes it com-
parable to the energy of the EEZE-conformation (XXXIIb):

s\ X R* X / \

(XXXIIa) (XXXIIb)
X=O, S, Se; R^CH,, Q,H6; R2=CH,, Oft , CeH5, OCHS, SCH3

The long- and short-wavelength bands are due to the first
and second isomeric forms respectively. The equilibrium
position depends greatly on the solvent: the longest trans-
isomers predominate in weakly polar media, while in strongly
polar media they are present only as an admixture to the
cis-isomer. The luminescence spectra of the carbocyanines
(XXXII, R2 = Alk, OCH3, or SCH3) have been investigated
over a wide temperature range. 7 9 ' 9 5 " 9 7 It has been found
that the EEZE-isomers fluoresce only at a low temperature and
that the fluorescence intensity is appreciably lower than for
the EEEE-isomers.

Analysis of the form and number of signals in the 1H NMR
spectra of β-substituted carbocyanines and also the observa-
tion in certain cases of the nuclear Overhauser effect make it
possible to determine unambiguously the geometrical structure
of the cbnformers and to estimate quantitatively the position
of the conformational equilibrium.7 5 '9 8 It has been estab-
lished that an increase of the effective bulk of the substituent
in the β-position promotes an increase of the content of the
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cis-isomer. Thus the concentration of the EEZE-isomer of
the thiacarbocyanine (XXXII) increases in the sequence
Η « C6H5 < CH3 < C2H5 as R2 is altered. As a result of
the introduction of the t-butyl group, the thiacarbocyanine
cation exists both in solution and in the solid phase exclu-
sively in the form of the non-planar di-cis-(EZZE)-conformer
(XXXIII).

(XXXIII) (XXXIV) (XXXV)

R ' « C 2 H 6 . R 2 - t - C 4 H 9 R ' = C H 3 . R 2 = C I I 3 , C 2 H 3 , C 6 H 5 R' = CH3. n
2 = t - C 4 H 9

The concentration of the mono-cis-(EEZE)-isomer increases
with increase of the bulk of the heteroatom X in the carbo-
cyanines (XXXII). Finally, only the tri-cis-(ZEZZ)-form
obtains in β-substituted indocarbocyanines (XXXIV), while
in solution it exists in a dynamic equilibrium with the identical
ZZEZ-form. The cation (XXXIV, R2 = CH3) has the same
conformation in the crystal, the angle between the indolenine
nuclei reaching 78°. The symmetrical fully cis-(ZZZZ)-con-
formation is fixed in the cations of the carbocyanines (XXXV).
According to X-ray diffraction data, the system does not
have a planar structure: the average torsional angle
between the fragments of the polymethine chain is 19° and
the angle between the indolenine nuclei is 41°. M The acti-
vation energy for the isomerisation processes is in the range
35-62 kJ m o F 1 . 7 5 ' 9 8

The absorption bands of carbocyanines undergo appreciable
changes on β-substitution,2·6 1 '9 8 but, among the multiplicity
of steric and electronic factors, it is difficult to identify the
intrinsic contribution of a particular conformation to the
absorption.

The photoisomerisation of β-substituted carbocyanines has
been investigated fairly widely. \6lf>80>96>99 The rate of this
process for the thiacarbocyanine (XXXII, R1 = C2H5, R

2 =
CH3) at -125 °C depends greatly on the nature of the halide
in the solvent and increases in the sequence C2H5CI < C2H5Br
C2H5I. This factor has been attributed9 6 to the triplet mecha-
nism of the isomerisation, whose probability increases in
parallel with the increase of the spin—orbital coupling con-
stant induced by the presence of neighbouring atoms with a
higher atomic number. This factor has also been used9 6 to
account for the rapid isomerisation of β-methylselenacarbo-
cyanine compared with β-methylthia- and even more so
β-methyloxacarbocyanines.

On the other hand, experiments on the triplet—triplet
energy transfer have led to the hypothesis№>Μ that a singlet
excited state is involved exclusively in the photoisomerisation
at room temperature and that its degradation takes place in
accordance with the scheme

°Strans(cis) " f t'rans(cis)'

°Strans{ch) (fluorescence),

^Ttransicis) (intersystem crossing),

°Strans(cis) (internal transition),

°Scis(trans) (isomerisation);

°Sentrant,) "* ° ^ « ( « ) (dsrk reaction).

According to this scheme, three radiationless processes
compete: isomerisation, internal transition, and intersystem
crossing. In carbocyanines, with the exception of β-iodo-
thiacarbocyanine, the last process takes place with an
axtremely low quantum yield. The main factor determining

which of the two first processes predominate is steric hin-
drance to the planar structure of the photoisomer. In con-
trast to unsubstituted and α-substituted carbocyanines, in
the molecules of β-substituted dyes the dominant process
leading to the degradation of the excited state is internal
transition. The unusually high quantum yield in the photo-
isomerisation of β-fluorothiacarbocyanine can be explained by
the small size of the fluorine atom, which permits isomerisation
with respect to the C(2)—C(8) bond.

An unusual kind of isomerism, called "allopolar", has been
described.2 '1 0 0 An obligatory condition for systems having
the general formula (XXXVI) and undergoing this type of
isomerism is the presence in the polymethine chain of bulky
substituents R2, containing π electrons which can interact
under certain conditions with the main ττ-electron system of
the molecule.

In the betaine (holopolar) form (XXXVIa), the steric
interaction between the substituent R2 and the heterocyclic
nuclei makes the plane of the substituent perpendicular to
the long axis of the carbocyanine part of the molecule and
the influence of the substituent on the electronic absorption
spectrum is purely inductive in character. The second iso-
meric merocyanine form (XXXVIa) is characterised by the
fact that the π electrons of the substituent R2 form a single
chromophoric system with one half of the molecule, the
second half being perpendicular to the new chromophore. An
alternative form is the trans-(EE)-isomer (XXXVIc). The
forms presented above absorb in different parts of the spec-
trum and this type of isomerism can therefore be observed
at room temperature. The ratio of the isomers is sensitive
to changes in the dielectric properties of the medium. It
has been shown that polar and proton-donating solvents
increase the content of the charged form (XXXVIa), while
non-polar and aprotic solvents tend to increase the content
of the merocyanine forms (XXXVIb, c) .

There is little information about the steric structure of the
dicarbocyanines (XIII, m = 2) and higher vinylene homo-
logues. It is known that the cations of the thiadicarbo-
cyanine (XXXVII, R1 = C2H5, R

2 = H), indodicarbocyanine
(XXXVII, R1 = CH3, R

2 = cyclopropyl), and indotricarbo-
cyanine [XXXVIII, R2 = CH2CH(OCH3)2] exist in the solid
phase in the fully irans-conformation and are almost planar.100"102

(XXXVII)

X-=S,C(CH3)2; R ' = C H 3 , C , H 5 ; R : = H O C H 3 ,

C3H5, C 4H 7.C 6H|,.CH 3,C 6H 5, F.Cl.Br, I,

C6H5N2, CHO, CN, N'O2

(XXXVIII)

R 2 = H , CH2CH(OCH3)2

Ή and 13C NMR studies of various γ-substituted dicarbo-
cyanines (XXXVII) and also the indotricarbocyanine (XXXVIII,
R2 = H) have shown that these compounds exist in solution
exclusively in the fully trans-conformation, favouring, other
conditions being equal, the maximum overlap of the orbitals
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and the delocalisation of ir electrons. 103-10β These data con-
flict with the earlier report109 of the separation of three
isomers by chromatographing thiatricarbocyanine on calcium
carbonate at room temperature.

Only the photoexcited forms of the stereoisomers of the
dicarbocyanines, which as a rule absorb at longer wave-
lengths than the corresponding forms in the ground state,
can be detected Λ»βο«110'ηι The number of possible steric
forms of dicarbocyanines is much greater than for dyes with
a shorter polymethine chain. Thus the indodicarbocyanines
(XXXVII, R2 = Η or F) give rise to several forms—short-
lived (lifetime τ = 10~6 s) and long-lived (τ = 10~2 s) . m The
unstable photoisomers have the sterically highly hindered
and therefore non-planar di-cis-structure. The angle of
rotation of the chromophore fragment is closer to 180° on
formation of the long-lived photoisomers but the latter are
not fully planar either.

This factor is precisely the reason why the photoisomers
fluoresce much less effectively than the corresponding
forms in the ground state. This leads to losses in the
excitation band owing to the overlap of the fluorescence
spectrum of the generating form in the ground state and the
absorption spectrum of the photoisomer. Another cause of
the impairment of the generating properties of polymethine
dyes is the "depletion" of the first excited singlet state
owing to losses in the isomerisation proper. '•A112·113 These
causes may be eliminated by the partial [the cations (XXXIX)-
(XLI)] or complete [the cations (XLII) and (XLIII)] fixation
of the chromophore in a particular conformation.11''""119

1

(XXXIX) V j l

C o i n )

Taking into account the entropy factor, it might have been
supposed that an increase in the length of the polymethine
chain would reduce the probability of the existence of the
di-cations in the fully trans-conformation, as happens, for
example, in the molecules of saturated linear hydrocarbons.8

Thus the short-wavelength absorption of the cation (XLIV)
has been explained120 by the existence of the cis-isomer. On
the other hand, recent studies121'122 have shown that poly-
carbocyanines exist in solution in the form of solvates
absorbing in different parts of the spectrum.

The so-called trinuclear dyes (XLV)-(XLVIII) constitute
a special group. They differ by the fact that the meao-
substituent is yet another heterocyclic nucleus linked directly
to the polymethine chain [compound (XLV)] or via themethine
[compound (XLVI)], vinylene [compound (XLVII)], or pro-
penylene [compound (XLVIII)] groups. It has been shown

from NMR data that the cations or di-cations of these com-
pounds have a propeller-like structure and possess a three-
fold symmetry axis passing through the central carbon
atom.60·102A03·123 This configuration of the cation (XLVIII) is
realised in the crystal.102

tXLVIl)

C(CH3)j, S,CH=CH; H = CH3, C2H5

(XLVIII)

C(CH 3) 2;R-CH 3,C 2HS

IV. ABSORPTION SPECTROSCOPIC STUDY OF THE CON-
FORMATION AL FEATURES OF POLYMETHINE DYES WITH
TWO CHROMOPHORES

As mentioned above, electronic spectra proved to be rela-
tively unsuitable for the investigation of the conformations
of polymethine dyes owing to the multiplicity of factors
masking the contribution of the particular conformation to
the absorption. On the other hand, the phenomenon of the
interaction of chromophores, discovered by Kiprianov and
Mushkalo,m showed that the scope of electronic spectroscopy
can be greatly increased. A fundamentally new approach to
the problem of the study of the conformations of polymethines
is based on the characteristic features of the interaction of
chromophores bound in a single molecule, in particular on
the postulate that the ratio of the intensities of two absorption
bands is determined ay the angle between the directions of
the chromophores (ADC) in the cation.15

The spectroscopic properties of the readily available hemi-
cyanines (XLIX, η = 0 or 1), which can be regarded as
streptocyanines with rigidly fixed terminal arene nuclei,
were investigated in the first place:

H=CH—(HCsCHJ^-HN—Ar—NH—(HC=CH)—CH=C,

(XLIX)

R * CH,

After varying the relative positions of the chromophores in
structural isomers by introducing an aryl or heteroaryl
connecting nucleus, by introducing various substituents into
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the latter, and by altering the solvation properties of sol-
vents , the authors12*"132 concluded, from the ratio of the
intensity of the two absorption bands, that the (informational
equilibrium between the two planar forms (A) and (B) of the
hemicyanine fragment is very mobile and depends on all the
factors enumerated.

: X = S, C(CH3)2, CH=CH

The conformations of the biscarbocyanine (L), in which
the heterocyclic nuclei are linked by a polymethine bridge,
have been discussed.132 As in the spectra of bishemicya-
nines, the ratio of the intensities of the longest-wavelength
absorption band in the spectrum of this dye depends on the
ADC in each conformer, formed as a result of the hindered
rotation about the single bonds in the ethylene connector,
and also on the concentration of a particular conformer. It
has been shown that an increase of solvent polarity is accom-
panied by an increase of the intensity of the short- at the
expense of the long-wavelength band, i.e. by a shift of the
eonformational equilibrium towards the formation of skewed
(gauche) conformers.

The shift towards the formation of the more "compact"
conformer (L) takes place also when a high pressure is
applied to the solution of the dye.133

The absorption spectra of the highly coloured dibenzothia-
zolyldibenzofurans (LI) and their simple salts (LII) have been
examined within the framework of the theory of the inter-
action of chromophores. The positions and intensities of the
bands in the spectra of all the possible planar conformers,
formed on rotation of the benzothiazole groups about the
bonds with the dibenzofuran nucleus, have been evaluated by
quantum-chemical calculation.1*

Unfortunately the broad overlapping absorption bands
hinder the interpretation of the spectra of the majority of
the compounds mentioned.

The biscarbocyanines (LIII), in which the central nucleus
has a rigid s t ructure and which give rise to narrow well
resolved absorption bands, proved to be a much more
successful model for the s tudy of the characteristic features
of the interaction of chromophores: 6 ' 1 5 ' 1 3 5 ' 1 3 6

:H—CH=CH h—L
R*

(LIII)

; R ' , R 2 « CH3, C2H6

These systems proved to be extremely suitable also for the
solution of eonformational problems. 137~1W

The fact that the fully trans-conformation is the only one
for both polymethine chains of the biscyanines (LIII) has
been confirmed by the complete similarity of the forms of
the absorption curves within each of two families of dyes
(LIV) and (LV) in which the ADC should be identical for
structural reasons regardless of the bond lengths and
valence angles. 1 3 7

X = O,S.C(CH3)2; R'=CH3; R
2 =CH 3 ,C 2 H 5

The identity of the forms of the absorption curves is con-
sistent with the presence of one and only one conformation
of the chromophores. The presence in solution of several
conformers, each of which has its own ADC, should ultimately
affect the ratio of the band intensities. For example, by
virtue of its high symmetry, the biscyanine (LVI) can exist
in two almost equally probable forms (LVIa) and (LVIb), in
one of which the ADC is 180° and in the other 120°. An
appreciable short-wavelength band is observed precisely
because of the eonformational inhomogeneity in the absorption
spectrum of the biscyanine (LVI).1 3 7

The synthesis and spectroscopic study of the biscarbo-
cyanines (LVII) and (LVIII) with bulky substituents in the
β-position in the polymethine chain made it possible to
observe the eonformational equilibrium between the fully
trans- and cis-forms at room temperature without resorting
to special measuring techniques.1 3 7 In the former case the
eonformational homogeneity is manifested by a distinct short-
wavelength band. The presence of this band rules out the
possibility that steric hindrance may be eliminated exclusively
as a result of the alteration of the valence angles between
the atoms of the polymethine chain, since in this case the
ADC of 180° would have been retained.

(LVII)

CH=CR2—C

(LVIII)

The introduction**^ a methyl group in the α-position in one
and then in the other polymethine chain [in the dyes (LIX)]
make it possible to follow the appearance of the corresponding
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cis-isomers from the relative increase of the intensity of the
long-wavelength band.137

H—CH=CR

The appearance of cis-conformations in the two previous
cases (a- and β-substitution) is associated with the increase
in the steric interaction in the di-cations. The example of
NH-biscyanines shows, on the contrary, that conformational
inhomogeneity can arise on replacement of the bulky methyl
group at the nitrogen atoms of the terminal heterocycles by
a hydrogen atom. 138~1110 Thus there is no short-wavelength
band in the spectrum of N-methylated dyes (LIV). This is
consistent with the fully trans-disposition of both polymethine
chains, forming an angle of 180°. However, for the NH-
biscyanines (LX) this trans, trans-conformer (LXa) is only
one of the three possible conformers. Although another
conformer (LXc), corresponding to the cis-configuration of
each polymethine chain, also does not contribute to the short-
wavelength absorption, the chromophores of the non-centro-
syrametric cis.trans-conformer (LXb) form an ADC less than
180°; the short-wavelength band of this particular conformer
is in fact partly allowed. If instead of conform ational
changes the fully trans-polymethine chains were fully dis-
placed into the space previously occupied by methyl groups,
the ADC would have remained 180° and the prohibition of
the short-wavelength band would have remained in force:

The conform ational changes can be followed most clearly
from the absorption spectra of biscyanines with angular
central nuclei.

The considerable predominance of the long- over the
short-wavelength band in the absorption spectra of the
biscyanines [LXI, R1 = (CH2)2,sl is determined by the
obtuse ADC, to which correspond the trans-conformations
of both polymethine chains. The replacement of the alkylene
bridge by hydrogen atoms [in the dye (LXI, R1 = H)] leads
to the inversion of the intensities of the bands with retention
of their positions. This is caused by the presence in the
equilibrium mixture of the conformer (LXI) whose poly-
methine chains are in the cis-conformations and form an
acute angle.

R1 Rl

(LXI), (LX11)

,; R 3=H,CH 3; Q = CH=CH

X* C(CH3)2; R2' (LXI); X = S; R 2 - H for (LXI1)

The bisthiacyanines (LXII) are structural analogues of the
dyes (LXI) but the redistribution of band intensities on
passing to NH-biscyanine is not so great. This is associated
with the smaller fraction of the cis, cis-conformer in the thia-
zole dye compared with the pyrrolenine dye.1H0

On the other hand, appreciable spectroscopic changes
occur after the gradual replacement of the Ν-methyl groups
by hydrogen atoms in bisthiacarbocyanines (LXIII). Cal-
culation of the conform ational equilibrium1110 has shown that
the fraction of the cis-conformers of the dyes (LXIII) is
greater than for the remaining NH-cyanines derived from
benzobisthiazoles. This is caused by the mutual repulsion
of chromophores bearing like charges, which is a maximum
for conformers with chromophores in structural proximity and
a minimum for conformers such as (LXa) and (LXc), i.e. with
chromophores remote from one another. In the latter case
the conform ational equilibrium depends on the steric factor,
which is determined by the relative dimensions of the groups
Ν Η and X. The Coulombic repulsion of the chromophores is
also the cause of the distinct dependence of the conforma-
tional equilibrium on the dielectric properties of the
medium.138-1"0

— oOo—

Thus it is now possible to identify the main factors on
which the steric structures of polymethine dyes depend,
including their tendency to exist in the form of different
conformers. These are the nature of the terminal hetero-
cyclic nucleus and the substituent at its nitogen atom, the
length of the polymethine chain, the effective bulk of the
substituent and the site where it is introduced, the properties
of the medium, and also the molecular interaction (the possi-
bility of aggregation).

However, despite the evident advances which have been
achieved as the spectroscopic technique has been improved
and new systems have been synthesised, the identification of
conformers remains a fairly complex task to this day. In
view of the low activation barrier of the isomerisation pro-
cess (33-63 kJ mol"1), it is not possible to separate the
conformers and to isolate them in a pure state. X-Ray dif-
fraction analysis requires special conditions as regards the
preparation of crystalline specimens, which frequently cannot
be fulfilled. The geometrical structure of the di-cations in
the crystal can differ appreciably from their state in solution.
The electronic spectra, which are the most important charac-
teristics of the dyes, are relatively unsuitable in this
instance. The amount of information derivable from them
increases appreciably in the case of biscyanines, but this
involves considerable difficulties in the synthesis of suitable
objects. A more effective method for the determination of
the steric structures of methine dyes is NMR.

In the future one may probably expect that studies devoted
to the conformational analysis of cyanines with non-traditional
heterocyclic nuclei and also containing a wider range of sub-
stituents will be carried out. The problems postulated will
be solved by improving and employing on a wider scale the
physicochemical and special synthetic methods.
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Hexafluoroisopropylidene-containing Polyheteroarylenes

V.V.Korshak, I.L.Knunyants, A.L.Rusanov,and B.R.Livshits

The methods of synthesis of various condensation monomers containing the hexaf luoroisopropylidene groups and the
polyheteroarylenes based on them are examined. The influence of the hexafluoroisopropylidene groups incorporated in the
main chains of the macromolecules is analysed and it is shown that polyheteroarylenes containing these are characterised by
an improved solubility and fire resistance and that the articles based on them have a higher elasticity.
The bibliography includes 88 references.

CONTENTS

I. Introduction
II. Condensation monomers containing hexafluoroisopropylidene groups

III. Polyheteroarylenes containing hexafluoroisopropylidene groups in the main chains of the
macromolecules

288
288

290

I. INTRODUCTION

Halogen and in particular fluorine-containing condensation
polymers have attracted much attention by investigators in
the course of the last 25 years. A series of monographs and
careful reviews,1"5 indicating the enormous variety of the
halogen-containing polymers synthesised and their properties,
have been devoted to the principal advances in this field.
Among the numerous fluorine-containing polymers, aromatic
polycondensation systems are of special interest 1" 3 and among
them those where the fluorine atoms are located in the side
chains and not in the benzene r ing. 3 Typical representatives
of such polymers are polycondensates containing hexafluoro-
isopropylidene groups. A systematic analysis of the
advances in this field is not available in the literature. For
this reason, the selected subject of this review is an examina-
tion of the advances in the synthesis and investigation of con-
densation monomers and polyheteroarylenes containing hexa-
fluoroisopropylidene groups.

I I . CONDENSATION MONOMERS CONTAINING HEXAFLUORO-
ISOPROPYLIDENE GROUPS

The synthesis of condensation monomers containing hexa-
fluoroisopropylidene groups is based on the reactions of
hexafluoroacetone with various aromatic compounds containing
mobile hydrogen atoms6"11 and the subsequent reaction of the
simplest condensation products. 7 " 1 8

Thus Knunyants and co-workers16 achieved the condensation
of hexafluoroacetone with phenol in the presence of anhydrous
HF, which resulted in the formation of 2,2-di(p-hydroxy-
phenyl)hexafluoropropane produced at the present time in
considerable amounts and known under the name "bisphenol
AF": u

* y-v y-x ^x-xC«=O + 2

k
»-OH H O - ' (1)

CF,

The development of this approach to the synthesis of bifunc-
tional derivatives of 2,2-diarylhexafluoropropane led to the
formation of a whole series of compounds with hexafluoro-
isopropylidene groups, 7~10 which are of independent interest
as monomers for polycondensation or serving as intermediates
in the synthesis of condensation monomers with a complex
structure. In particular, a dicarboxylic acid and acid
dichloride derived from 2,2-diarylhexafluoropropane have
been obtained by condensing hexafluoroacetone with toluene

and subsequent reactions of 2,2-di(4-tolyl)hexafluoropro-
pane: 7" 1 0

CFS

CF,
"\ /

CFS

CF.

_CH t O ] ,

CF,

•d-Q-c.

CF, 0 ( 2 )

Subsequent reactions of the dichloride of 2,2-di(p-car-
boxyphenyDhexafluoropropane led to the formation of the
corresponding diamide, diazide, diisocyanate, and diamine7"9

as well as the dinitrile, the diethyl bis(iminoester), and the
bisamidrazone of 2,2-di(p-carboxyphenyl)hexafluoropropane:

H5C,O

H.N-N ^ - ^ N-NH,

CF,

Η
/Ν·

*^ΝΗ
( 3 )

Subsequently the diphenyl ester, the dimethyl ester, and
the dihydrazide of 2,2-di(p-carboxyphenyl)hexafluoropropane
were synthesised:8

CF,

ff
CF,

CF,

2NHr-NH.

CF,

* - N H - C - / S - C - ^ ^-C-NH-NH,
II N / I N κ II
Ο CF. Ο

( 4 )
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2,2-Di( 3,4-dimethylphenyl)hexafluoropropane, whose oxi-
dation yielded 2,2-di(3,4-dicarboxyphenyl)hexafluoropropane>
dehydrated subsequently to the corresponding dianhydride,
was obtained by the reaction of hexafluoroacetone with
o-xylene:9

CF,

C«O + 2

Ο
II

H O — C v

αCH,
CF,

r to}

CF,
Ο
II

/ C - O H

\ : — O H
II

ο

CF,

CF,

Ο' (5)

Evidently the final products and the series of intermediates
indicated in Schemes (1)—(5) refer to the majority of the
classes Qf monomers used in polycondensation reactions.u

On the other hand, many of them have been used in various
reactions leading to new monomers. 2,2-Di(4-hydroxyphenyl>-
hexafluoropropane is used particularly vigorously for this
purpose. Thus the di(4-glycidyl) ether of 2,2-di(4-hydro-
phenyl)hexafluoropropane has been synthesised by its inter-
action with epichlorohydrin:13'19

CF,

H O — / % — C — / V-OH + 2C1—CH,—CH—CH,

CF, °
CF,

H,C-CH-CH,-O-< [,—CH—CH, .

CF, ( 6 )

The nitration of this bisphenol yielded 2,2-di(4-hydroxy-3-
nitrophenyl)hexafluoropropane: l l f

H O - —OH

( 7 )

The reaction of its disodium salt with 4-chloro-JV-phenyl-
phthalimide and subsequent reactions of the latter afforded
the dianhydride of 2,2-di[4-(3,4-dicarboxyphenoxy)phenyl]-
hexafluorop ropane:15»16

Ο / \
CF,

NaO— " "

[Ott-1 ,

CF,

289

The interaction of the same diphenoxide with twice the
molar amount of p-chloronitrobenzene made it possible to
obtain 2,2-di[4-(4-nitrophenoxy)phenyl]hexafluoropropane,
which was subsequently reduced to 2,2-di[4-(4-amino-
p henoxy) pheny 1 ] hexafluorop ropane:18

• O,N—

A considerable amount of hexafluoroisopropylidene-contain-
ing monomers have been synthesised11 from 2,2-di(4-trifluoro-
methanesulphonyloxyphenyl)hexafluoropropane, obtained by
treating bisphenol AF with/trifluoromethanesulphonic (triflic)
anhydride: 30>21

HO—

Ο Ο
II Π

—OH + FjC-S—O-S—CF3

/ \_o-S-CF,
\ = / II

(10)

The ditriflate obtained in this way was reduced catalytically
over palladium on charcoal in the presence of triethylamine.
This resulted in the formation of 2,2-diphenylhexafluoro-
propane, whose nitration and subsequent reduction afforded
2,2-di(3-aminophenyl)hexafluoropropane: u

(11)

The nitration of the ditriflate gave rise to 2,2-di(3-nitro-4-
trifluoromethane-sulphonyloxyphenyl)hexafluoropropane,
whose hydration led to the formation of 2,2-di(3-amino-4-
hydroxyphenyl)hexafluoropropane instead of the expected
2,2-di(3-aminophenyl)hexafluoropropane: u

(12)

We may note that the former product can apparently be
obtained also by a simple procedure via the nitration of
bisphenol AF1" and the reduction of the resulting 2,2-di(4-
hydroxy-3-nitrophenyl)hexafluorop ropane.



290 Russian Chemical Reviews, 56 (3), 1987

The replacement of the triflate group in 2,2-di(3-nitro-4-
trifluoromethane-sulphonyloxypheny 1 )hexafluoropropane by
aromatic amines with subsequent reduction of the reaction
product led to the formation of various 2,2-di(3-amino-4-aryl-
amino)hexafluoropropanes:u

R-H. OC.H.
(13)

Finally bisphenol AF has been converted11 into 2,2-di(4-
aminophenyl)hexafluoropropane. A method, which is general
for the conversion of phenols and bisphenols into amines and
diamines, was used for this purpose:

α
CF.

(14)

New monomers have been obtained via a series of reactions
also from the isomeric hexafluoroisopropylidene-containing
aromatic diamines. Thus 2,2-di(3-aminophenyl)hexafluoro-
propane was converted via the Sandmeyer reaction into 2,2-
di(3-bromophenyl)hexafluoropropane,u which was in its turn
converted by treatment with organolithium compounds into
2,2-di( 3-formylphenyl)- and 2- ( 3-bromophenyl) 2- ( 3-formyl-
phenyl)hexafluoropropanes and further into an ethynyl-

containing aldehyde:

HC-C

The corresponding bis(o-phenylenediamine) has been
obtained from 2,2-di(4-aminophenyl)hexafluoropropane via
stages involving the acetylation of the amino-groups, nitra-
tion , the removal of the acyl protecting group > and reduction
of the resulting 2,2-di(4-amino-3-nitrophenyl)hexafluoro-

9

propane:

ΝΗ, (16)

The Jmplesi monomers containing hexafluoroisopropylidene
groups were used successfully at the beginning of the 1960's
for the synthesis of heterochain polymers—polyesters,M poly-
carbonates ,2 3 > 2 l f polyarylates,a polyamides,α polyurethanes, ·
etc. In these and later27 studies it was already shown that
the trifluoromethyl groups as side substituents at the central
carbon atom significantly improve the mechanical properties
of the polymers and sharply increase their solubility in any
solvent, improving thereby their capacity for being worked
and converted into articles. Since the capacity for being
converted into articles and the deformation-strength charac-
teristics of the latter are in fact the weak features of many
polyheteroarylenes,a it appeared entirely natural to synthe-
size polyheteroarylenes containing hexafluoroisopropylidene
groups in order to modify the properties of these systems in
the required direction.

I I I . POLYHETEROARYLENES CONTAINING HEXAFLUORO-
ISOPROPYLIDENE CROUPS IN THE MAIN CHAINS OF THE
MACROMOLECULES

One of the first polyheteroarylenes which have attracted
the attention of investigators as regards their modification
by hexafluoroisopropylidene groups were poly-l,3,4-oxa-
diazoles. 27>29 These polymers were synthesised using a
traditional approach,30»31 via the interaction of the dihydra-
zide and (or) dichloride of 2,2-di(p-carboxyphenyl)hexa-
fluoropropane with monomers of the dihydrazide and acid
dichloride series with subsequent thermal cyclisation of the
resulting polyhydrazides:27·29

Ο Ο 0 0
η ιι η ιι

η Η,Ν—NH-C—Ar—C—ΝΗ—ΝΗ, + η Cl—C—Ar'—C—α

-L Ο
II

Ar-C-NH-NH

Ο
II

Ar'-C-NH

-
Ν Ν Ν Ν
II II II II

Ar-C C - A r ' - C C -

\ 0 / V

ο τ
II

I-NH-C-Jn

Ί

—

CF, CF,

(17)

•Ο

(15) Certain characteristics of the poly-l,3,4-oxadiazoles syn-
thesised in this way are presented in Table 1.
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Analysis of the data in Table 1 indicates a significant
(~50 °C) decrease of the softening temperature of the poly-
oxadiazoles on passing from the structure lacking hexa-
fluoroisopropylidene groups to one containing the maximum
number of the latter. On the other hand, the solubility of
poly-l,3,4-oxadiazoles increases with increase of the content
of fluorine atoms in the polymer. Polymers based on the
dichloride of 2,2-di(p-carboxyphenyl)hexafluoropropane and
its dihydrazide are the most soluble.Ώ The tendency of the
fluorine-containing polymers to dissolve can be accounted
for, according to Livshits et al.,27 both by the affinity of the
trifluoromethyl groups for polar solvents and by the non-
rigid structure of these polymers as a consequence of the
presence in them of bulky groups facilitating the diffusion of
the solvent.

(18)

· /V-Ar-c/X
<3,

>-o-]-

Table 1. Certain characteristics of poly-1,3,4-oxadiazoles
having the general formula27»29

Ν—Ν Ν—Ν

[ Ν — Ν Ν—IN -I

II II II II

— A r - C C—Ar'— C C — —

γ vinitro-
benzene

370

360

380

Solubility*

TCE:
'phenol'

(3:1)

* Here and henceforth the softening temperature Tsoft is
assumed to be the value obtained from the thermomechanical
curves.
** Here and henceforth the following notation has been
adopted in designating solubilities: +-soluble in the cold,
±—soluble on heating, +—swells, —insoluble.

It is noteworthy that the data presented in Table 1 refer to
polymers obtained by thermal solid-phase polycyclisation (at
275 °C for 20 h). It might have been expected that catalytic
cyclisation in solution would lead to the formation of polymers
with a still higher solubility. Overall, poly-1,3,4-oxadia-
zoles containing hexafluoroisopropylidene groups are promis-
ing polymers and, provided that the problem of the starting
materials can be solved successfully, they may be of signifi-
cant practical interest.

The synthesis of polybenzoxazoles containing hexafluoro-
isopropylidene groups has also attracted much attention by
investigators. These polymers have been obtained by the
reductive polyheterocyclisation reaction1*1'32 in accordance
with the scheme1*1 »*"*

The synthesis in N-methyl-2-pyrrolidinone (N-MP) using
reduced iron and HC1, which play simultaneously the role of
a reductant and the cyclisation catalyst, led to the formation
of high-molecular-weight polymers characterised by high
degrees of cyclisation. Certain characteristics of the poly-
benzoxazoles synthesised are presented in Table 2.

Table 2. Certain characteristics of polybenzoxazoles having
the general formula1"

CH,

—C—

CH,
CH,

ff
CH,

— C H , -

—CH,—

CF,

J -
d.
X

CFi

"fill·
dig"1

1.20

1.32

1.48

1.37

0.82

1.08

°c

S<50—270

250—260

280—290

280—270

270—280

240—250

TCE: phenol

(3:1)

400

360

435

410

420

370

Solubility

N-MP

• T h e i n t r i n s i c v i s c o s i t y ( n i n t > w a s d e t e r m i n e d i n a 3 : 1

TCE-phenol mixture at 25 °C.
**Here and henceforth the decomposition temperature
(rdecomp) w a s assumed to be the temperature at which 10%
of the mass was lost under the conditions of dynamic TGA
(in air, Δ Τ = 4.5 Κ min"1).
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Analysis of the data in Table 2 indicates the relation
between the structure and properties of the polymers, which
is identical with that found for poly-l,3,4-oxadiazoles (Table
1): the replacement of the traditional aromatic "bridging"
groups by hexafluoroisopropylidene fragments leads to the
improvement of the solubility of the polymers and at the same
time to a decrease of the softening temperatures, the com-
bination of the two factors improving the capacity of poly-
benzoxazoles for being worked.

Data on the thermal stability of the polyheteroarylenes
synthesised have attracted attention. Despite the rather
arbitrary nature of the data obtained under the conditions
of dynamic thermogravimetric analysis (DTA) thermal
stability series are quite clearly manifested: in relation to
the "bridging" groups R, series have the following form:

- C H , -

CF3 CH,

1 ->-J-
CF

!

3 C H ,

(19)

while in relation to dicarboxylic acid residues Ar it is

/ ~l . (20)
CF,

The data obtained agree both with the results of a study2 3

where it was claimed that the thermal stability of the poly-
carbonate based on 2,2-di(4-hydroxyphenyl)hexafluoropropane
is greater than that of the polycarbonate based on bisphenol
A and with the results of an investigation27 in which a reduced
thermal stability of polyheteroarylenes containing hexafluoro-
isopropylidene groups was claimed.

The data on the synthesis of polyquinazolinediones35 and
polybenzimidazoles36 containing hexafluoroisopropylidene
groups appear to be somewhat less systematic. Polyquinazo-
linediones containing hexafluoroisopropylidene groups have
been obtained by the reaction of bis(anthranilic acids) with
2,2-di(4-isocyanatophenyl)hexafluoropropane:35

N=C=O

H O — c ' ^ i ^ N c — O H

(21)

Ψ"// \ Η II Η

CF, I

Αι

Polybenzimidazoles containing hexafluoroisopropylidene
groups have been obtained by the reaction of 2,2-di(3,4-
diaminophenyDhexafluoropropane with the diphenyl esters
of aromatic dicarboxylic acids in the melt:3 6

H,N

πΗ,Ν -NH, + η

_ CF,

Ο Ο
II II

v-O-C-Ar-C-O-

(22)

CF,

In all cases the introduction of hexafluoroisopropylidene
groups led to the changes in the properties of polymers
noted above and in addition to an appreciable increase of
their fire resistance. The latter factor is extremely impor-
tant in view of the considerable interest in fire resistant
polymers.37 Almost all investigators are unanimous in claim-
ing a positive influence of the trifluoromethyl groups on the
fire resistance of polymers, but in most cases the results
obtained are qualitative rather than quantitative, which
naturally hinders the analysis of the dependence of this
property of the polymers on the structure.

As can be seen from the foregoing, the modification of the
properties of polymers by hexafluoroisopropylidene groups
concerned many classes of polyheteroarylenes but polyimides
have attracted most attention by investigators.30'38 This can be
explained to a considerable extent by the special place which
polyimides occupy among polyheteroarylenes and also by the
extensive possibilities for the modification of their structure
by hexafluoroisopropylidene groups.

It is noteworthy that analysis of the "structure—properties"
and especially "structure-solubility" relations is very diffi-
cult precisely for polyimides owing to the differences between
the methods of their synthesis (thermal cyclisation of poly-
amidoacids or catalytic cyclisation of prepolymers in solution),
the differences between their viscosity characteristics, etc.

One of the first attempts at the modification of polyimides
by hexafluoroisopropylidene groups concerns the synthesis
of polypyromellitimide from 2,2-di(4-aminophenyl)hexafluoro-
propane2 7 by a two-stage method:

- CF, (23)

The polyimides obtained proved to be insoluble in organic
solvents.

According to a series of data, 39~1*3 the polyimides based on
the dianhydride of 2,2-di(3,4-dicarboxyphenyl)hexafluoro-
propane (dianhydride 6F) and various diamines are also
soluble only in SbCl3. They were obtained by a two stage
method in accordance with the scheme

\

CF,

CF»

>O + η H,N-Ar-NH2
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ο ο
CF, || Η Η ||

\C-OH HO-C
II «

ο ο (24)

CF,

k

Ο Ο
II II

\Μ Ar Μ/

Α Γ - - ; x=

CF,

C - ;

CF,

On the other hand, according to Clair et al.,1 7 the poly-
imides containing hexafluoroisopropylidene groups are charac-
terised in many instances by a satisfactory solubility in
dipolar aprotic solvents (Table 3).

Table 3. Certain characteristics of polyimides having the
general formula17

, , / Ν - Α Γ - Ν /

"fog

0.47

0.25

0.35

1.23

0.86

1.82

2.20

0.54

0.90

•The logarithmic viscosity
25 °C.

260

288

311

248

272

290

307

303

339

Solubility

DMA | DMF m-ciesol

was determined in N-MP at

In the search for ways of increasing the solubility of the
imides, investigators turned to the use of a diamine and a
dianhydride containing in their molecules a combination of
one hexafluoroisopropylidene group and two ether linkages,
namely 2,2-di [(4-aminophenoxy)phenyl]hexafluoropropane18

and the dianhydride of 2,2-di[4-(3,4-dicarboxyphenoxy)-
phenyllhexafluoropropane.15»16»1111"1* However, a significant
increase of the solubility of the required polyimides could not

be achieved by this procedure. Furthermore, an extremely
detailed analysis of the relation between the structure of the
polyimides based on asymmetric diamines and their solu-
bility17'"7 showed that the polymers based on dianhydride 6F
are much more soluble than the polyimides based on the same
diamines and the dianhydride of 2,2-di[4-(3,4-dicarboxy-
phenoxy)phenyl]hexafluoropropane.17 This at first sight
anomalous phenomenon is probably associated with the greater
content of hexafluoroisopropylidene units per conventional
unit length of the macromolecule in polyimides based on
dianhydride 6F. Certain characteristics of the polyimides
based on dianhydride 6F and aromatic diamines with symmetri-
cal and asymmetrical structures are listed in Table 3. In the
analysis of the data in Table 3, the somewhat unexpected
higher solubility of the polyimide based on dianhydride 6F and
p-phenylenediamine compared with the polyimides based on
dianhydride 6F and diamines such as 4,4' -diaminobenzo-
phenone, di(4-aminophenyl)methane, and di(4-aminophenyl)-
ether has attracted attention. By analogy with the above,
the explanation of the observed phenomenon is probably the
greater number of hexafluoroisopropylidene units per con-
ventional unit length of the macromolecule of the polyimide
based on p-phenylenediamine.

Together with the traditional aromatic amines, systems
with a more specific structure have been used in the syn-
thesis of polyimides based on dianhydride 6F. The inter-
action of dianhydride 6F with diamines containing oligo-
oxymethylene groups, having the general formula

N,H - (25)

(η = 1,2,3,4), in m-cresol at 165-180 °C yielded polyimides
which are soluble in chloroform and soften at 135—255 °C,
depending on the structure of the diamine.118'119

A polyimide soluble in chloroform and dimethylacetamide
(DMA) has been obtained under analogous conditions from
dianhydride 6F and (E)-3,3 f -(but-l-en-3-ynylene)diani-·*1 6

Η,Ν - / N -

U
:-rVNH, (26)

A polyimide having the formula

(27)

containing, together with hexafluoroisopropylidene groups,
also 4-phenoxyphenyl and phenyl side groups which impart
an improved solubility to rigid-chain monomers,a has been
obtained50 from dianhydride 6F. This polyimide is charac-
terised by a glass point of 240 °C, is soluble in aromatic,
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chlorinated, and polar aprotic solvents, and retains 80% of its
initial mass on thermal ageing at 343 °C for 200 h. s 0

The comparatively low softening temperatures of hexafluoro-
isopropylidene-containing polyimides make it possible to
obtain from the low -molecular- weight polymers of this class
articles with effective physicomechanical properties by cast
moulding or extrusion. ie»52»S3 The most promising polymers
of this type-systems based on dianhydride 6F and aromatic
diamines—are used by the Dupont Company as a basis for the
development of binding or reinforced plastics ^ ^ known by
the name NR-150. According to Gibbs and Breder,* poly-
imides based on dianhydride 6F and various aromatic diamines
are obtained by the chemical cyclisation of poly(o-carboxy)-
amides. The polymers obtained are soluble in pyridine,
N-MP, and DMF. The glass points of the polyimides are in
the range 229-385 °C, depending on the structure of the
diamines. A low content of cavities (~1%) in the final
materials is achieved by pressing at temperatures exceeding
the glass points of the polyimides. Analogous pressing condi-
tions are a precondition for success in the separation of glass
plastics from solutions of poly(o-carboxy)amides. In all
cases the presence of hexafluoroisopropylidene groups pre-
vents the crystallisation of the polyimides. Glass plastics
based on NR-150 have a tensile strength up to 3500 kg cm"2,
a modulus of elasticity of 2.24 χ 105 kgf cm"2, a static bend-
ing strength of 4900 kgf cm"2, and a shear strength of
660 kgf cm"2· 59 The most heat resistant of these systems
can be used at 342 °C * and they retain 80% of their initial
strength characteristics after ageing at 260 °C for 5000 h . 5 9

Experiments with various polyimide binders have shown that
NR-150 has the highest thermal stability and is most suitable
for prolonged use in outer space.5 9 Together with their
employment as binders, such polyimide systems are of interest
as adhesives and coatings.6 0

The positive effect of hexafluoroisopropylidene groups on
the solubility of polyimides has been demonstrated also in
relation to cardo-copolyimides with various microstructures
synthesised using dianhydride 6F61»62 and 2, 2-di(4-amino-
phenyl)hexafluoropropane among various monomers.62"63

Comprehensive investigation of the properties of the
copolyimides synthesised has shown that the introduction
of hexafluoroisopropylidene groups tends to increase the
solubility of the copolyimides. In terms of their influence on
the softening temperatures of the polymers, the dianhydrides
of tetracarboxylic acids can be arranged in the following
sequence: K

(28)

The unique capacity of hexafluoroisopropylidene-containing
oligo- and poly-heteroarylenes for being worked made them
useful as thermoreactive polymeric systems. In recent years
this field, which reduces to the creation of readily worked
systems which are hardened after conversion into articles,
has become one of the dominant fields in the chemistry of
thermostable polymers. In particular, oligomers and polymers
with ethynyl groups,№ capable of cyclotrimerising with forma-
tion of trisubstituted phenyl intermolecular units, have
attracted much attention. The ethynyl groups can be located
in the main chains of the macromolecules, in the side sub-
stituents, and in the end groups of the oligo- and poly-
heteroarylenes. The use of reactive solvents and plasticisers,
containing ethynyl groups and capable of participating, on
hardening, in the formation of three-dimensional structures,
proved to be extremely effective in a number of instances.

Each of the approaches enumerated above has been applied
to some extent to hexafluoroisopropylidene-containing sys-
tems. Thus the introduction of ethynyl groups into the main
chain of the macromolecule has been achieved in the synthesis
of enyne polyimides: M*~l|€

(29)

IF,

The hardening of these polymers at 265-316 °C led to the
formation of "cross-linked" three-dimensional systems.

In order to make it easier to convert into finished articles
the imidised oligomer Therimid-600, having the structural
formula

HC=
/ \ (30)

use was made of the reactive plasticiser

Z\
(31)

obtained by the reaction of the dianhydride of 2,2-di[4-(3,4-
dicarboxyphenoxy)phenyl]hexafluoropropane [Scheme (8)]
with 3-ethynylaniline.*

Finally, bis(N-phenylbenzimidazole)65 and bisbenzimidazo-
quinazoline66 with ethynyl end groups, i .e .

(32)

(33)

were converted into thermostable three-dimensional products
by thermal polycyclotrimerisation.№

The extremely successful use of hexafluoroisopropylidene
groups for the improvement of the "workability" of the
traditional polyheteroarylenes led Korshak and co-workers to
take the next step, namely to attempt the modification of
"ladder" polyheteroarylenes by hexafluoroisopropylidene
groups. The choice of these systems was dictated by the fact
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that many ladder systems have high thermal stabilities and
heat resistances but are extremely difficult to work with and
to convert into articles. 67~n

The hexafluoroisopropylidene-containing ladder poly-
heteroarylenes were investigated within the framework of
the synthesis of polynaphthoyleneazoles, namely poly-
naphthoylenebenzimidazoles and polynaphthoylene-sym-tri-
azoles, which are the products of the three-stage reactions
of bis(naphthalic anhydrides) with tetrafunctional aromatic
nucleophiles [bis(o-phenylenediamine) and bisamidrazones of
dicarboxylic acids ]CT and also polybenzimidazoquinazolines
and polybenzo(dipyrimidobenzimidazoles), which were
obtained in two stages, by the reaction of diamines, contain-
ing benzimidazole rings in the o-positions relative to the
amino-groups, with derivatives of aromatic dicarboxylic
acids. "-7 1

In the course of studies on hexafluoroisopropylidene-con-
taining polynaphthoylenebenzimidazoles, a polymer was
developed on the basis of 2,2-di(3,4-diaminophenyl)hexa-
fluoropropane and the dianhydride of naphthalene-1,4,5,8-
tetracarboxylic acid.72"75 It was synthesised in accordance
with the scheme

The resulting polynaphthoylenebenzimidazoles, containing
alternating hexafluoroisopropylidene and other "bridging"
groups, dissolve not only in phenolic solvents but also in
hot N-MP. However, one should note that these polymers
had very low viscosities (nint = 0.3 dl g~x), which precludes
unambiguous conclusions about the influence of their struc-
ture on the solubility.

Overall, polynaphthoylenebenzimidazoles with hexafluoro-
isopropylidene groups, in the first place the polymer based
on 2,2-di(3,4-diaminophenyl)hexafluoropropane and the
dianhydride of naphthalene-1,4,5,8-tetracarboxylic aeid, are
of undoubted interest and, provided that the problem of the
starting materials can be solved, their use may extend outside
the framework of academic research.

Together with polynaphthoylenebenzimidazoles, polynaphth-
oylene-sym-triazoles, which are the products of the inter-
action of the bisamidrazone of 2,2-di(p-carboxyphenyl)hexa-
fluoropropane with bis(naphthalic anhydrides), attracted the
attention of the same group of investigators: 83»№

H.N
CF,

(34)

The reaction was carried out in phenolic solvents—m-cresol
and phenol—using benzoic acid as the catalyst.76 This made
it possible to synthesise the polymer under comparatively mild
conditions (at 180 °C). The reaction, occurring under homo-
geneous conditions, led to the formation of high-molecular-
weight polynaphthoylenebenzimidazole with a degree of
cyclisation close to 100%. 72~75 The polymer obtained dissolves
not only in acid but also in phenolic solvents (m-cresol and
a mixture of phenol and tetrachloroethane). Films with a
tensile strength of 980 kg cm"2 at 25 °C and a 60% elongation
on rupture, retaining satisfactory deformation-strength
characteristics up to 380 °C, have been obtained from such
solutions by casting.

In order to increase further the solubility of polynaphthoyl-
enebenzimidazoles, the dianhydride of naphthalene-1,4,5,8-
tetracarboxylic acid was replaced in reaction (33) by the
dianhydrides of carbonyl-, oxy-, and sulphonyl-bis(naph-
thalic adds): 7 7" 8 2

(35)

(36)

X — C O - , —O-, -SO»-

Polynaphthoylene-sym-triazoles were synthesised83»m under
conditions identical to those used to obtain polynaphthoylene-
benzimidazoles; high-molecular-weight polymers soluble in
phenolic solvents and having softening temperatures in the
range 380-420 °C with oxygen indices of 43-46 were obtained.

In order to synthesise polybenzimidazoquinazolines and
polybenzo[di(pyrimidobenzimidazoles)] containing hexafluoro-
isopropylidene groups, 85~88 bis[2(2-aminophenyl)6-benzimida-
zoles] and l,3-di(2-benzimidazolyl)-4,6-diaminobenzenes
were made to react with the dichloride of 2,2-di(p-carboxy-
phenyDhexafluoropropane [Scheme (37)].



296 Russian Chemical Reviews, 56 (3), 1987

(37)

The reactions were carried out under the conditions of a
two-stage process; the first stage was performed at room
temperature in N-MP in hexamethylphosphoramide and the
second in the solid phase at 350—380 °C. The resulting poly-
benzimidazoquinazolines and polybenzo[di(pyrimidobenzimida-
zoles)] dissolved only in H2SOi, and CF3COOH, but it is not
clear whether this is a consequence of the severe conditions
in the cyclisation processes or of the chemical structure of
the polymers.

— 0 O 0 —

Analysis of the data presented in the review shows that the
introduction of hexafluoroisopropylidene groups into the main
chains of the macromolecules constitutes an effective method
of imparting an improved solubility, an improved fire resis-
tance, and also elasticity to rigid-chain polymers. Provided

that the starting materials can be obtained, this field may
prove to be promising for the preparation of polymers with a
valuable set of properties.
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Chromatographic Separation of Glucose and Fructose

Yu.E.Kuptsevich, O.G.Larionov, I.D.Stal'naya, L.A.Nakhapetyan, and A.Ya.Pronin

The structures, mutarotation, and the physicochemical properties of glucose and fructose as well as methods for their
separation are examined. Their chromatographic separation on cation exchangers in the calcium-form is discussed in detail.
A theory of the formation of complexes of carbohydrates with metal cations is described and the mechanism of the separation
of glucose and fructose on cation exchangers in the calcium-form is discussed in detail. Factors influencing the chromatographic
separation of glucose and fructose on sulphonic acid cation-exchange resins are also considered.
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I. INTRODUCTION

The technology used previously (up to the middle 1970's)
in the preparation of fructose was based on the application
of a scarce and expensive raw material—inulin, which is a
fructose polymer. This prevented the wide-scale use of
fructose in the food and medical industry. Only in the last
decade the application of chromatographic methods permitted
the large-scale manufacture of fructose by its isolation from
glucose-fructose syrups obtained either as a result of the
inversion of sucrose or by converting glucose with the aid
of glucose isomerase.

The industrial manufacture of fructose based on the
chromatographic separation of glucose-fructose syrups on
cation-exchange resins in the calcium-form has already been
approved in some countries. The Suomen Sokeri Company
[the Finnish Sugar Company] (Finland) is the largest
manufacturer of fructose in the world. Its factories in
Finland and the USA manufacture about two-thirds of the
entire fructose produced throughout the world, i.e. 20000
tonnes annually. France occupies the second place in the
manufacture of fructose and is followed by the Federal
Republic of Germany and Austria.1

In connection with the active development of the technology
for the preparation of fructose on the basis of chromato-
graphic methods, it is important to know the properties and
characteristics of the behaviour of glucose and fructose
under various conditions and also the mechanism of their
chromatographic separation.

II. THE STRUCTURES AND PROPERTIES OF GLUCOSE AND
FRUCTOSE

Glucose and fructose mutarotate in solution, which leads
to the establishment of equilibrium between five structural
forms of each of these compounds, as shown in Scheme 1:

CH2OH

Scheme 1

(a) Glucose

H O X on

α-D-glucopyranose " \ ^ | ζχ/3-D-glucopyranose
(conformation of type Cl) H C 0 H (conformation of type Cl)

HOCH

HCK X)H

α-D-glucofuranose /3-D-glucofuranose

(b) Fructose

Ή,ΟΗ

DH OH

X CH

/3-D-fructopyranose V 1_
(conformation of type 1C)

HOCH

c=o

HOCH2

a-D-fructopyranose
(conformation of type 1C)

HOCH2 /-N^^CH-OH
HO

0-D-fructofuranose a-D-fructofuranose

The composition of the equilibrium mixture is influenced
primarily by the nature of the solvent and temperature. In
the case of D-glucose, the equilibrium mixture in aqueous
solution at 20 °C consists of 63.8% of β-D-glucopyranose,
36.2% of ot-D-glucopyranose, and trace amounts (0.0026%) of
the open-chain acylic structure.2»3
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The following equilibrium composition has been established
for D-fructose in aqueous solution at 20 °C: 76.4% of
β-D-fructopyranose, 19.5% of β-D-fructof uranose, and 4.1%
of α-D-fruetofuranose.*

An increase of temperature leads to a linear increase of
the content of fructofuranoses and a corresponding decrease
of the content of β-D-f ructopyranose.5 For example, at
0 °C the equilibrium aqueous solution of D-fructose contains
84.8% of β-D-f ructopyranose, 11.1% of β-D-fructofuranose,
and 4.1% of α-D-fructofuranose, while at 50 °C the cor-
responding proportions are 55.8, 31.9, and 12.3% respect-
ively.6

These data agree with the temperature dependence of the
equilibrium composition of a solution of D-fructose in water
obtained by Shallenberger7 (see Figure). Equations permit-
ting the calculation of the content of each form of D-fructose
in aqueous solution as a function of temperature t are quoted
in the same communication:

^«—0.48/+ 86.72 ,
c,-0.26/+14.32 ,
<* —0.23/—0.55 ,

where c ^ c 2 , and c 3 are the contents of β-D-f ructopyranose,
β-D-fructof uranose, and α-D-fructof uranose respectively
(in mole %).

c, mole %

80

0 tO 80 ύ, C

Temperature dependence of the equilibrium composition of
D-fructose in aqueous solution: 1) β-D-fructopyranose;
2) β-D-fructof uranose; 3) α-D-fructof uranose.7

The specific rotation of the equilibrium mixture of D-fruc-
tose at a temperature t can be calculated from the formula7

a{, = 0.56/—102.6 .

The rate of mutarotation is higher the higher the tempera-
ture. At 20 °C in aqueous solution the mutarotation process
virtually terminates after 20 min. *

The temperature dependence of the equilibrium composition
of D-glucose has a somewhat different character than for
D-fructose. The contents of α-D-glucopyranose and
β-D-glucopyranose are respectively 36 and 64% at tempera-
tures ranging from 5° to 30 °C, while at 80 °C the contents
are 46 and 54%.3»8 Unfortunately there are no literature
data on the ratios of glucopyranoses in the temperature
range 30-80 °C.

The concentration in aqueous solutions of both glucose
and fructose has almost no influence on the equilibrium
composition; only a weak tendency towards an increase of

the content of α-D-glucopyranose with increasing concentra-
tion of D-glucose in aqueous solution has been observed, at
least in the concentration range from 5 to 65%.e·9 Similarly,
the increase of the concentration of D-fructose from 5 to 80%
entails a slight decrease of the fraction of β-D-fructopyranose
and the corresponding increase of the content of fructo-
furanoses.9»10 The above trends lead to a difference
between the equilibrium compositions of D-glucose and
D-fructose by only 3—4%.

The fractions of all the forms present in solution depend
on their relative free energies. The "chair" form, in which
the anomeric OH group is in the axial position, i.e. the 1C
conformation, is more stable for D-fructose.11>12 β-D-Fruc-
topyranose has this conformation also in the crystalline state.
In general the furanose form in which the 0(2) and 0(3)
atoms are in the cis-positions is more stable for any keto-
hexose. In this case the interaction between 0(3) and the
hdyroxymethyl group is weakened. For this reason, the
β-D-fructofuranose form of D-fructose, present in aqueous
solutions in greater amounts than the oc-D-fructofuranose
form, is more stable. The stability of furanoses increases
in solution in dimethyl sulphoxide (DMSO), while pyranoses
are more stable in water.12

The composition of the D-fructose equilibrium mixture at
20 °C is presented in the Table as a function of the nature of
the solvent. It permits the conclusion that the content of
fructopyranoses increases, while that of fructofuranoses
diminishes with increasing solvent polarity. This is partly
associated with the hydratkm of the hydroxy-groups, because
the large solvated groups are subject to less steric hindrance
when the carbohydrate exists in solution in the form of
pyranose in the "chair" conformation and not in the form of
the furanose ring. In non-aqueous solvents, this effect is
less important, because solvation in such solvents cannot be
quite so appreciable as in water, the hydroxy-group occupies
a smaller volume,and the advantages of the pyranose confor-
mations compared with the furanose conformations diminish.11*

The influence of the nature of the solvent on the composition
of the equilibrium D-fructose mixture at 20 °C.

Dimethyl sulphoxide
Ethanol (90%) + water (10%)
Ethanol (80%) + water (20%)
Pyridine·
Water

Content, mole %

pyranoses

18.5
43
49
53
76

furanoses

81.5
57
51
42
24

refs.

[12]

[2]
[131

[4.12]

•The solution in pyridine contains 5% of the keto-form.

The majority of aldopyranoses, including glucopyranose,
exist in aqueous solution in a conformation of type Cl,
because it is energetically more favourable. For example,
the free energy of the Cl conformation of α-D-glucopyranose
is 2.4 kcal moT1, while the energy of the 1C conformation is
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6.55 kcal mol"1; in the case of β-D-glucopyranose, the free
energies of these conformations are 2.05 and 8.0 kcal mol"1

respectively.1 5 Thus the type Cl conformation predominates
for D-glucose (see Scheme 1).

The free energy of α-D-glucopyranose is somewhat higher
than that of β-D-glucopyranose owing to the axial disposition
of the anomeric OH group. For this reason, a smaller
amount of a-D-glucopyranose (36%) is observed in aqueous
solution compared with β-D-glucopyranose (64%), in which
all the OH groups are equatorial.2 In aqueous solutions
D-fructose exists in a type 1C conformation12 (Scheme 1).

The equilibrium aqueous solution of D-glucose has 0$ =
+52.7°, while for the D-fructose solution under the same
conditions we have aD° = -92.4°. i e

D-Glucose and D-fructose are monosaccharides, which
readily undergo chemical changes. Under the influence of
bases, they undergo isomeric interconversion via the inter-
mediate enol, accompanied by the formation of mannose.
Thus a mixture of D-glucose, D-fructose, and D-mannose is
obtained from D-glucose in a very dilute solution of alkali.11*
In aqueous alkaline solutions at higher pH (pH i 9), the
sugar forms a complex with the alkali, which is followed by
alkaline transformation and decomposition.17 In a study 1 8

of the kinetics of the decomposition of fructose and glucose
in an alkaline medium on heating, it was noted that fructose
decomposes appreciably faster than glucose.

In general, fructose is chemically much less stable than
glucose. Thus heating of an alkaline solution of D-fructose
at pH 8 and 80 °C for 20 min leads to the development of an
appreciable yellow colour in solution and, as the pH is raised,
the intensity of the colour rises rapidly. 1 9

The study of the transformation of sugars in solution in
pyridine showed that the double bond can migrate via the
enediol mechanism along the entire carbon chain. The same
mechanism constituted the basis of a wide variety of reactions
of monosaccharides, in particular their cleavage by strong
acids and bases. 2 0 Glucose and fructose, especially glucose,
are very resistant to the action of acid. Thus, under mild
conditions, the interconversion of the sugars is possible,
while under severe conditions dehydration, leading to the
formation of furfural and related compounds, takes place.

Heating of D-glucose in dilute sulphuric acid solution at
100 °C leads to the formation of D-fructose, D-arabinose,
and small amounts of D-mannose and D-xylose. Under the
same conditions, fructose undergoes the aldose—ketose
isomerisation.21

The products of the conversion of D-glucose by various
dilute acids are D-fructose, D-mannose, isomaltose, gen-
tiobiose, etc. The mixture composition depends on the
nature of the catalyst employed.22 Analogous results have
been obtained in another study, 2 3 where, however, it was
emphasised that oligomers are formed only in 10% solution of
glucose when a 0.01—0.2 Ν solution of hydrochloric acid is
used.

Under more severe conditions, the dehydration becomes
the dominant process. The dehydration of hexoses in an
acid aqueous medium leads to the formation of not only
5-hydroxymethylfurfural but also of 2-hydroxyacetylfuran.21*
In addition difuryl ether may be formed.2 5

Fructose undergoes condensation in an acid medium mainly
at moderate temperatures (-60 °C) and pH 1.3-3.5 with
formation of levanbiose, inulobiose, and other products. 2 ε

At pH k 3.9, D-fructose is dehydrated without the formation
of 5-hydroxymethylf urfural, while at pH > 4.5 it isomerises
to D-glucose.2 7

Thus the conversion of glucose and fructose in alkaline
and acid media can result in the formation of a wide variety
of products whose composition depends on the pH of the
medium, the reaction time, temperature, the nature of the
catalyst, and the concentrations of the monosaccharide and
catalyst.

The dehydration of D-glucose on heating in aqueous
solution can be described by the scheme28

Scheme 2

D-glucose <H 1,2-enediol .Η

HC=O

C—OH
II

C—Η

HC—OH

HC—OH

CH.OH

HC=O
I

c=o
C—Η
II

C—Η

HC—OH

CH,OH

5-hydroxymethylf urfural

A 2,3-enediol, which is ultimately converted into
2-hydroxyacetylfuran, can also be formed from D-glucose.

Dehydration of D-fructose on heating in aqueous solution
can be described by the scheme29

Scheme 3

D-fructose *- 1,2-enediol
- H , 0 -H2O

HO

5-hydroxymethylf urfural
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D-Fructose reacts chemically extremely readily, which has
been demonstrated by Shamgar and Leibowitz.30 After
D-fructose has been kept in absolute ethanol at room tempera-
ture for some time, methylglyoxal, difructosoanhydrides,
diheterolevulosans, β-methyl fructopyranoside, and two
glucose derivatives are detected in solution after a time.
Thus, under these conditions, D-fructose undergoes
anhydridisation, isomerisation, dimerisation, and decompo-
sition into fragments, each containing three carbon atoms.
D-Glucose undergoes no changes whatever under the same
conditions.3 0

In a cold aqueous solution, fructose is 1.6 times sweeter
than sucrose; however, in hot aqueous solution the sweet-
ness of fructose diminishes appreciably. It has been
shown2'1* that the sweetness of fructose depends on the ratio
of the tautomeric forms. Fructofuranoses have almost no
sweet taste, the carrier of which is in fact β-D-fructo-
pyranose. If the sweetness of sucrose is assumed to be
100%, then that of β-D-fructopyranose is 180-200% and that
of fructofuranoses is 0%. The sweet taste of β-D-fruoto-
pyranose is determined by the presence of three-component
groups incorporating the anomeric hydroxy-group, the
oxygen atom in a primary alcoholic group, and the ring
methylene carbon atom.3 1 Since it has been shown7 that
the amount of β-D-fructopyranose diminishes with increase
of temperature and is accompanied by the corresponding
increase of the amount of furanoses, the weakening of the
sweet taste of fructose in a hot aqueous solution becomes
understandable.

I I I . METHODS OF SEPARATION

There exist many methods for the separation of glucose-
fructose mixtures. It is possible to distinguish five main
groups of methods.

1. Methods based on dialysis using ion-exchange mem-
branes . 3 2 ' 3 3 These methods require the application of very
complex equipment and also the expenditure of much electrical
energy. 3 3 For this reason, they are extremely expensive.

2. Methods based on chemical reactions with one of the
mixture components (glucose or fructose). Here use is
made of the oxidation of glucose to gluconic acid with sub-
sequent precipitation of the latter by calcium salts and its
removal from fructose solution,3I*'35 the formation of
hydrazones from one of the sugars and their subsequent
hydrolysis, 3 6 ' 3 7 the interaction of the sugars with metal
carbonyls and subsequent hydrolysis of one of the resulting
products, 3 8 the formation of chemical compounds of phenol-
containing resins with glucose,3 9 etc. The fructose obtained
by these methods requires careful purification and glucose,
which is a valuable sugar, is converted into waste.

3. Methods based on the differential crystallisation of
glucose and fructose. Many such methods exist. For
example, the following procedures are used: cooling of the
invert syrup with subsequent introduction of glucose seed
crystals, the crystallisation of glucose, and its separation
from the fructose solution;"*° the formation of a complex of
glucose and sodium chloride, which crystallises from the
solution;1*1 preliminary differential crystallisation of glucose
and fructose with subsequent separation on a cation
exchanger;1*2 differential crystallisation in methanol using
the difference between the crystallisation temperatures of
glucose and fructose.1*3'1*1* However, completely pure glucose
and fructose cannot be obtained by these methods.

4. Methods based on the isolation of fructose in the form
of complexes with a calcium compound, for example
Ca(OH)2

 l*8~1*7 or Cad;,.1*8"5 2 These methods are relatively

ineffective owing to the low yield of the final product
(10-20%).

5. The group of ion-exchange chromatographic methods,
which can be in its turn subdivided into three main sub-
groups:

(a) Chromatographic separation of glucose and fructose on
zeolites, including zeolite X, containing K+ cations and
capable of selective adsorption of glucose; 5 3" 5 6 on a zeolite
containing NH3, K + , Na+, Ca 2 +, and Ba2 + cations and capable
of the selective adsorption of fructose; 5 7 on zeolites Χ , Υ,
or L containing the Li+, Na+, K + , Cs+, Be"1", Mg2+, Ca 2 +,
Ba2+, etc. cations 5 8 " 6 0 and also on a mineral adsorbent of
the "Sorbex" type. 6 1

(b) Separation of glucose and fructose on anion-exchange
resins. The separation is usually carried out at 40-60 °C
on anion-exchange resins, usually of the Dowex I type, in
the bisulphite- or sulphite-form, using water as the
eluent . 6 2 " 7 2 However, the employment of an anion exchanger
in the above forms results in the presence of SO3H" and SO2."
ions in the glucose and fructose obtained, because these are
readily eluted by water. 6 5 In order to avoid the presence
of these impurities, it is necessary to employ additional
purification columns with the anion exchanger in the OH-form,
which entails additional dilution of the sugar solutions.
A mixture of an anion exchanger in the bisulphite-form with
5% of a cation exchanger in the sodium- and hydrogen-forms
has been used, 7 7 which made it possible to improve the
separation of the glucose-fructose mixture.

(c) The separation of glucose and fructose on cation-
exchange resins. Sulphonated polystyrene resins cross-
linked by divinylbenzene (DVB) and containing alkali metal
or alkaline earth metal cations are usually employed. Other
forms are also used. When glucose and fructose were
separated on the Dowex 50 χ 4 cation-exchange resin in the
Ba-form, the glucose and fructose peaks were found to be
markedly diffuse, on the Ag-form a weak separation was
observed, while on the Sr-form a fairly effective separation
was achieved.7 8 The use of the sodium-form of the cation
exchanger7 9 does not allow the separation of the glucose-
fructose mixtures, but partial separation of mono-, di-, and
tri-saccharides was noted. Comparison of the efficiencies of
the various forms of cation-exchangers leads to the con-
clusions that the Ca 2 + cation is most suitable for the separa-
tion of glucose and fructose. The same conclusion follows
from the study of Mountfort.80

Cation-exchange resins in the Ca-form with a degree of
cross-linking equivalent to 2-8% of DVB are used in most
s tudies . 8 1 " 9 7 The eluent is water, the separation is carried
out at 50—70 °C, and the concentration of the syrup intro-
duced amounts to 50% and above in terms of the dry sub-
stances. The resin is normally employed in the form of
0.2—0.5 mm beads and an attempt is made to employ as
narrow a fraction as possible. An important factor, which
influences the efficiency of the chromatographic separation,
is the density and uniformity of the packing of the resin bed
in the column. A study 9 8 has been devoted to this question
and a method has been proposed whereby a dense packing of
the resin in the Ca-form with a bead size of 0.3—0.6 mm can
be achieved. It is based on the ability of sulphonated
polystyrene resins to swell in a concentrated CaCl2 solution
(20%) to a lesser extent than in water. A suspension of the
resin in calcium chloride solution is supplied into the column
and the resin is then washed with water.

Cation-exchange resins of the Dowex 50 type have been
used, 8 1 " 9 8 but other cation exchangers, for example Duolite
C20 χ 4, 9 9 Amberlite IR-120B,100 Permutit Q, 1 1 1 and
Duolite C251 0 2 have also been employed in the calcium-form
under conditions analogous to those indicated above.
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Semicontinuous processes have been used in a number of
investigations 1 0 3" 1 0 7 for the separation of glucose and fruc-
tose: the "modelled moving bed" method1 0 3 on a sulphonic
acid cation-exchange resin in the Ca-form;- the "fluidised
bed" method101* on a strongly acid cation-exchange resin in
the Ca-form; the "cyclic zonal separation" method1 0 5 on an
aminoethylcellulose derivative; the "moving inlet" method106

on a cation-exchange resin in the Ca-form. A procedure
has also been developed in which use is made of a column
containing alternating reaction and adsorption zones. 1 0 7

Glucose then isomerises in the reaction zone to fructose,
which is adsorbed in the adsorption zone.

IV. PHYSICOCHEMICAL ASPECTS OF THE CHROMATO-
GRAPHIC SEPARATION OF GLUCOSE AND FRUCTOSE

Fructose, glucose, sucrose, and other carbohydrates form
1: 1 molecular complexes with bases. Reducing sugars,
which include glucose and fructose, give rise to more stable
complexes than non-reducing sugars, for example,
sucrose. 1 0 8 " 1 1 0 Metal cations have different complex-forming
capacities, which depend on their valence and size. Thus,
according to Dangre, 1 1 1 univalent metal cations can be
arranged in the following sequences in terms of their com-
plex-forming capacities: Na+ > K+ > Li+ for glucose and
K+ > Na+ > Li+ for fructose. The sequences of bivalent
cations are as follows: Sr 2 + > Mg2+ > Ca2 + > Ba2 + for. glucose
and Ca2 + > Sr 2 + > Ba2 + > Mg2+ for fructose.. However, not
all carbohydrates form complexes with cations in aqueous
solution and the complexes themselves have different stabil-
ities. It has been possible to demonstrate by NMR and
electrophoretic methods that complex formation with metal
cations is possible in the presence of three OH groups in
favourable steric positions. This situation arises when
three neighbouring OH groups are arranged in the sequence
axial-equatorial-axial (a—e-a). 1 1 2 "" 1 1 5

On the basis of NMR and electrophoretic data, Goulding
proposed in 1975116 his theory of the formation of complexes
of carbohydrates with metal cations. The most stable com-
plexes are formed in the presence of the a-e-a sequence of
three neighbouring OH groups in the pyranose ring or the
cis,cis-sequence of three OH groups in the furanose ring:

The stability constants K s of such complexes are in the range
1-5 mole"1. Ks = 0.1 mol"1 for the a-e(cis) sequence.
The e—a—e sequence gives rise to a less stable complex.
Finally the e—e sequence is even less favourable than the
a—e sequence and complexes are not formed at all for the
a—a sequence. Hence follows an important conclusion: the
greater the number of favourably oriented pairs of OH
groups in the carbohydrate molecule, the more stable the
complexes. For example, α-D-glucopyranose and a-D-fruc-
topyranose each have one pair of OH groups in the a—e
sequence, β-D-fructopyranose has two pairs, while
β-D-glucopyranose has no such pairs.

In relation to allose, it has been demonstrated1 1 2 that the
complexes of furanoses are always less stable than those of
pyranoses.

The optimum radius, of the cation for complex formation is
~1.0 A. The greater the charge of the cation, the easier
the formation of the complex: the sizes of Na+, Ca 2 +, and
La3 + are 0.97, 0.99, and 1.02 A respectively. 1 1 2

It follows from the data of Goulding,1 1 6 who determined the
capacity coefficients of sugars (k1) on the Aminex A-5 cation-
exchange resin with a particle size of 11 ± 2 urn using dif-
ferent cations, that fructose forms fairly stable complexes
with K + , Ag+, Tl+, and Ca 2 + and slightly less stable com-
plexes with Sr 2 + . On the other.hand, on the cation
exchanger containing the K + , Ag+, and Tl+ cations, the
values of k' for glucose are also fairly high, which means
that, when these cations are employed, it is not possible to
achieve a satisfactory separation of glucose—fructose
mixtures. Since strontium is toxic, one may conclude that
the most suitable cation for the selective complex formation
with fructose in the presence of glucose is that of calcium.

The mechanism of the separation of glucose and fructose is
most probably based on the presence in β-D-fructofuranose
of two cis-OH groups attached to the five-membered r i n g . 1 1 7

The two pairs of OH groups in the a—e sequence in β-D-fruc-
topyranose have hardly any significant influence on the
separation, because they can ensure the formation of only
very weak complexes with the cation. Glucose, for which
only α,-D-glucopyranose among all the possible isomers has
one pair of OH groups in the a—e sequence, forms an even
weaker complex. In the course of separation on the column,
the sugars mutarotate. The binding of β-D-fructofuranose
to calcium shifts the mutarotation equilibrium in the liquid
phase. The faster this process, the narrower the peak of
the fructose eluted.

An analogous phenomenon takes place also with glucose.
Under favourable conditions, where the mutarotation is slow,
the glucose and especially fructose peaks can be appreciably
diffuse, which can be explained by the fact that β-D-gluco-
pyranose is eluted initially, is followed by a-D-glucopyranose,
then β-D-fructopyranose, and finally β-D-fructofuranose.
The available data* demonstrating an appreciable narrowing
of the carbohydrate peaks with increase of temperature, may
serve as confirmation of this finding. 8 3 '8 Ι*>1 1 8 In the case of
fructose, an increase of temperature accelerates the muta-
rotation process itself in the first place and shifts the equi-
librium towards furanose in the second place. 7 However,
another factor then begins to operate—the stability of the
complex of fructose with the cation; an increase of tempera-
ture diminishes the stability of the complex. In order to.
achieve the optimum separation, it is essential to select a
temperature at which the optimum combination of the stability
of the complex, the rate of mutarotation, and the composition
of the initial equilibrium mixture is achieved. Furthermore,
there are other factors, which will be described below.

The presence of H+ and also OH~ ions sharply accelerates
the mutarotation and also facilitates the separation of glucose
and fructose. 9 2 It is of interest to note that, when the
cation exchanger is converted into the calcium-form by a
standard method with a 10% solution of calcium chloride, part
of the resin is bound to remain in the Η+-form (3—5%). If
the resin is fully converted into the Ca-form (and this is
possible at an elevated temperature or when an alkaline
solution of calcium chloride is used), then the separation of
glucose and fructose is impaired. This demonstrates the
possibility of mutarotation processes in chromatographic
columns. Apart from the H+ and OH" ions, triethyl- and
trimethyl-amines cause a sharp acceleration of the muta-
rotation . The addition of very small amounts of triethyl-
amine to the eluent (water) narrows the fructose and
especially glucose peaks. 1 1 9 The effect of triethylamine can
apparently be explained by the fact that it makes the solution
weakly alkaline and this accelerates sharply the mutarotation.
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It has also been noted that the stability of the complexes
of sugars with metal cations is influenced by the nature of
the eluent. The stability constants of the complexes in
ethanol are known to be appreciably higher than in
water; 1 2 0 ' 1 2 1 however, owing to the similarity of the partition
coefficients of glucose and fructose, it is usually not possible
to achieve their satisfactory separation in ethanol.

The employment of anion-exchange resins for the separation
of glucose-fructose mixtures leads to undesirable transforma-
tions in the individual sugars. 1 2 2» 1 2 3 The decomposition of
glucose and fructose with formation of glycolic and citric
acids is actually observed on strongly basic anion-exchange
resins, for example on Amberlite IRA-400.121*

The decisive process in chromatography on granular
materials, including cation-exchange resins, is diffusion of
the sugar within the resin particles, 1 2 5 which depends in its
turn on the flow rate of the mobile phase, temperature, the
resin grain size, the degree of cross-linking of the resin,
and the nature of the solvent and the sugar.

An increase of temperature accelerates the diffusion,126

but, since it entails the narrowing of the peaks of the com-
ponents separated, it does not always improve the separation
of the mixture, since fc1 diminishes at the same time. 1 2 7 On
the other hand, at low temperatures sugars are adsorbed
more strongly and the resolution can therefore be improved,
provided that the influence of the decrease of the rate of
mass transfer is small and the influence of mutarotation is
suppressed. 1 1 9 It has been noted 1 1 7 ' 1 2 8 that a decrease of
temperature improved the separation of glucose and fructose
on a cation-exchange resin in the Ca-form.

One of the important factors in the chromatographic separa-
tion of sugars is the flow rate of the mobile phase. It is
limited by the diffusion of sugars within the resin par-
t ic les . 1 2 9 " 1 3 1 At a high flow rate of the mobile phase, the
peaks of the substances being separated become asymmetric,
and long "tails" appear, their presence being explained by
the fact that a proportion of the sugars continue to diffuse
from the resin particles into the mobile phase.

A decrease in the resin particle size increases the rate of
mass transfer. For example, the change in the bead size of
the Dowex 21(K) resin from 45-75 to 15—40 \im improved the
separation of glucose, sucrose, and raffinose by a factor
greater than 3, causing a sharp narrowing of the peaks of
the test substances. 1 2 9 The greater efficiency of the Dowex
50 χ 8 cation-exchange resin in Ba-form132 compared with the
Ca-form133 can be explained by the smaller size of the resin
particles employed in the former case (0.038-0.075 mm com-
pared with 0.15—0.30 mm). A relation between the cation
exchanger bead size and the yield of pure fructose has been
observed: 1 3 k the smaller the bead size, the greater the
yield. Furthermore, the employment of narrower resin bead
fractions causes an additional improvement in the separation
of the test substances, which is apparently largely related
to a more uniform packing of the beads in the bed. The
use of a resin with a large bead size necessitates the employ-
ment of very low flow rates of the mobile phase, owing to the
low rate of mass transfer in the large resin beads, and pre-
cludes the attainment of a satisfactory separation of the
glucose—fructose mixture. 1 3 5

Since sugar molecules have a complex steric configuration
and in order to achieve complex formation with the active
centre of the cation exchanger they must assume a definite
position which ensures the formation of bonds of approxi-
mately equal length between the metal and the complex-form-
ing OH groups of the carbohydrate, l l l f ' 1 3 6 it is clear that the
steric structure of the cation-exchange resin must influence
the chromatographic separation. The steric structure of
the cation exchanger is in its turn determined by the degree

of cross-linking. The degree of cross-linking of the cation
exchanger must not exceed a definite l imit . 7 9 ' 8 " ' 8 8 · 9 0 . 9 2 . 1 0 1 ' 1 3 7

On the other hand, analysis of the above studies leads to the
conclusion that the degree of cross-linking should not be
below a definite limit. The most favourable conditions are
apparently ensured by a degree of cross-linking by DVB of
4—8%. The use of cation-exchange resins with a lower
degree of cross-linking, for example of the KU-2-2(Ca)
cation-exchange resin, in which the degree of cross-linking
is 2%,138 has been shown t o 1 3 7 lower the efficiency of the
separation of glucose and fructose. The causes of this are
not altogether clear, but the main deficiency of cation-
exchange resins with a low degree of cross linking (2% of
DVB and below) is their low mechanical strength.

Thus, in devising various technologies for the manufacture
of fructose, based on chromatographic methods for the
separation of glucose—fructose mixtures on cation-exchange
resins, account must be taken of several most important
factors.

Firstly, glucose and especially fructose are chemically
extremely unstable carbohydrates and any operations with
these sugars require mild conditions (pH 5—7, temperature
S60 °C). Secondly, calcium cations are the most suitable
for the selective complex formation with fructose in the
presence of glucose and the mechanism of their separation
on cation-exchange resins in the Ca-form is most likely to be
based on the formation of a relatively stable complex of
β-D-fructofuranose with calcium. Thirdly, the degree of
cross-linking of the cation-exchange resin, equivalent to
4-8% of DVB, apparently ensures the optimum separation of
glucose and fructose. Finally, when the cation-exchange
resin is treated with a solution of calcium chloride, an attempt
to achieve its conversion into the 100% of the Ca-form should
not be made; not less than 3—5% of the sulpho-groups of the
cation-exchange resin should remain in the H-form.

In optimising the conditions for the chromatographic
separation of glucose and fructose, it is essential to take
into account the fact that an increase of process temperature
lead in this instance not only to the acceleration of the mass
exchange of the carbohydrates within the cation exchanger
beads but also to a shift of the mutarotation equilibrium of
the sugars in the liquid phase and to a decrease of the
strength of the complexes of the monosaccharides with
calcium. A significant increase of the efficiency of the
separation of glucose and fructose can be attained by employ-
ing cation exchanger beads with the smallest possible size.
The latter makes it possible to improve the resolution of the
glucose and fructose peaks, to increase the flow rate of the
mobile phase, and to increase the amount of charge applied
to the column.
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Triplet Exciplexes in the Photochemistry of Quinones
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The results of studies on the kinetics and mechanisms of reactions involving the transfer of an electron and a hydrogen atom to
quinone molecules in triplet states are surveyed and the spectroscopic-kinetic characteristics of the triplet exciplexes of
quinones and the role of the electron donor-acceptor interactions and hydrogen-bonded complexes in the photochemistry of
quinonoid compounds are examined. Attention is concentrated on the experimental investigation of the kinetics and
mechanisms of the primary photochemical processes by modern flash photolysis methods.
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INTRODUCTION

Under the influence of light, quinonoid compounds (Q)
enter into a wide variety of chemical reactions. In most
cases the primary step in the photochemical reactions of
quinones is the transfer of an electron and a hydrogen atom
to the molecules of quinones in triplet states (3Q), electron
donor—acceptor interactions and the formation of a hydrogen
bond playing an important role in these processes.

A number of reviews have been devoted to the photo-
chemistry of quinones1"6 and the photochemical oxidation-
reduction reactions of chloroquinones have been examined.7

This review is devoted to the primary steps in the photo-
chemical reactions of quinones,, the transfer of an electron
and a hydrogen atom to the molecules of quinones in triplet
states, and also the properties of triplet exciplexes.

Important data on the kinetics of the elementary reactions
and the mechanism of the transfer of an electron and a
hydrogen atom with participation of 3Q have been obtained
in recent years, in many respects as a result of the develop-
ment of methods for the investigation of fast reactions,
especially flash photolysis with laser excitation sources in
the nanosecond and picosecond ranges; the formation of
triplet exciplexes in these chemical processes has been
demonstrated.
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I I . ELECTRON DONOR-ACCEPTOR COMPLEXES OF
QUINONES IN THE GROUND AND TRIPLET STATES

1. Electron Donor—Acceptor Complexes of Quinones in the
Ground State

Quinonoid compounds are relatively strong electron
acceptors and form electron donor—acceptor complexes (EDA
complexes) with compounds having electron-dona ting proper-
ties . 8 The energy of the bond between the molecules in the
EDA complexes is usually close to that characteristic of the
van der Waals interaction and is comparable to or somewhat
exceeds kT,8 the nature of the interaction between the
donor and acceptor in the complex being extremely varied.9

In the crystalline state and in the absence of a localised
interaction, the planes of the rings of the quinone and of the
aromatic molecule comprising the EDA complex are parallel
and the distance between them is 3.1-3.55 A. 8 In the
presence of a hydrogen bond, the parallel arrangement
breaks down; for example, when the donor is phenol, then
the angle between the ring planes reaches 10°.10 The
energy of the hydrogen bond in the complex of p-benzo-
quinone (I) with phenol is 5.05 kcal mof"1 in the crystalline
state, while the entropy is 15 cal mol"1 K"1. u

The study of the IR spectra of crystalline complexes of
compound (I) with aniline derivatives demonstrated the
presence of two non-equivalent carbonyl groups in the mole-
cule of compound (I ) , which is due to the localised character
of the interaction and the appreciable contribution by the
ionic component.2 The formation of complexes between com-
pound (I) and donors having a primary or secondary amino-
group is promoted additionally by the presence of a hydrogen
bond between the NH and C=O groups to which the ionic
component makes an appreciable contribution. The slight
non-equivalence of the carbonyl groups in the molecule of
compound (I) is also observed in the complex of this com-
pound with NN-dimethylaniline and is caused by the localised
charge transfer from the unshared pair of the Ν atom to one
of the C=O groups. In the EDA complex of compound (I)
with NNN' N' -tetramethyl-p-phenylenediamine (TMPD) the
C=O groups are equivalent in the crystalline state; the
complex is ionic with a delocalised interaction.

Quinones do not form EDA complexes with triethylamine
and bipyridyl in solutions, apparently as a consequence of
the steric hindrance generated by the alkyl substituents in
the donor. The formation of EDA complexes with amines
of the type of triethylenediamine and quinuclidine in solutions
has been noted. 1 3

The formation of EDA complexes between quinones and
electron donors is accompanied by the appearance in the IR
spectrum of a charge-transfer (CT) band. 8 The energy of
the CT band is a linear function of the one-electron half-wave
potential for the reduction of the quinone in acetonitrile,
i .e. Ei/2(Q~/Q)> t n e slope being 0.95 for hexamethylbenzene
and 0.8 for other donors. l l f The different slopes of the
above relations for hexamethylbenzene compared with other
donors may be explained by the steric influence of the
methyl groups in the donor, which increases the distance
between the donor and the quinone in the EDA complex.15

The slopes of the analogous relations between the energy of
the CT band and the ionisation potential of the aromatic
electron donor are close to O.9.15'16 A slight deviation from
the linear relation between the energy of the CT band and
#i/2(Q~/Q) has been observed for quinones with strong
electron-accepting substituents [cyano-derivatives of the
quinone (I) ] . 1 7

The occurrence of a localised interaction influences signi-
ficantly the position of the CT band. This is particularly
pronounced for complexes of the quinhydrone type. Thus
the formation of a relatively weak hydrogen bond in the EDA
complexes of quinones with hydroquinones or p-phenylene-
diamines on passing from a solution to the crystalline state
leads to a decrease of the energy of the CT transition by
5000-11000 cm"1. M ~ a This shift is caused precisely by the
formation of the hydrogen bond, since the position of the CT
band in the spectra of complexes without a hydrogen bond
depends only slightly on the state of aggregation.

The pronounced dependence of the interaction in the com-
plexes of the quinhydrone type on the mutual orientation of
the quinone and the donor has been demonstrated in a study
of the paracyclophane derivatives (A) and (B) : 2 2

The CT band in the spectrum of compound (A) is observed
at 462 nm, while the intensity of the absorption of compound
(B) in this region is 30 times lower; its CT band has a maxi-
mum at 346 nm. The methoxy-derivatives of (A) and (B)
behave analogously. Consequently, the hydrogen bonds in
these structures do not play any role (the presence of the
hydrogen bonds in the crystalline complexes shifts the CT
band to the region of 600 nm 1 9 ) . The electron donor-
acceptor interaction in the given structures is analogous to
the interaction in the corresponding 7r-complexes formed in
solution. A CT band has also been observed for multilayer
structures analogous to those of compounds (A) and (B) but
with an additional benzene ring between the quinone and the
hydroquinone; however, the relative orientation of the donor
and the acceptor in such structures does not play any role.2 3

The energy of the CT state in the EDA complexes of
quinones depends significantly also on the molecular environ-
ment. The increase in solvent polarity on passing from
cyclohexane to acetonitrile lowers the energy of the CT
transition from 1.43 to 1.34 eV for the EDA complex of
chloranil (II) with TMPD.21f

Specific interaction with the medium may exert a strong
influence on the formation of quinhydrone complexes in solu-
tion. The spectra of the EDA complexes of ortho-quinones
with the corresponding hydroquinones contain a CT band
with the maximum at 440 nm. However, on dissolution of the
specimens in alcohols and ethers, the formation of complexes
is not observed owing to the presence of hydrogen bonds
to solvent molecules.25

Quinones are also capable of forming complexes with aroma-
tic amines having an ionic structure. 8» 2 6 The ionic complexes
can exist simultaneously with the non-polar EDA complexes
and can be detected only in relatively polar solvents or
crystals. The dynamics of the system incorporating simul-
taneously the polar and non-polar EDA complexes has been
investigated in detail for complexes of compound (II) with
TMPD.21*'27"32 Apart from the absorption characteristic of the
non-polar EDA complex, a 3: 1 mixture of ethyl ether and
isopropyl alcohol exhibits bands at 635, 520, and 434 nm
due to the absorption by the corresponding radicals and there
is an inverse CT band at 1100 nm. 2 9 ' 3 0 The formation of
radicals in this system has been demonstrated by EPR.21* The
equilibrium

Q + D :

has been postulated.

D+. (1)
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Ionic complexes arise when the concentration of the non-
polar EDA complex exceeds a specific value;2 9 '3 0 they are
formed on aggregates of non-polar EDA complexes of the
cluster type as a result of the increased polarity of the micro-
environment in these aggregates, which promotes ionisation.
However, the aggregation of neutral EDA complexes has not
been observed by Staab and Herz2 2 even at temperatures
down to 185 K.

In polar solvents neutral EDA complexes of quinones with
aromatic amines dissociate into free radical-ions,8»26'27 whose
presence in acetonitrile solutions of compound (II) with
TMPD has been detected by EPR.3 1 The kinetics of the
dissociation reaction have been investigated by flash photol-
ysis in acetonitrile solutions of TMPD and 2.6-diphenyl-
1,4-benzoquinone (III) ; 3 4 the EDA complexes dissociate
with a rate constant of 5.5 χ 103 s"1 and the enthalpy
and entropy of activation are 3.6 kcal mol"1 and -29 cal
mol"1 Κ χ respectively. The large negative entropy indi-
cates a significant reorganisation of the molecules of the
medium on dissociation of the non-polar EDA complex into
radical ions. Comparison of the dissociation constants with
£i/2(Q~/Q) for a series of quinones showed that the experi-
mentally observed free energy of electron transfer is below
values calculated from the corresponding one-electron poten-
tials.31*

It is noteworthy that in the quinhydrone complexes thermal
electron and hydrogen atom transfer reactions take place.20'21'25

Thus the structure of the molecular environment as well
as the mutual orientation of the reactants in the complex
and the specific features of the interactions between them
influence significantly the energy of the state with total
charge transfer and hence the kinetics of the reactions
involving the charge transfer stage.

2. Triplet Exciplexes of Quinones

The electron affinity of the molecule in an electronically
excited state is higher than in the ground state by an
amount which is usually set equal to the excitation energy.3 5

For this reason, EDA complexes in the triplet state—the
triplet exciplexes (TE)—have a structure characterised by
a higher contribution of the state with total charge transfer
compared with the structure of the corresponding EDA com-
plexes in the ground state. Like the EDA complexes in the
ground state, the TE can also be divided on the basis of their
structure into polar and non-polar depending on the contribu-
tion of the polar state with total CT.

The non-polar triplet states of the EDA complexes of
quinones differ significantly in their characteristics from
the corresponding 3Q. For example, compound (I) and its
derivatives virtually do not phosphoresce in frozen solutions
in solvents without electron-donating properties. The
introduction of weak electron donors (aromatic hydrocarbons)
into these solutions leads to a significant increase of the
phosphorescence intensity, 3 6" 3 8 which is observed on photo-
excitation at the wavelength in the region of the CT band.
The phosphorescence bands of the EDA complexes of quinones
are broadened and displaced to longer wavelengths compared
with the phosphorescence spectra of the quinone and to a
greater extent the higher the electron-donating capacity of
the aromatic hydrocarbon.3 8 The phosphorescence spectra
of the EDA complexes of compound (I) and its derivatives
with aromatic hydrocarbons are similar, as regards the posi-
tion and form of the bands, to the phosphorescence spectrum
of the initial quinone, which shows that the main contribution

to the structure of the EDA complexes in the triplet state
comes from the structure with excitation localised at the
quinone molecule.

The triplet states of the EDA complexes with localised
excitation, formed by compound (II) and weak electron
donors, have been detected from their absorption by flash39

and laser1*0»1*1 photolysis methods. The triplet—triplet absorp-
tion spectra of solutions of compound (II) in benzene, ace-
tone , and dioxan at room temperature or in a diethyl ether—
isopentane—ethyl alcohol (EPA) mixture in the presence of
methyl methacrylate at 77 Κ have weak bands in the range
λ > 550 nm, there is virtually no absorption of compound (II)
in the triplet state. The triplet exciplexes formed on
quenching of duroquinone (IV) in the triplet state by weak
electron donors in non-polar solvents and in acetonitrile have
analogous absorption spectra. Μ2~ΙΛ

The photoexcitation of the EDA complexes of quinones in
the region of the CT band in systems where the energy of the
state with total charge transfer is below that of the triplet
state does not lead to the formation of any intermediates.38'1*5"1*8

The main channel leading to the deactivation of the polar
electronically excited singlet state of the EDA complex is
rapid non-radiative transition to the ground state. The
rate of this process is determined by the rate of the vibra-
tional relaxation and the relaxation processes in the molecular

1
environment and amounts to s" 1, which is significantly
higher than the rate of dissociation into radical-ions and the
rate of the singlet—triplet transitions. ^

ΔΏ
0.3

O.Z

0.1

500 600 700 BOO 900
λ, nm

Figure 1. Absorption spectra of solutions of 2,6-diphenyl-
1,4-benzoquinone and NNN'W-tetramethyl-l,4-phenylene-
diamine in dibutyl phthalate (subjected to laser photolysis)
obtained at the end of the laser pulse: 2) 3Q (obtained in
the absence of TMPD); 2) polar TE (obtained at a TMPD
concentration of 0.15 M); 3) absorption spectrum of TMPD
radical-cation in acetonitrile. "̂

On quenching 3Q by electron donors in the systems indi-
cated , the formation of polar TE is observed. if3'~1*6 The
absorption spectra of the TE contain bands characteristic
of the corresponding radical-ions, which is typical for exci-
plexes with total charge transfer. Absolute agreement
between the absorption spectra of the polar TE in inert sol-
vents and the absorption spectra of the corresponding
radical-ions is not observed as a consequence of the pro-
nounced overlap of the electron clouds of the radicals in
complexes of the "sandwich" type. For example, the
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absorption spectrum of the polar TE of compound (III) with
TMPD contains bands characteristic of the TMPD radical-
cation, but the ratio of the intensities of these bands in
the spectra of TE and TMPD+ is different (Fig . l ) . The
presence of hydrogen bonds between the radical-ions in the
polar TE results in a greater similarity between the absorp-
tion spectra of the TE and the radical-ions. For example,
the absorption spectrum of the TE of the compound (III)—
diphenylamine (DPA) systems shown in Fig.2 is virtually
identical with the absorption spectrum of the DPA radical-
cation. ^ ' 5 0 The formation of a hydrogen bond reduces the
electron overlap between the radicals as a consequence of
the breakdown of the "sandwich" structure. Chemically
induced nuclear polarisation (CINP), which arises in the
course of photolysis via a triplet mechanism on geminal recom-
bination of the radical-ion pairs, is observed in this sys-
tem.5 0 It has been noted for analogous systems involving
compound (II) that the absorption spectrum of the radical-
anion components of the hydrogen bonded TE agrees with the
absorption spectrum of the radical-anion of compound (II) in
alcoholic solutions, where hydrogen bands are formed with
solvent molecules.51'52

Δ η
0.3

0.2

Ο.ί

600 700 BOO λ, nm

80

100
200

time, ns

Figure 2. a) Absorption spectra of toluene solutions of 2,6-
diphenyl-l,4-benzoquinone and Ph2NH subjected to laser
photolysis at -12 °C: 1) obtained at the end of the laser
pulse (superposition of TE and Ph2N* spectra); 2) 150 ns
after the laser pulse (Ph2N' spectrum); b) kinetics of the
destruction of TE recorded from the absorption at 690 nm
(curve 1) and of the formation of Ph2N- at 830 nm (curve 2).50

The introduction of solvating additives, for example, alco-
hols , induces a change in the absorption spectra of polar
TE. When the methanol content in benzene is 10%, the
absorption spectra of the TE virtually correspond to a super-
position of the absorption spectra of the corresponding

radical-ions.1*3»*»53 The alcohol molecules form hydrogen
bonds with the quinone radical-anion in the TE.5* Solvated
polar TE have the structure of a solvate-separated ion pair.

In systems characterised by close energies of the state
with total CT and a localised excitation, solvation induces
the most pronounced changes in the structure of the TE and
shifts the equilibrium [a scheme of type (I) with participation
of 3Q] towards the formation of radical-ion pairs in a triplet
state. t e~M t For example, the introduction of an insignificant
amount of methanol into benzene (the dielectric constant of
the solvent hardly changes under these conditions) or an
increase of the dielectric constant of the medium to 5 by
introducing the corresponding amount of acetonitrile into
benzene leads to the formation of radical-ion pairs on photo-
excitation of the quinone (IV) in the presence of triphenyl-
amine (TPA) or even at relatively low TPA concentrations,
where the formation of a polar TE in this system in benzene
is hardly observed.* The influence of solvation and of the
dielectric constant of the medium is caused by the change in
the energy of the state with total CT.

The rate constant for the non-radiative conversion to the
ground state (ic-jE^ °̂  P ° l a r TE with an energy exceeding
1 eV [for example, the TE of the compound (III)-TPA sys-
tem] depends only slightly on the polarity and viscosity of
the solvent (Table 1). In the case of TE with a low energy,
this constant diminishes with increasing polarity of the
medium [the TE of the system compound (III)-TMPD (Table
1)]. Solvation by methanol increases or diminishes the
^TE °̂  P°^ a r Τ Ε with high and low energies respectively.
The value of /ο^ϋ increases as the energy of the state with
total CT is reduced"3'51* and deviations from this relation are
observed only for very low values of the energy indicated.

The kinetics of the non-radiative deactivation of the TE
of quinones by transition to the ground state obey the energy
gap rule for internal conversion processes, which indicates
the important role of the Franck—Condon factor in processes
involving the non-radiative deactivation of TE. The same
factor is responsible for the increase of fc-pE on formation of
hydrogen bonds with the molecules of the medium or between
the radicals in the TE. The constant fcjg diminishes slightly
when the pressure is raised to 3 kbar. 5 5

Triplet exciplexes participate as intermediate species in
many photochemical reactions of quinones—photoaddition,
photosubstitution, sensitised photoisomerisation, and photo-
decomposition. Thus p-benzoquinone is photochemically
stable in benzene but 4-phenoxyphenol is formed in the
presence of difluoroacetic acid.5 6 It has been suggested
that this reaction includes a stage in which a non-polar TE
is formed as a biradical adduct in which acid catalysed proton
transfer takes place. The existence of this adduct has been
confirmed by the CINP method on photoexcitation of the EDA
complex of fluoranil with benzene in the region of the CT
band. 5 7 The TE consisting of a biradical adduct or having
a structure with a significant contribution by the state with
total charge transfer, also participates in the cycloaddition
of olefins to quinones in the triplet state. 5 8 " 6 2 These exci-
plexes are quenched by Ο 2, SO2, and nucleophiles and are
protonated in the presence of acids with formation of various
products. The simultaneous study by the CINP and pico-
second laser photolysis methods of the nature of the inter-
mediates arising in the photolysis of the chloranil— 1,1-
dimethylindene system in acetonitrile showed that the primary
product of the interaction of 3Q with the olefin is a radical-
ion pair . t

t S e e P.M.Rentzepis, D.W.Steyert, H.D.Roth, and C.I.Abelt,
J.Phys.Chem., 1985, 89, 3955.
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Table 1. The rate constants for the destruction of triplet
exciplexes of quinones at room temperature.

Election donor

2-Methoxynaphthalene

Tiiphenylamine

Triphenylamine

"

"

>'

Diphenylamine

**
4-Phenylaniline

"

"
AW-Dimethyl-4-methoxy aniline
./VMVW-Tetramethyl-p-

phenylenediamine

Solvent

Duioquinone

Benzene
Acetonitiile
Benzene
Benzene-methanol (20:1)

2)6-Diphenyl·l,4-Benzoquinone

Benzene
Toluene
Perfluorobenzene
1,4-Dioxan
Liquid paraffin
Dibutyl phthalate
Tetrahydrofuran
Tetrachloioethane
Pentyl alcohol
Benzene-methanol (20:1)
Toluene
Perfluorobenzene
Tetrahydrofuran
Dibutyl phthalate
Liquid paraffin
Dioxan
Benzene
Toluene
CHCh
CH2CI2
1,1,2,2-Tetrachloroethane
1,2-Dichloroethane
Tetrahydrofuian
Toluene
Toluene

Dibutyl phthalate
Tetrahydrofuran

10"6 * T E , s"1
Ref's.

0.6
0,4
0.5
3.0

[423
[42]
[44]
[44]

5.0
5.1
5.0
8.6
5.6
7.2
7.6

27
19
12
28
11
10
68
12
50
25
25
22
35
19
32
55
23

> 5 0

26
30

[53]
[53]
[53]
[53]
[53]
153]
[53]
[53]
[53]
[53]
150]
[50]
[50]
[50]
150]

[84]
[45]

[45]
[45]

3-Chloro-2,6-dipheny 1-1,4-benzoquinone

Naphthalene
"

1,2,3-Trime thoxy benzene

4-Phenylaniline
"

Triphenylamine
"

AW-Dimethyl-4-methoxy aniline

.MWJV'-Tetramethyl-p-
phenylenediamine

Benzene
Benzene-methanol (20:1)
Benzene
Benzene-methanol (20:1)
Toluene
1,1,2,2-Tetrachloroethane
Benzene
Benzene-methanol (20:1)
Benzene
Benzene-methanol (20: 1)
Benzene

9.5

11
1.6
2.7

42
51

6.4
13
12
18

Ss 50

[43]

}«]
[43]
[43]
*
*

[43]
[43]
[43]
|43 |
[43]

3,5-Dichloro-2,6-diphenyl-l,4-benzoquinone

Triphenylamine
"

4-Phenylaniline

Triphenylamine

1-Methylimidazole
1-Methylbenzimidazole
2-Ethylindazole
Indole
1-Ethylindole
4-Phenylaniline
Diphenylamine

Durene

Η examethy lbenzene

Pentamethylbenzene
**

p-Xylene
"

Mesitylene

mOiylene

Toluene

Benzene
Benzene-methanol (20:1)
Toluene

Chloranil

Benzene
Benzene-methanol (20:1)
Dioxan
Dioxan
Dioxan
Dioxan
Dioxan
Toluene
1,2-Dichloroethane

1,2-Dichloroethane
Ethyl acetate
Dioxan
Benzene
Ether
Dichloromethane
CCI4
Benzene
CCI4
Benzene
CCI4
Benzene
CCI4
Benzene
CCI4
Benzene
CCI4
Benzene
CCI4

10
21

3s 140

[43J
[43]
*

15
25

6.5
5.0

5s 50
5=50
> 5 0

> 1 4 0
110

20
20
17
22
40
21
31
21

26
20
23
10
6.2

11
7.6
1.8
2.1
0.52
0.56

[43]
143]
[51]
[51]
[51]
[51]
[51]
#

[48]
48]

[48]·**·***********•*·********··*•***·
*See P.P.Levin and V.A.Kuz'min, Izv.Akad.Nauk SSSR,

Ser.Khim., 1986, 2587.
**See H.Kobashi, T.Kondo, and M.Funabashi, Bull.Chem.

Soc.Japan, 1986, 59, 2347.
***See P.P.Levin and V.A.Kuz'min, Izv.Akad.Nauk SSSR,
Ser.Khim., 1986, 1435.

It has been suggested that the initial formation of polar TE
is a universal process in many photochemical addition reac-
tions involving quinones.6 2 The study of the CINP in the
photoisomerisation of oleflns63 and various cyclic hydro-
carbons, №~69 in the photodecomposition of thymine dimers, 7 0

and in the dimerisation of olefins and the dissociation of their
cyclic dimers71 and of the anthracene dimer,7 2 all sensitised
by quinones, has shown that all these reactions include a
step in which radical-ion pairs are formed as a consequence
of electron transfer from the reactant to 3Q. The primary
step in the nucleophilic substitution of sulpho-derivatives of
9,10-anthraquinone (V) in the presence of aliphatic amines is
electron transfer from the amine to the quinone molecule in
the triplet state with subsequent substitution in the radical-
ion pair. 7 3 The photosubstitution of the hydroxy- and
amino-derivatives of compound (V) takes place analogously. ^
In the decarboxylation of uric acid sensitised by quinones
electron transfer to 3Q also occurs. 7 5

111. ELECTRON TRANSFER TO QUINONE MOLECULES IN
TRIPLET STATES

1. Kinetics of the Quenching of Quinone Molecules in Triplet
States by Electron Donors

The kinetics and mechanism of the quenching of the triplet
states of quinones by electron donors in liquid solutions have
been investigated by laser flash photolysis methods. The
rate constants for the quenching of the triplet states of
compounds ( iv) ,- 2 ^ · 7 6 - 8 2 (II),·*,•*,&.«,<» g n d I I I t «,«*,<»
2-methyl-l,4-naphthoquinone (VI), 8 5 2-sulpho-9,10-anthra-
quinone (VII),8 6"8 8 and anthanthrone (VIII), 8 9 ' 9 0 by various
electron donors have been obtained (Table 2). The kinetics
of the quenching of the triplet state of compound (VIII) by
free radicals, which serve as electron donors in this reaction,
have also been studied.9 1 The rate constants for the
quenching of the triplet state of 2,6-disulpho-9,10-anthra-
quinone (or its solvate) in water by various anions have been

1 3estimated as 106-107 litre mol"1 s
y

" 1 s" 1 9 2» 9 3 The triplet state of
2-methanesulphonyl-9-10-anthraquinone is quenched by Cl~
in water with a rate constant of ~107 litre mol"1 s" 1. *

Table 2. The rate constants for the quenching of the triplet
states of quinones by electron and hydrogen atom donors in
liquid solutions at room temperature.

Quenching agent q, litre mol'V

i\W-Dimethyl-4-methoxy aniline

AW-Dimethylaniline

AW-Diethylaniline

Aniline

PI1NH3

Diphenylamine

Tri-p-tolylamine

Duroquinone

Benzene
Acetonitrile
Methanol
Benzene
Acetonitrile
Methanol
Cyclohexane
Acetonitrile
Water-methanol(4:l),

pH8
Water-methanol (4:1),

pH 2.4
Water-methanol (4:1),

p H - 2
Benzene
Acetonitrile
Methanol
Wather-ethanol(2:l)
Benzene
Acetonitrile
Methanol

1.2· 1010

1.3-10'°
1.4-10'°
7.7-10»
9.9-ΙΟ-
Ι.1-10'°
8.0-10"
9.4-10»
3.0-10»

[42]
[42;
[42]
[42;
[42
[42
[77;
[77
[81]

5.0-107

< 1 0 7

7.3-10»
7.5-10»
8.4-10»
3.0-10»
6.7-10»
1.0-10'°
1.0-1010

[42]
[42
[42
[78
[42
[42
[42]

[81]

[81]



312 Russian Chemical Reviews, 56 (4), 1987

Table 2 (cont'd) Table 2 (cont'd)

Quenching agent

Triphenylamine

Tri-p-bromophenylamine

Trimethylamine

Me3NH+

Triethylamine

Et 3 NH +

Triethylamine
Et 3 NH +

s-Butylamine

Diazabicyclooctane

CII3CH(CO~)NH2

CH3CH<:CCgNH+

-O 3 SCH : NH 2

NCCr^NHj+NCCHzNHj

NCCHiNH*

NH 3

NHt
*

1,3,5-Trimethoxybenzene
1,2,3-Trimethoxy benzene

"

2-Methoxynaphthalene
"

Dibenzo-l8-crown-6 ether

"

2,3-Dimethylnaphthalene

2,6-Dimethylnaphthalene

Pentamethylbenzene, naphthalene

cr

Br'

OH"

Γ

Ag+

F e 2 +

Fe(CN)g

•·

SCN"
"

CO3
Durohydroquinone

4-Phenylphenol

Naphthalene
Acrylonitrile
Durene
Methyl methacrylate

··Styrene

Pyrazole

Imidazole

1-Methylimidazole

Benzimidazole

Solvent

Duroquinone

Benzene
Acetonitrile
Methanol
Benzene
Acetonitrile
Methanol
Water-methanol (4:1),

pH 11
Water-methanol (4:1),

pH7
Cyclohexane
Acetonitrile
Water-methanol (4:1),

pH2
Isopropyl alcohol
Water-methanol (4:1),

p H - 2
Isopropyl alcohol
Water-methanol (4: 1),

pH 2.1
Water-methanol (4:1),

pH 0
Water-methanol (4:1),

pH 10.2
Water-methanol (4:1),

pH 5.4
Water-methanol (4: 1),

pH 7.2
Water-methanol (4:1),

pH 5.3
Water-methanol (4:1),

pH 3.3
Water-methanol (4: 1),

pH 10-11
Water-methanol (4: 1),

pH 4-5
Water-ethanol (2:1)
Benzene
Acetonitrile
Methanol
Benzene
Acetonitrile
Methanol
Benzene
Acetonitrile
Methanol

Benzene
Acetonitrile
Methanol
Benzene
Acetonitrile
Methanol
Benzene, acetonitrile,

methanol
Water-methanol (4: 1),

pH 7
Water-methanol (4:1),

pH -2
Water-methanol (4:1),

pH 7
Water-methanol (4: 1),

pH 10-12
Water-methanol (4: 1),

pH 7
Acetonitrile
Water-methanol (2.3 :1)
Acetonitrile
Water-ethanol(2:l)
Water-ethanol(2:l)
Water-methanol (2.3:1)

Water-methanol (2.3:1)
Water-methanol (2.3:1)

Acetonitrile
Water-ethanol(2:l)
Isopropyl alcohol
Cyclohexane
Ethanol
Benzene
Acetonitrile
Methanol

Chloranil

Propionitrile
1,2-Dichloroethane
1,2-Dichloroethane
1,2-Dichloroethane
Acetonitrile
1,2-Dichloroethane
Acetonitrile
Dioxan
Acetonitrile
Dioxan
Acetonitrile
Dioxan
Acetonitrile
Dioxan
Acetonitrile

kg, litre mol 'V 1

6.5-107

7.8 -10a

8.0-10»
4.2-10"
6.4-109

8.0-10»
3.0-10s

< 1 0 7

2.0-10»
6.0-10»

< 1 0 s

7.1-10'
< 1 0 s

2.3· 10"
1.3-107

3.0-106

I.0-105

5-10*

2.7· 107

] - 10s

<10»

3.0-106

< 105

3.3-109

5.5· 107

2.2· 10s

3.0· 109

4.2-107

1.0· 10s

2.2-109

7.6• 106

5.5-107

9.5-10s

3.2-10"
3.3· 10"
4.3-107

1.6-10»
3.3-106

1.1-10*
< 5 · 104

1.0· I07

1.0-10»

4.0-10»

1.5-10»

9.0-10»

9.9-10»
1.5· 106

5-105

1.3-10»
2.6-10»
4.3· 10»

4.1-10»

4-6-103

8.1-10»
7.3-107

2.1-10»
6.2-10»
3.9-109

1.2-10'°
2.3-10»
6.9-10»

7.0-10»
3.1-10*
3.1-10»
5.1-106

6.7-10e

2.5-10»
8.0-10?

4-I07

7-107

2.0-10»
4.1-109

2.6-10»
4.7-10»
1.4-10»
6.3-10»

Refs. Quenching agent Solvent

Chloranil

[42] 1-Methylbenzimidazole
[42]
[42] Indazole
[42]
[42] 2-Ethylindazole
[42]
[81] Indole

[81] 1-Ethylindole

[77] Tetrachlorohydroquinone
[77]
[81]

Dioxan
Acetonitrile
Dioxan
Acetonitrile
Dioxan
Acetonitrile
Dioxan
Acetonitrile
Dioxan
Acetonitrile
Dioxan
1,2-Dichloroethane
Acetonitrile

[76 j Fluoranil
r o i l

Tetrafluorohydroquinone Benzene

176] 2,6-Diphenyl-l,4-benzoquinone
181]

JWWVTV-Tetramethyl-p-
[81] phenylenediamine

Triphenylamine
[81]

Diphenylamine
[81]

2,3,5-Trimethylphenol
[g]] 2,4,6-Trimethylphenol

4-Phenylphenol
[81] 2,6-Diphenylhydroquinone

2,6-Diphenyl-4-diphenyl-
[gl] methylphenol

6-t-Butyl-2-phenyl~4-
ig l ] diphenylmethylphenol

2,6-Di-t-bu tyl-4-diphenyl-
rgi] methylphenol

2,4,6-Tri-t-butylphenol
[78J 2,3-Dichlorophenol
[42] 3-Nitrophenol
[42] 2,6-Di-t-butyl-4-nitro-
[42] phenol
[42] 4-Nitrophenol
[42] 2,4-Dinitrophenol
[42] 2,6-Dinitrophenol
[42] 2,4,6-Trinitrophenol

Toluene
Dibutyl phthalate
Toluene
Dibutyl phthalate
Toluene
Dibutyl phthalate
Benzene
Benzene
Benzene
Benzene

Benzene

Benzene

Benzene
Benzene
Benzene
Benzene

Benzene
Benzene
Benzene
Benzene
Benzene

[42]
[42] 2-Methyl-l,4-naphthoquinone
[42] Thymine
[42] I'racil
[42] 6-Methyluracil

Water

Water
Water

[42) 2-Sulpho-9,10-anthraquinone

[42] NCSe-
[42] NO-

1-
[ 8 1 ]

 N :
[81] Br-

NCS-
[81] OH-

Cl-

[8i] cio;, so\~

Water
Water
Water
Water

Water

Water
Water
Water
Water

[81] Anthanthrone

. . AW-Dimethyl-4-methoxyaniline
182J

№%] Triphenylamine
I82j
[78] 4-AminobiphenyI
[78]
[82] 4-Bromoaniline

i fol 4-Methoxybiphenyl

[82] 2,6-Diphenylhydroquinone
[78]

[150] 2,4,6-Trime thylphenol
[149]
[149] 2,6-Di-t-bu tyl-4-methyl-
[42] phenol
[42]
[49] 2,3,5-Trimethylphenol

4-Phenylphenol
"

[83] 2,3-Dichlorophenol
[40]
[48] 3-Nitrophenol
[40]
[40] 2,6-Di-t-butyl-4-nitro-
[40] phenol
[40]
[51] 4-Nitrophenol
[51]
[51] 2,6-Dinitrophenol
[51] -
[51] 2,4-Dinitrophenol
[51]
[51] 2,4,6-Trinitrophenol
[51]

Benzene
Acetonitrile
Benzene
Acetonitrile
Benzene
Acetonitrile
Benzene
Acetonitrile
Benzene
Acetonitrile
Benzene
Acetonitrile
Benzene
Acetonitrile
Benzene

Acetonitrile
Benzene
Acetonitrile
Benzene
Acetonitrile
Benzene
Acetonitrile
Benzene
Acetonitrile
Benzene

Acetonitrile
Benzene
Acetonitrile
Benzene
Acetonitrile
Benzene
Acetonitrile
Benzene
Acetonitrile

kg, litre molds' Refs.

1.110 s

4.8-10»
1.4-10»
5.3-10»
3.4-10°
9.6-10»
5.0-10»
1.3-10'°
5.4-10»
1.2-ΙΟ·"
1.7-10»
3.6-109

4.7-10°

[51]
[51]
[51]
[51]
[51]
[51]
[51]
[51]
[51]
[51]

[152
[152
[152]

2.0-10» [57]

1-8-10'°
1.1-10»
5.0-10»
3.3-10"
7.9-10»
5.1-10»
1.1 -1010

9.9-10»
1.0-10""·
1.0-1010

9.2 • 10s

5,6-10»

3.4-10»
2.3-10»
9.1-10n

1.3· 10'°

6.6-10»
2.7-10»
4.2-10»
7.3-10s

9.7- 10D

[45]

[45]
[45]
[45]
[45]
[45]

i'51J
151J
151]

U51]

[151]

[151]

[151]
[151]
[151]
[151]

[151]
[151]
[151]
[151]
[151]

2.7-109

3.0-10»
3.2-109

[85]

[85]
[85]

3.7· 103

3.2-109

4.2-10s

3.1-109

3.8-109

3.9-10*
0.3-109

0.5-109

<10°

[8oJ
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The quenching of excited states by electron transfer is
described by the scheme95»96

*>. *» + ι—- Q" + D+,3Q + D-(3Q---D)^3(Q----D+)- *a (2)
*a *a - I • Q + D.

Subject to the condition k 3 1 « k30, which is usually fulfilled in
polar solvents, the quenching rate constants k o can be cal-
culated within the framework of this scheme from the formula

(3)

capacity. In the protonation of compound (IV) in the triplet
state, kQ for the anions increases and that for the cation
diminishes (Table 2) . 8 1

The rate constants for the elementary steps of reaction (2)
are calculated from the formulae

— AGljRT),

*M/*M = #23 = exp (— AGa/RT),

(4)

( 5)

where k° is the frequency factor and AG23 and AG23 are the
free energy of activation and the standard free energy of
electron transfer. It is assumed in the above model95'96

that k° = k30 and that kQ in acetonitrile can be calculated
from the formula

kq, litre mol s"1 =2-1010 {1 + 0.25 [exp(AGljRT) + exp(AG23/RT)]}-\ (6)

AG*3 is then related to AG23 by the equation

(7)

where AGz3(0) is the internal barrier to the electron transfer
process, amounting to 2.4 kcal πιοΓ1 in acetonitrile. Other
relations between AG23 and AG23 have also been proposed—
within the framework of parabolic energy surfaces:9 7 '9 8

AG', = AG.,, (0) (1 -f- Q.25AG.,S/AG2.., (0)]2, ( 8)

and a formula analogous to the corresponding expression for
the energy transfer process: "

AGl, = AG.,, + AG2, (0) In {1 + exp [— AG.,, In 2/AGri (0)]} (In 2)"1. (9)

AG23 can be calculated from the oxidation-reduction potentials
and the energy of the triplet s ta te . 9 5 ' 9 6 ' 1 0 0

The relations between k o and AG23, calculated by Eqn.(6)
using Eqns.(7)—(9), are presented in Fig. 3, which also
includes experimental data on the quenching of the triplet
states of compounds (IV) and (VII) by inorganic ions in
water as well as compound (IV) in the triplet state in aceto-
nitrile and benzene by aromatic electron donors (Table 2).
The relations corresponding to Eqns.(7) and (9) describe
satisfactorily the experimental results in a polar medium. The
relation corresponding to Eqn.(8) predicts a decrease of fcQ

for high negative values of AG23, which has not been
observed experimentally. The causes of the discrepancy
between the theory and experiment (the presence of other
reaction channels, the characteristic features of the organisa-
tion of the medium around the pair of charged and neutral
reactants, and the forms of the energy surface) have been
discussed. 1 0 1 ' 1 0 2

The satisfactory correlation between k and AG23 is not by
itself proof that total charge transfer takes place in the
course of the quenching process. Thus, whereas in the
quenching of compound (IV) in the triplet state by certain
inorganic ions and aromatic donors in hydroxylated solvents
yields radical-ions even for low values of kg,1*2'78'80 in aceto-
nitrile radical-ions are formed only for values of k~ close to
the diffusional limit.** In quenching with low constants kq,
the reaction can be achieved via the formation of a non-polar
TE, which dissociates slowly into radical-ions. The protona-
tion of 3Q leads to an increase of the electron^accepting

l g*

10.0

8.0

β.Ο

q (litre mol

- % T^
a c ι

1
1

*Ί
1

u /
/
/
/
I
1
1

V 1 )

+

\

1
c
c

1

ο
•
+

-

1
i
\\
\\

ζ

3

-

4-

+

-to 0.0 AG23,eV

Figure 3. Dependence of lg ka on AG23 calculated by Eqn.
(6) using Eqns.(7) (a), (8) (b), and (9) (c) and experi-
mental values of kq obtained in the quenching of quinone
molecules in the triplet state by electron donors in different
solvents: 1) water; 2) acetonitrile; 3) benzene.

If the intermediate TE is non-polar in both polar and non-
polar solvents, then kg does not change on passing from
benzene to acetonitrile (Table 2). Such TE have low dipole
moments and their energy depends only slightly on the
dielectric constant of the medium ε. The change in the
nature of the TE (a transition from non-polar to polar nature)
if ε increases entails a sharp break in the relations between
kq and ε, as has been observed in the quenching of certain 3Q
by triphenylamine.'*'89 The introduction of solvating addi-
tives , which form complexes with TE, is also accompanied by
an appreciable increase in k~ (Table 2) as a consequence of
the change in the nature and energy of the TE.l*2'1*1*'89

Thus the kinetics and mechanism of the quenching of the
triplet states of quinones by electron donors are determined
by the properties of the intermediate TE, which are also
responsible for the characteristics of the formation reaction
of radical-ions in polar media.

2. The Formation of Radical-Ions in Reactions of Quinones
in Triplet States

Electron transfer to a quinone molecule in the triplet state
in polar media is accompanied by the formation of the quinone
radical-anion and the oxidised form of the electron donor,
which is frequently the solvent molecule. The radical-ions
have been detected by flash and laser photolysis methods in
the quenching of the triplet states of compound (IV) by
aromatic amines, *,«,«*,» ,77-79, ΙΒ,ΚΒ,ΙΛ a r o m a t i c hydro-
carbons,1*2'78'80 acetone,7 8 and inorganic anions; 7 8 ' 7 9 ' 8 1 the
triplet state of compound (II) by aromatic amines,3"'1*8'5'''105

heterocyclic compounds,51'52 aromatic hydrocarbons, lfl>1*2>83>
106-108 C y c U c hydrocarbons, f t methyl methacrylate,"0 and
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certain polar solvents;39'83·105·108 u 0 the triplet states of other
derivatives of compound (I) by aromatic amines and hydro-
carbons; as,^,1*,1* ,53-55 t h e t r i p l e t s t a t e o f 1,4-naphthoquinone

(IX) by triphenylamine; * the triplet state of compound (VI)
by pyrimidines,κ the triplet state of compound (V) and its
derivatives by amines*'111 and inorganic anions;*>87>^93'U2

the triplet state of compound (VIII) by aromatic amines,89 and
the triplet states of diphenoquinone derivatives by tri-
phenylamine.51* The formation of radical-ions follows unam-
biguously from CINP data on the photolysis of compound (II)
in polar solvents in the presence of olefins63'71 and certain
cyclic hydrocarbons.65"69 The formation of radical-ion pairs
in the photolysis of t-butyl-substituted derivatives of com-
pound (I) and o-benzoquinone in frozen diethylamine and
triethylamine has been observed by EPR,113'11'* but in another
study115 it was concluded that a pair of neutral radicals is
formed.

On the basis of chemically induced electron polarisation
(CIEP) and CINP data, it has been suggested that the main
process in the quenching of 3Q by aliphatic amines in alcohols
is the formation of quinone radical-anions.U6'117 The radical-
anion can be formed in the course of secondary proton trans-
fer processes.U8 Thus the formation of quinone radical-
anions has been detected by the CIEP method in the photolysis
of alcoholic solutions of quinones in the presence of aliphatic
amines,76>119~122 but it has been noted in experimental laser
photolysis that the formation reaction of these radicals is
slower than the destruction of the initial triplet state.7 6 In
experiments on picosecond laser photolysis, it was possible
to demonstrate unambiguously that the quenching of the
triplet state of compound (V) and its chlorinated derivatives
by triethylamine in alcohol entails electron transfer.111 The
conclusion, reached on the basis of EPR and CIEP data, that
radical-ions are formed in the course of the primary step, in
quinone-organometallic donors118'123-127 and vitamin Κχ-
vitamin C1 2 8 systems also appears to be fairly unambiguous.
In the 9,10-phenanthrenequinone (X)—Me3SnSnMe3 system,
radicals are formed on photoexcitation of the EDA complexes
in the region of the CT band.118 An EPR signal, which was
assigned to a radical-ion pair, has been detected in the
photolysis of crystalline specimens of 3,6-di-t-butylcatechol
with added 3,6-di-t-butyl-l,2-benzoquinone. 1 2 9~1 3 0

The formation of radical-ions on interaction of quinones in
triplet states with electron donors in polar media usually
takes place with yields close to 1.0 in systems where AG23
is negative and kq is close to the diffusional limit.1*2'78'83

Donors having a radical fragment are an exception, since in
this case an ion pair in a doublet spin state is formed. In
this state (in contrast to the triplet state) there is no pro-
hibition of the transition to the ground (also doublet) state
of the initial reactant.9 1 In systems with positive AG23 and
kq below the diffusional limit, high yields of radicals were
observed only in hydroxylated solvents. "*

Radical-ions are formed in high yields on quenching of 3Q
by electron donors in micellar solutions and microemulsions,
where the reactants can be present in both the same and in
different phases.78·79·80·103'101*'131 In the latter case electrons
are transferred from the surface of the micelle (the site
where the donor is located) through the interface to the
quinone molecule in the triplet state located within the micelle.
This process is very rapid, for example occurring in 40 ns
between jthe molecule of compound (IV) in an anionic micelle
and Fe2 + n and even faster between the same molecule in a
cationic micelle and CO|~,79 which is due to the operation of
a tunnel mechanism. The radicals are not formed in micelles
containing Cl~ and Br~ anions owing to the quenching of the
triplet state by the latter. This effect is not quite so pro-
nounced in microemulsions, where the molecule in the triplet

state is present in the benzene phase and is separated from
the ions of the surfactant.103

In many cases the quenching of 3Q by inorganic anions (for
example, ΝΟ2, CO§~, and SOf~) is accompanied by the forma-
tion of radicals with a high yield. 86>87>92'93·112'132 However,
radicals are not formed on interaction with Nl, NCS~, Cl~,
Br", and Γ.81»86»87»92»* The contribution of quenching due
to the heavy atom effect is insignificant, since Cs+ ions do
not quench effectively the triplet state of compound (IV).8 1

The dependence of the yield of radicals on the nature of the
inorganic anion can be accounted for in terms of the extent
of the spin—orbital coupling in the inorganic radical. If the
multiplet splitting of the energy levels of the radical, deter-
mined by the orbital momentum, exceeds 100 cm"1 then the
intersystem crossing in the radical pair is accelerated so much
that this process becomes the main channel leading to the
destruction of the triplet radical pair.8 7 The quenching by
the NOi anion, which has a triplet state with an energy of
56 kcal mol"1, should be specially mentioned. The quenching
by this anion leads to the formation of radicals, i.e. in the
presence of two possible reaction channels (energy transfer
and electron transfer), both of which are exothermic, the
process proceeds via the pathway most favoured by energy
factors. It is quite likely that electron transfer is preceded
in this instance by energy transfer.

A low quantum yield in the formation of radicals is charac-
teristic also of the quenching by the OH~ anion [in the com-
pound (IV)—OH~ system, the yield of radicals is 10%77] as a
consequence of the existence of rapid chemical channels
leading to the destruction of TE (hydroxylation).86 Exactly
the same adduct formation reaction, competing with dissocia-
tion into radical-ions, is responsible for the low efficiency
of the formation of radicals on quenching of the triplet state
of compound (II) by vinyl monomers.110

Low yields of radical-ions have been recorded in the
photolysis of quinones in polar solvents without hydroxy-
groups [thus the quantum yield is 0.08 in the photolysis of
compound (II) in acetonitrile and is smaller by a factor of
3 in propyl cyanide,1*0'83 while in the photolysis of compound
(IV) in acetone it amounted to 0.0878], which is due to the
low value of the electron transfer rate constant. The low
(0.15) yield of radical-anions in the photolysis of compound
(IV) in micellar solutions of sodium lauryl sulphate (the
sulphate group is the electron donor) can be explained
analogously. re

Detailed studies by flash photolysis with measurement of
the absorption and electrical conductivity in binary mixtures
and viscous alcohols at different pressures have shown that,
in the quenching of the triplet states of quinones by aromatic
electron donors in media of moderate polarity, radicals are
formed as a result of the dissociation of the TE in accordance
with the scheme3"»53""55

3Q + D ̂  TE-
Q" + D+,

- Q + D.
(10)

The rate constant for the dissociation of polar TE into radical-
ions (k2) depends on the viscosity of the medium and can be
calculated satisfactorily from the formula for the rate constant
for the diffusion-controlled dissociation of ion pairs:

kiix = 3e*D {σ»ε*Γ [exp (e2{aekT) — 1 ]}~ l, (11)

where e is the electronic charge, D the mutual diffusion
coefficient, and σ the average distance between the ions in
the pair.

The values of σ (Table 3), obtained from the dependence
of fc-j-E o r t n e yi^d of radicals on the dielectric constants ε
of the binary mixtures (Fig. 4) in most cases significantly
exceed the sum of the van der Waals radii of the reactants and
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also the distance between the unpaired electrons in the analo-
gous radicals pairs in frozen solutions (amounting to 6.0—
6.5 A3 8 '1 1 3), where the reaction proceeds via EDA or hydro-
gen-bonded complexes). The presence of a hydrogen bond
between the radicals, for example, in the 3-chloro-2,6-
diphenyl-1, 4-benzoquinone—DPA system, is accompanied by
a decrease of σ which is more pronounced the stronger the
hydrogen bond. High values of σ reflect the fact that the
radicals are formed from solvate-separated radical-ion pairs.

Table 3. The distances (σ/Α) between the radical-ions in
triplet exciplexes.*

Quinone

9,10-Anthraquinone
1,4-Naphthoquinone
Duroquinone
2,6-Diphenyl-1,4-benzo-
quinone

1,4-Benzoquinone
3,5-Dichloro-2,6-diphenyl-

1,4-benzoquinone
Chloranil
Bromanil
4,4'-Diphenoquinone
3,3',5,5'-Tetrachloro-
4,4-diphenoquinone

3,6-Di-t-butyl-l,2-benzo-
quinone

3-Chloro-2,6-diphenyl-
1,4-benzoquinone

3-Chloro-2,6-diphenyl-
1,4-benzoquinone

"
3,5-Dichloro-2.6-diphenyl-

1,4-benzoquinone
Chloranil
Bromanil

Donor

Triphenylamine

Naphthalene
1,2,3-Trimethoxy-
benzene

AW-Dimethylaniline
' AW-Dimethyl-4-methoxy-

aniline
MV7V?V'-Tetramethyl-

benzidine
MVWJV'-Tetramethyl-

p-phenylenediamine
Diphenylamine

"

So

benzene-
methanol

16.7
17.3
19.2
16.0

15.3
14.2

13.4
12.9
17.0
15.1

13.6

14-7

15.3
15.6
13.8
14.6

15.7

15.0

—

vent

benzene-
benzonitrile

_

—
11.9(19.7)

11.4

—

10.5
10.9

—
11.6

—

—

—

—

7.5
8.5

10.5
11.5

Refs.

[54]
[54]
[54]
[54]

[54]
[54]

[54]
[54]
[54]
[541

[54]

[54]

[54]
[54]
[54]
[54]

[54]

[54]

[34]
[34]

[341
[34]

*The value for the benzene—benzonitrile mixture + 5 vol.%
methanol is given in brackets.

In the absence of specific interactions of the radicals with
one another or with the molecules of the medium, the values
of σ are almost independent of the structure of the quinone
and the donor (Table 3), but the introduction of alcohols into
the system induces an increase of σ which is greater the
stronger the hydrogen bond between the radical-anion of the
quinone and the alcohol molecule.

The study of the dynamics of the processes in the radical-
ion pair in the picosecond time range in electron transfer
from aromatic donors to a molecule of compound (II) in the
triplet state in acetonitrile showed that the electron transfer
is accompanied by the establishment of equilibrium in the
cation—anion—molecular environment system over a period of
approximately 0.1—0.5 ns . 1 0 6 It has been suggested that
this thermodynamic equilibrium is attained due to diffusional
processes. In the analysis of the spectral changes in the
course of the establishment of equilibrium, it was concluded
that the distance over which the electron is transferred is
less than the equilibrium distance between the radicals in the
pair. Analogous experiments in the compound (V)—triethyl-
amine system in alcohol and acetonitrile also indicate the

primary formation of a contact radical-ion p a i r . m # How-
ever, studies on the benzophenone—amine system have led
the authors1 3 3 >131* t o the conclusion that the radicals formed
after electron transfer come closer together.

7.5

7.0

6.5
0.0 0.1 0.2 0.3 OM 1/ε

Figure 4. Dependence of lg ^ΤΕ o n l / £ f ° r * n e solvent
obtained by laser photolysis of solutions of 2,6-diphenyl-1,4-
benzoquinone in the presence of triphenylamine in binary
benzene—methanol (1) and benzene—benzonitrile (2) mix-
tures . 5 3

IV. HYDROGEN ATOM TRANSFER TO QUINONE MOLECULES
IN TRIPLET STATES

The reaction involving the transfer of a hydrogen atom to
the molecules of quinones in triplet states can be achieved
via three mechanisms, in the two extreme cases their reac-
tion takes place in two stages where an electron is trans-
ferred initially followed by a proton [Scheme (12)] or con-
versely [Scheme (13)]:

SQ+ RH • RH) ϊί s (Q- · · • RH
η

ι—* y -i

Ή
I • O 4-

»(QH·· • -R')-

Q- -f RH+,
(12)

> QH· + R ,

~ Q + RH .

3Q -f RH

Q + RH

R) 3 (QH · · · R · ) -
QH· + R·,

» Q +
(13)

In the intermediate case t h e h y d r o g e n atom is t r a n s f e r r e d
more or less as a single whole:

SQ + RH τ* (3Q · · · RH) ^ 3(QH· · · · R·) - (14)
QH- -|- R·,

• Q -f RH .

Generally speaking the processes enumerated may compete
with one another, but the situation where the reaction cannot
be assigned to any one of three types is more probable since
the intermediate CT stage is described by a superposition of
states of different nature and the hydrogen-bonded complex
can be characterised by a potential surface with a single mini-
mum for the position of the proton.

#See K.Hamanoue, T.Nakayama, K.Sugiura, H.Teranishi,
M.Washio, S.Tagawa, and Y.Tabatu, Chem.Phys .Letters,
1985, 118, 503, and K.Hamanoue, M.Kimoto, Y.Kajiwara,
T.Nakayama, and H.Teranishi, J.Photochem., 1985, 31, 143.
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The transfer of a hydrogen atom to carbonyl compounds in
triplet η π* states has much in common with the analogous pro-
cess involving alkoxy-radicals and has been considered theo-
retically as a reaction within the framework of v'alence bond
methods ,135 correlation diagrams,136 and perturbation theory.137> 138

Furthermore, Formosinho139»11*0 carried out calculations for the
transfer of a hydrogen atom to carbonyl compounds in triplet
states, including quinones, as a tunnel process within the
framework of the theory of non-radiative transitions; this
approach makes it possible to calculate satisfactorily the rate
constants for the transfer of a hydrogen atom in systems with
electron donor—acceptor interactions.

1. The Transfer of a Hydrogen Atom in the Interaction of
Quinones in Triplet States with Amines

The interaction of quinones in triplet states with secondary
and primary aromatic amines in liquid solutions is accompanied
by the formation of both radical-ions and neutral radicals as
a consequence of electron and hydrogen atom transfer respec-
tively. 3"*>1*2''*5'50'11*1 An increase in the temperature of the solu-
tion leads to an increased yield of neutral radicals, while the
overall yield of radicals does not change. The quenching
process takes place with a diffusional rate constant (Table 2);
deuteriation of the amino-groups does not cause an appre-
ciable change in the ratio of the yields of radicals of different
nature.

Table 4. The equilibrium constant Kfj, the enthalpy Δ//^,
and the entropy AS# of the prototropic equilibrium in radical
pairs in toluene and acetonitrile.1 4 1

Quinone

Duroquinone
2,6-Dimethoxy-

1,4-benzoquinone
2,6-Diphenyl-l,4-benzo-

quinone
3-Chloro-2,6-diphenyl-

1,4-benzoquinone
3,5-Dichloro-

2,6-diphenyl-
1,4-benzoquinone

2,5-Dichloro-1,4-benzo-
quinone

Chloranil
3-Chloro-2,6-diphenyl-

1,4-benzoquinone

3,5-Dichloro-2,6-di-
phenyl-l,4-benzo-
quinone

Amine

Diphenylamine

"

4-t-Butyldiphenyl-
amine

4,4'-Di-t-butyl-
diphenylamine

4,4'-Bis(l,l,3,3-tetra-
methylbutyl)-
diphenylamine

4,4'-Di-t-butyldi-
phenylamine

toluene

50
34

25

8.1

1,2

0.52

0.04
2.8

1.4

1.1

0.25

CH.CN

2.7
3.1

1,8

1.0

0.25

0,17

0.08
0.62

0.37

0.28

0-.16

Δ////, kcal mol'1

toluene

8.0

9.4

10.0

10.4

10.6

11.4
9.9

10.1

10.2

10.8

CHjC.N

5.0
4.8

4.5

4.3

3.8

3.5

3,3
2.7

1.6

1.0

0.5

calmol-' K'1

toluene

34

39

38

36

35

32
36

35

35

34

CHjCX

19
19

10

15

10

9

6
8

3

1

—2

The above features are characteristic of reactions proceed-
ing via scheme (12). Δ G23 is negative and electron transfer
is therefore the fastest of the possible reactions. Next,
prototropic equilibrium is established in the radical pair and
the process also takes place very rapidly in the course of
thermodynamic relaxation as a consequence of the presence
of a hydrogen bond. Table 4 presents the thermodynamic
parameters for the prototropic equilibrium in the radical pairs
formed on quenching of the triplet states of quinones by

secondary aromatic amines. The reorganisation of the mole-
cules of the medium in the vicinity of the ion pair, which has
a significantly higher dipole moment than the pair of neutral
radicals, leads to an extremely high AS#. The weakening of
the electrostatic field with increase of solvent polarity is
accompanied by a decrease of /\SH and Δ//#. The equi-
librium shifts towards the ion pair with increase of the
acidity of the semiquinone and the basicity of the aminyl
radical. A linear relation is observed between the free
energy of proton transfer in toluene and acetonitrile, on the
one hand, and the free energy of the acid—base equilibrium
in water, calculated from the corresponding pK,1 4 1 on the
other. U-shaped relations between K^ and ε for the binary
toluene—acetonitrile mixture have been obtained, which can
be accounted for by the different course of the decrease of
hSf] and kHff- with increase of ε. l l f l

The quenching of 3Q by primary and secondary aromatic
amines in the case where AG23 is positive [for example in sys-
tems incorporating compound (IV) or (VIII) and DP A,
4-aminobiphenyl, or 4-bromoaniline ] is accompanied by the
formation of neutral radicals and takes place with rate con-
stants exceeding significantly the analogous constants
obtained for electron donors with the same oxidation poten-
tials but without NH groups in their structure (Table 2).1 | Z '8 9 '9 0

It has been suggested that the quenching proceeds in accord-
ance with Scheme (14), which includes the formation of a
hydrogen-bonded TE ensuring very rapid transfer of a
hydrogen atom."12'89 The question of the degree of charge
transfer in the hydrogen-bonded TE remains open; one must
take into account the fact that the hydrogen bond reduces
significantly the energy of the states with total charge trans-
fer. The quenching rate constants increase with increase of
ε of the medium or after the introduction of a solvating addi-
tive.8 9 In a polar medium or under the conditions of specific
solvation, the AG23 are lower and the reaction therefore pro-
ceeds in accordance with Scheme (12).

In certain cases the transfer of a hydrogen atom takes place
also on quenching of 3Q by tertiary aromatic amines, for
example, in the compound (IV)—NN-diethylaniline system in
benzene.7 7 The existence of a fairly mobile proton in the
amine radical-cation results in the appearance of a channel
leading to the destruction of the polar TE—a proton transfer
process. Direct observations by picosecond laser photolysis
have shown that the proton transfer in the polar TE arising as
a result of electron transfer from N-methylacridine to a mole-
cule of compound (V) in the triplet state in benzene proceeds
over a period of 140 ps. §

The formation of neutral radicals is frequently observed in
the interaction of quinones in triplet states with aliphatic
amines having a mobile hydrogen atom at the α-carbon atom.
On quenching of the triplet state of compound (IV) by tri-
ethylamine, neutral radicals are formed in both non-polar and
polar solvents.7 7 In CINP experiments, it has been shown117

that the photoinitiated transfer of a hydrogen atom in the
compound (I)—triethylamine system in acetonitrile takes place
in two stages.1 1 7 This mechanism has been confirmed by
direct observations for the systems compound (V)—triethyl-
amine in toluene111 and benzophenone—triethylamine system in
acetonitrile.1U2 When electron transfer is thermodynamically
unfavourable, an effective transfer of a hydrogen atom as a
whole can be achieved provided that the α-CH bond can be
arranged parallel to the orbital of the unshared electron pair
of the nitrogen atom. lk3

§ See L.E.Manring and K.S.Peters, J.Amer.Chem.Soc, 1985,
107, 6452.
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The photolysis of quinones in the presence of aliphatic and
secondary aromatic amines in frozen non-polar solvents is
accompanied by the appearance of an EPR signal due to the
pairs of neutral radicals formed on phototransfer of a hydro-
gen atom in the EDA complex. iw~llt6 The distance between
the unpaired electrons in the radical pairs is 5—9 A.

On the basis of the analysis of the temperature dependence
of the yields of radicals of different nature in quinone—amine
systems, one may expect that predominantly radical-ion pairs
should be formed at low temperatures. However, this is true
only in liquid solutions. In frozen solutions the formation of
an ion pair may be difficult, since the rotational and trans-
lational mobilities of the solvent molecules are restricted,
which hinders the reorganisation of the medium necessary for
the stabilisation of the ion pair.

2. Interaction of Quinones in Triplet States with Phenols

The photoexcitation of quinonoid compounds in the pres-
ence of phenols is accompanied by the formation of semi-
quinone and phenoxy-radicals both in the liquid state and in
a solid matrix. The kinetics and mechanism of the interaction
of quinones in triplet states with phenolic compounds as well
as the nature of the radicals formed have been investigated
by flash photolysis,•*,«,<*,<»,9o,iw-«5 E p R > i i3,m,i« t h e C I E P

method,116'167-173 and the CINP method.57.170.172·174-176 The
steric structure and dynamics of the radical pairs formed in
the photolysis of frozen solutions or crystals of quinones and
phenols have been studied by EPR.113>m>130»177-18lt

(a) Kinetics of the reactions of quinones in triplet states
with phenols. The quenching of the triplet states of
quinones with a fairly high triplet energy by phenolic com-
pounds takes place with high rate constants approaching the
diffusional limit (65; see also Table 2). «·57. * iw.iso-isz.ies.w
As the electron-donating capacity of the phenol decreases,
kg initially falls but subsequently it begins to rise (Fig.5),
which indicates a change in the reaction mechanism. The
values of kg diminish following the introduction of t-butyl
groups in the ortho-position in the phenol owing to the shield-
ing of the reaction centre.151 Fig.5 shows that the quench-
ing of the triplet state of anthanthrone, which has a low
triplet energy, proceeds mainly with lower k~ (see also Table
2) #89,9o,ia W e m a v n o t e t n a t f although k diminishes as the
electron-donating properties of the phenol are weakened,
nevertheless the slope of the corresponding relations is sig-
nificantly smaller than the value expected for electron trans-
fer reactions and the kq exceed the rate constant for electron
transfer in the given systems. The observed set of charac-
teristic features of the influence of the structure of the
reactants and of the properties of the medium may be
accounted for within the framework of three possible mecha-
nisms [Schemes (12)-(14)] .

The reactions between quinones in a high energy triplet
state and phenols having fairly strong electron-donating
properties (for example, hydroquinones) proceeds in accord-
ance with Scheme (12); the protropic equilibrium in the
radical pair is then fully displaced towards the formation of
a pair of neutral radicals as a consequence of the extremely
high acidity of the phenol radical-cations.

In the case where the free energy of the electron transfer
from the phenol to the quinone molecule in the triplet state
is large and positive, quenching takes place in accordance
with Scheme (14). Hydrogen-bonded TE, in which the trans-
fer of a hydrogen atom takes place, is formed in the first
stage of the reaction. Since the triplet state is electrophilic,
k~ diminishes as the electron-donating capacity of the phenol

is reduced. An increase in the polarity of the medium
weakens the hydrogen bond between the reactants in the TE,
which is accompanied by a decrease of the rate constant for
the transfer of a hydrogen atom.

Figure 5. Dependence of Ig kq on the one-electron oxidation
potentials E1/2 of phenols in the quenching of the triplet
states of 2,6-diphenyl-l,4-benzoquinone (energy of the trip-
let state -2.3 eV) in benzene (curve 1) and anthanthrone
(energy of the triplet state -1.6 eV) in benzene (curve 2)
and acetonitrile (curve 3).1SL

It is noteworthy that the formation of a hydrogen bond in
the TE can lead to a significant decrease in the energy of the
state with total charge transfer (by approximately 1 eV and
even more), which can be explained by the fact that the dis-
placement of a proton from the donor to the acceptor is accom-
panied by an increase of the electron-donating capacity of
the donor and of the electron-accepting capacity of the
acceptor. For this reason, in hydrogen-bonded systems,
where the free energy of the electron transfer calculated
from the oxidation-reduction potentials of the reactants is
positive, there is also a possibility of the transfer of a hydro-
gen atom via Scheme (12). The two-stage transfer of a
hydrogen atom in certain analogous systems, where the reac-
tion proceeds with participation of singlet hydrogen-bonded
exciplexes, has been demonstrated experimentally as a
result of direct observations by the method of picosecond
laser photolysis.185»186

The quenching of 3Q by phenols with very pronounced acid
properties (picric acid, dinitrophenols) is described by
Scheme (13). When this mechanism obtains, kq can increase
with increase of the acidity of the phenol and the polarity of
the solvent as a consequence of the displacement of the
prototropic equilibrium towards the ion pair.

The study of the influence of the viscosity of the medium
on the kinetics of the quenching of the triplet state of anth-
anthrone by phenols made it possible to separate the stages
involving the formation of a hydrogen-bonded TE and the
transfer of a hydrogen atom in the TE.90 The constants ka
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for certain phenols are significantly lower than the rate con-
stant for the reaction occurring in each encounter of the
reactants in solution, but they depend on the viscosity in the
same way as the rate constant for a diffusion-controlled reac-
tion (Fig. 6). The rate-limiting stage of the reaction in these
systems is the formation of a hydrogen-bonded TE. This
process is controlled by the molecular mobility but takes place
with a relatively low rate constant, since the formation of a
hydrogen bonded complex requires a rigorous relative orien-
tation of the reactants. An increase in the acidity of the
phenol diminishes the rate constant for the formation of the
intermediate hydrogen-bonded TE, 9 0 which can be explained
by the fact that, in systems where a hydrogen atom is trans-
ferred in complexes with a stronger hydrogen bond, the
reactants in these complexes are more rigorously oriented
relative to one another and such "rigid" orientation hinders
the formation of the complex.

lg kq (litre mo!" V1)

s.O

7,0

5.0
1,0 2.0

igCT/i?) (K cP"1)

Figure 6. Dependence of lg kq on lg (Τ/η) obtained in the
quenching of the triplet state of anthanthrone in binary
toluene-dinonyl phthalate and toluene-hexadecane mixtures
by various compounds: 1) NN-dimethyl-4-methoxyaniline;
2) 2,4,6-trimethylphenol; 3) 4-bromoaniline; 4) 2,6-di-t-
butyl-4-methylphenol; 5) 2,3-dichlorophenol; 6) 3-nitro-
phenyl; 7) 4-nitrophenol; 8) 4-methoxybiphenyl; 9) 2,6-
dinitrophenol. The dashed line has been calculated from the
Debye formula (8RΤ /3000η). 9 0

The nature of the rate-limiting stage and the mechanism of
the quenching of 3Q by phenols determine the observed
kinetic isotope effect. The transfer of a hydrogen atom in
the TE is characterised by an appreciable kinetic isotope
effect, but when the rate-limiting stage of the quenching
process involves the formation of an intermediate TE, no
isotope effects are observed. 9 0 ' 1 5 1 Low values (close to unity)
of the kinetic isotope effect are characteristic also of quench-
ing processes via Scheme (12) and (13), since the rates of
these reactions are determined by stages involving charge
transfer or the establishment of protropic equilibrium.8 9 ' 1 5 1

(b) The formation of radicals in the photolysis of quinones
in the presence of phenols. In most systems, the inter-
action of quinones in triplet states with phenols leads to the
formation of semiquinone and phenoxy-radicals in yields
close to 100%, "W* 9 , 1 5 1 but CINP studies on the photolysis of
quinones in the presence of phenols indicate an insignificant
contribution to the geminal radical pair recombination pro-
cess, s7,"0-172,ΙΤΙ,-ΙΤΒ w h i c n should reduce the yield of radicals.
Furthermore, if the process is described by Scheme (12), the
decrease in the yield of radicals may be caused by rapid
intersystem crossing in the non-equilibrium TE. Thus rela-
tively low yields of radicals in the quenching of the triplet
state of chloranil (II) by tetrachlorohydroquinone can be
explained in this way.1*1'152

Very low yields of radicals have been observed in the
quenching of the triplet state of anthanthrone by picric acid
and dinitrophenols in benzene. 1 5 1 The reaction in these
systems is described by Scheme (13) and the main channel
leading to the destruction of the radical pair, formed after
proton transfer, is the intersystem transition to the ground
state. If the proton transfer reaction in the primary TE com-
petes with the hydrogen atom transfer, then the yield of
phenoxy-radicals increases with increase of temperature as a
consequence of the shift of the prototropic equilibrium
towards the primary TE in which the hydrogen atom is t rans-
ferred. 1 5 1 The existence of the prototropic equilibrium also
explains the low yields of radicals (which increase with
increase of temperature) in the quenching of polar TE by
phenols. 1 6 3 The transfer of a hydrogen atom results in the
formation of a complex incorporating the phenoxy- and semi-
quinone radicals and also a molecule of the electron donor
(amine). The prototropic equilibrium in this complex is
determined by the proton transfer between the amine and the
semiquinone.

It has been noted that, in the quenching of 3Q having non-
equivalent oxygen atoms, the formation of two types of semi-
quinone radicals may be expected, their ratio of their yields
depending on the reaction mechanism.151

Photolysis of frozen solutions of phenols and quinones leads
to the formation of radical pairs from phenoxy- and semi-
quinone radicals. 1 1 3 ' 1 7 7 The phototransfer of a hydrogen
atom takes place in EDA complexes, which are also present in
aqueous solutions, this being indicated by the slight scatter
of the distance between the unpaired electrons in the radical
pair (ίίθ.1 A).177»179 Estimation of the formation constant for
these complexes yields 0.2-3 litre mol"1 at -90 °C.m Anal-
ysis of the EPR spectra yielded geometrical parameters
characterising the relative disposition of the radicals in the
pair—the planes of their rings are parallel and are located
at a distance of 1.6 A . 1 8 0 At a low temperature the radical
pairs rotate as a whole with characteristic times in the range
0.1-1.0 ms. 1 8 2

Two types of radical pairs with different distances between
the unpaired electrons have been detected for o-benzoquinone
derivatives, which has been explained by the migration of the
proton in the semi-quinone between two non-equivalent oxy-
gen atoms. 1 7 7" 1 8 0 ' 1 8 2 ' 1 8 1* The formation of two types of radical
pairs can also be caused by the existence of EDA complexes
of different composition.183

Two types of EPR signals of the radical pairs have been
recorded in the photolysis of single crystals in poly crystalline
specimens of 3,6-di-t-butyl-l,2-benzoquinone and the corre-
sponding catechol. 1 2 9 ' 1 3 0 One type has been assigned to the
radical ion pair and the other to the pair of neutral radicals.
These radical pairs are formed and are destroyed indepen-
dently of one another. Presumably the protropic equilibrium
in the crystal is frozen and the hydrogen atom and electron
transfer processes therefore proceed in parallel within donor
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and acceptor pairs, whose structure and molecular environ-
ment favour either the transfer of a hydrogen atom or the
transfer of an electron. Electron transfer has been postu-
lated in the photoexcitation of the EDA complex of duro-
quinone and hydroduroquinone in the region of the CT band
in alcohol.187

3. The Abstraction of a Hydrogen Atom by Molecules of
Quinones in The Triplet State from Other Organic Compounds

The transfer of a hydrogen atom to 3Q is a very common
reaction and is observed in interactions with hydrocarbons,
ketones, ethers, aldehydes, anhydrides, and amides—vir-
tually with participation of all organic compounds."t~e

The molecules of quinones in the triplet state can abstract
a hydrogen atom even from benzene, although the quantum
yield in the formation of radicals is very low.3 9·1 8 8"1 9 1 The
rate constant for the quenching of the triplet state of com-
pound (V) by benzene in CCU is 7.2 χ 105 litre mol"1 s 1 and
increases to 2.2 χ 106 litre mol"1 s"1 on passing to aceto-
nitrile. 1 9 2 The nature of the triplet state is very important
in the reaction with benzene; thus the rate constants for the
interaction of derivatives of compound (V) having a triplet
state of the η IT type with benzene are significantly lower.192

The transfer of a hydrogen atom from benzene takes place in
a non-polar TE (of the type of a biradical adduct5 7) and is a
side channel leading to the destruction of this species.

The photochemical reduction of quinones in a mixture with
saturated hydrocarbons is relatively ineffective;78'150'193

nevertheless, it has been possible to detect radicals by EPR191*
and flash photolysis. 3V*9,195-198 The quantum yield of the
radicals in the photochemical reduction of compound (IV) in
cyclohexane is only 0.09 l lf9 and is even lower in hexane.7 8 '1 5°
In the case of compound (V), which has a triplet state of the
η π type with a higher energy, the quantum yield of the
radicals in hexane is 0.11, 1 9 6 while kQ = 8.6 χ 105 litre
m o l ^ s - 1 . 1 9 9

The reactivity of 3Q in relation to alkylbenzenes, fluorene,
and 9,10-dihydroanthracene has been investigated in
detail. 200~206 The rate of disappearance of 9,10-phenan-
threnequinone (X) increases in the sequence benzene <
t-butylbenene < toluene < ethylbenzene < cumene (0.33, 0.42,
1.00, 1.27, and 2.33 respectively).2 0 0 It has been estab-
lished by the CINP method that the primary step involves the
abstraction of a hydrogen atom in α-position in the alkyl sub-
stituent with formation of radical pairs, which give rise to
adducts on formation of C-C or C-O bonds. 2 0 1" 2 0 6

Experiments on picosecond laser photolysis demonstrated
that a hydrogen atom is transferred from durene to a molecule
of chloranil in the triplet state via Scheme (12) in a non-
equilibrium polar TE. w A small contribution by a slow
proton transfer process in the equilibrium TE has also been
observed.

In the photolysis of frozen solutions of p-benzoquinone and
alkylbenzenes on irradiation in the region of the CT band,
the formation of radical pairs in the triplet state, incorporat-
ing neutral radicals with the distance between the unpaired
electrons in the range 5.8-6.1 A has been noted. 3 8 The
radical pairs are also formed in the compound (I)—a-methyl-
naphthalene system but not in the system with B-methyl-
naphthalene, which is due to the different relative positions
of the reacting groups (for example, the greater distance of
the methyl group from C=O in the EDA complex with 3-methyl-
naphthalene).

It has been shown by flash photolysis that radicals are
formed in the photolysis of compound (IV) in chloroform197

and of compound (II) in 1, 2-dichloroethane; the quantum

yield is 0.19."° It follows from CINP data that the reaction
of fluoroanil in the triplet state with chloroform includes a
stage in which a radical pair is formed. The latter then
recombines to the initial reactants and dissociates into radi-
cals.57'175»176 A study of the reaction by EPR showed that
the effectiveness of the formation of the radicals increases in
the presence of traces of acid.2 0 7 Presumably the transfer
of a hydrogen atom includes a proton transfer stage.

The formation of semiquinone radicals has been observed in
the photolysis of compound (II) in acetonitrile and propio-
nitrile together with charged radicals; 39'1+0'83'108'110 the yield
of radicals in propionitrile is then higher than in aceto-
nitrile.8 3 However, it has been concluded that semiquinone
radicals are not products of the reaction of compound (II) in
the triplet state with solvent molecules but are formed in
photochemical side reactions. 1 0 8 ' 1 1 0

A hydrogen atom is transferred extremely effectively in
the reactions of 3Q with olefins. The rate constant for the
quenching of the triplet state (X) by 2-methylpropene,
trans- and cis-but-2-enes, 2-methylbut-2-ene, and 2,3-
dimethylbut-2-ene in benzene increases from 1.0 χ 108 to
1.3 χ 109 litre mol"1 s" 1 in this series of compounds.208 The
quantum yield of the reaction then increases from 0.21 to 0.79
and there is a simultaneous increase of the contribution of the
R—Η addition process, which includes a hydrogen atom trans-
fer stage. A hydrogen atom is transferred in the TE and
this process competes with the other TE destruction channel—
the formation of cycloaddition products. The formation of
various adducts in the Τ Ε and in the pair of neutral radicals
leads to a low yield of radicals. The quantum yields of semi-
quinone radicals when the triplet stage of chloranil is
quenched by acrylonitrile and methyl methacrylate in 1,2-
dichloroethane are 0.2 and 0.08, while radicals were not
detected in the quenching by styrene.1*0 The quenching
rate constants are determined by the ionisation potential of
the donor (Table 2).

In the interaction of 3Q with ethers, a hydrogen atom is
transferred from the α-position. Radicals have been
detected by EPR, 1 7 2 ' 1 9 0 ' 2 0 7 ' 2 0 9" 2 1 6 and flash photolysis. 3V1»215

According to CINP data, the radical pair recombines to
ad d u c t s . 172,202,203,205,206,217-220 T h e r e a c t i v i t y of e t h e r s is h igher
than that of alkylbenzenes. The rates of disappearance of
compound (X) in tetrahydrofuran, dioxan, and diethyl ether
are 1.78, 2.47, and 3.44 respectively (relative to toluene),2 0 0

which is due to the presence of the oxygen atom with the
unshared electron pair participating in the electron donor-
acceptor interaction with 3Q in the TE. A hydrogen atom
may be transferred on irradiation with light in the region of
the CT band in the spectrum of the EDA complex in the
triplet state, as has been observed in systems of the type
R-X-CH2CO2H (X = O, S, or NH)2 2 1 or in the compound (II)—
dioxan system.^ The yield of radicals in the latter case is
0.13, the rate constant for the formation of radicals from the
TE is 3.8 χ 10" s"1, and the rate constant for other TE deac-
tivation processes is 2.6 χ 105 s" 1.

Semiquinone radicals have been recorded by EPR 1 9 0 ' 2 0 7 ' 2 0 9 '
212,2m,222 and by flash photolysis39-105'110 on photoexcitation of
quinones in acetone. The yield of radicals increases in the
presence of traces of acids.2 0 7 It has been suggested that
semiquinone radicals are formed in a photochemical reaction
with participation of the products of a dark reaction between
the reactants.1 0 8»1 1 0

The molecules of quinones in triplet states abstract a
hydrogen atom from the aldehyde group."* The reaction has
been investigated by the CINP method and it has been shown
that its mechanism is the same as for processes involving the
participation of ethers and alkylbenzenes.206 The reactions
involving the abstraction of a hydrogen atom from anhydrides
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and amides are also known.1* In the case of amides'* and
phosphates190»210»212'21'* semiquinone radicals have been
detected by EPR. Semiquinone radicals are formed on photo-
excitation of quinones in microemulsions101* and in micellar
solutions223"227 as a consequence of the transfer of a hydrogen
atom from the surfactant.

There exist numerous photochemical reactions of quinonoid
compounds with participation of their substituents. It has
been frequently suggested that the primary process is the
transfer of a hydrogen atom from the substituent to the car-
bonyl oxygen atom, but this mechanism is still controversial.*
A solvent molecule can participate in reactions of this type.
For example, the formation of the final product of the photol-
ysis of compound (III), i .e.

OH

can also be accounted for within the framework of the mecha-
nism involving intramolecular transfer of a hydrogen atom,
but CINP data showed that the primary step is electron or
hydrogen atom transfer from the medium with subsequent
abstraction of a hydrogen atom from the substituent in the
quinone by a solvent radical. 2 2 8 ' 2 2 9

V. PRIMARY PROCESSES IN THE PHOTOCHEMICAL
REDUCTION OF QUINONES BY ALCOHOLS

Numerous studies have been devoted to the mechanism of
the photochemical reduction of quinones in alcohols; the
problem of the nature of the primary step, whether it is
electron transfer or the transfer of a hydrogen atom as a
whole, has been discussed in many of them.

The photolysis of frozen alcoholic solutions of quinones
leads to the formation of semiquinone radicals, detected by

UV absorption or by EPR.
38.222.230-235 The study of the

nature of the alcohol radicals has shown that alkoxy-radicals
are formed initially.2 3 0 '2 3 2 The primary step is electron trans-
fer with subsequent proton transfer from the hydroxy-group.
Hydroxyalkyl radicals are formed in secondary reactions.
There exists a second reaction channel—the abstraction of a
hydrogen atom from a carbon atom; the contribution of this
pathway is 10% in the compound (I)—ethanol system.2 2 2

The intermediates in the photochemical reduction of quin-
ones in the presence of alcohols in liquid solutions have been
invest igated by flash photolys i s . 39,78,81,93,105,1,9,150,215,229,236-2,8

Scheerer and Gratzel n concluded that a molecule of compound
(IV) in the triplet state abstracts an electron from an alcohol
molecule in the 2: 1 water—ethanol mixture. The formation of
radical-anions derived from compound (IV) with a quantum
yield of 0.2 is observed simultaneously with the destruction
of the triplet. The photolysis of compound (II) in ethanol
takes place analogously.7 The interaction of compound (IV)
in the triplet state with the solvent in ethanol and isopropyl
alcohol leads to the formation of semiquinone radicals with a
yield of 0.4. l l f9>150 Semiquinone radicals are formed in high
yields (up to 1.0) in many other systems, but a hydrogen
atom can then be transferred via a two-stage mechanism. 229

Convincing conclusions concerning the mechanisms of the
interaction of compound (V) and its halogeno-derivatives
with ethanol have been reached in a study 1 9 2 51 of the influence
of added acid on the isotope effect in the photochemical reac-
tion. Simultaneous formation of a radical-anion and the
semiquinone radical was observed. Deuteriation of the alco-
hol reduces the yield of the photochemical reduction reaction
by a factor of 1.5. The introduction of CF3COOH does not
influence the isotope effects in the case of compound (V) but
reduces the isotope effect in reactions involving the halogeno-
derivatives, which have a lowest triplet state of the inr* type.
Thus the molecule of compound (V) in the triplet nn* state
abstracts a hydrogen atom from an ethanol molecule, while
the halogeno-derivatives of compound (V) in the triplet ππ*
state abstract an electron with subsequent proton transfer.
Comparison of the quantum yields in the photochemical reduc-
tion in C2H5OD and C2D5OH showed that the proton is trans-
ferred from the α-carbon atom of the alcohol radical-cation.

The rate constant for the quenching of the triplet state of
compound (IV) by ethanol and isopropyl alcohol is 3 χ 10*

- 1 „ - ! 78.21+9 while that for the quenching by benzyllitre mol s
alcohol is 8 χ 105 litre mol"1 s" 1 and increases to 2.7 χ 107

litre mol"1 s" 1 on protonation of a molecule of compound (IV)
in the triplet state, 8 1 which suggests electron transfer. A
significant increase in the rate constant for the quenching of
3Q by alcohols has been observed on passing from quinones
with lowest triplet states of the πττ* type [compounds (II),
(III), and (IV)] or of the CT type (2-piperidino-9,10-anthra-
quinone) to quinones with triplet states of the η π* type [com-
pounds (I) and (V)]. In the quenching of compound (V) in
the triplet state, the constant kq ranges from 3 χ 106 to
2 χ 107 litre mol"1 s~\ 199»250 while an estimate of kp for the
quenching of compounds (I) in the triplet state by methanol in
water yielded a value in excess of 108 litre mol"1 s" 1 s"1 2I>2

This
feature indicates a radical mechanism of the reaction, on the
basis of which the activity series of alcohols in their photo-
chemical dehydrogenation, which is determined by the mobility
of the hydrogen atom in the α-position, has been explained.251

The mechanism of the photochemical reduction of quinones
by alcohols has been investigated by the ciEP116'119-167'169»171»173

^ - ^ a n d ciNP 1 7 0. 2 2 8. 2 2 9. 2 5 3. 2 6 1- 2 6 4 methods, which in most cases
do not yield an unambiguous answer as to the nature of the
primary radicals. The conclusion that the primary step is
electron transfer was reached in a CINP study in the com-
pound (I)—CCl3COOH-t-butyl alcohol263 and compound (III)—
n-propyl alcohol228»229 systems in which CINP arises via a
triplet mechanism whose manifestation is possible by virtue
of the short electronic relaxation time of the alcohol radical-
cation. The study of the latter system simultaneously by the
CINP and flash photolysis methods showed that, although the
primary step is electron transfer, ultimately neutral radicals
emerge from the solvent "cage" owing to the subsequent
proton transfer.

The nature of the radicals formed in the photolysis of alco-
holic solutions of quinones has been investigated in detail by
E p R > 187,189 ,190,207 ,210,212, 21,, 215, 255-276 U s i n g S p i n _ t r a p p i n g

agents, it has been possible to detect primary (very short-
lived) alkoxy-radicals derived from the alcohol.187'271»272'276 It
was concluded that the primary step is in many cases electron
transfer. In the case of very distinct triplet states of the
ηπ* type there exists a second reaction pathway—the transfer
of a hydrogen via a radical mechanism. The transfer of an
electron or a hydrogen atom takes place in a hydrogen-bonded

flSee also K.Hamanoue, K.Yokoyama, Y.Kajiwara, K.Naka-
jima, T.Nakayama, and H.Teranishi, Chem.Phys.Letters,
1984, 110, 25.
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EDA complex in the triplet state and is induced by the elec- 20.
tron donor—acceptor interaction with participation of the
unshared electron pair localised on the oxygen atom of the j 21.
alcohol molecule and the electron located in the η orbital of
the quinone molecule in the triplet state. 22.

o O o — 23.

Analysis of the literature data permits the conclusion that 24.
the electron transfer processes and the formation of triplet
electron donor-acceptor complexes with a particular degree 25.
of charge transfer and with a hydrogen bond play an impor-
tant role in the photochemistry of quinonoid compounds. The
kinetics and mechanism of the formation of triplet exciplexes 26.
and the processes occurring in them constitute a basis which
determines the course of the subsequent chemical reaction. 27.
The study of the physicochemical properties of triplet
exciplexes constitutes an important field in photochemistry. 28.

Triplet exciplexes are not formed as intermediate species in
many photochemical and photobiological systems alone. 29.
Modern approaches to the creation of new methods for the
recording of information on non-silver materials can also 30.
include exciplex systems in which triplet exciplexes play a
key role. By virtue of the progress in the field of new 31.
methods based on laser techniques, this field is developing
rapidly at the present time. 32.

33.

34.
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I . INTRODUCTION

The metal complexes of ligands containing a tervalent phos-
phorus atom are being vigorously investigated. Studies
have been made of their synthesis, structure, physiological
activity, chemical properties, and catalytic properties.
Analysis of the existing publications has shown that the
vast majority of the latter are devoted to complexes with
phosphine ligands, namely with triphenylphosphine. Appar-
ently, the availability of triphenylphosphine, the convenience
with which it can be employed, as well as Wilkinson's suc-
cesful synthesis of effective catalytic systems based on this
phosphine, dictated the choice of the ligands. Overall, the
tendency to employ a narrow group of well known ligands
arose from the passive attitude of organophosphorus chemists
to the new field in the boundary region where the interests of
coordination chemistry and the chemistry of organophospho-
rus compounds are interlinked. In recent years the situa-
tion changed and complexes with a wide variety of phospho-
rus ligands—phosphites, phosphonites, phosphinites, phos-
phorofluoridites, etc.—began to be investigated and funda-
mentally new results have been obtained. Together with the
ligands already enumerated, tervalent phosphorus acid amides
(TPAA), which are very interesting from the chemical stand-
point, began to be used as ligands. Initially such deriva-
tives were regarded as kinds of "hybrids" of two popular
classical ligands—phosphines and amines. Subsequently,
novel qualities of formamides, which make the complexes
obtained from them very unusual, were discovered.

The field of science devoted to the study of metal complexes
of TPAA is at present still in the stage of its establishment.
More than 350 articles and patents have been devoted to it.
However, it is significant that the existing publications do
not as yet constitute a stream of relevant information and
chemical ideas. As a rule, they report only new facts which
are not compared to any great extent with facts known from
related studies and studies on other phosphorus-containing
complexes. In view of this, we aimed to prepare the first
review in the world literature on metal complexes of TPAA.
For this purpose, we have given a systematic account of pub-
lished data and have analysed (insofar as this is at present
possible) the influence of the phosphamide fragment of the
ligand on the synthesis, structure, and properties of new
coordination systems. It is essential to note the charac-
teristic feature of this review. The relevant problems are

considered from the standpoint of organophosphorus chemis-
try which in our view should have full parity with coordina-
tion chemistry in the study of the systems mentioned.

I I . SYNTHESIS

1. Non-transition Metal Complexes

There are only very brief mentions in the literature of
the preparation of complexes of TPAA with zinc and cadmium.
The complexes ZnCl2L2.2H2O have been obtained from the tr i-
ethyleneamide of phosphorous acid.1 The mode of coordina-
tion and other structural problems have not been reported.
The reactions of the hexamethyltriamide of phosphonous
acid (I) and of the tetramethyldiamide of phenylphosphonous
acid (II) with Cdl2 have been described;2 according to the
authors, the products CdI2 . (I)2and CdI2 .(II)2 were obtained.
It has been assumed3 that the coordination of the ligand in
the interaction of Cd(NO3)2 with the di(butylamide) of cyclo-
hexylphosphonous acid is effected via the unshared electron
pair of the nitrogen atom. We may note that the structures
were not rigorously demonstrated in the above studies.a>3

The complexes of bivalent mercury with mono- and hi-den-
tate ligands have been investigated in greater detail. 2>lf~7

It has been established that compounds having the composi-
tions HgX2L2 and HgX2L can then be formed. The coordina-
tion of the ligands to the phosphorus atom was elucidated on
the basis of 31P NMR data and in addition the trans-con-
figuration of the complexes HgX2L2 was demonstrated. The
formation of the mercury complexes can be accompanied by
unusual reactions, for example, the formation of P-P bonds.2

Among Group III metals, only aluminium has been studied in
reactions with TPAA. Vigorous complex formation by tr i-
ethylaluminium via phosphorus in interaction with equimolar
amounts of amides or imides or phosphinous acid has been
demonstrated.8 In the latter case adducts were obtained in
which the two phosphorus atoms are equivalent according to
NMR data, indicating the parallel binding of the aluminium
atom with two phosphorus atoms. When HN-phosphimides
are used, the complex formation reaction is supplemented by
the metallation of nitrogen. TPAA react also with A1C13:
the formation of monoadducts in this process has been indi-
cated.9 On dissolution in methylene chloride, the latter can
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react with formation of phosphorus—phosphorus systems.10»11

The reaction dynamics has been investigated by 3 1 P NMR.
Analogous derivatives can be more simply obtained by the
reaction of A1C13 with phosphoramidochloridites, Salts whose
cations have a discoordinate phosphorus atom are then formed
initially. Subsequently, they disproportionate or add to the
electron-donating TPAA.9»10»12

Very interesting results have been obtained13»11* in the
study of N-silylated amides of phosphorimidic acids (III):

Me,Si
\
N—P=NR-

MesSi Me.

NR

M e / - xMe

A1.CI.

CL -
>A1

RN.
>A1<

\p/
NR

+ Me^iCi ;

R=SiMe». Bu-t.

The difference between the reactions of the amidoimide (III)
with trimethylaluminium and trimethylboron is noteworthy;
the latter reaction leads only to a linear system with the
boron atom at one of its ends.11*

The wide-scale study of the synthesis of phosphorus com-
plexes based on tin halides has been initiated. Compounds
having the composition SnCl^La have been obtained from the
full amides and amidoesters of phosphorous acids15»16 and
the amides of phosphonous17»18 acids. The complex SnCl^L
has been synthesised from the complex Ρ—Ρ ligand (IV):1 9

+ SnCl« -*SnCl 4 · (IV).

(IV)

The study of the structure of the complexes by 3 1P NMR,
1H NMR, and infrared spectroscopy led to the conclusion that
the ligand is coordinated to the phosphorus atom. It has
been shown that the stability of the test substances is deter-
mined by the electron-donating capacity of the substituents
at the phosphorus atom.16

Derivatives of Group V non-transition metals have been
little studied in their complex formation reactions with TPAA.
It has been reported that SbCl5 chlorinates these compounds,
being reduced at the same time to SbCl3. The second stage
of the process involves the formation of aminochlorophos-
phonium hexachloroantimonates.20 Furthermore, the possi-
bility of the usual complex formation reaction between SbCl5

and the P-P ligand (IV) has been indicated.1 9 An unusual
reaction involving a stage in which the nitrogen atom of
the phosphamide centre is coordinated to SbCl has been
described:2 1

/
MeN

\

- \
NMe

/
0=P—Ρ

/
.MeN

\
NMe

1!
Ο

2(111) + SbCl3

R N C ' I ^ N R
t •

The mode of coordination is determined by stereochemical
factors, namely by the mutual approach in space of the
antimony and nitrogen atoms. The use of AsCl3 does not
lead to the closure of the skeletal system.2 1

2. Transition Metal Complexes

The study of transition metal complexes with TPAA was
begun comparatively recently, but it is being prosecuted
vigorously and is distinguished by highly novel synthetic
features. One may say that a much greater number of
different types of complexes have been created in this field
than in other related fields of coordination chemistry. This
situation can apparently be accounted for by the structural
variety of the ligands related to TPAA and the wide variety
of their chemical properties: the synthesis of complexes of
each group will accordingly be considered in a way empha-
sising the role not only of the metal but also of the corre-
sponding type of phosphamide ligand.

The complexes of metals of the first Groups have been
investigated relatively modestly. On the other hand,
those of Group VI, VII, and VIII metals have been widely
studied and the characteristic features of the individual
classes of compounds have been elucidated.

(a) Complexes of metals in the first Groups. Among the
phosphamide complexes of copper, silver, and gold, deriva-
tives of univalent copper have been investigated in greatest
detail. The first representatives of compounds of this class
have been obtained 2 2 by the interaction of the salt CuX with
the simplest amides of alkylene phosphorous acids. Sub-
sequently the reaction was extended to a wide range of
phosphamides,1*'23'21* including cyclic phosphoramidites of
carbohydrates . 2 5 ' 2 6 The s tructures of the majority of the
complexes obtained have been investigated by NMR and
X-ray diffraction, which demonstrated that the ligand is
coordinated to the phosphorus atom. In complexes of the
phosphorinane type, it was shown that the metal occupies
an axial position and that the six-membered ring has the
chair conformation.21f

Certain phosphamide complexes of copper hydride 2 7 and
organocopper compounds2 8 have also been studied.

Silver complexes of different composition have been
obtained by the reaction of the salts AgX with the phos-
phamide (I ) . When X = Cl, CN, or NO3, the compounds
AgXL2 are formed and, in the case where X = BPh 4, systems
in which three molecules of the ligand (I) are incorporated in
the central nucleus can be isolated. The same picture has
been noted in a study with the bicyclic compound P(NMeCH2)3.
. CMe (V) using salts with different anions. The triethylene-
amide of phosphorous acid gives rise to the complexes AgXL4

regardless of the type of anion. In all cases the ligand is
coordinated to the phosphorus atom, which has been demon-
strated by X-ray diffraction.2 9 The difference noted in the
behaviour of formally similar ligands is apparently associated
with the appreciable difference between their geometrical
parameters and the wide variety of the electronic effects in
the Ρ—Ν fragment. 3 0 In confirmation of the latter postulate,
we may note that sterically hindered phosphamides are only
singly bound to silver s a l t s . 3 1

Bidentate ligands have also been investigated in reactions
with silver s a l t s . 6 ' 3 2 The iminodiphosphines (VI) have been
studied in special detail: 3 2

MeN (PPh2)2 + AgBr->- [MeN (PPh2AgBr)2]2.
(VI)

The structure of the adduct whose molecule is based on the
Ag^Br2+ octahedron has been demonstrated by X-ray diffrac-
tion. We may draw attention to the specific influence of the
amide unit , manifested in the formation of the octahedral
s t ructure . If instead of this unit, two phosphorus atoms
are linked by a methylene group, a different polyhedron,
namely AgjBrJ, is formed.3 2
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Complexes of univalent and tervalent gold with TPAA began
to be investigated only in very recent years. The amides of
phosphinous acids 3 1 and azaphospholes 3 3 have been used as
monodentate ligands. The problem of the mode of coordina-
tion of the ligand still remains controversial in this instance.
Iminodiphosphines31* and the corresponding anions 3 5 have
been used as bidentate l igands.

The study of the complexes of TPAA with Group IV and V
metals has been fragmentary. There exists a brief communi-
cation about the chelation of the central atom in TiCl4 by 1,3-
di-t-butyl- 2,4-dichloro-1,3,2,4-diazadiphosphetidine (VII). 3 6

There has been a very interesting study of the oxidative
addition of phosphorous acid triisocyanate to TiCli, and
ZrCU: 3 7

MC14 + Ρ (N=C=O)3 ->• MC13P (N=C=O)2 -j- C1N=C=O.

The diethylamides of dimethyl phosphorous and phenyl-
phosphonous acids add to VCl^; 1: 1 and 2: 1 adducts are
formed in the former case and only 1: 1 atoms in the lat ter . 3 8

A series of complexes have been synthesised by ligand t rans-
fer reactions between CpV(CO)3L and the full amides of phos-
phorous, 3 9 ' 1* 0 and dimethylphosphinous1*1 acids:

CpV (CO)4 + L -->• CpV (C0)3 L .

CpNb(CO)i,. reacts in accordance with an analogous scheme
but with more extensive substitution. k Z

(b) Complexes of Group VI metals. Almost all the studies
published on this question have been devoted to the deriva-
tives of metals in the lowest oxidation states. A common
feature of these investigations is the use of identical or
structurally similar initial metal-containing compounds. These
are usually hexacarbonyls or mixed carbonyls. The sub-
stances mentioned are made to react with TPAA and one mole
of carbon monoxide is readily evolved .t When special rules
are fulfilled, even more complete substitution of the carbonyl
ligand may take place. Acetonitrile, olefins, etc. are dis-
placed from the coordination sphere more readily than car-
bon monoxide. The principle of ligand displacement con-
stitutes the basis of the most popular direct method of
synthesis of the complexes considered. However, this
method can be supplemented successfully in many instances
by a second, combined procedure. Complexes of the metal
with phosphorus acid chlorides or other phosphorus com-
pounds capable of reacting with nucleophiles are obtained in
a preliminary step. In the concluding stage the intermediate
complexes are made to react with nitrogen-containing bases
to form the required products.

Direct synthesis. Chromium and molybdenum complexes
may be obtained by electrophilic substitution at the metal
atom, i .e. by the reaction of carbonylate anions with amino-
halogeno-derivatives of phosphorous acid.1*3""1*5 Substitution
takes place readily, since the aminohalogeno-derivatives,
especially 2-fluoro-l,3-dimethyl-l,3,2-diazaphospholan (VIII),
readily give rise to highly electrophilic phosphamide cations.
This results in the formation of phosphometallic systems, for
example:

NaCpMo (CO)3 + F — Ρ
Ν (Me) "I

N(Me)J
(VIII)

(CO)S CpMo—Ρ
Ν (Me) ]

The chemical structure of the substances obtained has been
demonstrated by X-ray diffraction. The final conclusion
about the electronic structure has not yet been reached,
although this problem is the subject of a lively discussion.1*5'1*6

Carbonylate ions have been made to interact with the tetra-
fluoride of N-methyldiphosphorimidic acid (IX): 4 7

MeN (PFa), + NaCpMo (C0)3—

(IX)

— - * F2PN (Me)-PF [MoCp (C0)3];

—^ F.PN (Me)-P [MoCp (CO)3]2.

The reaction proceeds in a more complex manner in another
instance:1*8

(Me3Si)2 NPC12 + Na2Cr (CO), -»- Cr (CO), [Ρ—Ν (SiMe3)2]2 +
+ [Cr (CO)J, PN (SiMe3)2 + {Cr (CO)4 [PN (SiMe3)2]2} [Cr (CO),],

All the substances indicated have been isolated from the
reaction mixture by fractional recrystallisation and their
structures have been determined by X-ray diffraction. The
chemistry of these reactions has not been discussed. Car-
bonylate anions have been made to react with the aminofluoro-
derivatives of phosphorous acid in the presence of mercury-
(II) chloride, which is an oxidant. Derivatives of zero-valent
metals are formed in this case:1*9

M2 (CO);o + F2PNEts + HgCl. -* Μ (CO), (F3PNEt2);
M=Cr, Mo, W.

TPAA manifest much more frequently only a ligand t rans-
ferring activity without the loss of their structural elements,
as shown above. We shall consider this possibility in
relation to the employment of derivatives of zero-valent
metals of different chemical nature—neutral complexes of
the type M(CO)6, ionic complexes of the type [M(CO)5X]~,
and other related compounds. These substances effectively
undergo ligand transfer reactions with full amides , 1 ' 5 ' 5 0 " 5 5

ester amides,5 6 mixed amide—acid h a l i d e s , 5 ' 5 7 " 5 9 and imino-
amides 6 0 ' 6 1 of phosphorous acid, the amides of phosphonous
and phosphinous acids, 2 3 ' 1 * 1 ' 5 0 ' 6 0 ' 6 2 ' 6 3 diazaphospholes,61* and
the amides of hypodiphosphorous and other branched P-P
a c i d s . 1 9 ' 6 5 " 6 7 The amides of diphosphonous acids and other
bidentate l igands 6 8 " 7 2 as well as cyclic73'71* and bicyclic5 1»5 6 '7 5

phosphamides play an important role in these reactions.

Monosubstitution of the carbonyl ligand takes place under
relatively mild conditions. For this purpose, metal hexa-
carbonyls or other related substances are heated with an
equimolar amount of TPAA in an organic solvent. 1 * 1 ' 5 6 ' 6 0 ' 7 6 " 7 8

It is useful to carry out the reaction in its photochemical ver-
sion:

Μ (CO), + THF 4-Μ (CO), · THF -* Μ (CO), L .

In studies with enantiomeric TPAA and prochiral complexes,
diastereoisomers were synthesised and it proved pos-

t In the interaction of ionic reagents, carbon monoxide
may not be evolved.

sible to separate them by the usual methods.
The reactions of ligands with molecules containing two

phosphorus atoms, including phosphorus atoms linked directly
to one another, have been investigated in various laborato-
ries. If one of these atoms is tervalent and the other penta-
valent, the process takes place only once. 1 9 If both phos-
phorus atoms are tervalent, as in the ligand (X), then the
monosubstitution of the metal can proceed with participation
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of one or both6 5»6 7 phosphorus centres:

ο

Μ (CO)S · (Χ) · Μ (CO)S .

c

MeN NMe

Μ (CO)5 · (X) i l l Μ (CO)5 · T H F + Ρ — Ρ
I I

MeN NMe
\ /

C
II

ο
(X)

An analogous situation arises in diazadiphosphetidines.73»77

In the reactions examined above the difference in the com-
plex formation reactions of chromium, molybdenum, and
tungsten carbonyls was hardly manifested. Nevertheless,
such a difference can be found by analysing the reactions of
these carbonyls with the bidentate phosphimide ligand
(Ph2P)2NCH(R)COOMe (XI). Tungsten carbonyls react
mainly with monosubstitution, while chromium and molyb-
denum carbonyls react with disubstitution. 8 0 ' 8 1

The bis-ligand transfer reaction has also been studied in
detail. In order to achieve a satisfactory result, an excess
of the ligand is normally employed.5'52 The synthesis of
disubstituted products is of special interest since generally
speaking it can lead to geometrically isomeric complexes.
It has been noted that the cis-forms are formed preferen-
tially in the initial stage and can be converted on heating
into the trans-forms.5»5 7 '5 9 In a number of experiments it
proved possible to separate these isomers and to investigate
their specific properties. 5 ' 5 2

It is essential to consider specially the ligand transfer
reactions of phosphamides with other electron-donating
centres. The hydrazide of diphenylphosphinous acid
reacts with metal hexacarbonyls to form chelates. 8 2 An
analogous result has been achieved with the full amides of
αω-alkylenediphosphonous acids. When the distance between
the phosphorus atoms in the molecules of the latter reaches a
specific value, dinuclear systems are formed.6 8 '6 9»7 2

Iminodiphosphine ligands of types (VI), (IX), and (XI)
have been studied more widely in metallocycle formation.8 0"8 6

Interesting results have also been obtained for the interaction
of the norbornadiene (NBD) complexes of chromium and
molybdenum carbanions with the Ρ—Ρ ligand (X): 6 7

(CO),
M

M(CO)4-NBD+ (X)

Me Me
^P-N.

I /CO

Me

(CO)«

The tris-ligand transfer reaction has been studied rela-
tively little. In relation to metal hexacarbonyls, this reac-
tion yields positive results only when a specific TPAA are
used. Such a ligand is the eight-membered phosphazane
(XII): 8 7

Me

Mo(CO)6 + MeJ N Ν

MeP^

7\>\'
Ν OC—\Io—CONM

\/Ο0 /
M e P C ^-PMe

Me

(XII)

Me

(XIII)

The fourth phosphorus atom is not coordinated to molyb-
denum. It is of interest that this phosphorus atom forms the
longest bonds with the neighbouring nitrogen atoms (1.742
and 1.728 A); the lengths of other bonds in the ring are
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much shorter (1.699 and 1.712 A). The phosphorus atom
not involved in coordination has the smallest endocyclic angle
(107.13° against 109.02-110.5°).

On reaction with Mel, the neutral compound (MeNPMe)4.
.Mo(CO)3 (XIII) forms the corresponding ionic complex,
which can also be prepared by the reaction of the ligand
(XII), Mel, and Mo(CO)6.

A study of the tris-ligand transfer reaction of hexacar-
bonyls with the dimethyl hydrazide of diphenylphosphonous
acid has been published.8 2 The ligand is bound in this reac-
tion to the metal only via the phosphorus atoms. Neverthe-
less, in synthesis involving phosphorylated α-aminopyridine,
coordination with participation of both the phosphorus atoms
and the nitrogen atoms of the pyridine rings has been
noted.8 9»9 0 Very interesting results have been obtained9 1 in
a study of the interaction of the bidentate ligand (IX) with a
mixed molybdenum carbonyl:

(IX) + Mo (CO)j (MeCN)3

ι * Mo

80°
I • Mo.

Mo (CO)S · (IX)2 ;

., (CO), · (IX)# .

The structure of the dinuclear complex was demonstrated by
X-ray diffraction. The difference in the ligand environment
of the molybdenum atoms and the presence of a direct bond
between them are noteworthy. Both these factors are not
characteristic of the dinuclear complex obtained from the
ligand (X).6 6

There are isolated mentions in the literature of the possi-
bility of the hexa-ligand transfer reactions of the carbonyls
of the metals considered. Thus, when the ligand (IX) is
used under the conditions of photochemical stimulation, a
spirotricyclic complex is readily formed.92 Analogous sub-
stitution takes place with the tetrafluoride of N-phenyldi-
phosphorimidous acid (XIV).93 A spirotricyclic complex of
chromium has been obtained also on cocondensation of the
metal vapour with the ligand (IX), while the monodentate
mixed acid amides and fluorides give rise to symmetrical

acyclic adducts under conditions of this reaction." The
cocondensation of chromium vapour with a mixture of ligands
gives rise to a set of complexes of different ligand composi-
tion, from which the product [(IX)2.Cr(F2PNMe)2] has been
isolated in a pure form.95

We shall now turn to studies on ligand transfer reactions
in which derivatives of Group VI metals in the +1 or +2
oxidation states are used as starting materials. This possi-
bility has been demonstrated in two investigations:52»96

R'
^H

Mo -(_ R 2 P — N — C

oSiJ"™ l>
(XV)

It is significant that the diastereoisomers are formed in
unequal amounts; the ratio of the products depends on the
type of the groups R and R\ Apparently this result is
determined by an associative mechanism; in this case the
transition states arising when the ligand attacks via two
enantiomeric directions need not necessarily have the same
energies.

There are also literature data on the ligand transfer reac-
tions involving bidentate ligands. Thus one carbonyl ligand
is displaced from a carbonyl of type (XV) on treatment with
the tetrafluoride (IX). 9 7 It has been established very
recently that the complexes of chromium carbonyl with the
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imides of diphenylphosphinous acid of type (VI) and the
octamethyltetramide of methylenediphosphonous acid 9 8 " 1 0 0

form novel chromium-containing phosphaheterocycles:

involving secondary diamines and dialkylhydrazines can also
be included here: 1 0 6

HSC—PPh

OC)6 CrCH,S (0) Me, + (VI) -» (0C)4 Cr<

PPh,

H2C—PNMe,

(CC)4 &[CH,S(0) Me,], + (Me,N),PCH,P (NMe,), ->· (0C)4 C r ^ ί
P - C H ,

(NMe,),

It has been concluded that the chromylide (CO)itCr=CH2 is
probably formed as an intermediate. However, this pathway
is not obligatory:99

(Oq«OICH1S(0)Me,t + (VI)

PPh,

(OC)4Cr<Q>NR .

PPh,

Systems in which the oxidation state of the metal is +2,
namely cyclopentadienylmetal tricarbonyl chlorides, 9 7 ' 1 0 1

readily interact with bidentate ligands of types (IX) and
(XI) to form chelates. In the complex formation reaction in
alcohol, the bidentate ligand (IX) can undergo alcoholysis:9 7

CpW (CO)3 Cl + (IX) + ROH -»- CpW (CO)2 [PF (OR)2] Cl.

We may mention specially the non-trivial reactions of
hydride complexes. The following reactions have been dis-
cussed: 1 0 2

, « /0—(Me,
CpM(CO),H + Me,N-Pi -> Cp (CO), M-P< -

N O — ' Me, | | ^ 0 — I Me.
Η NMe,

/Ο—ι Me,
-* Cp(CO),M=P< ;

^O—I Mej
M=Cr, Mo, W.

The structure of compounds with a phosphorus—metal
double bond had been demonstrated by X-ray diffraction.
The phosphamide (I) enters into similar reactions. The
hydrides considered react in an even more complex manner
with phosphoiminosulphites:103

CpMo(CO) 3H + (t-Bii)jPN = S = NP(Bu-t) 2 -*
Ο
II

y C v Η
-• Cp (CO), M < >N—S—Ν—Ρ (Bu-t) 2 .

(t-Bu) 2

2,8-Dioxa-5-aza-l-phosphabicyclo[3.3.0]octane has been
used as a ligand in complex formation reactions of neutral
tungstates. It has been suggested that the overlap of the
nitrogen and phosphorus orbitals is difficult in this compound
for geometrical reasons, so that the phosphorus centre is less
electron-donating, as a result of which tungsten is coordi-
nated to the nitrogen atom. If the P-borate derivative is
used in the complex formation reaction, then a stable N-tung-
sten adduct is formed.101*

Combined synthesis of phosphamide complexes. Within the
framework of this approach, the amido-group is introduced
as a result of the substitution of the halogen atoms in halo-
genophosphine complexes. The simplest version of the syn-
thesis consists in the interaction of monochlorophosphine sys-
tems with secondary amines.1 0 5 More complex reactions

R'N—PR,

R'N—PR,

(CO)4

R'NH(CH,)nNHR'

R2PC1

R a P - N R '

(C0) 4 M t C H J « .

R>-NR'

The reaction of halogenophosphine complexes with ammonia
and primary amines#,7 7 ) 1 0 7~1 1 0 including primary diamines,106

with other functional groups 1 0 8 ' 1 1 1 is widely used. We may
mention specially the dehydrochlorination of chloramide com-
plexes which can lead to dinuclear complexes inaccessible by
other procedures, for example:1 0 7

NHMe

2 (CO)j MoP—NHMe + NEf3

Cl

MeNH Me

(CO)3 M o - P ( > P - M o (C0) 4 .>

Me NHMe

The reactions of nitrogen-containing bases with halogeno-
phosphine complexes proceed in an unusual manner in many
instances. Thus the coordination compounds of molybdenum
with CCI3PF2 phosphorylate very readily secondary amines
via the P—CC13 bonds and not the P—F bonds. 1 1 2 The syn-
thesis of hydrogen-containing aminophosphine complexes is
chemically even more interesting: 1 1 3

(CO)SM

•COOMe

= Cr, W; R=Ph,Me; R' = H,Et, Ph .

The possible mechanisms of this reaction have been ana-
lysed.1 1 3

In the course of studies designed to demonstrate the struc-
tures of the complexes investigated using physicochemical
methods, certain interesting rules have been established.
Thus it has been shown that the direct coordinate bonds
(97M o_3i p 111 a n d i83w_3ip si) d e p e n d o n t h e electronega-

tivity of the atoms linked to the phosphorus atoms. In the
ligand sequence obtained, phosphamides are located between
phosphines and phosphites. Qualitatively the same picture
can be traced in coordination shifts. 5 1 "It is of interest that
each type of complex (phosphine, phosphite, and phos-
phamide) constitutes a specific family when the direct coor-
dinate bonds ( 1 8 3W- 3 1P) are correlated with the v(CO) fre-
quencies in the IR spectra. 5 5

(c) Complexes of Group VII metals. The general postulates
which we have already mentioned in relation to the synthesis
of Group VI metals hold also in relation to the synthesis of
complexes of Group VII metals. One can only point to the
smaller number of the relevant studies and the fact that they
are almost all devoted solely to manganese derivatives. The
principal method of synthesis of these compounds is the

#The reactions can have specific pathways. In contrast
to other primary amines, the interaction of t-BuNH2 with
the complex (CO)5MoPCl3 leads to the formation of a diphos-
phorus cyclic derivative and not a monophosphorus deriva-
tive. 7 7
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ligand transfer reaction. The dinuclear zero-valent man-
ganese carbonyl complex Mn2(CO)1 0 has been used in reac-
tions with the phosphamides (I) 1 1 5 and (VII).3 6 The cyclic
iron—arsenic—manganese cluster reacts with the ligand (I)
via the dissociation of the manganese—iron bond. 1 1 6

The readily available derivatives of metals in the +1 oxida-
tion state of the type of CpMn(CO)3

 5 7> 1 1 7 and Mn(CO)sBr " 1

have been most often used as the initial compounds. One
and sometimes also two of their ligands are readily substi-
tuted by the simplest TPAA. More complex reactions have
also been described, for example:118

CpMn (CO), T H F + Ph 2 PN=CMn (CO),"Cp -* Cp (CO), Mn-PPh,N=CMn (CO), Cp.

Interesting data have been obtained using tetraphenyldi-
azaphospholes.1 1 9 The trans-isomer ensures the mono-ligand
transfer reaction involving Mn(CO)5Br. The cis-isomer is
capable of double substitution to give mer-Mn(CO)3L2Br.
If one begins with the corresponding rhenium derivative,
then double substitution takes place with both ligands.

Bidentate ligands have also been used in a series of studies.
Thus treatment of Mn(CO)5Br with the ligand (XI) results in
the effective substitution of two carbonyl groups,8 0 while in
the interaction of [Re(CO)3(THF)2Br]2 with 1,3-di-t-butyl-
2,4-dimethyl-l,3,2,4-diazadiphosphetidine 12° two THF mole-
cules are substituted. Similar processes also occur in the
CpMn(CO)3-ligand (IX) system.97§

TPAA with the α-pyridyl residue incorporated in the phos-
phamide fragment are also capable of single or double inser-
tion in the coordination sphere as a result of the displacement
of carbon monoxide.76

In the reactions described above coordination involved the
phosphorus centre of the ligand. It has been shown1 2 2 that,
for the dinuclear complexes of rhenium, there is a possibility
of the parallel PN-coordination when phosphineiminoamide
ligands are used.

Derivatives of manganese in the +2 oxidation state have
also been investigated in ligand transfer reactions. 5 7 ' 1 2 3 · 1 2 4

Here we may mention the synthesis of diastereoisomeric com-
ponents using optically active phosphamides.123»12lf

The synthesis of the phosphoramidite complexes of Group
VII metals by the combined method has been little studied.
Only one communication on this topic has been published:1 2 5

CpMn (CO)2 PH2Ph

υ[θ]
2IHCI

R.NC1

Ph
/

CpMn (CO), P - H •

Ph
/

CpMn (CO), Ρ—Η .

NR,
t
1

We may mention that the chlorophosphine derivative formed
in the first stage is labile and rapidly disproportionates,
while the corresponding phosphamide product is stable.

(d) Complexes of Group VIII metals. The greatest number
of studies have been devoted to the synthesis of the phos-
phamide complexes of Group VIII metals. Bearing this in
mind and also the known specific features of the individual
families of elements of this Group, we have divided the entire
data into sections in terms of three triads.

The metals of the first triad (Fe, Ru, Os) exhibit widely
the 0, +1, and +2 oxidation states. The coordination sys-
tems in which we are interested have been obtained only by
direct synthesis. Electrophilic substitution at the metal atom

§ The carbene complexes of manganese behave analo-
gously.1 2 1

incorporated in the structure of the carbonylate anion has
been used within the framework of this method, for example:43

—NMe
(VIII) + NaFeCp (CO)2

me.
P-Fe (CO), Cp .

—NMe'

The employment of carbonylates with the more electron-
donating iron atom in the interaction with the same acid
fluoride (VIII) leads to the formation of a complex of the
corresponding amide of hypodiphosphorus acid.1·3 An even
more complex compound has been obtained in the related
reaction based on phosphoramidous chlorides Λ8

(C0)4Fex /NiSiMej),

(Me^OsN-PClj + NajFeiCOh- > P = P \
(MeaSOjlSK X F e (CO)4

The author did not consider the chemistry of this process.
An unusual derivative of the diamide of hypophosphorous
acid has been obtained by treating the above carbonylate
with the ligand (VII). 1 2 6 The traces of water present are
apparently the source of hydrogen:

t-Bu

(VII) + Na,Fe (CO)4 p J)

Η

P-Fe (CO)4

Bu-t

The ligand transfer reactions of the simplest complexes of
the metals in the triad have been studied in greater detail on
treatment with TPAA. In these reactions the TPAA usually
do not lose any atoms or groups, as mentioned above. In
individual experiments, such loss nevertheless occurs, but
the structural element separated from the phosphorus remains
part of the composition of the complex. We may mention the
principal aspects of the investigations. The phosphamide (I) Yn

and monoaminophosphines1*1'128 react with Fe(CO)5 to form
monosubstitution products. Apart from monodentate ligands,
bidentate 1 2 9 ' 1 3 0 and tetradentate 1 3 1 ligands have been used in
the reactions with Fe(CO)5. As an illustration, we may
quote the reaction

t-Bu-
- J , - + Fe(CO)3-> [(CO)4Fe

(XVI)

Bu-t
] ,

It is significant that the initial tetramer (XVI) behaves
differently in the complex formation reactions—in its reac-
tion with boron trifluoride ether, it is converted into the
monomeric form and gives rise to a boron complex of a deriva-
tive of dicoordinate phosphorus, while in the example quoted
only carbon monoxide is displaced from the four Fe(CO)5

molecules. The structure of the iron complex has been
demonstrated by X-ray diffraction and a significant difference
between the lengths of the Ρ—Ν bonds has been demonstrated
(the distance is 1.737 A for the bonds involved in both the
small and the large rings, while the distance is 1.676 A for
the bonds in the large ring only). This difference is appar-
ently determined by the different interactions of the unshared
electron pairs of the nitrogen atoms with the electrons of the
two phosphorus-iron coordinate bonds conjugated with them.

Phosphoramidous halides have also been introduced into the
ligand transfer reaction.132~131* If Lewis acids are added to
the reaction mixture, then the primary adduct can ionise.
In the synthesis of complexes of the type F e i C O ) ^ , one may
begin with cluster carbonyls whereupon structurally simpler
iron carbonyls are usually formed as side products (they
sometimes also undergo ligand transfer reactions). 1 9 ' 5 3 ' 7 5 ' 9 3»
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i32,i3s-i37 j ^ n a g been suggested that complexes of zero-
valent iron with TPAA be synthesised also by the coconden-
sation of the metal vapour with monodentate95 and biden-
tate 9 5» 1 3 8 ligands. The iron atoms in these compounds are
linked to five phosphorus atoms having identical or different
substituents.

The coordination compounds of TPAA with zero-valent
ruthenium and osmium have been little studied. The follow-
ing methods of their synthesis have been described in the
l i terature: 1 3 9 - 1 " 1

RuH (OjCMe) (PPh3)3 + F2PNMe,
(XVII)

R'

Ru, (CO)It + (RO), P - N - P (OR),
(XVIII)

Ru3 (CO)»

Ru • (XVH). ;

Ru2 (μ-CO) (CO)« [μ-(ΧνΐΙΙ)1.

The reactions of Os(CO)11(NCMe) and H2Os(CO)10 with the
phosphoiminosulphite (t-Bu2PN)2S have been carried out for
osmium.lf*2

The coordination compounds of iron and the +1 oxidation
state having phosphamide ligands have been studied non-
systematically. The possibility of the exchange of carbon
monoxide for an optically active phosphamide in the prochiral
allylnitrosodicarbonyliron complex has been reported. l l > 3 The
reaction resulted in the formation of a mixture of two dia-
stereoisomers, which was resolved by the usual procedures.

The synthesis of complexes in the molecules of which the
central atom is in the +2 oxidation state has been studied
relatively widely. The preparation of coordination com-
pounds by nucleophilic substitution at the metal atom has
been described : l l f l f

.Fe(OC)2Cp

C12P PC12

+ IFe(CO),Cp ! II
C1,P PCI,

The mode of coordination and other related questions have
been analysed using X-ray diffraction data. In addition, the
usual ligand transfer reactions of carbonylcyelopentadienyl-
iron derivatives, accompanied by the displacement of one or
two carbon monoxide molecules on treatment with phosphorous
triamide1 2 7 or phosphoramidous fluorides,57»97 the tetrafluo-
rides of diphosphorimidous acids, 9 7 and phosphinous acid
amides11*5""11*7 have been used in a series of studies. Among
the reagents mentioned, optically active substances have been
frequently used, which made it possible to obtain systems
with a chiral iron atom. The possible epimerisation and
migration of the carbonyl in these derivatives has been dis-
cussed in a number of studies.11*5»11*7'11*8

If the ligand transfer reaction is carried out in its photo-
chemical version, then other profound changes in the system
are possible together with the exchange processes, for
example:

CpFe(CO),

Ph,P-NH-CH,R + PhCHOMe
R=Me, P h .

(OC) CpFe—PPhj
< <

PhCH—NCH,R

When R = Ph, the iminophosphine complex is obtained.11*'
Ruthenium complexes of the phosphoramidous difluoride

(XVII) are readily formed from chlorides stabilised by tr i-
phenylphosphine. In the course of the synthesis triphenyl-
phosphine is partly displaced: 1 5 0 ' 1 5 1

Rua,(PPh,)s + (XVII) - RuCl,(PPh3), (XVII),.

The adducts with different TPAA based on the chloroarene-
ruthenium derivatives1 5 2"1 5 1* as well as the corresponding
hydrides 1 5 5 have been obtained analogously.

The Co, Rh, Ir triad. It has been suggested that electro-
philic substitution at the metal atom be used to obtain the
cobalt complexes. The carbonylate anions are usually made
to react with phosphoramidous halides for this purpose, for
example:156

OC CO
Me \ / Me

(C0J.C0N3 + (VIII)

Me / \ Me
OC CO

Above we considered the analogous reactions of phosphoro-
diamidous fluoride (VIII) with iron and other transition metal
carbonylates and noted that they all lead to mononuclear com-
plexes. It is of interest that the phosphonamidous chloride
derivative of iron tetracarbonyl gives rise to a heterometallic
complex on interaction with cobalt carbonylate: 1 3 7

NMe,

(CO)4CoK + Cl—P—Fe(CO)4

Me

Me NMe,
\p/
/ \

(CO)3Co—Fe(CO)4

Dinuclear carbonyls, for example Co2(CO)8 (XIX), can also
be involved in the cyclic cluster formation reaction. 1 5 7 The
cluster obtained proved to be an extremely promising initial
compound for the synthesis of other skeletal systems. 1 5 8 ' 1 5 9

Together with the electrophilic substitution method, the
ligand transfer method has also been used to synthesise
cobalt complexes of TPAA, for example:1*1'127

CpCo (OO)2 + Me.2PNMea — CpCo (CO) (Me4PNMe2);
(XX)

Hg [Co (CO)4], + (I) - Hg [Co (CO), · (1)1,.

Ligand transfer reactions of this type with structurally
similar cobalt complexes Cp(CO)2Co(Rp)I, whose molecules
contain the metal atom in the +3 oxidation state, have been
achieved using optically active phosphinous amides. Two
diastereoisomers are formed in this instance, their ratio being
determined by the perfluoroalkyl group R p . 1 6 0

A relatively complex instance of the ligand transfer reac-
tion makes it possible to obtain a dinuclear complex in a
photochemical experiment from a phorphorus-containing
mononuclear complex and the ligand (IX): 1 6 1

(XVII)3Co(CO)2 -f (IX) Μ , , Ν Ρ ^

Cobalt octacarbonyl (XIX) has been studied more widely
in the ligand transfer and accompanying reactions. It has
been stated that this compound reacts with the ligands
(XX) 1>1 and (I) 1 2 7 to give ionic products. The structure
of the compounds has not been demonstrated in detail. Sub-
sequently this reaction was investigated in another study 7 8

where the formation of paramgnetic mononuclear products (A)
was established for the full amides of phosphorous acids,
while dinuclear diamagnetic substances (B) were found to be
produced in the reactions involving the phosphoramidous
esters (cyclic and linear):

(XIX) -f- L -
Co (CO), L ;

(A)

[Co(CO),L] t .
(B)



Russian Chemical Reviews, 56 (4), 1987 333

The octacarbonyl (XIX) has been studied in detail in the
reaction with the bidentate ligand (IX). The reaction at
20 °C leads to the formation of the dinuclear dicarbonyl
[Co2(CO)2(IX)3]. II On photochemical activation and when
an excess of the ligand is used, the product of the full
ligand transfer reaction [Co2(IX)5] is obtained.1 6 2 There
are three chelating ligands in the molecules of each of these
complexes, which give rise to five-membered rings with two
cobalt atoms. A similar result has been noted also in the
reaction of the octacarbonyl (XIX) with the phosphoimine
(XIV).93 Dinuclear systems have also been obtained by the
cocondensation of cobalt vapour with the corresponding
ligands. 9 5 ' 1 6 1

The synthesis of cationic cobalt phosphamide complexes by
the reaction of cobalt(II) perchlorate with the bidentate
ligand (Ph2P)2NPh has been reported. 1 6 3 Analogous cobalt
compounds with ct-diphenylphosphamidopyridine have been
described.6 The reactions leading to cobalt—aluminium com-
plexes are chemically more involved:161*

CoCl, [P (NRJ,h + A1C1, + Ρ (NR,)3 - CoCl [P (NR,),], [A1C14].

The oxidative addition of the triisocyanate of phosphorous
acid to the simplest cobalt complexes merit special atten-
tion: 1 6 5

ensure the chelation of the metal: 8 0 ' 8 1

(Me5Cp) Co (CO)2 + Ρ ( N = C = O ) 3

CO

(Me5Cp) Co—N=C=O

ρ ( N = C = O ) ,

Particularly numerous studies have been devoted to the
rhodium complexes of TPAA, which can be accounted for by
their catalytic activity. The latter factor affects also the
character of the investigations carried out: the published
articles frequently describe not individual coordination com-
pounds but compositions comprising them, which are designed
for catalysis (such compositions were examined in the Section
devoted to catalysis). In contrast to cobalt complexes, the
above compounds are more homogeneous in terms of the
principal chemical features. As a rule, the central atom of
the molecule is in the +1 oxidation state. The methods of
synthesis of these systems are also relatively similar. They
usually consist in the interaction of carbonyl or olefinic
dinuclear complexes with TPAA and the process involves
either the substitution of the ligand or the breaking of the
[μ-Χ2] bridges. We shall consider the latter possibility.
In many studies the formation of the trans-complexes from
U-dichlorotetracarbonyldirhodium has been investigated:

[Rh (CO), Cl] t + 4L

OC L

y
L X C L

The ligands employed were the full amides of phospho-
rous, 1 6 6 1 6 7 alkyl phosphoroust, 1 6 8 " 1 7 1 and phosphinous2 3-1 7 2

acids. The bidentate TPAA behave in a complex manner.
The cyclodiphosphazan (VII) and the corresponding difluo-
ride give rise to different types of complexes depending on
the reactant ra t io . 3 6 ' 1 7 3 The ligand (XI) and its analogues

TFThe ligand transfer reaction of cobalt dodecacarbonyl
has also been described briefly in the literature. 9 3

t T h e results of the study of Grishina et al . 1 7 0 have been
partly revised. 1 7 1

(XI)-

OC

[Rh(CO),ClJa

u
Pha

CCH(R)№
II

MeO

NCH (R)

Pb, Ph,

\p/ \p̂

Pb, Ph,

Cl COn-O 1 + fC> COT

< )(
O M e J Lei coJ

This example demonstrates the detailed influence of
structural factors on the course of the complex formation
reaction. It has been shown in a number of studies that
the interaction of μ-dichlorotetracarbonyldirhodium can
lead to not only the mononuclear complexes already examined
but also to dinuclear complexes. 1 6 6 ' 1 7 1 ' 1 7 3 According to
Nifant'ev et a l . 1 7 1 such a process involving monodentate phos-
phamides takes place when the reaction is carried out in the
presence of oxygen.

Bidentate ligands make it possible to obtain dinuclear
rhodium complexes more frequently than the monodentate
ligands. A dinuclear complex with a ruptured chlorine
bridge has been obtained from the hard ligand (X), 6 7 while
a complex with the intact bridge has been obtained from the
relatively labile imide of diphenylphosphinous acid. 1 7 1 f r l 7 S

A result close to the latter case has been obtained in a study
with the ethylimides of dimethyl- 1 7 6 and diphenyl-phospho-
rous acids (XVIII),177 although here too the influence of the
ester group on the details of the structure of the dinuclear
complexes was manifested.

We shall consider the ligand transfer reactions of olefinic
π-complexes of rhodium (I) chloride. These substances can
be converted into mono- and di-nuclear coordination systems.
Thus, according to the data of Aresta et a l . 1 7 8 , the ethylene
π-complex and the phosphamide (I) react at 20 °C to form a
product resulting from the rupture of the chlorine bridge.
In other s'tudies1 7 9 '1 8 0 dinuclear complexes were synthesised.
Phosphoramidous fluorides of type (XVII) have been intro-
duced into the ligand transfer reaction; the possibility of
the complete substitution of the ethylene ligand by phos-
phamide ligands was demonstrated.1 8 1

Cyclo-octadiene derivatives of rhodium (I) chloride react
with bidentate ligands of type (VII) to form dinuclear com-
plexes in the molecules of which the metal atoms are coordi-
nated to different phosphorus atoms.8 2 Extensive, including
complete, substitution of primary ligands by the bidentate
ligands occurs upon the addition of tetrafluoroborates.2 2

The readily available acetylacetonatodicarbonylrhodium,
which readily reacts with a wide variety of 2-amino-1,3,2-
dioxaphosphorinanes 1 8 3 and 2-amino-1,3,2-oxazaphospho-
rinanes,181* can be used for the synthesis of stable mononuclear
complexes of univalent rhodium with one phosphamide ligand.
The axial orientation of the metal relative to the six-membered
ring of the ligand has been established in the complexes
obtained. Some of the phosphamide complexes of the type
considered have been synthesised in accordance with a two-
stage scheme:1 8 3

Cl

acacRh(CO), + CI-P
. 0 — s

X C O

On interaction with phosphamide in the presence of per-
chloric acid, the acetylacetonatorhodium(I) derivative with
the cyclo-octadiene ligand exchanges the acetylacetonato-
group and.not the olefin group. 1 8 5
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In conclusion of the consideration of the synthesis of
rhodium coordination compounds, we shall deal with the
interconversions of the phosphorus-containing complexes.
The partial displacement of PF 3 from the coordination sphere
on treatment with the ligand (I) has been reported. 1 6 7 The
reduction of phosphamide complexes of rhodium (I) is also of
great interest . 1 8 6 ' 1 8 7

The synthesis of coordination compounds of iridium with
TPAA has been little studied.

Complexes with the bidentate ligand (VI), obtained from
the cyclooctadiene (COD) derivatives of iridium, have been
reported: 1 8 8

[Ir(COD)Cl], + (VI) -> [Ir.(VI),]a.

The reaction of the complex [Ir(C eH l i |) 2Cl]2 with an excess
of PF2NMe2 leads to the formation of the complex IrCl.
.(PF2NMe2)3, in which there are no intermolecular Ir—Ir
contacts, in contrast to the PF 3 derivatives.1 8 9

The Ni, Pd, and Pt triad. The study of the synthesis of
complexes of the metals of the last triad with TPAA has its
characteristic features. Thus, the relevant derivatives of all
the elements of this family have been investigated to approxi-
mately the same extent. The second feature is manifested
in the relative chemical paucity of the field considered.
Thus there are virtually no reactions involving the formation
and decomposition of clusters on complex formation, there
are almost no unexpected reactions, and the syntheses in
the coordination sphere of the metal have been little devel-
oped.

We shall consider the formation of phosphamide complexes of
zero-valent metals. A series of studies on the ligand trans-
fer reactions of NiiCO)^ have been published. The process
involving the monodentate ligands ( i ) , 2 . 5 »" 7 . " " (V),7 5 and
(XX),1*1 phosphoramidous halides, 2 ' 1 9 1 and the complex cyclic
phosphamides Plt(NMe)6

 1 9 2 and MeP[N(R)SiMe2]2

 1 9 3 is accom-
panied by the substitution of one or two carbonyl groups.
The reaction with the bidentate ligand (IX) can be more far
reaching and may even involve complete substitution. 1 3 0 The
silylated amidoimide complex of zero-valent nickel (XXI)
has been synthesised with the aid of the ligand transfer
method :1 9 1 f

Ni (COD),, -f RjN-P=NR

R=SiMe3 .
RN

P— —Ni 5

(XXI)

Nickel complexes containing only phosphamide ligands have
also been obtained from the metal vapour. 9 5

Coordination compounds of platinum have been studied in
greatest detail by Scherer, who showed that biscycloocta-
dieneplatinum reacts with amidoimides of type (III) to form
substances having the composition P t ( I I I ) 3 . 1 9 5 The inter-
action of the ligand (III) with cyclic platinum clusters has
also been achieved:1 9 6

Pt3 (μ-CNR), (CNR)3 + (III) -* Pt, (μ-CNR) (CNR)3 · (III)*.

The preparation of complexes of bivalent metals has been
described fairly extensively. Nickel, palladium, and plati-
num salts or their benzonitrile and similar derivatives form
complexes effectively with various full amides1»5.75.78»197»198

and amidoesters1 0 1*»1 9 9"2 0 2 of tervalent phosphorus acids and

the amidoimides ( I I I ) . 2 0 2 The reaction of acetonitrile solu-
tions of palladium and platinum halides with an unusual cyclo-
triphosphazene is of special interest : 2 0 3

Ph,P %Ph, ;•

Ν Ν

κ\
Me Η

(C)

Ph,P
II I

Ν ΝΗ
\p/

Me

(D)

'_ MX, · (D)2

According to 3 1P NMR data, the initial phosphazene exists
almost fully in the form (C), which, however, being a proto-
tropic system can be converted into the form (D) to form a
complex.

The study of the interaction of triethylphosphine deriva-
tives of platinum and palladium dichlorides with di- and tr i-
azaphospholes established that the primary adducts can have
different compositions. It has been suggested that the ligand
is coordinated with both phosphorus and nitrogen atoms.201*

Bivalent metal salts have been made to react with bidentate
ligands (VII),2 0 5 (XI), 8 0 ' 8 1 (VI),8 5 and (XVIII) 7 1 and mono-
nuclear, including chelate, and dinuclear complexes were
obtained. Nickelocene, π-allylpalladium chloride, Zeise's
salt, and other similar organometallic compounds have been
widely investigated in reactions with TPAA. The full
amides 2 0 6 ' 2 0 7 and amidoesters 2 0 2 ' 2 0 8 ' 2 0 9 of phosphorus acid,
including those containing carbohydrate residues in their
molecules,1 6 8 '2 1 0 as well as the bidentate ligands (VII) 2 U and
(VI) 2 1 2 have been resorted to as the latter.

In conclusion we shall deal with the intracoordination syn-
thesis of phosphamide complexes. Phosphatrihalogeno-,1 9 7 '
2i3-2i5 phosphamidohalogeno- , 2 1 6 and phosphinohalogeno-
derivatives80»211*'217 of metals react satisfactorily with amines,
being converted into the required complexes. Unfortunately
the reaction is not of general importance.213»211* Metal amides
are phosphorylated more effectively than amines.211*·215

I I I . CHEMICAL PROPERTIES

The publications on this question are divided into three
groups. The first, main group includes studies on reactions
involving the phosphamide (phosphimide) fragment of the
ligand without affecting the coordination sphere. The data
obtained are important for the synthesis of new types of
phosphorus-containing complexes. At the same time they
are of fundamental significance in a general chemical sense,
because they demonstrate the influence of the metal on the
reactivity of coordinated organophosphorus systems. The
second group includes studies devoted to the preparation of
complex organic compounds, the phosphorus-containing and
metallic components of the complexes fulfilling only auxiliary
functions. Studies on the last group are concentrated on
the inorganic aspect of the chemistry of complexes—oxidation-
reduction processes, additional complex formation via the
functional groups in the side chains, and ligand transfer
reactions.

1. The Reactions of the Coordinated Ligand Via the Phos-
phamide (Phosphimide) Bond

In the first place we shall consider the reactions of com-
plexes involving a single P-N bond. TPAA are known to be
labile and to undergo readily reactions via the phosphamide
functional group on treatment with reagents whose molecules
contain a mobile hydrogen atom or a polar double bond. 2 1 8

The possibility of involving also metallic complexes of TPAA
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in similar reactions has been discussed in a series of studies
in recent years. It has been established that their P—N
bond is cleaved by hydrogen chloride with formation of phos-
phochloro- «,59,62,113,117,135,136,219,220 o r amidophosphochloro-

complexes. # In many cases hydrochlorination is accom-
panied by profound skeletal rearrangements.9 1 Overall, the
hydrochlorination of the complexes proceeds readily, although
it requires more severe conditions than the corresponding
reactions of the free ligands. 1 3 6 The complexes synthesised,
which are as a rule difficult to obtain by other methods, are
widely used for the preparation of a wide variety of types
of phosphorus-containing coordination systems (see, for
example, Refs.113, 137).

The phosphamide complexes also react with hydrogen
bromide , 6 9 ' 7 2 ' 1 0 7 ' 1 1 3 » 1 1 7 ' 1 3 6 - 2 1 9 hydrogen iodide ,"7,113,117,219
and hydrogen fluoride.117'11*6 Instead of the last compound,
it is sometimes convenient to use benzoyl fluoride.1 1 7 The
deamination reaction considered makes it possible to solve
simply certain coordination-chemical problems; for example,
it permits the synthesis of enantiomeric complexes with a
chiral metal atom.11*6

The hydrolysis 5 9 ' 1 6 2 and alcoholysis21*'59'77'199 of the phos-
phamide complexes have been reported. The influence of the
nature of the metal on the ease of the process has been
established in relation to these reactions. Thus it has been
shown that the copper complexes react more readily than the
platinum complexes. In the latter case a positive effect is
achieved only when acid catalysts are employed.199 A
characteristic reaction of the complexes, which has not been
very widely investigated, is transamidation.1 0 7 It leads to
the disproportionation of the ligands: 2 2 1

,,Ρ (NHPh)3l

S P (NHPh)J
Ρ (NHPh)3 + Mo (CO)4 (NBD) - • (CO),

Ph
• N.

-• (PhNH)2P^ \P(NHPh), .

(CO)4

Thus the metal is a factor promoting the conversion of the
trianilide of phosphorous acid into bis(phosphorodianilidato)-
phenylamine and aniline. We may point out another possi-
bility of inner-sphere phosphorylation:2 2 2

The reaction of the phosphamide complexes with ethylene
which has no analogy in the series of phosphamides, merits
special attention: 1 7 8

(Me 2 N) 2 P— NMe2

hth(CH2=ciya + (ι)—>. a—Rh-^-fl -

(Me3N),P

(Me2N)2P

Cl— R h — CH,-CH 2 —NMe 2 •

RAO ( jP—P(NMe 2 ) 2 + M o : N — C H 2 — C H 2 — Ν

The reactions of benzylideneacetone, carbon monoxide, and
the ligand (IX) coordinated jointly to the iron atom are
formally similar to the above reaction: 1 2 9

Me Mo

ψ > / / Me
CH \ \ P F ; ! — N — P F
L· CO

A % (±%. .'.[ ?., H_
O PhCllV/ C-PF2,

0 C 7 V U X )-· 5 · '

MeN

Individual motifs of this scheme can also be found in the
paper of Newton and King. 2 2 3 On the basis of the data
analysed, one may conclude that the possibilities of metal
complex synthesis have begun to extend also to the synthesis
of organic compounds which are difficult to obtain, including
compounds which are extremely complex. Further develop-
ment of this field of study is already urgently required.
Success can be ensured only by a close cooperation between
organophosphorus chemists and specialists in metal complex
reactions.

The reactions of the coordinated phosphamide are not
manifested solely by the degradation of the P—N bond. It
is extremely significant that this structural unit can facili-
tate the substitution of other groups linked to the phos-
phorus atom. Thus the molybdenum complex with PC13 does
not exchange chlorine atoms on treatment with hydrogen
bromide and iodide. However, this reaction does occur with
the corresponding phosphoramidous chloride complex:107

dS-{(CO)4Cr[(Ph2P)2NH]}
1) BuLi
2) Ph,PCl as-{(CO)iCr[(Ph,P)sN]}.

It is significant that this process is more effective than the
analogous reaction without the participation of the metal.
Phosphorylation accompanied by the formation of the P=M
double bond is of great interest:

(CO), (MejCp) Mo
Η

Ρ (NMej)3 -+ (CO), (Me6Cp) M o = P (NMe,), + HNMe, .

In the compounds obtained, sulphur, diazomethane, carbon
disulphide, and iron carbonyls are inserted in this bond with
formation of novel three- and four-membered cyclic deriva-
tives. 1 0 2 The interaction of the phosphamide complexes with
carbon dioxide, accompanied by the insertion of the reactant
in the Ρ—Ν bond, is no less important.1 7 8

#For the description of the anomalous course of this reac-
tion, see Muller and Vahrenkamp.1 3 7

(CO)5

X=]

/ N M e ,

, MoP-Cl

Br, I .

+ HX ->

/ N M e ,

(CO)5 MoP-X

X

The amido-group probably exhibits a mesomeric electron-
donating capacity in relation to the phosphorus atom, which
promotes the heterolysis of the P-Cl bond.§ Nevertheless
the unshared electron pair of the amido-group can ensure the
formation of borate complexes77 and protonation products.
A stable ammonium compound has been detected only in a
study involving a complex in which effective dv, ρ ^conjuga-
tion in the phosphamide fragment was not ensured for geo-
metrical reasons. 2 2 0

§ In relation to the hydrogen atom in the amidophospho-
hydride complexes, the amido-group exhibits electron-accept-
ing properties. These complexes are readily deprotonated
with formation of phosphorus-centred anions, which readily
enter into reactions with electrophiles, forming various sub-
stances, including those which are virtually unobtainable in
other ways.221*
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Among other reactions involving nitrogen, we may mention
the desilylation of coordinated N-silylphosphamides:211*

(PF3)3Ni[FaPN(SiMe3)s]-!

, Ni (F2PNHSiMe3)

-Ε££Ε!—, (PF3)3Ni ( F S P - N
/PPh.\ .

\

- (PF3)3 Ni [F,PN (PPh,),].

Heterocyclic condensations are of interest,1 0 6»1 1 0»2 2 2 for
example:

NR

(

P (NHR), + Me2SiC!,

Mo (CO),

NR NR NR

^>P<f ^>P<(
NR Mo (CO)4 N R '

The reactions of phosphimide complexes, i.e. systems with
a P=N double bond, should be considered separately. These
compounds are readily hydrated 2 0 2 ' 2 2 5 and combine with alco-
hol, 2 0 2 forming the usual phosphamide coordination compounds.
Certain complexes of Group VI metals with cyclic phosphimides
readily undergo cyclo-oligomerisation.71*

The deimidation of chromium complexes of the amidoimides of
phosphorous acid is a reaction without analogy in the chemi-
stry of classical organophosphorus compounds:60

R2N—P=N—R'
I +SO,

Cr(CO),

R,N-P=O

Cr (CO)6

+ R'N=S=O.

2. The Use of the Phosphamide Complexes in Fine Organic
Synthesis

It has been shown28 that the copper-lithium complexes
stabilised by the hexaethyltriamide of phosphorous acid yield
very satisfactory results in the specific α-alkylation of
αβ-unsaturated ketones. The hydrolysis of the reaction
mixture entails in this instance the complete decomposition
of the complex and the decomposition of the ligand to water-
soluble substances, which ensures the preparative employ-
ment of this important reaction.

The alkylation of Fe-acyl derivatives stabilised by phos-
phorus-containing ligands is of interest: 2 2 6

It has been shown that the interaction of the O-anionic
end of the ambident component of the side group with the
benzene ring results in a definite diastereoselectivity. The
most marked manifestation of this effect has been noted when
phenylphosphamide ligands were employed.

It has been suggested that the copper complexes of cyclic
phosphoramidites (derivatives of carbohydrates) be used in
glycosylation,26 for example:

MeO—

MeO— -v0^
)Me

C•) ^PNEt,· CuBr

Κ ROH

Me
Me

The cyclic phosphoramidites themselves behave in this reac-
tion as phosphorylating agents. Thus complex formation
involving the phosphorus atom alters significantly the nature
of these derivatives.

3. Other Reactions

We shall consider the reactions involving the metal atom in
the phosphamide complexes. The disproportionation of asym-
metric ligands is sometimes observed. The disproportiona-
tion yields especially satisfactory results and the formation
of highly symmetrical skeletal systems is possible, for
example:2 2 7

(iM.3CN)3Mo(CO)3 +· PhN(PF2)j - •-|lPhN(PF2)J Mo(CO)3. I

Another type of disproportionation has been described. It
reduces to the redistribution of the ligands between individ-
ual molecules of the complex without altering their struc-
ture. As an illustration, we may mention the equilibrium
established over a year at 20 °C: 1 9 1

2Ni (CO), L, «2 Ni (CO)3L + Ni (CO) L 3 ;
L=Me,NPF,, EtNPF, .

The displacement of one phosphamide ligand by another 2 2 8

or by P-ligands of a different chemical type1 1*5 '1 9 5 from the
complexes has also been reported. Ligand transfer may be
accompanied by profound changes in the structure of the
coordination compound, for example, by the migration of the
organophosphorus ligand from the metal to the ττ-bound ben-
zene ring.1 5 I f

We shall now turn to reactions accompanied by a change
in the oxidation state of the metal. The complexes may be
reduced by chemical and electrochemical methods15»115»229»230

and can be oxidised. The latter is especially interesting,
because it can lead to structurally unusual results, for
example:225

CCl
Pf · (III), + C1,C=CC1, -*• (HI), · Pt<^ I *.

In conclusion of this Section, we may point to the reactions
of complexes having ligands with C—Ν groups in the side
chains. These compounds can react with the simplest
derivatives of metals, forming complex dinuclear systems. 2 3 1

The reactions of complexes whose ligands have Ρ—Ν groups
are even more interesting. In this case complex formation
is accompanied by a far-reaching intracoordination rearrange-
ment: 1 9-' 2 3 2

(XXI) +

CpMn(C0)2—Ρ ^ . R e i C O J s B r - ^ ^ - Cp(CO;;iMi.=Pi' Re(CO)4

R=Me 3 Si. X

IV. THE SEARCH FOR PRACTICAL APPLICATIONS

1. Catalysis

Functioning as ligands in metal complex catalysts, TPAA
are in principle analogous to phosphines. Nevertheless,
they are characterised by a wide variety of electronic and
steric parameters to a greater extent in phosphines and other
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derivatives of tervalent phosphorus, which leads to very
realistic prospects for the regulation of the activity and
selectivity of catalytic systems. An important factor is also
the availability of many TPAA.

Hydrogenation processes in the presence of complexes with
phosphamide ligands have been studied in greatest detail.
The first communications233»231* on this question were devoted
to the hydrogenation of styrene in the presence of the [RhCl.
.(C2Hij)2]2

 + n ^ system. It has been established that the
activity of the catalysts increases significantly on passing
to phenylphosphamides whose molecules contain piperidine,
pyrrolidine, or morpholine residues. The use of deriva-
tives of less basic amines or amines with branched groups
weakens sharply the catalytic properties. The general
activity series summarised by James2 3 5 are as follows:

PPhA,,
PPhs > PPh2Alk « PAlk,A > PPhAlk, > PAlk, .

where A is the residue of the main and sterically unhindered
secondary amine.

The influence of the nature of the ligands on the rate of
hydrogenation has been observed in greater detail in a
study 1 8 3 devoted to the acetylacetonate derivatives acacRh.
.(CO)L. The activity of the catalysts increases in the
sequence

O PNEtj<P(OEt),<PPh s< ; °\

In many cases interesting results were obtained also with
complexes having bidentate phosphamide ligands, for example,
the ligand (XI). 8 0

The substrate and the solvent231*'236 and also admixtures of
oxygen play an important role in hydrogenation in the pres-
ence of various phosphamide complexes of rhodium. Oxygen
oxidises the phosphamide ligands in mononuclear trans-com-
plexes, which leads to the appearance of dinuclear complexes
having a comparatively high catalytic activity. 1 7 1

The use of optically active phosphamides to synthesise
enantio-selective rhodium catalysts proved to be extremely
fruitful. A wide variety of monodentate 2 3 7 ' 2 3 8 and biden-
tate 2 3 9 " 2 1 * 8 ligandsfl were used for this purpose, the latter
exhibiting the best activity overall. Optically active phos-
phoramidite complexes immobilised on mineral carriers have
also been investigated, but their application does not yield
appreciable advantages. 2 5 3

The enantioselectivity of the phosphamide complexes and
the configuration of the products of asymmetric hydrogena-
tion probably depend on the nature of the amido-groups at
the phosphorus atom.21*0'21*5»251* Thus when the compounds
[Rh(CO)L]ClOif are used in the hydrogenation of N-acyl-
aminocinnamic acid, the transition from (LR, 2R)-bis(di-
phenylphosphinoamino)cyclohexane to (1R, 2R)-bis(diphenyl-
phosphino-N-methylamino)cyclohexane leads to the inversion
of the stereochemical result of the reaction.2 5 k

The use of palladium complexes with TPAA in hydrogenation
is less well known. The full amides of phosphorous acid
exhibited a high activity in the CjHsPdLCl-NaBH^-Oz x

system in the reduction of nitrobenzene, alkenes, and
alkynes. 2 0 6 ' 2 5 5 Systems obtained from phosphoramidites

IF Recently, particular attention has been devoted to
ligands obtained by phosphorylating optically active amino-
alcohols.21*9-252

(derivatives of carbohydrates) 1 6 8 · 2 1 0» 2 5 6 and cyclophosphory-
lated ephedrine 2 0 8 ' 2 0 5 showed some catalytic activity. The
possibility of using ruthenium complexes with the ligand (VII)
in the hydrogenation of oct-1-ene has been indicated in the
literature. 2 5 7

The rhodium (I) complexes of TPAA yielded satisfactory
results in the catalysis of hydroformylation.172>258>259 The
influence of the ligand on the direction of the process has
been traced in relation to the hydroformylation of hex-1-ene.
It has been shown that the increase of the π-acceptor capac-
ity of the phosphoramidite, observed when aryl residues are
introduced at the nitrogen atom, leads to an increase of the
yield of the aldehyde having the normal structure. A
decrease of π-acceptor capacity entails the formation of large
amounts of the isomeric aldehyde. The use of polymeric com-
plexes of the type P-OC6H4NMePPh2.RhCl(CO) has been
reported. 1 7 2 It has been indicated that there is a possibility
of the enantioselective hydroformylation of prochiral alkenes
and of the hydrosilylation of ketones using rhodium complexes
with optically active ligands.2I*9 The carboxylations of pro-
pene in the presence of a palladium catalyst, promoted by
the full alkylamides of phosphorous acid, has also been
described. The process selectivity reaches 79.5% with
respect to isobutyric acid, which exceeds the selectivity
of the catalytic system using PPh 3 . 2 6 0

We shall now turn to the catalysis of oligomerisation and
polymerisation. A number of nickel and cobalt complexes
containing the hexaalkyltriamides of phosphorous acid16"*'261»262

and phosphamide bidentate ligands 1 6 3 are of technical interest
for the polymerisation and oligomerisation of α-olefins and
dienes. It is significant that nickel catalysts of this type
can be used in an aqueous medium.263 The oligomerisation
of acetylenes in the presence of the Pd(acac)2.AlEt3.L system
has been investigated.2S1* When L = Ph2PNMe2, the amount
of dimer formed is smaller by a factor of two and the amount
of higher oligomers is twice as great as in the case where
L = PPh3.

Among other possibilities of catalysis using the above com-
plexes , we may point to the conversion of methanol into
ethanol8 9 and to the acceleration of diffusional photographic
processes in sensitive layers of polymers.2 6 5

2. The Synthesis of Medicinal Drugs

Data on the synthesis of platinum complexes and positive
results of their tests in the treatment of oncological affec-
tations have been published. 1 '2 0 0 Studies initiated at the
present time are being extended to the field of complex bio-
genic systems.1 9 9 It has been suggested that gold com-
plexes based on azaphospholes be used in chrysotherapy.33»201*

— 0 O 0 —

Thus metal complexes of TPAA constitute a large class of
coordination compounds which are constantly attracting
increasing attention. An important feature of these sys-
tems is that their ligands are chemically varied. They are
frequently extremely labile or do not exist at all as individual
substances but are entirely stable in the coordinated state.
Consequently the only source of any information about these
phosphorous compounds is the study of their metal deriva-
tives .

Complexes with TPAA enter into a wide variety of reactions
in the coordination sphere of the metal. An important role
is due in this instance to the phosphamide component of the
molecule which either changes as a result of the dissociation
of the Ρ—Ν bond, or activates a neighbouring group, or
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influences the properties of the metal. In other words,
the behaviour of the complex is not determined simply by
the central ligand atom but also by the functional group
based on it.
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I. INTRODUCTION

The chemistry of organotellurium compounds has developed
extremely vigorously during the last 10—15 years. It is suf-
ficient to point out that the number of studies published
during these years exceeded the number of publications
during the entire preceding 130 years of the development of
organotellurium chemistry. The synthesis of organotellurium
compounds, their reactivity, and their structures in the
crystalline state and in solution have been considered in a
number of monographs1 '2 and reviews.3"11 As the chemistry
of organic compounds of tellurium has developed, their
applications in preparative organic chemistry for the synthe-
sis of various classes of organic compounds have expanded
vigorously, although in this respect tellurium compounds are
so far inferior to organoselenium compounds. 12~al*

The wide variety of applications of tellurium compounds in
organic synthesis is based on a number of their specific
features, among which the following may be included: (1) the
ease of converting tellurium(II) derivatives into tellurium(IV)
derivatives and vice versa; (2) the high nucleophilicity of
the RTe" and Te2~ anions; (3) the much higher stability of
derivatives of tetracoordinate tellurium (σ-telluranes) of the
type RTeX3, R2TeX2, and Ar4Te compared with the analogous
sulphur and selenium compounds; (4) the relative ease of
eliminating the tellurium atom from tellurium(II) derivatives.

A series of new data on the application of organic deriva-
tives of tellurium in the synthesis of a wide variety of
organic compounds are described systematically and surveyed
in the present review.

I I . SYNTHESIS OF HYDROCARBONS

One of the most thoroughly investigated applications of
organotellurium compounds in preparative organic chemistry
involves their use for the preparation of hydrocarbons. This
applies in the first place to unsaturated compounds and
biaryls. The only reaction described hitherto in which
organotellurium reactants have been used to synthesise
benzene derivatives is based on the oxidation of arylhydraz-
ines by di(p-methoxyphenyl)tellurium oxide, 1 5 ' 1 6 leads to
arenes in comparatively low yields, and can hardly be
regarded as of preparative importance.

1. Saturatated Hydrocarbons

Saturated hydrocarbons are readily formed in 70—90%
yields on reduction of organyltellurides (I) with triphenyltin
tetrahydroborate in benzene at 20—80 °C 1 7 (judging from the
analogous reaction with selenides, 1 7 R2TeSnPh3 is probably
a side product):

R>TeR= P h j S n H · R'H ;

(I)
R2=Me, R ^ C S H M ; Ra=Pli, R ^ C H » . C,H,,CH,CH (Me),

C,H,,CH (OH) CH2, CeH17CH (OCOMc) CH., Me (CHt), CH (OH) CH (CHJ, Me.
ι

The reduction does not involve functional groups such as
OH, OCOR, and C=O, which makes it possible to obtain also
the corresponding substituted derivatives in high yields. 1 7

It is noteworthy that diorganyltellurium dichlorides are
reduced more readily than tellurides, but the reason for this
is not clear since tellurium dichlorides are reduced via the
formation of tellurides: 1 7

RTea sPh-^!iiUR H ;

R=C l i H a l , CsH,9CH,CH(Me).

2. Olefins and Acetylenes

Various types of organotellurium compounds are used to
obtain unsaturated compounds—olefins and acetylenes:
derivatives of monocoordinate tellurium—tellurolate1 β and
phosphorotellurolate anions; 1 9 ' 2 0 derivatives of dicoordinate
tellurium—diaryltellurides, 2 1 ' 2 2 phenoxatellurin, 2i'Zh and
diaryl ditellurides; 2 5 derivatives of tricoordinate tellurium—
telluroxides, 12»26~29 and tellurium imides; 3O>31 derivatives of
tetracoordinate tellurium (σ-telluranes)—diaryltellurium
dihalides3 2 and organyltellurium trihalides. 3 2 > 3 3

(a) Catalytic Reactions with Particiaticn of Derivatives of
Monocoordinate Tellurium

One of the most important and promising applications of
organotellurium reagents in organic synthesis involves the
possibility of using them under catalytic conditions. The
application of diaryl ditellurides (V) [for di(2-thienyl)
ditelluride as an example] as catalysts of the debromination
of vicinal dibromides (II) in the presence of NaBH,,, which
leads to the unsaturated compound (III) in high yields,
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may serve as a typical illustration:1 8

Η R2

AT = 2-thienyl;=R 2 =Ph, Me, CO?El: R l=H.R2=CeH17:R
l=Ph,R2=COOH;R l = ]

R'=COOH,—(CH2)—: (II) = 5a, 60-dibromocholestan-3jJ-ol.

It has been suggested 1 8 that the main active species in this
catalytic cycle is the tellurophenoxide anion (IV), formed
on reduction of a diaryl ditelluride, whose halogenophilic
attack on the bromine atom is accompanied by the anti-elimin-
ation of a second halogen atom with formation of the olefin
(III). The course of this reaction (carried out in an atmo-
sphere of nitrogen) is readily followed from the change in
the colour of the solution from dark red (ditelluride) to
colourless (tellurophenoxide anion).

Alkali metal OO-diethyl phosphorotellurolates (VII), among
which the lithium derivative is the most active, are extremely
effective reagents, which make it possible to convert the
epoxides (VI) into olefins in high yields. 1 9 ' 2 0 The deoxy-
genation of the epoxides as well as the dehalogenation of
dibromides described above are carried out catalytically by
adding tellurium (0.1—0.25 mmol) to a solution of diethyl phos-
phite (1—2 mmol) and epoxide (1 mmol).1 9 The probable
reaction mechanism includes the formation of unstable epi-
tellurides (VIII) : 2 0

(VIII)
(III)

;2 = H; R'=C8H17,Ra = H; R ^ C . ^ , R'=H .

Compared with their selenium analogues, compounds (VII)
are much more reactive and participate in catalytic deoxygen-
ation reactions much more actively. Among epoxides, the
terminal derivatives react most readily and among these the
most reactive are the Z-isomers, which has been confirmed by
the competing reactions shown below, with participation of
the corresponding 1: 1 mixtures of the epoxides. The deoxy-
genation with the aid of OO-diethyl phosphorotellurolates is
stereospecific and Z- (or £-)epoxides always yield the Z- (or
correspondingly E-)olefins: 2 0

s°
yO\ , / N (EtO),P(O)TeNa

, + | I
CJtln \ /

/°\
2?-isomer

(b) Derivatives of Dicoordinate Tellurium

When a series of different diaryl tellurides (I, R1 = R 2 = A r )
react with vicinal dibromides (II) , the olefins (III) and
diaryltellurium dihalides (IX) are obtained in high yields: 2 1

ROHXCHXR1 + Ar,Te
(Π) (0

X=Br, Cl.

+ Ar.TeX,
(IX)

The reaction of diphenyl telluride (I, R1 = R2 = Ph) with
1,2-dibromoethane (II, R1 = R2 = H, X = Br) under mild
conditions (refluxing for 30 min) affords a 74% yield of 1,2-
bis(diphenyltelluronia)ethane dibromide (X), whose recrys-
tallisation from glacial acetic acid produces diphenyltellurium
dibromide (IX) and ethylene. The possibility of the inter-
mediate formation of telluronium derivatives of type (IX) in
reactions with participation of the substituted dibromides (II),
arising in this connection, has not so far been investigated:

2Pb,Te + CH,BrCH,Br - 2Bi

(X)

Ph,TeBrs + C H t = C H t .

(IX)

Another dehalogenating agent in the series of derivatives
of dicoordinate tellurium is phenoxatellurin (XI). 23'21* Its
interaction with vicinal [compound (II)] and geminal [com-
pounds (XII)] organic dichlorides and dibromides results in
the formation of the corresponding olefins and 10,10-dihalo-
genophenoxatellurins (XIII) in high yields.

Presumably in the series of vicinal dibromides the reactions
proceed via the intermediate formation of telluronium salts of
type (X) and in the case of the geminal dibromides via
carbenes:

Z-isomer
80%

2T-isomer
25%

72%

X*
(ΧΠΙ)

The reactions with participation of diaryl tellurides and
phenoxatellurin are not, however, general, because the
number of vicinal and geminal dihalides, such as 1,2-dichloro-
cyclohexane23 and benzylidene chloride and bromide,21* are
not dehalogenated under the conditions indicated.

Phenoxatellurin is a more active dehalogenating agent than
phenothiatellurin, which is in its turn superior to phen-
oxaselenin.21* Phenoxatellurin is used also for the dehalo-
genation of unsaturated vicinal di-iodides, which makes it
possible to obtain the corresponding acetylenes in high
yields: 2 3

PhCX=CXR + (XI) - PhC=CR + (XIII);
X=I, R=H (80%), COOH (87%).

Together with diaryl tellurides and phenoxatellurin, diaryl
ditellurides (V) are also used as dehalogenating agents . 2 5

The interaction of these compounds with the dibromide (II) is
accompanied by the elimination of elemental tellurium with
formation of the olefins (III) and the symmetrical diaryl
tellurium dibromides (IX).

The possible ways of obtaining unsaturated compounds via
the dehalogenation of vicinal and geminal dihalides by various
organic derivatives of tellurium (II) are presented in the
Table.

(c) Derivatives of Tricoordinate Tellurium

Telluroxides. Like selenoxides12"11* telluroxides are now
beginning to be used in the synthesis of olefins having dif-
ferent s t ructures . 1 2 ' 2 6 " 2 9 The possibility of employing
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telluroxides for the preparation of olefins was first investi-
gated by Sharpless et a l . 1 2 When alkyl phenyl tellurides
were oxidised by t-butyl hydroperoxide in benzene, a mix-
ture of olefins, probably formed via the sy η -elimination of
the intermediate telluroxides, was obtained in a low yield. 1 2

The synthesis of olefins from diorganyl dihalides and organic
derivatives of tellurium(II).

Dihalides (III) and (XII)

R1

(III), Ph
(III), Ph
(III), Ph
( I I D . P h
(III), Ph
(III), Ph
( I I D . P h
(III), Ph
(III), Ph
(III), COOH
(III), COOH
(III), Me
(XII), Ph
(XII), COOEt

*7s

R'

Η
Ph
Ph
Ph
COOH
COOH
COOH
COOH
COOEt
COOH
COOH
COOH
Ph
COOEt
— B r

up Μ
I y « ι

I

L
I

\ /

Dibromocho est

3r
;r

r
erol

X

Br
Br
Br
Br
Br
Br
Br
Br
Br
Br
Br
Br

α
Br

Te(II) derivative

(XI)
Ph2Te
(p-MeOC(,H^) 2Te2
(p-EtOC6H4)2Te2
Ph2Te

(XI)
(p-MeOC6H4)2Te2
(p-EtOCgH4)2Te2

(XI)
(p-MeOC6H4)2Te2

(p-EtOC6H4)2Te2

(XI)
(XI)
(XI)
(XI)

(XI)

(XI)

(XI)

Ph2Te

Olefin

P h C H = C H 2

PhCH = CHPh-irans
PhCH = CHPh-rnznj
PhCH=CHPh
PhCH=CHCOOH
PhCH=CHCOOH
PhCH = CHCOOH-toz/u
PhCH=CHCOOH
PhCH = CHCOOEt
HOOCCH = CHCOOH-frans
HOOCCH - CHCOOH-rrans
MeCH=CHCOOH
Ph2C = CPh2

(EtOOC)2C = C(COOEt)2

f 1 It

1JJI

if ^
u

Cholesterol

*
•a"
S

77
94
90

100
100

93
68
85
89
73
86
75
73
52
23

97

62

83

93

A

[23]
[21]
[25]
[25]
[21]
1231
[25)
[25]
123]
[25]
[25]
[23]
[24]
[24]

[25]

[24]

[25]

25]

21]

(XlVa, R = n - C l 0 H 2 1 , Ar = 4-MeOC6Hlt) affords a mix-
ture of dodec-1-ene and the telluride (I) in proporations
of 1: 1 and 1.4 : 1 after refluxing for 24 h in CC1,» or 12 h in
toluene respectively.2 6 The authors 2 6 '* 9 believe that the
primary intermediate in the decomposition reaction of tellur-
oxide is tellurinic acid (XV), which reduces half of the
telluroxide (XIV) to the telluride (I) in the next stage of
the process. At the same time there is also a possibility of
the disproportionation of this acid at a high temperature
leading to the diaryl ditelluride (V): 2 6

Ο
Ι! Δ

RCH2CH,TeAr • RCH=CH, + ArTeOH ;

(XV)
(XIVa).R = n-C l 0 H 2 l , Ar=4-MeOC,H«;

ArTeOH + RCH,CH2TeAr -+ RCHfCH2TeAr + ArTeO2H ;
II

Ο
(XV) (XlVa) (I)

3 A r T e O H — - • Α Γ , Τ Β , + A r T e O 2 H + H 2 O .

(V)

It is believed29 that the causes of the difference between
the reactivities of telluroxides with primary [compounds
(XlVa)] and secondary [compounds (XIV)] alkyl groups,
which exist in the form of dihydroxytelluranes, are deter-
mined by the difference between the stabilities of the car-
bonium ions formed on cleavage of the C—Te bond (A) and
also be the difference between the steric environments of
these two types of telluroxides (B):

HO OHPt

(A) (B)

(XIV), R = Alk: (XlVa), R = H .

Subsequent studies 2 6 " 2 9 showed that the thermal decom-
position of telluroxides can be used for the synthesis of
olefins of different structures and compositions. The condi-
tions in the thermolysis of telluroxides are determined by
the structure of the alkyl group. Alkyl phenyl telluroxides
(XIV), containing secondary alkyl groups, rapidly decom-
pose at room temperature with formation of a mixtures of ole-
fins in high yields. 2 9 Thus s-octyl phenyl telluroxides (XIV,
R = CSH1;L) gives rise on decomposition to a mixture of oct-1-
ene and cis- and trans-oct-2-enes in 80% yield together with
a small amount of 2-octanol and 2-octanone. Telluroxides
containing s-alkyl groups, such as 2-dodecyl, 2-tetradecyl,
cycloheptyl, cyclo-octyl, and cyclododecyl, combined with
other alkyl groups behave analogously. 2 9 On the other hand,
cyclohexyl phenyl telluroxide (XVI) is extremely stable and
decomposes only at 200—290 °C with formation of cyclohexane
in a yield exceeding 70%; 2 9 however the causes of the
increased resistance of this telluroxide to heating are not
clear. ί

RCH,CHMe

PhTe=O ·
(XIV)

— ->· RCH8CH=CH3 + RCH=CHMe .

In contrast to telluroxides with s-alkyl groups, those con-
taining primary alkyl groups [compound (XlVa)] decompose
under more severe conditions. 2 8 ' 2 9 Thus n-dodecyl phenyl
telluroxide (XlVa, R = C 1 0H 2i, Ar = Ph) is cleaved with
formation of dodec-1-ene (50%) at"l-dodecanol (11%) 2 9 at
200—240 °C, while n-dodecyl 4-methoxyphenyl telluroxide

In the case of telluroxides elimination takes place in such a
way that terminal olefins are formed preferentially. 2 9 Thus
the ratio of the mono- and di-substituted olefins [formed on
decomposition of the telluroxides (XIV, R = n-CsHj^ or
n-C 7 H 1 5 ] , amounting to (2.48—2.50) : 1, is much higher than
in the elimination reactions of the analogous selenoxides
(1.56 : 1) 31* and sulphoxides (1.5 : 1). 3 5

Like alkyl phenyl and cycloalkyl phenyl telluroxides, their
analogues containing hydroxy- and methoxy-groups [com-
pounds (XVII) and (XVIII)] are also capable of undergoing
thermal decomposition; their decomposition leads to allyl
alcohols and allyl and vinyl ethers in high yields: 2 7~ 2 9

PhTe=O · H2O

- c /C—C—C
I I

-[PhTeOH] / |
OROR

(XVII), R = H , Me

RCHCHJe (Ph)=O · H2O _ [ p h T e O

A

H ] ->- R C = C H 2 .

OMe OMe

(XVIII)

Bearing in mind the relative ease of synthesis of alkyl
phenyl telluroxides of the type of compounds (XIV) and
(XVII)—(XVIII), there are good prospects that the reactions
examined in this Section will be applied in organic synthesis.

Tellurimides. It has been shown recently that olefins
may be formed also on decomposition of tellurimides (XIX),
which are believed tentatively to arise in situ on interaction
of alkyl phenyl tellurides with an excess of chloramine Τ
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(N-chloro-4-methyl-N-sodiobenzenesulphonamide) in boiling
tetrahydrofuran ( T H F ) : 3 0

RCH2CH (R') TePh

ΝβΟ,

(XIX)

RCHaCH (R') TePh+ p-MeC,H«SO,NClNa

, p
R' = H; R = n-C8Hi7, n-C10H21, n-C12H25, n-C13H27; R' = Me, R = n-CnH2 3

(molar ratio n-C12H2SCH = CH2/irans-n-CnH23CH= CHMe = 2.5:1.0).

The tellurimides (XlXa), a scheme for the synthesis of
which is presented below, afford fairly satisfactory yields
of alkylvinylsilanes in the form of a 1: 1 mixture of the Z-
and JE-isomers on pyrolysis in situ in boiling THF: 3 1

n , _ _ „ _ . , , 1) C.H.LI. TMEDA
PhTeCHjS.Me3 2 ) RCH(Me)X *

R—CH,

PhTe-CH—SiMe3

R-CH,

n-MeC.H<SO.NClNa

PhTeCH-SiMe3 — - - > RCH=CHSiMe3 4- PhTeNHSO.,CeH,.Me-p;
t
NSO,CeH4Me-p

(XlXa)

R = 11-C9H19, n-CnH 2 3, n-Ci3H27,11-C15H31.

(XXV) give rise to trans-stilbenes on interaction with
styrene:32

ArTeCls + H,C=CHPh

(XXV)

Ar=Ph,

A r \ /H

) C = C < -(- AT—AT
/•
\ph

(XX) (XXI)

„ 4-MeOC.H! .

The olefin arylation reactions can be carried out also in
catalytic amounts of PdCl2, provided that a suitable oxidant
is added to the reaction mixture: t-butyl hydroperoxide or
copper(II) chloride (which is especially effective in solution
in acetic acid). As in the case of mercury derivatives, 3 6 ' 3 7

the arylation of olefins by organotellurium compounds pro-
ceeds via reactive arylpalladium intermediates (XXVI), which
can either add to the double bond with subsequent B-elimina-
tion of HPdX (or BrPdX in the case of allyl bromides) or
undergo reactive dimerisation with formation of biaryls (XXI).
Both these reactions pathways can be illustrated in relation
to the arylation of methacrylonitrile by diphenyltellurium
dichloride in the presence of palladium(II) sa l t s : 3 2

Ph2TeCI, ·

(d) Arylation of Olefins

Like arylmercury chlorides 3 6 ' 3 7 and arylthallium(III)
derivatives3 8 as well as the phenyl derivatives of magnesium
(ArMgX),39 Group IV elements (Ph 4 Sn, 3 6 Ph^Pb 3 6 ) , and
Group V element ( Α Γ 3 Ρ , 4 0 Ph3As, 1*1>!t2 Ph3Sb, W ' M and
Ph3Bi l t l ' 1 * 2 ) , the σ-telluranes Ar2TeX2 and ArTeX3

 3 2 can
be used to arylate olefins by carrying out the reaction in
the presence of stoichiometric amounts of PdCl2/MeCOONa.
Mainly products with the trans-configuration (XX) together
with small amounts of the biaryls (XXI) (1—6%) are then
formed:3 2

Ia -f- RCH=CH,
Ai

> C = C ( + Ar—AT ;

(XX) (XXI)

Ar=Ph, R=Ph, COOMe, CN, CHO, COMe, CH,OCOMe; R=Ph, Ar=4-MeCH4,

4-BrC,HlF 4-ΜβΟΰ,Η4.

The most varied olefins enter into the reaction: styrene,
acrylic acid esters, acrylonitrile, methacrylonitrile, acroleine,
methyl vinyl ketone, allyl alcohols, and allyl halides. In the
reaction involving acrylonitrile, a 1 : 3 mixture of the cis-
and trans-isomers was obtained while that of methacrylo-
nitrile gave rise to a mixture of compounds (XX)—(XXIV) in
proportions of 1 : 1 : 1.5: 3 2

/CHjPh

~ X C N

(XXIV)

In the reactions of allyl alcohol and allyl bromide, the main
products formed are β-phenylpropionaldehyde and allyl-
benzene respectively, as in the interaction of these com-
pounds with phenylmercury derivatives. 3 7 The use of p-sub-
stituted diaryltellurium dihalides in this reaction leads (in
the reaction involving styrene) to lower yields of trctns-stil-
benes than in the reaction with diphenyltellurium dichloride.
The replacement of a chlorine atom by the acetoxy-group at
the tellurium atom does not influence appreciably the yields
of the arylated olefins. The reaction proceeds analogously
also when rhenium(III) and rhodium(III) chlorides are used,
but the yields of the olefins (XX) are then somewhat lower.
Like diaryltellurium dihalides, aryltellurium trichlorides

PhjTeCla + CH2=(
"Nvie

(XXII)

,CN

NVle "

Ph s

(XXIII)

,Me
SCN

[PhPdX]

(XXVI)

Ph—Ph

(XXI)

HtC-C(CN)Me
CH,—C(CN)Me-

I I
Ph PdX

(XXII)—(XXIV).

Analogously to σ-telluranes, the interaction of diphenyl
telluride with ethyl acrylate in the presence of Pd(OCOCH3)2

leads to ethyl cinnamate together with a certain amount of
biphenyl. 2 2

(e) Geometrical Isomerisation of Olefins

An interesting application of organyltellurium trichlorides is
their use for the geometrical isomerisation (inversion) of ole-
fins by coupling cis-tellurotrichlorination and trans-dechloro-
telluration processes. 3 3 When olefins interact with one
equivalent of TeCl,, in acetonitrile or chloroform,33>l|3~^5

2-chloroalkyltellurium trichlorides (XXVII) are formed in high
yields. The reduction of these compounds with an aqueous
solution of Na2S leads to the liberation of elemental tellurium
and the reformation of the initial olefin, but this time in the
form of a mixture of E- and Z-isomers with the inverted form
predominating. Thus the reaction involving E-but-2-ene
yielded but-2-ene with the isomer ratio Ζ : Ε = 97 : 3 . 3 3 The
ratio of the isomers formed depends on the nature of the
olefin and the solvent employed.

-f TeCli -• RCHClCHR'TeCl,

(ΙΠ) (XXVII a-c) (in)

a) R = «-C 8Hi 7, R' = H; b) R = n-C 8 H 1 7 , R' = D; c) R = R' = Me.

The preferential cis-addition to the olefin has been demon-
strated by studying the 1H NMR spectra of the products of
the addition of the TeCl4 to £-[l-D]dec-l-ene. 3 3 t When this
mixture is reduced with an aqueous solution of Na 2S, a mix-
ture of the Z- and £-[l-D]dec-l-enes (85 : 15) is formed in

t The formation of 15% of the trans-adduct can be
explained according to the authors 3 3 by the contribution
of the electrophilic addition of TeCl,,, having the structure
TeClfCr according to Krebs et al. "
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conformity with stereospecific anti-elimination, which prob-
ably proceeds via the epitelluride (VIII):

(f) Synthesis of 1,5-Dienes

When diphenyl telluride is heated with allyl bromide at
180 °C in a sealed tube, diphenyltellurium bromide and
diallyl are formed:2 1

(a) Reactions of Derivatives of Tetracoordinate Tellurium
with Raney Nickel

When diaryltellurium dichlorides (IX, X = Cl) are treated
with degassed Raney nickel in methylcellosolve, the biaryls
(XXI) are obtained in good yields (58—91%). 4 9 The use instead
of degassed Raney nickel of a catalyst obtained by boiling
commercial nickel in 2-methoxyethyl ether or ethylene glycol
gives rise to lower and less reproducible yields of biaryls: "*9

iiR-_/^f^-B';

(ix)

R2 = H. R' = OMe. OEt.H. Me. Br. 4-Mc2N; R'=OMe,

R2 = 3-Me, 3-OMe. 2-OMe; R1, R 2 =3,4-C 4 H 4 .

Aryltellurium trichlorides (XXV) are less suitable for the
synthesis of biaryls, **9 although in the case of 2-naphthyl-
tellurium trichloride, the yield of 2,2'-binaphthyl is 98%.50

PhjTe + HjC=CHCH2Br — Ph,TeBr, + H2C=CHCH1CHaCH=CH, .

However, a more promising method of synthesis of 1,5-dienes
of type (XXVIII) involves the interaction of alkyl halides
of the allyl type with lithium telluride in boiling THF or a
dioxant-THF mixture. "*8 According to the data of Clive et
al., "*8 the reaction proceeds via the initial formation of
dialkenyl tellurides of type (XXIX) with their subsequent
decomposition into radicals of the allyl type, which then
dimerise:

>-X + Te2" •
(XXIX)

o-o-
(XXVIII)

This mechanism has been confirmed by the finding that the
interaction of a mixture of 3-bromocyclohexene and 3-bromo-
cycloheptene with the Te2~ anion yields an almost statistical
mixture of 2,2'-bicyclohexenyl (XXVIII), 3-(2'-cyclohexenyl)
cycloheptene (XXX), and 2,2'-bicycloheptenyl (XXXI) in
proportions of 1 : 1.2 : 1: 3 3

(XXVIII) (XXX) (XXXI)

In contrast to dicycloalkenyl tellurides (XXIX), their
selenium analogues are extremely stable. Thus the inter-
action of 3-bromocyclohexene with the Se2~ anion under
conditions analogous to those examined above leads mainly
to the selenium analogue of compound (XXIX); in addition,
a small amount of 2,2'-bicyclohexenyl (2%) is formed.3 3

3. Biaryls

One of the first examples of the application of organo-
tellurium compounds in organic synthesis is in the synthesis
of biaryls by the reductive cleavage of derivatives of tetra-
coordinate 3 2 > l f 9 ' s o and dicoordinate tellurium. 22>I>9~51 Although
biaryls are formed (together with diaryl tellurides) also on
thermal decomposition of tetra—aryltellurium derivatives Ar^Te
(Ar = P h , 5 2 ' 5 3 C 6F 5, 5If or 4-MeCgH,, " ) , the latter reaction
cannot be regarded as of preparative significance because
the starting compounds for the synthesis of the tetra-aryl-
tellurium derivatives are diaryltellurium dichlorides, from
which biaryls can be obtained directly (see below).

(b) Reactions of Derivatives of Tetracoordinate Tellurium
with Palladium(II) Salts

It was already mentioned above that, when olefins are
arylated by diphenyl telluride2 2 and σ-telluranes3 2 in the
presence of palladium(II) salts, the biaryls (XXI) are formed
as side products together with arylated olefins. If the reac-
tions of σ-telluranes ( I mol) with palladium(II) salts (2 mols)
are carried out in the absence of olefins, then the aryl-
palladium intermediates (XXVI) undergo reductive dimerisa-
tion and the biaryls (XXI) are formed as sole products in
moderate yields. 3 2

(c) Reactions of Derivatives of Dicoordinate Tellurium with
Raney Nickel

Like σ-telluranes, 4 9 ' 5 0 the diaryl tellurides (I, Rx = R 2 =Ar)
and diaryl ditellurides (V) are converted into the biaryls
(XXI) in high yields (60-90%) on treatment with degassed
Raney nickel:

Raney Ni
Te- >- (XXI) ;

(1). n = l; (V),n = 2

R = 4-0Me, H, 4-Me, 4-0E1, 4-Br.

(d) Reactions of Diaryl Tellurides with Organomagnesium
Compounds

Another way of using diaryltellurides (I) in the synthesis
of the biaryls (XXI) involves their treatment of Grignard
reagents in ether or THF in the presence of phosphine com-
plexes of nickel and cobalt [NiCl2(PPh3)2, NiCl2(Ph2PCH2CH2.
.PPh 2 ), and CoCl 2(PPh 3) 2], which leads to the cross-coupling
products (XXXII) and the homo-coupling products (XXXIII)
together with the biaryls: 5 1

Ni(II) or Co(II)
Ar.Te + RMgBr

(I)

» Ar—R -f Ar—Ar + R—R .

(XXXII) (XXI) (XXXIII)

The reaction mechanism proposed by Uemura and Fukuz-
awa5 1 includes the formation of diorganylnickel (or diorganyl-
cobalt) complexes, their subsequent conversion, on treatment
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with diary 1 tellurides, into aryltelluronickel (or the corre-
sponding cobalt) complexes, and the decomposition of the
latter with the elimination of tellurium and the formation of the
final products.

4. Cyclic Hydrocarbons

The synthesis of cyclic hydrocarbons of various types with
the aid of organotellurium compounds is based on the ease of
elimination of elemental tellurium from the corresponding
tellurium-containing heterocycles. 5 5 ' 5 6 For example, the
thermal decomposition of compounds (XXXIV) and (XXXV)
leads to benzo[b]cyclobutene (XXVI) and naphthofb] cyclo-
butene in high yields: 5 S

(XXXV)

(XXXVI)

ΛΑ-

Ον»-1"
(XXXVII)

Like cyclic tetra-aryltellurium derivatives, 52~"51* bis(diphen-
ylene)tellurium(XXXVIII) gives rise on thermolysis to a
heterocyclic diaryl telluride—dibenzotellurophen (yield 96%)
and biphenylene (XXXIX) (yield 52%). 5 7 ' 5 8 Together with
the latter compound, also traces of polyphenylenes were
detected in this reaction:
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diglyme, 2,2-dichlorobicyclo[4.1.0]heptane (XLIII) is
formed in low yields (20—30% together with diaryltellurium
dichlorides (60-70%): 5 9

,T«(CX:OCCIS)

R=H, Me, OMe,

I. J {\K /Cl
ι. , :CQ, x <^ , χ ;

-(j3-RC,H4>,TeCl,; -CO, l I I / N Q

(XLIII)

I I I . SYNTHESIS OF HALOGENO-DERIVATIVES

The formation of mono- and di-halogeno derivatives of
various types is frequently observed in reactions involving
σ-telluranes. 1*3'lfl>'60~65 However, these processes are by no
means equivalent as regards preparative importance and
some of them, for example, the formation of alkyl halides on
thermal decomposition of alkylphenyltellurium dihalides60 and
di(chloroalkyl)- and di(chlorocycloalkyl)-tellurium dichlo-
rides, 1*3'1*lf'61 are relatively unpromising. Indeed alkyl phenyl
tellurides, which are the starting materials in the synthesis
of alkylphenyltellurium dihalides, are obtained by the
reaction of tellurophenoxide anions with alkyl halides, while
the pyrolysis of di(chloroalkyl)- and di(chlorocycloalkyl)-
tellurium dichlorides results in the formation of a series of
side products together with halogeno-derivatives of different
structure.

V\/V
I Te |

(XXXVIII) (XXXIX)

In certain cases processes of the type considered are
accompanied by rearrangements. Thus, when 9-tellura-
bicyclo[3.3.1]nona-2,6-diene (XL) is heated in deuterio-
toluene (in a sealed tube) at 175 °C, bicyclo[5. l.OJocta-
2,5-diene (XLI) is formed in a quantitative yield56 and is in
equilibrium with its isomeric diene (XLIa):

(XLIa)(XL) (XL I)

It is noteworthy that compound (XLI) is capable of being
formed (in 20% yield) [together with compound (XL) in 18%
yield] also under conditions ruling out the possibility of the
thermal decomposition of compound (XL), on interaction of
the dibromide (XLII) with Na2Te in dimethylformamide (DMF),
which the authors56 explain by the following scheme

(XLII)

Diaryltellurium bis(trichloroacetate) (IX, X = OCOCC13)
decomposes on heating with formation of diaryltellurium
dichlorides (IX, X = Cl), carbon dioxide, and dichloro-
carbene,59 which makes it possible to employ them for the
synthesis of dichlorocyclopropanes. When compound (IX)
is refluxed in the presence of cyclohexene in p-xylene (or

1. Aromatic Halogeno-derivatives

Aromatic halogeno-derivatives are formed on photolytic62 or
hydroperoxide-induced α-elimination63 and also on elimination
of tellurium halides (by treatment with bromine or iodine)
from σ-telluranes of the type Ar2TeX2 and ArTeX3.

6If

fa) Photolytic a-Elimination from a-Telluranes

Reactions involving photolytic α-elimination of organyl
halides from σ-telluranes are fairly general and lead to the
formation of aromatic monohalogeno-derivatives and also
dihalogeno-derivatives of cyclic and ethylenic hydrocarbons62

(see below).
p-Chloroanisole (XLIV, R = OMe, X = Cl) is formed in a

high yield (70%) together with small amounts of 2,4-dichloro-
anisole (XLV, R = OMe, X = Cl) and 4-methoxybiphenyl
(XXI) (1%) on photolysis of p-anisyltellurium trichloride
(XXV, R = OMe, X = Cl) in benzene. Metallic tellurium is
liberated during the reaction probably as a consequence of
the disproportionation of the TeCl2 formed initially.62 Other
aryltellurium dichlorides behave analogously. In the reac-
tions of diaryltellurium dichlorides, the yield of aryl halides
is reduced; instead of elemental tellurium, a mixture of
inoganic and organic tellurium compounds of unknown struc-
ture is produced and the amount of asymmetric biaryls
increases.

ρ-Anisyltellurium tribromide, di(ρ-anisyl) tellurium diace-
tate, and p-anisyltellurium triacetate [obtained in situ from
di(p-anisyl) ditelluride and lead tetra-acetate ] enter into
analogous reactions, which lead to ρ-anisyl bromide and
p-anisyl acetate in yields of 30% and 6 and 15% respectively:62

X=C1, R=OMe, Me.
(XLIV) (XLV) (XXI)
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The selective formation of the C-X bond (X = Hal) in the
unco-positions [2- and 4-positions (Ed.of Translation)] in
the molecule and the limited involvement of the solvent
(benzene) in the formation of products (low yield of biar/ls)
suggest that the photolysis of σ-telluranes considered here
does not entail the formation of free radicals. This is also
indicated by the finding that the ratio of the reaction prod-
ucts does not change significantly in the photolysis of
p-anisyltellurium trichloride or di(p-anisyl)tellurium dichlo-
ride in the presence of t-butyl peroxide. 6 2

(b) a-Elimination Induced by Hydroperoxides

After the acetic acid solution of p-anisyltellurium trichlo-
ride (XXV, R = p-Ome, X = Cl) (1 mol) and t-butyl hydro-
peroxide (2 mols) has been refluxed for a short time,
p-chloroanisole (XLIV) is obtained in 53% yield. 6 3 Tellurium
is then converted into tellurium oxide chlorides, although the
structure of the inorganic products has not been accurately
established: 6 3

(XXV) (XLIV)

e, 4-Me, 2.3-C 4 H 4 ; X = Br, R = 4-OMe .

When 2-chlorocyclohexyl-p-methoxyphenyltellurium dichlo-
ride is treated with t-butyl hydroperoxide in acetic acid, a
mixture of p-chloroanisole (22%) and 1,2-dichlorocyclohexane
(55%) (configuration not indicated) is formed, which indicates
a greater liability of the C^ik~Te bonds in the α-elimination
reactions compared with C^ r—Te:

(XLIV)

The authors 6 3 suggest that organyl halides are formed via a
mechanism involving the 1,2-tellurium halide shift in an
instable hexacoordinate tellurium derivative formed on
oxidation of σ-telluranes:

—C—Τβ—Χ

Somewhat different results have been obtained in the study
of the elimination of tellurium bromide from σ-telluranes. 6 k

In the reaction of ρ-anisyl-tellurium trichloride with bromine
in different solvents (actonitrile, dioxan, acetic acid), mainly
2,4-dibromoanisole (XLV, R = OMe, X = Br) and a small
amount of ρ-bromoanisole (XLIV, R = Ome, X = Br) are
formed. The preferential formation of the dibromo-derivatives
(XLV) from p-anisyltellurium trichloride is the result of the
ready bromination of the monoaryl bromides (XLIV) formed
initially in the presence of tellurium(IV) derivatives playing
the role of catalysts of electrophilic substitution in the
aromatic ring. As in the elimination of tellurium iodide, the
weakening of the electron-donating properties of the substi-
tuent in the arene rings (phenyl- and p-bromophenyl-
tellurium trichlorides) leads to a sharp decrease of the yield
of aryl bromide even in the presence of caesium and ammonium
fluorides:61*

(XXV)—f

-£*-*-< >-Br + R-/^VBr;

R=OMe, Me, H .
(XLIV) (XLV)

The chlorine-induced elimination of tellurium from aryl-
tellurium trichlorides by reaction with chlorine, SbCl5, and
t-butyl hypochlorite affors very low yields of aryl chloride
even in the case of p-anisyltellurium trichloride (not more
than 5%). The cyanide-induced elimination of tellurium from
aryltellurium trichlorides by reaction with copper (I) cyanide
in DMF proceeds in approximately the same manner (yield

2. Dihalogeno-derivatives of Olefinic and Cyclic Hydro-
carbons

The formation of derivatives of organic compounds of
these classes has been observed in the same reactions as the
formation of aryl halides: photolytic6 2 and hydroperoxide-
induced α-elimination from σ-telluranes6 3 and also halogen-
induced elimination of tellurium from 2-chlorovinyltellurium
trichlorides. 6 5

(c) Reactions Involving the Halogen-induced Elimination of
Tellurium from a-Telluranes

When p-anisyltellurium trichloride (XXV) reacts with iodine
in boiling acetonitrile, p-iodoanisole (XLIV, X — I) is formed
in 13% yield;61* the presence of the o- and m-isomers was not
detected under these conditions. The introduction of potas-
sium , caesium, or ammonium fluorides into the reaction mix-
ture increases the yield of p-iodoanisole to 85%. Treatment
of diaryl tellurium dichlorides (IX, X = Cl) under analogous
conditions also leads to aryl iodide, but in lower yields. On
passing from p-anisyl- to phenyl- and p-bromphenyl-tellurium
trichlorides, the yields of aryl iodides fall sharply, which
indicates the electrophilic character of the process. The
nature of the electronegative substituents at the tellurium
atom (Cl, OCOMe, and OCOCF3) does not have a significant
influence on the yields of aryl iodides: 61f

(XXV)—,

(IX)—1 x = = /

(XLIV)
X=CI, R=OMe, Me, H; X=OAc, R=OMc, H; X=OCOCF,, R = H .

(a) Photolytic a-Elimination

Irradiation of a benzene solution of Z-2-chlorovinyl-2-
phenyltellurium trichloride (XLVI, R = H) with UV light
leads to Z-l,2-dichloroethylene (yield 39%); the composition
and structure of other reaction products were not estab-
lished; this may indicate that the α-elimination proceeds in
this case with retention of configuration.6 2 The photolysis
of irans-2-chlorocyclohexyltellurium trichloride (XXVII)
results in the formation of trans- 1,2-dichlorocyclohexane in
28% yield6 2 (the formation of the cis-isomer was not observed):

p h \ / R

> C = c <

(XLVI). R=H

^ α
(XXVII)
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(b) a-Elimination induced by Hydroperoxides

Dihalogeno-derivatives of the types considered can be
formed also by the hydroperoxide-induced α-elimination of
organic halides from organyltellurium trihalides. 6 3 Thus,
when trans-2-chlorocyclohexyltellurium trichloride is briefly
refluxed with two equivalents of t-butyl hydroperoxide, a
mixture of trans- and cis-l,2-dichlorohexanes is formed in
yields of 86% and 6% respectively:

by the reaction of alkyl halides with bis (phenyltelluro) methyl-
lithium67 and subsequent bromination of the intermediate bis-
tellurides:

RX ; ; B r

R = Q 1 H 2 3 ,

RCH (TeBr,Ph)3 RCHBr t

,, Ph (CH,) 3 .

σ" or-
The analogous reaction with trans-2-chlorocyclohexyl-

tellurium triiodide, which leads to only trans-1,2-chlorodi-
iodocyclohexane (64%), takes place also when t-butyl hydro-
peroxide is replaced by hydrogen peroxide, cumenyl
hydroperoxide, and m-chloroperbenzoic acid, but the yields
are then appreciably lower.6 3

Z-l,2-dichloroethylenes are formed together with small
amounts of the E-isomers (ratio approximately 9 : 1) in the
reaction involving Z-2-chlorovinyltellurium trichlorides
(XLVI, R = Η or P h ) . 6 3

(c) Halogen-induced Elimination of Tellurium from 2-Chloro-
vinyltellurium Trichlorides

The halogen-induced elimination of tellurium from 2-chloro-
vinyltellurium trichlorides (XLVI), whose Z-isomers are
readily obtained (in 80-90% yield) by the addition of TeCl4

to substituted acetylenes, has been used to synthesise 1,2-
dihalogenoethylenes. Thus the iodine-induced elimination of
tellurium from compounds (XLVI) by treatment with iodine
(in acetonitrile or methanol) and the bromine-induced elimina-
tion of tellurium by treatment with N-bromosuccinimide
(NBSI) (NBSI/AICI3 in CC1,, or NBSI/CuBr2 in acetonitrile)
proceeds with retention of configuration, as for many β-sub-
stituted vinyl organometallic compounds investigated previ-
ously, and leads to Z-l,2-chloroiodo(or bromo)ethylenes
(XLVII) in high yields: 6 5

PhC^CR + TeCU
Ph. VMeCN

ΓΙ/ NT Π °Γ N B S I A 1 C 1 3 / C C 1 4

(XLVI)
X=I, R=H, Me, Et, Ph; X=Br, R=H, Ph .

Cl cc
/ C - C \
(XLVII)

IV. SYNTHESIS OF CARBONYL COMPOUNDS

Carbonyl compounds of different classes, namely alde-
hydes , 6 0 ' 6 8 ' 6 9 ke tones , 1 5 ' 1 6 ' 7 0 " 7 2 and carboxylic acids 7 2 ' 7 3

and their derivatives (esters 1 5 ' 1 6 ' 7 C ' 7 "~ 7 8 and anhydrides 5 9 '
7 7 · 7 8 ) can be formed in reactions of monocoordinate, 7 1 ' 7 2

dicoordinate,6 9 t r icoordinate, 1 S > 1 6 ' 7 0 ' 7 6 ' 7 8 and tetracoordinate
59,68,73-75,77 derivatives of tellurium.

1. Aldehydes

Benzaldehyde (together with other compounds) is formed in
the photochemical oxidation of dibenzyl telluride or dibenzyl
ditelluride. 6 9 Bis(p-methoxyphenyl)tellurone (p-RC6Hi t)2.
.TeOn (XLVIII, R = OMe, η = 2)—the first reliably charac-
terised representative of tellurone obtained by the oxidation
of bis(p-methoxyphenyl) telluroxide (XLVIII, η = 1) with
sodium periodate, is an effective oxidant oxidising various
substituted benzyl alcohols to the corresponding benzalde-
hydes . 6 8 Thus the oxidation of piperonyl and veratryl alco-
hols by compound (XLVIII, η = 2) gave 70-80% yields of
piperonyl and veratryl aldehydes. 6 8 Aldehydes have also
been obtained in 70—93% yield by treating bis(phenyldi-
iodotelluro)alkanes (XLIX) 6 0 with Nal in DMF under mild
conditions (60 min, 20 °C):

RCH (TeI.Ph)2

(XLIX)

-* RCHO ;

CigHss, Ph (CH2)3

2. Ketones

Ketones are formed when thioketones (L) are oxidised1 5 '1 6 '7 0

by diaryl telluroxides (XLVIII, η = 1) and on reduction of
α-halogenoketones with OO-diethyl phosphorotellurolates
(VII) 7 1 or alkali metal tellurophenoxides (IV) . 7 2

Bearing in mind that, in contrast to other reagents (for
example HgCl2

 6 S ) , which give rise to E-isomers as a result
of trans-attack, the addition of TeCl^ to substituted acetyl-
enes always leads to Z-isomers (XLVI) and that the elimina-
tion of tellurium from the latter proceeds with retention of
configuration, the above reaction sequence can be regarded
as a convenient method of synthesis of Z-chloro(or bromo)-
alkanes from alkynes.

(d) Dihalogeno-derivatives of Saturated Hydrocarbons

A single example of the synthesis of dihalogeno-derivatives
of this type in reactions of organotellurium compounds has
been described, namely the formation of 1,1-dibromoalkanes
in high yield or thermal decomposition of l,l-bis(phenyldi-
bromotelluro)alkanes in the presence of sodium bromide in
DMF.6 3 The initial compounds are obtained in 80—85% yield

(a) Oxidation of Thiocarbonyl Compounds by Diaryl
Telluroxides

Thioketones with a wide variety of structures (L a—d)
can be selectively oxidised to ketones with the aid of diaryl
telluroxides 1 5 ' 1 6 ' 7 0 (under the formula of each thiocarbonyl
compound given below, the yield of its oxo-analogue is
indicated). Together with oxo-compounds, sulphur and
diaryl tellurides are formed in these reactions in almost
quantitative yields:

t-Bu

t-Bu
(La) (23%) (Lb)docn) (Lc)(87%) (Ld)Uo%)
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According to Ley et al., 1 S the mechanism of this reaction
can be represented schematically as follows:

ArVTeO + B ' R 2 C =

The oxidation of thioketones and thioacid e s t e r s (see below)
to t h e c o r r e s p o n d i n g oxo-derivatives has also been achieved
with t h e aid of the catalytic oxidation-reduction c y c l e , 1 6 ' 7 0

which r e q u i r e s t h e presence of a mild and effective halogenat-
ing agent into convert diaryl tel lurides (I) into diaryltel-
lurium dihalides (IX) and an aqueous solution of a base c a p -
able of c o n v e r t i n g the la t ter into diaryl tel luroxides (XLVIII,
η = 1) . The most suitable brominating agent for te l lur ides
is 1,2-dibromotetrachloroethane, which conver t s them into
tellurium dibromides (IX, X = Br) in high yields at room
t e m p e r a t u r e . Other r e a g e n t s , namely hexachloroacetone,
te t rabromoethane, and the dibromide of Meldrum's acid were
much less effective in the above catalytic cycle . Among
b a s e s , an aqueous solution of potassium carbonate proved
the most e f f e c t i v e . 1 6 ' 7 0 The optimum conditions in this
reaction a r e s t i r r i n g at room temperature in chloroform of a
mixture of the carbonyl compound, 1.5% of the tel luride
(tellurium dihalides) or tel luroxide, an excess of 1,2-di-
bromotetrachloroethane, and an aqueous solution of K 2 CO 3 :

R'CR2

•Ar2TeX2

The s t u d y of the influence of t h e n a t u r e of organic g roups
in the molecules of diaryltellurium dichloride R 1 C 6 Hi f TeCl 2 .
. C 6 H 4 R 2 used in this catalytic cycle showed t h a t , as the
electron-donat ing proper t ies of the r i n g subs t i tuent s R 1 and
R 2 in t h e ρ-posit ions with respect to the tellurium atom a r e
enhanced, the r a t e of t h e oxidation reaction increases in the
following s e q u e n c e : H,H < 4-MeO,4'-MeO < 4-MeO,4'-NMe2 <
4NMe 2,4'-NMe 2.

(b) Reduction of Ketones with Functional-group Substituents
in the a-Position

Sodium OO-diethyl phosphorotellurolate (VII) is a mild
dehalogenating reagent for various α-halogenoketones. 7 1

Best results have been achieved in this reaction using stoi-
chiometric amounts of the reactants in ethanol or THF (20° to
80 °C):

RCCH,X + (EtO)iP

Ο 0

(VII)

[j—Te—P(OEt)2 »- HCCH2Te

Λ o
LI) V..

I

based on the fact that the analogous reaction of 2,4'-di-
bromoacetophenone with sodium OO-diethyl phosphoroseleno-
late entails the formation of the selenium analogue of com-
pound (LI), which does not, however, undergo further
reactions. 7 1

The readily available lithium and sodium thiophen-2-tel-
lurolates, obtained by the reaction of 2-lithiothiophen with
tellurium in THF or by the reduction of di(2-thienyl) ditel-
luride in an alkaline solution of NaBH,, in alcohol, are
extremely convenient, in the preparative sense, dehalogen-
ating agents for various α-halogenoketones. 7 2

The interaction of tellurophenoxides (2 mols) with α-hal-
ogenoketones (1 mol) results in reduction and the formation
in high yields of the corresponding ketones and di(a-thienyl)
ditelluride. In contrast to the reactions of α-halogeno-
ketones with thiolate and selenolate anions, which usually
give rise to a mixture of reduction and substitution prod-
ucts, 79)8° the use of the thiophen-2-tellurolate anion results
in the formation of only the reduction products. However,
it is possible that nucleophilic substitution with formation of
intermediates of type (LII) is an intermediate stage in the
reduction of α-nalogenoketones by tellurolate anions. An
indirect confirmation of this is provided by the interaction of
α-bromoacetanilide (in excess) with sodium thiophen-2-tel-
lurolate in alcohol, which results in the isolation of a-(2-thi-
enyltelluro)acetanilide in 64% yield. This confirms the
possibility, in principle, of the formation of the intermediate
substitution product (LII) also in the reaction of ArTe~ with
α-halogenoketones and suggests the following two-stage
reduction mechanism: 7 2

R—C—CH, R—C—Me.

RC=CH2-t-Te

A number of other electronegative substituents, for
example, the MeCOO, MeSO2O, and PhS groups, can also be
readily removed from the α-position in acetophenones on
treatment with alkali metal thiophen-2-tellurolates.7 1

In many cases α-halogenoketones may be reduced by
employing sodium tetrahydroborate as the reducing agent
in the presence of catalytic amounts of di(2-thienyl) ditel-
luride, 7 2 similarly to the formation of olefins by the reduction
of vicinal dibromides examined above. 1 8

3. Quinones

The formation of quinones with the aid of organotellurium
compounds is based on the oxidation of dihydric phenols by
diaryl telluroxides (XLVIII, η = 1 ) 1 5 ' 1 6 or diaryl tellurones
(XLVIII, η = 2 ) . 6 8 Thus the oxidation of hydroquinone,1 5

1,4-dihydronaphthalene,16 and 3, 5-di-t-butyl-l,2-dihydroxy-
benzene 1 5 ' 1 6 by di(p-anisyl) telluroxide leads to p-benzo-
quinone, 1,4-naphthoquinone, and 3,5-di-t-butyl-o-benzo-
quinone in 65, 97, and 80% yields respectively. In the case
of di(p-anisyl)tellurone, the yield of p-benzoquinone is
smaller, amounting to only 39%. 6 8

. Carboxylic Acids

The mechanism proposed for this reaction, where the
involvement of the intermediate compounds of type (LI) in
the dehalogenation of α-halogenoketones is postulated, is

(a) Carbonylation of o-Telluranes

One of the possible ways of obtaining carboxylic acids from
organotellurium compounds is based on the interaction of
diaryltellurium dichlorides or aryltellurium trichlorides with
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nickel carbonyl in DMF at 70 °C and subsequent treatment
with water: 7 3

Ar/TeCl, + Ni &O)t + 2 Η,Ο -» 2 ArCOOH + NiTe + 2 HCI + 2CO;
ArTeCl, -f 2 Ni (CO)« -f H,0 -» AiCOOH + NiCl, + NiTe + Hd + 7 CO.

Together with carboxylic acids, diarylketones and diaryl
tel lurides a re formed in th i s instance as side p r o d u c t s .

By analogy with familiar reactions of this type involving
other metallic compounds, thei r possible mechanisms can be
described b y the following schemes: 7 3

(1) Aryltellurium tr ichlor ides :

ArTeCl, + Ni (CO)4 -• NiCl, -f- ArTeNi (CO), Cl arylation
ArTeCl,

ArTeNi (CO), Cl + Ni (CO)4 - NiTe + ArNi (CO), Cl,

arylation

ArNi (CO), Cl + Ni (CO)« •-"""-"""

Ar,Te,

ArCNi(CO),Cl-
II
ο

— Ar,CO,

( 1 )

(2)

(3)

Η,Ο
ArCOOH.

(2) Diaryltellurium dichlorides

Ar.TeCl, + Ni (CO)« -* ArNi (CO), Cl + ArTeNi (CO), Cl.

followed by reactions (1), (2), and (3).
Aliphatic tellurium dichlorides, in particular di(2-chloro-

propyDtellurium dichloride, decompose under analogous con-
ditions with formation of alkenes (in the given instance,
propene), NiCl2, and NiTe. 7 3 When Ni(CO)4 is replaced by
Fe2(CO)9, carbonylation does not take place. Thus the reac-
tion of p-anisyltellurium trichloride with Fe2(CO)9 results in
the formation of only di(p-anisyl) ditelluride, apparently as
a consequence of the reduction of the trichloride by iron
carbonyl. 7 3

(b) Reduction of Carboxylic a-Halogenoacids

Like α-halogenoketones (see above), carboxylic a-hal-
ogenoacids are reduced in high yields by lithium and sodium
thiophen-2-tellurolates (IV) to the corresponding carboxylic
acids: 7 2

ROiCOOH + 1

X

RCHjCCOH + [ j |

(IV)
M=Li, Na; R=Ph (99»i), l-Ci0H7 (97%), (Ph)s

5. Derivatives of Carboxylic Acids

Organotellurium compounds have been used to obtain
derivatives of carboxylic acids such as esters 1 5 ' 1 6 ' 7 0 ' 7 V ~ 7 6

and anhydrides. 7 7 ' 7 8

(a) Esters

Esters have been synthesised from derivatives of tricoor-
dinate tellurium (diaryl telluroxides 1 5 > 1 6·7 0 and telluronium
ylides76) and derivatives of tetracoordinate tellurium—diaryl-
tellurium diacylates. 7*' 7 5

Diaryl telluroxides. Like ketones (see above), many
esters were obtained in high yield by the oxidation of the
corresponding thio- and selenocarbonyl compounds (LIIIa-*e)
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with diaryl tel luroxides: 1 5 ' 1 6 ' 7 0

X=O,Y»S, Z-Ph (6β%);
X»O, Y«S, Z»M. (10(1%)·
X-S, Y-3, Z»Ph (10<JJ)

(LIHb)

O,Y-S, Z=M. (100%)
O,Y-S·, Z"Ph (99%)

(LIIIc)

M«(CH2)l7OCPli

(Lille) 9i%

Telluronium ylides. An effective method of synthesis of
αβ-unsaturated acid esters is the interaction of carbonyl
compounds with dialkyltelluronium ethoxycarbonylmethyl-
ylides (LV) obtained in situ by treating dibutylethoxy-
carbonylmethyltelluronium bromides (LVI) with potassium
t-butoxide in THF. This reaction proceeds with high stereo-
selectivity, especially with aldehydes, and leads mainly to
E-isomers: 7 6

, Te+CH,COOEt

Br"

Mc,COK
(QH,), Te+-CHCOOEt

(LV)

R1R5C=CHCOOEf.

(L1V)

The reaction is also applicable to cyclic and αβ-unsaturated
ketones and aldehydes. The sharp difference between t h e
reactivities of the telluronium ylides (LV) and the c o r r e s -
sponding sulphonium ylides is noteworthy. Thus dimethyl-
sulphonium ethoxycarbonylmethylide does not react with
simple ketones and a ldehydes, while i ts reaction with a$-un-
saturated carbonyl compounds yields c y c l o p r o p a n e s . 8 1

Diaryltellurium diacylates. The methyl e s t e r s of carboxylic
acids are formed in 85—90% yields on hear ing diaryltellurium
diacylates (IX) with methyl iodide in sealed tubes at 100 °C: 7 S

(p-RC,H4), Te (OCOMe), + Mel -• (p-RC,H4), Tel, + MeCOOMe ;
(IX)

R = H , Me, OMe.

When diphenyltellurium diacetate reacts with chlorotri-
methylsilane, diphenyltellurium dichloride is formed in a
high yield (it is probably accompanied by trimethylsilyl
acetate): 71*

Ph,Te (OCO Me), + 2 Me^iCl -» PhjTeCl, + 2 MeCOOSiAle3.

(£>) Acid Anhydrides

Carboxylic acid anhydrides have been obtained in 80—95%
yields by the reaction of diaryltellurium diacylates (IX) with
acyl chlorides: 5 9 ' 7 7

Te (OCOR*), + 2 R«COC1 - (p-R'C,H4), TeCI, + (R«CO), Ο ;
(IX)

, R'=Me; e, R*=Ph; e, R«=Et; R»=OMe, RS=CH2C1 .

The high yields make it possible to regard this reaction as
a preparative method of synthesis of the anhydrides of both
aliphatic and aromatic carboxylic acids. The attempts to use
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it for the synthesis of mixed anhydrides were, however,
unsuccessful. Thus, although treatment of di(p-anisyl)-
tellurium bis(trifluoroaeetate) with acetyl chloride afforded
di(ρ-anisyl)tellurium dichloride in a yield exceeding 90%,59'77

the asymmetric anhydride, namely acetyl trifluoroacetate,
was not isolated, which can probably be accounted for by
its disproportionation under the reaction conditions.

Anhydrides are also formed in the reaction of diary! tel-
luroxides with carboxylic acid chlorides, apparently via the
intermediate formation of diaryltellurium chloroacylates: 7 8

i yC^l I

(p-MeOC,H4), Te(
xOCOMej

• (p-MeOC,H,)t TeCls + (MeCO), 0 .

V. CONCLUSION

The data presented in the review demonstrate the likely
usefulness of the application of organotellurium compounds in
the synthesis of various classes of organic compounds and in
the first place unsaturated and cyclic hydrocarbons, halo-
geno-derivatives of various types, and carbonyl compounds.
Among these reactions, special interest attaches to catalytic
reactions with participation of organotellurium compounds:
tellurolate and phosphorotellurolate anions and diaryl tellur-
oxides. In many instances the reactions which proceed
readily when organotellurium reagents are used do not occur
with selenium compounds having analogous structures (the
synthesis of 1,5-dienes).

Further prospects for the application of organotellurium
compounds in organic synthesis is as follows: (1) in the
search for new possibilities of using organic derivatives of
tellurium in order to obtain organic compounds, (2) in the
study of conditions permitting an increase in the stereo-
specificity of the reactions, (3) in the development of new
catalytic processes, and (4) in the elucidation of the specific
features of organotellurium compounds compared with the
analogous sulphur and selenium derivatives and in using
these features in organic synthesis. The solution of the
above problems is indissolubly linked to the expansion of
studies connected with the development of methods of
synthesis of organotellurium compounds using readily avail-
able starting materials and to the study of the reactivity of
these compounds.

—oOo

During the preparation of this review for publication, a
series of new reports on the application of organotellurium
compounds in organic synthesis appeared. Uemura and
Fukuzawa82 gave a systematic account of and discussed the
results of studies on the reaction involving α-elimination of
organic halides from σ-telluranes of various types, pub-
lished previously in a number of communications.6 2 '6 3 '6 5

Olefins of different structure have been obtained in the
decomposition of alkyl phenyl telluroxides synthesised
either by the hydrolysis of the corresponding tellurium
dibromides83 or by the oxidation of alkylphenyl tellurides
by hydrogen peroxide, 8 3 sodium periodate, 8 3 and m-chloro-
perbenzoic acid83'81* and also by the catalytic debromination
of vicinal dibromides by diaryl tellurides under the condi-
tions of inter facial catalysis. 8 S Catalytic debromination of
l,4-dibromoalk-2-enes by sodium thiophen-2-tellurolate has
been used to obtain 1,3-dienes.8 6 Oxidation of allyl phenyl
tellurides by the oxidants enumerated above and also by

t-butyl hydroperoxides leads to allyl alochols in high yields,8 7

probably via the [2,3]-sigmatropic rearrangement of the alkyl
phenyl telluroxides formed as intermediates.

New methods have been proposed for the synthesis of
carboxylic acids on the basis of the decomposition of tel-
lurones formed in the oxidation of ethylene ketals of aryl
α-tellurophenylethyl ketones 8 8 and of the insertion (in the
presence of PdCl2) of the CO group in the Te—C bond in
diorganyl tellurides and σ-telluranes. 8 9 New examples of
the application of organotellurium reagents in the organic
synthesis have been presented: the synthesis of αβ-unsatu-
rated epoxides by the reaction of dialkyltelluronium allylides
with aldehydes, 9 0 the synthesis of chlorohydrin ethers by
the elimination of tellurium from the products of the addition
of TeCl^ to allyl ethers by treatment with Raney nickel, 9 1

and the formation of alkyl method ethers by the oxidation of
alkyl phenyl tellurides with m-ehloroperbenzoic acid in
methanol.9 2 Diaryl telluroxides proved to be effective
catalysts of aldol condensation reactions 9 3 and diorganyl
tellurides were found to catalyse the reactions of tosyl
azide with aldehydes, which is due to the intermediate
formation of tellurimides (from tosyl azide and diorganyl
tellurides).9 1 f
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The methods of synthesis and properties of new silylating agents are examined and the results of studies on thier application in
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I. INTRODUCTION

Organosilicon compounds have found extensive applications
in organic 1 " 1 3 and analytical11*"16 chemistry. One of the most
important fields in which silicon-containing reagents are
applied involves their use for silylation. The term "silyla-
tion" has come to be understood as the introduction of a
triorganylsilyl, usually trimethylsilyl group, into the mole-
cules of organic compounds instead of a mobile ("active")
hydrogen atom or the metal atom replacing the latter.1£f»17

The triorganylsilyl group is introduced into the organic mole-
cule with the aid of the so called silylating agents, i.e. agents
containing an Si—X bond, where X = 0 , N, S, C, or Hal,
which is reactive with respect to a proton donor.

Silylation makes it possible to modify widely the physical
and chemical properties of organic and organoelemental com-
pounds: to protect or block certain reaction centres, to
increase reactivity, to improve the solubility of substances
in non-polar and weakly polar solvents, to reduce or to
eliminate the possibility of the formation of hydrogen bonds,
and to increase the volatility and stability of compounds.11*'18»19

Silylation is used for the purification of organic and organo-
elemental substances and also for their identification by
physicochemical methods. 1 1 | > 1 8 ' 1 9

Pierce's monograph11* contains information about silylating
agents and surveys data on the silylation of various classes
of organic compounds published up to 1967. Later reviews,17·
ιβ,20-25( devoted to a different aspect of silylation, also
present the characteristics of silylating compounds.

In connection with the synthesis of a series of new effective
silylating agents (silyl donors) and also the expansion of
their applications, it became necessary to give a systematic
account of and to survey data published mainly during the
last 10 years. The present review is devoted to this topic.

I I . SYNTHESIS AND PROPERTIES OF SILYLATING AGENTS

In recent years silylation has become an increasingly impor-
tant method in synthetic organic chemistry, simplifying and
improving the procedures for the preparation of many com-
plex substances; many silylating agents, such as chloro- >
silanes and silazanes, are used in the large-scale industrial
manufacture of antibiotics,2 6 '2 7 organosilicon monomers and
polymers,2 8 etc. Other silylating agents—silylated amines,
amides, urea, sulphonic acids, and certain others—are widely
employed in preparative synthesis.

Bearing in mind that silylation takes place with cleavage of
the Si—X bond by the proton donor (HY), it is natural to
arrange the silylating agents in groups in terms of the
character of this bond.

1. Halogenosilanes (R3Si-Hal)

In this group of silyl donors, chlorotrimethylsilane,
which is widely used in industry, is most important.2 8

The methods of its synthesis and also its silylating proper-
ties have been examined in books11*'28 and reviews. 1 7 ' 2 0 ' 2 1

At the same time, the high sensitivity of the Me3Si—Ο bond
to hydrolysis, to attack by many nucleophiles, and also to
hydrogenolysis29 limits its employment in organic synthesis
as a protecting group.3 0»3 1 For this reason, silylating
agents with bulkier groups at the silicon atom, for example
t-butylchlorodiphenylsilane , 3 2 chlorotriisopropylsilane ,33'31*
and especially t-butylchlorodimethylsilane, first used by
Stork and Hudrlik,3 5 have come to be employed more fre-
quently in recent times. t-BuMe2SiCl is synthesised in
accordance with the following scheme:3 6 '3 7

Mp2SiCl2 + t-BuLi ->· t-BuMe2SiCl + LiCl.

The t-BuMe2Si—Ο bond is more resistant to hydrolysis than
the Me3Si-0 bond (by a factor of 101*) 38""*° and "withstands"
reactions such as hydrogenolysis,3 6 mesitylation,1*1 phos-
phorylation,1*2 reduction by diisobutylaluminium hydride,1*6

oxidation by chromic acid in pyridine1*3'1*1* or by ruthenium
tetroxide,1*1* and treatment by potassium t-butoxide in dimeth-
ylformamide (DMF),1*5 Grignard1*1* and Wittig36 reagents,
organocopper reagents,1*6 and lithium in liquid ammonia.1*1*
The above group can be readily introduced into the organic
molecule in the presence of imidazole,1*7'1*8 N-dimethylamino-
pyridine,1*9 or l,8-diazabicyclo[5.4. 0]undec-7-ene 5 0 as
catalysts, after which it can be readily removed with the aid
of sources of fluoride ions,2 8 for example Et3N.HF,1*7 Bu^NF,51

KF/18-crown-6 ether, 3 1 and CsF/diglyme.1*7 Bu^NHSO^/NaOH
is sometimes used instead of tetrabutylammonium fluoride:52

ROH
t-Bu2Me2SiCl

imidazole/DMF ROSiMe,Bu-t
Bj,NF

ROH .

The 2,4,6-tr i(t-butyl)phenoxydimethylsi loxy-group is even
more resistant to the action of acids and b a s e s . It is in t ro-
duced into the organic molecule b y treatment with the c o r r e -
sponding chlorosilane in t h e presence of sodium iodide and
triethylamine in acetonitrile and is removed with the aid of
potassium fluoride on ce l i te : 5 3



356 Russian Chemical Reviews, 56 (4), 1987

t-Bu
\

PhCJ(O) Me + aSlMe,O-^

© t-Bu

Bu-t

t-Bu
\

•CH,=C (Ph) OSlMe,O-/~~V-Bu-t
86% / —

t-Bu

The chlorosilane (I) is a stable crystalline substance. It is
obtained in 93% yield by the reaction of dichlorodimethylsilane
with 2,4,6-tr i( t-butyl)phenol and triethylamine on refluxing
in acetonitr i le . 5 3

Silylation takes place extremely effectively in the presence
of lithium sulphide in a polar medium:51*

ROH + CISiMejR'

R'-Me, t-Bu.

LI,S/McCN
ROSiMe,R'
70-95%

Bromotrimethyl- and especially iodotrimethyl-silanes are
very active silylating agents ; 5 5 " 5 8 they are obtained by
cleaving the Si-O, Si-C, and other bonds with halogen,
hydrogen halides, or the corresponding salts : 5 9 " 6 3

Me,SiOPh + Br, — ^ ^ > Me3SiBr ;
cat. = Zn, Al, Cu, Mg, Sn, Fe ;

i), Ο. A " ' o r №·_+ M e j S i

Me3SrCH1CH=CH.—:

However, Me3SiBr and Me3SiI are not often used for silylation
because many functional groups are decomposed by them, for
example, iodotrimethylsilane cleaves oxirans,61*'65 hydroxy-
cyclanes, 6 6" 6 8 e thers , 6 9 ' 7 0 e s ters , 7 1 " 7 3 acetals, ketals,7 3

etc. 7 1*" 7 8

2. Reagents Containing the R3SiO Croup

Among silylating agents containing the Si—Ο bond, the
most readily available compound is hexamethyldisiloxane.
It is obtained by the hydrolysis of chlorotrimethylsilane.28

As early as I960,79 it was shown that, in the presence of
alkaline or acid catalysts, hexamethyldisiloxane is cleaved by
alcohols and phenols, but, until recently it was believed that
(Me3Si)2O has no significant value as a silylating agent. The
results of the study by Pinnick et al. 8 0 disproved this estab-
lished view. It was found that the use of the pyridinium
salt of toluenesulphonic acid Py.TosOH (II) greatly increases
the effectiveness of hexamethylsiloxane as the silyl donor and
makes it possible to obtain silyl ethers in yields up to 90%:

(Me3Si),

The silyl es ters of inorganic acids are sometimes used as
silylating a g e n t s : silyl perch lora tes 1 3 and bis(trimethylsilyl)
s u l p h a t e . 1 9

Silyl perchlorates , for example compound (III) , are obtained
from chlorosilane and silver perch lora te 1 9 and are used to
introduce bulky protect ing groups [di(t-butyl)methylsilyl
g r o u p s ] : 8 1

t-Bu2MeSiOClO3 + HO-<"

(HI)

t-Bu2MeSi-O—<
100%

HO— O.
They are also used as highly selective reagents for the
removal of t-butoxycarbonyl groups from p e p t i d e s . 8 2

Bis(trimethylsilyl) su lphate , which is used to silylate OH-
and/or NH-containing biologically active compounds, is
usually employed in combination with hexamethyldisilazane or
N-dialkylaminotrimethylsilane : 8 3

Rv ^ Λ *
+ (Me,SiO), SO, + (Me,Si), NH -toluene, IS min

OH
R = t-Bu

OSiMe,

The interaction of bis(trimethylsilyl) sulphate with urea
leads to trimethylsilyl isocyanate as a result of the decom-
position of the thermally unstable trimethylsilylurea:81f

(Me^iO), SO, + (NH,), CO - :,S04

Silylation of alkali metal n i t r a t e s affords trimethylsilyl
n i t r a t e s : 8 5

(Me,SiO),SO,+ KNOs- . MejSiONO, -f- K,SO*
85%

It is noteworthy that bis(trimethylsilyl) sulphate is also
used as a sulphonating agent. Its interaction with aromatic
compounds, pyridine, and thiophen leads to the correspond-
ing sulp ho-derivatives,8 6 '8 7 for example:

MeO- i),0

= C ^The silyl ethers of enols R 3 SiOC=C^ are effective reagents

for the silylation of alcohols, carboxylic acids, and certain
mercaptans, such as thiophenol: 8 8 " 9 0

Me3SiOCR=CR'R' + RXH
(IV)

. Me^iXR + R'R'CHC (O) R
86—99%

However, with the aid of silylenols (IV) it is impossible to
silylate amides and amines (Schiff bases are formed), ephed-
rine (oxazolidine is formed), and alkane-thiols (the yield of
the trimethylsilyl derivative of 2-mercaptoethanol did not
exceed 5%). In addition it has been shown9 1 that, in the
case of unsaturated alcohols and phenols, another reaction
pathway can operate, i.e. the proton donor can add to the
double bond of the silylenol:

CH,=CHOSiMea + ROH - MeCH (OR) OSiMe, .

An analogous result has been obtained also for acids. 9 2

Despite the limiting applicability of silylenols in the silyla-
tion of NH- and SH-containing compounds, they are widely
used in organic synthesis. 1.2,19,93»9lf The electrophilic reac-
tions of these compounds make it possible to obtain the vast
majority of α-functional derivatives of carbonyl compounds.
The oxidation and ozonolysis of silylenols lead to a-hydroxy-
derivatives.

The reactions of organosilicon ethers of enols (IV) with
carbenes lead to the corresponding derivatives of siloxy-
cyclopropane, from which it is possible to obtain in their
turn various substituted cyclopropanes and products resulting
from the opening or rearrangement of the cyclopropane ring.
The C=C-OSiR3 system participates in the [2 + 2]-, [3 + 2]-,
and [4 + 2]-cycloaddition reactions with formation of various
cyclic adducts, which are important for the synthesis of
biologically active substances. 1 The methods of synthesis
of silylenols have been surveyed in a number of reviews.1»2»
19,93,91»

The side reactions accompanying silylation with the aid of
silylenols can be avoided by employing the O-trimethylsilyl
O-methyl acetal of methylketen, obtained by the successive
interaction of ethyl acetate with lithium diisopropylamide
and chlorotrimethylsilane:95»96
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MeCOOEi MeCN=C (OMe) OSiMe,

RXH = PhOH, PhCH.OH, 3,4,5-(MeO), C,H,COOH,
PhSH, PhCH,SH, C (O) C,H«C (Ο) ΝΗ .

RXSJMe,.

95-99%

The introduction at the oxygen atom of substituents capable
of weakening the (p—d)^ bonding between the silicon and
oxygen atoms and of delocalising the negative charge in the
transition state made it possible to obtain a series of new
effective silyl donors, among which N-alkyl-substituted tri-
methylsilyl carbamates and trimethylsilyl trifluoromethane-
sulphonate (trimethylsilyl triflate) are most widely used.

The readily available trimethylsilyl NN-dialkylcarbamates
exhibit effective silylating properties especially in relation to
alcohols, phenols, and acids, 9 7 the reactions being autocata-
lytic: 9 8

R,NC (O) OSiMe3 + R'OH ->• R'OSiMe3 + R,NH -f CO, .
75—95%

R = Me; R'OH = EtOH, t-CsHnOH, n-C7HlsOH,

n-C10H2iOH, cyclo-C6HnOH, HO(CH2)2OH,

PhOH, w-MeC6H4OH, m-HOC6H4OH, p-HOC6H4OH,

MeCO2H, PhCO2H.

Silyl NN-dialkylcarbamates are obtained by passing carbon

dioxide through NN-dialkylaminotrimethylsilane9 9"1 0 6 or

through a mixture of dialkylamine and hexamethyldisilazane:1 0 7·
108-110

CO, + RR'NSiMes-

COj + RR'NH/iMejSi), NH —
> RR'NC (O) OSiMe,

The interaction of silver carbamates with chlorotrimethyl-
silane also leads to silylated products : 1 0 1 ' 1 1 1

RR'NC (O) OAg + MejSiCl
-Agci

R = R' = Η .

. RR'NC (O) OSiMe3 ;

According to the authors, 9 7 the most convenient method of
synthesis of N-alkyl-substituted trimethylsilyl carbamates
consists in the interaction of the adduct of an amine and
carbon dioxide with chlorotrimethylsilane:

2RR'NH -f CO,

RNH,

.[RR'NC(O)O]-RR'NHH+.
CH,C!,;-RR'NH-HC1

.RR'NC(O) OSiMe,

85—90%

f Et3N + CO2

aMe,SICl/Et,N; ο-Μ«
CH,CI,; -2Et,N-HCl

~ [ - [RNHC (O) O]-Et3NH+ -

> 70%

The trimethylsilyl carbamates obtained can be used not only
as silylating agents 9 7 ' 9 8 but also for ths introduction of the
amino-group into the molecules of organic compounds, for
example:97

RR'NC (O) OSiMe,-

R'C (O) NRR' + CO2 + Me,SiCl

p h s 0 ' c ' - > RhSO2NRR' + CO, + Me^SiCl ;
80°, 2 h

*'+ R'c{0)0SiMe3 + °°*;

90%

e, Ph,CICH,;R,R'=Alk .

One of the most active silylating agents is trifluoromethyl-
silyl trifluoromethanesulphonate (TMS triflate).1»1 1 2-1 1 1· It
is obtained by heating trifluoromethanesulphonic acid with
chlorotrimethylsilane with or without a base 1 1 5 " 1 1 8 and also
by cleaving aryltrimethylsilanes with this acid: 1 1 9

CF,SO,OH -

Me3SiCl
-HC1

ArSlMe3

-XrH

-* CF,SO,OSiMe,

(V)

Silylation with TMS triflate is usually carried out in the pres-
ence of a tertiary amine, triethylamine being the most suitable
base, since the salt CF3SO2OH.NEt3 is a liquid; it is insolu-
ble in non-polar solvents and can be readily separated from
the easily soluble silylated products. The end of reaction
is inferred from the formation of the second phase. Tri-
ethylamine is also convenient because it is an effective sol-
vent for weak CHacids. The reaction is usually performed
in dichloroethane, since in this solvent the reactions are
102-103 faster than in CC1.» or Et2O.

TMS triflate (V) is most important for the silylation of CH
acids . 1 "

(1) Ketones and aldehydes 1 2 0 ~ 1 2 " [by treatment with CF 3 .
.SO2OSiMe3/Et3N (VI)]:

RC (O) CHR'R"

R C H , X JO

•• RC (OSiMe3)=CR'R* ;

RCHv̂  /OSiMe s

(VI)/Et,0 or C.H. γ ;

R ' C H ^ O S i M e ,

RR'CHCHO ( Υ Ι ) /

Ο

Ε ' · °^ RR'C=CH (OSiMe3) .

It has been shown that TMS triflate induces the isomerisation
of the C-silylation product to the O-silylated compound:121*

MejSiCHjC (0) R ( V

a

) / c c l ' - > H,C=C (OSiMe,) R
20°, min

(2) 1, 3-Dicarbonyl compounds:1 2 5

RCH.C (0) CHR'C (O) R' . RCH=C (OSiMej) CR'=C (OSiMe3) R'

50—90%

(3) Carboxylic acid e s t e r s : 1 2 6 " 1 2 8

RCH.COOR' ( ν ΐ ) / Ε ' · °

• Me,SiCHRCOOR' ;

• RCH=C (OR') OSiMe3 ;

o) R = H, Me, R'

• RCH2C (O) OSiMe3 ;

, CH,Ph, Me, Et, i so-Pr :R=R'=Et; R=SiMe3>

R'=Et, iso-Pr;

b) R=Me, R'=Ph, SiMe-,; R = R ' = E t ; R=CN, R'=Me, Et; R=SiMe3,
R'=Me, Et,iso-Pr, SiMe3, Ph; R=CH,COOEt, Ph, R'=E£ ;

C) R' = t-Bu.

The scheme indicates the dominant reaction pathways for
various substituents. Thus the product ratio a/b is 9: 1 for
CH3COOPh and 19:81 for CH3CH2COOPh.127

(4) Lactones: 1"
SiMe,

H.C, (HA
—OSiMe,

+

— — - * [Et3NCH,CH,C (O) OSiMe3] CFjSO.O"

(5) Thiocarboxylic acid esters : 1 2 9

RR'CHC (O) SR* '- > RR'C=C (OSiMe,) SRJ .

75—81%

(6) Amides,ul* imides,111·, imines,130 and iminoesters:111*

RR'CHC (O) №[-

o-Q-o

. R

RN=CR'CHR*R'

> RR'C=C (OSiMe,)

MeC(OMe)=NR-
(VI)

•MeC(O)N(SiMe,)R



358

(7) Nitr i tes : 1 1 " ' 1 3 1

RR'CHCN < V I ) , RR'C (SiMes) CN R < ^ j - , RC (SiMe,), CN ;

55% 33%

RCH,CN - R ^ > RC (SiMej)=C=NSiMe, ;

71%

MeCN (MejSiJs CCN + (MejSi), C=C=NSiMes ;

NHSiMe,

A
3 H,C (CN), •

CN

(8) Nitroalkanes:132

r> wr-u rrv-,Μ (VI>/Et.O M c > S i O NOjNCH,COOMe J35 •

(9) Diazo-compounds:133

RCHN,
(V)/Et,O

•RC(SiMej)N,

7 0 - 8 2 %

R = ρ (O) (OR'),. COOR' .

Oxirans are silylated by TMS triflate with ring opening,112»111*
which is used widely in preparative chemistry. The reaction
proceeds under the influence of CF3SO2OSiMe/l,8-diazabi-
cyclo[5.4.0]undec-7-ene (VII):

KF/MeOH /~\r/

OH

For example, according to this scheme the following reactions

take place:112'131*

Ο

\

OSiMe3

80%

It has been found that tetrahydrofuran (THF) is also cleaved
in accordance with this scheme, while ethers do not react
with silylated sulphonic acids.

In addition TMS triflate can be used to obtain carbenes.135

New methods of organic synthesis involving the employment
of TMS triflate as the catalyst of exchange and addition reac-
tions have come to be widely used recently i1 1 2 '1 2 8 '1 3 6"1 1*0

O.Me y \

RjC (OR')2 + Me.,SiR" jL-, R,C (OR') R' ;

75—100%

R" = H, CH,CH=CH,, OCR"=CR^ ;

ο
II

Γ OSiMe3

I
Ο OR

1) [(V)]/CH(OR), II I

Bearing in mind that in the course of these reactions TMS
triflate is lost irreversibly and also taking into account its
high relative cost compared with other silylating agents, it
has been suggested that TMS triflate be immobilised on a
polymer base, which yielded in this way the immobilised
catalyst (VIII ): 1" 1
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-l-(CF,-CF 2)m-CF-CF,-] n-

O

LCF-CF3 _]„

O—CF,—CFj-SO,OSiMej
(VIII)

Compound (VIII) can be used both as a catalyst and as a

silylating agent,11*1 for example:

0 OSiMe Γ I
Ο Ο1 mole % (VIII)

CH2C12; 0°, 1 h V

EtXH

iMe,

(VI11) or (VIIIVEt.N
96%

- - EtXSiMe,

X = O, S, EtN .
94-100%

Trimethylsilyl trichloroacetate has been recently proposed11*2

as a reagent for the silylation of alcohols, phenols, carbox-
ylic acids, amides, acetylenes, and B-ketoesters. The inter-
action takes place in the presence of potassium carbonate and
18-crown-6 ether on heating for 1—2 h. The chloroform
obtained in the reaction promotes the latter:

CCl3COOSiMe3 + XH -v XSiMe3 + CO2 + CHC13 ;

X = phO(88%); 3-MeQHp(90%); PhCO2(88%);

4-BrC,H4S(91 %);PhCsC(88%) etc.

Trimethylsilyl trichloracetate reacts with aldehydes and
ketones to form the silyl ether of trichloromethylmethanol,
whose acid hydrolysis affords the free alcohol:

X2CO3/18-crown-6-ether
RC (O) R' + CCl3COOSiMes j ^ : • Me3Si0CR'RCCl3 -•

—S^"-» CC1,CRR'OH .

3. Compounds Containing the Si-N Bond

Compounds containing the Si—Ν bond are very powerful
silylating agents especially for the silylation of OH groups,
since in this instance the stronger Si—Ο bond is formed
instead of the comparatively weak Si-N bond. The reaction
is also promoted by the protonation of the nitrogen atom of
the silyl donor, which decreases or eliminates the (ρ— ό ) π

interaction between the silicon and nitrogen atoms and facili-
tates the removal of the leaving group in the form of a neutral
molecule.

The most widely used Si—Ν containing silyl donor is hexa-
methyldisilazane, which is obtained by the reaction of Me3SiCl
with ammonia19 (p. 128). This reagent is widely employed in
the pharmaceutical and chemical industries for the introduc-
tion of a temporary protecting group in various organic syn-
theses and also in chromatography for the modification of the
surfaces of solid carriers.

At the same time, hexamethyldisilazane belongs to the
group of "mild" silylating agents, i.e. it can be used even
with very acid proton donors such as alcohols and phenols.
Heating or the presence of a catalyst are necessary for the
completion of the reaction. Inorganic acids, ammonium
salts, sodium bisulphate, and chlorotrimethylsilane are used
as catalysts.11* The silylation method, the essential feature
of which is the employment of an equimolar (Me3Si)2NH/Me3SiCl
mixture, proved to be extremely fruitful.11*3 This procedure
made it possible to intensity appreciably the silylation reac-
tion with the aid of hexamethyldisilazane, to increase the
yield, and to reduce the reaction time. The role of (Me3Si)2NH
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then consists in accepting the hydrogen chloride and in
generating chlorotrimethylsilane r1"**""1*7

ROH + MejStCl -+ ROSiMe3 + HC1 ;

HC1 + (Me,Si)j NH -» AiejSiQ + ΝΗ4α ·

Apart from the intensification process, it has been possible
to expand greatly the synthetic possibilities of this reaction,
extending it to classes of compounds (such as, for example,
mercaptans and siloxanols) whose silylation by both Me3SiCl
and (Me3Si)2NH (each separately) is relatively ineffec-
tive."3-1 1»7

Compounds containing the = Si—N—C (O) group (silylureas

and silylamides) are more active silylating agents than
silazanes and silylamines.11*'17 Although the majority of tr i-
methylsilylureas can function as effective silyl donors, two
representatives of this class have come to be most widely used
recently: NAP-bis(trimethylsilyl)urea and NN'-diphenyl-N-
trimethylsilylureas. The main advantage of the disilylated
urea consists in the ease of its synthesis from widely distrib-
uted cheap starting materials: urea and hexamethyldi-
silazane. 1 M The interaction of N- and AW-substituted
ureas with hexamethyldisilazane leads to isocyanates as a
result of the thermal decomposition of unstable reaction
intermediates. For this reason, silylureas are synthesised
by the reaction of metallated ureas with chlorotrimethyl-
silane, of N-alkyl(aryl)ureas with NO-bis(trimethylsilyl)-
acetamide, and of organoaminosilanes and organosilazanes
with organic isocyanates,11*9 which reduces their availability
and increases their cost compared with NN'-bis(trimethyl-
silyl)ureas.

NN'-Bis(trimethylsilyl)urea is a convenient reagent for the
silylation of alcohols and carboxylic acids. 1 5 0 The inter-
action is usually carried out in methylene chloride for 2-3 h,
which ensures a high yield of the silylated derivatives (84 to
96%):

ROH + (MejSiXH), C=O ^l'^'.'-> ROSiMe, + (H2N), C=O ;

R = C9H 1 9, cyc lo-C 6 H u , p-MeC 6 H 4 , p-ClC 6 H 4 ;

R'COOH + (Μβ,βϊΝΗ), C=O vP''-> R'COOSiMe, + (H.N), C=O ;

R' = Ph. C,HU, C1CH,, H,C=C (Me), MeCH (OH), HOOCCH=CH— .

ΝΑΓ-Diphenyl-N-trimethylsilylureas, which silylates not
only alcohols and acids but also nitromethane, malononitrile,
thiourea, guanidine, β-diketones, oxindole, JVJV'-dialkylurea,
and other compounds, is a more effective silyl donor. 1 5 1

NN'-Diphenyl-N-trimethylsilylurea is more reactive not only
compared with other silylureas but also compared with silyl
donors such as N-silylamines and hexamethyldisilazane.
For example,151 its interaction with NN'-dimethylurea leads
to a 100% yield of the silylated product only 2 min after
mixing the initial compounds, in silylation with the aid of
N-trimethylsilylaniline the product is formed in only 3% yield
after 3 h, while in the reaction involving N-trimethylsilyl-
piperidine the yield is 10% after 3 days. The reaction with
hexamethyldisilazane does not take place at all.

Trimethylsilyl derivatives of diphenylurea are obtained by
the reaction of N-trimethylsilylaniline with phenyl isocya-
nate . 1 5 1 This compound is a convenient silylating agent,
because diphenylurea formed in the reaction is insoluble
in most organic solvents and can be readily removed from
the reaction mixture by filtration. The insolubility of
diphenylurea is apparently the reason why the silyl—proton
exchange equilibrium is in this case almost wholly displaced
to the right:

In many instances N-trimethylsilyl-2-oxazolidinone152 or
silylated hydantoins 153»JSI» are conveniently used for the
silylation of carboxylic acids and certain biologically active
compounds (penicillins, steroids, e tc . ) :

However, the commonest silylating agents containing the

N—C(O) group are silylamides: NO-bis(trimethylsilyl)-

acetamide,155 NO-bis(trimethylsilyl)trifluoroacetamide , 1 5 6

N-methyl-N-trimethylsilyltrifluoroacetamide,157 and N-(t-
butyldimethylsilyl) -N-methyltrifluoroacetamide , 1 5 8 The
reaction of the corresponding amide with chlorotrimethyl-
silane in triethylamines constitutes a preparative method for
the synthesis of the above silylamides, for example: 1 5 9 ' 1 6 0

ft,, 8-15 h
RC (O) NH, + ZMejSiCl + 2Et,Nj RC (OSiMe,)=NSiMe, .

- 8 0 %

Another method of synthesis of NO-bis(trimethylsilyl)amide
is provided by the reaction of carboxylic acid halides with
sodium bis (trimethylsilyl )amide : 1 6 1

RC (O) Cl + NaN (SiMgJ,· _NiC1 • RC (OSiMe3)=NSiMe, ;

R = Ph,C6H1N, t-Bu.
NO-Bis(trimethylsilyl)amides belong to the clays of the

strongest silyl donors. Alcohols, acids, phenols, amines,
mercaptans, amides, ureas, enols, CH acids etc. are silylated
with their acid. The silylation is usually carried out in a
solvent (benzene, ether, CCli,, CHC13, acetonitrile, pyridine,
and DMF), which is taken in threefold excess relative to the
mass of the initial reactants . 1 6 2 Comparison of the silylating
properties of N-(t-butyldimethylsilyl)-N-methyltrifluoro-
acetamides with those of the t-BuMe2SiCl/imidazole/DMF sys-
tem showed that the given silylamide is more effective as the
silyl donor 1 6 3 and the reaction proceeds in acetonitrile at
20 °C:

CFSC (O) NRSiMe*Bu-t + XH -»• XSiMe2Bu-t;
92—100%

XH = HO (CH,)3 OH, PhOH, PrSH, PhCHtNHMe; R = H, Me .

For the analysis of organic derivatives by gas—liquid
chromatography (GLC), it is more convenient to silylate them
by fluorinated silylamides, since fluorinated derivatives are
more volatile compared with their non-fluorinated ana-
logues.11*'157

It has been shown161* that in the presence of carbon
dioxide the silylation of thiazoles by hexamethyldisilazane
is accelerated by a factor of 2—3, probably owing to the
formation of NO-bis (trimethylsilyl) carbamate. It has been
suggested that this compound be used as a silylating agent. 1 0 1

It can also be synthesised by silylating carbamic acid or its
silver salt with chlorotrimethylsilane:

Me3SiCl/Et3N

H.NCOOH -Et3N.HCi

Me3SiCI

H,NCOOAg zxgci

- H,NCOOSiMe,

I Me3SiCl/Et3N

-Me^iXHCOOSiMe,

The interaction of the resulting silyl donor with alcohols
and acids takes place on heating for 1—2 h and the yield of
silylated derivatives reaches 96%:

MtkSiN (Ph) C (O) NHPb + ( H t N ) , C S (Me»S!NH), C-=S + (PbNH), CO

82%

HX — MeOH (95%); MeCOOH (91 % ) .

WO-Bis(trimethylsilyl) sulphamate has a structure similar
to that of the bis (silyl) carbamate and is obtained by means
of analogous reactions: 1 6 5 " 1 7 0
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NH,SOSNH« + (Me^i), NH-

• MejSiNHSOjOSiMe, .

However, NO-bis(trimethylsilyl) sulphamate is a much more
powerful silyl donor than the bis(silyl) carbamate and many
common silylating agents such as hexamethyldisilazane,
N-trimethylsilyldiethylamine, N-trimethylsilylimidazole, and
NO-bis(trimethylsilyl)acetamide.167 Alcohols, phenols, acids,
organosilicon compounds, and biologically active substances
have been silylated with the aid of NO-bis(trimethylsilyl)
sulphamate.1 6 8"1 7 0 Excellent yields (in excess of 90%) of the
trimethylsilyl derivatives were obtained in all cases after
30 min at 30 °C. The sulphamic acid liberated as a result
of the reaction is insoluble in most organic solvents and can
be readily removed by filtration:

BuOH + Me3SiNHSO.OSiMe3 -*- BuOSiMes + H.NSO3H .
93%

4. Compounds Containing the Si-S Bond

Since the Si—S bond is weaker (63 kcal mol"1) than the
S i - 0 (108 kcal mol"1) and Si-N (77 kcal mol"1) bonds and is
more readily polarisable, it is evident that thiosilanes should
be more reactive in relation to proton donors than the corre-
sponding oxygen- and nitrogen-containing organosilicon
reagents .

Alkylthiosilanes are readily obtained by the reaction of
chlorotrimethylsilane with alkylthiomagnesium iodide19 or with
dialkyl disulphide and sodium in e ther . 1 7 1 However, their
reaction with proton donors leads to the evolution of toxic
merceptans with an unpleasant smell, which are in addition
not always indifferent to the reaction produc ts . These
factors limit the application of alkylthiosilanes as silyl
donors.

Among the compounds containing the Si—S bond, hexa-
methyldisilthiane meets the requirements imposed on silylating
agents to the greatest extent . It can be obtained from
chlorotrimethylsilane and sodium sulphide at 250 °C or by
passing chlorotrimethylsilane vapour through a melt of the
eutectic mixture of lithium and potassium chlorides containing
25% of potassium sulphide at 400 °C.1 9 Hexamethyldisilthiane
is also formed when hydrogen sulphide is silylated by chloro-
trimethylsilane in the presence of ter t iary amines,19»172

organosilylamines,19 including N-trimethylsilylimidazole,19

hexamethyldisilazane , 1 7 3 - 1 7 5 N-phenyl-N-silylacetamide ,176

and cyanotrimethylsilane177 and by the interaction of iodo-
trimethylsilane with silver172 and mercury172»178»173 sulphides.

The reaction of chlorotrimethylsilane with ammonium hydro-
gen sulphide is an extremely effective method of synthesis of
hexamethyldisilthiane :1 8 0

Me3SiCl + NH4SH -*- (Me3Si)2 S + NH4C1 + H2S .

However, the easiest and most promising method of synthesis
of hexamethyldisilthiane involves the cothiolysis of N- t r i -
methylsilyldiethylamine or hexamethyldisilazane with chloro-
trimethylsilane:1 8 1 '1 0 2

Me3SiNEt2 + Me3SiCl + H2S — (Me3Si)2

(Me3Si)2 NH + Me3SiCl + H2S — ( M e ^ S + NH4C1

Hexamethyldisilthiane is a highly effective reagent for the
silylation of alcohols,19>183~191 aminoalcohols,187 phosphory-
lated alcohols,192 phenols,13l f~195 inorganic and carboxylic
a c i d s , " S i » , " ' , " " enols,199»200 arylmercaptans,199»200

oximes,199»200 and also certain organoelemental compounds,199»201

including organosilicon202 and organophosphorus com-
pounds:199»201

(Me3Si)2 S + 2RXH ->- 2Me,SiXR + HSS ;
RXH = AlkOH, ArOH, HO (CH^OH, H3BO9, H2SO4,

HHal, H.N (CH2)nOH, ArSH, R'C (O) CH,C (O) R", R'R" = NOH,
Ph2Si(OH)2>(RO)aPOOH etc.

One of the main advantages of hexamethyldisilthiane com-
pared with other silyl donors is the simplicity of the silyla-
tion reaction, which is achieved by mixing and heating the
initial reactants (at 30-120 °C) for a short time (0.5-3 h ) ,
ensuring a high yield (70—98%) of the silyl derivatives. The
course of the reaction can be conveniently followed volumet-
rically from the amount of hydrogen sulphide formed. The
reaction does not require the use of catalysts and solvents.
Furthermore, hexamethyldisilthiane ensures the selective
silylation of proton donors containing two and more active
groups in the molecule.199

5. Compounds Containing Si—C Bonds

Reagents with the Si—C bond are much more resistant to
the action of proton donors than the silyl donors with the
Si-Hal, S i -O , S i -N, and Si -S bonds examined above.
However, in the presence of catalysts certain compounds
containing electron-accepting groups such as CgF5 , CN, etc .
can act as effective silyl donors . Thus , in the presence of
strong acids (toluene-p-sulphonic2 0 3 or trifluoromethane-
sulphonic20"* acids), allylsilane silylates alcohols and acids in
accordance with the following scheme:

CH2 = CHCH2SiMe3 + ROH —g**-» ROSiMe, + CH2=CHMe .
87—9996

The catalytic action of the above acids consist in the ready
cleavage by the latter of the silicon—allyl bond with the inter-
mediate formation of powerful silyl donors—the trimethyl-
silyl es ters of sulphonic acids.2 0 5 Further interaction of
these intermediates with proton donors leads to silylated
products with regeneration of the acid:201*

C™1 • CFsSO2OSiMe3 + CH2=CHMe ;

RCO2SiMe3 + CF3SO2OH .

In the presence of Bu4N.3H2O as the catalyst , alkyl t r i -
methylsilylacetates can be used to silylate compounds con-
taining a comparatively acid hydrogen atom, for example:206

Me3SiCH2COOR + XH- • Me3SiX4-MeCOOR
88—92%

The reaction takes place with a small exothermic effect at
20— 50 °C in a neutral solvent or without a solvent. The
hexamethyldisilthiane formed in this process is 99.95% pure
according to GLC data .

R = Me, Et; X= Ph (CH2)3 O, Ph(isoferrocene)2CO, 4-MeC6H4O, Me (CH2)S S,
PhCHaS, 1-menthyloxy, Me3CS, PhC=C, EtCOO;

Me3SiCH2COOMe + HO (CH^ SH -» Me3SiO (CH2)S SSiMe, + MeCOOMe .
83%

When the silicon atom is linked to the trichloromethyl group,
the cleavage of this bond can take place also in the absence
of the catalyst, for example:207"209

Me3SiCCls + Bu2NH """'-+ MesSiNBu2 + CHC1, .
85%

The use of (trichloromethyl)trimethylsilane is convenient
also because chloroform formed as a side product can serve
simultaneously as the solvent for the reaction product .
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(Trichloromethyl)trimethylsilane can be obtained by the
reaction of phosphorus acid amides with chlorotrimethylsilane
in the presence of CCU 21° and by the decarboxylation of
the trimethylsilyl ester of trichloroacetic acid in the presence
of triethylamine:2 1 1

(R,N)S Ρ + CC14 + Medici

E t 3 N ;™ F

, 4h
CClsCOOSiMe3

(R,N), PCI, + Me^iCd,

l, + CO, .
79%

In recent years there has been a growth of interest in
cyanotrimethylsilane not only as a reagent which makes it
possible to introduce the cyano-group readily into the mole-
cules of organic and organoelemental compounds1»2 but also
as a silyl donor. It has been found1 7 7 that Me3SiCN readily
reacts with compounds containing SH and NH bonds:

80°; 3,5h

Me,SiCN +

86%

MejSiNEtj + EttNH-HCN ;

NSiMe, + HCN .

86%

The interaction of Me3SiCN with carbonyl compounds is
unusual; depending on the conditions and the catalyst,
both silylation and addition to the carbonyl group can take
place: 2 1 2 " 2 1 5

Ο Ο
II I!

/\/V

Me —

2Me3SiCN

CN-or Znl,-* ***&<> <&**

/k/k
CN CN

•HCN

6Me3SiCN Me3SiCN
Me,SiO Ο Ιτρ -Me,SiO OSiMe,

CN"/THF M e — ζ Λ—C (OSiMe,)=CH, ;

\Me

70%

:N~ = KCN/18-crown-6-ether.

Thus cyanotrimethylsilane can be used to convert a ketone
into a cyanohydrin with the simultaneous protection of the
hydroxy-group, which has been used in the synthesis of
prostaglandin ,2»216

The successful selection of the catalyst for the silylation
of carbonyl compounds (KCN/18-crown-6 ether) made it
possible to employ also (pentafluorophenyl)trimethylsilane
as the silyl donor. This resulted in the formation of silyl
derivatives which are either difficult or impossible to obtain
by another method, for example: 2 1 2 ' 2 1 5 · 2 1 7 " 2 2 2

JO ^OSiMe,

\0SiMe,

i V N H

Me

MeCN.io·. CN- "

O,S

[MeC(O)],NH+M<*Si
MeCN.CN'

20°, 8h

N ' ^ X
I

Me
31—64%

Ale. .Me
>Si<

( X ^ O
I I

Me—C^ X = C H ,

67%

I I I . COMPARATIVE CHARACTERISTICS OF SILYLATINC
AGENTS

Evidently factors weakening the Si—X bond in the silyl
donor R3SiX increase the rate of silylation. The effect of
various factors, including the nature of the leaving group X,
the substituents R, the acidity of the proton donor, and the
influence of the medium and the catalyst on the efficiency
of the silylation, have been described in reviews,ll*~2'f silyl
donors of one class being usually compared. Studies in
which a quantitative comparison has been made of the
silylating agents with Si—X bonds of different character are
more important.

The activity of silyl donors is determined either by mea-
suring the rate of reaction of various silyl donors with the
relatively inactive proton donor or the yield of the product
of the silylation of this proton donor after a specific time
interval is determined. For example, the activities of silyl
donors of the type Me3SiX, where X = Cl, MeSO3, 4-MeC6.
.H^SOs, PbSO3, Me3SiOSO3, 4-BrC6H^SO3, CF3CH2SO3, Br,
CF3SO3, or I, in relation to cyclopentanone and diisopropyl
ketone, have been investigatea.2 2 3 The reactions proceed
in the presence of triethylamine in accordance with the
following mechanism:

D- I /
-OSiMe3-J-Et3N-HX

The rate of reaction was determined by XH NMR. The
extremum values of the standardised rate constants (at
23 °C) and the relative rate constants for the given silylation
reactions were calculated. The silylating activity scale was
obtained in this way (the reactivity of Me3SiCl was adopted
as unity); the highest reactivity is shown by Me3SiI:2 2 3

X Cl MeSO3 PhSO3 ,MejSiOSO3 Br C F ^ O , I

yfcrel 1 40 160 270 7,9· 10* 6,7· 10s 7-10»

In another study 1 6 7 the authors claim that NO-bis(tri-
methylsilyl) sulphamate is more effective as a silylating agent
than the majority of silyl donors. To confirm this, they
compared the efficiency of the most frequently used silylating
agents in relation to the silylation with sterically hindered
2,6-di-s-butylphenol; the yield of the silylated product
was determined by GLC.

In another investigation199 the interaction of dodecyl
alcohol with a series of silyl donors [chlorotrimethylsilane,
hexamethyldisilazane, the equimolar mixture of chlorotri-
methylsilane and hexamethyldisilazane, N-trimethylsilyldi-
ethylamine, NO-bis(trimethylsilyl)acetamide, and hexamethyl-
disilthiane ] was chosen as the model reaction. It was shown
by GLC that the reactivities of NO-bis (trimethylsilyl )acet-
amide and hexamethyldisilthiane in relation to the above
alcohol are approximately the same and exceed appreciably
the reactivities of the remaining silyl donors.

The available data permit the conclusion that the most
active silyl donors are trimethylsilyl trifluoromethanesul-
phonate, iodotrimethylsilane, NO-bis(trimethylsilyl) sul-
phamate, NO-bis(trimethylsilyl)acetamide, and NO-bis(tri-
|methylsilyl)trifluoroacetamide. Hexamethyldisilthiane and
•N-trimethylsilylimidazole are extremely active in relation to
compounds containing OH groups; on the other hand, they
are less suitable for silylation of NH and SH bonds.

In recent years there has been a growth of interest in
catalytic silylation of proton donors by compounds containing
the Si—C bond, although this method has not so far come to
be sufficiently widely used.

—oOo
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Thus, efforts to create new silylating agents or to apply
known reagents to silylation have been made in five direc-
tions: (1) the synthesis of silyl donors containing groups
which would promote easier elimination of the silyl group
(trimethylsilyl triflate and trifluoromethyl-containing
amides); (2) the synthesis of silyl donors which do not form
deposits, during the silylation process, hindering the isola-
tion and purification of silylated products (hexamethyldi-
silthiane and silyl carbamates); (3) the synthesis of reagents
forming in the course of the reaction substances which are
indifferent to the reaction products and which liquefy the
reaction mass, promoting a higher degree of completion of
the process [trimethylsilyl trichloroacetate, alkyl trimethyl-
silylacetate, (trichloromethyl)trimethylsilane]; (4) the use
of catalytic systems which convert known reagents into effec-
tive silyl donors (allyltrimethylsilane, hexamethyldisiloxane
in the presence of the KCN/18-crown-6 ether complex);
(5) the use of reagents which serve simultaneously for the
introduction of protecting (silyl) groups as well as other
reactive groups (cyanotrimethylsilane). We suggest that
the synthetic possibilities of the first two procedures have
been virtually exhausted and the main effort will therefore
probably be concentrated on the last three procedures,
especially that involving the creation of catalytic silylation
systems.

In conclusion one should note that the usefulness of a
particular silyl donor is determined both by the nature of the
compound silylated and by the aim of the investigator. For
example, analytical chemistry (GLC, mass spectroscopy)
requires highly effective reagents such as trimethylsilyl
trifluoromethanesulphonate, which silylate rapidly and quan-
titatively, although they are usually expensive and scarce.
Since the analytical chemist deals with small amounts of
substances to be analysed the cost of the silyl donor does
not play a significant role for his purposes. On the other
hand, in the development of the technology for the large-
scale synthesis of organic substances, it is more useful to
select a cheaper, albeit a less active silyl donor, such as
organochlorosilane or hexamethyldisilazane. In selecting
a suitable silylating agent, the synthetic chemist must take
into account primarily the structure of the proton donor and
the synthetic possibilities of the different silyl donors,
information about which is available in monographs,1>llf

original articles,15"21* and in the present review.
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Polymeric Reagents in the Synthesis of Peptides
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The essential features of the method of polymeric reagents in relation to peptide synthesis are described. The polymer-
activators have been classified in terms of the type of activating groups. The procedures used in the synthesis of polymer-
activators and polymeric reagents are given and the principal aspects of the employment of the method of polymeric reagents
in the synthesis of peptides of various structure as well as the trends and prospects for the development of the method are
discussed.
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I. INTRODUCTION

The application of polymers in organic syntheses, and
biotechnology has vigorously increased in recent times.
For example, recently published monographs1"7 have been
devoted to these questions. Thus the employment of poly-
mers as various supports, in particular for the immobilisation

of enzymes and the cells of micro-organisms and
for the affinity chromatography of proteins 5 ' 1 2 · 1 3 is well
known. Studies are being prosecuted in order to synthesise
polymeric therapeutic agents,1 '1 1*"1 6 in particular, artificial

antigens and synthetic models of enzymes. ; Polymeric
catalysts and high-molecular-weight protecting groups
are widely used. 2 ' 2 2 However, the most vigorously devel-
oping field is that involving the application of polymers as
chemical reagents.2»V*>25 The main advantage of this
approach is associated primarily with an increase of the
yields and the facilitation of the purification of the desired
product; in many cases the specificity of the reactions
carried out is greatly increased. The application of poly-
mers in multistage monotonic operations, for example, in the
synthesis of polypeptides,2 6 > 2 7 polynucleotides,28 polysaccha-
rides, 2 9 and polycondensation polymers with exactly specified
numbers of units 3 0 proved to be especially valuable. Poly-
mers can serve under these conditions as separators of the
reacting groups, imitating the conditions of high dilution.
The reduction to a minimum of competing intermoleculart
interactions makes it possible to employ this principle effec-
tively for the synthesis of cyclic peptides, 7 ' 3 1 macrocyclic
compounds,32 asymmetric ketones and α-substituted car-
boxylic acids, 3 3 " 3 5 the Dieckmann cyclisation,36 the conver-
sion of bifunctional compounds into the monoblocked form,3 7 '3 8

etc. The direction of the reaction and the selectivity can
change significantly on passing from the usual low-molecular-
weight reagents to polymeric reagents.39>'1*0

Polymeric reagents are finding useful applications in virtu-
ally all fields of organic synthesis. In peptide synthesis the
tendency has arisen to refer to polymers which fulfil
acylating functions as polymeric reagents. 2 7>' t 2~' f 6

tThe term "intrapolymer" reactions is also used for such
sy stems.μ ι

The methods of synthesis of polymeric reagents, the use
of the latter in peptide synthesis, and the trends and pros-
pects in the development of this approach are discussed in
the present review.

I I . THE ESSENTIAL FEATURES OF THE METHOD OF POLY-
MERIC REAGENTS IN RELATION TO PEPTIDE SYNTHESIS

The search for new approaches to the synthesis of biologi-
cally active compounds which are protein in nature occupies a
special place among the problems of peptide chemistry.
"Classical" peptide chemistry, which deals with reactions
in solution, has encountered many problems difficult to solve,
which include the reduction of the yields with increase in the
size of the peptide synthesised, the difficulty of isolating the
desired product in a homogeneous state as a consequence of
the occurrence of side reactions, and the reduction of the
solubility of peptides with increase in the length of their
chain.

In the attempts to overcome these difficulties, new ideas
have appeared, which are associated mainly with the employ-
ment of synthetic polymers. At the beginning of the 1960's
Merrifield26»50 suggested that insoluble polymers be used as
carriers of the peptide chain, serving at the same time as
the C-terminal protecting group. It then became possible
to use a large excess of the activated low-molecular-weight
component, whose separation together with soluble side
products can be readily achieved by the filtration of the
peptide-polymer complex. This "solid phase" method of syn-
thesis gained wide popularity, which was promoted to an
appreciable extent by studies on its mechanisation and auto-
mation.5 1 '5 2 However, in the course of the development of
this method, some disadvantages also appeared,53»51f being
associated mainly with the difficulty of eliminating the
insoluble side products, accumulated in the course of the
synthesis, from the final products.

If a soluble polymer is used as the C-terminal protecting
group of the growing peptide, it is possible to diminish the
influence of diffusion factors on the course of the reaction.
This is the so called "liquid phase" method55 of peptide syn-
thesis. An obstacle to the wide-scale employment of the
liquid phase method, especially in the synthesis of higher
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peptides, is apparently the difficulty of purifying the reac-
tion product owing to the similarity of the solubilities and
molecular weights of the polymer and the peptide synthesised.

In the middle 1960's a methodologically new trend arose,
also associated with the employment of polymers but this time
as activators of the carboxy-groups of aminoacids or pep-
tides. 2 7 ' 5 6 In the general case the covalent polymer—low-
molecular-weight reagent complex, which has the free energy
necessary for the occurrence of the reaction, effects the
transfer of activated groups to the molecules of the other
reactant present in solution (reaction (1)]. Here one can
also include the reactions between groups present in the poly-
mer phase, i .e. intramolecular (or intrapolymer) interactions
[reaction (2)]. Polymeric reagents of the types indicated
are also referred to as polymeric transferring agents.l*2

(?)—A + Β —>• Α—Β + (?) , (1)

[Ρ)—Α—Β

® - polymer-activator.
Polymeric condensing agents'*3 fit the above definition

because the reaction takes place via an intermediate stage—
the activation of component A:

Α—Β + © .

(2)

+ A -A+ Β

In peptide synthesis component A is usually an N-substi-
tuted aminoacid, whose carboxy-group must be activated
before the formation of the peptide bond. Component Β is
an aminoacid or a peptide with a free N-terminal amino-group.
The polymer-activator carries electron-accepting groups for
the generation of the positive charge on the carbonyl carbon
atom of the aminoacid sufficient for effective attack by the
nucleophile. In classical peptide chemistry, activated esters,
anhydrides, imides, etc. are usually employed for this pur-

pose. In order to accelerate the aminolysis and to
ensure that it goes to completion, an excess of the polymeric
reagent, which is separated in the last stage of the synthesis,
is used as a rule.

The physicochemical properties of the polymer play a very
important role both in the synthesis and in the isolation of
the product. It is possible to formulate certain general
requirements which must be met by polymeric reagents:
(1) the polymeric skeleton must be readily permeable to the
peptide molecules over a wide range of molecular weights.
In the case of polymers of the gel type, the latter must
exhibit a satisfactory swellability in the solvents employed;
(2) the physical properties of the polymeric species must
ensure their ready separation by filtration from the soluble
products and their mechanical and osmotic stabilities must
be satisfactory; (3) polymeric derivatives of aminoacids
must be highly reactive and resistant to racemisation;
(4) polymeric reagents must be stable on storage also to
the solvolytic action of solvents; (5) polymers must not
absorb the soluble components; (6) it is desirable that the
polymeric components should be capable of being used many
times, i.e. that there should be a possibility of their regen-
eration without reducing their initial capacity and reactivity
and without changing the physicochemical parameters of the
polymer.

Among the polymeric reagents used at the present time,
polymeric activated esters are most often employed for pep-
tide synthesis:

_ _ H(NHCHRCO).NHCHHCOO—V
Ζ—NH—CHR'COOH -f HX(?) · - Ζ—NHCHR— CO~X(P) *-

— » - Ζ — « Η — C H R ' C O ( N H C H R ) B N H C H R C O O Y + HX(F) ;

® = polymeric skeleton; X = activating group;
Y,Z—N- and C-protecting groups; η = 0, 1,2...

The condensation of JV-protecting aminoacids with a poly-
mer-activator leads to the activation of the carboxy-group.
The polymeric reagent obtained is introduced into the ami-
nolysis reaction with the corresponding derivative of the
aminoacid or peptide containing a free amino-group. The
reaction product passes to the solution. After the removal
of the N-protecting group, the resulting peptide can be made
to react again with a second activated aminoacid, effecting
thereby the growth of the peptide chain. An important fac-
tor in the synthesis of a polymeric aminoacid derivative is the
absence of insoluble side products which might contaminate
the required product in subsequent aminolysis.

I I I . SYNTHESIS OF POLYMER-ACTIVATORS

There exist various ways of introducing activating groups
into the polymeric skeleton. In some cases the initial poly-
mer is subjected to a series of chemical transformations, while
in others a molecule with the functional group already present
is attached to a suitable polymeric carrier. The functional
group can also be introduced by copolymerising the corre-
sponding monomers or by the ionic binding of the "functional"
compound to a strong ion-exchange resin.

In the vast majority of studies, high-molecular-weight
nitrophenols and polymers with the N-hydroxy-group are
most successfully used for the activation of N-protected
aminoacids.

There exists at the present time a fairly extensive literature
on high-molecular-weight phenols57»58 of different structure,
whose nitration is potentially capable of ensuring the forma-
tion of the required nitrophenol polymer-activator. However,
in peptide synthesis the higher requirements which must be
met by the physicochemical properties of the polymer signifi-
cantly restrict the choice of such polymers. For example,
the widely familiar phenol-formaldehyde resins of the "resite"
and "novolak" types 5 9 are apparently relatively unsuitable for
such purposes owing to the difficulties arising in the regula-
tion of the steric structure, the content of functional groups,
and the physical shape of the polymer particles. There exist
brief reports about the use of such polymers,5 6 '6 0 but experi-
mental data on their application are virtually lacking. Amor-
phous powdered polymers of this type have been obtained by
the polycondensation of di(4-hydroxyphenyl) sulphone with
formaldehyde61 or of salicylic acid with anisole and formalde-
hyde. 6 2 Many phenol-formaldehyde polymers have also been

used in the solid phase synthesis. ;
The yields of pep-

tides when such a resin was employed were appreciably lower
compared with a hydroxylated polymer having a polystyrene
skeleton. This effect has been attributed by the authors to
steric hindrance—the methylene bridges were located next to
the functional groups.

In one of the first studies on the use of polymeric reagents
in peptide synthesis, 2 7 it was suggested that one should use
poly-4-hydroxy-3-nitrostyrene, obtained by the hydrolysis of
the copolymer of p-acetoxystyrene with 4% of divinylbenzene
and subsequent nitration with concentrated acid at 0°C. 6 6

This polymer was used successfully in the synthesis of low-
molecular-weight model peptides bradykinin and luliberin,6 7

but in the course of its application disadvantages were
revealed—the decomposition of the polymeric species during
the aminolysis reaction and mechanical manipulations which
might have led to the contamination of the desired products. 6 8 ' 6 9

Williams70 suggested that poly-o-nitrophenol be synthesised
by the block copolymerisation of p-methoxystyrene with
divinylbenzene, subsequent elimination of the methyl group
using boron tribromide and then nitration. The effective-
ness of the acylation by N-protected aminoacids of both the
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given polymer and the preceding one 2 7 was approximately the
same (1—1.5 mmol per gramme of polymer).

A similar polymer-activator was obtained in accordance
with the following scheme using polymer-analogue reactions:5 6

—CH—CH, CH-CH,—
I I

/

—CH—CH,— —CH—CH,— —CH-CH,—

Υ
NH,

Υ
OH

NO,

OH

The content of reactive hydroxy-groups was 0.05—0.5 mmol
per gramme of polymer, while their theoretical content was
5—7 mmol g"1. Evidently the above scheme is relatively
unsuitable for the synthesis of the activator owing to the
occurrence of side processes leading to a sharp reduction of
the reactivity of the polymer.

An insoluble phenolic polymer in the form of spherical
grains has been obtained.7 1 The authors used the copoly-
merisation in suspension of p-acetoxystyrene with styrene
and divinylbenzene and the acetate group was split off by
hydrazinolysis under mild conditions.

With one exception,71 in the cases examined the polymers
consisted of particles of irregular shape, which was bound to
hinder their use owing to cracking and mechanical wear. The
occurrence of side reactions in the synthesis of certain poly-
mer entails, together with a decrease of the content of func-
tional groups, also significant changes in the steric struc-
ture, for example, owing to additional cross-linking. In
order to eliminate the above negative phenomena, it was
suggested7 2 that the complete functional group be introduced
into the polymer-carrier with the required set of physical
properties. The authors synthesised a polymeric o-nitro-
phenol using as the carrier spherical grains of a copolymer
of styrene with 2% of divinylbenzene, which has found exten-
sive application in the solid phase synthesis of peptides in
view of satisfactory physicochemical parameters.

An analogous approach has been used by other workers,5 9

who modified the styrene grains with 4-hydroxy-3-nitrobenzy]
chloride by means of the Friedel—Crafts reaction:

A polymer-activator of similar structure has been obtained
by means of the following scheme:68

CH2C1 + H0-

Finally, a polymeric 4-hydroxy-3-nitrobenzophenone has been
proposed quite recently for acyl-activation in peptide syn-
thesis: 7 3

X = F, Cl, OCH3.

Low-molecular-weight activated ethers of 4-hydroxy-3-nitro-
benzophenone proved to be 40 times more reactive than the
corresponding o-nitrophenyl ethers. A polymeric o-nitro-
phenol has been synthesised in the laboratory of the authors
of the review on the basis of a cross-linked copolymer of
styrene with maleic anhydride7I* and of ethylene with maleic
anhvdride

Ο

1) H,N(CH1 ) n _ ^

2) (CH,C0),0

,Μ Ο
I

\ /
II

MO

N(CH,)n

\ = /

\ /
II

Μ Ο

\ : (CH I ) n ~

NO,

n = 0, 1, 2
M=CH,CH, or CH2CH (QHj).

The polymer-carrier consists of spherical grains obtained by
cross-linking the initial linear copolymers by aromatic diamines
(3—5 mole %) in an emulsion system.7 5 Their modification by
aminophenols with subsequent nitration led to poly-4-hydroxy-
3-nitrophenylmaleimides with a degree of conversion close to
100%.

Practically the same polymer-activator has been obtained by
Japanese investigators,7 6 who also synthesised a soluble poly-
meric nitrophenol. However, the method of synthesis of
cross-linked polymers differed from that given above;7lf the
authors 7 6 copolymerised p-acetoxyphenylmaleimide with sty-
rene in the presence of divinylbenzene with subsequent
elimination of the acetyl group and nitration. Both the
polymeric mononitro-derivative and the dinitro-derivative—
poly- 4-hydroxy- 3,5-dinitrophenylmaleimide—were obtained.

The polymer-activators obtained by a procedure involving
the attachment of a complete activating group to the polymer-
carrier were distinguished by a high mechanical strength
and swellability in organic solvents of different polarity:
in dimethylformamide (DMF), dioxan, methylene chloride,
etc. One cannot rule out the possibility that such polymers
exhibit a smaller steric effect on the aminolysis reaction,
because the reaction centre in the polymeric activated ester
is remote from the polymer chain.

A soluble polymer-activator with a nitrophenol group has
been obtained2 7 from a copolymer of DL-lysine and L-tyro-
sine 7 7 and, whilst being insoluble in solvents of low polarity,
it dissolves satisfactorily in DMF, ethanol, and water at
basic pH. However, this polymer has been used only for the
cyclisation of linear peptides. 2 7 A soluble polynitrophenol
obtained from poly(ethylene glycol) is also known;7 8 it has
been used in the synthesis of model dipeptides.7 9

Mention should be made of a study 8 0 where the reagent was
used in the form of an electrostatic complex:

ζ—NHCHRC
,N—n.1

Ζ—NHCHRCO—NHR1 S O 3 ( A l k ) 3 N — ( F )

The activated ester of an N-protected aminoacid and 4-hy-
droxyazobenzene-4-sulphonic acid was attached to an ion-
exchange resin (Dowex 1X2) by salt formation. 8 1 ' 8 2 The
aminolysis of the insoluble ester obtained in this way was
carried out in formamide. The relatively high swellability
of this polymer in highly polar media should favour the use
of free aminoacids and peptides as the amino-components.
The advantage of this approach consists in the fact that the
activated ester was synthesised in solution and it could
therefore be purified before being attached to the polymer.
A disadvantage of the reagent is the risk of ion exchange
and the consequent contamination of the aminolysis products .
An acetylated insoluble polystyrene ion exchanger has been
proposed 8 3 for the synthesis of the amide bond in an aqueous
medium. However, under the conditions indicated, the
acylation of aniline was insufficiently effective—the yield of
acetanilide did not exceed 26%.

Attempts have been made to use polymeric thiophenols in
peptide synthes i s . 5 6 ' 8 l f · 8 5 Among these, only poly-o-nitro-
thiophenol 8 5 and poly-2-mercaptopyridine3 5 have been used
in the synthesis of two peptides, the reagents based on the
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mercaptopyridine being more reactive (the yield in the con-
densation reaction was 90-98%). Poly-2-mercaptopyridine
also proved an effective thiolytic agent—it has been used for
this purpose in order to eliminate the Nps# protecting group
at intermediate stages in the synthesis of leucine-enkephalin.85

The O-acylation of JV-substituted hydroxylamines attracted
much attention by investigators, because the activated esters
of this type are highly reactive and are resistant to racemisa-
tion.1*8 N-Hydroxysuccinimide esters 8 6 derived from N-hy-
droxybenzotriazole87 have gained much popularity in the
classical peptide synthesis and benzotriazole has been fre-
quently used as the catalyst in peptide formation reactions.8 8

These particular derivatives have served as prototypes of
polymeric reagents with an N-hydroxy-group.

A linear copolymer of ethylene with N-hydroxymaleimide has
been synthesised as follows:89

—CH,—CHS—CH CH—

refluxing
in DMF

—CH·—CH2—CH CH—

ι ι

OH

This polymer and its O-acyl derivatives dissolved only in
polar solvents—DMF and dimethyl sulphoxide (DMSO). For
this reason aminoacids were activated by this polymer in the
above solvents and the resulting esters were subjected to
aminolysis in dimethoxyethane or ethyl acetate in which the
polymer does not dissolve. Despite the satisfactory results
obtained in the synthesis of low-molecular-weight peptides,
its application is limited because many peptides dissolve only
in the same solvents as the given polymer. For this reason,
the authors apparently used subsequently in the synthesis
of higher peptides (from hexa- to octa-peptides) a highly
cross-linked polymer, which was obtained by irradiating the
above poly-N-hydroxysuccinimide with high-energy elec-
trons. 8 9 The content of active hydroxy-groups then fell to
21, i.e. the polymer virtually "worked" only in the surface
layer.

In contrast to the previous workers,8 9 Japanese investi-
gators proposed different methods for the introduction of
N-hydroxy-groups into the polymer, involving the treatment
of the styrene—maleic anhydride copolymer in pyridine under

milder conditions—at room temperature.- The polymer
was obtained in the form of a colourless powder with an
N-hydroxy-group content close to theoretical.9 0 It was used
for the acetylation and benzoylation of certain amines in a
homogeneous system; it was not employed for peptide syn-
thesis.

It has been suggested that O-substituted maleimides can
be used for the synthesis of cross-linked spherically granu-
lated poly-N-hydroxysuccinimides, provided that they are
subjected to emulsion copolymerisation with styrene and
divinylbenzene.91 However, spherical grains could not be
obtained under the conditions indicated. It is of interest
that the maleamic acid (an aminoacid) units present in the
polymer chain were readily converted into a five-membered
imide ring by dehydrocondensation on treatment with aqueous
hydrochloric acid,90»91 while dehydrating agents or heat were
required for the low-molecular-weight analogues.

A novel method of synthesis of the polymeric reagent has
been proposed by Akiyama et al.9 l f:

Boc-NHCHRCOOH

COCIIRNH—Bee
styrene/divinylbenzene

JV-chlorophenolmaleimid
initiator

iOCOCHRNH—Boc

I
Boc = t-butoxycarbonyl
DCHC = dicyclohexylcarbodiimide .

According to the authors' idea, this procedure guaranteed a
higher purity of the polymeric activated esters. On the
other hand, the introduction of chlorophenylmaleimide into
the polymer chain entailed smaller changes in the swellability
of the polymer and the solvent was altered during aminolysis.

The copolymerisation of benzyloxymaleimide (or acetoxy-
maleimide) with styrene and 0.6% of divinylbenzene followed
by acid elimination of the O-protecting group led to a polymer
containing 3—3.5 mmol g"1 of N-hydroxy-groups.9 3

However, it is evident that the schemes for the synthesis of
polymeric N-hydroxysuccinimides providing for the use of
O-substituted maleimides are fairly cumbersome and require
the expenditure of much time; the synthesis of the initial
monomer does not take plc.ce with a high yield in all the
stages. Furthermore, in the polymerisation of optically
active monomers, one cannot rule out the possibility of race-
misation, because the process is carried out at an elevated
temperature (Akiyama et al.9l f used only simple aliphatic
aminoacids).

A simpler and rapid method of synthesis of poly-N-hy-
droxysuccinimide involves the copolymerisation of maleic
anhydride with a vinyl monomer (usually styrene) in the
presence of divinylbenzene and subsequent modification of
the anhydride groups. The introduction of N-hydroxy-
groups by treating the anhydride polymer with hydroxylamine
hydrochloride in boiling DMF has been described,9 5 the degree
of conversion reaching 88%. Such polymers swell satisfac-
torily in solvents with a high dielectric constant.

A polymer with an analogous functional group has been
obtained by treating the soluble copolymer of ethylene and
maleic anhydride with a mixture of hydroxylamine and a
polyamine as the cross-linking agent (hydrazine, spermine,
and spermidine) in an aqueous pyridine medium. The poly-
mer was distinguished by a high permeability to large mole-
cules, which is indicated by the high yield in the peptide
formation reactions and by the quantitative acylation of the
terminal amino-groups of insulin.9 6

All the polymer-activators of the 2V-hydroxysuccinimide
type examined consisted outwardly of amorphous powders.
Repeated use of these polymers is difficult, since the poly-
mer particles of irregular shape are rapidly comminuted,
which impairs their capacity for filtration in the swollen
state. 9 6 It is therefore not surprising that only one publica-
tion has been devoted to each polymer.

A scheme for the synthesis of the polymer-activator, in
which a cross-linked chloromethylated polystyrene in the
form of spherical grains is subjected to a series of chemical
transformations, has been presented in a review article ι1*3

#o-Nitrophenylsulphenyl (Ed.of Translation).
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Cross-linked copolymers of maleic anhydride in the form of
grains having a regular spherical shape have been obtained
by Soviet workers7 5»9 7" 1 0 0 by cross-linking the initial copoly-
mers by aromatic diamines with a rigid extended molecular
structure [benzidine, di(aminophenyl), ether, etc.] in DMF
dispersed in a liquid polysiloxane. N-Hydroxy-groups were
introduced by treating the anhydride polymer with hydroxyl-
amine hydrochloride in pyridine; their content in the final
polymers reached about 4 mmol per gramme of the polymer.
The grains of all the poly-N-hydroxysuccinimides obtained
swelled satisfactorily in polar organic solvents, while the
polymers into the composition of which N-vinylpyrrolidone
has been introduced 9 7 " 1 0 0 also swelled satisfactorily in an
aqueous medium. The particles of the polymeric N-hydroxy-
succinimide had a satisfactory mechanical strength and
osmotic stability and were easily filtered in the swollen state.
The acylation of the hydroxy-groups in the polymer was
almost quantitative. 9 7 " 1 0 2 These polymers have a macro-
network isoporous skeleton1 0 3 and it has been shown104 that
polymers with this structure are satisfactorily permeable
to large molecules.

As can be seen, there exists a fairly large selection of
methods for the synthesis of polymeric Ν -hydroxy succinimides.
Evidently, the simplest and cheapest versions are those which
begin with copolymers of maleic anhydride. One should
bear in mind that such copolymers contain rigorously alter-
nating units1 0 5»1 0 6 and that by selecting the appropriate
comonomers it is possible to alter significantly some of their
properties, for example their hydrophilic/hydrophobic prop-
ert ies, 9 8 ' 1 0 0 and the microenvironment of the reaction centre.91*

An attempt has been made93 to use derivatives of hydroxamic
acid for activation:

styrene/divinylbenzem H 2 N-OCH 2 C 6 H 5 B—A—{?)

NHOCII,C,HS

R— C-00
CH3COOH

R-H.CHj.

In the case of a polymer containing acrylic acid residues, the
above reactions occurred with a higher yield than for a
copolymer of methacrylic acid. The attempt to copolymerise
methacryloylhydroxylamine acid with styrene was unsuccess-
ful.9 3 The aminolysis of O-acyl derivatives of the resulting
polymer (R = H) by certain aliphatic aminoacids and amines
led to fairly low yields of amides, which can be attributed
to the low reactivity of this polymeric reagent 1 0 7 and steric
hindrance.

Guarneri et al . 1 0 8 suggested that a polymeric derivative
of 5-amino-4-nitrosopyrazole be used as the activator:

It had been shown earlier that low-molecular-weight activated
esters based on 5-aminopyrazolone oxime exhibit a very high
acylating capacity in the virtual absence of racemisation.109

An interesting feature of this oxime is that, by virtue of the

presence of conjugated double bonds, it is coloured green,
while its O-acyl form is red, as a result of which it is pos-
sible to follow visually the occurrence of aminolysis. The
amount of the N-protected aminoacids applied to the polymer
(condensation with the aid of DCCD) was 0.25-1 mmol g" 1.
The introduction of aminoacids with a bulky side group into
the polymer involves certain difficulties.

Among the activated esters known at the present time,
the acyl derivatives of N-hydroxybenzotriazole are some of
the most powerful acylating agents 8 8 and the N-hydroxy-
derivative itself effectively accelerates the aminolysis reac-
tions of other activated esters 8 8 and is frequently used in
combination with dicyclohexyl carbodiimide (DCCD) for the
condensation of peptide fragments in order to reduce the
extent of racemisation. An insoluble polyhydroxybenzo-
triazole has been obtained in accordance with the following
scheme:1 1 0

N—OH

R-OH, Br

A macroporous spherically granulated copolymer of styrene
with 2% of divinylbenzene (XE-305), alkylated with a chloro-
nitrobenzyl derivative by the Friedel—Crafts reaction, was
used as the carrier. Best results were obtained when a
substituted benzyl alcohol (R = OH) was employed. Further
treatment of the resulting derivative with hydrazine in boiling
methylcellosolve with subsequent dehydration by boiling con-
centrated HC1 afforded a polymer-substituted N-hydroxy-
benzotriazole (up to 1.4 mmol g" 1 n i ) . The polymer swelled
satisfactorily in DMF and methylene chloride and reactions
involving it occurred extremely rapidly. The authors 1 1 1

regard this support as almost ideal for the method of poly-
meric reagents in peptide synthesis.

It has been shown73 that the reactivity of polymeric deriva-
tives of N-hydroxybenzotriazole is higher than that of the
corresponding derivative of o-nitrophenol by a factor of 100,
while that of the low-molecular-weight analogue is higher by
a factor of 8000. This difference has been attributed to the
low rate of mass transfer within the polymer pores. 7 3

When a soluble polymeric form of N-hydroxybenzotriazole
was used, 7 8 · 7 9 no effect of the polymeric activating group on
the rate of aminolysis was noted. However, it has been con-
cluded7 9 that such soluble polyoxyethylene-bound reagents
are useful only in the synthesis of peptides which are satis-
factorily soluble (only in this case is the separation of the
polymer from the peptide at the end of the reaction suffi-
ciently complete—by precipitation, recrystallisation, or
ultrafiltration).

There are apparently definite prospects for the development
of new polymer-activators based on substituted hydroxyl-
amines. For example, it has been shown1 1 2»1 1 3 that the esters
of certain NN-diacylhydroxylamines and a series of oximes
with electron-accepting substituents are highly reactive in
aminolysis reactions. There exists also a brief communica-
tion111* about the use of a polymer containing 3-hydroxy-
hydantoin groups in peptide synthesis:
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:rr2—Ν co.

iso-Bu—cif—co'
Ν—OH

(?) = polystyrene cross-linked with 2% of divinylbenzene

This polymer has been used e i ther to activate Z-Gly in the
s y n t h e s i s of the pept ide ZpGly-Ala-OC 2 H 5 or as an addit ive
in the synthes i s of the same peptide b y the DCHC method.
In t h e second case the yield and optical p u r i t y of the p r o d -
u c t s were h i g h e r .

O t h e r t y p e s of polymer-activators have been descr ibed
in t h e l i t e r a t u r e . For example, the polymeric analogue of
8-hydroxyquinaldine has been d e s c r i b e d . 1 1 5 It had been
used ear l ier for pept ide synthes i s in so lu t ion . 1 1 5 It was
obtained by t h e copolymerisation of 8-benzyloxy-5-vinyl-
quinaldine with 20 mol % of divinylbenzene and s u b s e q u e n t
debenzylation with concentrated HC1:

CH=CH, - C H - C H , -

6
OCH,CH5

Y
OCH,C,HS

The polymer was tested in the synthesis of a simple dipeptide.
The limited amount of data available makes it impossible to
assess its advantages, but it apparently possesses no
advantages compared with the compounds discussed above.
However, this instance (in addition to the polymeric hydroxy-
benzotriazole) is an example of a polymeric reagent where the
effect of intramolecular catalysis has been used in the
aminolysis reaction. A further two communications appeared
subsequently 1 1 7 ' 1 1 8 in which the synthesis of polymeric
reagents operating by the same principle was described.
These were polymeric derivatives of lipoic acid 1 1 7 (the coen-
zyme of acyltransferases) and l,3,4-oxadiazoline-5-thione.118

The first derivative1 1 7 was used to activate only p-nitro-
benzoic acid and the diacyl and not the monoacyl form
obtained:

—CH—CHS— NOtCAOC
I I I

/ \ S S

CH,N'HCO (CH2)4

Examples of pept ide synthes i s were not d e s c r i b e d . Poly-
meric l ,3,4-oxadiazoline-5-thiones (cross-l inked and soluble
modifications of polymers) have been used for t h e acyl-
activation of N-proteeted aminoacids (alanine, phenylalanine,
and leucine), the yield amounting to 25-100%; the polymeric
r e a g e n t s employed were made to react only with the ethyl
e s t e r of glycine ( the yield of dipept ides was 72—97%).

*—NH Ν—-Ν—COR

It has been suggested that the polymeric reagent based on
polyacrylamide with thiol functional groups be used in an
aqueous medium for the synthesis of the amide bond. 1 1 9 The
acylation of this polymer was sufficiently effective, the con-
tent of acetyl groups reaching 2.2 mmol per gramme of the

polymer. The data on the application of the resulting
polythioester in an aqueous medium are discussed in Section V.

An attempt has also been made to use polymeric mixed
anhydrides as acylating agents.6 8>8 3 The anhydride of an
iV-protected aminoacid and a sulphonated polystyrene was
employed for the acylation of certain simple aminoacids and
peptides.6 8»8 3 An analogous reagent has been proposed 1 2 0

for the esterification of alcohols; the anhydride of benzoic
acid and a carboxylated polymer has been used for the acyla-
tion of aromatic amines. 1 2 1 ' 1 2 2 The employment of such
reagents is problematic, because the nucleophilic attack is
not always selective—is not directed to the required carbonyl,
its direction depending to a large extent on the steric hin-
drance. The degree of racemisation occurring when this
method is emploved is greatly influenced by different fac-
tors . 1 2 3

IV. POLYMERIC ACTIVATED ESTERS

In the general case the rate of aminolysis depends on the
concentration of the reactants. Since the reaction proceeds
within the polymer grain, the effective concentration of the
carboxy-component (N-protected aminoacid) in the polymeric
ester should be determined by the content of the component
in the dry polymer, the swellability of the polymeric ester,
and the accessibility of the reaction centres to the amino-
component. The amount of solvent should be sufficient for
the complete swelling of the polymer particles and for their
suspension in the solution of the amino-component. Since
swellability is a constant parameter of the given polymer and
solvent, in order to increase the rate of the reaction it is
essential to endeavour to achieve the maximum possible con-
tent of the activated aminoacids in the polymer. It is note-
worthy that in the case of soluble polymers the creation of a
high concentration of the carboxy-component is prevented by
the increasing viscosity of the polymer solution.

The effect of the application of polymeric reagents in pep-
tide synthesis depends to a large extent on the yields of the
aminoacid derivatives and the ease with which they can be
introduced into the polymer. For example, in certain studies
a large excess (up to a ninefold excess7 2) of expensive amino-
derivatives has been used for condensation with the polymer
and, if one takes into account the fact that an excess of the
carboxy-component is also used in aminolysis, then the useful
employment of the aminoacid derivative then amounts to only
several per cent.

The degree of acylation of the polymer-activator by
N-protected aminoacids is determined by many factors—the
method of esterification, the nature of the activating groups
and their steric environment, the homogeneity of the polymer
network, and the structure of the aminoacid. In order to
assess the effectiveness of the methods of synthesis of the
polymeric esters, one should evidently employ not the con-
tent of the aminoacid residues in the polymer but the yields
of the carboxy-component introduced into the polymer and
the degree of its utilisation. Here one should bear in mind
that in most cases the polymer can be regenerated while the
isolation of the aminoacid derivatives which have not reacted
with the polymer is extremely difficult. For such assess-
ment , it is essential to know the content of the functional
groups in the polymer-activator. In certain cases the
investigators restrict themselves to elemental analysis, which
does not allow inferences about the content of the reactive
groups or groups accessible to acylation. The occurrence
of side reactions during the synthesis of the polymer-acti-
vator and also the slight changes in the architecture of the
polymer skeleton can nevertheless influence significantly
the effectiveness of the esterification.
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An important condition for the synthesis of polymeric
esters of any type is a high initial concentration of the
reactants in solvents inducing an effective swelling of the
polymer. In this sense, DMF, methylene chloride, and their
mixtures can be well recommended.s9»101»121*

DCCD has been used as the condensing agent in the activa-
tion reaction by most investigators. For polymeric phenols,
the method proved to be the most successful.

Condensation via the p-nitrophenyl ether or azide6 0 methods
yielded worse results and has been hardly used. Acylation
of the polymers by the Schotten—Baumann method is also
relatively unpromising from the standpoint of racemisation.62'73

There exist data concerning the use of symmetric anhy-
drides of N-acylaminoacids,73>78 but best results (81-100%)
have been obtained in this instance by employing a soluble
polymer-activator78 and a comparatively large excess (by a
factor of 2—4) of symmetrical anhydrides.

It must be emphasised that in the case of polymeric phenols,
obtained by the addition of the activating group to the poly-
mer-carrier, a higher degree of acylation has been achieved
in contrast to the polymers where the phenol ring enters into
the composition of the polymer chain; it approached 100%.S9>72

When the functional group is remote from the polymer chain,
more complete condensation is evidently favoured.

Data have been published6 9 on the kinetics of the conden-
sation of benzyloxycarbonyl- and t-butoxycarbonyl-phenyl-
alanine with 4-hydroxy-4-nitrobenzylpolystyrene (cross-
linked) in DMF and methylene chloride. It was shown that
in the case of the second derivative the rate of reaction was
somewhat higher. The solvent did not exert a major influ-
ence, some difference being observed only in the initial rates;
after 5 h have elapsed, the degree of acylation of both amino-
acid derivatives became identical and reached a maximum. In
the same study it was noted 6 9 that the esterification of N-pro-
tected proline used DCCD was unsatisfactory, the method of
mixed anhydride yielding much better results.

DCCD has also been used preferentially for the acylation of
polymers with an N-hydroxy group; the condensation usually
occurred with a satisfactory yield. The difficulties asso-
ciated with the removal by washing from the polymeric ester
of the dicyclohexylurea produced in the course of the reac-
tion must be included among the disadvantages of the DCCD
method. A case has been described1*3 where, even after
repeated washing of the polymer by various solvents, the
urea derivative could not be fully eliminated from the poly-
mer. It is apparently undesirable to use DCCD for the
introduction of Ν-protected asparagine and gliitamine into
the polymer in view of the possible formation of nitrile
derivatives, 1 2 5 ' 1 2 6 which may be incorporated into the poly-
mer. A side reaction of DCCD with N-hydroxysuccinimide,
which can occur also in the polymer, has been described. 1 2 7

The synthesis of polymeric aminoacid esters via mixed
anhydrides has certain advantages, because the side prod-
ucts formed are readily soluble in organic solvents. This
method has been used to acylate polyphenols,6 0 '6 1 poly(5-
vinyl-8-quinaldine),115 and also N-hydroxysuccinimide poly-
mers . 8 9 ' 1 0 2 ' 1 2 6

It has been shown 1 2 8 ' 1 2 9 that high yields of low-molecular-
weight N-hydroxysuccinimide esters of acyl aminoacids can
be obtained in the virtual absence of racemisation if N-methyl-
morpholine is used as the base in the formation reaction of the
mixed anhydride. This method has been employed success-
fully126 also for the synthesis of polymeric N-hydroxysuc-
cinimide esters using DMF and tetrahydrofuran (THF) as the
solvents, the polymer being acylated by the mixed anhydride
at 40— 50 °C. The entire synthesis occupied about 1 h and
the yields were 70-90%.

For the condensation of an Ν-protected aminoacid with a
polymer having a phenol-formaldehyde structure, the latter
was subjected to preliminary activation with SOC12 or COC12:

61

OSOCl

CHRNH—Ζ

where Ζ is an N-protec t ing g r o u p a n d R a side group of the
aminoacid. For th i s polymer, t h e yield in t h e acylation
reaction b y the above method was v i r tua l ly the same as in
the carbodiimide and mixed a n h y d r i d e methods ( the amino-
acid content in t h e polymer was 0.9—1.1 mmol g " 1 ) ·

The method based on t h e application of N-ethoxycarbonyl-
2-ethoxy-l ,2-dihydroquinol ine can also be included among the
mixed anhydr ide m e t h o d s : 1 3 0

S\/\

c=o
OC.H,

Z-NHCHRCOOH
Z-NHCHRCOOCOC,H,

polymer-

activator

polymeric activated ester.

Although this reagent has been used exclusively for the
formation of the amide bond, especially in solid phase syn-
thesis, 1 3 1 the authors tested it in the synthesis of polymeric
N-hydroxysuccinimide es ters . 1 2 6 It was found that the reac-
tion proceeds fairly slowly (in DMF or THF) and the yields
do not exceed 40-50%.

The use of transesterifying agents is one of the most effec-
tive methods of synthesis of activated es ters . 1 3 2 The method
involves the acylation of the corresponding hydroxy-compo-
nent (N-hydroxysuccinimide, phenol derivatives) by the
anhydride of a strong organic acid (trifluoroacetic, tr i-
chloroacetic) with subsequent transesterification of the
resulting ester with an N-protected aminoacid in the presence
of a base in an aprotic solvent. Despite the possibility of the
occurrence of side reactions 1 3 3 in the transacylation of N-tri-
fluoroacetoxysuccinimide with an N-acylaminoacid in the pres-
ence of a tertiary amine, this method has been used fairly
successfully also for the synthesis of polymeric N-hydroxy-
succinimide esters . 1 2 6 It is noteworthy that extremely high
yields have been noted in the condensation of acylpeptides
by this method, although in the presence of an optically
labile C-terminal aminoacid there is a possibility of racemisa-
tion. 1 2 6

Different types of polymeric activated esters of virtually
all natural aminoacids have now been obtained. The benzyl-
oxycarbonyl and t-butoxy carbonyl, 6 0 ' 8 9 ' 1 0 1 nitrobenzenesul-
phenyl,102»121* and trifluoroacetyl1 2 6 groups have been used as
Na-protecting groups.

The simplest method for the determination of the content of
the activated aminoacid in the polymeric ester is the gravi-
metric method, which is fairly accurate if the amount of
aminoacid applied to the polymer is large (in excess of 0.5 mmol
per gramme). In a number of studies.9 0 '9 1 '9 3»1 0 1 the capacity
was determined from the yields of the cyclohexylamide
derivatives obtained as a result of the interaction of the
isolated polymer with an excess of cyclohexylamine. In an
alternative version, 6 9 ' 7 3 the polymeric ester was treated with a
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solution of benzylamine in toluene and the excess benzylamine
which failed to react was titrated with 0.1 Ν HClOi, in acetic
acid using Methyl Violet as the indicator. Aminoacid analysis
after the exhaustive hydrolysis of the sample of the polymeric
ester with a 1:1 mixture of 12 Ν HC1 and CH3COOH has been
used in two investigations.69>121* in one of them,12"* the
benzyloxycarbonyl group was determined spectrophotometri-
cally (at 257 nm) after the alkaline hydrolysis of the polymeric
nitrophenyl ester of the N-protected aminoacid. In certain
cases it is possible to use elemental analysis, for example,
when the acyl derivative contains sulphur (the Nps group,
methionine, or cysteine).1 0 2>1 2 l f All the methods indicated
yield approximately identical results and one must also bear
in mind that in practice a high accuracy in the determination
of the capacity of the polymeric reagent is not required
because it is as a rule used in excess in the aminolysis reac-
tion. In addition, one may mention that methods for the
non-aqueous titration of activated esters have been examined
in two communications,131*'135 but these apparently can also
be applied to the corresponding polymeric derivatives.

V. SYNTHESIS OF PEPTIDES WITH THE AID OF POLYMERIC
REAGENTS

The aminolysis of a polymeric ester, leading to the forma-
tion of a peptide bond, proceeds in the solvated polymer-
solvent heterogeneous system. The rate of the process
should depend on many factors: the nature of the activated
ester, the rate of diffusion of the amino-component in the
polymer, the accessibility of the reacting group of the poly-
mer, the capacity of the polymeric reagent, and the partition
coefficient of the amino-component between the solvent and
the swollen polymer, as well as the changes in the swellability
of the polymer during the reaction. The reaction kinetics
can change significantly as a function of the size of the amino-
component , because the rate-limiting stage of the process can
change. In one case this is the chemical stage and in another
the diffusion stage. In order to reduce the contribution of
diffusion factors, the reaction is usually performed in solvents
causing a satisfactory swelling of the polymer (extending its
polymer network), or when used as carriers which are weakly
swelling and have a large surface area and a large pore diam-
eter . 1 1 0 In all cases the necessary condition for the suc-
cessful aminolysis is the solvation of the reaction centres of
the polymer. As the reaction proceeds and the polymeric
reagent is gradually deacylated, the character of the inter-
action of the solvent with the polymer can change. This is
expressed as a rule by the polymer becoming less hydrophobic
and by a change of swellability. For example, in the case of
N-hydroxysuccinimide hydrophobic polymers, some decrease
of swellability was observed during aminolysis7 5 '1 0 1 (in DMF
and methylene chloride) or its increase (in water) 9 7 ' 9 8—for
hydrophilic poly-N-hydroxysuccinimide reagents. The
magnitude of this change should depend on the reactant ratio
and the capacity of the polymeric reagent. This effect
should in its turn influence the permeability and the partition
coefficient.

The study of the kinetics of the solid-phase synthesis 1 3 6 ' 1 3 7

and the aminolysis of polymeric esters 1 3 8 showed that the
course of such reactions differs significantly from that of
reactions in solution. With increase of the degree of reaction,
a sharp fall of its rate is usually observed. For example, a
study of the rate of aminolysis of polymeric N-hydroxysuc-
cinimide esters of Nps-aminoacids138 showed that the rate con-
stants calculated assuming the first order of the reaction
differed at the beginning and at the end of the reaction by
1—3 orders of magnitude. The cause of this difference is

apparently the fact that the reacting groups fixed in different
compartments of the polymeric species exist under non-equiv-
alent conditions owing to the different microenvironments
("clones" of the reaction centres). This leads to different
rates of diffusion of the amino-component to the reaction cen-
tres ("microheterotropism"). The swellability of the poly-
meric reagent, varying in the course of the reaction, may
exert an additional influence on the diffusion.

The dependence of the change in the rate of reaction on
solvent polarity need not necessarily be correlated with the
analogous dependence for reactions in solution, because the
change in swellability may have a greater influence on the
rate than chemical causes. Thus Kemp139 found that the
reactivity of N-hydroxysuccinimide esters in solution
decreases in the sequence toluene—methylene chloride—DMF.
In the solid phase synthesis the sequence was the same for
the N-hydroxysuccinimide ester—aminoacyl-polymer (cross-
linked polystyrene) system. 1 3 7 However, in the aminolysis
of polymeric N-hydroxysuccinimide esters, 1 3 8 the opposite
dependence was observed: in DMF the rate of reaction was a
maximum and the degree of swelling of the polymer-activator
was also greatest in the same solvent. 7 5 ' 1 3 7

Evidently, as regards the preparative aspect, the applica-
tion of an excess of the polymeric ester should lead not only
to a greater degree of completion of the reaction but should
also appreciably improve its kinetic indices, because in this
case the most accessible clones of the activated groups of the
polymeric esters enter into the reaction while changes in the
volume of the polymer are small. A graphical representation
of the time variation of the degree of acylation of the methyl
ester of leucine by the soluble ρ-nitrophenyl and the poly-
meric nitrophenyl ester of carbobenzoxyphenylalanine in
chloroform in the presence of a twofold excess of the carboxy-
component has been published.6 9 When the initial concentra-
tions were identical, the curves virtually coincided and the
degree of conversion reached 100%.

Comparative estimation of the reactivities of the polymeric
reagents is not simple in view of the absence of clear-cut
criteria. The yield is in many cases almost quantitative. A
"direct" kinetic comparison of two polymeric reagents has
been achieved in a study 1 1 0 where the degrees of acylation
of an alanine ester by t-butoxycarbonylalanine esters were
compared as a function of time; the insoluble 4-hydroxy-3-
nitrobenzylpolystyrene69 and N-hydroxybenzotriazolylpoly-
styrene 1 1 0 were used as the polymer-activators. The rate
of reaction for the first polymer was appreciably lower. The
ratio of the reaction half-lives for these polymers was 20: 1
and the 100% conversion times were 10 and 0.2 h respectively.

With increase of the length of the peptide synthesised, the
role of the diffusion factor increases as a result of which the
rate of acylation and the yields can decrease significantly.
The size of the peptides synthesised hitherto with the aid of
polymeric reagents has not exceeded 10 aminoacid residues in
the chain. Within these limits, no clear retardation of the
reaction or decrease of the yields as the peptide grows have
been observed. The nature of the N-terminal aminoacid110

and the character of the activating group 9 6 played a much
more important role than the size of the amino-component.
Thus it has been shown11*0 that the method of polymeric
reagents can be combined fairly successfully with the liquid
phase method for the synthesis of peptides. In particular,
the reaction involving the condensation of the polyhydroxy-
benzotriazole ester of t-butoxycarbonylalanine (taken in
threefold excess) with the high-molecular-weight component
H-Val-O-POE (POE = polyoxyethylene M-6000) during a
period of 2 h occurred almost quantitatively; the yield in
the analogous reaction with the ester based on polynitro-
phenol was 30% after 24 h.
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;P)XOCCHRNH—Z

H(NHCHRCO)nY Z-NHCHRCO(NHCHRCO)nY;

1) (CH3)3Si(NHCHRCO)nOSi(CH3)3

2)H2O

H(NHCHRCO)nOH

X = activating group of the polymer
Ζ = TV-protecting group
R, R1 = side group of aminoacid
Υ = OAlk, NH2

n= 1,2,3,...

Ζ -NHCHRCO(NHCHRCO)n OH;

High-molecular-weight amino-components, namely insulin
and poly- ε-benzyloxycarbonyl-L-lysine (M = 10000), have
also been acylated with the aid of the poly-N-hydroxysuc-
cinimide r e a g e n t . 9 6 Analysis of the reaction products
showed that the free amino-groups were almost wholly
blocked. Admittedly, a considerable molar excess (50 to
100-fold) of the polymeric t-butoxycarbonylalanine ester was
used in the reaction and for this reason one cannot rule out
the possibility that the reaction proceeded mainly in the sur-
face layer of the polymer particles.

The majority of the known polymeric reagents swell satis-
factorily only in organic solvents and for this reason es ters
or amides of aminoacids and pept ides, which are soluble in
these media, were used as the amino-components. The
solubility of the intermediate peptide fragments depends
not only on their molecular weight but also on the character
of the functional side groups and their blocking.51* When
polymeric reagents are used, the set of compatible protecting
groups and the s t rategy used in constructing the peptide
chain are essentially the same as in the classical peptide syn-
thes i s . However, the problem of the solubility of the
growing amino-component is particularly acute in this method
owing to the heterogeneity of the reaction system. An
increase of its solubility can be achieved only by reducing to
a minimum the protect ing side groups, which should enhance
its hydrophilic proper t ies , 5 S l l | O t 1 1 · 1 or special protecting
groups increasing the affinity of the peptide for organic
solvents, both low-molecular-weight11*2 and high-molecular-
weight ,ll>0 should be used.

The application of free aminoacids and peptides as nucleo-
philes in combination with organic solvents is limited owing
to their low solubility. However, it has been shown11*3'11*1*
t h a t , when certain peptides are suspended in a solution of an
activated ester in DMSO, the reaction can proceed at an
appreciable rate and with a high yield (the equilibrium shifts
towards the soluble reaction product in the course of the
reaction). The above method has been used to synthesise
peptides with the aid of polymeric macronetwork N-hydroxy-
succinimide e s t e r s 1 0 1 and model te t ra- and penta-peptides as
well as a whole series of diastereoisomeric dipeptides have
been obtained.1 1*5 The presence of quaternary ammonium
bases increases significantly the rate of reaction. 1 < t 3» l l | S it is
noteworthy that activated esters are not altogether stable in
polar organic solvents 11*1*>11*6 and, since in this case the rate
of aminolysis is nevertheless comparatively low and depends
on the solubility of the peptide, the method can prove to be
unsuitable for the synthesis of complex pept ides .

There have been a number of studies1 0 1 '1"*7"1**9 where t r i -
methylsilyl (TMS) derivatives of aminoacids and peptides were
used in the reaction with polymeric N-hydroxysuccinimide
e s t e r s . Such derivatives exhibit an increased solubility in
aprotic solvents, but they are hydrolytically unstable. The
deblocking of the TMS-derivatives is almost instantaneous on
treatment with water or alcohol 1 5 0 and the TMS group is for
this reason suitable as a temporary protecting group for OH,

COOH, and in certain cases SH functional groups. 1 1 * 8 ' 1 5 1

There exists a fairly large selection of silylating agents at
the present t ime 1 5 2 » 1 5 3 and mild methods have been devised
for the introduction of the TMS group into aminoacids and
peptides. 1 1* 8 We may note that the amino-group is usually
also silylated (although not a lways 1 5 3 ) , whereupon its nucleo-
philic propert ies can be appreciably weakened but the
deacylated hydroxy-component evolved in the reaction
desilylates i t . For this reason, in the case of trifunctional
aminoacids enter ing into the composition of the peptide
chain, a stable protect ing group is required for the NH 2

and SH side groups. For reaction to occur, total silylation
of all the functional groups, sufficient to ensure the dis-
solution of the amino-components, is necessary. If a non-
nucleophilic silylating agent is added to the suspension of an
insoluble peptide or aminoacid and the activated es te r , the
equilibrium shifts in the required direct ion—the aminocom-
ponent is converted into the soluble reactive form. TMS-
amides are usually employed as silylating a g e n t s . 1 5 3 ' 1 5 5

However, one should bear in mind that such TMS-amides can
themselves interact with the activated e s t e r s , 1 5 5 i . e . they
can initiate competing reactions in the system. This can be
avoided if the amino-component is silylated separately and is
then introduced into the aminolysis reaction after the removal
of the excess of the TMS-agent.

Aminolysis in aqueous and aqueous organic media has
definite advantages . First ly, there is no need for the
blocking of the weakly nucleophilic functional groups of the
amino-component, secondly, the problem of the solubility of
the peptides is in many cases solved, since they usually lose
their ability to dissolve in organic solvents as the chain
grows, and, thirdly, an aqueous medium at the physiological
pH has the least denaturing effect on biologically active com-
pounds . Intense research has been conducted recently on
these lines. This concerns the use of enzymes for the for-
mation of the peptide bond, for t h e introduction and removal
of the protect ing groups, and in chemical methods of syn-
thesis of the peptide bond. A recently published review
has been devoted to the problems enumerated above . 1 5 7

Three types of hydrophilic polymeric r e a g e n t s , to some
extent suitable for the formation of t h e peptide bond in
aqueous media, are known: acylated polymeric sulphonic
acid 8 3 and polymeric t h i o l 1 1 9 ' 1 5 8 as well as poly-N-hydroxy-
succinimide r e a g e n t s . 9 7 " 1 0 0

A mixed anhydride of a polymeric sulphonic acid cation
exchange resin and acetic ac id 8 3 has been used in the reac-
tion with aniline in an aqueous medium at pH 3.5—5.5; the
low yield of acetanilide (it did not exceed 26%) was explained
by the hydrolytic loss of the acylating agent and the low con-
centration of aniline in the polymer phase (3% relative to the
concentration in the external solution).

When an acetylated polymeric t h i o l 1 1 9 ' 1 5 8 was used in the
aminolysis of amines and aminoacids, best resul t s (yield up to
95%) were achieved at pH 10—12 and t h e lowest yield of amines
was obtained at pH 7.5. This type of dependence is a
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consequence of the catalysis of the aminolysis by OH ions and
the positive influence of imidazole H2BO2 and Ag+ ions was
also noted. Best results were also obtained using sterically
unhindered amines taken in excess (two equivalents).

In contrast to the polymeric reagents examined above,83»119»
1 5 8 which were in fact used only as acetylating agents (for
the introduction of the N-acetyl group), hydrophilic poly-N-
hydroxysuccinimide reagents have found practical applica-
tions in the synthesis of t a f t s in , 9 8 ' 9 9 26-33 fragment of
cholecystokinin, 9 8» 9 9 and diastereoisomeric d ipept ides . 9 7

Poly-N-hydroxysuccinimide es ters of N-acylaminoacids
exhibited a high reaction capacity (up to 1.8 mmol g" 1 ) and
swelled satisfactorily in aqueous media. 9 9 The rate constants
for the competing aminolysis and hydrolysis reactions in
heterogeneous system poly-N-hydroxysuccinimide reagent—
amino-component—aqueous medium have been calculated at
different pH for two peptide formation reactions. 1 5 9 » 1 6 0 The
time variation of the calculated rate constants confirmed the
idea of the clonal distribution of the reaction c e n t r e s . 1 3 8

The optimum conditions for the aminolysis were discovered
from the kinetic data obtained, in particular the optimum pH
was in the region of the pK of the amino-group of the amino-
component other conditions being equal.

When hydrophilic poly-N-hydroxysuccinimide reagents were
used to analyse the optical pur i ty of the aminoacids, 9 7 a
polymeric es ter of an N-protected L-aminoacid was intro-
duced into the reaction with the aminoacid to be analysed,
taken in a free form; the aminolysis was carried out at
pH 8.5-9.0 (yield 55-98%). The removal of the N-protecting
(t-butoxycarbonyl) group from the dipeptide obtained was
also achieved in an aqueous medium in situ. Racemisation
and stereoselectivity were not observed when this method
was used.

Biologically active peptides—taftsin and the 26—33 frag-
ment of cholecystokinin 9 8 ' 9 9 —were synthesised in an aqueous
medium at pH 8—9 as a rule under pH-static conditions
(arginine was employed in a free state and the hydroxy-
groups of tyrosine and threonine were not protected); the
26—33 fragment of cholecystokinin was obtained in an organic
solvent (DMF) as a control for the method. The yields in
the condensation reaction amounted to 60—86% in both aqueous
and organic media.

It was n o t e d 9 8 · 9 9 that , when polymeric reagents are used for
peptide synthesis in an aqueous medium, there is a possi-
bility of difficulties in the elimination of the hydrolysed
carboxy-components from the aminolysis products .

None of the versions of the aminolysis examined above
eliminate the necessity for protection also of the functional
side group as well as the ct-aminogroup in the trifunctional
aminoacid in the synthesis of the polymeric activated es ter .
However, in this case the group may be blocked by protect ing
groups which are removed simultaneously with the N a - p r o -
tecting group, for example the O-t-Bu group combined with
the N a -Boc group. Such a s trategy has been used in the
synthesis of pentagastrin. 1 1* 9

Both in the classical peptide synthesis and in the method of
polymeric reagents , the aminolysis can be usually followed
qualitatively with the aid of thin-layer chromatography by
tracing the disappearance of the amino-component. When
polymeric esters containing a chromophorics group in the acyl
component are used, there is a possibility of the direct quan-
titative estimation of the degree of reaction by spectrophoto-
metric measurements on the solution. The kinetics of the
aminolysis of polymeric insoluble esters of Nps-aminoacids
(λ = 380 nm) 1 3 8 and the interaction of the polymeric es ters
Boc-Ala with the p-nitrobenzyl ester of alanine (λ = 280 nm)
were investigated in this way. 1 1 0 In a s t u d y 1 5 9 of the kinet-
ics of the aminolysis reaction, the increase of the concentra-
tion of the peptide synthesis was followed by s tudying

samples of the supernatant solution with the aid of liquid
chromatography after the removal of the Ν-protecting group.
Titrimetric determination of the amine which failed to react
with the aid of HClOi» in dioxan was u s e d . 6 9

In its practical aspect, the method of polymeric reagents
has not so far found extensive application in the solution of
specific synthetic problems. Peptides synthesised in this
way served, with some exceptions, only to test the usefulness
of a particular polymer-activator and to develop a methodol-
ogy. As a rule, all the peptide derivatives were obtained
b y the stepwise growth of the peptide chain from the C-end.
Apart from numerous model pept ides , certain natural biologi-
cally active compounds and their fragments were obtained.
One of the first known peptide hormones—bradykinin Arg-
Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg—has been synthesised
with the aid of the nitrophenol polymer121* in an overall yield
of 39% (65.3% relative to the protected nonapeptide) and
exhibited the full biological activity. Satisfactory results
were obtained in the synthesis of pentadecapeptides using
insoluble JV-hydroxysuccinimide p o l y m e r s , 8 9 ' 9 6 ' 1 0 1 4-hydroxy-
3-nitrobenzylpolystyrene, 6 9 ' 1 6 1 and polymeric N-hydroxy-
benzotriazole. 6 7» 8 1*' 1" 0 ' 1 1 1 Fragments of oxytocin and penta-
g a s t r i n , 1 6 2 ' 1 6 3 thyrol iber in, 1 1 0 the subs t ra tes for pig
elastase,1 6 1* the pentapeptide fragment of ox carboxypep-
tidase A, 9 6 taftsin and its a n a l o g u e s , 9 8 ' 1 6 5 lul iberin, 6 7 » 1 6 6 frag-
ments of ACTH, 1 6 1 the C-terminal half of ct-thymosin, 1 1 1 the
26—33 fragment of cholecystokinin, 9 8 and leucine-enkephalin 8I*
were synthesised in this way. The use of polymeric N-hy-
droxysuccinimide es ters of t-butoxycarbonyl-L-aminoacids
proved convenient in the synthesis of the diastereoisomeric
dipeptides used in the enantiomeric analysis of aminoacids. 9 7 '
i45(m7,i67 T h e possibjuty o f t h e repeated employment of the
polymeric reagent, the ease of s tandardis ing all the mechani-
cal operations, and also their simplicity are significant
advantages in routine analysis. Polymeric activated es ters
have also been used to acylate biogenic and synthetic amines.
The high yields and ease of purification of the result ing
amides made it possible to employ them successfully in the
synthesis of physiologically active aminoacid derivatives of
β-phenylethylamine, 1 6 8 penicillins and cephalosporins, 1 6 6

aminoacyl- and peptidyl-nucleotides, 1 6 9 and acylaminophos-
phonic ac id . 1 7 0

Cyclic peptides are usually obtained by the intramolecular
condensation of linear peptides a n d , in o r d e r to suppress the
competing intermolecular interactions, the reaction is carried
out under the conditions of high dilution.1*7 However, as a
ru le , even under these conditions, an appreciable amount of
oligomeric side products is formed. In order to solve this
problem, it has been suggested that peptide chains be fixed
to an insoluble carr ier after which intermolecular aminolysis
is to be carried o u t . 2 7 The polymer serves in this case as
a separator for the peptide chains, so that the unimolecular
reaction should become the dominant process . Two versions
of the application of monomers for this purpose are possible.
In the first version the peptide chain was added to the poly-
mer via a functional side g r o u p . 1 7 1 In the second version
a polymer-activator was used for cyclisation:

OCO—Pep—NH—Ζ

NO,

—P«p—NH—Z
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NH—Pep—00

Pep = peptide, Z-N = protecting group .

The first stage included the formation of the polymeric acti-
vated ester of the Ν-protected peptide. Nitrophenol poly-
mers were used exclusively for this purpose ,27>81* while the
condensing agent was DCCD. The yields were fairly low at
this stage. However, one should bear in mind that, in order
to reduce side reactions to a minimum, the content of acyl
residues in the polymer should not be high. In the subse-
quent stages the N-protecting group was removed under acid
conditions and the amino-group was deprotonated by an
organic base, after which the polymer was maintained in the
swollen state for the required time. 2 7 A series of simple
cyclic di-, t r i- , and tetra-peptides have been obtained in
this way in a yield of 60— 80%.60 In order to obtain cyclic
peptides, a linear peptide was initially synthesised by the
solid phase method,3 1 the ester bond in the peptide-polymer
was then activated, and the cyclisation was finally carried out
by the method indicated above2 7 (yield 40—60%):

I Boc—NHCHRCOOH + D C C D

(Fy-CH2—S—\ y—OCOCIIRNH—Boc

i growing of peptide chain by the Merrifield method

\2—S—{' J— OCO—Pep— NH— Boc

11). m-Cl-C6H4COOH, D HCI

OCO—Pep— N U 3 c r

Η + CO—Ρ·ρ—NH ,

where Boc = t-butoxycarbonyl, DCCD = dieyclohexylcarbodi-
imide, R = side group of the aminoacid, and Pep = peptide.

The "selective activation" principle § has been used in a
number of other studies for the synthesis of both cyclic and
linear pept ides . 1 7 2 " 1 7 5 The application of oxidants for the
labilisation of the peptidyl—polymer bond limits the choice
of peptides for the synthesis, because in this case they must
not contain a readily oxidisable aminoacid (methionine,
cysteine, or tryptophan).

The idea that peptide chains and the reacting groups in
the polymer are fully isolated from one another in space and
that their interaction is extremely limited has been criticised

§ In non-Soviet literature different terms are used for the
principle: the "safety-catch principle" 1 7 6 and "a posteriori
activation". 1 7 7

in a number of investigations."*3>176 Many facts indicated
that, even in the case of polymers with a relatively high
degree of cross-linking, the internal mobility of the poly-
meric segments cannot be eliminated.1 7 7

The question of the influence of the condensation method
and of the nature of the polymer-activator on the degree of
racemisation of the peptide synthesised has been hardly
touched upon in the l i terature. 1 7 8 One should distinguish
racemisation proceeding during the activation of the carboxy-
component by the polymer-activator and the racemisation in
the aminolysis of the activated es ter . 1 3 9 ' 1 7 9 The methods
for the formation of the peptide bond have come to be
evaluated in this respect by the synthesis and analysis
(liquid chromatography7 6) of a "test peptide", where readily
racemised acylaminoacids are used as the carboxy-compo-
nent . 1 8 0 The degree of racemisation in the synthesis of the
model peptide Z-Gly-L-Ala-L-Leu-OBzl has been estimated1 7 8

(the Izumiya test 1 8 1 ) by the method of polymeric reagents,
which consisted of polymeric esters based on 4-hydroxy-3-
nitropolystyrene27>121> and polymeric N-hydroxysuccinimide.89

The authors compared this with the racemisation occurring
when the usual low-molecular-weight condensing agents are
employed. Polymeric Z-Gly-L-Ala esters have been obtained
with the aid of DCCD and the aminolysis reactions carried out
in dimethoxymethane. Diastereoisomeric analysis of the
deblocked tripeptide showed that the content of the D-isomer
was 6.4% for the N-hydroxysuccinimide polymer and 37.4% for
the nitrophenol polymer. On the other hand, when DCCD
or DCCD with N-hydroxysuccinimide were used as condensing
agents for the formation of the peptide bond in solution, the
amounts of the D-isomer were 24.6 and 2.8% respectively.
The data obtained were of the integral type as regards the
polymers and the differential estimation of the influence of
various factors on the racemisation from experimental data is
difficult. The above results 1 7 8 are therefore valuable only
in the practical sense. It is evident, for example, that the
N-hydroxysuccinimide polymer is preferable to the nitro-
phenol polymer from the standpoint of racemisation. When
polymer-activated aminoacids with protecting groups of the
urethane type are used, the probability of racemisation is
minimal, with certain exceptions. 1 8 2 For this reason, in most
studies where such derivatives were employed, the racemisa-
tion was either not estimated during the synthesis or the pep-
tides synthesised were compared with optically pure authentic
specimens. Racemisation was not usually observed. This
factor made it possible to use the N-hydroxysuccinimide
polymeric reagents for the enantiomeric analysis of amino-
acids. ",i«,i«,««

The attempt to employ the optically active polymeric 3-hy-
droxyhydroxyhydrantoin for asymmetrically selective peptide
synthesis is noteworthy.11"* Two versions of the synthesis
of the dipeptide Z-Gly-Ala-OC2H5 from DL-Ala-OC2H5 were
achieved in the above study. In the first version the corre-
sponding activated Z-Gly ester was obtained in the prelimi-
nary step by the DCCD method and in the second the polymer
was used as an additive in condensation by the same method.
In the first case the dipeptide obtained contained 54.6% of
the L-aminoacid and in the second case 72.6%. This effect
was accounted for by the interaction of the D-isomer with the
3-hydroxyhydantoin group in the polymer, which increased
the amount of the L-isomer in the solution.

V I . POLYMERIC CONDENSING AGENTS

The use of dehydrating agents makes it possible to simplify
greatly the working procedures associated with the formation
of the peptide bond. Carbodiimides are usually employed
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for this purpose.183 The polymeric reagent with the func-
tional group indicated has been known for a comparatively
long time:184

Data for a series of cross-linked68»17*»185»186 and soluble78

polymeric carbodiimides having the following structures
appeared:

£H—№=C=N—R [88] ® - ^ \-CHj—N—(f:H,)3—N=C=N—R [68] .

CH3

J{ V—VHt—a—<CH2)2—N=C=N—R [174J;

</ \-CH,—№=C==N—R r186l

PEG—Ν

CM,—N=C=N—C2H5 [185]

PEG = polyethylene glycol), R = alkyl.

For this synthesis, the polymer containing primarily amino-
groups was usually treated with the corresponding isocyanate
and the resulting polymer-bound urea was dehydrated.
Cross-linked polystyrenes have been used as carriers as a
rule.

The advantage achieved when such polymers are used may
be imagined to consist in a more complete activation of the
carboxy-component if the condensing agent is taken in
excess and both this agent and its conversion products can
be readily removed from the peptide in solution.

The practical application of classical peptide synthesis and
also studies on the kinetics and mechanism of peptide con-
densation with the aid of DC CD have shown that such reac-
tions have complex mechanisms.187»188 A side reaction
involving the formation of N-acylurea, leading to the loss
of the carboxy-component, has been frequently observed
under these conditions. This side reaction occurred also
in the case of a polymeric analogue , 1 8 6 which precluded its
complete regeneration. The formation of symmetrical anhy-
drides1 8 8 can also hinder the purification of the final product.

A condensing agent based on polyvinylquinoline189»190 acti-
vates selectively the carboxy-component, converting it into
a mixed anhydride of ethoxycarbonic acid:

An analogous low-molecular-weight reagent, N-ethoxycar-
bonyl-2-ethoxy-l,2-dihydroquinoline, had been used earlier
in the classical and solid phase methods of synthesis.130»131

A further two polymeric condensing agents have been
obtained from chloromethylated polystyrene, namely polymer-
bound indazole191 and aynamine:192

There is little information about peptide synthesis with the
aid of polymeric condensing agents and only several di- and
tri-peptides were synthesised in the above studies. Tests

for racemisation189»190 showed that it occurs at the level of
low-molecular-weight analogues. The advantages of these
reagents became more clearly defined when they were used in
other fields of organic synthesis, for example, for the oxida-
tion of alcohols , 1 9 3 for the preparation of symmetrical anhy-
drides1 8 6 and esters, including activated esters.181*

VII. CONCLUSION

In essence, in any approaches to peptide synthesis one
of the reactants is used in excess to ensure the completion
of the reaction. The method of polymeric reagents has the
advantage that it makes it possible to simplify the purifica-
tion of the reaction product—the excess polymeric reagent
and the deacylated polymer-activator can be readily sepa-
rated from the low-molecular-weight reactant. In addition,
the majority of the known polymer-activators can be used
repeatedly, since they are readily regenerated. In partic-
ular, the inclusion of the activating components in the poly-
mer makes it involatile and removes its toxicity and unpleasant
small. By taking intc account the specific features of the
microenvironment of the reaction groups and the possibility
of modelling high dilution conditions by their separation, it is
possible to solve a series of problems which are difficult to
solve with the aid of other methods of peptide synthesis.

In the practical application of any method, the prospect of
its automation is always attractive. As regards the method
of polymeric reagents, the column version of the automation
of peptide synthesis has been most frequently forecast.191*
In this case each stage in the formation of the peptide bond
requires a separate column with a polymer-activated carboxy-
component .

The main purpose of the column is to obtain at the outlet
the pure product in a quantitative yield. However, studies
in the authors' laboratory195 showed that a (2-4)-fold excess
of poly-N-hydroxysuccinimide reagents relative to the amino-
component and low rates of elution did not lead to the required
required result: the product required additional purification.
This is apparently associated with the inadequately high rate
of reaction and the absence of fractionation in the case of
comparatively low and similar molecular weights of the dis-
solved components of the reaction mixture. A higher excess
of the polymeric reagent in trivial aminolysis reactions is
undesirable. Furthermore, the automated method should
include a further two stages involving the concentration of
the solutions and N-deblocking, which are fairly difficult to
automate. However, attempts have been made, for example,
to employ polymers for the removal of a series of JV-protecting
groups: Nps,85 Boc,196 and Fmoc.1 9 7 '1 9 8 The above con-
sierations apparently complicate the automation of the method
of polymeric reagents; virtually no studies on this subject
have been described in the literature. A complicating fac-
tor is also the fact that industrial manufacture of the poly-
meric reagents has not so far been initiated, although these
are as a rule fairly stable compounds which are convenient to
store and transport.

The limits of the applicability of the method of polymeric
reagents in relation to the synthesis of high-molecular-weight
peptides have not so far been determined. However, it is
apparently more most useful to obtain by this method a
comparatively small peptide containing 15—20 aminoacid
residues (in order to avoid diffusional complications) with
subsequent combination of the resulting fragments in solution
using either chemical or enzymic methods.

During the preparation of the review for publication, the
communication of Patchornik and co-workers appeared in
which they describe approaches to the methodology of pep-
tide synthesis using a "mediator" (Mediator Methodology) in a
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two-polymer system.1 9 9 Also published was a review by the
same authors on polymeric transferring agents 2 0 0 and poly-
meric activated esters based on a high-molecular-weight
l-hydroxy-2-pyrrolidinone2 0 1 were proposed.
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Variants of Thin-layer Chromatography with Controlled Flow of the
Mobile Phase

V.G.Berezkin and V.V.Buzaev

The review is devoted to the methods for controlling the flow of the mobile phase which have been developing successfully in
thin-layer chromatography (TLC). Their use makes it possible to eliminate some of the principal disadvantages of the
traditional TLC with retention of the majority of its advantages. The continuous variant, the continuous variant with flow type
detection, the centrifugal variant of TLC, and also the variant of TLC under pressure are examined. It is shown that control of
the flow of the mobile phase makes it possible not only to employ TLC successfully for the selection of separation conditions
in column liquid chromatography (CLC) but also to approach CLC as regards performance and speed. At the same tirre it gives
rise to new possibilities for the automation of TLC.
The bibliography includes 143 references.
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I. INTRODUCTION

The method of thin-layer chromatography, proposed in 1938
by the Soviet scientists Izmailov and Shraiber,1 is at present
one of the principal procedures in liquid, chromatography. It
is used in the study of organic2 and inorganic3 substances
and has found applications in biochemistry and pharmacol-
ogy,1*'5 in medicine,6 and in the analysis of the environment,7

polymers,8 etc. Such wide-scale application of TLC can be
accounted for by the following advantages of this method:
(1) the simplicity of the equipment and of the experimental
methods, (2) the possibility of altering purposefully and rel-
atively simply a large number of parameters optimising thereby
the separation process, (3) economy, (4) the possibility of
separating simultaneously and independently a large number
of samples in the course of a single determination (up to 20
samples). Important features of TLC such as the possibility
of the rapid and simple replacement of the mobile and station-
ary phases, which determine the selectivity of the method,1*'9"15

and of using the two-dimensional separation technique,**'9'10'16

which significantly increases the real resolving power of the
method must also be specially emphasised. The advantages
of TLC include also the fact that on a plate it is possible to
analyse all the mixture components and not only those which
have reached the detector, as happens in column chromatog-
raphy.

The commonest variant of liquid chromatography is at the
present time column liquid chromatography (CLC) and espe-
cially its modern version—high performance liquid chromatog-
raphy (HPLC). However, the features of TLC mentioned
above ensure that it has many advantages over CLC, which
have also been responsible for the fairly wide scale employ-
ment of TLC in analytical practice. Furthermore, after com-
paring CLC and TLC, certain investigators give preference
to the latter.17"19 It has been suggested in a review20 that,
although HPLC is superior to high performance TLC (HPTLC)
is regards efficiency and the number of components sepa-
rated , nevertheless the difference between them is not fun-
damental.

However, compared with HPLC, traditional TLC suffers also
from certain disadvantages; (1) a lower reproducibility of
the retention parameters, (2) usually a longer separation
time, and (3) the existence of certain complicating factors
which may have a negative influence on the reproducibility of
the chromatographic process (for example, the separation into
layers of the solution of the multicomponent mobile phases as
they move through the sorption layer,2 1 which has been
observed in many instances, and the evaporation and adsorp-
tion of the vapour of the mobile phase), and (4) a more labo-
rious and complex automation of the entire process—from the
introduction of the sample and the preparation of the chro-
matographic plate up to the quantitative assessment of the
results obtained.

The majority of the disadvantages of traditional TLC are
associated with the use of a non-stationary virtually uncon-
trolled flow of the mobile phase (see, for example, Refs. 4,
9, 10, and 22-24). The flow rate of the mobile phase in the
layer varies signigicantly during elution and the distance
traversed by the front of the mobile phase Zj is quadratically
related to the elution time t:9>22~25

where k is the rate constant, which depends on the nature of
the mobile and stationary phases.

It follows from Eqn.( l) that the rate of movement of the
mobile phase front diminishes appreciably as one moves away
from the site where the eluent is supplied. It is also essen-
tial to note that the pressure drop caused by capillary forces
precludes the achievment of optimum rates of movement of the
mobile phase throughout the elution zone. For this reason,
elution on most of the plate takes place in traditional TLC at
rates below the optimum values.

The non-stationary nature of the flow of the mobile phase,
the formation of an unsaturated zone in the region of the
eluent near the front, in which the content of the solvent
relative to the sorbent differs significantly from the equilib-
rium value,9 '25"27 and the processes involving the evaporation
and adsorption of the components of the mobile phase28 have
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an appreciable negative influence on the effectiveness of the
separation, the reproducibility of the retention parameters,
and the chromatographic process time. A number of stud-
ies 2 9 " 3 3 have been devoted to the optimisation of the chro-
matographic process in TLC, mainly by means of the concer-
ted selection of the sorbent, the mobile phase, and the length
of the chromatographic plate. In our view the creation of,
firstly, a stationary flow, and, secondly, the optimum flow of
the mobile phase, or one approaching the optimum, also plays
an important role in the optimisation of the separation process
in TLC. The use and development of elution methods which
make it possible to obtain a stable flow of the mobile phase
(which it is desirable to contol) is one of the promising trends
in TLC, because, in combination with the known methods for
the optimisation of separation conditions, 2 9 " 3 3 it helps to
overcome the principal disadvantages of the traditional TLC,
among those enumerated above, retaining at the same time
most of its advantages. This is why the present review is
devoted to the consideration of methods of TLC with a con-
trolled flow of the mobile phase (TLC-CF).

I I . CLASSIFICATION OF TLC METHODS WITH CONTROLLED
FLOW OF THE MOBILE PHASE

Variants of TLC in which a stationary flow of the mobile
phase, controlled only by employing special methods involving
elution and action on the chromatographic system by various
physical forces can also be usefully included among TLC-CF
methods. Among the variants of TLC-CF known at the pres-
ent time, it is possible to distinguish two groups: continuous
TLC methods and TLC methods with forced flow of the mobile
phase. Such subdivision is caused primarily by the differ-
ence between the forces responsible for the movement of the
mobile phase. In the first group of methods, these are cap-
illary forces. This group includes the continuous combined
(two stage), the continuous single-stage (flow), and the con-
tinuous TLC methods with a moving attached layer of the
sorbent.

In continuous two-stage TLC the sample is deposited on the
dry sorbent after which the mobile phase is eluted up to the
point where it is removed from the bed under the conditions
of the usual TLC with a variable rate of elution (first s tage);
next, until the end of separation, the rate of elution remains
constant (second s tage) . The rate of elution in the second
stage depends on the length of the elution zone, i .e. on the
distance between the site where the eluent is supplied and
the site where it is removed.

In continuous single-stage TLC the sample is injected
directly into the steady flow of the mobile phase. The rate
of elution from the instant of the introduction of the sample
up to the end of its separation is constant.

In the third method of this group, the sorbent, attached to
a flexible support, moves in the direction opposite to that of
the component to be separated. The sample can be deposited
on the dry sorbent or can be injected into the flow of the
mobile phase.

The term "forced flow TLC" was introduced by Kala*sz31*
quite recently. It has been used directly to designate the
method of TLC under pressure (TLC-P), 3 5 in which the move-
ment of the mobile phase in the sorbent layer, as in HPLC, is
achieved as a result of the excess pressure at the entry of
the eluent into the chromatographic system. However, we
think that it is more useful to include in the concept of "forced
flow TLC" (TLC-FF) all the variants of TLC in which any
external factor, for example, the centrifugal force or a mag-
netic field, acting on the given chromatographic system,
determines the character of the movement of the mobile phase.

Accordingly, centrifugal TLC, where the eluent moves mainly
under the influence of centrifugal forces, has been assigned
by the present authors to TLC methods with forced flow of
the mobile phase (TLC-FF), like TLC-P.

We may note that descending TLC, 3 6 in which the force of
gravity increases the rate of movement of the mobile phase
compared with the ascending and horizontal variants of elu-
tion, could also be included in TLC-FF. However, because
of the week influence of the gravitational component on elution,37

this method is regarded only as a variant of continuous TLC.

A classification of the methods of TLC-CF is presented
below. It demonstrates the possibilities of different variants
of TLC-CF as regards the control of the flow of the mobile
phase. In the TLC-P method (group C) the range of flow
rates generated is virtually the same as in HPLC. The use
of group Β methods shortens the time of analysis by a factor
of 2—5 and that of group A methods by a factor of 1.5—3 com-
pared with traditional TLC.

Scheme

TLC-CF

Continuous TLC
methods

TLC methods withforced
flow of mobile phase

Continuous
combined
(two-stage)
TLC

Continuous
single-stage
(Flow) TLC

Continuous
TLC with a
moving
attached
sorbent layer

Centrifugal
TLC

TLC
under
pressure

Β

It is noteworthy that this proposed subdivision of TLC-CF
methods into two groups is fairly arbitrary. For example,
continuous elution conditions are realised in both centrifugal
TLC and in TLC-P.

Table 1. Principal variants of liquid chromatography.

Characteristic

Type of soiption system
used

Cause of movement of
mobile phase in sorption

layer
Flow rate of mobile phase

lengthwise along the layer
Possibility of controlling

the flow of mobile phase
Method of detecting

components

Detection sensitivity*
Reproducibility
Number of samples

analysed
simultaneously

Use of sorption layer
Consumption of sorbent

in series of analyses

Traditional TLC

open

capillary forces

variable

does not exist

on sorbent layer
(static)

high
moderate
large

single**
large

TLC with a controlled
flow of mobile phase

open or closed

capillary forces or pressure
drop across layer

constant (controlled)

exists

static and dynamic

high
high
large

single**
minimal

CLC

closed

pressure drop

constant
(controlled)

exists

in stream of
mobile phase
(dynamic)

high
high
limited

(usually one)

repeated
minimal

*CLC has the following advantages over traditional TLC:
1) absence of sorbent in the detection zone and 2) long light
path in the measuring cell.
••Certain types of chromatographic plates in TLC can be used
repeatedly after regeneration.
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The principal variants of liquid chromatography are com-
pared in Table 1 in terms of the sorption system employed,
the character of the forces responsible for the movement of
the mobile phase, etc.

I I I . CONTINUOUS COMBINED (TWO-STAGE) TLC

The term "continuous chromatography" is used in TLC in
two senses. Firstly, in order to designate the process
involving the separation of the sample which is continuously
supplied into the chromatographic system. In continuous
separation the mobile phase, on the one hand, and the sample
and the sorbent layer, on the other, move in different direc-
tions. This method was first proposed by Martin38 in planar
(paper) chromatography and was realised by Guiochon et al.29

Secondly the term is used to designate the variant of TLC in
which only the flow of the mobile phase is continuous and the
volume of this phase is greater than that necessary to wet the
sorbent throughout the length of the chromatographic plate.
Here and henceforth we shall only use the second meaning of
the term "continuous chromatography".

The principal aim of continuous TLC is the improvement of
the separation of the mixture analysed by increaseing the
distance over which the components to be separated migrate.

The initial variant of continuous TLC was the combined
(two-stage) method. It was first used"10 in ascending chro-
matography on a free layer of alumina. The component to be
separated was deposited on a dry layer of sorbent and elution
was then carried out. The mobile phase was evaporated from
one end of the chromatographic plate. In this case the sep-
aration process proceeds in exactly the same way as in the
usual TLC after the attainment of the edge of the plate. The
eluent reaches the edge of the plate, as stationary flow of the
mobile phase is established along the sorbent layer. The flow
rate is determined by the rate of migration of the front of the
mobile phase at the end of the elution zone. Changes in the
rate of movement of the solvent for the given combination of
the mobile and stationary phases can be achieved by altering
the length of the elution zone. [In a recently published
studyt an attempt was made to optimise the separation condi-
tions in continuous TLC as a function of the rate constant of
the movement of the eluent, the degree of separation, and the
Rf for the components separated.]

Somewhat later Stanley and Vannier"*1 and Mistryukov1*2

developed novel and elegant methods for descending two-
stage continuous TLC. Interesting procedures for the appli-
cation of this variant of TLC have also been described in
other communications.1*3'1*'* However, the method involving
constant flow of the mobile phase, proposed by Truter and
Van Den Eijnden1*5-1*7 and also the method of the gradient flow
of the mobile phase or the evaporation method1*8'1*9 are most
frequently used. The differences between them are illustrated
fairly clearly in Fig. l .

In order to carry out continuous TLC under identical con-
ditions, Truter1*5'1*7 suggested that a special lid be employed
for the chromatographic chamber with a slit in which the plate
is inserted. The mobile phase rapidly evaporates outside the
limits of the chamber. Later a similar design was proposed
independently by Van Den Eijnden ̂  and was successfully
applied in subsequent investigations.50

We may note certain useful modifications of Truter's method.
In one investigation51 a layer of charcoal was proposed to
accelerate the process involving the "removal" of the mobile

tE.K.Johnson, M.J.Wenning, R.E.J.Tecklenburg, and
D.Nurok, J:High Resolution Chromatography and Chromatog-
raphy Comm., 1986, 9, 285.

phase from the end of the chromatographic plate. The use
of a paper wick for the removal of the eluent from the plate and
for its supply through a slit to the outside of the chamber for
the purpose of subsequent evaporation has been described.52'53

The sorbent itself can be used to collect the mobile phase by
placing a thick layer of the former ("roller") on the edge of
the chromatographic plate.5lf~56

Figure 1. Continuous TLC methods:20 a) the method of the
constant flow rate of the mobile phase;1*5"1*7 b) the method of
the flow rate gradient of the mobile phase along the layer:1*8'1*9

1) mobile phase; 2) thin-layer plate on which separation
takes place; 3) slit in the lid of the chamber through which
the upper end of the plate passes; 4) equilibrium in the
sorption and desorption of the mobile phase vapour (the gas
phase in the chamber is saturated by the mobile phase vapour);
5) evaporation of the mobile phase from the plate (a flow rate
gradient of the mobile phase arises as a result of evaporation
along the plate).

Thus a chamber saturated by the vapour of the mobile
phase is used in Truter's method (Fig. la) and its modifica-
tions and the solvent is evaporated outside its limits. For
this reason, the rate of movement of the mobile phase along
the plate is constant within the chamber.

Subsequently, chambers with a small volume of the gas
phase came to be widely used. The first chamber of this
type was proposed by Brenner and Niederwieser57 specially
for continuous TLC.57 It was subsequently significantly
improved by a number of investigators.58"62 In our view, a
novel chamber distinguished by simplicity and convenience in
use, described by Soczewiiiski and co-workers,81 '62 merits
special attention.

In the second known variant of continuous TLC (Fig.li»),
the mobile phase is evaporated from the chromatographic plate
already in the separation zone and during separation.lf8'1*9 As
a result of the partial evaporation of the eluent, the rate of
movement of the mobile phase diminishes from the beginning
to the end of the plate. This negative flow rate gradient
results in a decrease of the width of the band (the band is
compressed) and the separation is improved, which is espe-
cially important for the analysis of impurities. However, the
main disadvantage of this interesting variant of continuous
chromatography is inadequate reproducibility of the exper-
imental conditions, which is naturally reflected also in the
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reproducibility of the retention parameters, the effectiveness,
and the separation factors for the compound analysed.

Subsequently a new method, based on the intensification of
the evaporation process—the so called "hot plate" method—
was proposed and developed.63'61* In this method a zone of
increased temperature is created on the plate where acceler-
ated evaporation results in an appreciable gradient of the flow
rate of the mobile phase, leading to the compression of the
chromatographic bands.

The variants of continuous TLC described (the evaporation
and hot plate method) can be usefully employed, in our view,
mainly for the concentration of impurities in analysis.

In the practical application of continuous chromatography,
the isothermal variant is most often used.

All the variants examined presuppose a two-stage continu-
ous TLC scheme. The presence of the first chromatographic
stage and the deposition of the specimen to be separated on
the dry sorbent greatly reduce the reproducibility and effec-
tiveness of the continuous TLC method. Apart from this,
the separation conditions selected with the aid of this method
are fairly difficult to use in HPLC. This in fact stimulated
the development of the single-stage continuous TLC method in
which the sample is injected directly into the flow of mobile
phase.65 An important feature of this method is the detec-
tion of the components to be separated in the course of elu-
tion as in HPLC. For this reason, the single-stage continu-
ous TLC will be considered in greater detail below in the
Section devoted to the single-stage TLC with flow detection.

The continuous TLC method with sample injection into the
stream of eluent is frequently referred to as flow TLC,66 and
the two-stage variant as continuous TLC. The concepts of
"two- and single-stage continuous TLC" introduced in this
review reflect the significant differences between these vari-
ants of TLC. This is necessary also because in the litera-
ture the flow variant is frequently referred to as continuous
and conversely, although, as shown above, they differ fun-
damentally.

detail. Previously it was considered only in a monograph67

and in a review.68

The consideration of the method of continuous TLC with
flow detection in a review devoted to different ways of con-
trolling the mobile phase can be justified by the fact that the
singie-stage continuous (flow) TLC method was first devised
precisely as a variant of continuous TLC with flow detection.
The application of a flow detector assisted in a more success-
ful development of continuous TLC.

The method of continuous TLC was initially developed for
the rapid selection of experimental conditions in column liquid
chromatography.6 5

1 3

/ / /

Figure 2. Schematic illustration of the first thin-layer chro-
matograph:6S 1) TLC plate on a flexible transparent support;
2) reservoir for the mobile liquid phase; 3) aperture in the
cover plate for the introduction of the sample onto the chro-
matographic plate; 4) preliminary chamber for the mobile
phase with the drain tube 5; 6) tube for the supply of the
mobile phase; 7) connecting tube; 8) reduced pressure
chamber for the evaporation of the mobile phase; 9) aper-
tures for detection.

IV. CONTINUOUS SINGLE-STAGE TLC WITH FLOW DETEC-
TION

An important independent stage in any chromatographic
method is the assessment of the results of separation or the
detection stage. In continuous TLC the following procedures
can be used to determine the qualitative and quantitative com-
positions of the mixture analysed: (1) scanning (optical) of
the plate with the separated chrcmatographic bands (see, for
example, Refs.23 and 24), (2) continuous measurement of the
concentrations of the compounds analysed in the moving elu-
ent on the chromatographic plate or beyond it, and (3) a com-
bination of both procedures: a method of detection in the
flow of mobile phase for "light" components and a scanning
method for "heavy" components or in general for components
which are not eluted under the given conditions.

The first and third procedures appear to us more laborious
compared with the second but they are optimal in the solution
of many analytical problems. At the present time scanning
is the commonest method for the automatic assessment of the
results of separation in TLC.

The application of the second method actually implies the
creation of a liquid-type thin-layer flow chromatograph. The
role of the column in the latter is fulfilled by the thin-layer
plate whose absorption layer is open from at least one side.
Since in our view unjustifiably little attention has been devoted
in the literature to the second variant of continuous TLC,
although it makes it possible to reduce significantly the amount
of labour involved in TLC whilst retaining its traditional
advantages, it appears useful to discuss this method in greater

The thin-layer chromatograph employed by Schmid et al.6S

is shown in Fig.2. The constancy of the supply of the mobile
phase is ensured by maintaining a virtually constant level of
liquid in the working reservoir 2, which communicates with
the chamber 4. The sample is injected from a micropipette
via the aperture 3 in the upper lid. We may note that, in
order to compensate for the possible errors in the measure-
ment, a double chromatographic system is used. The two
parts of a single flexible thin-layer plate work independently:
in the chromatograph there are two apertures in the upper
lid for the injection of the samples analysed and two apertures
for the light guides with the aid of which the results of sepa-
ration are recorded. The light guides, connected to a light
source, are fitted with a green filter (550 nm). A photo-
resistor is used as the radiation detector. The liquid mobile
phase is removed from the plate in chamber 8 under vacuum.
The distance between the site of sample injection and the
detection region is about 4 cm.

Fig. 3 presents as an example the chromatogram of a mixture
of dyes obtained on a thin-layer chromatograph of the first
type. The parameters of the chromatographic bands of the
dyes separated are listed in Table 2.65 Taking into account
the fact that the data presented in Table 2 refer to a short
length of the layer (4 cm), they must be regarded as entirely
satisfactory. For comparison, we may note that the columns
used in the initial period of the development of gas-liquid
chromatography were characterised by an efficiency close to
that given in Table 2.
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The method of continuous TLC with flow detection has been
subjected to a general assessment.6 9 It was shown that the
continous-eluent planar chromatography can be used to sep-
arate both organic and inorganic compounds and that not only
inorganic but also organic adsorbents, including ion-exchange
adsorbents, can be employed as the stationary planar phase.
In many instances it is useful to employ chromatographic
paper as the sorbent in planar chromatography. Different
gradient methods for the improvement of separation and, in
particular, methods based on the use of sorption layers of
different shape are of interes t . 7 0 ' 7 1

0 JO 60 90 120
time, min

Figure 3. Chromatogram of a mixture of azo-dyes obtained
on the first thin-layer chromatograph;6 5 separation condi-
tions: stationary phase—"Polygram Sil C" TLC plate, thick-
ness of silica gel layer 0.25 mm, mobile phase—toluene mixed
with 2% of ethanol; the designation of the peaks correspond
to the numbers of the dyes in Table 2.

Table 2. Characteristics of the separation of azo-dyes under
the conditions of continuous TLC with flow detection (mobile
phase—toluene).65

Dye

vV-Ethyl-l-[(p-phenylazophenyl)azo]-
2-naphthylamine

1- [ (p-n-Butylphenyl)azo ] -2-naphthol
l-[(p-Methoxyphenyl)azo]-2-naphthol
l-[(m-Methoxyphenyl)azo]-2-naphthol
l-((o-Methoxyphenyl)azo]-2-naphthol

t, min

17.5

39
61
90

162

c, mm

4.5

10
17
25
41

N, t.p.

648

654
501
506
6S3

Notation: ί is the retention time, c the width of the separated
component band, and Ν the number of theoretical plates (t.p.).

Continuous planar chromatography with flow detection
makes it possible to employ the advantages of two main methods
of liquid chromatography: the planar method characterised
by flexibility and ease of replacement of the column-plate,
economy, etc. and the column method which ensures, a high
reproducibility of the retention parameters, a high degree of
automation of the process, etc.

The method of continuous-eluent chromatography with flow
detection can be applied in two versions: version I—the
specimen analysed is deposited on the dry sorption layer and

elution is then carried out by means of a flow of the mobile
phase (the traditional method of sample deposition in TLC)
and the components separated are detected by means of a flow
detector; version II—the specimen analysed is deposited on
the sorption layer wetted by the moving mobile ptiase and the
components separated are detected by the flow detector (the
method used in continuous TLC 6 1 ).

In order to assess these versions of sample injection in
continuous TLC, two series of measurements, comprising
seven repeated separations on the same plate, were carried
out . 6 9 The average rates of movement of azo-dyes on the
TLC plate obtained using both versions as well as the repro-
ducibility of these quantities are presented in Table 3 . 6 9 The
maximum deviation of the rate of movement of the chromato-
graphic band from its average value (ipmax> %) was used as
the characteristic of the reproducibility. The measurements
were performed using two mobile phases: benzene and tolu-
ene. Table 3 shows that the linear rate of migration of the
chromatographic band (or the retention parameter) is repro-
ducible, under conditions where the sample is injected into
the stream of eluent (version I I ) , with a random error 6-10
times smaller than in the deposition of the sample on the dry
sorbent layer (version I ) . The time of analysis, determined
from the retention time of the last extra component, was the
same for both versions, but the retention times of light com-
ponents are shorter for version I, apparently because of the
higher flow rate in the initial period of the spreading of the
mobile phase through the dry sorbent and the presence of a
region of unsaturation near the solvent front.

Table 3. The average rates of migration of azo-dyes Ua on
the chromatographic plate and the characteristic of their
reproducibility tymax = (Al/m a x/l/ a)

 x 100% under the condi-
tions of continuous TLC with the substance analysed intro-
duced onto the dry layer of sorbent (variant I) and on the
sorption layer wetted by the moving eluent (variant I I ) . 6 9

Sorbent (stationary phase)

KSK silica gel + 5% of
gypsum

Kieselgel 60F 254

Silpearl + 5% of gypsum

ο
<

;
2
3
4
5
1
2
3
4
5
1
2
3
4
5

Ua, mm min"

benzene (I)

- 1.82
0.95
0.57
0.42
0.30
2.40
1.72
0.90
0.50
0.30
3.87
1 56
1.04
0.65
0.48

toluene (I)

1.70.
0.37
0.46
0.32
0.21
2,18
0.71
0.33
0.22
0.10
2.50
0.92
0,58
0.33
0,22

benzene

•(II)

1.27
0.69
0.54
0,41
0.30
2,00
1,33
0,67
0.45
0.31
2 29
1,21
0.89
0,60
0,48

toluene (II)

0.99
0.66
0.38
0.28
0,20
0..92
0,42
0,24
0.18
0.11
2.00
0.88
0.51
0.30
0,22

*max> %

benzene

(I)

22
20

7
12
10
16
21
13

8
4

13
16
11

8
6

toluene

(I)

2

0
2
2
0
1
1
0
2
2
1
1
0
2
0

Notation: AUmax is t n e maximum deviation from the average
rate of migration of the azo-dye in a series of experiments;
1) azobenzene; 2) Dimethyl Yellow; 3) p-methoxyazoben-
zene; 4) p-aminoazobenzene; 5) Sudan-Ill.

Analogous results have been obtained in the separation of
aminoacids. Chromatograms of mixtures of dyes and amino-
acids are presented in Fig. 4. The variation of the base line
in the region of light (weakly retained) components on chro-
matograms α and c can be accounted for by the fact that,
when the sample analysed is deposited on the dry sorbent,
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the arrival at the detector of the front of the mobile phase is
accompoanied by a gradual alteration of the signal as a result
of the movement through the detector of the unsaturation
zone with a variable content of the eluent. When the sample
is deposited on the sorbent layer and the stream of eluent is
moving at a constant rate, this phenomenon is naturally not
observed (chromatograms b and d ) .

ι ι

I I

j ι

0 60 120 180 2U0 min

0 20 60 80 100 min

Figure 4. Chromato grams of mixtures of azo-dyes and amino-
acids obtained on a thin-layer chromatograph:6 9 a)—d) sepa-
ration of a mixture of five azo-dyes (the designations are
indicated in Table 3) on plates with "Kieselgel 60F 254" silica
gel from the Merck Company (a and b) and "Silpearl" silica
gel from the Cavalier Company (c and d ) ; mobile p h a s e -
benzene, 600 nl sample introduced onto the dry layer of sor-
bent (a and c) or onto a layer of sorbent with a moving stream
of eluent (b and d ) ; e) separation of a mixture of 4-amino-
salicylic acid (1), tryptophan (2), and histidine (3); sta-
tionary phase—"Silpearl" silica gel + 5% of gypsum, mobile
phase—70: 30 ethanol-water mixture; sample introduced onto
the layer of sorbent with a flowing eluent; distance from the
point of sample injection to detection zone 40 mm.

Since in the case where the sample is injected on the sor-
bent layer with the eluent in continuous TLC with flow detec-
tion (CTLC-FD) the separation process does not differ in
essence from those occurring in column chromatography, this

version of TLC is apparently one of the most rational proce-
dures for the selection of optimum separation conditions in
liquid column chromatography, to which attention was drawn
by Schmid and Cramer.6 5 The possibilities of CTLC-FD as
regards the optimisation of separation conditions have been
demonstrated in relation to the analysis of a mixture of dyes.7 2

However, in our view, this method is undoubtedly also of
independent importance. For this reason, we may note some
of its positive features. Firstly, CTLC-FD makes it possible
to replace the mobile and stationary phases easily and simply.
Secondly, the method permits the analysis of specimens con-
taining components which are not in fact eluted, since the
periodic replacement of the thin-layer plate presents no dif-
ficulties. Thirdly, the method approaches column chromatog-
raphy as regards the level of automation.

It is important to note that the injection of the sample into
the stream of mobile phase beyond the line of the solvent
front makes it possible to obtain more symmetrical peaks . 6 2

Thus this method of sample injection is of interest also for the
usual variants of TLC. CTLC-FD occupies an intermediate
position between the two- and single-stage variants of con-
tinuous TLC, srnce the eluent flow has not yet reached a
steady state despite the specimen being injected into it.

JO

Figure 5. Schematic illustration of a thin-layer chromato-
graph: 6 9 1) base (lower lid) of the chamber for the thin-
layer plate; 2) upper lid of the chamber; 3) plate with sorp-
tion layer; 4) compartment for the mobile phase; 5) paper
wick; 6) window for the introduction of the sample to be
analysed; 7) lid; 8) radioluminescent light source; 9) slit
diaphragm; 10) opaque jacket; 11) tube for the removal of
air with the mobile phase vapour; 12) wick for the evapora-
tion of the mobile phase; 13) air microcompressor; 14) pipe-
line for the supply of air; 15) light guide; 16) photoelectric
multiplier.

The design of the apparatus is important in any experimen-
tal method. A thin-layer chromatograph, differing somewhat
from the first instrument, 6 5 has been described by Berezkin
et al . 6 9 This liquid-type chromatograph is illustrated sche-
matically in Fig. 5. A wick exposed to a strem of air and not
an evacuated chamber, as in the study of Schmid et al., 6 5 is
used here to remove the solvent from the chromatographic
plate. The employment of the wick for the supply of solvent
to the plate permitted a greater variety of types of plates
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which can be used in the thin-layer chromatograph. In par-
ticular, in this instrument one can employ plates on a solid
support. The use of a radioluminescent light source 7 3 per-
mitted a simplification of the design and the employment of
sources with different maxima in their emission spectra per-
mitted the expansion of the region of applicability of the
spectral detector. Not only glass but quartz plates are used
as the material of the support for the adsorption layer, which
creates the possibility of measurements in the ultraviolet part
of the spectrum.6 9 Other solutions have also been described.71*
They are based on the use of a small aperture in the sorption
layer on the plate, which is usually opaque, as the optical
microcuvette of the detector, where the concentrations of the
compounds separated in the stream of mobile phase are mea-
sured. The filling of this aperture by the mobile phase does
not entail an appreciable distortion of the chromatographic
bands of the components separated. Fig.6 illustrates the
possible types of microcuvettes in a thin-layer chromatographic
plate. 7h The application of microcuvettes increases the sen-
sitivity of the determination by a factor of 1.5—10 compared
with variants in which there is a thin layer of sorbent in the
p»th of the measured emission.7S The diameter of the micro-
cuvette does not exceed 1—3 mm. The possibility of using
microcuvettes for the electrochemical detection of compounds
separated has also been noted. 7 5

An interesting and promising trend in the development of
flow TLC is its use for the separation of various compounds
on various mobile phases consisting of two and more compo-
nents. In chromatography under the conditions of single-
stage continuous TLC, the "separation into layers" of the
components of the mobile phase is unlikely, in contrast to
traditional TLC. 2 1 This makes it possible to employ complex
mobile phases for the separation of various sytems 7 2 ' 7 6 ' 7 7 and
also to carry out the separation under the conditions of gra-
dient elution.7 8 The method and theory of continuous TLC
separation using multicomponent mobile phases have been
described in a recent study#. In the same investigation it
was also shown that the data on separation obtained by con-
tinuous TLC agree satisfactorily with the results of separation
by the HPLC method and can therefore be usefully employed
for the optimisation of the separation conditions in HPLC.

The CTLC-FD method can be used successfully to estimate
the separating properties of solvent powders, 7 9 which leads
to yet another possibility, in principle, of employing TLC for
physicochemical measurements.

We believe that, in analysing the prospects for the develop-
ment of continuous TLC with flow detection, one should turn
ones attention to the possibility of using slightly modified
standard equipment for CTLC-FD, for example, a chromato-
graph with a U-chamber80 as well as detectors based on the
employment of laser-excited fluorescence,8 1 photoionisation,82

photoacoustic spectroscopy,8 3 etc.
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Figure 6. Types of optical flow microcuvettes in the TLC
plate:71* a) microcuvette in the sorption layer; b) micro-
cuvette in the sorption layer and the support; c) closed
microcuvette in the sorption layer; d) microcuvette in the
sorption layer deposited on a support with a reflecting sur-
face; 1) sorption layer; 2) support; 3) direction of light
flux.

The efficiency of the separation when plates prepared in
the laboratory with a thickness of the layer of 0.4 mm and a
working length of the layer of 100 mm are used was Ν = 700
theoretical plates for the Sudan dye. The use of a plate
from the Merck Company for high performance TLC made it
possible to increase the efficiency to 3450 theoretical plates
(for a working length of the layer of 60 mm). 6 9 This is sig-
nificantly greater than the value obtained by Schmid et a l . 6 5

V. CONTINUOUS TLC WITH A MOVING ATTACHED LAYER
OF SORBENT

A way29'32'81* of increasing the efficiency of the separation
per unit time is to increase the rate of elution and the dis-
tance over which the separation takes place. High flow rates
of the mobile phase and high rates of continuous TLC can be
achieved by shortening the elution zone, 3 7 which decreases
in its turn the total number of effective theoretical plates.
Separation in continuous TLC using a long elution zone entails
a considerable fall in the flow rate of the eluent and hence a
significant decrease of the specific efficiency.

Saunders and Snyder8 5 have proposed an interesting solu-
tion of the problem of increasing the specific and general
efficiency by increasing the rate of elution with a simulta-
neous increase of the distance over which the components
separated migrate in the course of analysis under the condi-
tions of continuous TLC. They developed a method in which
an infinite strip on which the sorbent has been deposited
moves in the direction opposite to that of the movement of the
eluting substances. This method has been called drum TLC. 8 5

It is based on the fact that in the course of elution the dis-
tance between the front of the mobile phase and the site
where it is supplied remains unchanged. By maintaining
this distance as small as possible, one achieves high rates of
elution. The separation in drum TLC takes place in the fol-
lowing manner. The plate on a flexible base is attached to a
cylinder, the specimen to be separated is deposited, and then
the cylinder is lowered into the eluent in such a way that the
specimen remains above the surface of the liquid eluent. After
the front of the mobile phase has reached the evaporation
line, the drum is made to rotate against the direction of the
migration of the eluent at a rate equal to that of the frontal
migration but having the opposite sign. Thus the separating
layer migrates relative to the spot and the immersion and

#E.Soczewinrski, in "Planar Chromatography", Vol.1 (Edited
by R.E.Kaiser), Huethig, Heidelberg, 1986, p.79.
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evaporation (of the front) lines at the same rate. Conse-
quently the components separated can be eluted through a
sorption layer of any length at a fairly high rate. The
authors 8 5 showed that the method of drum TLC is a more
effective and shorter analytical procedure than the traditional
and usual continuous TLC and its efficiency is also superior
to that of centrifugal TLC.

However, drum TLC, which gives rise to highly effective
and rapid separation, suffers from a series of limitations.
Firstly, this method makes it possible to separate only sub-
stances which differ only slightly in their Rf. Secondly, it
is fairly difficult to maintain the necessary rate of rotation of
the drum in the separation of colourless substances. Never-
theless, this method, which is relatively unsuitable for the
separation of multicomponent mixtures consisting of sub-
stances with markedly different Rf, can prove to be extremely
effective for the separation and analysis of substances having
similar properties, for example, optical isomers.

A principle analogous to that employed in drum TLC has
been used in the method of three-chamber TLC. 8 6 In this
case the chromatography is achieved on a long looped foil
strip coated by a thin layer of sorbent. During its move-
ment, the foil enters the elution device consisting of three
glass chambers (Fig. 7).

A //

L_v

Figure 7. Schematic illustration of three-chamber TLC: 8 6

1) foil with chromatographic layer; 2) main chamber; 3)
lateral chambers; 4) channel for the supply of the solvent;
A) and B) substances to be separated.

The separation takes place in the middle chamber. The
other two serve for the evaporation of the solvent from the
layer of sorbent. The rate of movement of the foil with the
adsorbent is regulated by means of an electric motor con-
nected to rollers. The mixture separated is deposited on the
sorbent and placed in the middle chamber through which elu-
ent is then supplied. During chromatography, the rate of
movement of the strip should be such that the component to
be determined is at the same distance from the eluent front
throughout. At the end of the chromatographic process, the
speed of the chromatogram is increased and all the components
separated are moved in succession to the side opposite to that
where the eluent is supplied. After drying each chromato-
graphic band, a clear cut separation of the specimen over a
comparatively short distance is achieved.

A method similar to drum TLC has been described by Halpaap
and Bausch.8 7 In this method the film with the sorbent layer
is rewound from one coil to another coil underneath. As in
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drum TLC, the latter is immersed in the reservoir with the
eluent. In this case the separation section is much longer
than the circumference of the cylinder in drum TLC. The
authors 8 7 carried out the separation process on sections of
the sorption layer of different lengths.

It is noteworthy that the continuous TLC methods consid-
ered here are variants of eluent chromatography with the
layer of sorbent moving relative to the point of supply of the
eluent. 8 8 ' 8 9

VI. CENTRIFUGAL TLC

Centrifugal chromatography, first proposed9 0 as a variant
of paper chromatography, was subsequently used in TLC. 9 1 ' 9 2

This method is applied in two versions: the linear and radial
versions. 8 5 In the radial or circular version of the centrif-
ugal TLC, the system chromatographed rotates about its axis
so that the movement of the mobile phase is accelerated by
centrifugal forces, as in the linear version. In the radial
centrifugal TLC, the mobile phase is supplied to the centre of
a circular sorption system. The flow rate of the mobile phase
can be regulated by means of a micropump. According to
the authors, 8 5 centrifugal forces play the same role as pres-
sure in HPLC.

In linear centrifugal TLC, the quantity equivalent to pres-
sure in HPLC can be expressed by the relation8 5

Ρ = ρω2Ζ/./2 , (2)

where ρ is the density of the mobile phase, ω the angular
velocity of the plate, and Zf the distance from the point of
supply to the front of the mobile phase.

On the basis of the foregoing, centrifugal TLC can be clas-
sified as a TLC method with a controlled forced flow. The
flow is stabilised by employing continuous TLC conditions and
the rate of elution is regulated by the rate of rotation of the
support. We may note that the rate of elution is directly
proportional to the square of the angular velocity.8 5

A detailed critical review on centrifugal chromatography,9 3

written in 1964, has not lost its importance today. The
authors'* believe that the economy of time in the elution of
thin-layer chromatograms by centrifugal TLC is not very
great. It is impossible to agree fully with this view. For
very long separations, this method is undoubtedly economically
justified and it has continued to be used in analytical prac-
tice in recent years: the reversed phase centrifugal TLC has
been used successfully for the separation of polar compounds
of plant origin § and the ion-exchange version of centrifugal
TLC has been employed for the determination of Fe, Co, Ni,
Cu, Hg, and other metals 11. Different aspects of the appli-
cation of centrifugal TLC have been discussed in a number of
studies. 9 l 1 " 9 6 The possibilities of centrifugal TLC for pre-
parative separation have been demonstrated by Stahl and
Muller,97 who showed that the specific sample charge in this
method can amount to between 10 and 1000 mg per millimetre
of the thickness of the absorption layer for one compound.
The results of a detailed study 9 7 are of interest not only for
preparative but also for analytical chromatography. Fig.8 9 7

illustrates the dependence of the separation time on the over-
all flow rate of the mobile phase. It follows from the data
presented that an increase in the flow rate of the mobile phase
leads to a significant shortening of the chromatographic pro-
cess, which is particularly pronounced in the region of low
rates. Fig. 9 " presents the dependence of the separation

iF.Orsini and L.Verotta, J.Chromatog., 1985, 349, 69.
USong Yirong and Yin Bohai, Xibei Daxue Xuebao, Ziran

Kexueban, 1985, 15(2), 56; Chem.Abs., 1986, 104, 179, 193.
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factors for hydrazones (dyes) on the volume rate of supply
of the mobile phase and the rate of rotation of the chromato-
graphic system. The maximum resolution for the average
flow rate of the mobile phase (5.2—3.5 ml min"1) was obtained
in the region of relatively low rates of rotation of the chro-
matographic system (~750 rev min"1).

Figure 8. Dependence of the separation time D on the volume
flow rate of the mobile phase F; experimental conditions:
stationary phase—silica gel 60 with 1.5% of acronal, mobile
phase—80: 20 hexane—ethyl acetate mixture, rate of rotation
750 rev min" 1. 9 7

R.

3

Ζ

1

500

_

-

ι

750

η
ι

woo
)

ι

1Ζ50 1500
ι, rev min"1

χ !

500 750 WOO 1250 1500
n, rev min"1

Figure 9. Dependence of the separation factor Rs for hydra-
zone dyes on the rate of rotation of the chromatographic sys-
tem n ; " experimental conditions: stationary phase—silica
gel 60 with 1.5% of acronal, mobile phase—80: 20 hexane-ethyl
acetate mixture, volume rate of supply of mobile phase to the
chromatographic system (ml min"1): 1) 3.5; 2) 2.1; 3) 1.1;
4) 5.2; 5) 7.1; 6) 8.8.

In comparing preparative centrifugal TLC with traditional
preparative TLC and column chromatography, the authors97

arrived at the justified conclusion that this method has defi-
nite advantages.

Attention should be drawn to the recent appearance of
several new methods and variants of apparatus involving
centrifugal TLC. 9 8 " 1 0 0 A new method of planar preparative
chromatography—sequential centrifugal layer chromatography
(SCLS)—has been described.98 According to the authors of
the method, it combines the advantages of preparative and
analytical centrifugal, antiradial, and sequential TLC. The
apparatus for SCLC makes it possible to carry out circular
chromatography with centrifugation at different rates of rota-
tion. The supply of the eluent to any point on the plate
makes it possible to separate additionally the individual com-
ponents using individual mobile phases. Furthermore, there
is a possibility of carrying out antiradial chromatography
under the influence of capillary forces. Thus the SCLC
method is in fact a hybrid procedure which expands the pos-
sibilities of centrifugal TLC.

A new centrifugal countercurrent chromatograph for parti-
tion chromatography has been proposed by Japanese investi-
gators.9 9 A rapid preparative separation of a series of mix-
tures of aminoacids, sugars, and saturated aliphatic acids has
been achieved with its aid.

The possibilities of centrifugal TLC for a significant increase
of the flow rate of the mobile phase in HPTLC have been dem-
onstrated.1 0 1 It has been shown that the results obtained
in three-minute separation with centrifugation are equivalent
to 12-minute separation with the aid of the usual circular
TLC.

The method of centrifugal paper chromatography, its pos-
sibilities, and the prospects for its development have been
considered in a review.102

The possibility of obtaining high flow rates of the mobile
phase in centrifugal chromatography are limited. It is
believed85 that the use of rates of rotation at which pres-
sures above 1 atm are created [see Eqn.(2)] would cause the
rupture of the column of solvent and the mixing of air with
the solvent at the point of its introduction. Yet another
limitation is associated with the application of an open layer
of sorbent in centrifugal chromatography: the increase in
the resistance of the layer of sorbent with increase in the
rate of elution can lead to the "spilling" of the eluent through
the sorbent. This is in fact why centrifugal chromatography
does not permit the attainment of the same high flow rates of
the mobile phase as in HPLC.

V I I . THIN-LAYER CHROMATOGRAPHY UNDER PRESSURE

The simplest, effective, and traditional method of attaining
a high flow rate of the mobile phase or the layer of sorbent
involves the creation of an excess pressure at the start of
the sorption layer. However, an enclosed layer must be
used to apply this method. This solution was proposed for
TLC in 1977 by Hungarian investigators.35 In fact, this is a
variant of thin-layer column liquid chromatography, because
the column contains a thin layer of sorbent. Thin-layer
plates with an enclosed layer were known earlier in planar
chromatography (see, for example, Refs. 103—105), but they
were not used in liquid chromatography.

A schematic illustration of a simple and novel apparatus35'106'107

for TLC under pressure is presented in Fig. 10. It is espe-
cially noteworthy that standard plates of any type can be
used in this apparatus. The support of the chromatographic
plate serves as the lower wall of the planar column, while the
upper wall consists of the polymeric film-membrane 8, which
is clamped to the adsorption layer 6 of the plate 7 under the
pressure of gas or liquid. The pressure at the inlet to a
planar chromatographic column should naturally be lower than
the external pressure used to clamp the polymer film to the
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adsorption layer in order to form a closed chromatographic
system—"column". Owing to edge effects, which signifi-
cantly disturb the front of the mobile phase and disorgranise
the solvent stream under the conditions of increased pres-
sure, in applying the linear TLC-P method it is essential to
use either special plates with the sorption layer on a silica
gel, alumina, or talc base108 alternatively a material inert
towards the given mobile phase must be deposited on the
edges of standard plates. Paraffin or various plastics are
used as materials of this kind. Fig. 11 illustrates plates for
TLC-P. In order to form the linear front of the mobile phase
over the adsorption layer of the TLC plate, an insert with a
channel connected to the aperture through which the solvent
is supplied to the planar chromato graphic system is intro-
duced. The channel can be made also directly in the adsorp-
tion layer having removed part of the sorbent.109 Under the
conditions of increased pressure, the solvent very rapidly
fills the capillary channel, which thus becomes a linear source
of the solvent and actually fulfills in TLC-P the role of a
small bath with a mobile phase used in the usual TLC. Fig. 11
illustrates two versions of linear TLC on standard plates:
a—elution in one direction and b—elution in two opposite
directions. Two dimensional separation,110 which is known
to be characterised by the maximum peak capacity compared
with other TLC methods, can be achieved by means of TLC-P.

Other variants of traditional TLC, differing in the form of
the sorption layer, can also be used successfully in the TLC-P
method: the triangular,71 anti-circular,111 and circular23

variants. The use of circular chromatography in this vari-
ant of TLC has been described, for example, in Refs.107,
109, and 112. It is apparently simplest to apply this variant
of TLC-P in practice, since there is virtually no need to
cover the edge of the plate by any material. The samples
analysed are usually deposited on the plate in a preliminary
step before the plate is placed in the TLC-P apparatus. A
number of studies113"116 have been devoted to questions of
the optimisation of the operating conditions in TLC-P. Kalasz
and Nagy116 believe that the optimum linear flow rate of the
mobile phase depends on the size of the particles of the sorp-
tion layer and is in the range 0.10-0.28 mm s"1. The TLC-P
method was subsequently developed in other investigations.117"120

Figure 11. Linear elution in one direction (a) and in two
opposite directions (b) in TLC-P:109 1) chromatographic
plate; 2) region of deposition of samples analysed on the sor-
bent layer; 3) capillary channel in the adsorption layer for
the organisation of the linear mobile phase front; 4) insert
with a capillary channel for the mobile phase; 5) inlet for
eluent; 6) edge impregnated with inert material.

The characteristics of the movement of the mobile phase
front in TLC-P differ from those familiar in traditional TLC,
for which a quadratic law holds9 '22"25 [see E q n . ( l ) ] , while in
the vicinity of the front there is an unsaturation zone.7 '27 It
has been established (see, for example, Lengyel et al.109) that
the following equation is valid for linear TLC-P:

Zf = kTLC.ft, (3)

where Zf is the distance of the solvent front from the line at
which the mobile phase is introduced, t the time, and fcTLC-P
a constant. This relation holds under the following condi-
tions: (1) the volume rate of supply of the mobile phase in

Figure 10. Schematic illustration of the apparatus for TLC
under pressure:106 1) manometer; 2) device for the intro-
duction of the specimen to be analysed under pressure; 3)
inlet for gas or liquid; 4) clamps; 5) sealing washer; 6)
sorbent layer; 7) glass or plastic support; 8) polymer mem-
brane; 9) transparent lik; 10) device for the introduction of
the mobile phase; 11) thermostatic device.
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the chromatographic system F is constant and (2) the layer of
sorbent is regularly packed so that its width is b, its thick-
ness d, and the free volume fraction is 3. The time t during
which the mobile phase front migrates over a distance Zj is
defined by the relation

whence

(4)

It follows from Eqns.(3) and (4) that

Uf = *TCL-P = F/bdfi,

where Uf is the linear rate of migration of the front.
Knowing the parameters b, d, and β of the sorption layer

and also the volume rate of supply of the mobile phase to the
system, it is possible to determine the linear rate of supply
of the mobile phase.

On the basis of material balance equations, the following
relations can be formulated for circular TLC-P:

where Zf-r is the radius of the mobile phase front on the
chromatogram and

Ζ =(^L)'A

(5)
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Figure 12./ Dependence of the HETP on the linear flow rate
of the mobile phase I/ ; 1 3 1 stationary phase—200 χ 200 mm
plate (Fixion 50 χ 8), mobile phase—sodium citrate buffer at
pH 4.2; 1) arginine; 2) lysine; 3) histidine.

Thus the linear flow rate of the liquid mobile phase under
the conditions of circular TLC-P is inversely proportional to
Zf-r. Consequently, under these conditions, the linear rate
of migration of the eluent is not constant, decreasing as the
point of the measurement moves away from the site at which

the mobile phase is introduced. However, it is known that
the efficiency of a chromato graphic system, characterised by
the height equivalent to the theoretical plate (HETP), depends
significantly on the linear rate of migration of the mobile phase
and this dependence has a sharp optimum. As an example,
we may quote the dependence of the HETP on the linear flow
rate! of the mobile phase (see Fig. 12). It follows from Fig. 12
that the HETP depends fairly markedly on the linear rate of
migration of the mobile phase. It therefore appears useful
to carry out the chromatographic separation at a constant
linear rate also in circular chromatography. This condition
can be achieved by programming the flow rate of the eluent.

Since the flow rate of the mobile phase decreases as the
front moves in the known variants of circular TLC-P, the
HETP increases. As an example, Fig. 13 presents data for
the variation of the HETP as a function of the distance t ra-
versed by the mobile phase front. Evidently in linear TLC-P
the efficiency hardly changes but it diminishes sharply when
the elution methods traditional for TLC are used. It is note-
worthy that the maximum efficiency is also attained in the
case of linear TLC-P.

HETP. μτη
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Figure 13. Dependence of the HETP on the distance tra-
versed by the mobile phase front χ 1 2 6 under the conditions
of traditional TLC (curves 1-3) and TLC-P (curve 4): 1)
unsaturated chamber; 2) ultramicrochamber; 3) saturated
chamber; experimental conditions: stationary phase-silica
gel 60 with 5 Mm grain size, mobile phase-^methylene chloride,
sorbate—Butter Yellow dye.

Fig. 14 presents two densitograms (chromatograms) for a
mixture of compounds used as doping agents . 1 2 1 All the
compounds are separated satisfactorily by the TLC-P method
(Fig. 14a) after 25 min; when traditional TLC is used (Fig.
14b), certain compounds cannot be separated at all (for
example, compounds 2 and 3 and 5 and 6), while others are
separated unsatisfactorily (for example, compounds 3 and 4
and 7 and 6), the separation time amounting to 95 min (almost
four times more than in TLC-P).
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3 5 10
cm

Figure 14. Separation of doping agents by TLC-P (a) and
traditional ΤLC (b) methods: 1 2 1 1) strychnine; 2) ephedrine;
3) methamphetamine; 4) phenmetrazine; 5) methylphenidate;
6) amphetamine; iy desopimon; 8) coramin; 9) caffeine;
S-start; stationary phase—silica gel 60 from the Merck Com-
pany, mobile phase—25: 17: 8: 4: 6 1-butanol—chloroform—ethyl
ethyl ketone—water-acetic acid mixture; flow rate (for TLC-
0.85 cm min" 1.

TLC 1 3 1 and in phytochemistry.1 3 2 Certain classes of com-
pounds separated and the systems of mobile phases used for
their separation are presented in Table 4. The possibilities
of the TLC-P method have also been discussed in other stud-
ies . 1 3 3 " 1 " 2

A variant of TLC-P different from that employed by Hungarian
investigators 1 0 6 ' 1 0 7 has been recently proposed by Kaiser and
Rieder.11*3 In this case the plate is positioned on a thermo-
statted base with the sorption layer downwards and is clamped
to the latter with the successive deposition from above onto
the support of the plate of a layer of silicon rubber and a
thermostatted coating using a press developing a force up to
20 tonnes. The eluent is supplied from below onto the sorp-
tion layer at the centre of the plate or along its periphery.
In the former case the circular version of TLC-P is achieved
and in the second the antiradial version obtains. The eluent
passes from a vessel, in which an excess pressure is estab-
lished by supplying an inert gas at a high pressure. The
main advantage of this variant of the device for TLC-P is the
possibility of the relatively simple application of antiradial
TLC-P.

The extensive experience gained in the development and
study of the possibilities of the TLC-P method makes it pos-
sible to recommend it for a wide range of applications. At
the present time Hungarian specialists have initiated the
manufacture of commercial apparatus for T L C - P . 1 0 8 ' 1 1 " ' 1 3 6 ' 1 "

In considering the prospects for the TLC-P method, we
should like to draw attention to the usefulness of its variant
with flow detection. When this method is employed for pre-
parative separation, it is desirable to use one detector placed
behind the sorption layer. We may note that we are unaware
of studies in which the possibilities of the TLC-P method have
been assessed as regards preparative separation, although
this aspect of its practical application appears to be of great
interest.

The variant of continuous TLC-P with a series of indepen-
dent detectors, in which the chromatographic plate functions
as a set of individual columns arranged in parallel, for the
simultaneous and independent separation of a series of sam-
ples is promising for analytical separation.
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hydrocarbons in objects within the environment are presented.
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I. INTRODUCTION

The monitoring of the content of polycyclic aromatic hydro-
carbons (PAH) in various objects in the environment is very
important. Since it has been demonstrated that the carcino-
genic and mutagenic action of certain PAH depends on their
composition and structure, the exact knowledge of the struc-
ture of each component of the complex mixture of PAH is
essential for the determination of the total carcinogenic
(mutagenic) potential of the test specimen.1'2

With increase of the intensity of man's action on nature
during the XXth century, the entry of PAH into the environ-
ment has become more pronounced at an increasing rate. The
principal anthropogenic sources of PAH are 3 internal com-
bustion engines, boiler engines operating on solid and liquid
fuels, metal casting, chemical, coke, and shale industries,
self-igniting coal bearing rock, etc. Thus the exhaust gas
from internal combustion engines contains more than 200 dif-
ferent components of which 160 are carcinogenic. In city air
with intense automobile traffic and metallurgical and coke-
chemical industries, the content of PAH can reach 1.5—
2.5 ug/100 m3 of air.1* It has been suggested that the con-
tribution of tobacco smoking to the overall level of the accu-
mulation of PAH is small but has a very dangerous effect on
human health.5»6 More than 170 carcinogenic substances
have been detected in tobacco smoke.** At the same time the
accumulation of PAH in the Planet's biosphere is expressed
by the impressive overall figure of 5000 tonnes annually; ?>8

PAH have been detected also in the air and atmospheric dust
of industrially developed cities, in drinking water, in indus-
trial waste water, in various marine organisms and deposits,
in the work places of certain industries, in food products,
etc.

The content of 3,4-benzopyrene, which is comparatively
easy to determine, can serve as a fairly reliable criterion for
the estimation of the overall content of PAH in objects in
the environment.2·7 Approximately 80% of 3,4-benzopyrene
released can be transported over a distance in excess of
100 km and can influence the state of the environment in
non-industrial regions. 8 During winter, the content of PAH
in the atmosphere is usually several times greater than in the
summer.9

Analysis of PAH is important for the hygienic assessment of
the quality of the environment for the determination of the
source of contamination by carcinogenic substances.1 0 The

possibility of direct analysis of PAH in various objects of the
environment is determined primarily by the sensitivity of the
method11 and in many cases preliminary concentration of the
sample is necessary. The most promising analytical methods
for PAH are capillary and gas-liquid chromatography (GLC)
and high performance liquid chromatography (HPLC).5 The
possibilities of capillary GLC become increasingly limited with
increase of the molecular weight of the PAH and the method is
unsuitable for the analysis of samples containing six and more
aromatic nuclei in the molecule. Similar limitations apply to a
much lesser extent to the analysis of PAH by the HPLC method
and in recent years there has been an increase in the number
of publications on the HPLC of various PAH.5'10'12"2'*

The present review covers the literature on the analysis of
PAH by the HPLC method published between 1973 and 1983
inclusive and partly the literature in 1984—1985; the ana-
lytical methods using normal-polarity and reversed phases,
gradient elution, and highly sensitive detection systems are
examined. The review does not include studies on the
separation of PAH using exclusion or ion-exchange chromatog-
raphy.

I I . SEPARATION BY NORMAL-PHASE CHROMATOGRAPHY

During many years, alumina and silica gel were the common-
est sorbents for the separation of PAH. Microdisperse25 or
surface-porous silica gels26 are most often used nowadays.
Thin-layer chromatographic data obtains using saturated
hydrocarbons as the mobile phases (MP) are as a rule
employed for the selection of conditions in the preparation of
PAH on packed columns. In the analysis of PAH with high
molecular weights, the MP are modified by activating additives
in order to intensify their eluting properties. 27~31

In one of the first studies on the HPLC of PAH,K it was
shown that a mixture of substances ranging from naphthalene
to 1,2-benzopyrene is effectively separated on a 300 χ 3 mm
column filled with Spherosil XOA 400 (MP = iso-octane and
cyclohexane). The sensitivity of the determination of the
individual components with UV detection (at wavelengths of
250 and 220 nm) is approximately to within 2 ng.

The earlier attempts to correlate the chromatographic
parameters with the structure of the PAH molecules are
presented in a monograph.21 It was noted that the content
of unsubstituted PAH increases with increase of the molecular
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weight and of the number of carbon atoms in the molecule;
with increase of the length of aliphatic side chains, the con-
tent of PA also increases as a rule. 3 3" 3 7 The relation between
the capacity factor of the test substance k' , the adsorption
energy SQ, and other parameters is : 2 1

where Va is the volume of the adsorbent in the column, α the
adsorption activity of the adsorbent, As the size of the adsor-
bate molecule, and ε ο the eluting power of the mobile phase.

°When pentane is used as the MP,
simplifies:

ε° = 0 and the expression

( 2 )

The adsorption enerpy S ° can be expressed by the equation1

( 3 )

where Qf are the additive contributions of the individual
groups of the molecule to the overall adsorption energy and
Qi are the contributions determined taking into account the
possibility of the interaction between the groups indicated.
The retention parameters of alkylnaphthalenes and alkyl-
phenanthrenes are described satisfactorily by Eqn.(2) only
for compounds with unbranched groups; the presence of
secondary alkyl groups induces a significant discrepancy
between the experimental and calculated data. 3 3

A systematic study of the chromatographic behaviour of
alkylnaphthalenes and alkylphenanthrenes has been under-
taken by Popl et al., 3 3 ' 3 8 who established that Snyder's
empirical formula

c = 0.31 nC. , (4)

where Ca is the number of aromatic carbon atoms in the mole-
cule, holds vigorously in the alumina—pentane system only
for arenes whose molecules contain 1—3 aromatic nuclei; on
passing to PAH with four nuclei and non-planar PAH, the
deviations become considerable. The relation expressed by
Eqn.(4) breaks down on passing from straight-chain groups
to branched groups owing to steric hindrance to the adsorp-
tion of such compounds.

Acid—base interactions influence significantly the sorption
process. The adsorption energies on sorbents of the type
A12C>3 increase appreciably for PA with acidic hydrogen atoms
(indene, fluorene, and benzofluorenes) and low ionisation
potentials (anthracene, naphthacene, and pentacene). 3 8 The
acidity of the A12O3 surface influences significantly the reten-
tion sequence of the components and, when the standardisa-
tion of the sorbent is adequately reliable, this phenomenon
can be used successfully for both group3 9 and individual
analyses. ^

Alumina and silica gel differ significantly in their sorption
characteristics owing to the different acidities and structures
of their surfaces.22»'t3~'* These differences are fairly clearly
manifested in relation to the separation of the anthracene—
fluoroanthene pair.1*1'1*2 It is believed that the sorption of
PAH on A12O3 is determined by electrostatic interactions and
that on SiO2 by hydrogen bonds. Detailed investigation of
the characteristics of the separation of PAH on different
brands of silica gel has shown that the capacity coefficient
depends on the difference between the changes in free ener-
gies, "7 partition coefficients, specific surfaces, packing
densities of the sorbent, and the proportions of its particles
of different size.'18'1'9 The alkyl groups in naphthalenes and
phenanthrenes influence differently their sorption on AI2O3
and SiO2.3 3 > 5 0 > 5 1 It is noteworthy that certain cyclic aromatic
compounds have retention parameters close to those of aro-
matic polymethyl-substituted hydrocarbons containing iden-
tical numbers of carbon atoms. This phenomenon has not so
far been convincingly explained.

Isomers of PAH with substituents in different positions have
significantly different Kovac indices. ^ For the same number
of carbon atoms in a series of aromatic hydrocarbons, the
retention indices either differ significantly, as, for example,
in 1,4- and 2,3-dimethylnaphthalenes and 1- and 2-phenyl-
naphthalenes, or are approximately the same as in 1,7- and
1,3-dimethylnaphthalenes and 1- and 9-methylphenanthrenes.
In the latter case liquid chromatography on reversed phases
with a careful selection of the eluent can be usefully employed
for separation.

Other sorbents are also used in the analysis of PAH. Thus
isomeric benzopyrenes and coronene have been separated5 2 '5 3

on columns with cellulose acetate and polyamide. Cellulose51*
and macroporous polystyrene5 5 are also employed to separate
PAH. One must assume that mixed partition and adsorption
processes occur for these and similar sorbents . x A signi-
ficant disadvantage of these fillers is their low mechanical
strength and it is therefore useful to deposit them on strong
carriers. The deposition of picric acid, ^ melamine poly-
merisate,58 Bentone,31*'59 and carbon black60'315 on silica gel
and the use of such deposits for the separation of aromatic
hydrocarbons t y the HPLC method have been described in a
number of studies. A new packing material, namely porous
carbon glass, has been proposed recently.6 1 Using methylene
chloride with the addition of 0.1% of 1,3-terphenyl as the MP,
it has been possible to separate successfully into individual
components a mixture consisting of five PAH. The modifica-
tion of hexane by more polar solvents has been examined on
Silasorb 600 silica gel.3 0 1

I I I . THE USE OF CHEMICALLY MODIFIED SORBENTS

One of the main criteria of the reliability of chromatographic
determination is the reproducibility of the retention param-
eters. Classical adsorbents are modified even in the pres-
ence of a very small water content in the MP. The retention
times of the components vary within wide limits because the
chromatographic column is in a non-equilibrium state. 6 2 Diffi-
culties therefore arise in the use of gradient elution, for
example, in the analysis of high-molecular-weight PAH.63

The deficiencies of liquid—liquid partition chromatography
are frequently more significant than its advantages. The
stationary phases fixed on the carrier become unstable when
MP with similar polarities are used; the instability is mani-
fested to an even greater extent when a gradient MP with
highly polar eluents is employed.9* The separation of PAH
exclusively on chemically bound stationary phases will be con-
sidered below because ~80% of all the separations by the HPLC
method are carried out on such sorbents. 6 S

1. Separation on Reversed Phases

In separation on reversed phases (RP) a non-polar adsor-
bent and a polar eluent are used. This system is universal
for PAH, their reaction products, and their heterocyclic
analogues. In this variant of liquid chromatography, the
retention of the components is inversely proportional to their
polarity and is determined both by the non-polar non-specific
sorbate—sorbent interaction and by the polar specific sorbate—
eluent interaction. ι μ In the analysis of PAH on RP, the rela-
tions between such interactions are frequently fairly complex.
With increase of the chain length of the MP, the capacity
factors rapidly fall (Fig.l) which significantly complicates
the analysis of multicomponent PAH mixtures . u

As a consequence of the unique properties and the wide
availability of octadecylsilane (ODS) reversed phases, the
majority of the analyses of PAH have been carried out on
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such phases. Sorbents with RP are also used for the deter-
mination of vapour pressures of various PAH by the HPLC
method under dynamic conditions. ̂  When silica gel is treated
with octadecylsilanes, its specific surface diminishes; it has
been suggested that the silica gel pores are then not only
narrowed but are also frequently blocked by the RP groups.6 8

Figure 1. Dependence of the capacity factors of various
aromatic hydrocarbons on the length of the chain grafted
to the surface of the Spherosil silica gel in an amount of
2.1 umol m2 K (70: 30 methanol—water mobile phase): 1) ben-
zene; 2) naphthalene; 3) phenanthrene; 4) anthracene;
5) pyrene. **

Under identical conditions (identical RP composition, eluent
flow rate, temperature, and column size), the retention times
of PAH on a column with Nucleosil Cw are approximately
twice as great as on Nucleosil Ce- a It is believed that PAH
molecules are retained on the bound RP by van der Waals
forces and that the bond strength increases with increase of
the length of the side chain.

As early as 1973, Sleight69 derived equations relating the
capacity factor and the number of carbon atoms in both
unsubstituted and substituted PAH; the methanol—water
system was used as the MP. For unsubstituted PAH, the
relation is linear along the section from benzene to benzo-
pyrene isomers and is described by the equation

igk'^a + bGi, , ( 5 )

where fc' is the capacity factor, C# is the number of carbon
atoms in the molecule, and α and b are constants. The intro-
duction of alkyl substituents into the PAH molecule entails an
appreciable increase in the retention of the component. This
relation is characteristic not only of alkylbenzenes but also of
alkylnaphthalenes and alkylphenanthrenes and is likewise
described by a linear equation.6 9

Attempts to find correlations between the retention param-
eters of PAH on ODS phases and the composition and struc-
ture of the adsorbate have been made.70"73»99 Thus a relation
has been found73 between the retention parameter and the
geometry of the sorbed molecules for 84 alkylated and non-
alkylated PAH. The ratio LIB, where L is the length and Β
width of the rectangle into which the PAH molecule can be

"inscribed" taking into account the bond lengths and the
covalent radii of the atoms, served as the criterion for the
estimation of sorbability. In almost all cases the elution
sequence of the isomeric PAH could be predicted with the aid
of this relation: the retention increases with increase of the
ratio LIB.

In order to estimate the retention of PAH on RP, the rela-
tion between the capacity factors fc' and molecular binding
χ, taking into account the steric structure of the PAH mole-
cule and the bond orders, has also been employed.n The
correlation factor F, 7^*ys which takes into account the number
of double bonds and the number of primary and secondary
carbon atoms, has likewise been used to predict the chro-
matographic properties of the PAH determined. The factors
F and χ have been calculated for 34 alkyl-substituted and
partly reduced PAH.75 It has been shown that the retention
indices calculated on a computer taking into account these and
other parameters can be used to predict the chromatographic
behaviour of unknown PAH. n

A definite relation has been observed77 between the reten-
tion and the physical properties of PAH. For columns con-
taining different RP, the type of molecules, their structure,
and their hydrophobic properties are of the main importance.

Table 1. Thermodynamic characteristics of the sorption of
various PAH.

No.

1
2
3
4
5
6
7
8
9

10
11
12
13

14
15
16
17
18

9
19
20

21
22
23
24
25
26
27
28
29

Substance

Group A

o-Terphenyl
Anthracene
m-Terphenyl
Fluoranthene
1,1-BinaphthyI
Triphenylene
Chrysene
1,3,5-Triphenylbenzene
4-Methylpyrene
9,10-Dimethy 1-1,2-benzoanthracene
3,4-Benzofluoranthene
9,10-Diphenylanthracene
1,2,5,6-Dtbenzoanthracene

Group Β

p-Terphenyl
2,3-Benzofluorene
Bifluorenyl
1-Phenylnaphthalene
3-Methylphenanthrene
4-Methylpyrene
3-Methylpyrene
1,2-Benzoanthracene

Group C

2-Phenylanthracene
2,2'-Binaphthyl
9-Phenylanthiacene
4,4'-Dimethylbiphenyl
2-Phenylnaphthalene
1-Benzylnaphthalene
Phenanthrene
Biphenyl
Naphthalene

-AH0, kJ mol"1.

8.3
16.0
11.3
16.9
13.3
18.9
23.5
12.5
21.8
21.6
26.6
16.6
30.7

18.3
18.5
18.0
13.1
14.2
21.8
21.6
22.4

25.4
21.9
15.2
14.4
15.5
10.8
13.3

9.1
13.3

} mol-lK"1

17
43
25
44
30
48
62
23
55
52
68
32
79

47
47
45
33
35
55
55
59

66
55
35
36
40
27
35
25
40

*The entropy changes have been calculated under conditions
such that Vg is equivalent to the volume of the sorbent in
the column.

The elucidation of the mechanism of the retention of PAH
on ODS phases has been prevented by the fact that until
recently it was fairly difficult to follow the degree of surface
coverage of the sorbent by the reversed phase; as a result,
together with the RP monolayers, polymolecular layers
appeared, which actually led to the reversal of the elution



Russian Chemical Reviews, 56 (4), 1987 399

sequence of PAH from the column.n 80 Sorbents with iden-
tical types of grafted phases can differ appreciably in their
selectivity even if they have been manufactured in the same
factory.8 1 '8 2 New generation sorbents, namely ODS-3, are
almost free from the above disadvantages.8 3 The influence
of the degree of coverage of the sorbent by the reversed
phase on the separation of the PAH can be seen in relation
to the retention of the isomeric 1,2-benzoanthracene—1,2-
benzophenanthrene pair. On monolayer reversed phases,
1,2-benzophenanthrene is eluted before 1,2-benzoanthracene,
while on polymolecular layers the reverse order obtains. For
pairs such as anthracene-phenanthrene, pyrene—fluoro-
anthene, and 1,2-benzopyrene-l,2-benzoanthracene, the
separation factors α increase on passing from monolayer to
polymolecular layer RP. 6 8

The characteristics of the retention of PAH on columns with
different degrees of coverage of the sorbent by ODS groups
differ significantly. Thus, on a monolayer column with an
ODS phase, polyphenylarenes are retained more strongly than
condensed PAH.7 3 '7 8 It has been shown81* that two series-
connected columns filled with sorbents having different ODS
group contents on the surface exhibit the same selectivity in
relation to PAH as columns filled with mixed ODS sorbents at
different concentrations. Data on the retention of PAH on
C13 RP, grafted to silica gel,85"90 surface-porous materials,85>

9 1 ' 9 2 porous glass,8 6 etc. 9 3 " 9 5 are available in the literature.
The retention of unsubstituted PAH and their homologues

is influenced significantly by the composition of the MP, *
which actually makes it possible to alter the elution sequence
of the components (Table I ) . 6 9 In studies with reversed
phases, the methanol—water and acetonitrile—water systems
are usually employed.97 In certain cases the separation of
complex PAH mixtures and individual pairs, for example, 1,5-
naphthalenophanes,1 0 3 is improved by modifying the mobile
phase by additives containing sodium sulphonates and per-
chlorates9 8 '1 0 0 or silver ions (0.001-0.02 M); 1 0 1 ' 1 0 2 the silica
gel surface is treated with cetyltrimethylammonium bromide.1№

With the increase of temperature, not only are the peaks
narrowed but the duration of analysis is reduced. The use
of a temperature gradient also makes it possible to separate
substances eluted under isothermal conditions in the form of
one peak and for certain pairs of compounds the reverse elu-
tion order is observed. With increase of the separation tem-
perature , the retention of more condensed PAH diminishes at
a higher rate compared with less condensed PAH.105 The use
of plots of the relation In Κ = f(l/T) and of the Gibbs equa-
tion permits the calculation of the entropy and enthalpy
factors and the estimation of their contributions to the over-
all retention and the sorption mechanism:

ef - ~ . Vr-y,n
l ^ T " ' (6)

where AG° is the free energy of the transfer of the sorbate
between the phases, Κ the partition coefficient assumed equal
to the equilibrium distribution constant, c* the concentration
of the sorbate X in the adsorbent, cj£ the concentration of
the sorbate X in the MP, Vr the retention volume, Vm the
"dead" volume, and Vs the overall volume of the stationary
phase or the overall surface area of the sorbent.

Data obtained using silica gel for grafted ODS groups and
the 80: 20 acetonitrile-water MP are presented in Table I . 1 0 5

The negative enthalpy changes indicate a high probability of
the transition of the sample from the MP to the sorbed state.
The absolute entropy change increases with increase of
adsorbability. For more condensed PAH, a more rigorous
elution sequence on the column is observed. With increase of
temperature, the entropy differences become dominant, which
alters significantly the partition coefficients of the PAH.

: — RT\nK = — RT\n—- = —

Thus the components of the pairs separated with appreciably
different entropies (Table 1, group A) are eluted in the
reverse sequence, while for components in group Β with
similar or identical entropies, the usual elution sequence is
obtained. We may note that, in order to separate com-
ponents 18, 23, and 27 (Table 1), characterised by identical
AS0 but different ΔΗ0, the "enthalpy" factor assumes a
decisive role. On the other hand, for components 5, 27,
and 29 with identical ΔΗ0, one may postulate the "entropy"
mechanism of the separation process. The separation of a
mixture of components with different thermodynamic param-
eters is determined by the relative contributions of the
factors indicated. In this case it is extremely difficult to
predict beforehand the results of the chromatographic separa-
tion.

0 1 Ζ 3 U 5 6 min
Figure 2. Separation of PAH on a column (125 cm χ 4.6 mm)
filled with the μ-Bondapak CM sorbent (5 urn) (acetonitrile-
water mobile phase; linear concentration gradient of 60—100%
of acetonitrile in water over a period of 5 min; eluent flow
rate 4 ml min"1; UV detector, 254 mm):1 2 1 1) benzene;
2) admixture; 3) naphthalene; 4) fluorene + acenaphthene;
5) phenanthrene; 6) anthracene; 7) fluoranthene;
8) pyrene; 9) 3,4-benzofluoranthene; 10) chrysene;
11) 1,2-benzanthracene; 12) admixture; 13) 1,2-benzo-
pyrene + perylene; 14) 3,4-benzopyrene; 15) 1,2,5,6-
dibenzoanthracene; 16) 1,2,3,4-dibenzoanthracene; 17) 1,12-
benzoperylene + 2,3-o-phenylenepyrene; 18) coronene.

The selection of the composition of the mobile phase and
temperature plays an important role in the optimisation of the
PAH separation process. 1 2 6 By virtue of their exceptional



400 Russian Chemical Reviews, 56 (4), 1987

stability, columns with bound RP are widely used in the
analysis of PAH by HPLC. The PAH present in carbon black,
with molecular weights up to 448, have been successfully
separated on such columns.106 It has been shown that alkyl-
naphthalenes can be analysed on carbon black.1 0 7 Examples
of the gradient elution of PAH mixtures have been fairly
widely described in the literature. By altering the composi-
tion of their MP, it is possible to achieve not only an accep-
table separation and retention but also a change in the elution
sequence. With increase of the content of the organic com-
ponent in the MP, PAH having increasingly higher molecular
weights are eluted. 1 0 8 ' 1 0 9 Both linear and non-linear gradients
have been used. The advantages of the employment of the
gradient technique in the analysis of PAC have been demon-
strated in a number of studies. 1 1 0 ' 1 1 1 ' 1 1 2 For the effective
separation of heavy PAH with a molecular weight up to 450,
the tetrahydrofuran—acetonitrile—methanol— water four-
component gradient system has been proposed.1 1 3

The separation of PAC on the high performance Vydac 201
TP, Cis column (linear gradient; acetonitrile—water MP) has
been carried out. 7 8 The same composition of the MP under
gradient conditions has been used for the separation of a
model mixture of PAH ranging from coronene to bicoronyl on
a column containing Nucleosil 5 C1 8

 m and also for other PAH
mixtures. U 5~U 9 A gradient anhydrous MP, for example a
methylene chloride—acetonitrile mixture, can sometimes be
usefully employed for the analysis of PAH.120 The gradient
elution of a mixture containing 18 different PAH is illustrated
in Fig.2. 1 2 1

A programmed variation of the flow rate or temperature is
sometimes used to improve separation.2 1 However, the latter
exerts a significantly smaller influence on the retention
parameters in liquid chromatography than in gas chromatog-
raphy.

High resolution chromatography on RP can be readily
achieved with gradient elution and the rapid return of such
columns to the initial equilibrium and the rapid change to the
new composition of the MP makes them very convenient to
operate.

The separation of high-molecular-weight PAH in both the
normal and reversed phase variants requires a careful selec-
tion of the MP. In many studies using isocratic and gradient
elution, it has been possible to separate PAH with molecular
weights of 400-600.122~121*

2. Separation on Sorbents with Crafted Polar Groups

Sorbents with grafted polar groups (SGPG) are being
increasingly used for the separation of PAH. The groups
in alkyl(aryl)silanes, used to modify the surfaces of classical
sorbents, contain one or several polar groups (NH2, NO2, OH,
CN, e t c . ) . The bound organic layer of polar stationary
phases is monomeric because the mass transfer across the
layer proceeds at a high rate and the mass transfer along the
layer becomes minimal. By selecting SGPG with different
functional groups, it is possible to vary widely the sorption
characteristics.1 2 5 In other words, the separation on SGPG
combines the advantages of partition and sorption chromatog-
raphy. The concentration of functional groups on the silica
gel surface is as a rule 3—4 group on 100 A.126 The proper-
ties of various polar phases suitable for the separation of
PAH have been compared. n ?

The mechanism of the retention of PAH on SGPG is fairly
complex. Here one must take into account the interaction
between the π-electron systems of the sample components and
various structures on the polar surface.1 2 8 Unsubstituted
PAH are eluted in order of increasing molecular weight129 and
ponents which cannot be separated on a non-polar RP. 1 3 0

The characteristics of the retention of more than 90 unsub-
stituted and alky 1-substituted PAH on a polar phase contain-
ing amino-groups have been described.7 8 It was noted that
the retention of the PAH increases with increasing number of
aromatic nuclei in the molecule. In contrast to the usual
columns with RP, the presence of alkyl groups in the PAH
molecules influences only insignificantly the retention
sequence, which makes it possible to use the above phase
for preliminary fractionation in the analysis of complex mix-
tures. Furthermore, the use of volatile non-polar MP facili-
tates the concentration of the collected fractions.

The separation of PAH on a polar phase containing amino-
propyl groups has been investigated.1 3 1 '1 3 2 The non-polar
MP were cyclohexane and the polar phases were methanol—
water or acetonitrile—water mixtures. In the former cases
the separation was attributed to the interaction of the
unshared electron pair of the Ν atom and the π-electrons of
the PAH and in the latter to the partition effect due to the
employment of MP of high polarity and the mixed adsorption-
partition effects in MP with a lower polarity.

A complex mixture of aromatic hydrocarbons and alcohols,
which included also naphthalene and anthracene, has been
successfully separated1 3 3 on a column with aminated Lichro-
sorb.

The retention parameters of 32 PAH on the usual columns
with silica gel and on columns with SGPG have been com-
pared131* and considerable differences in the retention volumes
and capacity coefficients have been detected. According to
the authors, the cyclic amide SGPG phase interacts with the
PAH via both the normal-phase and reversed-phase mecha-
nisms, exhibiting at the same time specific features in the
separation process. This results in a significant change in
the separation factors for the individual pairs and in the elu-
tion sequence of the components. Thus, on a normal-phase
sorbent, 9,10-diphenylanthracene and phenanthrene emerge
as a single peak, while on SGPG these compounds are separ-
ated (the selectivity was 3), phenanthrene emerging first.

PAH have been analysed on grafted phases containing
nitrile, diol, ethyl, quaternary ammonium, and amino- and
diamino-groups.1 3 5 '1 3 6·2 9 6 The phase with diamino-groups
proved to be the most selective. The use of a system com-
prising two columns—one with a polar phase and another with
a noh-polar phase—is even more promising for the study of
complex PAH mixtures.1 3 7 The characteristics of the separa-
tion of a number of PAH, their nitrogen-containing analogues,
and biaryls have been investigated7 1 on silica gel modified
with polar nitrophenyl groups. For each of these groups of
compounds analysed, a linear relation was observed between
the logarithm of the retention of the components and the
number of carbon atoms in the molecule. Furthermore, the
PAH were readily separated from their nitrogen-containing
analogues owing to the greater polarity of the latter. In a
number of studies Nucleosil 100-5 NO2 has been used success-
fully for the analysis of heavy PAH.138-1"0

Blumer et al.11*1 separated coal tar on a nitrophenyl phase
into more than 100 components. In contrast to capillary gas
chromatography, where only 30% of the composition of the
resin can be determined, on the nitrophenyl phase up to 70%
of the composition has been isolated by the HPLC method.
Using the nitrophenyl phase, it has been possible to separate
PAH of complex composition with molecular weights up to
6 0 0 . ^ It has been found1"2 that, under HPLC conditions,
the nitrophenyl phase is preferable for the analysis of PAH
present in dust to the amine phase and RP C 1 8. The charac-
teristics of the retention of PAC on the nitrophenyl phase
have not so far been investigated in detail.

Phases with other polar groups, for example, nitrofluor-
eneimine,llf3> 1 ¥ t picramidopropyl,11*5 3-(2,4-dinitroanilino)-
propyl,11·6 and phthalimidopropyl11*7 groups, are also suitable

SI

ch
po
ob
th«
re]
fa<
foi
tit
cu
ex
an
na



Russian Chemical Reviews, 56 (4), 1987 401

for the separation of PAH. With the aid of the last phase,
1,12-benzofluoranthene and perylene were separated and the
reverse elution sequence of the components of the binary
3,4-benzopyrene— 1,2-benzopyrene mixture was noted com-
pared with the Ci8 phase. Stationary SGPG phases, forming
charge-transfer complexes with PAH, are entirely suitable for
the separation of complex PAC mixtures into di-, tri-, and
poly-aromatic compounds.1Ιφβ

Studies of the relation between the capacity factor k' and
the molecular structure of PAH have been published.1'*9'313'318

A sufficiently distinct regularity in the deviation of the k'
(Table 2) on passing from different silica gels with grafted
phases to pure silica gel has not been observed on phases of
different polarity in the separation of a number of PAH.
Examination of the selectivity in relation to pairs of com-
pounds difficult to separate has also revealed a scatter of
the relevant values. For example, in the separation of the
anthracene—phenanthrene pair the selectivity assumes values
from 0.94 to 1.46, while for the anthracene—fluorene pair it
ranges from 1.09 to 2.30, etc. The use of other factors (F
and L/B) for the calculation of the capacity factor is fruitful
when these are present simultaneously in an equation of the
type

k'=aF+b(L/B)+c , ( 7 )

where F = number of double bonds + number of primary and
secondary carbon atoms—0.5 (for a non-aromatic nucleus)
and a, b, and c are column constants.

Table 2. Characteristics of the retention of PAH on various
stationary phases.11*9

Substance

Benzene
Naphthalene
Fluorene
Acenaphthylene
Anthracene
Phenanthiene
Pyrene
Fluoranthene
-hrysene
Maphthacene
Triphenylene
3,4-Benzopyrene

F

3.0
5.0
6.5
5.5
7.0
7.0
8.0
8.0
9.0
9.0
9.0

10.0

LIB

1.10
1.24
1.57
1.08
1.57
1.46
1.27
1.27
1,72
1.89
1.12
1.50

Capacity factor, k'

C,

1.89
3.01
4.40
3.35
4.81
4.49
5.56
5.59
7.13
8.28
6.45
9.06

CP

2.00
3 55
5.29
4.24
6.27
5.86
7.47
7.42

10.4
11.4

9.34
13.8

c,

1.48
2.22
2.89
2.49
3.36
3.14
3:80
3.80
4.88
5.27
4.67
6.75

C u

1.05
1.67
2.44
2.03
3.20
2.99
3 97
3.97
5.93
7.18
5.48
9.86

SN,

0.48
1.42
2.68
2.58
3.47
3.68
5.55
5.55
9.03
8.71
9.19

11.8

SN,

0.19
0.50
0.76
0.93
1.75
1.20
1.68
1.68
2,50
2.54
2.63
3.70

S

0.48
1.06
1.'92
Ii48
2.16
1.70
2.40
2.40
3.44
3V31
3.11
3.98

Notation: C2 = dimethylsilica gel, Cp = phenylsilica gel,
p

C8 = octylsilica gel, Ci8 = octadecylsilica gel,
= Fine

SIL-NH2, S N = Lichrosorb-NH2, and S = pure silica gel.

A reliable method for predicting the parameters of the
chromatographic retention of various PAH has been pro-
posed;256 a high correlation coefficient (0.97-0.99) was
obtained in all cases. The authors began with the fact that
the logarithm of the capacity factor of the molecule can be
represented as the sum of the logarithms of the capacity
factor of its constituent fragments. The method is suitable
for any type of chromatographic separation (adsorption, par-
tition, or a mixed type). For the majority of PAH, the cal-
culated capacity factors are satisfactorily correlated with
experimental data over a wide range of polarities of the mobile
and stationary phases. The isomeric 2,7- and 2,6-dimethyl-
naphthalenes are exceptions, but this in no way reduces the

advantages of the new method, which can be extended to PAH
derivatives after the appropriate correction of the calculated
data.

IV. THE APPLICATION OF MICROPACKED AND CAPILLARY
COLUMNS FOR THE ANALYSIS OF PAH

The increase of the molecular weight of PAH leads to a rapid
increase of the number of isomers, which requires the appli-
cation of high performance columns and a more careful selec-
tion of the MP. The efficiency of the system can be
increased by connecting several columns in ser ies. i a How-
ever, this entails an increase of the pressure drop and of the
duration of the analysis. Furthermore, a large pressure
drop entails the heating of the silica gel particles owing to
friction, which leads to additional spreading of the peak.150

Micropacked, capillary, and microcapillary columns are
being increasingly used nowadays for the analysis of complex
PAH mixtures. These columns have a number of advantages,
which incluue (1) the possibility of employing a combination of
a chromatograph with a mass-spectrometer or a flame-ionisa-
tion detector, (2) high efficiency (more than 105 theoretical
plates), which permits the separation of extremely complex
mixtures, (3) a decrease of the consumption of the MP by a
factor greater than 20, which permits a much wider use of
expensive and toxic solvents, (4) an increase of the sensiti-
vity of the determination of the components by a factor
greater than 20, and (5) the need for very small amounts of
the specimen in the analysis (less than 1 μΐ). Microcolumn
liquid chromatographs, with the aid of which it is possible to
solve a wide variety of research and technical problems,
have received wide recognition in our country and abroad.
Soviet investigators have used successfully the Ob'-4 and
Milikhrom chromatographs for the analysis of PAC.152

Packed microcolumns are quite efficient. For example, a
1 m χ 1 mm column filled with Partisil ODS/10 μπι has an
efficiency up to 30 000 theoretical plates (t.p.) . A complex
mixture of PAH extracted from coal has been separated on
this column.312 A battery of 14 series-connected columns of
this kind has an efficiency of 650 000 t.p.1 5 3 A multicom-
ponent mixture of PAH has been separated on 100 χ 0.12 mm
and 100 * 0.340 mm ultramicrocolumns filled with ODS SC-01
silica gel.151*'iss

Capillary packed columns have an even greater efficiency,1S6

which is calculated from the relation Η ζ 3dp (d p is the par-
ticle diameter). Thus the efficiency of a lmx 320 μπι column
filled with ODS silica gel (particle size 3 μπι) is 110 000 t.p.;
a 2 m χ 300 μπι column with the same filler has an even greater
efficiency—144 000 t.p. (with respect to pyrene for fc' = 10).
Both columns have been used successfully for the identifica-
tion of PAC contaminating the environment. 1S3»1S7

A capillary column whose inner surface has been treated
with silicone SE-30 proved to be highly efficient for the
analysis of a model mixture of PAH.158·308 The heavy aro-
matic fraction of coal tar has been separated159"161 on a
55 m χ 70 μπι column filled with alumina (particle size 30 μπι)
having grafted ODS groups. The use of a glass capillary
column on the inner surface of which a layer of silica gel
modified by cetyltrimethylammonium bromide has been depo-
sited162·310 is also promising. The separation of PAH on such
a column proceeds similarly to the separation on a capillary
column with grafted ODS groups.

In order to reduce the duration of analysis, it is useful to
employ gradient elution for the separation of PAH having a
complex composition.163'161*'311 An example of such separation
on a packed capillary column is illustrated in Fig. 3.
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3. Gradient separation of PAH on a 66 cm * 250 μπι column filled with Vydoc
201 TP silica gel (5 μΐη).163 The variation of the composition of the MP during
analysis is shown above: A) 65% acetonitrile + 35% water; B) 80% acetonitrile + 20%
dimethoxyethane. Sample composition (the amount in ng is given in brackets):
1) naphthalene (20); 2) acenaphthylene (4); 3) acenaphthene (20); 4) fluorene
(4); 5) phenanthrene (2); 6) anthracene (2); 7) fluoranthene (4); 8) pyrene
(2); 9) 1,2-benzoanthracene (2); JO) chrysene (2); 11) 3,4-benzofluoranthene
(4); 12) 1,12-benzofluoranthene (2); 13) 3,4-benzopyrene (2, detectable minimum
amount 50 pg); 14) 1,2,5,6-dibenzoanthracene (4); 15) 1,12-benzoperylene (4);
16) 2,3-o-phenylenepyrene.

Microcolumns and capillary columns with MP of different
polarity have been used to separate PAH in supercritical
(fluid) chromatography. Hydrocarbons (pentane, butane,
and isobutane), dimethyl ether, carbon dioxide, nitrous
oxide, etc. have been used as the MP. Multicomponent PAH
mixtures166"168 as well as the PAC present in soot,306 in the
exhaust gases of automobiles,169 and in coal tar170 have been
successfully separated with the aid of microcolumn liquid
chromatography.

Despite their evident advantages, capillary columns are
being fairly slowly introduced into chromatographic practice.
The reasons are failure to develop as yet a reproducible
method for the preparation of these columns, the absolute
need for a new system for the introduction of the sample,
inadequately improved pumps working at very high pressures,
and, in addition, the need for very small flow cells in the
detection of the components, for which one can usefully
employ the "tail" section of a glass column. Micropacked
columns are extremely promising.171»172

V. DETECTION SYSTEMS

The principal advantages of the analysis of PAH by the
HPLC method are due to the possibility of employing highly
sensitive and selective detectors. The molecules of aromatic
compounds are known to be capable of absorbing ultraviolet
light and certain PAH exhibit an intense fluorescence.

Detectors working in accordance with the above principles
have come to be widely used in the analysis of PAH by liquid
chromatography.173 Aromatic solvents cannot be used as MP,
but this does not create difficulties in the selection of the
eluent. There are fairly numerous different solvents which
exhibit a minimal absorption at the wavelength employed for
detection.

1. Ultraviolet Detectors

Although various PAH and their analogues differ somewhat
in the absorption of UV light at fixed wavelengths, the detec-
tion of substances in amounts not exceeding several nano-
grammes is quite feasible. The use of UV spectrophotom-
eters permits the selection of the optimum wavelength for the
detection of specific components of PAH.1Λ A UV detector
with a variable wavelength is quite often used to increase the
selectivity.175"177 The complete UV spectra have been usedu<f

to identify PAH after separation by HPLC. For analysis, it
is useful to measure the relative absorption of PAH at several
wavelengths.178»179 The advantages of UV scanning with
stopped flow for identification of PAH peaks have been
demonstrated.180»181 By altering the wavelength in the UV
region it is possible to control successfully the content of,
for example, 3,4-benzopyrene in the presence of perylene at
290 nm or of pyrene in the presence of fluoranthene at
360 nm.17S Detection with a variable wavelength under the
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conditions of reversed phase separation182 make it possible to
detect fairly readily 3,4-benzopyrene in coal tar.

In order to determine the maximum number of components,
it is useful to employ rapid scanning and multi-wavelength
detectors183"185 with Fourier transformation.186 The sensitivity
of the determination of PAH can be increased by using weakly
pulsating pumps. Pumps of the syringe type which do not
give rise to pulsations in the flow are best for this purpose.187

Definite information can be obtained by using two com-
bined detectors tuned to different wavelengths188'189 and also
by combining UV detectors with a fluorimetric detector.190"192

The sensitivity of the determination of PAH can be increased
with the aid of a detector based on the use of the Cherenkov
effect,193· etc,1*"1 9 7

2. Fluorimetric Detectors

The rapid growth of the manufacture of fluorimetric detec-
tors for HPLC is due to their selectivity with respect to con-
densed PAH198'199 and high sensitivity.173.200·201 The analysis
of admixtures whose amount does not exceed 10—100 pg then
becomes entirely realistic. It is believed202~2№ that PAH
detection limits below ΙΟ"12 Μ are entirely attainable when
laser-excited fluorescence is employed. At the same time the
use of fluorescence detection can sometimes lead to inaccurate

estimates of mixture compositions, because the signal inten-
sities at different wavelengths are not the same. Under
these conditions, the signals of a series of PAH components
can diminish appreciably and can even disappear. 2 0 s

Fluorimetric filters and spectrofluorimeters are used to
determine PAH in air-borne dust,176 in the exhaust gases from
diesel engines,2* in cigarette smoke,206 and in various petro-
leums and oils.207"209 The fluorescence peak intensity rations
under different conditions of the excitation of the fluores-
cence have been used to identify 17 different PAH present in
food, water, and tobacco smoke.210

In certain studies attempts have been made to improve the
technique of the fluorimetric detection of PAH in systems in
the environment. 2u~21' f In particular, the use of a narrow-
band filter greatly improved the sensitivity of the deter-
minations of the readily separated PAH; however, for poorly
separated peaks, the best results are given by a mono-
chromator,211 A two-photon laser fluorescence detector215"217

and a detector based on β-induced fluorescence218 have been
used successfully to analyse various asphaltenes.

The sensitivity of a fluorescence detector increased signi-
ficantly when an MP with added dodecyl sulphate was used.219

The selective extinction of the fluorescence of certain PAH
in the presence of nitromethane has been investigated.198'220'221

The addition of 0.5% of nitromethane to the MP significantly
extinguishes the fluorescence of non-fluoranthene PAH (the
fluorescence of anthracene is not fully extinguished).220

Table 3. Conditions in the analysis of PAH contained in various objects within the environment.

Object of analysis

Petroleum
PetioleuM
Petroleum, shale, coal liquefaction

products
Ditto

"
Bitumens, motor oils
Ditto
Heavy petroleum fractions, coal tar

Coal tar, pitch
Ditto
Coal tar

Coal pitch

Ditto
Coal tar and petroleum processing

products
Ditto
Coal liquefaction products
Ditto
PAC hydrogenation products
Tobacco smoke
Air contaminants
Ditto

»»

Water contaminants
Ditto

Deposits on sea bottom, marine
organisms

Exhaust gases from engines
Ditto

Automobile fuel
Barley malt

Sorbent

Bio-Sil ODS-10
Spherisorb Cjg
Chromegabond (NH2)2

Woelm alumina
2,4-dinitroanilinopropylsilica gel
Partisil 5
Corasil Cie
Nucleosil NO2, NH2, CN, SA,

Lichrosorb Si 60, Alox T;
Spherisorb A5U

Lichrosorb, MPorasil
«iBondapak, Cjg
alumina C j g

Lichrosorb RP-8

NucleosU 100-5NO2

HC-ODS

PAH/10
MBondapak, Cjg
Partisfl PXS 10/25 ODS
Lichrosorb RP-18
Micropak C-H "Varian"
Vydac 201 TP
Fine SIL C18-10
Lichrosorb NH2
Nucleosil 5 NO2
Lichrosorb RP-18

Lichrosorb RP-18
PAC 254-400 "Contron"
Perkin-Elrner HC-ODS
Perkin-Elmer HC-ODS

jiBondapak C}g
Lichrosorb RP-18

Lichrosoib RP-18
Zorbax TM ODS
Spherisorb ODS
Fine SIL Cig-10
Zorbax ODS

Composition of mobile phase

methanol-water, G
methanol-water (80 : 20)
hexane-methylene chloride, G

hexane-methylene chloride, G
hexane - methylene chloride, G
hexane
methanol-water (75 : 25)
hexane; hexane-methylene

chloride, G

cyclohexane
acetonitrile - water (60 : 40)
acetonitrile, acetonitrile -

dichloroethane, G
water- acetonitrile - dimethyl-

formamide, G
hexane-chloroform, G
tetrahydrofuran-acetonitrile (70: 30)

acetonitrile - water, G
. methanol - water (65 : 35)
'• acetonitrile - water (70: 30)

methanol-water, G
methanol-water, G
acetonitrile-water (70: 30)
acetonitrile-water (70: 30)
iso-octane
iso-octane-methylene chloride (9 : 1)
acetonitrile-water (85 : 15)

methanol-water (85 : 15)
methanol, acetonitrile
acetonitrile-water, G
aqueous solution of acetonitrile (38%) 1

and methanol (15%)
acetonitrile - water (80: 20)
acetonitrile-water, G

acetonitrile-water (80:20)
methanol-water (8:1)
methanol-water, G
acetonitrile-water (80:20)
methanol-acetonitrile-water, G

Detector

UV
F
UV

UV
UV
UV
UV, F

UV

UV
UV
F

UV

UV
UV, F

F
UV
F
UV
UV
F
F
UV
UV
UV

F
UV
UV
F

F
UV

UV
F
UV
F
UV, F

References

[257]
[258] ([230, 259, 260])
[261]

[261]
[261]
[262] ([263])
[264] ([265])
[2661 ([304])

[182]
[182]
[160] ([307])

[123]

[140] ([267])
[268]

[268] ([31, 191])
[74, 269]
[203] ([239, 240, 270, 271, 317])
[272]
[6]
[273]
[274]
[142]
[142]
[142] ([9, 81, 118, 119, 176, 187,

192, 205-281])
[282]
[283]
[201]
[284]

[285] ([286-290,309])
[291] ([292-295])

[296]
[85]
[297] ([250,298-300,316])
[302]
[303]

Notation: G = gradient elution, UV = ultraviolet detector, F = fluorimetric detector,
relevant to the object of analysis is indicated in round brackets.

The additional literature
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Only the peaks of PAH of the fluoranthene series, namely
fluoranthene, 3,4-benzofluoranthene, and 11,12-benzofluor-
anthene, remain on the chromatogram (Fig. 4). The addition
of a fluorophor, for example, aniline, to the MP makes it pos-
sible to detect both fluorescent and non-fluorescent PAH.222

'—Hil

13

0 U 8 12 16 20 2U min

Figure 4. Separation of an extract from coal tar on a
reversed phase: a) detection at 254 nm; b) fluorescence
detection; c) detection with fluorimetric quenching (0.5% of
nitromethane in the MP).200 Column filled with Vydoc 201 TP
silica gel (10 μπι); mobile phase-linear gradient of 50—100%
of acetonitrile in water over a period of 25 min; eluent flow
rate 2 ml min" 1 . Sample composition: 1) fluorene; 2) phen-
anthrene; 3) anthracene; 4) fluoranthene; 5) pyrene;
6) 10,11-benzofluoranthene; 7) 1,2-benzopyrene; 8) 3,4-
benzofluoranthene; 9) perylene; 10) 11,12-benzofluor-
anthene; 11) 3,4-benzopyrene.

Multichannel rapidly scanning spectrometers have been
employed223 for the detection of eluates containing PAH, for
example, for the determination of the origin of oil slicks. 2 2 3

A fluorimetric detector combined with computer techniques
and a data bank has been used successfully for the analysis
of complex PAH mixtures. n * The employment of a rapidly
scanning device with a photodiode detector and a computer
is promising for the optimisation of the composition of the
MP.311*

3. Other Detection Methods

The HPLC and mass-spectrometric methods have been com-
bined successfully in recent years for the separation and
identification of complex PAH mixtures. 225~231 This approach
proved to be fruitful for the analysis of both model mixtures1*'
232-236 a n ( j c o a j liquefaction products containing heavy aromatic
hydrocarbons. 237-21(0

Various ionisation procedures which make it possible to dif-
ferentiate isomeric PAH are used to detect mass-spectro-
metrically the PAH eluted from the column, namely electron
impact, chemical ionisation, and, much more rarely, field
ionisation and field desorption. The reliability of the method
is determined both by the selection of the ionisation pro-
cedure and of suitable masses, which are characteristic for
the substances to be determined.5'21*1 Detectors employing
proton magnetic resonance,2"2 IR spectroscopy,21*3 and other
spectroscopic methods combined with computer techniques2 1*
and Fourier transformation186 have also been described.

It is noteworthy that even the use of the most selective and
effective columns in the analysis by the HPLC method does not
permit the complete separation of isomeric PAH in complex
mixtures. For a greater reliability of the data obtained, it is
useful to combine HPLC with gas chromatography and mass
spectrometry160 >21>5~251 and also various spectroscopic methods,6'
252-255 which m a k e s it possible to increase significantly the
amount of information derivable from the analytical results. 2 5 6

VI. ANALYSIS OF PAH IN VARIOUS OBJECTS WITHIN THE
ENVIRONMENT

Table 3 presents the conditions for the analysis of PAH
contained in various objects within the environment. It is
seen that the use of adsorption chromatography permits the
solution of a very limited range of problems. Furthermore,
the long duration of the analytical cycle is a significant dis-
advantage in routine analyses of complex mixtures.

—oOo

It follows from the data described that the separation of
PAH on reversed phases grafted to the spherical particles of
wide-pore silica gel having a small diameter (3—5 urn) is much
more effective (when both non-polar and polar grafted groups
and appropriate eluents are employed). Gradient elution can
be usefully applied in the study of PAH forming part of the
composition of petroleum, coal tar, the products of their pro-
cessing, and contaminated water and air. Good results have
been obtained following the combined application of UV and
fluorescence detectors. Computer techniques make it pos-
sible to detect, in particular, the UV spectra of individual
PAH in the course of chromatographic separation and to com-
pare them with the available information. Methods in which
HPLC is used in combination with mass spectrometry, 41 NMR,
13C NMR, and other methods have been developed for the
identification of unknown PAH. Computer techniques can
then make it possible to reduce to a minimum the time con-
sumed in comparing the data obtained and to increase the
accuracy of the analytical determination.
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I. INTRODUCTION

The aim of the present review is a joint examination of the
available kinetic schemes for the oxidation of hydrogen,
hydrocarbons, and their derivatives, which permit the con-
struction of fairly general detailed kinetic mechanisms (DKM)
of oxidation and combustion processes. It has been found
that, despite the individual differences between the initial
molecules of the fuel and the oxidant, the atomic composition
of such molecules is important for the course of the reaction.
Depending on this composition, the same or different inter-
mediate species are formed which determine the character of
the interaction. Even when all the reaction channels are not
know accurately and despite extremely approximate values of
the rate constants being frequently employed, it is possible to

achieve by computation a fairly satisfactory description of the
kinetics of experimental processes.

We may note that, although the questions analysed below are
of intrinsic importance, they constitute a small part of the
general kinetic theory whose foundations have been laid in a
number of fundamental monographs and textbooks (see, for
example, Refs.1-10).

The number of fuels and oxidants used in practice and
important for the theory of combustion processes is very
large. Fuels having a complex multicomponent composition
are usually employed. However, at the present time one
may hope to be able to construct detailed kinetic mechanisms
only for an extremely limited number of simplest fuel—oxidant
pairs, which are the subject of the exposition below. Com-
plex compositions can be modelled by simpler ones but even
the latter have frequently a direct practical application.

411
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II. HYDROGEN AND HYDROGEN PEROXIDE

The principal characteristics of the DKM of combustion can
be illustrated in relation to the oxidation of hydrogen. The
mechanism of the oxidation of hydrogen has become one of the
first DKM in the study of which many fundamental postulates
of chemical kinetics were developed and tested, including the
theory of branched processes.1>2»6»7»11"19

Extensive experimental data referring to the oxidation of
hydrogen, mainly in the region of the ignition peninsula, and
all the known fundamental elementary stages of the process
were described, i.e. in essence a DKM had been constructed,
already in a monograph of Nalbandyan and Voevodskii8 and
then in the studies of Semenov1 and Kondrat'ev7 [Table 1,
reactionst (1), (-4), (-6), (7), (-8), (-11), (-14a), and
(-83)].

In these studies it is possible to find all the fundamental
features of simple and branched chain hydrogen oxidation
reactions (as well as the oxidation reactions of hydrocarbons
and other combustible substances), including those accom-
panied by a rise of temperature, and the relevant communica-
tions give compilations of numerous experimental and calcu-
lated data and comparisons which provide a quantitative
justification of the theory. A general solution of many igni-
tion problems can be found with the aid of the following
approximate system of equations:2»7»16

At

At

( I )

(II)

where nj is the concentration of species /, t the time, Τ the
temperature, ρ the density, C the heat capacity, and ω« and
hfj are respectively the rate and heat of reaction in the i*h
elementary step with participation of the j'th component, < is
the coefficient of heat evolution in the wall of the reaction
vessel, S and V are respectively the surface and volume of
the reaction vessel, and T c is the temperature of the vessel
wall. The usual initial conditions apply: ί = 0, nj = nj0,
and Τ = To.

Later communications contain a series of revisions which
specify in greater detail the mechanism of the combustion of
hydrogen. Thus a mechanism has been proposed17 for the
oxidation of hydrogen under conditions remote from the igni-
tion peninsula, namely under detonation conditions charac-
terised by high temperatures and pressures. For this
reason, a number of bi- and tri-molecular processes involving
the recombination of active centres, which in this case play a
significant role owing to the high concentration of atoms and
radicals, have been included in the mechanism [Table 1,
reactions (11)-(13), (19), and (83)].

It has been established18»19 that the mechanism of the igni-
tion reaction of hydrogen-oxygen mixtures, proposed by
Nalbandyan and Voevodskii8 and supplemented by recombina-
tion processes of the kind described above is very suitable
for the description of the propagation of a laminar flame.
This follows from a comparison of the calculated and experi-
mental data for the rate of heat evolution Ehw in the reaction
zone at low pressures Ρ (Fig.l). A theoretical basis for
such calculations is provided by the system of equations
describing the stationary one-dimensional propagation of the
flame:2'7·16

tHere and henceforth Μ is any third species removing or
supplying energy; the minus sign refers to the reverse
reaction.

(Ill)

(IV)

where χ is the coordinate of the propagation of the flame, λ
the thermal conductivity, u n the laminar rate of propagation
of the flame, ρ ο and ρ are respectively the initial and current
densities, and Dj is the diffusion coefficient of the jth compo-
nent of the chemical reactions. The boundary conditions at
χ = 0 and χ = 1 (end of the reaction zone) are as follows:

T —
Po«nC Ax

An.

AT

Ax
= 0; ——

Eftw.cal cm"3s

0.H

0.2

0.4 0.8 1.Z 1.6
x, cm

Figure 1. Dependence of the rate of heat evolution on the
coordinates in the reaction zone;19 [H2lo = 7.2%, [O2lo =
92.8%, Γ = 295 Κ, Ρ = 0.068 atm, rate of propagation of the
flame u n = 19.6 cm s"1: 1) experiment; 2) calculation
(here and henceforth volume percentages are quoted).

The rate of heat evolution profile was calculated from the
material balance equations (III) in which the terms describing
the appearance and consumption of each substance were set
up on the basis of the kinetic scheme [Table 1, reactions (1),
(-4), (-6), (7), (11), (12), (17), and (28)]. Readings of
the non-inertial resistance thermometer on a spherical bomb
with central ignition were used to determine Τ (α). 1 8

Here it is necessary to make certain general remarks con-
cerning the rate constants. For certain reactions, these
quantities have been frequently measured by different work-
ers and fairly similar results have been obtained. However,
frequently there is a large scatter in the experimental values.
In such cases (and these are in the majority) it is sometimes
difficult to find arguments for the justification of the α priori
selection of the value of the rate constant and the problem is
solved by comparing the calculated data with the results of
experiments carried out under different initial conditions.
Special attention has been devoted in the present review to
such comparisons. Furthermore, we may note that processes
corresponding to the exothermic direction of the reaction are
regarded as forward processes, while those involving the
endothermic direction of the reaction are regarded as reverse
processes. Strictly speaking, it is necessary to take into
account all the forward and reverse processes. However,
in each specific calculation one needs to consider only those
which contribute appreciably to the development of the
process.
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Table 1. Combustion mechanisms.

No. of
reaction

1
4
6
9

11
12
13
19
83
17a

7
17
26
27
17d

8
14
28
30
14a
29a
32
21
24
43
44
45
47
66
48
70
86
46a
68
69
70a
31
33
35
39
40
55
38
42
50
72
53
54
59
65
57
56
74
5d
4d

87**

88··
89··
90**
91*·
95
96
97
98
99

la
2a
3a
4a
5a
6a
7a
8a
9a

1.16
Id
2d
6e
7e
8e
3d
lb
2b
3b
4b
5b
6b
7b
8b
9b

30c
31c

2e
3e
2c
3c
4c
5c
6c
7c

Ke act ίο η

OH ~h H j ^ 6 Η H~ ΗjO
0 H + 0 = * H + 0 2
OH+H*eO+H 2
OH+OHsscO+Η,Ο
H+H+M**H,+M
0+0+M=**0 2+M
0H+H+AU*H,0+M
0 + H + M * * 0 H + M
OH+OH**H»+O,
H+HO,**H»+O,
H+0,+M**H0,+M
H+HO,**OH+OH
O+HO,**O»+OH
OH+HO·** O«+HjO
Η+ΗΟ,^Η,Ο+Ο
ΟΗ+Η,Ο,^ΗΟ,+Η,Ο
H+H2O2**H2O+OH
ΟΗ+ΟΗ+Μ**Η2Ο2+Μ
O + H 2 O J * * O J + H J O
H+H,Oj**H2+HO2

ΗΟ»+ΗΟ,**Η2Ο2+Ο,
O+H,O,=»*HO2+OH
CO+OH^eCOj+H
CO+KO,*tCO,+OH
H2CO+OH=»*HCO+H2O
H2CO+H*=HCO+H3
H2CO+O**HCO+OH
HCOH-HO,**H,CO+O,
H+CO+M**HCO+M
H2CO+HO,»«HaOi+HCO
ΗΟΟ+Ο,^ΗΟ,+ΟΟ
HCO+O**COj+H
HCO+H+M*tHjCO+M
HCO+OH^CO+HjO
HCO+H*tCO+H»
HCO-fO3*CO+OH
CH4+OH**CH,+H20
CH 4 +H*tCH s +H,
CH4+O**CH,+OH
CH,+O*tCH,+H2O
CH»+HO,*eCH4+Oi
CH,+H+M**CH4+M
CHj+H tO,**CH4+HO,
CH,+CHS**CH4+CH,
CH,+HaCOeCH4+HCO
CH,+HCO**CH4+CO
CH2+HtCO**CH4+CO
CH,+0H**CH,+H,0
CH 2+O«HCO+H
CH2+H,O*«=H,CO+H,
CH,+O,**H,CO+OH
C H J + O T * H 2 C O + H
CHO+H2CO**CHS+CO2
CH2+O,*tCO+OH+H
CH2+O2**CO,+H+H
CH s+O2+M*tCH,O2+M
CH,O2*tH2CO+OH
CHjOt+CHi^CHjO^+CHs
ΟΗ,Ο+ΟΗ^ΟΗ,Ο,Η
CH5+HO,**H,CO+H2O
CH+H,O*tCH,+OH

CH+OH*tCH»+O

CH+O^CO+H
CH,OH+0*fcCH,OH+OH
CH,OH+OH**CH2OH+H»O
CH,OH+H**CH,OH+H»
CH,O+HO2**CH,OH+O2
CH,+OH+M»«:CH,OH+M
CHjO+O*«=H2CO+OH
CHiO+OH**H,CO+H2O
ΟΗ,Ο+Η^Η,ΟΟ+Ηί
CHjO+Oja*H2CO+HO2

H,CO+H+M**CH,O+M
QHt+O^CO+CH,
C2H2+OH**CO+CHS

C2H+H+M**C2H2+M
C J H + H . ^ C H J + H
C2H+O2^*CO+HCO
C2H2+O2*eCH,+CO2
C2H4+O**=CHj+HCO
C2H4+OH^*CH9+H2CO
CjHi+Hja*CjH4+H
C2Hj+HO2»*CiH4+O2
CiHj+Hjqe=CjH4

CjH>+O^*CHj -f* CO
CjHj+OH^CHi+HCO
C2Hj+HapeCjHi+ H,
C J H » + O J * * C , H 2 + H O ,
CjH,+OH**C,H2+H,O
C3H,+O*>:CjH,+OH
CH,+CH,*eC,H4+H,
Q,H4+H+H**CH,+CH,
C H J + C H | » * C J H »

CjHe+OH^*CjH»+H^)
C 2 H I - | - H * * C J H 5 + H J

Ο,Η,+Ο^Ο,Ηβ+ΟΗ
C J H J + H O 2 * * C J H | + O J

CfH»+HiOj »« CiH(+HO»

Λ, kcal mol

15
17
2

17
103
118
118
101

19
56
47
37
54
71
54
31
66
50
42,5
16
40
14
26
62
45
30
28
26
30
14
17
96
73
88
73
71
17
2
0

34
54

101
14
17
28
71
82
34
79

Jf
68
28
32
57
22
29
13
43

122
8

23
25

177
175

0
17

2
54
92
79
96
81
25
22
73
56

128
25

214
81
43
15

1
57
41

117
46
63

7
78
61
55
48
83
20
5
3

51
11

Forward reaction

.d.mollitre'V1

2.4-10"
4.16-10»

6.9-10»
1.44-10"
3.6-10»
1,8-10»
3.6-1010

1.44-10"
6-107

6-10»
4.14-10»

2-10"
6-10"
6-10»
6-10»

7.8-10»
7.05-10»
1.61-10»
2.8-10"

7-10»
2.4-10"
2.8-10"
2.9-10»

1.33-10"
3.6-10"

6-10"
8.4-10"

5.35-10»
1-10»
6Ί0»
6-10"

K2-10»
6.3-10»

6 1 0 "
6 -10"
610·
6-10"
2-!0"

2.05-10"
2-10"
4.310·

LIO»
6.5-10'

6· 10'
6-10·°
6-10"
6· 10"
610»
610·
6-10»
3-10"

1.86· 10"
610»
6-10»

1.810»
3.6-10»

1-10»
6-10»
6-10r

1.2-10»
3.1-10»
6.6-10»

3Ί0·
6-in»
610»

4,3-10»
610»

1,3-10»
2.64-10»

3.6· 10»
610»
6-10»
6-10"
610»

1J2-10*7"
2-10"

7.8-10»
—
—

610»
6-10"

6-10»
4.5-10»
5.8-10»
1.410·
2.9-10<

610»
6-10»
6-10»
6-10»
6-10»
6-10»
2-10'3

—
8.4-10»
1.8-10"
7.4-10"
4.6-10»
3J2-1O»
4.9-10»

E, kcal mol"1

5.2
—0.78

7.04
0
0
0
0
0

20.4
0
0
0
0
0
0
1.6
4.2

- 9 . 6
6.4
4.2
1.5
6.4
5.7

23
1.5
1.5
5.5
5.6

-17
8
7.25
0

—3.2

oS
0
8.5

11.6
7.8
7.8

—0.4
—15.8

4,3
9.24
4.5
0
0
2.76
0
2.5

10
0
4.5
3.5
0
2

25
10

0
0
8.9
5.1
4.6
0
0
2
7.25
8.5

52
0
0
0
0
5.3
6.4
3.2
4.64
—
—
0

40
0.7
0.9

12.8
—0.2

0
0
0
0

10
0
0

38
—
0
4
9.6
4

- 1 . 2
8

Refs.

[20]

[23]
[24
[25
[24
[17

27
28
29
28
30
29
31

[32
—

[32
32
32
32
34
35
36
37
38
—"
—
[1]
371
40]
—

[37]
[37]
[41]
[42
[43
[44]
[44]

—
[30]

37
37
37
30
30

[30
[47
[48
[30
(49
[49

—
—
—
—>

_

rso50
51
51
52
51
—
51
51
51
51

[541
[55J

—
[56]

[57]
[58]

57
57
57
57
64
64
60

61
62
63
64

—

Reverse reaction

A, mol litre"V1

1.14-10"
7.8-10"
1.5-10'°

1.51-10"
1.74-10"
7.4-10'3

8.3· 1 0 u

3.1-10»
2.5· 10»
1.1-10»
5.7-10»

1,62-10»
9.43-10"

9.9-10"
5,28-10·
8.45-10»

6.4-10»
4.07· 1013

4.77-10"
1.6-10»

3.67-10"
2.89-10»
1.12-10'»
4.26-10"

1-10"
3.7-10»
2.3-10"

3-10»
1.6-10"
1.6-10»
5.5-10"
6.8-10"

5.10»
8.910"
1.9-10"
8.5-10»
6,9-10»
4.8-10»
2.2· 10»
8.3-10'

6· 10»
2-10"

6.06 10s

1.9-10»
1.5-10"
7.8-10'*

6 1 0 "
2.2-10"
9.5· 10»
7.4-10"
3.3· 10"
3.8-10"
1.7· 10"
3.3-10s

4-10»
2.73-1015/7"

6-10»
610»
1-10»

1.210»
6-10»
6-10»
6-10»

6.2-10"
2.8· 10"
3.2· 10»
4.7-10»

2.05-10»
6-10»
2 1 0 "

7.9· 10»
8.3-10»
1.8-10»
2.8-10»

2-10"
5.2-10»
3.3-10"

610»
6-10»

3.4-10"
5-10'

1.4-109

6-10»
6-10»

1.7·1012/Γ
2.1-10»
1.5· 109

6.3-103

1.8-10»
2.3-10"
2.8-10»

6· 10"
1-10'3

1.6-10"
1.4 -10"
3.8 10»
6.9· 10»

6-10»

E, kcal mol"1

20.4
15.9

8.9
17

105
120
120
104

39
56
48.8
37.6
54
71.2
54.4
32.6
72.6
42
91.4
20
41.8
20.4
30.4
85
46.4
31
33.4
32
14.7
22
24.4
96
72
88
78
71.6
24.8
12,5

7.0
41.4
55
88
19
27.4
33.2
72.2
82.6
37.2
78.6
38.2
61.6
68.2
32.2
33.8
54.8
30.6
56
23
43

122
18.3
29.5
31

179
177

1
23.2

9.3
52
69
79
96
81
30.5
30
78
62
96
20

122
46
17.4
12
54
42

116
46
62
15
76
60

41,6
83
24
14.2
7.0

50
19

Refs.

[21]
[22]

—

[26]

—
—
—

[33]

__

[ I ]
[39]

—

F391
—
—
—
—
—
—
—

J'JL[45]
[46]

—

—

—
—
—
—
—
—
—
—
*—
—
—

[50]
[50]
[50]
—
—
—
—
—
—

[53]
—
—
—
1—

[51]

[56]
[56]

[57]
[57]
[59]

—

[60]

[64]
[64]
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Table 1 (cont'd.).

No. of
reaction

Reaction kcal mol'
1

Forward reaction 1

Λ, mol litre"1»·1 1

3-10» I
4-10»
6-10»
6-10»
6-10·
6-10*

3.4-10»
6-10*

1,1 10»
7.4 Γ
1.6-107

4.9-10*
7.9- ΙΟ4 Τ
1,5· 10» Τ

6-10»
I 6-10»
1 6-10*

6-10»
6-10*
3-10» Τ

6.9-10*
8.7-10»

—
1.45-10»
6.1-10*
63-10»
6,8-10· Γ
5.5-10·

6-10»
6-10*
6-10»
6-10»

3.2-10· Τ
2.510·
5.7-10'

6-10» I
1.1-10»

6-10»
6-10»

3.2-10*
2.7-10»

6-10»
1-10*
6-10*

5.1-10*
1.6-10* Ρ · "

β-10»
Ι 6-10»

6-10»
6-10»
6·1010

6·1010

6-10»
1.83· 10» Γ
5.1-10»

6-10»
1.32· 10" 'Ρ·*"

6-10»
6-10»
6-10»

7.2· 107

6-10»
610*

6.8-10»
7.2-10»
8.7-10»
2.9-10'°
5.8- ΙΟ4 Τ

1-10»
4.9 Τ
1.5-ΙΟ7

2.8- ΙΟ7 Τ
7.65 Γ

1.3-10»
2.75-10»

1-10»
1.41-10»

4-10»
| _

Ε, kcal mol"11

ο I
οβ
0

10
10
4
3.4
2.3

26.8
-17.2
-0.8

—20
6.8
4.80
0
ο
ο
2

_
2.57
0.45
5.3
9.4

-0.35
ο
ο
ο
*—15

-1.4
1.6
ο
0

10
4
1.84

17,4
0
0
ο I
ο 11.5 !
4,2
5
0
8
0
0
0

- 9 . 4
4.1
5.3

-18.2
0

I 0
0
0
6.9

0
9.3
0
0

-8.6
0.6

- 0 . 6
1.3

- 7 . 8
- 1 . 7

ο0.5
7.5

85
0

_

Refs.

64
65
64
64
64
64
66
66
67
64 1

[64]

I

64
64
64
64
64 1-

[64]
_

I

1...
69]
70

7Γ

[

1

69
69
69
69'

69
75
69
69
76
73
69
77
78
79
55
69
69
69
69
69
80

[69.

1

1

1

_
[69
82

1

169]

I

69
69
84
85
6S

[87]

[88]
—

[89]
—

[90]
—

[551
91
92

Reverse reaction

/l.mollitre"1»-1 1

810· 1
6.7 107

3,3· 10*
2,1-10·
1.7-10·
35-10»

3-10»
1.1-10*
9.1-10*

610·
310*
6-10»

i 2-10'4

2· 10»
6.6· 107

1.6· 10»
75-10»
1.6-10»
6.9· 10»

6-10»
4.5· 10»
6.9· 10»

1 -10»
2.4-10»
9.5-10»
2.1-10»

I-10»
6-10»

1.6-10»
35-10*
5.3-107

3.1-10·
15-10»
6.9-10»

1-10»
3.8-10»
1.4-10"
4.3-10»
2.8-10"

2-10»
3.6· 10»
U-10»
6.6-10»
1.3-10»
3.1-10»
2.5-10* P "
2.5-10»
1.1-10" 1
2.8-10»-
3.9-10» 1
1.5-10»
2.9-10" 1
5.7-10"
5.8-10»

6-10»
3.6· 10"

1.79 Ρ·"»
6.8· 10»
1.6-10»

3-10»
1.3-10»
4.8· 10»
4.2· 10»
2.8-10»

8-10»
6-10»

3.5-10»
1.1-10»
2.2-10»

4-10»
7.8-10»

MO1 4

1510»
2.46-10»

5-10»
210»

2.85-10»
1.5-10"

6-10"

E, kcal mol"11

Ti" f12.6
36
80
62
72
28
12.2

9.4
20
30

6
52
16
28
84
80
66
64
40
18
21
98

il·5
32
22
84.4
39
14
40
14
15
91·
56
4.8

25
122
25
26
15.6
15.2
70
94
53
50
70
25
24
55 1
15 1

116
115
154

10.5
27

5.2
110
60
78

154
27
31

i 3 0

1 li8
29.4
65
46
27
24
43

3.2

*?75
39.4

128
48.6
30.1

Refs.

_
_
_

_
_
_
—
—

[64]
—

[64]
[68]
—
—
—
—
—

[64]
—

[561
£561

—
—

[721
[69]
—
—
—
—

[731
69

[74]
—
—
—
—
—
—
—
—
—
—
—
—

—·——
———,[81]

""V
1831
—

[86]
—

[88]
—

[89]
I —

89
89
89
89

[91]

— .

1 [88 I

8c
9c

10c
l ie
12c
13c
14c
15c
16c
17c
18c
19c
20c
21c
22c
23c
24c
25c
26c
27c
28c

le
4e

2.1
2.2
2.3
2.4
2.8
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13
2.14
2.15
2.16
2.17
2.18
2.19
2.20
2.21
2.22
2.23
2.24
2.25
2.26
2.27
2.28
2.29
2.30
2.31
2.32
2.33
2.34
2.35
2.36
2.37
2.38
2.39
2.40
2.41
2.42
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11
1.12
1.13
1.14
1.15
1.1
1.2

C|H«+OH**CHiO+CH*
CrfiHCH+CH s
C t « + 4 + C H ,
C»H,+O*«CH,+H,Cb
CtH,+O,**CH»O+H|CO
C,H,+O,**CH,CHO+OH
CH,CH0+0H=*CH,C0+H,0
CH|CHO+H**CH,CO+H,
CH«CHO+O**CH,CO+OH
CH,+COi+OH**CH,CHO+0»
CH,CO+HO,*tCH,CHO+O,
CH.CO+H*Oi*fcCH,CHO+HO,
CH,+HCO+M*tCH,CHO+M
CH,+CO**CH«CO
CH,CO+H**CH,+CHO
CH,CO+0**CH,O+C0
CtHi+0H**C«H4+H,0
C H + H H

H
+M
O

CHi+O«C,H4+
CTH«+H+M**CH,+
CH,+O,~CIH«+HO,
CH+H*CH+CH

+ΟΗ
H+H,O

H

NHt+HOiaftNHi+P
NH,+OH«»NH,+0
NH,+O*«HNO+H
NH,+N0**N,+H,0
NHfNH^NH+NNHi-fNHt̂ NHt+N
NH,+NH**NH,+N
NH,+OH»«NH,+H,O
NH,+H««NH,+H,
HN0+0H**N0+H,0
NH+NO»*N|+OH
HNO+0«*NO+OH
NH+O,*fcNO+OH
NHOHNO+HNH+OH«NO+H
NH+H^N+H,
NH+O«feN+OH
HNO+H«*NO+H.
N H N H N H t N
NH+NH«NHft
CHH-NH*»HN+H,
CH,+N»»HCN+H,
CH+NH»*=HCN+H,
CN+H+M**HCN+M
CN+H»O»*HCN+OH
CN+H,=i*HCN+H
CN+OH*tHCN+O
CN+O,*tCO+NO
CN+OH*tCO+NH
CN+O»*CO+N
CN+NO*«CO+N,
CN+NH,»*HCN+NH,
HCN+OH«*NHi+CO
HCN+NH**CH,+N,
N+HCN^CH+N,
NO+HO,*tNO,+OH
NOj+H*»NO+OH
N O O M N O +N O + O + M ^ j +
NOi+O*tNO+O,
N 0 N 0 0 N 0
N 0 + N 0 + 0 , j +
NO+NO,*tNO,+NO,
N O M N O MN O , + + ,
N O + O I + M * * N O S + M
CHi+ΝΟ,^ΟΗιΟ+ΝΟ
N+NO*tN,+O
N O N O O+ , N +
ΝΟ+ΝΟ^Ν,+Ο,
N O H N O HN + H N O +
ΝΟ,+ΟΗ+Μ^ΗΝΟ,+Μ
OH+HNOj»*NO»+H,0

4
15
32
83
55
61
23

8

6
11
48
8
68
3
27
87
85
70
68
33
14
12
98
15
32
17
81
39
14
40
15
12
104
56.5
2,5
25
120
15
21
14.5
0
69
93
52
50
69
20
18
55
6.3

117
118
153
122
4
19
21
106
57
74
149
18.5
24
30
2
8
29
72
46
26
23
49
3
18
75
32
43
49
48
18 5.4-ΙΟ 7 [93]

"'The reactions are grouped in terms of substances; the numbering used in the original papers
has been retained.
**The combination of the Arrhenius parameters of these processes selected for the description of
cold flames.9"1

The mechanisms indicated above describe satisfactorily the
course of the reaction in an atomic-oxygen hydrogen flame
when oxygen atoms and molecular hydrogen are rapidly mixed
in the stream.95 An important part of the scheme, partic-
ularly at pressures close to and above the second limit, are

reactions involving hydrogen peroxide.96 The latter is
formed during the oxidation of H2 as an intermediate and the
allowance for such reactions makes it possible to achieve a
satisfactory agreement between the calculated and experi-
mental second ignition limits.96
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A fairly universal DKM, describing the hydrogen oxidation
and combustion reaction over a wide range of temperatures,
pressures, and mixture compositions, should apparently con-
tain a greater number of elementary steps than in the calcula-
tions quoted above. It should consist of at least three parts
including (a) chain initiation, propagation, branching, and
linear termination processes when the rate of termination is
proportional to the concentration of the active centre (with a
power exponent of unity under all conditions), (b) quadratic
termination processes the rate of which is proportional to the
square of the concentration of the active centre, i.e. recom-
bination reactions (at high concentrations of the active
species at high temperatures and for high degrees of com-
bustion), and (c) reactions involving hydrogen peroxide,
which make a large contribution at high pressures.

A fairly detailed mechanism, incorporating more than 20
processes satisfying the above requirements, has been
described in a number of communications2»97"99 (the first 22
forward and reverse processes in Table 1). The validity of
this DKM has been tested by a series of calculations modelling
the self-ignition and combustion in the spreading flame.

In self-ignition, the initial reaction stage is not outwardly
manifested in any way and a sharp increase in the rate of
reaction and evolution of heat, passing into explosion, are
observed only after a certain time, called the self-ignition
delay, has elapsed. Calculation of the self-ignition delay
time makes it possible to follow the initial stages of the reac-
tion , where the concentration of the initial reactants hardly
changes.

lgTc.lc(s)

-z

y

/ ο

-2 2 t-
lgrexp(s)

Figure 2. Comparison of the calculated30>1*6>97'9β and experi-
mental self-ignition delays; [H 2 ] 0 = 1-8%, [CHJo = 2-33%,
[O 2 ] 0 = 1-67%, Τ = 696-2130 Κ, Ρ = 0.167-5 atm (according
to the data in Refs. 100-112).

An example of a comparison of hydrogen ignition delays,
measured and calculated on the basis of the DKM on the
assumption that a purely branched chain process takes place,
is given in Fig. 2 (filled symbols). The delays were calcu-
lated with the aid of a standard program by solving a system
of material balance equations (I). A sharp increase in the
rate of the chemical reaction, indicating the occurrence of
self-ignition, was adopted as a criterion at the end of the
delay. The experimental data refer to the temperature

range 979-2130 Κ and the pressure range 0.23-5 atm.
Evidently the discrepancy between the measured and cal-
culated delay does not exceed one order of magnitude.

We shall now proceed to the examination of reactions in a
mixture containing hydrogen peroxide as the initial reactant.
Since hydrogen peroxide occurs in the DKM (Table 1), the
latter can be used without any changes. The mechanisms
of the reactions of H2O2 have been investigated in a number
of studies. Thus the rate constant for reaction (-28) has
been determined1 1 3 for the conditions prevailing at the begin-
ning of the thermal decomposition of H2O2 (Table 1). In
another study 3 2 the investigation was carried out under flow
conditions at low pressures. The authors determined the
important rate constants for reactions of H2O2 with hydrogen
and oxygen atoms. Under these constants, calculations have
been performed27 on the basis of the DKM for the conditions
of the experiment adopted in previous calculations.3 2 '1 1 3

Thus the experimental32 and calculated concentrations of H 2,
H, O, O2, H2O, and H2O2 in the reaction of H2O2 with Ο
(453 Κ, 0.124 atm) were compared; a comparison was also
made of the experimental113 and calculated [H2O2] and
[HO2]/[H2O2]0 in the H2O2 decomposition reaction (1060 K,
6.2 atm) as a function of the reaction time and of the yield of
H2O2 as a function of its initial concentration in the reaction
of the peroxide with the products of a discharge in a hydro-
gen-oxygen mixture containing hydrogen atoms {[H]o =
0.04%} and hydroxy-radicals {[OH]0 = 0.0114%} at 803 K, a
pressure of 0.01 atm, and for a reaction time of 1.7 ms. It
was found that the calculations permit a qualitatively correct
description of the course of the reaction of H2O2 in the tem-
perature range 453-1060 Κ and in the pressure range 0.01 to
6.2 atm.

ο δ /0[H2y/.

Figure 3. Dependence of the yield of the reaction products
on the initial H2 concentration for the oxygen atomic flame
with hydrogen;2 8 [O] 0 = 0.5%, [O 2 ] 0 = 0.82%, Τ = 1169 Κ,
Ρ = 0.01 atm, ί = 2.5 ms: symbols—experiment; lines—cal-
culation; a) H 2; b) O2; c) H; d) O; e) OH.
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It has been shown27 that failure to take into account the
reactions of hydrogen peroxide at 803-1038 Κ near the igni-
tion peninsula in the combustion of hydrogen—oxygen mix-
tures can lead to appreciable errors, but at temperatures
above 1200 Κ these reactions can be disregarded.

As the kinetics and rate constants for different stages
are refined, it becomes possible to obtain a more accurate
and reliable description of the hydrogen combustion process.
This can be seen from the comparison of the calculated and
experimental yields of the products obtained for the atomic-
oxygen hydrogen flame28 (Fig. 3).

The results of numerous studies on the mechanism of the
combustion of hydrogen are also presented in a review,111* in
a monograph,115 a number of communications,116"118 etc.
They consider the mechanisms involving virtually the same
reactions as those listed in Table 1. Thus one may note the
unity of the views of different investigators concerning the
principal processes in the DKM of the oxidation of hydrogen.
We may also note that algorithms have been proposed in a
number of studies, for example in Refs.115 and 116, for the
identification of the reactions important under the specific
conditions considered and for the construction of abbreviated
kinetic schemes.

I I I . C i - C 2 HYDROCARBONS AND METHANOL

1. The Combustion of Methane

The experience gained in the study of the mechanism of the
combustion of hydrogen has shown that the chemical reaction
can be described with a satisfactory accuracy under most
varied conditions. The next step as regards complexity
involves the construction of the DKM for the oxidation and
combustion of methane (including the combustion of carbon
monoxide and formaldehyde appearing as intermediates).

Extensive experimental data on the kinetics of the oxidation
of methane, referring mainly to the region of low tempera-
tures (below 900 K), have been examined in monographs and
communications.1·6'12'13'111'112'119'120

On the basis of data for the low-temperature oxidation and
high-temperature processes in flames, a number of workers'*3'
<*8,i2i-i23 demonstrated that reactions involving the active
centres of the hydrogen—oxygen flame (OH, Η, and Ο) and
molecular hydrogen play an important role in the conversion
of methane. Thus, according to Westenberg and Fristrom,121

the methane oxidation reaction# in the flame proceeds as
follows:

CH,+OH-*CH,+H«O,

CH^+0-vCH.+OH,

CHJ+OI->-HiCO+OH ,

H,CO+OH->-HCO+HsO

HCO+OH->-CO+H2O,

CO+OH-^COj+H ,

H+H i 0-v0H+H 1 ,

Ο+Η,-νΟΗ+Η ,

OH+OH-*-H3O+O,

0+0+M-*0,+M.

(31)

(35)

(57)

(43)

(68)

(21)

(-1)

(-6)

(9)

(-4)

(12)

The basis of the mechanism formulated here is the reactions
of the active centres Ο and OH with the initial methane and
the reactions ensuring the degenerate chain branching by
hydrogen. The principal direction of the transformation
corresponds to the sequence

Molecular hydrogen and water also appear during the reac-
tion.

Quantitative calculations, carried out approximately within
,the framework of the mechanism described above, enabled a
number of workers 1 2 I > ~ 1 2 6 to describe satisfactorily the experi-
experimental data.

In a number of studies3"»97"99 an attempt was made also
simultaneously to elucidate to what extent the reaction scheme
based on a mechanism similar to that described above but
including a greater number of possible elementary steps with
participation of species involved in the scheme proposed by
Westenberg and Fristrom121 may be universal. It is essential
to elucidate also the contributions of these new reactions to the
DKM and to determine whether their introduction is really
necessary. The scheme under test is wholly based on the
DKM of the oxidation of hydrogen and numerous probable but
as yet uninvestigated reactions of the radicals generated
during the combustion of methane (CH3, CH2, CH, and HCO)
have been introduced. The possible elementary steps were
selected taking into account their probable rates on the basis
of the following rules: all reactions (apart from several
active centre initiation reactions) with a high activation
energy were excluded; also excluded were almost all the
reactions accompanied by a change in multiplicity (in con-
formity with the Wigner rule). Analysis showed that the
methane oxidation pathway leading to the final product involv-
ing the CH species is less probable than other possible path-
ways and this species and its reactions were not therefore
included in the scheme.

Ultimately the kinetic mechanism incorporating processes
ranging from (1) to (74) in Table 1 was adopted. It does
not include several well known reactions. Among them in
the recombination of methyl radicals with formation of ethane,
which takes place in accordance with the equation

CH,+CHs-vC2H,. (2c)

#Here and henceforth the numbers of reactions are given
in accordance with Table 1.

Analogous processes lead to the formation of other hydrocar-
bons. These reactions are followed by the interactions of
hydrocarbons with the active centres, etc. Allowance for
all these reactions entailed a very great increase in the com-
plexity of the mechanism. In the proposed scheme chain
termination as a result of the recombination of methyl radicals
is simulated by reaction (42).

The rate constants were taken from the literature sources
and, when these were lacking, the activation energy was
determined from semiempirical formulae:1 for exothermic reac-
reactions, Ε = 11.5 - 0.25h for h £ 46 and Ε = 0 for h > 46;
for endothermic reactions, Ε = 11.5 + 0.75h (h is the heat of
reaction in kcal mol"1 1 2 7). The pre-exponential factor A for
a bimolecular reaction is approximately 10" X 1 cm3 molecule"1 s"1

(6 * 109 litre mol"1 s"1). The values of A and Ε for the
reverse reactions have been calculated from the equilibrium
constants given by Gurvich et al.1 2 7 If the activation energy
for the endothermic process is smaller than h for the reac-
tion, then the activation energy for the reverse process is
found to be negative. In this case an extremely high rate
constant may be obtained at low temperatures. This is a
consequence of the deviation of the temperature variation of
the rate constant from the Arrhenius straight line and must
be taken into account in the calculations at low temperatures.
Naturally, the parameters of the rate constants thus obtained
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constitute only an extremely rough and approximate estimate.
The values of A and Ε obtained in the calculations have been
corrected when necessary. Clearly, in the presence of a
large number of roughly estimated parameters the correction
can also be fairly approximate. The total number of elemen-
tary reactions in the initial version of the DKM reached 86
(the forward and reverse processes).30

The DKM obtained was tested primarily in the calculation of
the arrest of the self-inflammation over a wide range of initial
conditions: temperatures from 979 to 2130 K, pressures from
0.167 to 3 atm (Fig.2, open symbols). At the same time, the
yields of products in the shock tube and in the atomic flame
of methane were modelled. The products formed in such a
flame (0.01 atm) have been analysed in greater detail by
Basevich et al.3 7

Comparison of all these calculations with experiments yielded
yielded more or less satisfactory results. An acceptable
agreement has been obtained in the description of the
propagation of the methane flame.128 In the latter case the
calculation was performed using Eqn.(III) on the assumption
of a stepwise temperature rise in the combustion zone:

x<0, T=Tt ,

The values of TQ and the rates of propagation of the flame
were specified on the basis of experimental data.129 Account
was taken only of reactions which make the greatest contribu-
tion to the process under specific conditions of the calcula-
tion.

The extension of the DKM described above to the low-tem-
perature region did not require any f' ndamental changes.1*6

It has been possible to calculate the reaction half-lives in
satisfactory agreement with experiment up to hundreds of
minutes (Fig. 2, half-filled symbols). The processes signifi-
cant for the DKM, whose contribution to the yield of products
throughout the range of calculated conditions is either
between 10 and 100% (approximately 30—40 elementary steps
including certain forward and reverse reactions) or between
1 and 10% (a further approximately 30 processes) have been
selected on the basis of the calculations performed. If
account is taken of the possible occurrence of the above reac-
tions in the forward and reverse directions, then one obtains
2 χ 55 processes including also processes (5d) and (4d),
which were added later—see below. We may note that the
processes have been selected by Basevich et al.1*6 by com-
paring the integrals of the rate of reaction over the periods
covered by the calculation:

/=fa>i/d/. (V)

Such comparison showed that methane is consumed mainly
in the processes

CH4+OH-»-CHl+H.O (31)

and

CHt+H-*CH,+H,. (33)

The main source of Η atoms is the reaction

H,-fOH-»-HtO+H. (1)

Water is formed in the reactions

CHt+OH-*CH,+H,O, (31)

H,CO+OH-*HCO+H,O, (43)

and

H,+OH-»-H,O+H. (1)

Carbon monoxide is obtained in the processes

HCO+M-H-H+CO+M (-66)

and

HCO+Cv^-CO+HO, , (70)

while carbon dioxide is produced in the reactions

CO+OH-^CC+H, (21)

and

CO+HO1-*-CO2+OH. (24)

The greatest yield of hydrogen is obtained from the process

CH.+H-.-CH.+H,. (33)

Degenerate branching takes place at the H2O2, H2, and H2CO
molecules. After the selection of the leading reactions steps,
it was found that at 700—1000 Κ the rate of branching is a
maximum due to the process

H,Oi+M=OH+OH+M, (-28)

while at Γ > 1200 Κ the main branching process becomes the
reaction

H+O 2 =OH+O. (-4)

The addition of reactions (87)-(91) and (2c) from Table 1
to the kinetic scheme for the combustion of methane proposed
by Basevich et al.1*6 makes it possible to model, on the basis
of Eqns.(I) and (II), the reaction in the region' of cold flames
and the cold-flame flash91f observed by Vanpee1 3 0 (here it is
necessary to take into account the thermal regime in the reac-
tion). Furthermore, it is necessary to modify the Arrhenius
parameters of the rate constants for stage (57) which had
given rise to doubts (the new values are A = 1.56 χ 109 litre
mol"1 s" 1 and Ε = 25 kcal moP 1). Analysis of the solution
showed9" that the mechanism of the cold flame includes the
initial activation of the oxidation reaction and subsequent
inhibition owing to the thermal decomposition of the peroxy-
radical, the formation of formaldehyde from the latter, and
the interaction of formaldehyde with the leading active cen-
tres . Additional tests showed that the changes in the kinetic
parameters introduced for the description of the cold flame do
not affect the calculated characteristics of the reaction outside
this region.

Criteria have been proposed 1 3 1 for the estimation of the
accuracy of the calculations based on the DKM for the com-
bustion of methane. Quantities characterising the deviation
of the experimental parameters X e x p from the calculated
X c a l c ' i ' e '

have been calculated for the eight DKM for the oxidation of
methane proposed in the literature. The induction period,
the coefficient in the exponent defining the growth of the
concentration of CO2 during the induction period (£_,_. ), and

C/O2

the analogous coefficient for the chemiluminescence of the
excited radical CH* (&„„*) and the CO molecule ($nr.)
(Table 2) were adopted as the parameters. The values of
pM obtained,132 corresponding to the DKM for the oxidation of
methane proposed by Basevich et al.1*6, are presented in
Table 2; the average logarithm of the deviation of the calcu-
lated quantities is 0.03 and the mean square logarithm of the
deviation is 0.33 (the deviation corresponds to a coefficient
of ~2). In general, these deviations are not worse than the
values calculated by Olsen and Gardiner 1 3 1 especially since
the experimental parameters selected by the authors 1 3 1 were
in no way optimised.
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Table 2. Comparison of the calculated and experimental parameters of the oxidation of methane.

Parameter X

τ, »
Τ, S

τ, s

0CH·.*'1

[CO] [Ο],modern"6

ceo.»;}

d[CH3l lit, mol cm'V 1

d[CH3]/df,molcm"3s-1

A[CH4]rel
A[CH 4] t e i

Γ,κ

1750
2000

2000
2000

1800
2400

2195
2195

1600
1600

1600
1820

2200
2500

Λ atm

0.28
0.33

0.15
0.15

1.5
1.9

1.43
1.43

1.14
1.13

10
10

0.25
0.25

Composition, % (remainder-Ai)

CH,

1.67
1.67

0.05
0.05

1
1

1
1

0.21
0.02

1
1

9
9

CO

—

4.32
4.32

-

2
2

1.06
1.03

-

-

o.

3.33
3.33

2.13
2.13

1
1

2
2

19.5
19.4

2
2

1
1

Value of X

experiment*

1.38· 10-'
3.2· 10-4

3.3· ΙΟ"4

4.6· 10»

2.6-10»
7.15-10·

3.8-10-'·
2.1 10-'

3.0-104

1.210*

1.8-10-·
3.9· 10-4

0.017
0.01

calculation
(Ref.132)

0.34· 10-'
0.7· 10-4

2.5-10-4

9.6-10»

2.6-10·
7.3-10»

1.8-10-'·
6-10-»

6.110*
2.2· 104

3.2· 10-·
3.5-10-4

0.0081
0.014

pJW

from Ref.132

-0.61 1
-0.66 /

-0.12 \
0.32 /

0 \
-0.02 /

-0.31 \
0.38 /

0.31 \
0.27 /

0.25 \
-0.05 /

-0.32 \
0.15 /

from Ref.131

—0.72-!-0.56

-0.8-i-0.08

-0..1.0

—05-5-0.3

—0.04-T-0.6

0.08-T-2.13

-0.8-4-0.02

Notation: τ is the induction period, Atm a x the time from the start of the reaction until the
attainment of {tCO][O]}max, and AlCHJrei is the change in the relative concentration after
(0.2-2) x ΙΟ"" s.

•According to Olson and Gardiner.131

A kinetic mechanism of the combustion of methane has also
been described in other communications,117»133"137 etc.

2. Combustion of Methyl Alcohol

The study of the combustion of CH3OH is important intrin-
sically and also because methanol is usually formed as a side
product in the combustion of methane and other hydrocar-
bons. A possible mechanism of the oxidation of methanol has
been examined51 in relation to its flame with atomic oxygen.
We shall now turn to the kinetics of this process.

In the primary step of the interaction of oxygen atoms with
methanol, the CH2OH radical and the hydroxylradical are
apparently formed.138·139 Formaldehyde, which has also been
considered11*0 as a primary product, appears in our view in a
subsequent elementary step involving the interaction of
CH2OH with Ο and Η atoms, with the hydroxylradical, and
molecular oxygen. Qualitatively the same picture holds also
in the case where the methoxyradical is obtain instead of the
alcohol radical.

There are no grounds for the belief that the subsequent
course of the reactions of formaldehyde and the resulting
molecular hydrogen involves any specific stages characteristic
solely of the oxidation of methanol. It most probably
involves the same processes by which they react as inter-
mediates in the oxidation of methane. This has been con-
firmed by the study of the characteristic features of the
formation of carbon monoxide, hydroxylradicals, and atomic
hydrogen in the course of the Ο + CH3OH reactions.

Thus, a quantitative description of the interaction of
methanol with oxygen atoms requires the addition of the
processes specified above of the reactions of methanol and
the radical [Table 1, reactions (la)-(9a)]. Among these
reactions, at the beginning of the investigation51 only the
rate constants for reactions (la) and (3a) were known. For
the remaining seven reactions, the rate constants were
adopted on the basis of semiempirical estimates. In the

CH3OH reaction mechanism these processes are then followed51

by the reactions of formaldehyde and its formyl radical,
carbon monoxide, and hydrogen. At sufficiently high tem-
peratures, this mechanism presupposes the occurrence of a
chain reaction, formaldehyde and hydrogen playing the role
of intermediates ensuring degenerate branching.

On the basis of this mechanism, kinetic calculations have
been made of the yields of all the analysed reaction products
at a constant temperature and pressure.51 Qualitative agree-
ment between calculation and experiment has been observed.
The maximum coefficient of deviation does not exceed 5.

The calculations performed make it possible to estimate the
role of individual steps in the overall mechanism of the oxida-
tion of CH3OH.51 We shall now consider the reactions of
methanol and its radical. The interaction of CH3OH with
with oxygen atoms [reaction (la)] initiates oxidation and its
rate determines to a large extent also the degree of reaction.
However, the reactions of CH3OH with OH [reaction (2a)] and
Η [reaction (3a)], formed during the reaction, also influence
the yields of all the products although to a much smaller
extent. Thus an increase of the rate constant k^ by an
order of magnitude alters the yield of H2CO, CO, and Η by
5-9%. The increase of the rate constant k3a (according to
the data of Aders1"1) alters the yields of H2CO, CO, and H2

by 5—20%. The yields of all the products depend especially
strongly on the rate constants for the reactions of CH2OH
with Ο, Η, and OH; when these quantities are varied within
the limits of one order of magnitude, the corresponding
yields change from several to hundredths per cent. The
reaction of CH2OH with O2 is less important: the analogous
change in the constant alters the yields of products by less
than 10%. The high activation energies for reactions (-4a)
and (-5a) show that they can play a significant role only in
the absence of initiation and at high temperatures. Calcula-
tions have shown that, under the given conditions, the reac-
tions of hydrogen peroxide also influence the yields of all the
products albeit only slightly.51

The kinetic mechanism of the combustion of methanol has
likewise been considered in other studies.137»1'*2·11'3
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3. The Combustion of Acetylene

Kinetic mechanisms of the oxidation of acetylene have been
proposed in a number of studies (for example in Refs.144 to
147) and the rate constants of certain elementary stages have
been determined. Although these mechanisms differ, they
also have much in common. According to the majority of
investigators, the main reactions involving the consumption
of acetylene in the combustion of weak mixtures are

(Id)

and

OH+C 2H 2-K;O+CH, . (2d)

In addition, there is no doubt that other reactions in which
acetylene is consumed also occur, in particular, the reaction
of Η atoms with C2H2. Presumably the kinetics of the sub-
sequent reactions of the carbon monoxide and methyl and
methylene radicals formed in the stages (Id) and (2d) are
similar to those which obtain in the combustion of methane.
This makes it possible to construct a theoretical scheme for
the oxidation of acetylene-oxygen mixtures, based on the
general ideas concerning the combustion of methane, which
is sufficiently complete for the description of all the main
reaction products. l*9 However, this scheme is unsuitable
for the description of the combustion of rich mixtures of
acetylene and of its cracking, since this process includes
heterogeneous stages which have not been investigated.

According to Basevich et al.1*9, the combustion of acetylene
begins with two reactions in which it is consumed [reac-
tions (Id) and (2d)] and this is followed by branching as a
result of the reactions

and

CH.+Oj-^CO+OH + H

CH2+O2-+CO2+2H

(5d)

(4d)

(see Table 1). The second reaction has been discussed in
the literature (for example, in Refs.147 and 148). Calcula-
tions have shown1*9 that the inclusion of even one of them
ensures the necessary rate of propagation of the flame.
The subsequent part of the mechanism corresponds to the
DKM for methane [reactions (1)-(14), (14a), (17), (17a),
(17d), (19), (21), (24), (26), (27), (28), (29a), (30)-(33),
(35), (42)-(45), (46a), (47), (48), (54), (57), (59), (66),
(68), (69), (70), (70a), (83), and ( ld)-(5d) in Table 1].

This mechanism is applicable also in the region of relatively
low temperatures, since the reactions of hydrogen peroxide,
which play an appreciable role in the region Τ < 1200 Κ, are
fairly completely represented here. Table 1 also indicates
the Arrhenius parameters of the rate constants for reac-
tions (Id) and (2d) taken from the literature. The rate
constants for reactions (5d) and (4d) were selected by
calculation. A stepwise temperature rise in the reaction
zone is postulated. The calculations were performed for the
conditions used in the study of Eberius et al . l l f 7 , in which the
yields of the final and intermediate products generated in a
planar acetylene flame were obtained. In these experiments
the conditions were as follows: [C2H2]o = 7.2%, [O 2 ] 0 =
89.2%, the remainder comprising He and Ar; Ρ = 0.0144 atm
and Τ = 960 Κ. It follows from the comparison of the
experimental and calculated1*9 profiles that, when no account
is taken of reactions (5d) and (4d), it is essential to adopt a
somewhat high rate constant for the reaction

CO+OH-KCC-,+Η.

include step (5d) or (4d) with a fairly high rate constant
(~1.8 χ 108 litre mol"1 s""1). It is noteworthy that the inclu-
sion of reaction (5d) or (4d) in the methane oxidation mecha-
nism hardly affects the calculated rate of combustion of
methane, since in this case the formation of CH2 is a side
reaction.

The calculated and experimental concentrations of the prod-
ucts in the reaction zone agree well with one another and one
may conclude that the mechanism is reliable and that the
choice of reaction rate constants is correct. One can also
conclude that the mechanisms of the oxidation of acetylene
and methane are similar, which permits the use of a single
approach to their description.

The kinetic mechanism of the combustion of acetylene has
also been described in other communications.1 1 7 '1 3 7 '1 1*9 '1 5 0

4. The Combustion of Ethylene

Experiments have shown 1 5 1" 1 5 3 that the C=C bond is broken
in the oxidation of ethylene by oxygen atoms and that prod-
ucts characteristic of the combustion of methane are formed.
This makes it possible to construct a theoretical scheme for
the combustion of a weak ethylene—oxygen mixture which is
sufficiently complete for the description of the yields of all
the main reaction products. 5 7 A broader and more detailed
mechanism of the reaction, necessary for the description of
the combustion of rich mixtures, remains, however, outside
such a scheme.

The most probable primary steps in this reaction involve
the interaction of C2ait with oxygen atoms and hydroxylradi-
cals. The former is apparently the main reaction, since in
weak mixtures the concentration of atomic oxygen is usually
highest. According to the l i terature, 1 5 1 " 1 5 3 the reaction of
C2Hi» with oxygen atoms proceeds in accordance with the
equation

The less important reactions of C2H^ have also been less
thoroughly investigated. The reaction of C2Hi, with OH is
of this kind and three possible pathways have been proposed
for i t : 5 7

On the other hand, if one adopts an "average" rate of reac-
tion (21) with the Arrhenius parameters A — 2.9 χ 109 litre
mol"1 s" 1 and Ε — 5.7 kcal mol"1,31* then it is necessary to

(2b)

(2b')

C,Ht+OH->~CJHJ+H1O . (2b":

Analytical data have shown1 5 1 that the formation of acety-
lene C2H2 and of the vinyl radical C2H3 has been observed in
the combustion of ethylene· As already mentioned, the main
pathway in the reaction of C ^ in weak mixtures apparently
leads immediately to the rupture of the C=C bond, it follows
that the formation of C2H2 and C2H3 is a side process. For
this reason, without risking the distortion of the overall
picture of the oxidation of C2H,,, one may attempt to describe
in a general form the kinetics of their formation and consump-
tion which have been investigated to only a fairly slight
extent. Certain possible reaction pathways, proposed pre-
viously by various investigators, were selected for a quanti-
tative test, 5 7 namely the formation of C2H3 via reactions (2b")
and

(-3b)

(-4b)

(6b)

(7b)

(21) and its consumption via the reactions
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C:H,+OX-*CJH,+HO, ·

The possible ethylene decomposition reaction

(8b)

(9b)

(-5b)

must be added to the last two reactions, which lead to the
formation of acetylene.

The Arrhenius parameters of the reaction rate constants,
which in general differ from one another, were known for
only three of the processes enumerated above [reactions (lb),
(2b), and (5b)]. The values of A and Ε for reaction (lb)
were taken from Basevich et al.57, who obtained them by
averaging the data from a number of studies;1 5 1"1 5 3 those
for reaction (2b) were taken from Greiner's data58 and those
for reaction (-5b) were obtained from Kozlov and Knorre59

(Table 1). Semiempirical estimates were adopted for the
remaining reactions. C2H2, CHi», CH3, H2CO, HCO, CO, H2,
HO2, and H2O, whose further reactions were considered
above, are formed in the reactions enumerated. For this
reason, the subsequent part of the mechanism involves the
DKM for acetylene and methane [in the study of Basevich et al.57

these were reactions (lb)-(9b), (Id), (2d), (5d), (1)-(14),
(14a), (17), (17a), (17d), (19), (21), (24), (26), (27), (28),
(29a), (30), (31)-(35), (38), (39), (40), (42)-(45), (46a),
(47), (48), (50), (53)-(57), (59), (65), (66)-(69), (70), (70a),
(71), (72), (74), (83), (86) from Table 1].

The kinetic curves were calculated57 for the experimental
conditions adopted by Peeters and Mahnen,151 who provided
the most detailed data on the compositions of the ten final and
intermediate products generated in a planar ethylene plane.
The conditions in these experiments were as follows: [C2HiJ0 =
6.55%, [O 2 ] 0 = 33.45%, Ρ = 0.0535 atm, and Τ = 1900 Κ. The
calculated and experimental concentrations agreed in order of
magnitude, the agreement being best on the assumption of a
single channel in reaction (2b). Hence one may conclude
that the reliability of the reaction mechanism underlying the
calculation is fairly high.

Naturally the analytical results depend to a large extent on
the choice of the reactions and rate constants; however,
despite this they are of interest. The contributions of
different elementary processes can be most conveniently esti-
mated from the integral I [see Eqn.(V)]. The main pathway
leading to the consumption of ethylene is, as was in fact
assumed, reaction (lb); reaction (2b) has the lowest rate.
The replacement of reaction (2b) by (2bf) makes the calcu-
lated concentration of methane higher by almost two orders of
magnitude. The reaction pathway (2b") yields a calculated
concentration [C2H3] twenty times higher than the experi-
mental value. If account is taken only of the interaction of
C2H,» with Ο and OH [reactions (lb) and (2b)] and at the
same time all the processes associated with the reactions of
C2H3 and C2H2 [(3b)-(9b), (Id), and (2d)], then one obtains
in this instance the concentrations of products which agree
in order of magnitude with their experimental values {natu-
rally in this calculation it is assumed that [C2H3] = [C2H2] =0}.

The main process responsible for the appearance of acety-
lene is

while the reaction

is responsible for the appearance of the C2H3 radical. The
main processes leading to their consumption are respectively

CH.+O-^CH.+CO (Id)

It is important to note that the fastest branching process
under the given conditions, as in the vast majority of cases
of high-temperature oxidation of hydrocarbons, is the reac-
tion

H+Or+OH+O, (-4)

while the main source of hydrogen atoms is the process

HCO+M-H»H+CO+M. (-66)

Examination of the overall results of the calculations and
their comparison with kinetic data for methane and acetylene
flames apparently permit the conclusion that the mechanisms
of the combustion of various hydrocarbons are very similar
and that hydrogen plays an important role as an intermediate
oxidation product.

The kinetic mechanism of the combustion of ethylene has
also been considered in other communications,117»137»151*»155 etc.

5. The Combustion of Ethane

The search for reaction schemes describing the combustion
of all the more complex hydrocarbons (C2H6, C3He, etc.) is
important for both chemical kinetics and for practical pur-
poses. The proposed mechanisms are apparently still not
yet sufficiently schematic and are conventional in character.
The mechanism of the combustion of ethane must naturally
include the scheme for the oxidation of yet another stable
intermediate—acetaldehyde.

At an early stage of the development of the DKM, two more
or less detailed mechanisms of the combustion of ethane were
proposed and analysed quantitatively. In one of them,156

the dissociation of the carbon—carbon bond with formation of
methyl radicals was considered as the primary step:

C,H,-»-CH,+CH,. (-2c)

and

ΰ,Η,+Ο,-^,Η,+ΗΟ, (9b)

The formation of CH3 is characteristic also of the oxidation of
methane. The author156 therefore assumed that the subse-
quent reactions fully correspond to the mechanism of the
oxidation of CHi». The arbitrary nature of this solution is
evident, because the rate of decomposition of C2H6 can in
general be lower than the rate of its reaction with the princi-
pal active centres of the reaction—the hydroxylradical OH
and the Η and Ο atoms. In a second study157 the primary
reactions considered in the oxidation of ethane involved its
interaction with OH, Η, Ο, and O2, leading to the abstrac-
tion of a hydrogen atom and the formation of hydrocarbon
molecules and radicals, which in their turn react in the same
way. According to this mechanism,157 the carbon chain is
ruptured only in the interaction of the C2H2 and C2H formed
with Ο and O2 respectively, which leads to the appearance
of CH2, CO, and CHO. Thus the extremely probable reac-
tions of the ethyl radical, which involve the rupture of the
C-C bond or the formation of oxygen-containing species,
were altogether excluded from consideration.

The mechanism of the combustion of ethane considered
below was proposed by Basevich and Kogarko61* and is based
on the probable analogy of the mechanisms of the combustion
of C2H6 and CH ;̂ in it additional allowance was made for a
large number of reactions proposed previously by various
workers, including those associated with acetaldehyde
[Table 1, reactions (2c)—(28c)]. In the first six reactions
[reactions (2c)—(7c)], the decomposition of ethane as well as
the formation of ethyl radicals are postulated. Next, in
contrast to the study of Cooke and Williams,157 certain pos-
sible reaction pathways, involving the interaction of C2H5

with OH, H, and Ο and leading to the rupture of the C—C
bond and the formation of alkyl radicals and oxygen-con-
taining species [reactions (8c)—(lie)], were introduced.
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When the reaction of C2HS with the O2 proceeds by analogy
with the reaction between CH3 and O2, it can afford CH3CHO
and OH or, when the C-C bond is ruptured, H2CO and CH3O
are formed [reactions (12c) and (13c)]. It has been sug-
gested that CH3CHO then reacts with dissociation of the C-C
bond [reactions (-17c) and (-20c)] and with abstraction of
the latter in the unimolecular reaction (-21c) or in reactions
with Η and Ο [reactions (22c) and (23c)]. The next group
of reactions [reactions (24c)—(28c)] agrees in broad outline
with the direction of the transformation via ethylene described
by Cooke and Williams.157

All the processes described above result in the formation of
products (H2, H2O2, H2CO, HCO, CH,,, CH3, CH2, CH3O,
C2Hi,, and CO) which also occur in the mechanisms of the
combustion of CH,,, CH3OH, C2H2, and C2H4; the list of the
elementary processes involved in the oxidation of C2H6 should
therefore be supplemented by the reactions of the latter com-
pounds.

Table 1 indicates the Arrhenius parameters of the rate con-
stants for the above reactions. The values of Λ and Ε were
taken from the literature sources quoted, were selected in
the calculations, or were estimated approximately from semi-
empirical formulae.

At sufficiently high temperatures, the mechanism proposed
presupposes the occurrence of a branched chain reaction,
hydrogen playing the role of the intermediate ensuring
degenerate branching.

Calculations61* have been carried out for two main versions.
In the first account was taken of all the reactions involved in
the mechanism. In order to elucidate whether the ethane
dehydrogenation pathway157 is I'.ie rate determining pathway
in ethane combustion and whether the experimentally observed
reaction products can be formed, in principle, without
following this pathway, in the second version of the calcula-
tion all the reactions of the ethyl radical leading to the for-
mation of ethylene were excluded. For the eight products
investigated, a qualitative agreement has in general been
observed between calculation and experiment.

The published literature data make possible an additional
test of the mechanism considered. It follows from the
theoretical analysis of the results of experimental studies
of the atomic oxygen flame of ethane,1 5 8 the oxidation of CH3.
.CHO,1 5 9 '1 6 0 and the ignition delays1 5 7 '1 6 1·1 6 2-1 6 3 that the
oxidation pathway involving the reactions of C2H5 with dis-
sociation of the C-C bond and the formation of alkyl radicals
and oxygen-containing species is entirely feasible, like the
dehydrogenation pathway. The simultaneous occurrence of
the reaction via both channels is extremely likely; however,
it is difficult to trace the details of the process by observing
the overall kinetics. Judging from the value of the inte-
gral I, the main substances participating in the reaction
(substances whose concentrations are comparable in order of
magnitude with the concentrations of the initial compounds
consumed and of their reaction partners) are, according to
the second version of the calculation, C2H6, OH, H, O, HO2,
HCO, CH3, H2, H2O, H2O2, CO, CO2, H2CO, C2H5, O2, and
CHi,. Considerations of the values of I permits the conclu-
sion that ethane is consumed mainly in its reaction with OH,
H, O, and M. On self-ignition at low temperatures, the
highest branching rate is given by the process

Η,Ο,+Μ-^ΟΗ+ΟΗ+Μ, (-28)

while at high temperatures (>1200 K) the reaction is

H+O^OH+O. (-4)

The dissociation of the C—C bond in the atomic flame takes
place via the reaction

CH.+O-^CH.+H.CO, (He)

while in the remaining cases it occurs in the reactions of
C2HS with O2 and OH and in the decomposition of CH3CHO.
Atomic hydrogen is formed in the reaction

Ο+ΟΗ-^Ο,+Η (4)

or in the decomposition of the formyl radical,

HCO+M-vH+CO+M, (-66)

while molecular hydrogen is formed in the reaction of Η with
C2H6, CUk, and H2CO. Water appears as a result of the
reactions of C2H6, H2, and H2CO with OH; carbon monoxide
is produced by the reaction of HCO with O2 and M, and car-
bon dioxide is formed by the reaction of CO with OH and
HO2. Thus the reaction mechanism is in many respects
similar to the mechanism of the combustion of CH^, by analogy
with which it has in fact been constructed.

The lack of experimental data at the present time precludes
a rigorous selection of the reaction pathways and of all the
elementary steps. Table 1 does not include many of the
known reactions. There is no doubt that the mechanism
discussed must be regarded as preliminary, requiring con-
firmation and refinement on the basis of a wide variety of
experimental data.

The kinetic mechanism of the combustion of ethane has also
been analysed in other studies,1 3 7 > 1 6 £ | '1 6 5 etc.

IV. NITROGEN-CONTAINING COMPOUNDS

Methylamine is the simplest amine among those used in the
combustion technology independently or as a fuel additive.
The knowledge of the mechanisms of the combustion of such
compounds is essential for the description of the energy
evolution and for the understanding of the kinetics of the
formation of the final products, some of which are environ-
mentally undesirable.

The H—C—N-0 system is very complex but the availability
of data on the kinetics of the combustion of H2 and Cj—C2

hydrocarbons with O2 justifies attempts to construct the com-
bustion mechanism also in this involved case. The construc-
tion of a mechanism of the combustion of methylamine is con-
sidered below in relation to the atomic oxygen flame.69 The
initial endeavour of the authors 6 9 to make do with a small
number of reactions was unsuccessful; for this reason,
subsequently their efforts were directed to the construction
of a more or less detailed mechanism.

By analogy with many of the known reactions involving
oxygen atoms, one can assume that the abstraction of a
hydrogen atom from the molecule being oxidised is extremely
probable in the primary step. The C—Η bond (93.7 kcal
mol"1) is stronger than the N-H bond (87.2 kcal mol" 1 ) . 1 6 6

One can therefore postulate that the hydrogen abstraction
reaction proceeds in accordance with the equation

O + C H J N H ^ C H J N H + O H . (2.1)

The hydroxylradical formed in reaction (2.1) and the atomic
hydrogen obtained via the reaction

O + O H - K O 2 + H (4)

can react with the initial molecules in the processes

OH+CH.NHj-i-CH.NH+HjO , (2.2)

H+CHsNHi-*CH,NH+H1 . (2.3)

The reactions involving the generation of active centres, i .e .

(-2.4)

CH,NH2
(-2.5)
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may be important for self-ignition at high temperatures and in
the presence of O2. Further reactions can be represented
only very tentatively. Atomic oxygen and also H, OH, and
O2 can give rise ultimately to species of the type CH3, CH3O,
CH.,, HNO, NH, and NH2 on interaction with CH3NH. How-
ever, there are no objective criteria which would make it pos-
sible to discover, on the basis of the available experimental
data, the processes leading to their formation. For this
reason, the reactions presented below should probably be
regarded as overall processes:

CH,NH+O-*-CH,O+NH ,

CH,NH+OH-vCHt+HNO ,

CH,NH+H-*CH,+NH 1 ,

CH,NH+O,-*<:H,O+HNO .

(2.6)

(2.7)

(2.8)

(2.9)

Starting with the set of species formed in these reactions,
it is possible to formulate the subsequent processes (they
are also included in Table 1). The reactions of CHt, and CH3

in the presence of atomic oxygen were considered earlier in
the methane oxidation scheme and, together with the corre-
sponding parameters, they can be usefully adopted as a com-
ponent of the mechanisms investigated. This also applies
to the reactions of the CH3O radical.

The reactions of the NH, NH2, and HNO species formed in
the processes enumerated above have also been frequently
considered by various investigators (for example, by
Albers et al.78). The rate constants for some of them are
known and are presented in Table 1 [see reactions (2.10) to
(2.27)]. They include processes involving the possible
formation of NH3. This part of the scheme should describe
also the oxidation of NH3 constituting, together with the reac-
tions in the Η—Ο system, an important part of the DKM for
the H-N-0 system.

The combustion of rich mixtures of hydrocarbons, partic-
ularly nitrogen-containing hydrocarbons, is known to be
accompanied by the formation of HCN and NH3.1 6 7 HCN is
formed in large amounts also when NH3 is added to hydrocar-
bons. Consequently one may assume that the interaction of
the NH2, N, and NH species, characteristic of the combustion
of ammonia, with intermediates in the combustion of hydro-
carbons, can also lead to the formation of HCN, as in the
combustion of amines, including CH3NH2. Part of the
kinetic scheme describing the formation of HCN and its
oxidation reactions actually corresponds tentatively to
this feature [see Table 1, reactions (2.28)-(2.40)].

Reactions (2.41) and (2.42), put forward by Fenimore,167

make it possible to explain the formation (in the reverse reac-
tion) of HCN and the so called "fast" NO in hydrocarbon
flames. On the one hand, atmospheric nitrogen and, on the
other, the CH2 and CH species participate in these processes.
The first species occurs in the methane oxidation scheme;
the appearance of the second and its consumption were
described by reactions (95)-(99), which constitute the con-
tinuation of the methane part of the scheme (see the first
half of Table 1). The Arrhenius parameters of these pro-
cesses are indicated on the basis of the estimates of Base-
vich et al.50

Processes responsible for the formation of NO in the high-
temperature oxidation of methane in air [reactions (1.12) to
(1.15)] (the so called extended Zel'dovich mechanism168) are
characteristic of this species. Reactions (1.3)- (1.10) take
place over a wide temperature range and lead to the forma-
tion and decomposition of NO.89 Reaction (1.11) should also
be apparently included here.

Basevich et al.69 used as far as possible the rate constants
for the forward or reverse reactions available in the litera-
ture (for the relevant references, see Table 1); in certain

cases the Arrhenius parameters were estimated semiempiri-
cally. After the initial selection, the parameters listed in
Table 1 were used in all subsequent calculations.

The mechanism examined was used6 9 in the calculations of
the kinetics of the combustion of CH3NH2 in an atomic oxygen
flame and a fairly satisfactory agreement between experiment
and calculations was achieved.

The proportions of the principal reaction products (other
than CH3NH2, O, and O2), whose final concentration amountec
to not less than 10% of the CHSNH2 consumed, can be calcu-
lated. These products include H2, CO , H, CHi», NO, H2O,
H2CO, N2, and NH3, which are thus the principal species of
the kinetic scheme for the given conditions.

Next, the contribution of each elementary step to the reac-
tions of CH3NH2 and the individually selected reaction com-
ponents was calculated.69 The primary reaction (2.1)
involves the consumption of 12—20% of oxygen atoms. The
relative contribution of reactions (2.2) and (2.3), involving
the consumption of CH3NH2 by reaction with OH and H, to its
overall reaction is 22—45%. Nitric oxide is formed mainly via
the reactions

and also

N+OH-»-NO+H ,

N+Or-κΝΟ+Η,

HNO+O-*-NO+OH,

NH+OH-^NO+H, .

(1.15

(1.13

(2.21

(2.23

The contributions of these reactions diminish in the above
order but have similar magnitudes. The contributions of
the reactions

CH.+N-KHCN+H,,

CH.+NH-vHCN+H,

(2.29)

(2.28

to the formation of HCN are also virtually within the limits
of one order of magnitude. In the processes indicated
above, the reactions

via the reactions

The rapid reaction

NH+H-^N+H, ,

NH+O-+N+OH ,

NHa+NH-+-NH,+N ,

NH + NH-^NH.+N

nirce of atomic nitrogen.

ΝΗί+ΗΟ,-ί-ΝΗ,+Ο, ,

ΝΗ,+Η^ΝΗ,+Η .

(2.24:
(2.25)

(2.16)

(2.27)

NH 3 is formed

(2.11)

(-2.18)

ΝΗ,+ΟΗ-Η-ΝΗ,+0 (2.12)

is ineffective owing to the faster occurrence of the reverse
process.

A satisfactory agreement has also been found on comparing
the calculated and experimental data obtained under the con-
ditions of atmospheric flames167»169 and experiments with
added ammonia.170

The insufficiency of experimental data and the complexity
of the system considered preclude at the present time a
rigorous selection of reaction pathways and all the elementary
steps. Table 1 does not include many of the known reac-
tions. There is no doubt that the mechanism discussed
should be regarded as a first approximation. This applies
especially to the part described by Eqns.(2.6)—(2.9). It is
necessary to refine the character of the process and the
reaction rate constant.
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A kinetic mechanism of the combustion of nitrogen-con-
taining compounds have also been proposed in other stud-
ies, 1 7 1 ' 1 7 2 etc.

The kinetics of combustion in the H—C—Ν—Ο system have
found an application in the analysis of the environmental con-
sequences of combustion processes and in the search for pos-
sible ways of reducing the concentrations of harmful prod-
ucts . Two main reactions leading to the formation of nitric
oxide from atmospheric nitrogen [(1.12) and (1.13)] were
found to be unspecified in a fundamental study.168 As
already stated, the above mechanism168 is usually considered
jointly with the rapid reaction (1.15). The contribution of
reaction (1.15) to the formation of NO has been shown by cal-
culations to be frequently not inferior to the contribution of

reaction (1.13) and is sometimes even greater. Under
practical conditions, the NO concentration can reach hun-
dredths and thousandths of parts per million owing to the
relatively high temperatures and long (more than 0.1 s)
residence times of the gas at high temperatures. In the
absence of nitrogen in the fuel itself, the above mechanism
of the formation of NO is the main one.

Under laboratory conditions, which are distinguished as a
rule by low temperatures (<2000 K) and short residence times
of the gas (less than 10-20 ms), the yield of NO amounts to
several, several tens, and (rarely) 100 parts per million.
Under these conditions, the approximations underlying the
theory 1 6 8 are insufficiently valid and for this reason differ-
ences are observed between the theoretical and experimental
nitric oxide concentrations: there is insufficient time for the
attainment of equilibrium and the actual concentrations of
atomic oxygen can exceed significantly those corresponding
to thermodynamic equilibrium. Calculations using the DKM
have shown that more NO is usually obtained under these
conditions. 17k~17S However, this applies solely to hydrocar-
bons. The calculations for hydrogen-air flames have fully
confirmed the theoretical and experimental data, 1 6 8 which
indicates the possibility of excluding the reaction zone from
consideration. The calculations have also shown that, up to
pressures of 100 atm, the amount of NO formed in the reaction
zone of the H2 flame even at an initial temperature of 600 Κ is
extremely insignificant owing to the short residence times.

Under laboratory conditions, the abrupt formation of nitric
oxide in the reaction zone on combustion of hydrocarbons was
first observed by Fenimore.1 7 3 It was noted that, under the
experimental conditions, the formation of NO includes two
stages: the rapid stage in the reaction zone and the slow
stage in the flame gases. The mechanism of the formation
of NO via reactions (1.12)—(1.15) operates in both stages.
The authors 1 7 7 concluded that in the case of hydrocarbons
the mechanism (1.12)—(1.15) describes the combustion of
weak mixtures with a coefficient of the excess of air α Ζ 1.3.

Data for rich mixtures with a large discrepancy between
the unduly low calculated and experimental NO concentra-
tions, indicating that the mechanism of the formation of
nitrogen oxide is in this instance apparently more complex
and is not confined to the scheme (1.12)—(1.15), have been
frequently quoted in the literature. Special experiments
have been carried out , 1 7 8 in which the yields of NO were com-
pared under identical conditions in hydrogen—oxygen-nitro-
gen flames without and with addition of acetylene. In the
latter case more nitric oxide is formed and there is reason to
believe that its formation is promoted by the reactions of
hydrocarbon radicals with nitrogen (Table 1, DKM for the
H—C—Ν—Ο system), although these NO formation pathways
have not as yet been adequately investigated. We may note
that the concentrations of "fast" NO do not exceed 100 to
120 p .p .m. 1 7 9 In the latter studies the authors specially
optimise the experimental conditions in order to obtain the
maximum yield of this species.

Finally, there exists yet another source of the formation
of nitrogen oxides on combustion. This is the nitrogen which
forms part of the composition of fuel and impurity molecules.
Experiments have shown180 that, depending on the combustion
conditions and the composition of the fuel mixture, between 10
and 90% of the fuel nitrogen is converted into nitric oxide; the
remainder (in rich mixtures) forms ammonia and HCN as well as
nitrogen molecules (see the above scheme for the H-C-N-0
which was formulated to account for the formation of NO from
the fuel nitrogen, requires a more detailed specification and
justification. The possible role of Ν atoms in this process,
which have been discovered by Basevich et al . 6 9 , has also
been pointed out by Miller et al.1 7 2

V. THE APPLICATION OF H2O2 AND HNO3 AS OXIDANTS

The use of hydrogen peroxide as oxidants instead of oxy-
gen is based on the relative ease of its thermal decomposition
with formation of two hydroxylradicals. The oxidation of the
corresponding mixtures begins at the temperature of the
onset of appareciable decomposition of hydrogen peroxide.9

It was stated above that hydrogen peroxide is an essential
component of the DKM of the oxidation of hydrogen and
hydrocarbons and the kinetic mechanism where H2O2 func-
tions as the oxidant is therefore identical with the mechanism
of the reaction in the oxygen system.

Figure 4. Dependence of the yield of the products of the
reaction of CHi, with HNO3 on the initial methane concentra-
tion;8 8 [HNO3]0 = 7%, Τ = 1067 Κ, Ρ = 0.01 atm, ί = 5 ms:
symbols—experiment; lines—calculation; a) CHi,; b) NO2;
c) CO; d) H2; e) CO2.

The calculated and experimental data were compared under
flow conditions for the CH,,-H2O2

 3 3 and H2-H2O2

 2 8 systems.
The presence of a certain initial concentration [O 2 ] 0 as a
consequence of the presence of O2 in liquid H2O2, which,
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when vaporised by bubbling, generated the necessary H2O2

concentration in the gas phase, was noted in the experi-
ments. A satisfactory agreement between the experimental
and calculated data was achieved in both cases.

Nitric acid also readily decomposes with formation of nitro-
gen dioxide and a hydroxylradical181»182 and is therefore used
as the oxidant.1 8 3»1 8 1 ' The hydroxylradical obtained reacts
again with nitric acid to form the highly reactive NO3 radical
and water [reactions (1.1) and (1.2) in Table 1]. Examina-
tion of the above processes together with the DKM for the
H-N—Ο system made it possible to analyse the kinetics of the
interaction of hydrogen with nitric acid. 2 8 The reaction
proceeds fairly rapidly but, as a consequence of the high rate
of destruction of OH, Η, and Ο in the gas samples of the EPR
spectrometer due to the presence of nitrogen-containing
products, the concentration of these radicals could not be
recorded.

Certain experimental data referring to the reaction of CHi,
with HNO3 under flow conditions are presented in Fig.4. 8 8

The reaction begins at the temperature corresponding to the
onset of the decomposition of HNO3. The calculated kinetic
curves describe satisfactorily the experimental relations
obtained when the initial methane content is varied.

—0O0—

The theoretical studies described above were not the only
ones performed with the aid of the DKM. They have been
used to calculate the ignition delays, the rates of propagation
and the stabilisation limits of flames, in the study of promo-
tion and chemi-ionisation phenomena and of the composition
of the products in the technological formation of acetylene
and the synthesis gas from methane, in the estimation of
the concentrations of various environmentally undesirable
components, and in other cases, including the conditions in
a turbulent medium. The results of the available calcula-
tions demonstrate their more or less satisfactory agreement
with experimental data. The specific DKM presented in
Table 1 serves merely as the first approximation and requires
further refinement.

The first stage in the construction of the detailed kinetic
mechanisms, where their possibilities and the accuracy of the
calculations based on them have become clear has apparently
now been completed. The next stage in the construction of
the DKM will probably involve a careful analysis of the
individual elementary steps and the real reaction channels
and also an increase in the accuracy of the estimation of the
rate constants. The aim of this stage will be a transition
from qualitative estimates obtained nowadays to a quantita-
tively accurate α priori calculation.
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A Quantitative Concept of the Permeability to Hydrogen of Passivating
Layers on a Metal at the Apex of the Crack in the Corrosion-induced
Cracking of Constructional Materials

V.A.Marichev

A general theoretical and methodological approach to the determination of the role of the local anodic dissolution and
hydrogen-induced embrittlement in the corrosion-induced cracking of various constructional materials is examined. The
possibility of the quantitative estimation of the role of the hydrogen-induced embrittlement in the corrosion-induced cracking
of high-strength steels and titanium, aluminium, magnesium, and zirconium alloys is demonstrated. A quantitative concept of
the permeability of hydrogen of passivating layers on a metal at the apex of a crack, which has made it possible to determine
quantitatively for the first time the relation between the critical concentration of hydrogen and the stress intensity coefficient
in the hydrogen-induced embrittlement of steels and titanium and aluminium alloys, has been developed on the basis of several
postulates. Two new methods for the investigation of the adsorption of hydrogen and anions at the apex of the crack in
corrosion-induced cracking, based on this concept, are proposed.
The bibliography includes 47 references.
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I. INTRODUCTION

There is at present no unique concept concerning the
mechanism of the growth of cracks in corrosion-induced
cracking (CIC) on any specific alloy-electrolyte system.
There is an even greater lack of a generally accepted theo-
retical and methodological approach to the determination of
the mechanism of the growth of cracks which would be appli-
cable to any constructional materials regardless of their
composition and structural state. The majority of studies
have been characterised by a one-sided approach to the
determination of the CIC mechanism—whilst justifying the
leading role of one of the possible mechanisms, the authors
fail to consider or reject the possibility of the growth of
cracks via other, competing mechanisms. An attempt has
been made1"3 to develop a general electrochemical method for
the determination of the CIC mechanism using the following
initial postulates. At the apex of the crack there is a possi-
bility of the simultaneous occurrence of two main processes-
local anodic dissolution (LAD) and hydrogen-induced
embrittlement (HIE), the role of each of which depends on
the composition of the alloy and the electrolyte, the heat
treatment of the alloy, the potential, etc. and also on the rate
of growth of the crack V and the stress intensity coefficient
K. The coefficient V is regarded as an index of the extent
to which the properties of the metal at the apex of the crack
approach those of a freshly formed surface and defines the
permeability of the passivating films to hydrogen. The dif-
ferent types of influence of cathodic polarisation on the
growth of cracks observed in the study of high-strength
martensite steels1 serve as an experimental basis of the ideas
concerning the CIC mechanism developed in the above
studies.*~3 This phenomenon consists in the fact that,
other conditions being equal, the same cathodic polarisation
retards the growth of cracks if the initial V and Κ at the
corrosion potential are below certain critical values and acce-

lerates the growth of cracks if they are above such values.
The physical significance of the concept of the "critical rate
of growth of the crack" is as follows. With increase of V,
the time required for the formation of passivating layers on
the metal at the top of the crack, which constitute barriers
to the penetration of hydrogen into the metal, diminishes.
Regardless of the value of V, cathodic polarisation increases
the rate of the electrochemical evolution of hydrogen. How-
ever, for coefficients V below the critical value, the films
formed on the metal hinder the penetration of hydrogen into
the latter, the attainment of the critical concentration of
hydrogen, and the onset of the HIE. On the other hand,
cathodic polarisation suppresses the LAD and, as shown by
experiment, reduces V. When the critical and higher values
of V are ureached, passivating films can no longer effectively pre-
vent the penetration of hydrogen into the metal and for this reason
cathodic polarisation accelerates the growth of cracks via the HIE
mechanism although it does reduce the rate of local dissolution.

The critical rate of growth of the crack V c r and the corre-
sponding critical stress intensity coefficient Kjjjg are quanti-
tative indices of the role of the LAD and HIE in the growth of
the cracks; for V < V c r and Κ < ΚΗΐΕ, the main CIC mecha-
nism involves the LAD; for V > V c r and Κ > Kjjjg, the
mechanism is based on the HIE. The values of V c r and
Kpjg depend on the composition of the alloy and the electro-
lyte, the cathodic polarisation potential, etc. Changes in the
alloy-electrolyte system reducing the stability of the passi-
vating layers at the apex of the crack or the critical con-
centration of hydrogen should diminish V c r and KHIE, i.e.
should enhance the role of the HIE in the CIC. This hypo-
thesis was confirmed experimentally in the determination of
the dependence of V c r and Kjjj£ in the CIC of high-strength
steels on the content in the electrolyte of chlorides, agents
promoting such saturations with hydrogen, and oxidants and
also the dependence of these quantities on the heat treatment
of the steels.1 '2
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Although the ideas which we have developed1**3 about the
CIC mechanism suffer from no limitations associated with the
composition of the alloy or the electrolyte, they cannot be
transferred mechanically to all materials without demonstrat-
ing experimentally that cathodic polarisation exerts different
types of influence on the growth of cracks in the CIC of these
materials, as for high-strength steels. As the above ideas
were generalised, they were subjected to tests. In particu-
lar, it was assumed α priori that, when any alloy (or group of
alloys with a specific base) tends to undergo HIE in the
absence of a corrosion medium but at the same time cathodic
polarisation always has the same effect on its CIC, it is
possible to alter the CIC conditions in such a way that catho-
dic polarisation exerts different types of effect on V for this
alloy. For example, it is known that austenite steels and
titanium, zirconium, magnesium, and alluminium alloys tend
to undergo internal HIE but, in CIC in 0.5 Μ NaCl solution,
cathodic polarisation only retards the growth of cracks in
these materials.2 This means that in the NaCl solution the
main CIC mechanism involves LAD, while HIE does not play
an appreciable role although it can occur. On the other
hand, one can postulate the existence of conditions for these
materials such that HIE plays an appreciable or main role in
the CIC. Indeed electrolytes have been selected in which
cathodic polarisation in the CIC of the above materials influ-
enced the growth of cracks in different ways; for V and Κ
below their critical values, it reduced V, increasing it after
the attainment of such values.2~H

The agreement between the theoretical prediction and the
experimental fact of the different types of influence of catho-
dic polarisation on the growth of cracks in the CIC of austen-
ite high-strength steels and titanium, zirconium, magnesium,
and aluminium alloys2"1* suggests that this feature is common to all
CIC processes and makes it possible to formulate a general
theoretical and methodological approach to the determination
of the role of LAD and HIE in the CIC of constructional
materials regardless of their base and the composition of the
electrolyte. According to this approach, the unambiguous
influence of cathodic polarisation (i.e. only retardation or
only acceleration of the growth of cracks regardless of the
values of V and K) should be regarded as a special case of
its varying influence on V, reflecting the independence of
the leading CIC mechanism of V and K. More detailed argu-
ments in support of this postulate can be found in another
communication.2

The ideas about the CIC mechanism developed in a series
of studies 1~l* are mainly qualitative. In the present review
a quantitative concept of the permeability to hydrogen of
passivating layers on a metal at the apex of the crack, which
makes it possible to establish a relation between the electro-
chemical CIC conditions, the coefficients V c r andKH I E, and
the critical concentration of hydrogen in the HIE, has been
formulated on the basis of the extension and analysis of these
ideas.

I I . RELATION BETWEEN THE CRITICAL CONCENTRATION
OF HYDROGEN AND THE CRITICAL STRESS INTENSITY
COEFFICIENT IN THE HYDROGEN-INDUCED EMBRITTLEMENT
OF CONSTRUCTIONAL MATERIALS

The fundamental concepts of the theory of the HIE of con-
structional materials are the critical concentration of hydro-
gen c c r and the critical stress intensity coefficient in HIE,
KfjjE. The value of KjiIE can be determined experimentally
both in the HIE in gaseous hydrogen and in electrolyte solu-
tion under CIC conditions. However, none of the methods
of physicochemical analysis and none of the HIE theories have
so far been developed sufficiently to permit the experimental

or computational determination of the absolute values of c c r

(there is no generally accepted physical model of the HIE;
models of the distribution of stresses ahead of the apex of the
crack are in the state of development; the configuration of
the apex of the crack and the location of the breakdown zone
in the HIE relative to the top of the crack are unknown,
etc. 2 > s ) . The question of the relation between c c r and KjiIE
is extremely important for the theory of HIE and was fre-
quently discussed previously.2>5~9 However, at the present
time only the following qualitative relation can be regarded
as established: the higher Κ HIE, the lower c c r and con-
versely.

The method for the investigation of the relation between
c c r and Kjjjg proposed by the present author10 follows from
general ideas about the CIC mechanism1-<f and is based on
the possibility of the quantitative estimation of the role of HIE
in CIC by means of the experimental determination of the
values of V c r and the corresponding critical stress intensity
coefficients KJJJE· These values depend on the electrolyte
composition, the heat treatment and the structure and
strength of the alloy, the pH of the medium, the presence of
agents promoting saturation with hydrogen, the process tem-
perature , the potential of the specimen, and also the nature
and the ratio of the concentrations of the corrosive and passi-
vating ions. The last factor is particularly important because
this ratio defines, like V, the permeability to hydrogen of the
film of the metal at the top of the crack.

The main postulate of the HIE theory states2 that the crack
grows when the critical hydrogen concentration c c r is estab-
lished ahead of its apex and the critical value of the stress
intensity coefficient KJJJE has been attained. Having supple-
mented this condition by stating that c c r decreases with
increase of KJJJJJ , one can formulate the equation

= Const. (1)

This relation, proposed in Ref.ll, is one of the possible for-
mulations of the criterion of breakdown in HIE and is not
based on any specific physical model of HIE. Formally it is
close to the power relation examined by Van Leeuwen9 within
the framework of the decohesive theory of HIE.8

The penetration of hydrogen into the metal ahead of the
apex of the crack growing under the CIC conditions includes
several successive steps:

(1) The occurrence of an electrochemical reaction as a
result of which a definite concentration (degree of surface
coverage) of adsorbed hydrogen atoms θ is established on the
surface of the passivating film.

(2) The penetration of the hydrogen adsorbed on the sur-
face of the film through the latter and the establishment of
a certain concentration c m s of hydrogen in the surface layer
of the metal at the apex of the crack at the metal-film boun-
dary. This concentration is determined by the permeability
of the film to hydrogen: c m s = θα. The dimensionless
quantity shows what proportion of the hydrogen adsorbed
on the passivating film penetrates through the latter and is
responsible for the HIE.

(3) The attainment of a critical concentration of hydrogen
ccr = cms^ = θ α ^ d i r e c t l y a t t n e apex of the crack (ξ = 1)
or at a certain distance from it (ξ < 1), the distance being
unimportant, since the given formal treatment is not asso-
ciated with any specific physical model of HIE. The require-
ments that the HIE mechanism remains unaltered when the
experimental conditions are changed (for example, when the
cathodic polarisation potential or the concentration of chloride
ions are changed) and that the transport coefficient ξ remains
constant are significant.

The HIE mechanism is determined by the properties of the
metal—hydrogen system and is independent of the electro-
chemical conditions at the apex of the crack which influence
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the HIE kinetics in CIC. The coefficient ξ depends on the
diffusion coefficient of hydrogen in the metal, the distance
of the breakdown zone from the apex of the crack, and the
diffusion time, i.e. on the duration of the cathodic polarisa-
tion in the determination of the values of Kmg. For a con-
stant cathodic polarisation time, ξ = const, for the given
alloy.

The constancy of the cathodic polarisation time is ensured
by the method used to determine KJJIIJ, 1 0 which consists of
the following steps. The specimen in the electrolyte at a
certain initial potential Ej (for example the corrosion poten-
tial E c o r ) * s stressed until the attainment of an arbitrary
coefficient Κ, is maintained in this state for 300 s, and is
then subjected to cathodic polarisation until the attainment of
the potential Ec-. If the cathodic polarisation induces an
acceleration of the growth of the crack up to 150 s, the speci-
men is again polarised to Ej, Κ is reduced by 3-5%, and,
after being maintained at Ej the specimen is polarised to E c_.
If the cathodic polarisation does not accelerate the growth
of the crack in the course of 150 s, then Κ is increased by
3—5% and the above operations are repeated. Thus, using
the method of successive approximations, KHIE is determined
as the minimum value of Κ for which cathodic polarisation to
E c p accelerates the growth of the crack up to 150 s. The
relative errors in the determination of KJJJE and V c r are 4
and 10% respectively.10

The quantities θ and α depend on the compositions of the
alloy and the electrolyte, the pH, temperature, the potentials
Ej and E c p , etc. Other conditions being equal, the per-
meability to hydrogen is proportional to the rate of growth
of the crack and the concentration of the corrosive anion,
for example the chloride ion [CP], adsorbed on the film at
the top of the crack. It is assumed that the adsorption of
chloride ions from solution is described by the Langmuir iso-
therm at low coverages: [CP] = β ( C D , where β is the
adsorption coefficient and (Cl~) and [CP] are the concentra-
tions of chloride ions in solution and adsorbed on the film
respectively. It is also assumed that, when V ^0.01 mm h""1,
the permeability of the film to hydrogen is independent of the
rate of growth of the crack and, when V > 0.01 mm h"1, it is
proportional to V.10

These ideas about the permeability to hydrogen of passi-
vating films on the metal on top of the crack growing under
CIC conditions are based on the present author's data; 2»3 in
the absence of halide ions, it proved impossible to induce the
HIE of aluminium, titanium, and zirconium alloys under CIC
conditions even for Κ = Kjc (where Kj£ is the critical stress
intensity coefficient in the absence of corrosion medium) and
a cathodic polarisation potential ECp up to -4 V (relative to
n.h.e. t ) , while for certain ratios of the concentrations of
passivator and depassivotor ions optimal for each material the
acceleration of the growth of cracks under cathodic polarisa-
tion (i .e. HIE and CIC) is observed for KHjE < 0.03, KIQ,
and Ε = -0.7 V. For the materials investigated previ-
ously,2'3 the quantity a can be neglected in the absence of
corrosive ions, but, for high-strength steels this cannot be
done in the general case, since their CIC via the HIE mecha-
nism can occur, for example, in distilled water. However,
even for high-strength steels it is possible to establish condi-
tions (by selecting the composition of the electrolyte and the
cathodic polarisation potential) under which the permeability
of the film to hydrogen is determined by the concentration
of the corrosive ions in the electrolyte also at the top of the
crack. In this Section only such conditions will in fact be

considered; the permeability of steels to hydrogen is dis-
cussed in greater detail in Section III.

Taking into account the above assumptions concerning the
critical parameters describing quantitatively the role of HIE
in CIC (V c r and KHIE, the criterion for the HIE in the alloy-
hydrogen system (1) can be used also as the criterion of the
HIE in CIC having formulated it in the form

(2)= const,

0&3(Cr)FcrA?,iE = const,

lg[(Cr)Fcr]=const-nlg*HiE-

(3)

(4)

The constant coefficients ξ and β in Eqn.(3) are unknown
and it is therefore impossible to determine the permeability
of the film to hydrogen in absolute units. However, the
exponent η in the power relation (1) between the critical
concentration of hydrogen and the stress intensity coefficient
can be determined from the slope of the linear plot in terms
of the variables of Eqn.(4).

In conformity with the assumptions made, the power expo-
nent η in Eqns.(l)—(4) characterises the HIE in the alloy-
hydrogen system and is in no way related to the corrosion
stability of the alloy in any particular electrolyte. Hence it
follows that η may depend on the composition, structure, and
the conditions of the heat treatment of the alloy and on tem-
perature but should be independent of any electrochemical
parameters of the electrolyte.10 The experimental test of
these conclusions shows that the assumptions made in the
derivation of Eqns.(l)—(4) are valid. In particular, the
observed value of η should be independent of the method of
introduction of hydrogen into the specimen: for the same
material, the exponent η should be identical for HIE under
CIC conditions and in an atmosphere of gaseous hydrogen.
For HIE in CIC, the exponent η should not be influenced by
the nature of the solvent, the concentrations of the passiva-
tor and depassivator ions, the pH, the cathodic polarisation
potential, and similar factors, although variation of these
parameters does influence significantly V c r, KJJJE, Θ, and
other terms in Eqns. (2)-(4).

Since η is independent of the electrochemical parameters of
the solution, all the data obtained for one material in dif-
ferent solutions may be plotted on a single curve. In each
series of experiments where only the concentration ( C D is
varied, the solution with the maximum value of ( C D is
selected as the standard.10 Then, for this series, Eqn.(4)
is transformed into

f F,r(CnL a, KHIF *

= lg- f - = —nig κΗ IE, it (5)

tHere and henceforth the potentials are given throughout
relative to the normal hydrogen electrode (n.h.e.).

where the subscripts "st" and "x" correspond to the standard
in variable concentrations ( C D .

The validity of Eqn.(5) was tested in a study10 in which the
dependence of KJJJE and V c r on the concentrations of chlor-
ide, bromide, and sulphate ions was obtained in various
buffer solutions in the CIC of aluminium and titanium alloys
and four high-strength martensite steels. These data,
treated in accordance with Eqn.(5), are presented in Fig.l;
it is seen that, despite the considerable scatter, the experi-
mental points for each material do indeed fit on a straight
line. The slopes of the straight lines (i.e. the power expo-
nents n) for the aluminium alloy, the titanium alloys, and the
high-strength steels are respectively 2.1, 3.0, and 5.5. As
assumed, η for each material is independent of the electro-
chemical parameters associated with the electrolyte; however,
within the limits of experimental error, it was impossible to
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observe the dependence of η not only on the conditions in
the heat treatment of the steel but also on the composition,
structure, and strength of titanium α-alloys and the high-
strength martensite and martensitically ageing steels.

__ •

- 7

-2 -

at o.z 0.3 o.v 0.5

Figure 1. Dependence of Kmjj in the CIC of aluminium (a),
and titanium (b) alloys and high-strength steels (c) on the
permeability to hydrogen of the passivating films at the apex
of the crack; PD—planar deformation boundary. The dif-
ferent symbols correspond to different alloys, different heat
treatment conditions, and different electrolyte compositions.10

One can apparently conclude that the exponent η in Eqn.(l)
is a characteristic parameter of the HIE of the alloys and
depends solely on the nature of the metal on which the alloy
is based. One cannot rule out the possibility that the dif-
ferent values of η for aluminium and titanium alloys and high-
strength steels reflect different mechanisms of the HIE of
these materials. We may note that, with increase of the ten-
dency of the materials towards HIE in the series aluminium
alloys—titanium alloys—high-strength steels, the exponent η
also increases. Unfortunately, there are no data concerning
the influence of the type of lattice on η; such data can be
obtained by studying with the aid of the method described
titanium 3-alloys and high-strength austenite steels.

As stated above, in the model considered the exponent η
should not be influenced by the method of introduction of
hydrogen into the alloy. The validity of this postulate can
be tested by comparing the value η = 5.5 obtained10 for high-
strength steels (under the conditions of HIE in CIC) with the
value of η under the conditions of gas-phase HIE. There
are fairly numerous literature data on the dependence of the
Κ HIE o f high-strength steels on the hydrogen pressure, but
they are unsuitable for the determination of n, because they

refer mainly to the range of high (in excess of 1 atm) pres-
sures at which one can postulate the maximum degree of
surface coverage by adsorbed hydrogen atoms. Virtually
the only study in which the dependence of KHIE (for high-
strength martensite steel 4340) on hydrogen pressure was
determined (in the range 0.1—1000 mmHg) is that of Oriani
and Josephic.8 The data from this investigation, treated in
terms of Eqn.(5), are designated in Fig.lc by rhombuses;
they fall within the scatter band of the HIE data in the CIC
of other high-strength steels. The exponent n, determined
independently from the results of the above investigation,8 is
5.1 and is virtually identical with the value η = 5.5 ± 0.5
found for HIE in CIC.10

Despite the fact that Eqns.(l)—(5) are empirical and are not
based on any specific physical model of HIE, the values of η
obtained10 can be useful in the development of physical ideas
about the mechanism of the HIE of various materials. In
particular, the identity of the values of π for the HIE in the
CIC of high-strength steels and for their HIE in a gaseous
medium makes it possible to assume that the HIE of these
materials has the same mechanism.

The derivation of Eqns.(l)—(5) is based on several postu-
lates (the applicability of the proposed criterion of breakdown
in HIE,- the direct proportionality of the permeability to
hydrogen to the rate of growth of the crack and to the con-
centration of chloride ions adsorbed on the film, and the
independence of θ of [Cl~], which do not conflict with the
known theoretical ideas but cannot be justified analytically or
tested experimentally. For example, it is impossible to test
by an independent procedure the values of η obtained,1 0

because only qualitative ideas about the relation between
c c r and KJJJE have been developed in the HIE theory. Never-
theless the concept of the permeability of passivating layers
on the metal to hydrogen at the top of the crack, developed
by Marichev,10 permits predictions for certain values of η
which can be tested experimentally (see Sections III and IV).

I I I . THE PERMEABILITY TO HYDROGEN OF PASSiVATINC
LAYERS ON A METAL AT THE APEX OF THE CRACK IN
CORROSION-INDUCED CRACKING

The permeability to hydrogen α was formally introduced
above dimensionless quantity showing which part of the
hydrogen adsorbed on the passivating film penetrates
through it onto the metal—film interface and is responsible
for the occurrence of HIE. The mechanism of the permeabi-
lity to hydrogen has not yet been fully elucidated but one
can assume that the diffusional transport of hydrogen
through the passivating film does not play the main role.
Thus in the CIC of aluminium and titanium alloys for Κ > Κ Η Ι Ε

the acceleration 'of the growth of the cracks after the catho-
dic polarisation has been switched on takes place after 1 s,
while for Κ < KHJE under the same CIC conditions accelera-
tion was not observed even after more than 10* s. Further-
more, the occurrence of the CIC of these alloys via the HIE
mechanism, for example, in 1 Μ CrO3 has not been observed
even for Κ = KJC, but, when 0.01 Μ NaCl is introduced, HIE
takes place at a high rate for low values of K. It appears
unlikely that such small amounts of added chloride ions,
which do not alter significantly the corrosion potential and
do not cause the breakdown of the passive state of the alloys
in 1 Μ CrO3 solutions, should increase by several orders of
magnitude the diffusion coefficient of hydrogen in the passi-
vating film.

Since θ and the constant coefficients (except n) in Eqns.
(2) and (3) are unknown, the absolute values of the perme-
ability to hydrogen cannot be determined from data obtained
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in tests on the CIC (i.e. the quantities V c r and K H I E ) . How-
ever, having adopted α = 1 for certain arbitrarily selected
standard experimental conditions, it is possible to determine
the relative changes in αχ when, for example, the concentra-
tion of chloride ions in the electrolyte is altered:

< * * = (6)

It is assumed that small changes in the composition of the
electrolyte (as a rule by not more than 0.05 Μ of activator
or passivator ions) do not affect the surface coverage θ of
the film by adsorbed hydrogen, which depends mainly on the
potential of the specimen and the pH of the electrolyte.n

The most complete information about the dependence of
the permeability to hydrogen α of passivating layers on a
metal at the top of the crack on the electrolyte composition
can be obtained for high-strength steels, since in the course
of their CIC the growth of cracks via the HIE mechanism at
sufficiently negative cathodic polarisation potentials takes
place in water and NaOH solutions not containing activating
ions.2 The following standard experimental conditions have
been selected13 for high-strength steels: NaOH solution at
pH 10, cathodic polarisation potential for the determination
of V c r and Kjjj£ amounting to Ecp = 0.8 V, and the period
from the instant when the cathodic polarisation is switched on
to the instant of the acceleration of the growth of cracks via
the HIE mechanism amounting to 150 s. This choice was
dictated by the necessity to keep constant the pH of the
electrolyte as its composition is changed (for example, the
0.03 Μ Νβ2ΗΡΟι» solution has pH 9.9), the appreciably insig-
nificant corrosion of the steels investigated, and also the fact
that in this electrolyte the critical HIE stress intensity coeffi-
cient is small for B c p = -0.8 V. The latter significantly
extends the possible limits of variation of the electrolyte com-
position, especially on introduction of passivators, since the
increase of Kjjjg induced by them should not lead to the
breakdown of the passive planar deformation state of the
specimens.11* The corrosion potential of the steels studied
was approximately 0.2 V in NaOH solution at pH 10 and
-0.15 V in 0.03 Μ Na2HPOi» solution, changing insignificantly
(by ±0.05 V) after the introduction of activator or passivator
ions into these electrolytes at a concentration of 0.05 M.

Fig. 2 shows that the introduction of additional NaOH at a
concentration of 0.03 Μ into the standard NaOH solution
increases the permeability to hydrogen of the passivating
films at the apex of the crack by a factor of 6, while the
additional introduction of 0.01 Μ NaCl causes a further
increase by a factor of 2. The addition of nitrate ions to
these solutions lowers sharply the permeability to hydrogen,
the decrease being more pronounced the lower the initial
permeability. Thus, when 0.001 Μ NaNO3 is introduced into
the standard solution, the permeability to hydrogen dimin-
ishes by a factor of 15 (curve 2), but it hardly changes
when the solution contains also 0.01 NaCl (curve 3).

We must emphasise that not only nitrates but also other
anions, mainly oxidants (chromates, nitrites, nitrobenzoates,
etc.) can reduce a, but there is no correlation between the
strength of the oxidant and the degree of its influence on the
permeability to hydrogen. For example, the strongest oxi-
dants investigated by the present author,13 namely H2O2 and
Na2S2Oe, at concentrations up to 0.1 Μ do not reduce α in the
CIC of steel in the presence of 0.03 Μ Na2HPOi» (the latter
actually increases significantly a, since its reduction entails
the formation of sulphate, which, like the chloride ion,
increases the permeability to hydrogen). The introduction
into the same solution of 0.05 Μ NaNO3, which is an appre-
ciably weaker oxidant but effectively displaces chloride ions
from the surface of the steel as a result of competitive
adsorption,13»15 lowers α by three orders of magnitude.

It is of interest to compare the role of phosphates and
nitrates. Phosphates are assumed to be corrosion inhibitors;
indeed in the presence of 0.03 Μ Na2HPOi,, the corrosion
potential increases by 0.05 V compared with the potential in
NaOH and the corrosion of the specimens is almost fully
suppressed but the permeability to hydrogen of the passivat-
ing layers at the top of the crack increases by 5—6. On the
other hand, nitrates are believed to behave as corrosion
activators (although there have been studies16»17 demonstrat-
ing their inhibiting effect on the CIC process and corrosion
fatigue), but they reduce α very markedly in solutions con-
taining chlorides and sulphates and fully suppress the CIC
of high-strength steels in a standard NaOH solution. In a
series of prolonged (up to one month) experiments, it was
shown that not only Kjjjg but also K-iscC (critical coefficient
of the density of stresses in CIC) increases appreciably in
the presence of nitrates.13

a, rel. units

JO 10
[NaNO3], Μ

Figure 2. Dependence of the permeability to hydrogen, a, of
passivating layers on a metal at the apex of the crack on the
concentration of added NaNO3 in the CIC of the steel
33Kh3NMFA in solutions at pH 10: I) NaOH; 2) NaOH +
0.03 Μ Na2HPOH; 3) NaOH + 0.03 Na2HPO^ + 0.01 Μ NaCl.
The permeability to hydrogen in the NaOH solution was
adopted as unity; E c p = -0.8 V.13

It was subsequently established15 that, when HIE conditions
in distilled water are chosen as standard, all the anions
investigated—the phosphate, acetate, borate, nitrate,
hydroxide, and especially chloride and sulphate ions—increase
the permeability of passivating films to hydrogen, i .e. they
function as activators of the HIE of high-strength steels.
The activating effect of anions on the HIE process depends
significantly on the steel composition. Nitrates and other
oxidants lower the permeability to hydrogen and increase HIE
and hence they function as inhibitors of the HIE process only
when they are introduced into solutions containing other
anions, for example, chloride or sulphate ions, which activate
the HIE of steel to a greater extent than nitrate ions.

One of the consequences of the concept of the permeability
of passivating films to hydrogen has been the development
of a method of study in situ of the adsorption of chloride
ions (or other activator ions) on the film at the apex of the
crack in the CIC of constructional materials.15 The method
consists in the experimental determination of KHI£ and Vcr

under standard and real conditions and in the calculation of
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the relative changes in the concentration of chloride ions
[Cl~] at the top of the crack. The standard condition is
assumed to be [ C r ] 8 t = 1. The real conditions differ in the
concentrations of chloride or nitrate ions in the solution. It
has been suggested that the constant coefficients in Eqns.(2)
and (3) are identical for standard and real conditions. It
follows from Eqns.(2) and (3) that

(7)

Within the framework of the assumptions made above, Eqn.
(7) makes it possible to calculate the isotherms for the
adsorption of chloride ions on the surface of the passivating
film at the top of the crack growing in the CIC and also the
decrease of [CF] as a result of competitive adsorption after
the introduction of various extraneous anions, especially
corrosion inhibitors, into the standard solutions.15 This
method can be used to investigate the adsorption of not only
chloride ions but also of other anions in the presence of
which the CIC of the alloy proceeds via the HIE mechanism.
In the CIC of high-strength steels, it is possible to investi-
gate by this method, for example, the adsorption of sulphate,
phosphate, and other ions and the influence of inhibitors on
the latter. For different constructional materials, the
research technique is the same, but the exponent in Eqn.(7)
varies (see above). The standard conditions (i.e. the
material, the electrolyte composition, and the cathodic polari-
sation potential) are also different in the determination of the
critical HIE parameters.

[Cl"], rel. units

m i l Τ ι ι ι ι m l

10 10
ri

ci;M
Figure 3. Dependence of the concentration of chloride ions
adsorbed on the passivating film at the apex of the crack in
the CIC of the steel 33Kh3NMFA in 0.03 Μ Νβ2ΗΡΟμ + 0.01 Μ
NaCl solution on the concentration of inhibitors: 1) NaCrOi»;
2) hexamethyleneammonium 3,5-dinitrobenzoate (G-4);
3) NaNO3; 4) NaNO3; [Cl~] = 1 in solution in the absence
of inhibitors; Ecp = -0.8 V.1 5

Fig. 3 presents certain results of a study of the competitive
adsorption of chloride ions in the region of the apex of the
crack in the presence of inhibitors in the CIC of different
materials.15»19 It shows that the introduction of oxidant
anions into the standard solution hinders the adsorption of
chloride ions, the nitrate ion, which has come to be regarded
as an activator rather than an inhibitor of corrosion, being

the most effective. Under the CIC conditions, this anion
displaces chloride ions from the surface of the passivating
film at the top of the crack much more vigorously than the
known general corrosion inhibitors such as chromates,
nitrites, and the organic G-4 inhibitor. This influence of
nitrate is characteristic of the CIC of not only high-strength
steels but also titanium and aluminium alloys.19

In this connection, mention should be made of the study17

in which the CIC of high-strength steel was investigated in
distilled water and it was shown that at high rates of growth
of the crack nitrates are more effective as CIC inhibitors
than nitrites, while chromates do not exhibit an inhibiting
activity (at concentrations of 0.01 M). We may also mention
a study16 in which the possibility of the inhibition by nitrate
of the corrosion fatigue of the high-strength aluminium alloy
7075 in a solution of chloride was demonstrated. It may be
that the adsorption processes in the CIC exhibit a definite
specificity which is in fact responsible for the highest
adsorption capacity of the nitrate ion and the most effective
displacement by the latter of chloride ions from the surface
of the passivating film at the apex of the crack. As stated
above, this is not associated with either the charges of the
anions or with their oxidising capacity.

The above specificity has apparently no direct relation
with oxo-ion reduction processes either, because the chromate
ion influences the permeability to hydrogen less strongly than
nitrate although it is not only reduced on the surface of iron
but also enters into the composition of the passivating film in
the form of Cr3 +.1 8 In the CIC of aluminium alloys, the
effectiveness of chromate is also greater than that of nitrate,
vanadate, and molybdate,19 although it has been established
by electronic X-ray spectroscopy (ESCA) that it also enters
into the composition of the film. The specificity of the
adsorption processes in CIC affects also the behaviour of
phosphate: being a general corrosion inhibitor, it increases
the permeability to hydrogen of passivating films at the apex
of the crack (Fig. 2). The method for the study of adsorp-
tion at the apex of the crack examined above makes it possible
to discover similar differences in the behaviour of oxo-ions in
CIC and general corrosion; however, the formal ideas about
the permeability to hydrogen, constituting its basis, proved
insufficient to explain the specificity of the adsorption in
CIC. The development of a physical model of the perme-
ability to hydrogen is necessary for this purpose.

The competitive adsorption of chloride and nitrate ions in
the CIC of steel A in solutions having the composition (0.001—
0.01) Μ NaCl + (0-0.01) Μ NaNO3 has been investigated in
detail,15 the results being presented in Fig. 4. Fig. 4a shows
that an increase in the concentration of chloride ions in solu-
tion reduces sharply Kjjjg, while an increase of the con-
centration of nitrate ions increases it. The higher the HIE
activator (chloride ion) concentration, the higher the con-
centration of the HIE inhibitor (nitrate ion) inducing an
increase of HIE. Under standard conditions, 0.01 Μ NaCl
with [Cl~] = 1, the relative changes in [Cl~]x under real
experimental conditions accompanying the changes in the
chloride and nitrate ions in solution were calculated from the
data in Fig. 4a with the aid of Eqn. (7). The results of the
calculations are presented in Fig.4b (curves 2—6): evidently
in the absence of nitrate ions the degree of adsorption of
chloride ions increases in direct proportion to their con-
centration in solution, i.e. in the experimental concentration
range the adsorption saturation on the surface of the passi-
vating film at the top of the crack is not attained (curve 1).

Assuming, as was done above in the derivation of Eqns.
(2) and (7), that the adsorption of chloride and nitrate ions
is described by the Langmuir isotherm, it is possible to cal-
culate from curves 2—6 in Fig. 4b the ratio R of the adsorption
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coefficient β of t h e chloride ions to t h e adsorpt ion coefficient
γ of t h e n i t r a t e i o n s . If, following t h e int roduct ion into t h e
chloride solution at a cer ta in concentrat ion (Cl~) of a definite
amount of n i t r a t e ions u p to t h e concentrat ion ( N O p , t h e
initial concentrat ion of the adsorbed ions [Cl"l = 1 dimin-
ishes by a factor m, t h e n i t follows from t h e formal ideas
about competitive adsorpt ion 2 1 t h a t

( 8 )
i + P(Ci-) + v(No;)

Y(NOp

(NOp

(m-O(Cl-)

«Ρ
[NaNO3], Μ

10

W

10 to*
[NaNO3] or [NaCl], Μ

Figure 4. a) Dependence of K H I E for the steel 02N18K9M5T
on the NaNO3 concentrat ion in NaCl solutions at different
molarities; 2) 0 .01; 3) 0.003; 4) 0.001; 5) 0.0003;
6) 0.0001; b) calculated dependence of the concentrat ion
of chloride ions adsorbed on t h e surface of the film at the
apex of t h e crack on the NaNO 3 concentrat ion in NaCl solu-
t i o n s : 1) p u r e NaCl solutions; as in Fig.4a a b o v e . 1 5

It must be emphasised t h a t , within t h e framework of t h e
assumptions made, t h e absolute rat io of t h e adsorption coef-
ficients of t h e HIE act ivators and adsorpt ion is determined
from E q n . ( 8 ) , although t h e change in the concentrat ion of

the adsorbed HIE act ivator ions can b e determined from
E q n . ( 7 ) only in terms of relat ive u n i t s . The following
adsorption coefficients of chloride and n i t r a t e ions on t h e
pass ivat ing film at t h e top of the crack in t h e CIC of steel
in n e u t r a l solutions have been calculated from t h e data in
Fig .4b b y E q n . ( 8 ) 1 5 ( in o r d e r of increas ing initial NaCl con-
c e n t r a t i o n s ) : 0.06, 0.03, 0.03, 0.03, 0.07, i . e . R = 0.04 +
0.01. Similar calculations have been made for all t h e s t e e l -
electrolyte systems invest igations in the above s t u d y ; 1 5 it
was established t h a t t h e s t r o n g e s t inhibitor of HIE in the CIC
of steels is the n i t r a t e ion and t h a t t h e adsorpt ion coefficient
rat ios depend not only on t h e n a t u r e of t h e coadsorbed anions
but also on the composition of the s tee l .

The method examined above can be used to invest igate
t h e theoretically and practically important quest ion of t h e
dependence of t h e adsorpt ion of anions on t h e potent ia l .
This question has been examined comprehensively in theo-
retical electrochemistry b u t it is far from clear in corrosion
t h e o r y . The point is that electrochemical s tudies are carr ied
out on objects which a r e not corroded in t h e course of t h e
experiment and which do not form pass ivat ing films—on noble
metals, mercury, and amalgams. The dependence of the
degree of adsorption on t h e potential u n d e r such conditions
is determined by t h e φ potential (on a reduced s c a l e ) , which
characterises the charge of the electrode relative to the solu-
tion and the structure of the electrical double layer.2 2

Ideas about the adsorption of anions on noble metals are
sometimes used in the study of the role of anions in the
corrosion processes occurring on real constructional materials.
This is apparently insufficiently justified, since no account
is taken of the specificity of the interaction of the anions
with the passivating films present inevitably on the surface
of real alloys in weakly acid, neutral, and alkaline electro-
lytes on dissolution in the passive and active states and also
in pitting, in the growth of cracks in the CIC and HIE, etc.
As a rule, the increase of the surface activity of the anions
in the sequence F~ < Cl~ < Br~ < I", observed in adsorption
on mercury,2 2 is not observed in the corrosion of iron, titan-
ium, and aluminium alloys. For example, the activating
capacity of anions in pitting on iron increases in the sequence
F" < I" < Br~ < Cl~ 2 3 and anions are adsorbed not only on the
passivating film but are also incorporated in the latter.21* The
fluoride ion, which exhibits no surface activity at the mer-
cury—aqueous solution interface, depassivates aluminium
alloys most strongly although it does enter into the composi-
tion of the film.25

There are very few literature data for specific adsorption
(especially for the dependence of the degree of adsorption
on the potential) on metals of practical importance owing to
the lack of a method for the investigation of adsorption in
electrolytes in situ. The method of adsorption-enhanced
Raman scattering (Raman spectroscopy) developed in recent
years has been used successfully in the study of adsorption
on noble metals.26 The data obtained by this procedure for
iron have been criticised.2 7

As stated above (see Section I ) , the KJJJF, ^ o r e a c f t alloy-
electrolyte system depends significantly on the duration and
potential of the cathodic polarisation E c p in the determination
of KHIE a n d a l s o o n t n e initial potential Ê  at which the passi-
vating layers are formed at the apex of the crack. There-
fore, in the determination of the dependence Kjjj£ on the
electrolyte composition, these values were constant. The
present author2 8 investigated the influence of Ε ο ρ and Ej on
the competitive adsorption of anions in the CIC of martensiti-
cally ageing steel. The dependence of Kjjj£ on E™ for Ej =
const, and the dependence of Kjjjg on Ej for ECp = const,
were determined experimentally for several solutions in
which the concentration of the HIE inhibitor ions was varied
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at a constant concentration of HIE activator ions. Fig.5
shows that an increase of both the concentration of nitrate
ions and of the potential E c p increases KJJJE (curves 1—4).
The influence of the increase of the NaNO3 concentration is
caused by the decrease of the adsorption of the HIE activator
(the chloride ion) as a result of competitive adsorption and
the influence of th£ increase of E c p is associated with the
decrease of the degree of surface coverage by adsorbed
hydrogen atoms at the apex of the crack. For each potential
ECp, the dependence of the concentration of the chloride ions
adsorbed in the region of the apex of the crack (Cl~ on the
concentration of nitrate ions in solution was calculated by
Eqn.(7); it was shown that E c p in the range from -0.4 to
1.0 V does not affect the adsorption of anions. The decrease
of [Cl~] with increase of [NO7] for different values of E c p is
described by the same curve 5 from which the ratio of the
adsorption coefficient of chloride and nitrate ions R = 0.04,
independent of E c p , was determined with the aid of Eqn.(8).
An analogous conclusion can be reached on the basis of a
study of the adsorption of [Βι»θ|~], namely that R virtually
does not change when E c p is varied in the range from -0.2
to -1.0 V for a constant value E} = Ecor.

[Cl~], rel. units

ZO

70

z

W [NaNO3], Μ 10

Figure 5. Dependence of KfUE for the steel 02N18K9M5T in
0.0003 Μ NaCl solution (curves 1—4) and of the concentration
of chloride ions adsorbed on the film at the top of the crack
(curve 5) on the NaNO3 concentration in solution at different
cathodic polarisation potentials E c p (V): 1) -0.4; 2) -0.6;
3) -0.8; 4) -1.0. 28

The dependence of o n * n e cathodic polarisation poten-
tial E c p and the absence of such dependence of R are not in
conflict, because different standard values of KJJJE for a
given E c p for a solution not containing HIE inhibitor ions are
used in the calculation of R for different values of E c p .
Brief cathodic polarisation does not apparently alter the com-
position and properties of the passivating film formed at the
corrosion potential.

The initial potential Ej, at which the passivating film at the
apex of the crack is formed, exerts a significant influence on
the competitive adsorption of anions. At the constant poten-
tial E c p = -0.6 V, the increase of Ej from zero to +0.8 V
entails a marked decrease of the degree of adsorption of
Β 1,07" from solutions with identical concentrations of tetra-
borate and nitrate ions; the ratio of the adsorption coeffi-
cients of these anions R diminishes from 0.03 to 0.003.28 Fig.
6 presents the dependence of R on the potentials E c p and Ej
for all the electrolytes investigated in the above study.28

Evidently, for constant values of Ej, E c p (curves 1 and 2)
hardly influences R, which depends mainly on E{. This
dependence is different for different pairs of competing
anions. With increase of E{, the ratio R for the B^Of-'/NO!
pair diminishes (curve 3), that for the pair OH~ /CrO l~
hardly changes, while that for the pair OH" /NO1 decreases
in the range -0.2—*0.4 V and increases with increase of Ej
to +0.7 V.

to'\-

JO3

ί ! ι ^ ^
-to -0.5 0 0.5 E,v

Figure 6. Dependence of the ratio R of the ion adsorption
coefficients on E c p (curves 1 and 2) and Ej (curves 3-5):
1) Cr/NO7 pair; 2) and 3) Βι,θΓ/NOl pair; 4) OH"/CrOΓ
pair; 5) OH"/NO"3 pair. a

The method described above makes it possible to calculate
the ratio of the adsorption coefficients of two anions when
they are present simultaneously in solution but it does not
permit the calculation of the absolute adsorption coefficients
of individual anions. Nevertheless, the activating or inhibit-
ing capacity of different anions in relation to the HIE process
at different potentials Ej in which the passivating film has
been formed can be inferred qualitatively from data for the
variation of Kjjjg for the same steel in solutions with differ-
ent concentrations of such anions. Thus it is seen from
Fig. 7 that, over the entire experimental range of potentials,
the anion Βι,Ο2", which does not activate the general and
pitting corrosion of steels, increases the permeability of
passivating films to hydrogen just as much as the chloride
ion—the most active of the halide ions. The joint adsorption
of BitO2~ and halide ions enhances their activating effect on
the HIE process and the differences in the activating effects
of different halide ions are virtually abolished. The ability
of anions to activate the HIE process at potentials from -0.8
to +0.1 V increases in the sequence F~ « I" = Br" < Cl~ s

2 while at a potential of +0.5 V it increases in the
sequence F" « I" « Br~ < Βι,Ο?" < Cl~ (Fig. 7, curves 1-5),
i .e. halide ions increase the permeability of passivating films
to hydrogen in the same sequence in which they activate
pitting on iron and which is not the same as the sequence
based on the increase of their surface activity and adsorption
capacity on mercury.

The following facts are striking. The dependence of the
adsorption of different anions on steel on the potential E\
(Figs.6 and 7) exhibits no anomalies at the zero-charge
potential of iron (-0.4 V). The anions F", SO2,"» and NOl,
which are inactive or weakly active on the mercury-aqueous
solution interface, are powerful activators of the corrosion
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of iron and steels. The adsorption capacity series for halide
ions on mercury, which breaks down appreciably in corro-
sion, pitting, CIC, and HIE of constructional materials in
neutral solutions,15»23 holds in the corrosion of nickel in
highly acid solutions at a high rate of dissolution,29 where
passivating films, constituting a separate phase, have
apparently not formed on the electrode surface. These
facts lead to the conclusion that concepts of the zero-charge
potentials of the metals and of the φ potentials on the reduced
scale (in the form in which they have been formulated in
theoretical electrochemistry22) are inapplicable to corrosion
processes occurring on the surfaces of passivating films.
Indeed the zero-charge potential characterises the clean
surface of the metal in the absence of specifically adsorbed
ions and not the surface with a layer of oxides or hydroxides,
which are always formed in the corrosion of technical metals
and alloys in weakly acid, neutral, and alkaline solutions.

KmE, MPa m*

50

30

20

10 Tff^T7Trrt>^Tt?...i
-0.5 0.5

Figure 7. Dependence of Kjjjg for steel A on the formation
potential of the passivating film in solutions of different salts
(concentration 0.001 Μ); 1) NaF; 2) Nal; 3) NaBr; 4) NaCl;
5) Νβ2Β*Ο7; 6) Na2Bi,O7 + NaF; 7) Na2B^O7 + NaCl (or NaBr
or Nal); E c p = - 0 . 8 V.28

Hoar30 emphasises the disagreement between the zero-
charge potentials on clean and oxidised metals in aqueous
solutions and suggests that the zero charge potential of the
oxidised metal is close to the pitting potential. The concept
of the "pH of the zero charge potential (pHo)* is used in the
study of adsorption on oxide and oxidised metallic electrodes.
It has been shown that anions are adsorbed on the surfaces
of oxides at pH < pH0 and that their adsorption is independent
of the polarisation of the electrode over a wide range of
potentials.31 A tendency to use the concept of pHo in corro-
sion studies has arisen recently. For example, it has been
shown32 that in a chloride solution a decrease of pHo of alu-
minium (pH0 = 9.1) when the latter is alloyed with molyb-
denum (pH0 = 1.95) increases the pitting potential from -0.7
to -0.5 V.

The method for the investigation of adsorption on a passi-
vating film proposed by the present author15»28 makes it
possible to obtain information in situ about the adsorption
processes at the apex of the crack in the CIC at different
potentials and is fairly sensitive (up to 10"5 g-ion litre"1 for
chloride and nitrate ions). It can be used to study any con-
structional materials in the CIC of which HIE plays an impor-
tant role. Some of the results of the calculations by this

method, for example, data for the adsorption of chloride ions
on the surface of a passivating film at the apex of the crack
in the CIC of the AL27-1 aluminium alloys have been tested
by the ESC A method. It follows from the calculated data
that,19 when NaNO3 is introduced into the 0.5 Μ CrO3 +
0.01 Μ NaCl solution at a concentration of 0.01 Μ, the con-
centration of chloride ions adsorbed on the passivating film
diminishes by a factor of five. It has been established by
the ESC A method that [CD is 1.5 at. % in the initial solution,
while after the introduction of 0.01 Μ NaNO3 it is not more
than 0.5 at.%. This confirms the more general conclusion
of the above study that, in the simultaneous presence of
chloride and nitrate ions at equal concentrations (in the
range 0.01-0.1 M) in 0.5 Μ CrO3 solution, the adsorption of
chloride ions on the passivating film is almost completely
suppressed.

The competitive adsorption of anions in the CIC of the
AL27-1 aluminium alloy and the study of adsorption by the
ESCA method have been described in detail in studies19»20

where it was shown, in particular, that the adsorption iso-
therm of chloride ions, calculated by Eqn.(7), is very close
to the experimental isotherm obtained by the ESCA method.
Extensive possibilities for experimental tests (by studying
the adsorption, saturation with hydrogen, and permeability
to hydrogen of thin films, etc.) have arisen as a result of
the investigation of high-strength steels because in these
materials it is possible to select conditions for the determina-
tion of KHJE in the absence of the growth of the crack, i.e.

when K J J I E

T n e state of the surfaces of the
model specimens, investigated, for example, by the ESCA
method, is closer to the state of the real surface at the top
of the stationary crack than under the conditions of its
growth.

IV. THE DEGREE OF SURFACE COVERAGE OF THE PASSI-
VATING FILM ON A METAL AT THE APEX OF THE CRACK
BY ADSORBED HYDROGEN ATOMS

The first two stages in the HIE process (the discharge of
hydrogen ions and the adsorption of hydrogen atoms on the
surface of the passivating film at the top of the crack until
the attainment of a degree of surface coverage θ with subse-
quent transport of hydrogen through the film to the film-
metal interface) are especially important, because each of
them may become the rate-limiting stage in the HIE accom-
panying the CIC under certain conditions. It must be
specially emphasised that the degree of such coverage of the
film—solution interface by adsorbed hydrogen atoms can sig-
nificantly exceed the degree of coverage of the nickel-metal
interface, because passivating films are barriers to the pene-
tration of hydrogen to the metal both in CIC and in gas-
phase HIE, so that the boundary conditions for the diffusion
of hydrogen in the metal are determined to a very large
extent by the permeability of the film to hydrogen. For
example, the presence of 2—3 monolayers of the oxide on the
surface of tantalum reduces the rate of adsorption of hydro-
gen by a factor of 1010.33 The role of passivating films as
barriers to the penetration of hydrogen into the metal is one
of the few questions in the theory of CIC for which there is
virtually no disagreement (in its qualitative treatment), but
in the few studies12'^'^ which have been devoted to the
determination of θ for adsorption on iron, steel, and nickel
the role of films is as a rule not considered.

The method for the determination of the degree of surface
coverage θ by adsorbed hydrogen atoms of the film at the top
of the crack in CIC36 is based on the quantitative concept of
the permeability of passivating films to hydrogen. In the
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study of the dependence of KJJIE and V c r on the cathodic
polarisation potential E c p for the same alloy—electrolyte sys-
tem, the coefficients in Eqns.(2) and (3), namely ξ, a, and
β, can be regarded as constant; the dependence is then
determined solely by the dependence of θ on the potential.
Since the above constant coefficients in Eqns.(2) and (3) are
unknown, the determination of the absolute values of θ from
the results of corrosion-mechanical tests is impossible. How-
ever, having adopted θ = 1 for certain standard conditions
(the compositions of the alloy and the electrolyte and the
potential £ C p ) , it is possible to determine the relative changes
in θχ as the potential is varied. It follows from Eqns.(2)
and (3) that

X
(9)

The standard potential for each alloy—electrolyte system is
chosen arbitrarily (as a rule, this is the most negative
potential in the series of experiments).

The dependence on the potential E^ on the degree of
coverage θ by hydrogen atoms of the surface of the passi-
vating film on the metal at the apex of the crack in the CIC
of the high-strength steels N18K9M5T, 40Khl3, and 38N4MFA
and the VT20 titanium alloy has been investigated.3 6 All the
steel specimens and some of the titanium specimens were
tested in the state of planar deformation (the exceptions
where the thickness of the titanium specimens did not satisfy
the formal requirements11* will be noted below). The relative
error in the experimental determination of KJJJE was 4%, while
the error in the calculation of θ by Eqn.(9) was about 40%.

Fig. 8 presents the dependence of the surface coverage by
hydrogen atoms of the passivating film at the top of the crack
on E c p in the CIC of the steel 02N18K9M5T in different solu-
tions at pH 10. Thus, in view of its high tendency to
undergo HIE, this steel is particularly convenient for the
investigation of such dependence, since its HIE under CIC
conditions in alkaline solutions at ΕΟΐ) = -(0.2—0.8) V can
be induced for Κ £ KiscC> * > e · in the absence of the growth
of cracks at the corrosion potential. This extends the range
of the potentials investigated and reduced significantly the
scatter of the values of Θ, because in the calculation of θ one
can disregard the critical rates of growth of the cracks and
hence the errors in their measurement. The cathodic
polarisation potential J?Cp = -0.8 V was selected as standard
for electrolytes. It must be emphasised that the adoption
of θ = 1 for standard conditions does not imply the assump-
tion of the complete surface coverage of the film by adsorbed
hydrogen, since the method employed does not permit the
determination of the absolute values of Θ. Presumably the
coverage at £ C p = 0.8 V is close to the maximum, because at
more negative potentials (down to -1 V) it hardly changes in
all the electrolytes investigated. For the 0.03 Μ Νβ2ΗΡΟι» +
0.1 Μ NaCl solution (Fig.8, curve J) , the region of weak
dependence of θ on the potential ranges from -0.4 to -0.8 V.
For electrolytes without chloride ions and for the solution
having the composition 0.03 Μ Na2HPOi, + 0.05 Μ NaNO3 +
0.1 Μ NaCl, in which the adsorption of chloride ions is sig-
nificantly suppressed by nitrate ions, the decrease of θ with
the increase of the potential can be described by the general
curve 2, for which AE/Alge in the range from -0.3 to -0.8 V
is 0.25 V. In the solution 0.03 Μ Νβ2ΗΡΟ<, + 0.1 Μ NaCl, the
decrease of θ with increase of the potential from -0.8 to
-0.4 V is not quite so intense (curve I ) , but in the range
from -0.4 to -0.2 V the rate of decrease of θ accelerates and
curves 1 and 2 have approximately equal slopes.

A s tudy Ά devoted to the determination of θ by the pulsed
anodic polarisation of an iron electrode in the solution
0.0001 Μ NaOH + 0.1 Μ Na2SO* (pH 9.5), i .e . under condi-
tions close to those of the present author's study3 6 (Fig. 8,

curve 1), showed that in the potential range from -0.3 to
-0.4 V, the coverage θ varies from 0.05 to 0.12 and AE/MgB =
0.27 V. For nickel, the main alloying component on the steel
02N18K9M5T in an alkaline solution in the region of low (up to
0.3) coverages, this coefficient is 0.20 V.3 5 The similarity
of the values of AE/AlgQ obtained under the initial conditions
by direct electrochemical methods3^'35 to those obtained by the
indirect computational method described in the present study
can be regarded as evidence for the validity of the assump-
tions underlying the computational method.

O.Z 0.3 O.¥

Figure 8. Dependence on the cathodic polarisation potential
of the degree of surface coverage by adsorbed hydrogen
atoms of the surface of the passivating film at the top of the
crack under the conditions of the CIC of the steel 02N18K9M5T
in solutions at pH 10: 1) 0.03 Μ NaaHPO* + 0.1 Μ NaCl;
2) NaOH (or 0.03 Μ Na2HPOi») + 0.05 Μ NaNO3 + 0,1 Μ NaCl.36

The concept of the permeability to hydrogen of the passi-
vating layers on a metal at the apex of the crack in the CIC
and the method for the determination of θ arising from it have
no fundamental limitations associated with the nature of the
material. They can be used for any alloy—electrolyte system
in which there is a possibility of the growth of the crack via
the HIE mechanism under CIC conditions and which is charac-
terised by different types of influence of the cathodic polari-
sation on the growth of cracks, which constitutes the experi-
mental basis for the determination of KfjIE and V c r . Only
high-strength steels satisfy these conditions in the CIC in
the majority of aqueous solutions, but, by a suitable selection
of the composition of the electrolyte, it is possible to extend
significantly the range of such materials and to include in it
austenite stainless high-strength steels and titanium, zir-
conium, and aluminium alloys (Section I ) . Their selection
consists in seeking the optimum combination of the concentra-
tions and nature of the electrolyte components—passivators
and activators. The role of the passivator consists in hinder-
ing or fully suppressing the growth of cracks via the local
dissolution mechanism, which increases Kj5^c» while the role
of activators is to ensure the permeability of the passivating
layers at the top of the crack to hydrogen sufficient for HIE.
It has been established by means of such selection that solu-
tions based on chromium trioxide are universal for the deter-
mination of the role of HIE in the CIC of various construc-
tional materials. For example, different types of influence
of cathodic polarisation on the growth of cracks in the CIC
of high-strength steels and titanium and aluminium alloys can
be observed in the solution 1 Μ CrO3 + 0.1 Μ NaCl. 3 ' 1 5 ' 3 6
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V. HYDROGEN-INDUCED EMBRITTLEMENT IN CORROSION-
INDUCED CRACKING AT POSITIVE POTENTIALS

Studies on HIE (in particular on the dependence of θ on
£Cp) in solutions based on chromium trioxide are of special
interest, because they make it possible to observe HIE at
potentials E c p > 0 (relative to the n.h.e.). In these solu-
tions , the corrosion potentials of steels and titanium alloys
are +(0.5-0.8) V, which permits the determination of KHIE

and V c r over a wide range of cathodic polarisation potentials
including extremely positive potentials.

It has come to be assumed that at positive potentials HIE
is impossible,37 because the electrochemical evolution of
hydrogen is thermodynamically impossible. However,
although in the majority of alloy-electrolyte systems HIE
under CIC conditions is indeed observed at negative poten-
tials, this view is not uncontroversial. Data have been
published on HIE in the CIC of steels38 and titanium alloys8

at potentials in the range +(0.1-0.15) V in acid buffer solu-
tions at pH 0—1, i.e. under conditions which rule out the
additional acidification of the electrolyte in the crack owing
to the hydrolysis of the corrosion products.

The theory of the hydrogen electrode deals with two con-
secutive electrochemical reactions: the discharge of hydrogen
ions and the combination of hydrogen atoms into molecules
with liberation of gaseous hydrogen via several possible
mechanisms. As a result of the first reaction, absorbed
hydrogen atoms capable of penetrating through the passivat-
ing layers and ultimately causing HIE, are formed on the
electrode surface. This reaction is primary and is therefore
most important for the HIE process. On metals which effec-
tively adsorb and absorb hydrogen, it can lead to high sur-
face coverages by hydrogen atoms at fairly high positive
potentials (up to +0.4, 0.3, 0.27, and 0.21 V on platinum,
palladium, rhodium, and nickel respectively39); at the zero
charge potential relative to the n.h.e., the degree of surface
coverage of these metals in 0.5 Μ H2SOi» solution is close to
unity. 39~l>1 The hydrogen evolution reaction at negative
potentials influences the HIE process in CIC insofar as the
degree of surface coverage of the passivating film on the
metal at the apex of the crack by adsorbed hydrogen atoms
depends on the ratio of the rate constants for the discharge
and hydrogen evolution reactions.

The hydrogen electrode theory does not take into account
the adsorption energy of hydrogen atoms on the electrode
surface although there are indications in the literature"0'"2

that the overpotential of the hydrogen evolution reaction and
the degree of surface coverage depend on the adsorption
energy and on the presence of oxide layers on the metal
surfaces. For example, the free energies of formation of
TiH2 and TiH are -87 and -63 kJ mol"1 respectively, which
indicates the thermodynamic feasibility of the formation of the
corresponding hydrides (and hence also of the adsorption of
hydrogen atoms as the first stage in the hydride formation
reaction) at potentials of +0.45 and +0.65 V respectively."3

The enthalpy of adsorption of hydrogen on the clean iron
surface ranges from -52 to -120 kJ mol"1 according to various
data,6'9·"" i.e. the formation of adsorbed hydrogen atoms on
the iron surface when hydrogen ions are discharged in acid
electrolyte is possible at potentials up to +(0.27-0.61) V
(without taking into account the overpotential of the dis-
charge reaction and the influence of passivating layers).

In connection with the question of the possibility of HIE at
positive potentials under discussion, mention should be made
of the increase of the sodium segregation potential in neutral
and alkaline solutions on mercury:"5 the reversible sodium
segregation potential is -2.71 V, but appreciable reduction of
sodium ions with formation of an amalgam begins already at

-1.2 V, i.e. at a potential more positive by 1.5 V than the
standard value. This phenomenon, induced by the decrease
of the free energy of sodium on formation of the amalgam, has
apparently the same nature as the discharge of hydrogen ions
at positive potentials on platinum, palladium, nickel, and
other metals with a high hydrogen adsorption energy.

In the study of HIE in solutions based on chromium tri-
oxide, the compositions and the concentrations of the solu-
tion components were selected empirically for each alloy on
the basis of the following inter-related requirements:15»36

(1) the ratio of the concentrations of the activators (NaCl
and Na2SOO to the passivator (CrO3) concentration should
be the maximum possible; (2) at the corrosion potential
E c o r = +(0.5-0.8) V, the alloy must exist in a stable passive
state; (3) the current density at the most negative (stan-
dard) cathodic polarisation potential should not exceed
0.3 mA cm"2. The fulfilment of all these requirements
ensures a high permeability of the passivating layers at the
top of the crack to hydrogen, low (or zero) rates of growth
of cracks via the LAD mechanism at the corrosion potential
and for high values of Κ, as well as insignificant changes in
the electrolyte composition after brief cathodic polarisation.
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Figure 9. Dependence on the cathodic polarisation potential
of the degree of surface coverage by adsorbed hydrogen of
the surface of the passivating film at the top of the crack
under the conditions of the CIC of the VT-20 titanium alloy
in 0.1 Μ NaCl solutions with different amounts of added CrO3:
1) 2 M; 2) 1M; 3) 0.5 M.36

For example, tests on the VT20 titanium alloy were performed
in (0.5-2) Μ CrO3 + 0.1 Μ NaCl solutions [pH 1-0, E c o r =
+(0.75-0.85) V ] . 3 6 The dependence of KHjE on E c p was
determined and the relative changes in θ were calculated from
Eqn.(9). Fig.9 shows that in all electrolytes an increase
of the potential from -0.4 to 0 V entails a smooth decrease of
θ and then a sharp fall. It is noteworthy that the values of
Kjjjg corresponding to θ > 0.2 were obtained under planar
deformation conditions and those corresponding to a lower
value of θ were obtained under the conditions of a mixed
strained state of the specimen. For this reason, the values
of θ in the range 0.01—0.2 in Fig.9 may be somewhat too low.
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In connection with the problem formulated—the investigation
of the possibility of HIE at positive potentials—it is more
important to emphasise that at potentials up to +0.45 V (see
curve 3 in Fig. 9) the degree of surface coverage of the passi-
vating film at the apex of the crack by adsorbed hydrogen
atoms exceeds 0.01 and is sufficient to accelerate the growth
of the cracks in the CIC of a titanium alloy via the HIE
mechanism. The identity of the above potential with the
standard potential for the formation of TiH2 in acid solutions
is apparently fortuitous and cannot be regarded as proof of
the hydride mechanisms of the HIE of the VT20 alloy.

Compared with titanium, high-strength steels show a much
smaller tendency to be passivated in chromium trioxide solu-
tions and the chromate ion reduction reaction on the surface
takes place more vigorously, so that the dependence of θ on
£Cp in the HIE of high-strength steels was investigated in
solutions with a lower concentration ratio NaCl/CrO3 than for
the VT20 alloy.36

Fig. 10 shows that θ falls sharply with increase of E c p ;
however, at sufficiently positive potentials in the range
+(0.1-0.5) V the values of θ are in the range 0.003-0.001
and are sufficient for the growth of cracks via the HIE
mechanism. The possibility of determining such low values
of θ by the method proposed by the present author36 indicates
its high sensitivity, which greatly exceeds the sensitivity of
the known electrochemical methods. This is because in HIE
of high-strength steels—materials showing the greatest
tendency towards HIE for which the degree of surface
coverage by hydrogen atoms (Θ = 0.0001) exceeds by several
orders of magnitude the permeability to hydrogen—was used
as the indicator of the preserve of adsorbed hydrogen at the
apex of the crack. Evidently the sensitivity of the metal
should increase with increase of the strength of the steel
(i.e. with increase of its tendency towards HIE) and as the
values of Κ in the determination of θ approach Κ\ς.

In the above study36 no account was taken of the possibility
of a change in the pH of the electrolyte in the crack owing to
hydrolytic processes and of the incomplete external cathodic
polarisation at the top of the crack; as a result of the above
processes, the true pH and the potential ECp at the apex of
the crack may be other than on the surfaces of the specimen.
It is therefore necessary to emphasise that the titanium alloy
and high-strength steels existed in the solutions of chromium
trioxide in a stable passive state (i.e. the dissolution and
hence the hydrolytic processes involving the dissolution
products were virtually completely suppressed) and also that,
at £ c p = +(0.2—0.5) V, the external polarisation current
density did not exceed 10 μΑαη"2. The latter implies that,
under the conditions of high electrical conductivity of the
solution (pH 0) and the maximum opening of the crack at
high Κ s 0.9 K\c, such currents could induce only a slight
ohmic potential drop in the crack and the true potential at the
apex of the crack should be more positive than the value of
ECp specified by the external cathodic polarisation.

The data in Figs. (9) and (10) can be regarded as experi-
mental proof of the HIE of titanium alloys and high-strength
steels at potentials significantly greater than zero relative
to the n .h .e . , i.e. under conditions where the electro-
chemical evolution of hydrogen is thermodynamically impos-
sible, but, as shown above, one cannot rule out the possi-
bility of the discharge of hydrogen ions and the formation of
adsorbed hydrogen atoms on the surface of the passivating
film.

The results described above justify the consideration of
the discharge of hydrogen ions (without subsequent evolution
of hydrogen) as a possible cathodic depolarisation process
together with oxygen and hydrogen depolarisation processes.
Judging from the high rates of growth of cracks in the HIE

during CIC, the discharge of hydrogen ions may occur at a
high rate over a wide range of potentials, including high
positive potentials, but the adsorption nature of this process
limits its depolarising capacity: for the maximum surface
coverage (one hydrogen atom per metal atom), the amount of
electricity consumed in the discharge process should not
exceed 160—200 uC cm"2) depending on the lattice constant
of the metal. This implies that, in the usual corrosion pro-
cesses , the discharge of hydrogen ions ceases rapidly and
does not play an appreciable role as the cathodic depolarisa-
tion process, but in corrosion with constant renewal of the
surface it can become an important cathodic process. It was
shown above that, despite the low coverages θ at positive
potentials, the discharge of hydrogen ions is in fact respon-
sible for the growth of cracks via the HIE mechanism in CIC.
In corrosion fatigue, corrosion wear, and rapid anodic dis-
solution, for example, under electrochemical polishing condi-
tions or in chemical milling, the discharge of hydrogen ions
(without the evolution of hydrogen) can play a significant
role and can lead to the saturation of the metal with hydro-
gen.
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Figure 10. Dependence on the cathodic polarisation potential
of the degree of surface coverage by hydrogen atoms of the
surface of the passivating film at the top of the crack under
the conditions of the CIC of the steels 4Khl3 (curve I) and
02N18K9M5T (curve 2) in the 2 Μ CrO3 + 0.1 Μ Na.SC-!» +
0.003 Μ NaCl solution and of the steel 38N4MFA (curve 3)
in the 2 Μ CrO3 + 0.02 Μ NaaSOi» solution.36

The role of the discharge of the hydrogen ions as the
main cathodic process is apparently greatest on the freshly
formed surfaces of the metal after a short (80—100 us) time
of their exposure to electrolytes. The study of corrosion
and electrochemical properties of the freshly formed surfaces
shows that, for many metals (iron, aluminium, titanium, etc.),
the corrosion potential increases immediately after the cut and
then sharply diminishes after 80—150 ys to values close to the
standard potentials of the corresponding metals. ̂  For life-
times in the range 80—150 us, the corrosion potential of the
freshly formed surfaces in neutral solutions is as a rule more
positive by 0.1—0.3 V than the hydrogen evolution potential
and the current density of the anodic and cathodic processes
reach several hundreds of mA cm"2. It has been noted116 that
the nature of such an intense cathodic process is obscure
because, owing to fusion-dependent limitations, this process
cannot involve the reduction of the dissolved oxygen and the
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electrochemical evolution of hydrogen is thermodynamically
impossible. Under these conditions, the discharge of hydro-
gen ions at positive potentials is the most likely cathodic
process. It must be emphasised that, despite these limita-
tions associated with its adsorption nature, this process can
ensure the experimentally observed cathodic current densities
(up to 1 A cm"2) during periods up to 200 us. In all cases
the rate of the cathodic process on the freshly formed sur-
faces fell sharply owing to the formation of the primary
passive film after brief exposures.1*

The adsorption nature of the cathodic discharge of hydro-
gen ions makes it possible to account for certain character-
istic features of the CIC and HIE of constructional materials
in chromium trioxide solutions. These solutions, having the
composition (0.5-2) Μ CrO3 + (0.01—0.1) Μ NaCl, possess
specific properties promoting the elucidation of the role of
HIE in the CIC of different constructional materials. For
example, only in this medium is it possible to observe HIE in
the CIC of aluminium alloys,3 while in the CIC of titanium
alloys and high-strength steels in CrO3 + NaCl solutions,
Κ HI Ε is much lower than in the presence of other oxidants.3 6

As a rule, at sufficiently high cathodic polarisation potentials
^HIE < ^ISCC' * ' e * passivating layers are formed in chro-
mium trioxide solutions in the CIC at the top of the crack.
These layers effectively suppress the growth of cracks via
the LAO mechanism and at the same time exhibit a fairly high
r•>rroeability to hydrogen.

In contrast to other oxo-ions, chromates are reduced on
the surfaces of metals, as a result of which Cr 3 + ions enter
into the composition of the passivating film.18 Studies by the
ESC A method have shown20 that the concentration of Cr 3 + ions
on the surface of the passivating film on the AL27-1 alloy in
0.5 Μ CrO3 + 0.01 Μ NaCl solution is 5-6 at.%. It is known3

that hydrogen is hardly adsorbed on aluminium oxides and
hydroxides. It is also known1*7 that the heat of adsorption
of hydrogen on chromium oxide is very high. Presumably
the Cr 3 + ions entering into the composition of the passivating
layers from aqueous chromate solutions generate effective
adsorption centres on which hydrogen ions are discharged.
Thus the passivating films in chromium trioxide solutions,
which retain effective protecting properties and suppress CIC
via the LAD mechanism, can promote the penetration of
hydrogen into the metal and can facilitate CIC via the HIE
mechanism.

— o O o —

In conclusion one should note that the quantitative concept
of the permeability to hydrogen of passivating layers on a
metal at the apex of the crack in the CIC of constructional
materials, considered in the present review, is based on
several postulates each of which separately does not conflict
with known facts but cannot be fully justified theoretically
or experimentally. Nevertheless, on the basis of this con-
cept , it has been possible to reach α priori certain definite
conclusions which have been confirmed experimentally.10»13'15

This can be regarded as proof of the validity of the initial
postulates of the concept considered and the method, arising
from it, for the investigation in situ of the adsorption of
activator ions on the passivating film at the apex of the crack
in CIC, the method for the investigation of competitive
adsorption, and the method for the determination of the
dependence of the relative changes in the degree of surface
coverage by the hydrogen adsorbed on the film on the
cathodic polarisation potential. The above methods were
used in the study of a wide range of processes which are of
theoretical and practical importance (the development of

physical ideas about the mechanism of HIE, the study of the
strained state of the material at the apex of the crack, the
study of inhibitors of corrosion, CIC, and HIE, the search
for solutions for hydrotests, e t c . ) .
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Activation and Catalytic Reactions of Alkanes in Solutions of Metal
Complexes
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The reactions of saturated hydrocarbons and compounds modelling them with metal complexes, leading to the cleavage of the
C-H and C-C bonds, are examined. In particular, processes which result in the formation of organometallic derivatives are
described and the mechanism of the oxidation of alkanes by enzymes and their chemical models is discussed.
The bibliography includes 355 references.
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I . I N T R O D U C T I O N

The relatively low reactivity of saturated hydrocarbons is
due to the absence of IT and η electrons from their molecules
and the low polarity of the C-H and C—C σ-bonds. At the
same time, since paraffinic hydrocarbons (the store of which,
especially methane, in nature is still large) are one of the
types of chemical organic raw materials, the problem of their
conversion into functional derivatives (alcohols, ketones,
and acids) and also of the synthesis of olefins and aromatic
hydrocarbons from alkanes is currently of very great impor-
tance. The hydrocracking and isomerisation reactions of
paraffins, which make it possible to obtain valuable forms of
motor fuel, are also of considerable practical importance.
The main industrial processes in which alkanes are used as
raw materials occur at high temperatures (above 150—200 °C),
frequently in the presence of heterogeneous catalysts (for
example, dehydrogenation, aromatisation, the reaction of
methane with water which affords the CO + H2 mixture, the
cracking of methane to acetylene and hydrogen, nitration,
fluorination by CoF3, etc.). The radical-chain processes
(photochemical chlorination by Cl2, oxidation by molecular
oxygen initiated by light or radicals, sulphochlorination,
etc.), which are carried out at low temperatures, constitute
a special field. However, the selectivity of these reactions
is low and complex mixtures of products are usually formed.
Finally, the ability of certain micro-organisms and higher
animal cells to oxidise alkanes by oxygen at the usual tem-
perature has long been known. Biological oxidation is
usually selective. For example, certain micro-organisms
oxidise only the terminal methyl group of hydrocarbons,
converting it initially into an alcohol (ω-hydroxylation).

New homogeneous reactions of alkanes, occurring in solu-
tion or in the gas phase, have been discovered recently.1

Thus the reactions of saturated hydrocarbons with electro-
philes in solutions of strong acids or superacids have been
discovered.1'2 The proton, the attack of which on the
alkane gives the alkonium ion CnH*n + 3, which subsequently
decomposes with cleavage of the C—Η and C-C bonds, func-
tions as the electrophilic species in solutions of the acids
FSO3H-SbF5 or HF-SbF5. The electrophilic substitution of
hydrogen in alkanes by the nitro-group takes place under
the influence of NO2PFg in dichloromethane at room tempera-
ture, while the reaction of an alkane with Cl2 in SbF2-SO2ClF
takes place even at -78 °C. Solutions of fluoranil in HF—
HF—SbF5 oxidise methane, propane, and n-pentane.3 The

dissolution of H2O2 or O3 in FSO9H-SbF5-SO2ClF generates
respectively the H3O2 and HO3 species, which attack alkane
molecules electrophilically resulting in the formation of
various oxygen-containing derivatives. Like ozone, iodoxy-
benzene PhIO2 oxidises aromatic alkyl-substituted hydrocar-
bons. ** In reactions with electrophiles, the reactivity of the
bonds in branched alkanes usually diminishes in the sequence
3° > C-C > 2° > 1° (where 1°, 2°, and 3° denote respectively
the primary, secondary, and tertiary C-H bonds). In the
reaction with H3O2, the reactivity varies in the sequence2

3° > 2° > 1° > C-C. An analogous behaviour has been
observed also in the interaction of branched alkanes with
radical and carbene species.1 Thus hydroxylation of alkanes
by peracids (for example, trifluoroperacetic)1'5 also proceeds
with the "normal" selectivity 3° > 2° > 1°, while the reaction
with cis- or trans-1,2-dimethylcyclohexane proceeds with
complete retention of the configuration. The reaction takes
place via the "oxenoid" mechanism—with insertion of the
oxygen atom in the C-H bond without the formation of inter-
mediate free-radical or ionic species. Thus in all the reac-
tions enumerated the reactants interacting with alkanes are
to some extent electrophilic. The reaction of an alkane
(methane, ethane, propane) with the phenylium ion C6Hs in
the gas phase has been described recently.6 The product
of the insertion of the phenylium cation in the R-H bond of
the alkane, resembling the familiar Wheland complex, which
is converted into C6H5R after transferring H+ to a base, is
formed as an intermediate. The interaction of l,10-B1 0.
.H8(N2) with a mixture of CO and CHi» leads to the forma-
tion of MeBi0H7(CO)2 and Me2B10H6(CO)2, but the reaction
mechanism has not been established.7

The first reaction of an alkane with a metal complex in
which an organometallic compound, i.e. a derivative con-
taining a metal-carbon bond,9 is formed as an intermediate
was discovered8 in 1969. This reaction is responsible for
the H-D exchange in methane, ethane, and higher alkanes
in the C n H 2 n + 2-D2O-PtCl$~ system. The ability of alkanes
to be oxidised in the C n H 2 n + 2-H2O-PtClJ"-PtCl|- system,
also with the intermediate formation of organometallic σ-com-
plex of platinum, was discovered somewhat later.10 The
characteristic features and mechanisms of these reactions
have been studied in detail. Section II of the present review
review is devoted to such reactions. New reactions in which
the alkane molecule is activated in solution with a transition
metal complex were discovered subsequently. The number
of such reactions continues to increase and an increasing
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number of laboratories in various countries are becoming
involved in the study of this rapidly developing field. Sec-
tion III presents a survey of studies on this field carried out
during the last decade. Major advances have been achieved
recently in the understanding of the mechanism of the bioiog-
ical oxidation of alkanes. The studies on the chemical
models of enzymes catalysing the oxidation of alkanes are
developing vigorously. It is becoming clear that the active
centres interacting with the C-H bond in the alkane include
high-valence derivatives of a metal (usually iron), Reac-
tions involving the direct oxidation of alkanes by high-
valence metal compounds have been known for many years.1 1·1 2

Section IV deals with the enzymic oxidation of alkanes and
the oxidation of the latter by high-valence metal complexes,
associated with the enzymic process. The review covers
studies published mainly in the 1980's; earlier investiga-
tions were described in detail in other reviews. 1 3" 1 8

I I . REACTIONS OF ALKANES WITH PLATINUM(II) AND
PLATINUM(IV) COMPLEXES

The closest analogue of the activation of alkanes involving
the dissociation of weakly polar strong C—Η or C—C bonds
is the activation of the H2 molecule. Indeed the H2 and CU^
molecules exhibit a definite similarity, because they contain
only σ-bonds (Η—Η or C-H), which have virtually identical
homolytic dissociation energies D(R-H) = 103-104 kcal mol"1

and are characterised by a high ionisation potential and a low
electron affinity. At the end of the 1960's considerable
advances were made in the solution of the problem of the
activation of H2 by metal complexes (see, for example,
James 1 9). The key stage of such activation is the oxidative
addition of hydrogen in accordance with the scheme

iMn + H2-*H—M"+'—Η

On the basis of the similarity of the properties of H2 and
alkanes, it might have been supposed that the latter are also
capable of being activated by metal complexes undergoing
the oxidative addition reaction with the latter. As already
mentioned, the first such system is represented by the plati-
num(II) chloride complex.8 It was subsequently found that
the platinum(IV) complex is capable of oxidising alkanes.
Analogous reactions are known also for aromatic compounds.

1. Characteristic Features and Kinetics of the Reactions

(a) Deuterium Exchange in the Presence of Platinum(II) Com-
plexes

When methane or another alkane is heated to -100 °C in a
sealed tube containing a solution of PtCl2" in the D2O-CD3.
COOD mixture, the hydrogen atoms in the alkane are
replaced by deuterium.1»8»1 3"1 7 The process also occurs
in water but in the presence of acetic acid the rate of reac-
tion increases by a factor of 30 (when account is taken of the
solubility of alkanes in CH3COOH). The reaction is of first
order with respect to the hydrocarbon. The rate constant k
for the deuterium exchange involving cyclohexane in the
presence of various platinum (II) complexes decreases in the
following sequence for [C6H 1 2] = 0.15 M, [HC1O*] = 0.1 M,
[Pt(II)] = 0.02 M, and 100 °C: K2PtC^ (2.78), K2Pt(NO2)Cl3

(0.366), KPt(NH3)Cl3 (0.777), KPt(DMSO)Cl3 (0.056), KPt.
.(py)Cl3 (0.025). The values of 103ic (litre mol"1 s"1) are
given in brackets. When the an ions X~ are added to the
system, new complexes catalysing the H-D exchange in
cyclohexane are formed via the reaction

S,PtCl, + 2X- τ* Χ,Ρίαϊ" + 2S .

The following rate constants for this reaction have been
obtained (103k, litre mol"1 s " 1 ) : 1 3 6.30 (in the absence of
X~); 6.28 (in the presence of CF3COO~); 6.26 (F~); 6.06
(SO2"); 4.10 ( C D ; 2.47 ( B O ; 0.394 ( Γ ) ; 0.115 (NO2);
0.106 (CN~). Ultimately this led to the establishment of the
sequence based on the influence of the ligands in the plati-
num (II) complex on the rate of H-D exchange:1 3

h , ^ p y < DMSO< CN"<NOJ< NH,< I < F ~ H 2 O t ( l )

This sequence is the opposite to that based on the trans-
effect of the corresponding ligands. The rate constants for
the H—D exchange reaction catalysed by platinum(II) are
described satisfactorily by the two-parameter equation

|=ρ*σ*+ηψ t (2)

where σ* is the Taft constant taking into account the polar
influence, ψ the parameter characterising the conjugation of
the substituent in the α-position relative to the Η atom with
the radical reaction centre, and η the number of substitu-
ents. The value p* = -1.4 indicates weak electron-accept-
ing properties of the platinum(II) complex, while the pres-
ence of the resonance term may indicate that the C—Η bond
is dissociated homolytically. A linear correlation has also
been observed between the logarithm of the rate of H-D
exchange in hydrocarbons and their ionisation potentials.1 3

Unbranched alkanes are the most reactive in the H-D
exchange reaction. On the other hand, in the exchange of
branched hydrocarbons the "reverse" reactivity sequence is
observed, i .e. 1° > 2° > 3°. Evidently this is associated
with the strong influence of steric factors. The low rate
of exchange in the methyl and methylene groups adjoining
the t-butyl group in 2,2-dimethylpropane and 2,2-dimethyl-
butane can be explained in the same way. A characteristic
feature of the reaction is multiple exchange—the alkane
molecule can exchange several Η atoms for D without leaving
the coordination sphere of the metal complex. The multiple
exchange parameter Af for different alkanes varies in the
range 1.4—1.7 and increases only slightly with decrease of
the reaction temperature.

(b) Oxidation by Platinum(IV) Complexes

When a solution of H2PtCl6 and Na^tClij in H2O (or in
aqueous CF3COOH) is heated in the presence of alkanes
(100-120 °C, 0.25-5 h), a mixture of isomeric alkyl chlo-
rides, alcohols, trifluoroacetates, and ketones is formed,
while platinum(IV) is reduced to platinum(II). 1 > 1 0 > 1 3~ 1 7 The
kinetics of the reaction with participation of methane have
been described in detail.2 0 When cyclic alkanes (cyclo-
hexane and decalin) are oxidised, aromatic hydrocarbons
(benzene, naphthalene) are obtained. The π-complex of
hex-1-ene with platinum(II) has been isolated21 in 1% yield
from the mixture of products formed in the reaction of
H2PtCl6 with hexane in the CF3COOH-H2O mixture. Acetic
acid is oxidised by a mixture of Pt(IV) + Pt(II) chloride com-
plexes to chloroacetic acid. The reaction of PtCl2," with
saturated hydrocarbons is catalysed by added PtCl2. . In
the absence of such additives, an induction period is
observed, its duration decreasing with increase of the
amount of added PtCl 2". In the presence of heteropoly-
acids, the platinum (II) formed in the reaction can be reoxi-
dised by air and the oxidation of CH,, to CH3C1 (CH3OH is
then also oxidised) becomes catalytic.2 2 Another catalytic
system for the chlorination of alkanes contains K 2PtC^,

, H2PtCl6> and HgSO^ immobilised on silica gel.2 3
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As in deuterium exchange, the dependence of the rate of
oxidation of alkanes (with a constant k n ) in the PtCl|~ +
[ P t C l i t _ n ( H 2 O ) n ] n ~ 2 system passes through a maximum with
increase of η (at η = 2), but in the case of isobutane k2 =
3.8 litre mol·"1 s" 1 differs insignificantly from k3 and espe-
pecially from ki (1.9 and 3.7 litre mol"1 s" 1 respectively).
The complexes with η = 0 and 4 are almost inactive in the
reaction.1 When the H—D exchange and oxidation reactions
of cyclohexane in CF3COOH catalysed by Pt(II) + Pt(IV) were
compared, the following features were discovered:21* the
sum of the rates of the oxidation and H—D exchange reac-
tions is independent of the concentrations of CF3COOH and
Pt(IV), but with increase of [Pt(IV)] keeping [CF3COOH] =
const., the rate of oxidation rises, while with increase of
[CF3COOH] for [Pt(IV)] = const, the rate of H-D exchange
increases. These data show that the two processes have a
common initial stage.

The oxidation reaction of alkanes containing between 1 and
4 carbon atoms in an aqueous medium is of first order with
respect to the hydrocarbon and has a fractional order (0.77)
with respect to platinum(II).11* The activation energy
(~20 kcal mol"1) for the oxidation reactions of ethane,
propane, or butane is approximately equal to the activation
energy for the H-D exchange involving ethane (18.6 kcal
mol"1). The chlorination of acetic acid proved to be most
convenient for kinetic study. The order of this reaction is
unity with respect to platinum (II) and CH3COOH. At low
concentrations of the added Cl~ ions the rate of reaction is
proportional to [ C l " ] ^ ^ while at high concentrations it is
proportional to [ d ~ ] ~ d d . The order of the reaction with
respect to platinum(IV) varies from 0 to 1. The role of
steric factors is strongly manifested in the reaction involving
the oxidation of alkanes by the PtClf" + PtCl2," system.1 '2 5

As for the system with [H2PtCl6] = 0.02 and [K2PtCl,J =

0005 Μ in water at 98 °C the oxidation rate constants diminish
on passing from normal to branched hydrocarbons; for
η-butane and 2-methylpropane, they are respectively 11.5
and 8.2 s"1, for n-pentane, 2-methylbutane, and 2,2-di-
methylpropane they are 15.3, 11.2, and 1.0 s"1, and for n-octane
and 2,2,4-trimethylpentane the corresponding values are 15.4
and 3.6 s"1. In the series of normal alkanes, the oxidation rate
constant increases with increase of the number of carbon atoms
atoms: methane (1.6) < ethane (6.6) <propane (9.9). For
C5—C8 η-hydrocarbons, k is approximately the same (~16 s" 1 ).
The latter factor can be accounted for if it is assumed that the
chlorine atom substitutes mainly the hydrogen atoms in the

1- and 2-positions in the chain on oxidation by the Pt(IV) +
Pt(II),system. In general the number of active (capable of
substituting their hydrogen atoms by Cl) carbon atoms na in
the alkane C n H 2 n + 2 is defined by the formula25 na = η -
n t e r t ~ ^nquat» where n t e r t a n < * "quat a r e the numbers of
ternary ana quaternary carbon atoms in the molecule respec-
tively.

It has been found recently that, when a solution of H2PtCl6

and n-hexane in CH3COOH is irradiated by light (λ > 300 nm)
or γ-quanta, a π-complex of hex-1-ene with platinum (II),
isolated in the form of the pyridine adduct [CH 3(CH 2) 3.
.CH=CH2]PtCl2py, is formed. 2 6" 2 9 The yield of the π-com-
plex in the γ-induced reaction reaches 17%. The photo-
chemical reaction is of first order with respect to hexane.

2. Intermediate Organometallic Compounds

In earlier studies1»1 3"1 7 it was postulated on the basis of
the investigation of the kinetics of the reactions of alkanes
with platinum complexes, and certain indirect evidence, that

the interaction of alkanes with both platinum(II) and plati-
num (IV) leads to the intermediate formation of alkyl ττ-com-
plexes of platinum. In recent years new indirect and direct
evidence has been obtained for the involvement of these
complexes in the process.

(a) The Stages in the H-D Exchange and Oxidation Reactions

The H—D exchange and oxidation reactions apparently
begin with the attack by the reactive form of the platinum (II)
complex on RH, which results in the formation of an alkyl -
platinum(II) σ-complex:

ptcif ϋ «α; + a-

PtCl, + RH Ϊ± RPtCl + H+ + Cl" .

(3)

(4)

(5)

In the absence of platinum (IV), the alkyl σ-derivative under-
goes electrophilic attack by the D+ ion (for the cleavage of
the M—C bond by electrophiles—see, for example, Kochi30):

RPtCl + D+ + Cl- -* RD + PtCl, (6)

On the other hand, if a platinum(IV) derivative is present in
the system, it interacts with the platinum(II) σ-complex and
converts it into an alkylplatinum(IV) σ-complex. The latter
reacts with the nucleophile X (H2O or C D and affords ROH
or RC1:

RPt (II) + Pt (IV) -» RPt (IV) + Pt (II) ,

RPt(IV) + X"

(7)

(8)

At a temperature above 100 °C and a low platinum (IV) con-
centration the rate of reaction depends on [Pt(IV)] and on
the acidity of the medium and stage (7) is apparently rate-
limiting. The activation energy for this stage is low
(~9 kcal mol"1). At a temperature below 100 °C and for a
low platinum(IV) concentration, the rate of the entire reac-
tion is determined by the rate of stage (5)0 The activation
energy for the reaction under the given conditions (~20 kcal
mol"1 for C2—Ci» alkanes) is naturally close to that for H—D
exchange (18.6 kcal mol""1 for ethane).11* Since the plati-
num (II) complex, used for the initial activation of RH,
returns to the system in stage (7), the alkane oxidation
reaction is catalytic with respect to platinum (II) and the
platinum(IV) acts as an oxidant.

Evidence for the formation of intermediates or organometal-
lic compounds in this process is presented below.

(b) Isolation of Aryl σ-Complexes and Their Properties

It is well known that transition metal complexes, in par-
ticular platinum complexes, are capable of cleaving the C-H
bond intramolecularly with formation of cyclometallated com-
pounds. 3 1 ' 3 2 Compounds containing both sp2-hybridised
carbon atoms (aromatic rings) and groups with sp^hybrid-
ised carbon atoms (CH2 and CH3) are capable of entering into
the cyclometallation reaction. 3 3 " 3 7 Calculation has shown11*
that the intramolecular metallation of the C-H bond should
be 103-106 times faster than the intermolecular reaction.

In order to confirm the possibility of the formation of com-
plexes with a C—Pt(IV) σ-bond in intermolecular reactions
with PtClf", use was made of aromatic compounds, since it
was known that the reaction with benzene and other arenes
gives rise to oxidation products (especially chlorobenzene)
analogous to the alkane oxidation products and that aryl
σ-complexes should be much more stable than the alkyl
σ-complexes. It was found that heating of a solution of
H2PtCl6 and an aromatic compound ArH in the CF3COOH-H2O
mixture or in CH3COOH leads to the formation of fairly stable
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aryl σ-complexes of platinum(IV) in yields up to 95%, which
can be isolated in the form of anionic adducts with ammonia
after chromatography on silica gel containing NHs:38""1*2

ArH + PtClJ- Ισ-ArPtCliNH,] NH4
(9)

Complexes of naphthalene and o-nitrotoluene have been
character ised by X-ray diffraction3 8 '1*3 and 1 9 5 P t NMR spec-
t r a have been obtained for a number of complexes.**** The
kinetics of the accumulation of the complexes and of their
decomposition, leading to the formation of ArAr, ArCl, and
plat inum(II), have been investigated. l*2'1*5-1*8 The accumula-
tion of the aryl σ-complex is accompanied by its para—meta
isomerisation: if in the initial instant t h e substitution takes
place mainly (to the extent of -90%) in the para-position in
toluene, then the statistical distr ibution m : ρ = 2: 1 is
gradually a t ta ined. The subst i tuent does not enter the
ortho-position for steric r e a s o n s . It has been established
by the method of competing reactions'· 2 ' '* 9 that the relative
r a t e s of reactions with participation of C6H5X decrease in the
following sequence of X: OH (16), OCH3 (8.5), CH 3 (3),
C 2 H 5 (2,7), OC 6 H 5 (2.0), C H ( C H 3 ) 2 (1.9), Η (1.0), C 6 H 5

(0.9), F (0.3), COCH3 (0.1), COOH (0.09), Cl (0.08), NO2

(0.04). The logarithms of these quantit ies are correlated
with the Hammett constant σ and the Brown constant σ + (with
the parameters ρ = -3.0 and p + = -1 .5) . On the basis of
the data obtained, a mechanism has been proposed1*2 for the
reaction—electrophilic subst i tution in the aromatic ring.1*8

In terms of its behaviour in the arene metallation reaction
and also as r e g a r d s the behaviour of the aryl σ-complexes
formed in relation to nucleophiles ( a r e n e s , olefins), 5 0"" 5 3

platinum(IV) resembles palladium(II).5 1* The gold(III) chlo-
ride complex apparent ly metallates arenes also via the elec-
trophilic subst i tution mechanism. 5 5 Arenes interact with
NazPtClij on heat ing with a solution in CF 3COOH-H 2O or
CH 3 COOH. 5 6 This apparent ly entails the formation of aryl
σ-complexes of platinum(II) which are comparatively unstable
b u t can be converted by treatment with H 2 PtCl 6 into aryl
σ-complexes of platinum (IV). T h u s the platinum (II) chlo-
ride complex apparent ly behaves as an electrophile in the
reaction with a r e n e s . On t h e o t h e r hand, the reaction of
arylplatinum(II) σ-complexes with PtCl2," can be regarded as
a model of stage (7) in the oxidation of a lkanes.

Reaction (9) can be induced not only by heat ing but also
by l ight 2 6 ' 2 8 ' 1 * 8 ' 5 7 or γ - i r r a d i a t i o n . 2 7 The arenes C6H5X form
the following series in terms of subst i tuents X based on the
variation of the relative rate of the photochemical reaction
with PtClf": 2 6 OH (8), OC 2 H 5 (4.1), OCH3 (4.0), OC 6 H S

(1.9), CH 3 (1.0). The logarithms of these quantit ies are
correlated with the constants σ£ ( ρ + = -1.5) . It has been
suggested1*8 that the radiation-induced reactions begin with
electron t rans fer from the arene to platinum(IV) and then
the Wheland complex is formed, as in the case of a thermal
reaction.

All the reactions of a renes considered here apparent ly
proceed by the electrophilic subst i tution mechanism postu-
lating the delocalisation of the positive charge of the arene
r ing in the Wheland complex formed as an intermediate.
Since such delocalisation is impossible for fully saturated
hydrocarbons, the reaction with arene must be regarded
merely as confirmation of the possibility of the formation of
compounds with an M-C bond when alkanes are activated;
on the other h a n d , the mechanisms of the interaction of the
metal complexes with a C—Η bond in alkanes and arenes
should differ.

(c) Alkane σ-Complexes

The react ions involving the oxidative addition of alkyl
halides to transi t ion metal complexes containing phosphine
or amine l igands, resul t ing in the formation of a compound
with M-C b o n d s , are well k n o w n . 9 ' 5 8 However, it has been
found only recent ly 5 9 tha t t h e chloride complex P t C l 2 " , not
containing "stabilising" l igands, combines with CH3I at room
temperature in aqueous solution to form a methyl σ-complex
of platinum (IV). An interest ing feature of the reaction is
that the s ixth coordination site in the octahedral molecule of
the product is occupied by water, while the Γ ion is bound
to another molecule of the platinum(II) complex ( P t l 2 is
formed and precipi ta tes) . The reaction with C 2HSI 6 0»6 1

and CH3COCH2I
 6 2 proceeds analogously:

•I- . (10)

In the presence of an excess of I" ions at 80 °C, RI is con-
ver ted rapidly and quantitatively into t h e alkane, the plati-
num (II) complex functioning as the ca ta lys t : 6 3

R H . I - + H + - ^ - R H + I, . (ID

The methyl σ-complex formed in reaction (10) (R = CH3)
eliminates CH3CI with formation of a platinum(II) complex:

CH3P!ClJ-- CH,CI + PtClJ" ; (12)

CHjPtCl, (H,O)- + CI- - CH.CI + PtCIJ- + Hfi . (13)

It has been concluded6 1* on the basis of the kinetic param-
e t e r s of the decomposition of t h e methylplatinum(IV) σ-com-
plex that the s teady-state concentration of this complex,
formed in the reaction of CHi, with the P t ( I I ) + Pt(IV) sys-
tem at a methane p r e s s u r e of 1.01 χ 107 Pa, [Pt(II)] = 0.1 M,
and 120 °C, should not exceed 10~6 Μ in aqueous solution.
However, owing to the increase of t h e concentration of CHi,
and t h e higher ra te of i ts reaction with platinum (II) in the
CF 3COOH-H 2O solution, this value may be higher b y 1-2
o r d e r s of magnitude.

Similar alkyl σ-complexes of platinum (IV) can be obtained
in the reaction of PtCl2;" with certain alkyl derivatives of
non-transit ion metals. T h u s PtCl2," reacts slowly6 5 with
(CH3)i»Sn in CD3COOD at room temperature with formation
of CH3PtCls~. The reaction is accelerated by the addition of
PtCli;" and is of first o r d e r with respect to plat inum(II):

(14)—-• CHsPtCli-+(CH,),SnCl .

In the absence of PtClf", tetramethylt in reacts with Na
in aqueous acetone, also forming a methylplatinum(IV)
σ-complex. The precipitation of metallic platinum is then
observed. The reaction part ly proceeds as oxidative addi-
tion of t h e components involved in the Me3Sn-Me bond to
platinum(II). As in the case of RI [reaction (10)], one
component adds to the platinum(II) atom, while the other is
bound by another platinum(II) species (reducing the l a t t e r ) :

4 (H,O)- + Pt + (CH3)3 SnCl + 3CI" . (15 )(CHS)4 Sn + 2P1C1J- + H,0

The reaction involving the t rans fer of the methyl group from
methylcobalamine to platinum(IV) is likewise catalysed by a
platinum(II) complex. 6 6 It is noteworthy that reaction (14)
to a certain extent models the interaction of the Pt(IV) +
Pt(II) system with saturated hydrocarbons . Reaction (15)
probably also has features in common with the reaction of
alkanes with the platinum(II) complex. The cleavage of the
S n - C H 3 bond by the PtClf" complex is accelerated b y l ight . 6 S

The formation of t h e complex C 2 H 5 PtCl 2 ~ (in addition to CH 3 .
.PtClff) has been observed by lH NMR in the photochemical
reaction of PtClf~ with ( C H 3 ) 2 S n ( C 2 H 5 ) 2 in CD3COOD.
Light apparent ly accelerates the conversion of the ethyl
σ-complex into the ethylenic π-complex.
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Thus the reactions in which there is a possibility of the
formation of platinum (IV) derivatives and alkyl fragments
containing a hydrogen atom in the β-position, mainly the
photoinduced reactions of the ethyl derivatives of tin and
germanium with PtClf", oxidative addition of ethyl iodide or
n-hexyl iodide to PtCl2,", and thermal or photochemical reac-
tions of hexane with PtCl|~, lead to olefinic π-complexes of
platinum(II). The most probable mechanism of the conver-
sion of alkyl σ-complexes into olefinic ττ-complexes involves
the ^-elimination of hydrogen with reduction bf platinum(IV)
to platinum (II):

RCH,CH»PtaJ~ (RCH=CHJ PtClJ-

H

(RCH=CHi) PJCi; . ( 1 6 )

The formation of the methyl σ-complex of platinum(IV) in
the reaction of CH^ with the Pt(II) + Pt(IV) system in H2O
has been demonstrated directly.20 It was found that treat-
ment of the reaction mixture, after the removal of methane
from the latter, with sodium tetrahydroborate leads to the
evolution of CHi,, formed on reduction of the complex CH3.
•PtCll". The kinetic curve corresponding to the concen-
tration of the methyl σ-complex determined in this way has
a maximum corresponding to the same reaction time as the
points of inflection on the kinetic curves for the consumption
of PtCll" or the accumulation of the final products (CH3OH
and CH3C1). The activation energy for the decomposition of
the methyl σ-complex is 26 ± 2 kcal mol"1, the decomposition
rate constant at 120 °C is 0.14 s"1, and the maximum concen-
tration of the complex is 7.7 χ 10"5 M. Hence it is possible
to calculate the rate of decomposition of the complex at its
maximum concentration (1.1 χ 10~5 mol l itre" 1 s" 1), which is
close to the maximum rate of consumption of platinum(IV) or
accumulation of the product (1.0 χ 10"5 mol litre" 1 s" 1 ).
Finally the σ-complex formed in the reaction with methane
was characterised by the XH NMR spectrum, which proved
to be identical with the spectrum of the complex obtained
in reaction (10).

I I I . REACTIONS WITH COMPOUNDS OF OTHER METALS

As early as 1969, it was reported that the complex H3Co.
.(PPh 3 ) 3 catalyses the H—D exchange between methane and
D2 in benzene solution.8 Other hydride or low-valence
metal complexes, inducing the H—D exchange in aromatic
and aliphatic hydrocarbons, have been discovered in recent
years. For example, processes of this kind have been
described for the naphthalene-C6D6-ReH5(PMe2Ph)2

 6 7 and
H 2 -C 6 D 6 -ReH 7 [P(C 6 H 1 1 ) 3 ] 2 systems.6 8 In solution in C6D6

the isopropyl or cyclohexyl groups R in the complexes RuH^.
,(PR3)3are involved in the H-D exchange.6 9 The photolysis
of a solution of toluene or ethylbenzene in C6D6 in the pres-
ence of CpMoH3(Me2PCH2CH2PMe2) (Cp = cyclopentadienyl)
leads to the substitution of Η by D both in the aromatic ring
and in the alkyl chain.7 0 Under the influence of light, H-D
exchange has been observed between IrH3(CO) (Ph2PCH2.
.CH2PPh2) and C 6 D 6 . 7 1 The exchange between alkanes and
D 2 is catalysed by the allyl hydride complex of rhodium
immobilised on silica gel. 7 2 ' 7 3 All the reactions enumerated
apparently include the stage involving oxidative addition to
the metal complex and in certain cases can begin with the
elimination of H2 from the hydride derivative.

In the presence of TiCli,, Cp2TiCl2, or VCli,, dimethyl-
aluminium chloride exchanges the hydrogen atoms of the
methyl group for deuterium atoms from CD,,."1 '7 5 CH2D2 is
formed preferentially, CK^> and CD3H being produced in
addition. The proposed reaction mechanism includes the
reversible disproportionation of the methyl groups linked to
the transition metal atom M, which leads to the formation of a

carbenium complex, the latter combining in its turn with
deuteriomethane. The electronic structures of the com-
plexes HnMCH3 and HmMCH2 (M = Ti, V, or Cr) have been
calculated by the LCAO-MO SCF method.76 It was found
that the capacity of these compounds for the formation of the
carbenium complex (MCH3 -»· MCH2 + H2) varies in the
sequence Ti < V < Cr.

Under the influence of Cp2V, methane exchanges the
hydrogen atoms for deuterium atoms from D2 (the overall
yield of CHsD, CH2D2, CHD3, and CD,, is 2-6% after 24 h
in the presence of 35% of methane and at a pressure of
250 mmHg; the product ratios are 1.0: 0.2: 0.3: 0.12).7<t'77·78

Benzene used as the solvent also enters into the H—D
exchange reaction. The process mechanism includes the
following stages:

M + CH, £• H-M—CH, ,
H-M-CH.+ D, ϊϊ D-M-CH, ji H-M-CH.D,

H-M-CH, -f D, ii H-M-D + CH,D ,
Μ + D, ^ D-M-D ,

D-M-D + CH4 ;* D-M-H + CH,D .

(17)

It is of interest that the H-D exchange between CD μ and C6H6

under the influence of Cp2V is strongly accelerated in the
presence of ethylene, which may be associated with the fact
that the addition of methane to the ethylene complex via the
mechanism

M(n-CH,=CH,)+CD, xl CDj-M-CHjCHtD (18)

is dynamically more favourable than the addition involving
the formation of an alkyl hydride complex. In the CDi^
CaH^—C6H6 system the ethylene molecule plays the role of
agent transferring deuterium from methane to benzene.

Iridium(III) and rhodium(III) chlorides catalyse the H—D
exchange with the solvent (CH3COOD—D2O) in arenes and
alkanes.1»13"15»79 As for the platinum(II) complexes,
multiple exchange is observed, arenes react faster than
alkanes, and the exchange does not occur in the ortho-
position in substituted arenes. Finally we may note that
the interaction of alkanes with metal atoms or ions Μ (see,
for example, Refs.80-87) leads to the cleavage of the C-H
and C—C bonds and the formation of Μ—Η and M-C bonds.

(a) Isolation of Alkyl Hydride Complexes

In certain cases the alkyl hydride complexes formed on
oxidative addition (accompanied by the dissociation of a C—Η
bond) of arenes, alkyl groups linked to aromatic rings, and
even alkanes are fairly stable and can be isolated. For
example, on heating or photolysis, the complexes Cp2WH2,
Cp2WCO, and Cp2WHCH3 give rise to a coordination-unsatu-
rated tungstocene species Cp2W, which readily combines with
aromatic or aromatic alkyl-substituted hydrocarbons.8 8 For
example, in the reaction with toluene the products are Cp 2 .
.W(H)C6H^CH3 and Cp2W(CH2Ph)C6HlfCH3, i .e. tungsten is
inserted both in a C-H bond in the aromatic ring and in a
bond involving an sp3-hybridised carbon atom. The thermal
reaction of CP2W with mesitylene affords Cp2W(H)CH2C6H3.
.(CH 3 ) 2 . However, cyclohexane and neopentane do not give
rise to insertion products in this instance. The oxidative
addition of alkanes with formation of alkyl hydride complexes
was first demonstrated directly in studies using iridium com-
plexes. Thus the iridium dihydride derivative Cp'Ir(H) 2 .
.PMe3 (Cp' = pentamethylcyclopentadienyl) produces, after
irradiation in solution in cyclohexane or neopentane, the
complexes Cp'(PMe3)Ir(H)(C6H1 1) and Cp'(PMe3)Ir(H).
.CH2C(CH3)3 in a satisfactory yield. 8 9" 9 1 Other saturated
hydrocarbons and benzene also readily add to an iridium
complex. The alkyl hydride complexes obtained have been
characterised by 1H and 1 3C NMR and infrared spectra. By
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treatment with CHBr3 at -60 °C, these complexes were con-
verted into the more stable derivatives Cp'(PMe3)Ir(Br)R.
Irradiation of Cp'Ir(H)2PMe3 in the C^H,,),, + C 6 D 1 2 mixture
led to the formation of Cp r(PMe3)Ir(H)CH2C(CH3)3 and Cp\
.(PMe3)Ir(D)C6D1 1 with very small admixtures of cross-
addition products. Thus both components involved in the
R—Η bond add to the same metal atom. The reaction of
alkanes with the complex Cp'Rh(H)2PMe3 takes place analo-
logously under irradiation conditions at a temperature below
-30°C.8 9»9 2 '9 3 It is of interest that the cyclopropyl hydride
complex rearranges to the rhodacyclobutane derivative.9I*
The relative rates of the reactions with various hydrocar-
bons have been determined by the method of competing reac-
tions 8 9 ' 9 2 (Table 1). The selectivity (both substrate and
positional selectivity) proved to be much higher for the
rhodium complex than in the case where an iridium complex
was used. When the cyclohexyliridium hydride complex (I)
or the n-pentyliridium hydride derivative (II) was heated
for 50 h at 140 °C in a mixture of 91.5% of cyclohexane and
8.5% of n-pentane, the following equilibrium was established:

Cp' (PMe,) Ir (H) C,Hn + CH, (CH,)3 CH, ^ Cp' (PMe,) Ir (H) (CHi)4 CH, + C,HU

(I) (ID
(19)

and the ratio ( I I ) : (I) was 1.0 + 0.1. Hence the constant
Κ = [(II)][C 6H 1 2]/[(I)][n-C 5H 1 2] = 10.6, which corresponds
to AG° = -2.0 kcal mol"1. It has been suggested that the
entropy changes in the reaction are small and, assuming that
the CH2 and CH3 bond energies in cyclohexane and n-pentane
are 94.5 and 98 kcal mol"1 respectively, we find that the
energy of the M-C bond in the complex (II) is higher by
5.5 kcal mol"1 than in the complex ( I ) . 9 5 It follows from
the estimates that the methyliridium hydride complex Cp'.
.(PMe3)Ir(H)CH3 should also be thermodynamically very
stable. It was obtained in 58% yield on heating (at 140 to
150°C) a solution of the complex (I) in cyclo-octane in the
presence of methane (20 atm).89»95

Table 1. The relative rates of reaction of the complex
Cp'M(H)2PMe3 with hydrocarbons via a C-H bond (irradia-
tion at -60 °C). 8 9 ' 9 2

Hydrocarbon

Benzene
Cyclopropane
Hexane(l°)
Hexane(2°)
2-Methylpropane
Propane (1°)
Propane (2°)
Ethylene

Relative rate

M-Rh

19.5
10.4

5.9
0.1
3.0
2.6
0.1
2.4

M = lr

3.9
2.1
2.7
0.2
—
1.5
0.3
—

Hydrocarbon

Ethane
Cyclopentane
Neopentane
Cyclohexane
Cyclodecane
Cycloheptane
Cyclo-octane

Relative rate

M=Rh .

2.0
1.8

1.0
—

0.14
0.06

M=lr

1 1
l ! l 4
1.0
0.23

—
0.09

Irradiation of the solution of the carbonyl complex
Cp'Ir(CO) 2 in perfluorohexane at room temperature in a CHi,
atmosphere (10 atm) led to the formation of Cp'Ir(CO)(H)CH3

in 20% yield.9 6 The study of the kinetics of the reaction of
the complex Cp'Rh(H)2PMe3 with arenes and alkanes led to
the conclusion that in the case of arenes the oxidative addi-
tion is preceded by the coordination of the aromatic hydro-
carbons via one of the double bonds and that the Rh-C 6H 5

bond is more stable by approximately 13 kcal mol"1 than the
Rh-CH 3 bond. 9 7 In reaction (20) of the cyclic derivative of
thorium (III) with methane (60 °C, in cyclohexane) the methyl
group is bound to the metal and hydrogen adds to the ligand
carbon atom:98

C p ' \ /

- Th

(III)
(20)

This is confirmed by the fact that the reaction with CO^
(which is 6 times slower than that with CHi») leads to the
formation of a deuteriated complex, evolving neopentane-dx

after hydrolysis. The exchange reaction (21) of methane
with a lutetium complex99»100 apparently proceeds via a
similar mechanism. It has been suggested that reaction (21)
takes place via the transition state (V):

C P ' \ «CH4 [ C P \ ..-CH,., -i*_CH4<

Lu-CH, i t Lu Η I Z -

Cp'/ Lcp'/ •"'CHs-'J (
Lu-1SCH, .

(21)
(IV) (V)

Since lutetium in the complex (IV) is in the +3 oxidation
state, it is unlikely that the exchange with 13CH l f takes place
via the usual oxidative addition, since the latter should
result in the formation of the alkyl-lutetium hydride com-
plex (V). In the mechanism involving the transition
state (V), the metal atom has electrophilic properties. The
rhodium complex immobilised on silica gel, which reacts with
methane, is also an electrophile.1 0 1 The reaction proceeds
via two pathways, one of which leads to a methylrhodium(III)
hydride derivative. When the methylrhodium hydride com-
plex is treated with chlorine, CH3C1 is formed.

(b) Dehydrogenation of Alkanes

As already mentioned, platinum chloride complexes dehy-
drogenate alkanes. The complexes of certain metals in a low
oxidation state can also abstract hydrogen from aliphatic sub-
stituents in phosphine ligands or alkanes. For example, the
reaction of [(cyclo-octene)2MCl]2 (M = Rh or Ir) with tri-
cyclohexylphosphine in boiling toluene leads to the formation
of the derivative [P(C 6 H U ) 3 ]M[P(C 6 H 9 )(C 6 H U ) 2 ]C1, in which
the Μ atom is π-coordinated to the double bond in the cyclo-
hexene group C 6 H 9 . 1 0 2 The cycloalkanes are dehydrogenated
in the presence of 3,3-dimethylbutene by the cationic iridium
complexes [Ir(H)2(Me2CH)2L2]SbF6, where L = PPh3 or
(p-FCeH^aP.1 0 3 '1 0 1* The complex [CpIr(H)L2]SbF6 is formed
from cyclopentane in 82% yield. Cyclohexane affords the

f i x t u r e of the products (VI) and (VII) as well as benzene in
jyields of 5, 45, and 32% respectively:

Ir(H)L?

(22)
(VII)

'The reaction with cyclo-octane leads to the formation of
[Ir(COD)L2]SbF5, where COD = 1,5-cyclo-octadiene and
L = (p-FCgH^)^, in 75% yield. However, in the presence
of l,8-di(dimethylamino)naphthalene as the base, the process
becomes catalytic (8 cycles) and its product is cyclo-octene.
Iridium compounds with arenes ArH give rise to complexes
which dehydrogenate cyclopentane with formation of a Cp
derivative of iridium and the liberation of the free arene. 1 0 5

The indan dehydrogenation process is accompanied by an
intramolecular rearrangement: 1 0 5

+ [lr(H>j(M.2CO)2<PPh,)2]
+-i£*·

(23)

All the reactions with cationic iridium complexes take place
under homogeneous conditions. To demonstrate this, a
special test was developed using dibenzo[a, e]cyclo-octa-
tetrane, which makes it possible to detect the formation of a
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heterogeneous catalyst from the soluble complex.106 It has
been suggested that the dehydrogenation by the cationic
complex includes the oxidative addition to the alkane via a
C—Η bond to the indium atom with subsequent dehydrogena-
tion.103

The dehydrogenation of alkanes has been studied in detail
in relation to reactions with rhenium polyhydride complexes.
Thus heating of a solution of L2ReH7 (L = PAr3, where Ar =
p-FCeHi,, C6H5, or ρ-ΟΗ3Ο6Ηι,) in cycloalkane in the presence
of 3,3-dimethylbutene leads to the formation of the complex
CpRe(H)2L2 in the case of cyclopentane107 or of cycloalkenes
in the case of cyclohexane, cycloheptane, and cyclo-octane.108

When low concentrations of the heptahydride and 3,3-di-
methylbutene are used, the dehydrogenation reaction of the
alkanes C n H 2 n (n = 6, 7, 8) becomes catalytic in relation
to rhenium hydride (up to 9 cycles).1 0 9 Under these condi-
tions, methylcyclohexane produces a mixture of three olefins
(no other products, for example benzene, have been
detected):

η
ι η

0 + 0 (24)
(VIII) (IX) (X)

The ratio of the isomers (VIII), (IX), and (X) depends on
the nature of the ligand L (Table 2).1 0 9 The selectivity
series CH3 > CH2 > CH has been observed in the reaction,
but for steric reasons the reagent does not attack the most
shielded hydrogen atom (in CH3 and 2- and 6-CH2). In the
case of the less bulky ligand Et3P, the content of com-
pound (X) increases at the expense of compound (IX). The
proposed process mechanism (Scheme 1) includes the first
stage involving the elimination of H2 followed by the oxidative
addition of RH to L2ReH3 and the ^-elimination of the hydro-
gen atom with formation of an olefinic ττ-complex:

Table 2. The ratio of the isomers (in %) formed in reac-
tion (24) as a function of the nature of the ligand L.109

L

(p-FC6H4)3P
Ph,P
Et,P

(VIII)

29
28
27

(IX)

65
63
45

(X)

6
9

28

The reaction of (PPh3)3ReH7 with n-alkanes leads to the for-
mation of the diene complexes (RCH=CH-CH=CH2)Re.
.(PPh3)H3, which, on treatment with (MeO)3P, give rise to
alk-1-enes in yields of more than 95% and a selectivity in
excess of 98%.no The polyhydrides of other metals, in
particular, (iso-Pr3P)2IrH5, [(p-FC6H^)3P]2IrH5, and
[(p-FCeHi^PJsRuHi, dehydrogenate catalytically (45 to
70 cycles) cyclo-octane to cyclo-octene in the presence of
3,3-dimethylbutene at 150 ° C . n i The dehydrogenation reac-
tion can occur also under the influence of metal atoms. For
example, the condensation of tungsten with cyclopentane and
PMe3 gives a 10% yield of CpW(PMe3)H5,

112 while the inter-
action of tungsten atoms with cyclohexane and PMe3 affords
the complex C6H6W(H)2(PMe3)2.

113

(c) The Cleavage of the C-C Bond

Compared with the C-H bond, the bond between carbon
atoms in saturated fragments of alkane molecules is much
more resistant to the action of metal complexes. Only reac-
tions involving the opening of the cyclopropane ring and the
insertion of Rh in the C—CO bond or bonds in saturated but
strained cyclic hydrocarbons are known.9 Certain examples
of such reactions are presented in Scheme 2.

Scheme 2

; (Ref.114, 115)

ί (Ref.116)

; (Ref.117)

CH3 CH,

IrH;S 2 L7 ^

CHjSCHCfCHj), \ , - ^ - I r L 2 ' (Ref.H8)

2

eH7 — * - * - l,jHeHs ^—έ. >. L2Re

y ^ c H 2 ) n . ^

^CH^CBT

An instance of the cleavage of a C-C bond in an alkane by
metal complexes is known: when octane was heated at
180 °C for 15 h in an atmosphere of H2 (50 atm) in the pres-
ence of Re2(CO)1 0 + A1(C2H5)3, the hydrocarbon was hydro-
genolysed with 48% conversion.1 1 9 There are data showing
that, in the presence of Co2(CO)8, the fragmentation of
alkanes by γ-radiation is retarded and at the same time the
complexes Co3(CO)9CR, where R = CH3, C2H5, or CH(CH3)2,
are formed·120

(d) The Hydroalkylation of Multiple Bonds by Alkanes

Like hydrogen (hydrogenolysis), methane can rupture a
metal-alkyl bond (alkanolysis):

M-R + CH« -* M-CH, + RH . ( 2 5 )

The first examples of such reactions was the formation of
ethane in the interaction of methane with organoaluminium
compounds in the presence of TiCl^, Cp2TiCl2, VC1,,, and
other complexes.7"'7 5·1 2 1
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As already stated, the possibility of such processes was
then demonstrated in the reaction of methane with lutetium
and thorium complexes [reactions (20) and (21)]. Taking
into account the occurrence of reaction (25), on the one
hand, and knowing the mechanism of the multiple bond
hydrogenation reaction, on the other, it is reasonable to
postulate 7 "· 1 2 1 ' 1 2 2 the possibility of the addition of R-H to
the multiple bond (hydroalkylation):

M + R—Η ;* H-M-R ,

H - M - R + CH,=CH, τϊ CH,CH t-M-R - Ά -j- CH3CH.R , ( 2 6 )

CH3CH2—M—R -|- RH -» M--R + CHSCH2R .

Indeed, in the reaction of methane with ethylene
10, 20 °C, 10 h), propane is formed under the influence of
the catalyst Ti(OC^H9)^ + A1(C2H5)3 in benzene in a yield of
about 20% relative to ethylene. 1 2 2 Methane adds to acetylene
with formation of propene when acted upon by A1(C2H5)3 and
and Fe(acac)3

 71f»121 or nickel stearate, naphthenate, and
naphthenehydroxamate deposited on the surface of nickel
hydroxide. 1 2 3

IV. CHEMICAL MODELS OF THE BIOLOGICAL OXIDATION
OF ALKANES

1. Enzymic Oxidation

It is well known that var ious organic compounds, including
a lkanes , can be oxidised b y oxygen in the cells of bacter ia ,
i n s e c t s , fish, warm-blooded animals, and man as well as
higher p l a n t s . The group of enzymes catalys ing the hydrox-
ylation of CH-containing compounds by oxygen, namely
oxygenases , can induce t h e insert ion of only one oxygen
atom from O 2 in t h e C—Η b o n d , while t h e second oxygen
atom is reduced with formation of water:

C—Η + Ο, + AH, •* C—OH + H,0 + A (27)

In this case the enzymes are referred to as monoxygen-
ases.12I*~129 The hydrogen donors AH2 are NADH, NADPH,
the ascorbate anion, and other biological reductants. Certain
monooxygenases contain cytochrome P-450—a protein which
contains haem as the prosthetic group.121*"131*

(a) Oxidation with Participation of Cytochrome P-450

The oxidation of organic substrates by oxygen has been
investigated in greatest detail in the liver cell microsomes of
warm-blooded animals and also by bacterial monoxygenases
containing cytochrome P-450. For example, the monoxy-
genases of the bacterium Pseudomonas putida hydroxylate
camphor, while the monoxygenases from the mitochrondria
and microsomes in the adrenal cortex cause the side chain of
cholesterol to be split off with subsequent hydroxylation of
the saturated C—Η bonds. It is important that, in the
presence of liver microsomes, alkanes and aliphatic acids
are hydroxylated predominantly at the terminal (ω) carbon
atom. The C—Η bonds at the neighbouring (ω — 1) carbon
atom of the aliphatic chain are much less reactive. Thus
the oxidation of decanoic acid results in the formation of 92%
of 10-hydroxydecanoic and 8% of 9-hydroxydecanoic acid.
Since the oxidation in the ω- and (ω - 1)-positions is
inhibited by carbon monoxide to different extents, presum-
ably the C—Η bond activation processes in these positions
are catalysed by different monoxygenases. The isotope
effect discovered in the hydroxylation of [ll-D2]lauric acid
amounts to 3.6. On the other hand, monoxygenases are
known (for example those isolated from rat liver microsomes)
which hydroxylate alkanes with the "usual" selectivity (thus

1°: 2°: 3° = 1: 15.4: 113 for isopentane). A characteristic
feature of the oxidation in the presence of monoxygenases is
the retention of the configuration of the substrate. The
hydroxylation of aromatic compounds proceeds as electro-
philic substitution (the ratio ο : m : ρ = 59: 13: 28 for toluene)
and is accompanied by the so called NIH shift. This phe-
nomenon, consisting in the transfer of a hydrogen (deute-
rium) atom to a neighbouring position relative to that at
which hydroxylation takes place, may be accounted for by
the following scheme:

R R R κ

|[OJ; cytochrome P-4501

(28)

The oxidation of organic compounds RH by oxygen in the
presence of cytochrome P-450 includes at least 8 stages
(Scheme 3 ) . m The following notation has been adopted in
the scheme: PPX = NADPH-cytochrome P-450 reductase,
PP2 = NADH-cytochrome b s reductase, and S = cysteine
residue.

cytochrome j>5

t
PP 2

t
NADH

The formation of the complex (B) in the first stage conver t s
cytochrome P-450 from the low-spin form into the high-spin
form. Reduction takes place in the second stage of the
p r o c e s s , after which an O 2 molecule is coordinated to the
Fe(II) atom. X-Ray diffraction analysis of the complex of
myoglobin with O 2 showed that oxygen is coordinated in such
a way t h a t the molecular axis of O 2 forms an angle of 120°
with the plane of the p o r p h y r i n r i n g [Pauling's s t r u c t u r e (D)].
The fourth and fifth s tages terminate with the reduct ion of
the complex and the elimination of a water molecule. This
r e s u l t s in the formation of t h e oxenoid ( F ) , whose s t r u c t u r e
can be r e p r e s e n t e d by several formulae:

—S-FevO>- « —S-FeIVO" « -S-Fe"O «· —SFe"O- .



450 Russian Chemical Reviews, 56 (5), 1987

The thiol ligand S" behaves in this instance as an electron
donor. The carboxy-group of one of the aminoacids of
cytochrome P-450 and the intermediate acyl peroxide partici-
pate in the cleavage of the 0—0 bond:121*

—S-Fem-O-OH C-O- -SFenI-O- "Ό-C
(29)II II II

Ο Ο Ο
The sixth stage consists in the rupture of a C—Η bond in the
substrate molecule. Two alternative mechanisms have been
proposed12'1»125·131'—the oxenoid mechanism:

FeO

and the radical mechanism with subsequent recombination in
the cage:

H + OFev -» [^C HOFeIV] - ^C-OH + Fe1"

It may be that the real mechanism of the elementary process
includes two s t a g e s , the first of which i s close to the Η atom
abstraction mechanism but proceeds without the formation of
radicals and the reaction terminates with formation of an
alcohol.

( b ) Methane Monoxygenases

The enzymes isolated from methane oxidising bacteria are
known under the general name of methane monoxygen-
a s e s . 1 » 1 3 5 " 1 3 7 The oxidation takes place in accordance with
the scheme

CH4 ΟΗ,ΟΗ + Η,Ο + Α (32)

where AH2 = NADH or NADPH. The methane monoxygenases
isolated from Methylococcus capsulatus and Methylosinus tri-
chosporium contains proteins incorporating non-haem iron
and possibly copper.1 The enzymes also include cytochrome
c, but its presence does not influence the activity of methane
monoxygenases. The enzyme from M. capsulatus oxidises
alkanes ranging from methane to butane and, as the chain
length increases, the rate of oxidation falls. Pentane,
cyclohexane, and aromatic hydrocarbons are not oxidised.137

We may note that the activity maximum for cytochrome P-450
corresponds to alkanes containing 8 and 12 carbon atoms.
The difference in the activity is apparently associated with
the size of the hydrophobic pocket in the enzyme where
oxidation takes place and not with a change in the reaction
mechanism.

2. Chemical Models

(a) "Direct" Oxidation by High-Valence Metal Compounds

Aromatic, aromatic alkyl-substituted, and saturated hydro-
carbons are oxidised by cobalt(III) compounds. 1 » 1 1 ·"» 1 5 · 1 3 8 · 1 3 9

For example, cob alt (III) trifluoroacetate oxidises cyclohexane
in solution in CF3COOH at 30 °C in the course of 23 h to
cyclohexyl trifluoroacetate in 35% yield. The proposed
mechanism includes the formation of the R* radical from
the hydrocarbon RH under the conditions of the elimination
of a proton synchronous with the reduction of cobalt (III):

RH + Co(HI) -• R' + m + Coill) , (33)

or in the decomposition of the alkyl σ-complex of cobalt (III):

RH + CoXj RCoX,-» R' + CoX, .

The radicals enter into further reactions leading to the for-
mation of the final products. Numerous studies of the direct
oxidation of alkanes and aromatic alkyl-substituted hydro-
carbons by compounds of other high-valence metals are

known. Thus, on interaction with manganese (III) or lead-
(IV) acetates in CF3COOH, adamantane produces 1-adamantyl
trifluoroacetate.1"0 Lead(IV) acetate oxidises η-heptane and
other alkanes at room temperature12»1111 and copper (III) com-
plexes convert cyclohexane into cyclohexanol, cyclohexanone,
and benzene in aqueous solution at room temperature.11*2

In highly acid media, in particular in concentrated H2SO^,
certain complexes, for example those of palladium(II), plati-
num (III), and mercury(II), oxidise alkanes with formation of
olefins, aromatic compounds, and carbonium ions.11*3'1** The
reactions with all oxidants in acid media apparently have a
similar mechanism in the rate-limiting stage—homolytic
cleavage of the C-H bond with participation of the ligand L:1"3

RH + L-M"-R-+HL + M"-1.

(b) Oxidation by the Oxo-Compounds of High-Valence Metals

There is some similarity between the oxidation of alkanes
and other compounds by monoxygenases, on the one hand,
and the oxygen derivatives of high-valence metals, on the
other. For example, the migration of the substituent,
analogous to the NIH shift ,121f has been observed in the
hydroxylation of arenes by the chromium (VI) derivatives
CrO 2 (OAc) 2 . 1 2 l t The reactions of alkanes with chromium(VI)
oxo-compounds apparently take place with the intermediate
formation of radicals:

RH + O=Crvl - R· + HO-Crv
(36)

However, not all the radicals formed are liberated in the
solution, since the oxidation of (+)-3-methylheptane by
chromic acid involves the formation of (+)-3-methyl-3-hep-
tanol with retention of configuration to the extent of 70-85%.
The normal selectivity has been observed in the hydroxyla-
tion of branched alkanes. The addition of ruthenium(IV) or
iridium(IV) chloride complexes increases the rate of the reac-
tion leading to the formation of the chloroalkanes.1**5"1*7 The
selectivity of the oxidation in the presence of ruthenium (IV)
(1°: 2°: 3° = 1:100: 1000) is different from that in the oxida-
tion catalysed by iridium(IV) (1: 30: 250); in the latter case,
the primary C-H bond is relatively more reactive. One of
the possible causes of the greater oxidising capacity of
chromium (VI) compounds is the formation of the mixed com-
plex tCli^RuOCrOs]3".11*7 Strong acids accelerate the reac-
tion similarly (the rate of oxidation is proportional to the
acidity of the medium), giving rise to protonated species,
for example Ο = Cr(OH)s and HCrOj. In solution in CF3.
.COOH, permanganate oxidises alkanes at room tempera-
ture.1"8 The cation MnOj is apparently the active species.
The selectivity of the reaction corresponds to 1°: 2°: 3° =
1: 60: 2100. Finally, we may note that the ruthenium(IV)
complex [Ru(terpyridyl)(bipyridyl)(O)]2+ catalyses the
electrochemical oxidation of aromatic alkyl-substituted
hydrocarbons to alcohols, ketones, and acids.1 M

(c) Oxidation of Alkanes Coupled with the Oxidation of Metal
Compounds

A whole series of systems hydroxylating organic substrates
in a process coupled with the oxidation of a low-valence metal
derivative by oxygen are regarded as chemical models of
monoxygenases. Copper(I), titanium (III), molybdenum (O),
molybdenum (III), iron(H)t etc. compounds have been used
for this purpose.1 The hydroxylation of alkanes by oxygen
in the presence of SnCl2 in acetonitrile at room temperature
has been studied in greatest detail.1'150 The reaction selec-
tivity corresponds to 1° : 2°: 3° = 1:5.1: 12.5. It has been
established that the interaction of O2 with SnCl2 involves a
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branched chain mechanism with formation of hydroxy-radi-
cals, which react with alkanes.

(d) The GiF System

Molecular oxygen effectively oxidises alkanes in the pres-
ence of powdered iron, a carboxylic acid, pyridine, and
water (the so called GiF system).151 It was noted in the
first studies that traces of H2S initiate the reaction.152»153

Soluble iron complexes are active in the system and zinc dust
can be used as the source of electrons. 151»15lf Oxidation in
the course of 15-20 h at 30 °C leads to the formation of
ketones and aldehydes (or an alcohol in the case of a tertiary
C—Η bond) with the following yields expressed as percent-
ages (indicated by numbers opposite the corresponding posi-
tions within the molecule):

ROH

traces

It has been suggested that the unusual selectivity of the
oxidation reaction (the low reactivity of a weak tertiary
bond compared with the primary and secondary bonds) is
associated with the involvement in the process of a carbene
complex of iron as an intermediate, but it has been shown155'156

that the selectivity is independent of the nature of the metal.
When copper, tin, and cobalt were used instead of iron, (and
in general in the absence of a metal in the initiation of the
oxidation) similar results were achieved. The unusual
selectivity is apparently determined by the formation of the
radicals HO 2 or RO2 in the presence of pyridine and acid
(part of the pyridine should be protonated). It has been
suggested1 5 5'1 5 6 that the "solvated oxygen cation" pyO+ (or
pyO*), formed from HO2 or RO£ in the presence of protonated
pyridine, is active in the oxidation of alkanes:

iH t 0 + py0+. (37)

The pyO+ species can react with the hydrocarbons as a
three-electron oxidant with the elimination of H+ from the
carbon atom undergoing hydroxylation:

- C - H + pyO+

Η OH
(38)

The radical formed is converted into a ketone or an aldehyde
on further oxidation or into an alcohol on reduction. Natu-
rally, this mechanism does not operate in the case of a
tertiary C—Η bond, which may account for the unusual
selectivity of the oxidation process.

(e) Oxidation by Metalloporphyrin Complexes of Oxygen

The closest models of the hydroxylating system based on
cytochrome P-450 are oxygen derivatives of metalloporphyrins.
Mainly oxidation with participation of iron and manganese
complexes, using O2, iodosobenzene PhIO, and KO2 as
sources of atomic oxygen, has been investigated.157"170 The
mechanism of the oxidation of alkanes catalysed by iron-
porphyrins involves the initial oxidation of iron(III) with
the simultaneous transfer of an oxygen atom to iron and
the formation of the oxoferryl complex [P—Fe = O] +

(P = porphyrin), which affords an alcohol on reaction with
RH (Scheme 4).

The oxidation of cyclohexane by the PhIO + TPPFeCl system
(TPP = tetraphenylporphyrin) leads to the formation of a
mixture of cyclohexanol and cyclohexanone in proportions of
15: 1 in 8% yield. The ratio 3°: 2° = 25-48: 1. The oxo-
ferryl complex can also be obtained by the interaction of the
oxygen complex of iron(III) with the acylating agent AcX
(X = OAc, Cl, or OH):1 6 1 '1 6 5

"'ZJF- P-Fe"'-O-O-Ac IP-Fe'v=OJ· (39)

It is of interest that the use of the tetramesitylporphyrin
(TMP) complex, in which approach to the iron atom is
sterically hindered, makes it possible to alter the selec-
tivity.165 Thus, whereas 1°: 2°: 3° = 1: 12: 40 for the
hydroxylation of isopentane in the presence of the TPP-com-
plex while C(l) : C(2) : C(3) = 1: 10: 10 for hexane, the
corresponding ratios obtained in the presence of the TMP-
complex were respectively 1: 6: 16 and 1:7:3. By
increasing the steric shielding of the active centre, it is
possible to achieve an even greater change in the selec-
tivity. Particles of the tetrakis(p-hexadecyloxyphenyl)-
porphyriniron chloride—PhlO-cyclodextrin system, dispersed
in aqueous solution, were used as a model of the active
centre of cytochrome P-450. Iron-porphyrin is incorporated
in the liposomes formed by dimyristoylphosphatidylcholine.
In the hydroxylation of hexane, we have the ratios C(3):
C(2):C(1) = 1:1.8:0.59 when β-cyclodextrin is used and
1: 2.1: 0.77 for permethylated $-cyclodextrin.166 These
results confirm the hypothesis concerning the cause of the
unusual selectivity observed in many instances of the biologi-
cal oxidation of alkanes, according to which the high reac-
tivity of the ω- and (ω - 1)-C—Η bond is due to the steric
hindrance generated around the active centre of cytochrome
P-450.

The system based on the nickel(II) complex with a macro-
cyclic nitrogen-containing ligand, which hydroxylates arenes,
is close to the metalloporphyrin models.171 The complex
forms an adduct with O2 in aqueous solution, which then
oxidises benzene.

V. THE MECHANISMS OF THE CLEAVACE OF THE C-H
BOND

1. Saturated Hydrocarbons and Their Fragments as Ligands
in Complexes

From the standpoint of the usual ideas, the formation of
any complexes by saturated hydrocarbons is impossible owing
to the lack of π or η-electrons in their molecules. However,
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compounds containing hydrogen and other three-centre
bonds, 1 7 2 for example B...H...B and A1...CH3...A1, are well
known and fairly stable complexes of molecular hydrogen,
namely (iso-Pr3P)2(CO)3W(H2)

 1 7 3 and Cr(CO) 5(H 2), 1 7 l > · 1 7 5

have been characterised recently. If these data are taken
into account, one can imagine the possibility of the existence
of complexes of alkanes. On the other hand, bearing in
mind that saturated hydrocarbons are extremely weak elec-
tron donors and poor electron acceptors , 1 7 6 one can postulate
that alkane complexes should be extremely unstable. Thus,
when iodine or oxygen is dissolved in saturated hydrocar-
bons, contact donor-acceptor complexes are formed,177 the
equilibrium formation constant of which is close to zero.
The bond energy in these complexes is very low and both
components are oriented with respect to one another in an
arbitrary fashion. A quantum-chemical calculation for the
CH,, + O2 system showed that , 1 7 8 if the C-H σ-bond is
located along the axis of the π orbital of oxygen in such a
way that the O...H distance is 2.05 A, a minimum corre-
sponding to a bond energy between the components of
~0.5 kcal mol"1 appears on the potential curve. The para-
magnetic shifts of the 1 3C NMR signals, induced by a nitroxy-
radical (the di-t-butylnitroxy-radical) dissolved in the satu-
rated hydrocarbon, indicate the formation of a complex
between the radical and the alkane. 1 7 8 ' 1 7 9 The paramagnetic
shift Δ 6 diminishes on passing from the terminal atom of
n-pentane to atoms in the 2- and 3-positions. Thus, at a
radical concentration of 1 Μ, Δ6 = 3.8, 2.4, and 2.3 p.p.m.
respectively. In the case of 2,2-dimethylbutane, the para-
magnetic shifts of the signal due to the CH3 groups in the
t-butyl and ethyl fragments are respectively 3.1 and
3.4 p.p.m., the shift for CH2 amounts to 2.3 p.p.m., while
for a quaternary carbon atom it is only 0.13 p.p.m. All
the shifts are directed downfield, which indicates a transfer
from the radical to the carbon atoms of alkanes having a
positive spin density. The data presented led to the con-
clusion that an alkane forms a complex by interacting via its
hydrogen atoms with the π orbital of the radical occupied
by the unpaired electron and distributed approximately
equally between the Ν and Ο atoms. According to the cal-
culation for the model system CH3H...ONH2 by the INDO
method ,t the stabilisation energy of the complex for a Ο... Η
distance of ~2.0 A does not exceed 1 kcal mol" 1. 1 8 1

(a) Diffraction and Spectroscopic Studies

Fairly numerous complexes in which there is an inter-
molecular bond between the metal atom and one of the CH
groups of the ligand according to X-ray diffraction data,
confirmed by infrared and NMR spectra, have been dis-
covered in recent years. 1 8 2 The bonds formed by satu-
rated hydrocarbon fragments, especially methyl groups, are
of special interest. It has been suggested1 8 2 that such a
bond be referred to as "agostic" and to designate it by half
an arrow: C-H • M. Thus the term "agostic" bond refers
to the case where the hydrogen atom is simultaneously bound
covalently by a three-centre two-electron bond to carbon
and transition metal atoms. Scheme 5 presents examples of
complexes containing the agostic C-H -*· Μ bond. The pres-
ence of an agostic bond in the complexes has been demon-
strated by X-ray diffraction (XD) and neutral diffraction
(ND) methods.

Scheme 5

(XIV)

Certain distances in the crystal, determined by these meth-
ods, are presented in Table 3. When the agostic bond is
formed, the C-H bond usually lengthens by 5-10%, but in
the case where it is formed by the C(sp 3 )-H fragment
virtually no increase in length is observed. The Μ—Η bond
is also somewhat longer (by 15-20%) than in the usual
hydride. The M—C bond length is always appreciably
smaller than the sum of the van der Waals radii of Μ and C.
The appearance of the agostic bond is reflected in the NMR
spectra (upfield shift of the XH and 13C signals) and IR
spectra (decrease of the stretching vibration frequency of
the C-H bond to 2700-2350 cm" 1). Thus a system with a
C—Η -*· Μ agostic bond is, as it were, on the reaction path-
way between the C—Η + Μ system and the alkyl hydride
derivative C-M-H.

Table 3. Certain interatomic distances in complexes con-
taining the agostic C-H * Μ bond. 1 8 2» 1 8 3

Complex

(XI)
(XII)
(XIII)
«CIV)
(XV)
(XV)

Method

XD
ND
XD
XD
XD
ND

C-H

0.97(8)
1.19Π)
1.06(4)
1.02
1.00(2)

distance, A

M-H

2.27(8)
1.84(1)
1.64(4)
2.29
2.03(4)
2.45

M-C

3.06
2.34(1)
2.101(3)
2.516(10)
2.149(5)

tFor the description of different quantum-chemical meth-
ods for calculations on molecules, the molecular structure of
coordination compounds, the symmetry-based classification
of orbitals, etc., see, for example, Minkin et al . 1 8 0

Dissolution of chromium trisacetylacetonate in 1-chloro-
butane entails a paramagnetic shift of the 1 3C signals of the
solvent in the NMR spectra.181* It is of interest that the
shift Δ 6 along the chain initially diminishes and then again
increases for the terminal CH3 group; the ratios of the Δ δ
are C(l) : C(2) : C(3) : C(4) = 1.00:0.30:0.14:0.62. These
results indicate the transfer of electron spin density from
the complex to the methyl group of the chlorobutane coordi-
nated to it and, since the complex is coordination-saturated,
the interaction apparently takes place via the acetylacetonate
ligand of the complex (outer-sphere coordination). The for-
mation of adducts of cyclohexane with the paramagnetic bis-
[hydrotris(l-pyrazolyl)borato]cobalt(II) complex has been
observed1 8 5 by XH NMR.

Finally the formation of methane, hexane, and methylcyclo-
hexane complexes with the Cr(CO)5 species in a matrix has
been detected. 1 8 8 " 1 8 8
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(b) Quantum-Chemical Calculations for Complex Formation

The problem of the coordination of saturated hydrocarbons
or molecular fragments to metal complexes has recently
attracted the attention of theoretical chemists. It has been
suggested that the interaction of saturated C-H bonds with
transition metals is due to the overlap of the diffuse outer
orbitals of the transition metal with the localised orbitals of
the saturated bond.189'190 The simplest system modelling the
interaction of the C-H bond with an unoccupied diffuse
orbital of the metal is a CHi, molecule coordinated to a palla-
dium atom. A calculation has been carried out for this sys-
tem by the non-empirical SCF MO method.191 Three pos-
sible symmetrical structures, differing in the number of
hydrogen atoms coordinated directly to the Pd atom, were
examined: two structures with the C3y symmetry [(XVI)
and (XVIII)] and one with the C2 V symmetry [structure
(XVII)]:

(xvi) (XVIII)

The calculated CHi,...Pd bond energies decrease in the
sequence (XVI) > (XVII) > (XVIII), although they are
similar for all three structures [8.4 and 7.3 kcal mol"1 for
(XVI) and (XVIII) respectively]. Coordination leads to a
slight transfer of electron density from methane (mainly from
Η atoms) to the 5s and 5p orbitals of palladium via a donor-
acceptor mechanism; this entails some redistr'bution of elec-
tron density in the individual AO of both components. Thus
the electron density in the 4d 2 AO of the palladium atom

decreases in all three structures. There is a simultaneous
increase of electron density in the 5s, 5ρ π , and 5ρ σ AO but
the overall negative effective charge on palladium increases.
The changes in the populations of the AO of methane (much
smaller) show that the electron density is to some extent
transferred also via a dative mechanism. Since a carbon and
not a hydrogen atom plays the main role in structure (XVIII),
where the methane molecule is oriented towards the palladium
atom via three hydrogen atoms [the equilibrium Pd...H dis-
tance in (XVIII) is 2.2 A against 1.7 A in (XVI)], the dative
transfer of electron density from palladium mainly to a carbon
atom is most clearly expressed precisely in this structure.

It is of interest that the bond energy in the Pd...H2 sys-
tem, calculated by the same method, is almost twice as high
as the bond energy in the methane complex. The donor-
acceptor transfer in the alkane complex is much smaller than
in the complex with H2. On the other hand, in general,
since the HOMO energy in CH^ is higher than in H2 (the
ionisation potentials are 12.7 and 15.4 eV respectively),
methane should be a better electron donor. However,
according to the calculation, the opposite behaviour obtains.
One can therefore conclude that the interaction is in this
instance determined by the overlap of the corresponding
orbitals and not by the difference between the energy
levels.1 8 9·1 9 1

The electronic structure of complexes activating alkanes—
square planar and pseudo-square chloride and aquochloride
derivatives of platinum (II), as well as the interaction of
these complexes with CH^ have been investigated by the
semiempirical MO-LCAO SCF method in the CNDO approxima-
tion.192 Calculation for the complexes [PtCL, _ n ( H 2 O ) n ] n ~ 2

with η = 0, 1, 2, 3, 4 and trans-[PtCl2(H2O)(OH)]- showed
that the changes in their quantum-chemical characteristics
are monotonic and are independent of the symmetry (thus
the positive charge on platinum increases monotonically with

the increase of n). It was concluded that, when the inter-
action of such complexes with an axial ligand is controlled by
the LUMO, then this is an interaction with an a AO and to a
lesser extent a d 2 AO of platinum. The methane molecule
was considered as the ligand and the calculation was per-
formed for the CH l f...PtCir, CHk...trans-PtCl2(H2O)(OH~),
CHH...trans-PtCl2(H2O)2, and CH,,...Pt(H2O)$+ systems.
It was found that coordination involves a redistribution of
electron density in CH*, as a result of which the polarity of
the CH bonds increases and the bonds (particularly those
coordinated to Pt or an equatorial acido-ligand) are weakened.
Furthermore, an increase in the free valence of the carbon
atom of methane was noted. This actually results in the
activation of the CHi» molecule, facilitating the attack on the
latter by polar species. Analysis of the distribution of
electron density in methane complexes showed that the alkane
is bound as a result of the interaction of the Is AO of the
hydrogen atoms and the 2s and 2p2 AO of the carbon atom
with the 6s and 6pz AO of platinum. Thus the involvement
of the d AO of the metal in such complex formation is smaller
than the involvement of the outer s and ρ AO. For virtually
any mode of coordination of CHi, to the platinum(II) complex
(coordination via the vertex, edge, and face of the methane
tetrahedron to platinum and also simultaneously to platinum
and the acido-ligand was considered), the resulting transfer
of electron density from methane entails its decrease at the
Η atoms. However, owing to the contribution by the dative
interaction, the electron density on the carbon atom
increases. It is essential to note that the acceleration of
the H—D exchange reaction, observed experimentally after
the replacement of the PtCl2." or Pt(H2O)2+ catalysts by
PtCl2(H2O)2, could not be related to any calculated quantum-
chemical parameters. It was therefore postulated192 that an
optimum combination of the donor—acceptor and dative mecha-
nisms of the transfer of electron density is essential for the
effective alkane—platinum(II) complex interaction. Since
the contribution of the former increases and that of the latter
diminishes with increase of the positive charge on the com-
plex, the optimum combination can be achieved for the com-
plex with zero charge. Somewhat earlier the presence of a
catalytic activity maximum for the complex PtCl2(H2O)2 was
attributed to the influence of the symmetry of the ligand
environment.193 On the basis of the hypothesis that the
formation of a bond with the activated alkane takes place
mainly on interaction with the d 2 AO of the complex, the

rates of reaction were correlated with the contribution by
this orbital to the LUMO of the platinum(II) complex. Sym-
metry considerations led to the conclusion that, for η = 0
and η = 4, the LUMO of the complex is formed solely by the
d ι _ 2 AO and cannot contain an admixture of the d 2 state.

As a consequence of the decrease of symmetry for η = 1, 2,
3, such admixture exists but the η = 2 complex occupies a
special place (thus the contribution of the d 2 AO orbital for
the trctns-isomer with η = 2 should be greatest). It is
believed192 that this approach, based on the crystal field
theory, is insufficiently complete, since, according to the
MO theory, the d 2 AO of platinum participates in the binding

of equatorial ligands even in highly symmetrical complexes,
i.e. in these complexes too this orbital, being partly unoccu-
pied, can be involved in the donor—acceptor interaction with
the alkane.

The total energies have been calculated by the extended
Huckel method191* for alkanes coordinated to the PtCl3(H2O)~
species and it has been shown that the coordination of the
terminal atom, for example, in pentane, is most preferred.
The MO analysis of the agostic interaction in the methyl com-
plexes of metals has been carried out.1 9 5
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2. Types of Reactions

(a) Electrophilic Substitution

Reactions involving the electrophilic substitution of hydro-
gen in arenes by metal complexes are known for transition
metal complexes: Pd(II),51* Au,5 5»1 9 5"1 9 7 Pt(II), 5 6 PtUV),3 8"*9

and Rh(III).1 9 8 This series can be extended if account is
taken of the cyclometallation reactions.31»32»199 Arenes are
also readily metallated by compounds of the non-transition
elements Hg(II), Tl(III), and Pb(IV). All these reactions
apparently proceed with the intermediate formation of
Wheland complexes. Less information is available about the
electrophilic substitution of hydrogen involved in the forma-
tion of the C(ep3)—Η bond. For example, reaction (21)
between methane and a lutetium(III) complex proceeds in this
way. The oxidation of alkanes by palladium(II) complexes
in acid media can proceed via the cyclic transition state in
which palladium(II) behaves as the electrophile.2 0 0·2 0 1 The
saturated H2 molecule can also be split by a transition metal
ion via an electrophilic mechanism:202

H, + Cu*+ -• CuH+ + H+ . (39a)

Analysis of the thermodynamics of electrophilic substitution

reactions

LnM + RH - L + LnMA\"-R + H* (40)

yielded 1 7 6 the expression

Δ£ = ΕM-L - <?L - <&„_.« + °ί·ηΜ (41)

(where ΔΕ is the energy expenditure on the formation of the
coordination vacancy and Qc are the heats of solvation), from
which it follows that substitution is favoured by a low bond
energy £ M _ L and a high heat of solvation Q C L ·

(b) Oxidative Addition

The interaction of arenes with low-valence transition metal
complexes, leading to the formation of aryl σ-complexes, is a
reaction involving the oxidative addition of the components
involved in the Ar-H bond to the metal. The cleavage of
the Ar—Η bond is usually preceded by the formation of a
coordination-unsaturated species via the elimination of
hydride, alkyl, and halide ligands. An example of such a
process is the insertion of Cp2W in an aromatic C-H bond88

(see Section III). The metal complex, to which arenes add
via an oxidative mechanism, functions as a nucleophilic
species. Thus in the reaction of the complex HMNp(Me2.
.PCH2CH2PMe2)2 (Np = 2-naphthyl, Μ = Fe or Ru) with
various arenes, the retarding effect of electron-donating
substituents and the accelerating effect of electron-accepting
substituents in the aromatic ring was noted. For example,
the hydrogen atom in the para-position in toluene is 2.5 times
more reactive than the D atom in C6D6 (where Μ = Fe). 2 0 3

Reactions involving the substitution of hydrogen in aromatic
compounds by rhodium(I), ir idium(I), m manganese(I),205

rhodium(III), and iridium(III) 2 0 6 complexes, which exhibit
nucleophilic properties, are known. Examples of the reac-
tions of alkanes, which undoubtedly proceed as oxidative
addition, were presented in Section III. The complexes
inserted into the aromatic C-H bond are frequently capable
of activating also the saturated hydrocarbons or the corre-
sponding fragments via the same mechanism. For example,
HMNp(Me2PCH2CH2PMe2)2 (M = Fe, Ru, or Os) is inserted
oxidatively in the C-H bond of the methyl group of aceto-
nitrile.2 0 7 Estimation of the heat of oxidative addition via
the mechanism202

L..M + RH -» R-1-,Μ-Η

demonstrated that this reaction is usually endothermic with
ΔΗ ' +10 kcal mol"1 (the following typical dissociation ener-
gies were used for the calculation: D \ J _ H = 60, D M - R =

30, and D R _ H = 100 kcal mol"1 2 0 8 ) . Oxidative addition
with cleavage of the C-C bond via the mechanism

LBM + R-R -• R-L.M-R

should be thermodynamically even less favourable. This ·
does not apply to the cleavage of C—C bonds in strained
hydrocarbons, for example, in the reaction2 0 2

*^y · (42)

It is noteworthy that the above considerations refer to
complexes of the first transition series of metals, because
there are no data on the bond energies in the complexes of
heavier metals. The alkyl-metal bonds can be stronger
in the case of heavy metals, although, for example, the
DM-CH ^ o r t n e M + ~ C H 3 i o n s i n the gas phase indicate the
absencesof a distinct tendency towards an increase of this
parameter on passing from light to heavy metals within a
given Group.209 The calculated210 Dpt-C = 36 kcal mol"1

[for cis-Me2Pt(PH3)2] and Dpt-H = 60 kcal mol"1 [for cis-
(H)2Pt(PH3)2] made it possible to estimate the enthalpies of
the oxidative addition to Pt(PH3)2 of hydrogen (-16 kcal
moF1, exothermic reaction), methane via the CH3—Η bond
(+9 kcal mol"1, which agrees with Halpern's estimate202),
and ethane via the CH3-CH3 bond (+19 kcal mol"1, highly
endothermic reaction). On the other hand, the complex
cis-OsHMe(CO),, is apparently thermodynamically stable and
does not exhibit a tendency towards intermolecular reductive
elimination of CHi» (see below). It has been suggested202

that the Os(CO)t| species, generated photochemically, is
capable of combining oxidatively with the alkanes, this addi-
tion process being thermodynamically favourable. Thus
the kinetic barrier to the oxidative addition of RH to low-
valence metal complexes is fairly low and the inability of many
16-electron complexes to activate alkanes can be associated
with the thermodynamic causes.2 0 2 Indeed, the rate of addi-
tion of CHi, to Cp'IrCO depends only very slightly on tem-
perature.211 The nature of L (CO + PMe3) has little influ-
ence on the reactivity of the complexes Cp'IrL in relation
to alkanes, which can also indicate that the activation barrier
is low.202 The energy of the oxidative addition of RH to
LnM is determined by the equation176

(43)

and hence can be estimated from ^ M - M * ^ n e n * 8 n e s t value
of £ M _ M has been obtained for platinum and in addition it
has been shown that the reaction involving Group VIII and I
transition metals is energetically favourable.

The components involved in saturated bonds can add
oxidatively simultaneously to two metal complex molecules:

M + R—R + M -• 2M—R .

It may be that reaction (15) proceeds as two-centre oxidative
addition of the components of the ( C H ^ S n molecule, namely
CH3 and Sn(CH3)3, to two platinum(II) species. Finally,
one cannot rule out the possibility that, in the interaction
of the Pt(II) + Pt(IV) system with methane, the methyl group
adds oxidatively to the platinum(II) in the molecule, forming
CH3Pt(IV), while the second component, the hydride, reduces
platinum (IV) to platinum (II). Information about the oxida-
tive addition mechanism can be obtained from the study of
the reverse process—reductive elimination.212'213 For
example, since the interaction of OsH(CD3)(CO\ and OsD.
.(CH3)(CO)i, results in the formation of a mixture of CHi,,
CH3D, CD3H, and CD^, one may conclude that the reductive
elimination proceeds as a bimolecular process:

2OsH (CH.) (CO)« - CH4 + (OOiHOsOsCCH,) (CO), . ( 4 4 )
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However, the reaction is kinetically of first order, i .e. its
rate-determining stage is unimolecular. In the presence of
amines or phosphines (L = py, PPh3, or PEt3) a first order
is also observed but the reaction proceeds as intramolecular
elimination.21lf At the rate-determining stage, an intramolec-
ular rearrangement takes place with insertion of CO in the
Os—CH3 bond. The acyl complex formed reacts in a rapid
stage with a second molecule of the initial compound.

Processes involving the oxidative addition of the compo-
nents involved in the saturated Η—Η or R—Η bonds to metal
complexes or metal atoms as well as the reductive elimination
of RH have been investigated by quantum-chemical meth-
o d s . 2 1 5 " 2 2 3 We shall consider the general case of the inter-
action of a metal complex with the simplest saturated mole-
cule, namely H 2 . 2 1 8 In the interaction of the bonding σ
orbital of hydrogen with the unoccupied acceptor orbital of
the complex and of the antibonding σ* orbital with the
occupied donor orbital, four orbitals of a new hydride deri-
vative are generated. The two low-lying orbitals are filled
with electrons, one being symmetrical and the other anti-
symmetrical relative to the twofold axis or the mirror sym-
metry plane. A symmetrical combination is formed, for the
MH bond generated, from the occupied orbital of the hydro-
gen molecule and such electron transfer from Og(H2) to MLn

weakens the Η—Η bond and strengthens the Μ—Η bond. The
electron transfer in the opposite direction, namely donor
orbital •> σ£, also weakens Η—Η and strengthens Μ—Η. One
can assume that the occupied αϊ orbitals and the three
degenerate t2 orbitals in CH^ correspond to the Og orbital
of the hydrogen molecule. Since the energy of the t2

orbital is greater by 2 eV than the energy of the og(H2)
orbitals, the CHi» molecule is a somewhat stronger donor.

(XXU) H-CH,

Figure 1. The interaction of orbitals in the formation of the
structures (XXI) and (XXII).218

The total energy of the H 2 . . .Cr(CO) 5 system has been cal-
culated by the extended Hiickel method.2 1 8 The inter-
action energy is negative for both the perpendicular orienta-
tion (XIX) and the parallel orientation (XX) of the H2 mole-
cule approaching the Cr(CO) 5 fragment, which has the Cw

symmetry. However, in the case of the parallel approach
of H2 the energy of the system has a much more distinct
minimum. When H2 is replaced by CH^, the curve for the
perpendicular approach has approximately the same form but
the parallel approach becomes extremely unfavourable.

Whereas the dxz orbital (which functions as the donor orbital
in the complex) is lowered for (XX), in the case of CHi»
[structure (XXII)] the energies of both άχχ and d y 2 orbitals
increase (Fig. 1).

Ϊ
Η

A/
H—H

1/ 4/ ν
(xix) (XX) (XXI) (XXII)

If the CH,, approaches Cr(CO)5 in such a way that the
H—CH3 axis forms an angle θ with the height of the pyramid,
the structure is stable for d(M-H) = 2.0 A and θ ^ 130°.
However, the perpendicular orientation (Θ = 180°) remains
the most favourable. The reactions involving the oxidative
addition of H2 and CH^ to Rh(CO)£ and the corresponding
isolobal complex CpRh(CO) and to the metallic surfaces of
nickel and titanium have also been analysed.2 1 8

(c) The Mechanism with a Three-Centre Transition State

The first stage in the reaction of alkanes with the plati-
num (II) complex proceeds via a mechanism which cannot
apparently be identified with either typical oxidative addi-
tion or the usual electrophilic substitution. Indeed the
correlation (2) yields p* = -1.4, indicating weak electro-
philic properties of the metal complex. On the other hand,
the series characterising the influence of ligands on the
rate of the H—D exchange [reaction (1)] is the opposite to
the trans-effect ligand series for the substitution reaction,
which takes place with square platinum(II) complexes, but
this does not agree with the mechanism involving the direct
substitution of the ligand at platinum(II) by the alkane:

RH + Pt (II)— Cl -* [H · • · R · · · Pt · · • α]5* -• H+ + RPt -f CI" ,

We may note that, in the cyclometallation of arenes, the
rhodium(I) and iridium(I) complexes behave as nucleophiles,
the palladium(II) complex exhibits electrophilic properties,
and the platinum(II) complex occupies an intermediate posi-
tion.2 O l t

Presumably the reaction of the chloroaquoplatinum(II)
complex with alkanes begins as oxidative addition, proceeds
through a three-centre transition state, and terminates by
the synchronous formation of a Pt-C bond with elimination of
H+ (which can be transferred to a H2O molecule).1 8»1 7 6'2 2 3

A similar mechanism has been proposed for the cyclometalla-
tion of 8-alkylquinolines by palladium(II ) . 2 Z h It has also
been suggested that the reverse process—the protolysis of
the Pt(II)—C bond in alkyl and aryl complexes—involves a
three-centre transition state: 2 2 S ~ 2 2 7

R—Pf · · · C ^ R—Pt + Η — C ^ (45)

At the same time the photolysis of the Pt-C bond in trans-
[PtH(CH2CN)(PPh3)2] takes place in two stages: the oxida-
tive addition of H+ to the metal and the subsequent elimina-
tion of CH3CN with formation of trans-[PtHCl(PPh 3) 2]. 2 2 8

The cleavage of the C—Η bond in methane by the trans-
PtCl2(H2O)2 complex has been subjected to quantum-chemical
analysis by the extended Hiickel method, 1 7 6 ' 2 2 3 It was shown
that the approach of CH^ to the square planar platinum(II)
complex [structure (XXIII)] leads to strong four-electron
repulsion, the main cause of which is the interaction between
the t 2 orbitals of methane and the occupied orbitals of the
metal complex localised in the region of the free coordination
site (HOMO consisting mainly of the d 2 orbital and also the

low-lying dyz orbital). When the distance between the Pt
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atom and the centre of the C—Η bond reaches d = 2.8 A, the
distortion of the metal complex [structure (XXIV)] lowers the
repulsion energy. The composition of the HOMO then
changes, namely the contribution of the d 2 orbital diminishes

and that of the d 2 2 orbital increases, which entails a

decrease of the electron density in the region of the free
coordination site. The d 2 _ 2 orbital is hybridised with

·* y
the s, p z , and d 2 orbitals of the metal, as a result of which

the low acceptor MO of the complex becomes extended in the
axial direction.

Η ΛίV4 \
y

\ H/\ %?
(XXIII) (XXIV) (XXV)

The overlap of the acceptor orbital with the σ orbital of the
C-H bond increases and hence the contribution of the trans-
fer of electron density via the donor-acceptor mechanism
also increases. This is accompanied by the simultaneous
increase of the dative interaction, the main contribution to
which is made by the charge transfer from the d 2 and d

orbitals to the σ* orbitals of methane. In the second stage,
the deformation distortion of the methane molecule occurs
starting with d = 2.4 X and the repulsion energy diminishes
still further. At the same time the angle of the displacement
of the ligands from the plane of the complex increases from
10° to 36°. The populations of the Pt-C and Pt-H bonds
reach 30-40% and the C-H bond is loosened to the extent of
20—30%. Under these conditions, the overlap of the dyZ

and t 2 orbitals diminishes. Since an analogue of an
unshared pair oriented towards the complex appears at the
carbon atom, namely the 3a' component at the t2 level
(Fig. 2), the donor—acceptor interaction is enhanced. The
transition state (XXV) arises for d = 1.8 A, whereupon the
Pt-C and Pt—Η bond lengths reach the usual values and the
angle of deviation of the ligand in the complex is 36°. When
the C-H bond is extended by 0.28 A, a maximum appears on
the curve describing the energy of the system and the C—H,
Pt—C, and Pt-H bonds become approximately equivalent.
The extension of the C-H bond enhances both the donor-
acceptor and dative interactions; the main contribution to
the latter comes in this case from the transfer of electron
density to the 3d! component of the t* level. This transfer
plays a decisive role in the rupture of the C—Η bond. It
is noteworthy that, when the C—Η bond is extended, the
four-electron repulsion increases faster than the interactions
of both types and only when CH^ and the complex are close
together do the repulsion and dative interaction energies
become equalised. Calculation223 has shown that, on passing
from trans—PtCl2(H2O)2 to PtCl2", the activation energy for
the reaction with the alkane should increase by 0.24 eV,
which agrees with the experimental data (these yield a dif-
ference £0.17 eV). In the first stages of the process, up to
the appearance of the transition state, the C—Η bond is
polarised, which increases the acidity of the hydrogen atom.
This is apparently why in the presence of bases stronger
than the platinum(II) complex, it is easier for the system to
transfer hydrogen in the form of H+ to the molecule of the
base, which may be H2O. Thus the reaction may be com-
pleted by the synchronous formation of the Pt—C bond and
the elimination of H + , i .e. can proceed as "soft" electrophilic
substitution.

The study of the kinetics of the H—D exchange and of the
oxidation of alkanes as well as the analysis of the multiple
exchange parameter led to the hypothesis2 2 9 that the reaction
does not proceed via the alkyl-carbene mechanism

Pt (II) + RH 3t Pt-R 5£ Pt.

Pt(IV)]CI-

RCI

but via the alkane-alkyl mechanism

• <

Pt(II) + RH S Pt (II)

(XXVI)

Pt (H)-R

(46)

(47)

Η Η

Η - X C ~ I

CH,
Η - C H

3

Figure 2. The change in the orbitals of the methane mole-
cule on deformation of the angles and following an increase
in the C-H bond length.2 2 9

It has been suggested that the first kinetically significant
intermediate in this reaction is the Pt(II)-alkane complex
(XXVI), which is an analogue of alkonium ions of the type
CH5, whose formation is associated with the deformation of
both the planar complex and of the tetrahedral hydrocarbon
molecule. The multiple H-D exchange in alkanes under the
influence of platinum (II) can also be due to the formation of
olefinic π-complexes and metallocycles1 (Scheme 6).

C,H, pt(n) CHjCH2CH=Pt

(d) Cleavage with Formation of Radicals

In contrast to the activation of an alkane by a platinum (II)
complex, the reaction of RH with Pd 2 + may begin as electron
transfer.2 3 0 The hydroxylation of alkanes by oxygen com-
plexes also proceeds with formation of radicals (see Sec-
tion IV). In the latter case the interaction of the metal with
the C-H bond takes place via a bridging ligand.1*3·1 1*·2 3 1·2 3 2

The formation of a benzylrhodium(III) σ-complex on inter-
action of the porphyrinrhodium dimer with toluene apparently
begins with attack by the P-Rh(II)* radical species on the
C-H bond.2 3 3 The reaction of PtCl|- with hexane induced
by light or γ-radiation2 6"2 9 begins with the homolysis of the
Pt-Cl bond in the excited species [PtClff]*,2 3 1·"2 3 6 which
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results in the formation of a platinum (III) complex and the
Cl* radical species. The latter can apparently attack the
hexane molecule in the solvent (CH3COOH) cage. The hexyl
radical formed recombines with Pt^^Cll" to produce a hexyl-
platinum(IV) σ-complex, which eliminates HC1 reductively and
is converted into the hexeneplatinum(II) π-complex. The
hexyl radical can also be oxidised or can disproportionate
with formation of hexene. The olefin readily reacts with2 3 7

the platinum(II) or platinum(IV) chloride complex, affording
the hexene ττ-derivative.

3. Polar, Orbital, and Steric Control

The reactions of metal complexes and other reagents with
saturated compounds containing a C—Η bond can be sub-
divided into three types depending on the factors which have
a decisive effect on the course of the process. According to
perturbation theory, 2 3 8 the total energy change AE on partial
formation of a bond between the atom s of an electron-
donating molecule S and the atom t of an electron-accepting
molecule Γ in a solvent with an effective dielectric constant ε
is expressed by an equation incorporating the electrostatic
and covalent terms:

El-El
(48)

where q s and q^ are the total charges on the atoms s and t
in the isolated molecules, Rst is the distance between the
atoms s and t, c"1 and ci1 are the coefficients of the corre-
sponding AO, A8 s t is the change in the resonance integral
on interaction of the orbitals of the atoms s and t, and E* are
quantities characterising the energies of different MO in the
isolated molecules.

When atoms carrying large opposite charges interact, an
increase in the contribution of the first, electrostatic term in
Eqn,(48) favours the reaction. If the difference between
the energy levels of the occupied MO of the donor and the
unoccupied MO of the acceptor is large, the contribution of
the covalent term is insignificant. Interactions of this type
refer to reactions controlled by the charge (polar control). 2 3 8

In order that alkanes, which are weak donors, should enter
into reactions of this type, very strong acceptors are
required. Here one can apparently include the reactions of
alkanes with complexes of metals in a high oxidation state.
The variation of the selectivity in the sequence 3° » 2° » 1°
is characteristic of such processes involving alkanes. In
this case the role of the medium (especially the acidity) is
large. The C—Η bond in arenes is cleaved much more
readily than in alkanes. Clearly this class includes typical
electrophilic substitution reactions. On the other hand, if
the HOMO of the donor and the LUMO of the acceptor have
very similar energies, the denominator Em - En becomes
extremely small and the second term in Eqn.(48) is very
large. Such processes are classified as orbital-controlled.
The reactions of alkanes with complexes of metals in low and
moderate oxidation states [for example platinum(II), iridi-
um(I), and rhodium(I)] are close to this type. The energy
of the metal—carbon bond formed and of the C-H bond
ruptured should be particularly important in this connection.
Polar factors are not then significant and the influence of
the medium is usually small. Bearing in mind that the
changes in the M—C and C-H bonds cancel out, the selec-
tivity as regards the point of attack on the molecule is low
and different molecules with the C—Η bond have similar
reactivities. Finally, steric factors can play a decisive role
in the process. In this case the selectivity series are of the
type 1° > 2° » 3° and ω > (ω - 1) » (ω - 2); methane may
prove to be the most reactive molecule. Biological oxidation

is apparently closest to processes of this type, although
steric factors are also clearly important in reactions involving
metal complexes.

In the real processes involving alkanes account must be
taken of all three factors. Their quantitative assessment
for different reactions still needs to be carried out.

V I . CONCLUSION

During the 18 years which have elapsed since the discovery
of the first reactions of alkanes in solutions of metal com-
plexes, this field of chemistry has developed vigorously,
particularly in recent times. There is no doubt that one
may expect the discovery of new, especially catalytic,
processes with participation of methane and its homologues,
which will find practical applications. In its turn, this will
intensify the interest in alkanes from the standpoint of their
involvement in selective chemical processes and the new
chemistry of alkanes thus established will be in line with the
ever more urgent need for economy in the consumption of the
existing resources of this chemical raw material on our
planet, which have accumulated during the billions of years
of its existence.

The rapid development of this field of chemistry is also
reflected in the fact that, during the period required to
prepare the manuscript of this review for the press, several
tens of articles solely or partly devoted to the activation of
the C-H bond in hydrocarbons and dealing with related
problems have appeared in the literature. Reviews have
been published on individual problems of the activation of
alkanes by metal complexes.239""21*1*

The reactions of the hydride, cyclopentadienyl, and other
complexes of transition metals in a low oxidation state with
a lkanes , 2 " " 2 5 2 , olefins, 2 5 3" 2 5 6 and arenes , 2 5 7 " 2 6 0 which
proceed as a rule via the oxidative addition mechanism,
have been investigated vigorously. The complexes catalyse
the H-D exchange in methane2'*5·2'·6 and benzene.2 4 6»2 5 7

Organyl σ-derivatives can be isolated in the case of rhe-
nium , 2 - 7 ' 2 5 1 thorium,2 4 8 iridium,2-9 '2 5 1*-2 5 6 '2 5 8 rhodium,2 5 0

platinum,2 5 2 iron, 2 5 3 and osmium260 complexes. Evidence
has been obtained that the addition of an alkane to the
C5Me5RhPMe3 species takes place with the intermediate for-
mation of an alkane r|2-complex (with an agostic bond). 2 5 0

Factors promoting the initial activation of the C—Η bond
have been discussed.2 6 1 The iridium hydride complex
catalyses the thermal and photochemical alkane dehydrogena-
tion reaction. 2 6 2 The possibility of hydromethylating car-
bon monoxide (with formation of acetaldehyde from CH^ and
CO or ethyl methyl ketone from CH^, CO, and C2Hlt) in the
presence of the Cp2TiCl2-(CH3)2AlCl system has been demon-
strated. 2 6 3 The reaction involving the "metathesis" of the
σ-bonds between the pentamethylcyclopentadienylscandium
complex Cp*ScR and the hydrocarbons R'H (13CHi f, arenes,
and styrenes) via the mechanism Cp*ScR + R'H ·* Cp*ScR' +
RH has been described.2 6 l f The bipyridyl complexes of
platinum (II) catalyse the addition of methane to acetylene
with formation of propene. 2 6 5 A number of s tudies 2 6 9 " 2 7 6

have been devoted to cyclomethylation (see the relevant
reviews2 6 6) with cleavage of saturated and aromatic C—Η
bonds. The thermodynamic and kinetic parameters of the
reversible cyclomethylation of the C—Η alkyl bonds have been
determined273'271* and the intermolecular cleavage of such
bonds in a chelate cobalt complex has been described.2 7 5

The dimers of octaethylporphyrin complexes of rhodium2 7 7

or iridium2 7 8 react with aromatic alkyl-substituted com-
pounds via an aliphatic C—Η bond with the simultaneous
formation of alkyl σ-derivatives and hydride derivatives
(see also Wayland and Del Rossi2 3 3 ). The activation of
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H-H and C-H bonds by MLn species with the d° configura-
tion, for example, Cp2LuR, has been analysed by the extended
Huckel method.2 7 9 The interaction of the d 6 ML5 fragments
with H2 involving the t | 2-H 2 type of coordination of hydrogen
to the metal and the formation of the dihydride derivative,
has been investigated by the same method.2 8 0 The dihydro-
gen complexes M(CO) 3(PR 3) 2(n 2-H 2), where Μ = Mo or W,
have been isolated and characterised. 2 8 1 The adducts of
saturated hydrocarbons with the paramagnetic complexes
Cr(acac) 3 and Fe(acac)3 have been detected by 13C NMR in
solutions in CHC13 and CCl^.2 8 2

Examples of the cleavage of C—C bonds by metal complexes
have been described in a number of s tudies . 2 8 3 " 2 8 6 The
reaction of pentamethylcyclopentadiene with Mn2(CO)1 0

proceeds, in particular, with the cleavage of a C-C bond,
which results in the formation of tetramethylcyclopenta-
dienyltricarbonylmanganese.281* A compound containing a
ττ-bond between iridium and monomethylcyclopentadiene is
formed from 1,1-dimethylcyclopentane and the complex [Ir.
.(H)2(Me2CO)2L2]

 + , where L = ( p - F C e H ^ P . 2 8 5 Cycloalkyl-
rhodium hydride complexes rearrange to rhodacycloalkanes 2 8 6

The reactions of alkanes with transition metal atoms, ions,
and complexes in the gas phase and in the matrix at low tem-
perature, which proceed with the cleavage of C-H and C-C
bonds, have been described. 2 8 7 " 2 9 6

The interaction of aromatic, alkyl-substituted aromatic, and
saturated hydrocarbons with compounds of metals in a high
oxidation state usually takes place as electrophilic substitu-
tion or involves the formation of radicals. Thus, detailed
study of the reactions of arenes with the octaethylporphyrin
complex of rhodium (III) in the presence of Ag+ (this ion
eliminates chlorine from the metal complex) has shown2 9 7 that
the aryl σ-derivative is formed on electrophilic substitution.
The logarithms of the relative rates of methylation of sub-
stituted benzenes are correlated with the σ parameters (ρ =
-5o43). It is of interest that photolysis of solutions of aryl
σ-complexes in benzene leads to the homolytic cleavage of the
Rh—C bond, which results in the formation of 4-substituted
biphenyls. 2 9 7 A study has been devoted2 9 8 to the mechanism
of the methylation of arenes by mercury (II) and thallium (III)
compounds. In a study of the products of the decomposition
of the meta- and para-isomers of the tolylplatinum(IV) σ-com-
plex, formed in the reaction between H2PtCl6 and toluene in
aqueous CF3COOH, it was observed that, together with the
"expected" 3,3'-, 4,4'-, and 3,4'-bitolyl isomers, a large
amount of the 2,3'- and 2,4'-bitolyls is formed after a long
induction period. 2 9 9 Such products of ort ho -substitution
relative to the methyl group are apparently formed on inter-
action of meta- and para-platinised toluenes with free toluene
present in solution. It has been shown 3 0 0 ' 3 0 1 that the oxida-
tion of methylbenzenes by palladium (II) complexes in an acid
medium can occur via two pathways: electrophilic substitu-
tion in the arene ring with formation of an organometallic
intermediate and one-electron transfer from the arene to the
palladium atom with participation of the arene radical-cation
as an intermediate. The oxidation of mesitylene by the
PtClf," ion, which leads to the formation of diarylmethane,
apparently takes place with electron transfer. 3 0 2 Irradiation
by light of a solution of anisole and the OsCl|~, IrCl2,", or
RhCl3 complex in acetic acid affords a mixture of bianisyl
isomers.3 0 3 It has been suggested that in the first stage of
the reaction an electron is transferred from the arene to the
excited metal complex species and the resulting radical-cation
attacks a free anisole molecule.303 When solutions of the
AuCli 301* or PtClfT 3 0 5 ions are irradiated in the presence of
alkanes, excited metal complex species are generated,3 0 6 after
which the Au—Cl or Pt—Cl bonds undergo homolysis with for-
mation of Cl radical species, which chlorinate alkanes * In
the case of PtClf", a hexeneplatinum(II) ττ-complex is formed

as a second reaction product 2 6 " 2 9 » 3 0 5 in addition to the
chlorohexane isomers.3 0 5 The reactions involving the free-
radical halogenation of alkanes by halogeno-derivatives of
hydrocarbons (for example, CCli,) can be initiated by car-
bonyl complexes such as Re 2(CO) 1 0, Cr(CO) 6, e t c . 3 0 7 The
homolytic reactions involving the introduction of functional
groups into oxygen-containing compounds are initiated by
variable-valence metal derivatives.3 0 8 It has been shown
that the oxidation of toluene derivatives by oxygen, cata-
lysed by cobalt acetate in the presence of NaBr, takes place
in two stages and that in the first rapid stage chain propa-
gation takes place via the reaction between the peroxy-
radical and the cobalt bromide complex.309 It has been
suggested that hydrocarbons are oxidised by lead tetra-
acetate via a free-radical mechanism.310 On the other hand,
the acyloxylation of toluene by oxygen at the methyl group,
catalysed by the Pd(OAc)2-Cu(OAc)2 system, is apparently
heterolytic.3 1 1 The activation of a C-H bond in allyldialkyl-
ruthenium(IV) complexes has been described.3 1 2

Several studies have been published on the oxygenation of
hydrocarbons by oxygen-containing compounds of high-
valence metals. Irradiation of polyoxotungstate by light
in the presence of zerovalent platinum and an alkane involves
the introduction of a functional group into the hydrocarbon.3 1 3

It has been found that irradiation accelerates the oxidation
of alkyl-substituted aromatic hydrocarbons, cyclohexane,
and adamantane by oxo-complexes of chromium (VI) both in
a homogeneous solution in acetic acid and in water in the
presence of tetrabutylammonium bromide.33Λ Chromyl tri-
fluoroacetate proved to be an exceptionally powerful oxidising
agent capable of oxidising alkanes to ketones at room tem-
perature in solution in CCli,.315 Anhydrous FeCl3 in dry
acetonitrile activates hydrogen peroxide; the reaction of
this system with cyclohexane gives rise to cyclohexyl chlo-
ride, cyclohexanol, and cyclohexanone.316 It has been sug-
gested that the process does not proceed via a radical
mechanism. The kinetics and selectivity of the oxidation of
alkanes to aromatic hydrocarbons by permanganate in aque-
ous solutions have been described. 3 1 7

A series of further detailed studies of the Gif system have
been published recent ly. 3 1 8 " 3 2 5 The system is effective in
the oxidation of natural products, for example, steroids;318»
321-323. ^ n e mechanism of the oxidation has been dis-

cussed· 3 2 0 The metallic zinc in the oxidising system can
be replaced by a cathode (the electrochemical version has
been called the Gif—Orsay system).321*'325

Several s tudies 3 3 0 " 3 3 7 have been devoted to cytochrome
P-450 and hydrocarbon oxidation reactions with its participa-
tion (see the relevant reviews 3 2 6" 3 2 9). Increasing attention
has been paid to hydrocarbon oxidation reactions catalysed
by metalloporphyrins, which model the action of cytochrome
P-450 (see the relevant reviews338"31*1). It has been sug-
gested that KHSO5

 3 l f 2 and NaOCl 31*3 be used as donors of
atomic oxygen in such processes, The stage involving the
cleavage of the 0—0 bond in the porphyrin derivative of iron
has been observed ;3lfl* the cleavage of this bond in the
analogous manganese (III) complex can take place both
heterolytically and homolytically.3"*5 A change in the selec-
tivity of the oxidation of alkanes with increase of the steric
shielding of the active centre of the metalloporphyrin cata-
lyst has been demonstrated in a number of studies.3"*6"31*9

Hydrocarbons are oxidised by iodosobenzene in catalysis by
phthalocyanine complexes of iron on a zeolite350 or by oxy-
gen in catalysis by haemin immobilised on the surface of
silica.3 5 1

Finally we may mention several studies on the introduction
of functional groups into alkanes without the involvement of
metal complexes: photohydroxylation with the aid of H 2O 2, 3 5 2

oxidation by peracids 3 5 3 and ozone,351* and the formation of
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1972, 46, 1353

^hem.Soc.B, 1967,

carboxylic acids from alkanes and CO in the HF—SbF5 mix-
t u r e . 3 5 5
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I. INTRODUCTION

The reactions of carbonyl compounds with organometallic
derivatives are widely used in synthetic organic chemistry
as one of the main methods for the formation of the carbon-
carbon bond. However, despite the enormous number of
studies devoted to the practical development of syntheses
on the basis of carbonyl compounds, until recently the
existing ideas about the mechanisms of these processes were
fairly vague. Systematic studies of the influence of the
nature of the solvent and the size and charge of the cation
on the kinetics and mechanisms of reactions with participation
of carbonyl compounds began only in the last decade. Thus,
the first model of the mechanism of the reactions of carbonyl
compounds with organic derivatives of alkali metals, which is
based on the extremely fruitful idea that the carbonyl group
can be activated by the coordination of the oxygen atom to a
metal cation and that the effective nucleophile (the group R
of the organometallic compound) can be deactivated via
association with formation of ion pairs, was constructed1 in
1978. At the same time one must note that this, in essence,
kinetic scheme clearly underestimates the thermodynamic fac-
tor known from other investigations, in particular, the fact
that in the case of a thermodynamically sufficiently stable carb-
anion the addition to the carbonyl group can be reversible
and the thermodynamic stability of the product should also
depend on the cation and the solvent. Therefore, precisely
at this time, when there has been a growth of interest in
problems of the mechanism of the reactions of carbonyl
compounds, it is necessary to perform a more detailed anal-
ysis of all the factors active in these processes in order to be
able to base the formulation of the problems tackled in the
later studies on the entire set of theoretical ideas in this
field.

This review considers in the first place the reactions of
organic derivatives of alkali metals with aldehydes and
ketones, which lead to the formation of a C—C bond and for
which data are available concerning the influence of the cation
and the solvent on the rate and on the yield and composition
of the products formed. Precisely for these reactions it is
most often possible to relate the thermodynamic and kinetic
parameters to the state of the organometallic compounds in
solution (the type of ion pairs, the presence of free carb-
anions, the formation of associated species made up of ion

pairs) and the ability of the cations to be coordinated to the
carbonyl oxygen, which is of decisive importance for the deter-
mination of the process mechanism. An attempt has been
made to consider critically the data in the original communica-
tions and to interpret them whenever possible from a single
standpoint.

It is noteworthy that, from the standpoint of the effects of
the medium on the cation, the reactions of organic derivatives
of alkali (and alkaline earth) metals with carbonyl compounds
and processes involving the reduction of the carbonyl group
by alkali metal tetrahydroaluminates and tetrahydroborates
have a great deal in common. Frequently the same workers
have carried out parallel studies on processes of both types.
For this reason, in certain cases, whenever this is necessary
for the modelling of individual stages of the reaction or for
the establishment of a more general picture, the review
presents data on the reactivities of alkali metal enolates and
cuprates and organomagnesium compounds and the hydride
reduction reactions of the carbonyl group are also considered.

I I . REACTIONS OF ORGANIC DERIVATIVES OF ALKALI
METALS WITH ALDEHYDES

The reactions of organic derivatives of alkali metals and
organomagnesium compounds with carbonyl compounds (alde-
hydes and ketones) can proceed in principle via three path-
ways:2 addition, enolisation (when the carbonyl compound
contains a sufficiently mobile proton), and reduction:

OM
I I I I

-C-C—C-C-
I I I I

~» Η Η

Ο Η
I II I I

-C—C + Μ—C-C >C

OM H
I I

: = c — | - H-c—Ο-
Ι 1

OM

The relative contributions of each pathway are determined by
the structure of the organometallic and carbonyl compounds,
the charge and size of the metal ion M, the nature of the sol-
vent, temperature, and certain other factors. It is simplest
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to analyse the influence of the reaction conditions on the
reaction rate and the final result in the interaction of organic
derivatives of alkali metal compounds with aldehydes where
only addition products are formed as a rule. However, we
shall begin this Section with one of the most important features
of the reaction involving addition to the carbonyl group—its
reversibility.

The idea of the reversibility of the nucleophilic addition to
the carbonyl group probably arose in a study in 1950 of the
kinetics of reactions in which organolithium compounds were
chosen as nucleophiles.3 The authors were able to explain
the observed features only within the framework of a kinetic
scheme including a rapid stage in which the alkoxide formed
is cleaved into the initial reactants:

increase of the polarity of the medium:

RM+Nc=O ^ R-C-OM . (2)

Other investigators observed1*»5 that the ease of the
analogous cleavage of alkoxides derived from β-hydroxy-
esters, namely PhRC(OM)CH2COOR' (where R = CH3 and Ph
and R' = C2H5, iso-C3H7, or t-CijHg), obtained by the metal-
lation of the corresponding OH acids by alkali metal amides
in toluene, liquid ammonia, and diethyl and dibutyl ethers,
depends greatly on the size of the counterion. Thus the
yield of benzophenone obtained when Ph2C(OM)CH2COOC2H5

was kept in liquid ammonia for several hours amounted to 89
and 71% for Μ = Na and Κ but was 0% when Μ = Li. The
alkoxides Ph2CHC(OM)Ph2, where Μ = Na or Κ, are also
cleaved fairly readily in ether and liquid ammonia with forma-
tion6»7 of benzophenone and the alkali metal derivative of
diphenylmethane.

According to Cram's data,8'9 the yield of the acetophenone
formed on cleavage of alkoxides having the general formula
(C2H5)(CH3)(Ph)C-C(CH3)(Ph)(OM) in dimethyl sulphoxide
(DMSO) increases sharply with increase in the radius of the
alkali metal cation M: 25% for Li (24 h, 170 °C), 28% for Na
(24 h, 75°C), and 68% for Κ (12 h, 25 °C). The cleavage
of alkali metal derivatives of trialkylcarbinols into the corre-
sponding carbonyl compound and the organic derivative of
the alkali metal takes place more effectively the greater the
radius of the metal atom: Li < Na < K.10

The thermodynamic stability of the alkali metal alkoxide
depends not only on the size of the alkali metal cation but
also on the solvent. This is indicated by the clear decrease
of the yield of the adduct (I) obtained by the addition of
2-lithio-2-phenyl-l,3-dithiane to 4-t-butylcyclohexanone:
90% in cyclohexane, 75% in tetrahydrofuran (THF), and 0% in
hexamethylphosphoramide (HMP)t and also by the quantita-
tive decomposition of this compound (obtained beforehand
in cyclohexane) into the initial reactants when the solvent
is replaced by HMP:

(3)

Studies on the reactions of alkali metal derivatives of
9-phenylfluorene with benzaldehyde have shown12'13 that the
relative thermodynamic stability of the adduct, phenyl(9-
phenyl-9-fluorenyl)alkoxide (II), diminishes simultaneously
with increase of the radius of the metal atom and with

(4)

Ph Μ

In dimethoxyethane (DME), the yield of compound (II)
diminishes in the sequence Li a Na > Κ > Cs and on passing
from solvents of the ethereal type to dipolar aprotic solvents.
In HMP the decomposition of compound (II) into the initial
reactants takes place regardless of the size of the metal
atom. HMP destabilises not only compounds (I) and (II) but
also the lithium and caesium alkoxides formed11*'15 in reac-
tion (5) of alkali metal salts of diphenylacetonitrile, 1,3-di-
phenylindene, 9-methoxycarbonylfluorene, and fluoradene
with benzaldehyde. In DME in the presence of 3—4 mole %
HMP, the yield of RPhCHOM does not exceed 5%:15

PhCHO + RM S RPhCHOM. (5)

As a result of the possibility of the spectroscopic measure-
ment of the concentration of the alkali metal salt of the CH
acid at any stage of its reaction with benzaldehyde, in par-
ticular when the reaction system attains the equilibrium posi-
tion , measurements were made for the first time11*"16 of the
equilibrium constant Κ and a study was made of the factors
influencing this quantity. In the reaction of alkali metal
salts of 9-phenylfluorene with benzaldehyde in DME, the
equilibrium constant decreases monotonically with increase of
the HMP concentration. For the lithium salt, Κ =208, 25,
and 6 litre mol"1 at HMP concentrations of 5.6, 8.2 and
10.7 vol.% and for the sodium salt the constant is 39.6,
and 0.7 litre mol-1 at HMP concentrations of 1.4, 3.5, and
10.7 vol.%. In conformity with the results of qualitative
observations,lf~10 K(Li) > K(Na) in the reaction medium of
the same composition (10.7 vol.% HMP), which is associated
with the greater thermodynamic stability of the lithium
alkoxides.

Tpble 1. The equilibrium constants for the reactions11*"16 of
alkali metal salts with benzaldehyde in DME at 25 °C.

CH acid (RH)

9-Benzylfluorene
1 -Methy 1-3-pheny lindene
Ethyl diphenylacetate
Diphenylacetonitrile
9-Phenylfluorene
1,3-Dipheny lindene
Fluoradene
9-Methoxycarbonylfluorene
9-Cyanofluorene

nl? 1

22.0
—

22.4
17.8
18.5
12.8
10.5
10.4

8.5

A:,

_

—
—

23
—

16
7.2
1.8
—

litre mol"' (c =

K+

—
—

15
14

—
2.8
—
—

= ΙΟ"4 Μ)

Cs+

>100
38
29
22
15

2.4
2.2
0.25
0.32

t The main reaction pathway in HMP is enolisation, which
will be examined in detail in the next Section of the review.

*The pKa were taken from Petrov et al.]

Measurements of the equilibrium constant have also been
performed11*"16 in DME for the reactions of benzaldehyde
with alkali metal salts of CH acids of different structure,
whose pKa were varied within the range of approximately
14 units (Table 1). The common features in the variation
of the equilibrium constant are then as follows: (1) the
increase of Κ with decrease of the thermodynamic stability
of the reacting carbanion (in the presence of a fixed
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cation) whose measure is the pK a of the conjugate CH acid
and (2) the decrease of Κ with increase of the radius of the
alkali metal cation (for a fixed CH acid). The variation of Κ
in the sequence Li > Κ > Cs agrees with the results of the
study of the thermodynamic stability of alkali metal alkoxides
of different s t ructure . 4 " 1 0 At the same time, the shift of
equilibrium (5) towards the initial reactants with increase of
the thermodynamic stability of the carbanion is a fact which
is difficult to justify without rigorous quantitative measure-
ments, although intuitively it appears to be fairly natural.

On the basis of the results of studies of equilibrium (5),
an energetic approach has been developed1 3 '1 5 to the deter-
mination of the relative thermodynamic stability of the
adducts. In this approach, account is taken of the fact that
the alkali metal salts of CH and OH acids are ionic compounds
and that they exist in solution in the form of an equilibrium
mixture of free carbanions, ion pairs, and even (in the case
of alkali metal alkoxides) associated species made up of ion
pairs. One of the main factors influencing the position of
equilibrium (5) is the energy of the interaction of the charged
fragments of the ion pair RPhCHO~M+: the smaller this
energy, the lower the value of K. The interaction energy
diminishes with increase of the radius of the cation and of
the degree of its solvation (in the presence of HMP and crown
polyethers 1 3)—the equilibrium constant diminishes corre-
spondingly. It is of interest that calculation for the gas
phase 1 8 demonstrates a clear decrease of the C-H bond
energy in alkali metal methoxides H—CH2OM on passing from
Na (333 kJ mol"1) to Κ (326 kJ mol"1); the energy of the
C—Η bond is even lower in the free methoxide anion
(306 kJ mol"1). Presumably the interactL.i in the ion pair-
O~M+ influences analogously the C—R bond energy in the

alkali metal alkoxides /C(OM)-R.

The study of the kinetics of the reactions of alkali metal
salts of CH acids with benzaldehyde in DME established1""1 6

that both free carbanions (rate constant fq) and ion pairs
(rate constant fcjp) participate in the stage involving addi-
tion to the carbonyl group:

R"M+

IT + PhCHO
R" + M +

RPhCHO-M* ( 6 )

Since two types of ionic species participate in the reaction
and the reactivity of the free carbanions is appreciably
higher than that of the ion pairs, the observed reaction rate
constant kx depends on the concentration of the alkali metal
salts of the CH acid in a fairly complex manner. At the same
time the reverse reaction (k-i) takes place only with partici-
pation of complex ion pairs RPhCHO~M+ and the observed
rate constant is independent of the concentrations of the
reactants.

The features characterising the changes in the rate con-
stants fq and fcjp (Table 2) as a function of the radius of the
alkali metal cation and the structure of the carbanion
resemble those observed in nucleophilic aliphatic substitution
reactions1 9 with participation of alkali metal salts of CH acids.
However, there are also significant differences. A common
feature is the higher reactivity of free carbanions regardless
of the variation of other factors, i.e. /q > fcjp. Since in
virtually all cases (with the exception of the lithio-deriva-
tives of 1,3-diphenylindene and fluoradene)1*'2 0 the ion pairs
of the alkali metal salts investigated are of the contact type,
fcj exceeds fcjD approximately by two orders of magnitude. In a
reaction system with solvate-separated ion pairs (1,3-di-
phenylindenyl-lithium), fq/fcjp is appreciably lower (-13).

A new factor, which was not encountered previously in the
reactions of alkali metal salts of CH acids, is the dependence
of the rate constant for the reaction of the free carbanion on
the radius of the alkali metal caton when lithium and caesium
salts are compared. In the case of alkali metal derivatives of
diphenylacetonitrile, 1,3-diphenylindene, and fluoradene,
kj(Li+) exceeds Jq(Cs+) by a factor of 6—15, while for the
reactions of alkali metal salts of 9-methoxycarbonylfluorene
the difference between fcj(Li+) and Jq(Cs+) approaches two
orders of magnitude. In order to account for this result,1"»15

one can invoke the idea, put forward by Lefour and Loupy,1

that the carbonyl group is activated by the formation of a
complex between the Li+ cation and the oxygen atom:

Complex formation entails an increase in the electrophilicity
of the carbonyl group, because there is an increase 1 ' 2 1 in the
positive charge on the carbon atom and a decrease of the
LUMO energy. According to calculated data in two com-
munications,1 '2 1 the formation of complexes between Li+ and
acroleine, benzaldehyde, acetophenone, and aliphatic alde-
hydes in the gas phase results in a decrease of the LUMO
energy in these carbonyl compounds by 600—700 kJ mol"1.
Since there are experimental facts 2 1 indicating the possibility
of controlling the reactions of carbonyl compounds and
organic derivatives of alkali metals by means of the LUMO
and HOMO energies, these calculations merit special atten-
tion. While coordination to Li+ lowers1 the energy of the
LUMO of acroleine by 695 kJ mol"1, coordination to Na+ alters
the LUMO energy by 454 kJ mol"1. Large cations, for exam-
ple Cs+, have little influence on the LUMO energy of the
carbonyl compound. Such is the theoretical assessment of
the possibilities of the coordination of the cation to the
carbonyl group.

Table 2. The rate constants 8 for the reactions involving the
addition 1 5 ' 1 6 of the free carbanions (Jq) and their ion pairs
(fcjp) to the carbonyl group of benzaldehyde in DME at 25 °C.

CH acid

9-Methylfluorene
Diphenyl(2-pyridyl)methane
Diphenylacetonitrile

1,3-Diphenylindene

Fluoradene

9-Methoxycarbonylfluorene

9-Cyanofluorene

M+

Cs+

α+
Li+

Cs+

Li+

Cs+

Li+
Cs+

Li +
Cs+

Cs+

103*i

310
170
203

13.5
8.8
0.85
4.66
0.83

22.8
0.32
0.14

105*ip

840
570
224
24.7
06
0.34

1.33
2.26
0.52
0.24

a The dimensions of the constants are litre mol"1 s"

Experimental data have confirmed2 2"2 5 the possibility of the
formation of complexes of Li+ with aldehydes and ketones.
However, these data have been obtained in studies in solu-
tions in the carbonyl compounds themselves,22 in acetoni-
tri le, 2 3 ' 2 " and in aqueous alcoholic mixtures.2 5 On the other
hand, when one is dealing with the coordination of an alkali
metal cation to the carbonyl group in solvents of the ethereal
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type, many questions arise. Firstly, there are no convinc-
ing thermodynamic data in support of such coordination. It
is known that the basicity of ethereal solvents is as a rule
higher than the basicity of carbonyl compounds. For exam-
ple, the Kamlet-Taft basicity parameters BQT 2 6 for acetone
and cyclohexanone are respectively 0.37 and 0.41, while the
values for ether and THF are respectively 0.49 and 0.47.
The change in ΔΗ on formation of a complex between Li+ and
THF, DME, and glymes by 0.3-20 kJ mol"1 in absolute mag-
nitude exceeds the corresponding parameter for the reaction
of Li* with acetone.27 Admittedly there are data28 showing
that the energies of the complex formation reactions of Li+

with ether, formaldehyde, and acetaldehyde are similar:
-163, -149, and -169 kJ mol"1 respectively.

Secondly, in the reaction medium the concentration of the
carbonyl compound is usually lower by one—two orders of
magnitude than the concentration of the ethereal solvent.
Thus, even if the complex of the alkali metal cation with
the carbonyl group is formed, its concentration should
probably be small and should depend greatly on the reaction
conditions.

At the present time the concept1 of the formation of a
complex of the alkali metal cation with the carbonyl group is
widely used 2 1 · 2 9" 3 5 also in the interpretation of the results of
studies on reactions of lithio-derivatives with aldehydes and
ketones. One can therefore mention also data obtained in
the investigation of related systems. The fluoradenyl anion36

and carbanions of the benzyl type37 react with epoxyethane
more slowly than their lithium ion pair because, according to
the authors' hypothesis, the cation forming part of the com-
position of the ion pair cooperates with the opening of the
epoxide ring by being coordinated to the oxygen atom.

Among the results obtained16 in the study of the kinetics of
the reactions of alkali metal salts of CH acids with benzalde-
hyde, yet another experimental fact is of great interest.
The rate constants for the addition of the carbanions (kj)
and their caesium ion pairs (kjp) to the carbonyl group vary
in parallel with the rate constants for the reactions of the
same species in nucleophilic aliphatic substitution processes.
Furthermore, the logarithms of the nucleophilic addition and
nucleophilic substitution rate constants are linearly related.
This shows that the nucleophilic properties of the ionic
species determine their reactivity in both processes.

Interesting effects of the medium and the cation have been
observed29 in the reactions of alkali metal derivatives of
nitriles with benzaldehyde and its para-substituted deriva-
tives. The yield of the adducts (III) in reaction (7) does
not depend greatly on the size of the metal atom—98% for
Li, 70% for Na, and 80% for K, but it nevertheless reaches
its maximum value in the reaction with the lithium salt:

MCH.CN + PhCHO - PhCH (CH.CN) OM.
(Ill)

(7)

In the light of the foregoing examination of the interactions
of alkali metal salts of CH acids with aldehydes, these data
constitute indirect evidence for the reversibility of reac-
tion (7), although the authors29 make no mention of this
important factor. Incidentally, if the equilibrium constants
of reaction (7) are estimated by assuming that the initial
reactant concentrations are 0.1 M,29 then entirely reasonable
values are obtained: 10* for Li, 80 for Na, and 200 litre moP1

for K. Taking into account the fact that reaction (7) was
carried out in THF and not in DME and at -80 °C and not at
25 °C (pKa for acetonitrile is 24), the constants obtained
agree fairly well with the data presented in Table 1. It is
of interest that the variation of the equilibrium constant as a

function of the cation (Li+ > K+ > Na+) is of the same charac-
ter both for the reactions of alkali metal salts of diphenyl-
acetonitrile15 and for the reactions of alkali metal salts of
acetonitrile. Judging from the time required to complete
reaction (7), its rate varies in the sequence Li > Na > K.
This result (subject to the condition that both free carb-
anions and ion pairs or even associated species comprising
ion pairs react in THF at an alkali metal salt concentration of
0.1 Μ) clearly indicate the involvement of the cation in the
activation of the carbonyl group. This is confirmed by the
decrease of the rate of reacton following the addition of
cryptand 211 to the lithium salt of acetonitrile. However,
the rate of reaction of KCH2CN in the presence of cryptand
222 increases, which the authors29 believe is also associated
with the increase of the fraction of free carbanions. On the
other hand, cryptand 221 does not influence the rate of
reaction of NaCH2CN, which the authors explained by the
cancellation of two effects—on the one hand, the suppression
of the activation of the carbonyl group and, on the other,
the increase of the contribution of the reaction involving the
more reactive free carbanions.

The half-life of the reaction of the lithium salt of m-chloro-
phenylacetonitrile with aromatic aldehydes in THF at -80 °C
diminishes in the following sequence of X: CN (15 min) >
Η (10 min) > OCH3 (5 min). When HMP is added, the
sequence is reversed: CN (0.5 min) < Η (2 min) < OCH3

(45 min):

m-ClC,H«CH (CN)Li +p-XC,H«CHO -»WJ-C1C,H4CH (CN). (8)

p-XC,H4CHOLi

The rate of reaction of anisaldehyde diminishes, while other
aldehydes react faster. The authors have interpreted these
results29 from the standpoint of the positions of the energy
levels of the LUMO of the aldehyde relative to the HOMO of
the carbanion assuming that, by virtue of the coordination
of Li+ to the carbonyl group, in THF the energies of the
LUMO of all three aldehydes are equalised and are lower than
the energies of the corresponding LUMO in a THF—HMP mix-
ture, where such coordination does not occur.

The study of the reactions of alkali metal salts of fluorene
with benzaldehyde under different conditions yielded12»13

data concerning the influence of the solvent and the cation
not only on the stage involving the addition of the nucleo-
phile to the carbonyl group but also on the next stage in
which a molecule of the alkali is eliminated, i.e. on the pro-
cess modelling the crotonic condensation. In contrast to
their 9-substituted derivatives, the unsubstituted fluorenyl
salts [cf.Eqn.(4)] react with benzaldehyde in accordance
with the following scheme:

-f PhCHO ϊ2

Η Μ

(9)

The conversion of fluorenyl-lithium or fluoroenylsodium into
the reaction products in ether and DME at concentrations of
organic derivatives of alkali metals in the range 0.01—0.1 Μ
and those of benzaldehyde in the range 0.03-0.4 Μ takes place
over a period shorter than 1 s. The lithium and sodium salts
of fluorene in HMP or its potassium, caesium and tetra-n-
butylammonium salts in any of the solvents employed (ether,
DME, HMP) react appreciably more slowly. Under these
conditions, the complete consumption of the carbanion
requires about 1 min. The retardation of the reactions in
ether and DME in the presence of K+, Cs+, and Bu*N+ com-
pared with Li+ and Na+ or the retardation of the reactions of
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fluorenyl-lithium and fluorenylsodium on passing to HMP (or
after the introduction of solvating additives of the type of
crown polyethers) is due to the appreciable shift of the equi-
librium in the first stage of reaction (9) towards the initial
reactants. In HMP or in the presence of large cations in
ether and DME, the reactions considered in essence occur
generally only because of the irreversible alkali elimination
stage. For this reason, the only observed reaction product
under these conditions is benzylidenefluorene (V).

In other cases the composition of the products depends on
the competition between the first and second stages. A
common feature is the increase in the yield of benzylidene-
fluorene with increase of the basicity (or with decrease of
the thermodynamic stability) of the alkali metal alkoxide
formed. The yield of benzylidenefluorine increases with
increase of the polarity of the medium in the presence of the
given cation (benzene < ether < DME < HMP in the presence
of Li+ and Na+) and with increase of the radius of the cation
in the given solvent. In DME: Li+ (9%) < Na+ (77%) < K+,
Cs+, Bu^N* (100%); in ether: Li+ (16%) < Na+ (70%) s
K+ (69%); in benzene: Li+ (0%) < Na+ (23%) < Cs+ (42%).

Whereas the elimination stage is irreversible in the reac-
tions of alkali metal salts of fluorene and benzaldehyde, both
stages are reversible in the Knoevenagel condensation [reac-
tion (10)], where X and Υ = CN or COOR:

XYCHM + PhCHO
-HOM

XYCHCHOM ^ ± . XYC=CHPh.
| +HOM

Ph

(10)

For this reason, situations where both equilibria are fully
displaced towards the initial reactants and the crndensation
product is not formed are entirely realistic. An example
may be provided by the reaction1*0 of sodiomalonic ester with
benzaldehyde in ethanol. The condensation of XYCH2 with
carbonyl compounds is known to occur when amines are used
as catalysts.3 8»3 9

Interesting results, which may indicate the coordination of
the Li+ cation to two heteroatoms of the carbonyl compound,
have been obtained in a study of the reaction3 1 of methyl-
lithium with JV-t-butyl-2-formylaziridine:

) C

CH3Li

(CH,)3

.(11)

(VII)

A mixture of the stereoisomers (VI) and (VII), in which (VI)
predominates (60%), is formed in THF. When LiBr is intro-
duced into the reaction medium, at a concentration five times
greater than that of methyl-lithium, the fraction of the iso-
mer (VI) increases to 80%. The authors believe that the
reaction proceeds via the formation of an intermediate complex
from which the isomer (VI) should be formed with a higher
probability.

The coordination of the cation to oxygen ensures a high
stereoselectivity also when organolithium and organomagne-
sium compounds interact with α-alkoxyaldehydes :1*1»1*2

. (12)

Η-' '•OR H ' '~ OR

(YIU) (K)

In reaction (12), which was carried out at -78 °C, the change

in the nature of the solvent (n-hexane, chloroform, ether,
THF) has little effect1*2 on the ratio of the isomeric threo-
product (VIII) and the erythro-product (IX): if Μ = Li and
R = CH2OC2H,,OCH3, the ratio (VIII)/(IX) varies from 3 to
0.7 (the smallest amount of the threo-isomer is formed in
THF). If Μ = MgBr, the ratio (VIII)/(IX) increases to
9—14 in hexane, ether, and chloroform, and exceeds 100 in
THF. The same high stereoselectivity [(VIII)/(IX) = 100 to
200] is observed1*2 in THF in the analogous reaction of the
Drganomagnesium compound if R = methoxymethyl, methyl-
thiomethyl, benzyl, benzyloxymethyl, and furfurylmethyl·
The authors suggest1*2 that reaction (12) proceeds via the
formation of an α-chelate (five-membered coordination com-
plex), which is more stable for magnesium than for lithium.

α-Chelation is weakly manifested1*1 in reactions (ether,
-78 °C) of methyl-, vinyl-, and n-butyl-lithium and methyl-
magnesium bromide with (3-alkoxyaldehyde:

CHO rV
C 4 H 9 OCH 2 O OH C 4 H 9 OCH 2

(13)

(X) (XI)

The ratio of the threo- and erythro-isomers formed (X)/(XI)
varies in this instance only from 0.7 to 1.7. However, when
lithium dimethyl- or di-n-butyl-cuprates are used in the
reaction, the ratio (X)/(XI) increases respectively to 30 and
17. This ratio remains fairly high (12—20) also when the
CijHgOCHaOCHa group is replaced by PhCH2OCH2,

O(CH2),,CHCH2, or O(CH2)2OCHCH2. It has been sug-
gested1*1 that the high stereoselectivity of the reactions of
organocuprates with 3-alkoxy aldehydes is due to 3-chelation,
i.e. the formation of an intermediate six-membered coordina-
tion complex. At the same time the stereoselectivity of the
reactions of organocuprates with α-alkoxyaldehydes [for
example, PhCH2OCH2OCH(CH3)CHO] is low.1*1 Unfortunately
the nature of the distinct tendency of Grignard reagents
towards ot-chelation and of cuprates towards β-chelation in
these reactions has not yet been established, although the
excellent preparative possibilities associated with these
effects are evident.

The erythro-aldol is formed exclusively1*3 in the reaction of
benzaldehyde with the lithium enolate of t-butyl ethyl ketone,
while in the case of the lithium enolate of ethyl mesityl
ketone, 92% of the threo-aldol and only 8% of the erythro-
aldol is formed. The stereoselectivity of the first reaction
does not change when HMP is introduced into the reaction
medium, which the authors believe to be caused1*3 by the for-
mation of a six-membered transition state in which Li+ is
strongly bound to two oxygen atoms:

On the other hand, the use of the tetra-alkylammonium
enolate of t-butyl ethyl ketone in this reaction is accompanied
by the exclusive formation of the threo-aldol, which thus
leads to the complete reversal of the stereoselectivity com-
pared with the reaction in the presence of Li+. In this case
there is no possibility of the coordination of the cation to the
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oxygen atoms and they are thus both arranged in the transi-
tion state in such a way that the electrostatic repulsion
between them is minimal:1·3

The conditions of the Homer—Emmons reaction also have an
appreciable influence on the composition of the products
formed (Table 3):**·*'

— l -

IT*" + HCHO

(C,H,O>jP(O>-c'

l ' ' H

Si
+M-0-C

o)—c.

+M-0—C'
(14)

(XII) (XIII)

(xv)

Table 3. The composition of the products of reaction (14) in
THF as a function of temperature and the size of the alkali
metal cation.l*'l>5

Ph

P-CH3OC6H4

;

- 7 8
20
65

- 7 8
20
65

L1+

X
V

)

,<ΛΙΧ) 1

0.43
0.33
0.25

0.25
0.25
0.33

(X
V

)
(X

IV
)

3 .0
0.43
0.33

1.5
—

0.33

"3"
ο.β

13
15

1
_

> 4 0

Na+

(Α
Χ

>

Κ

ΙΛ.
0.66d'
0.54

0.43
0.43
0.64

(Λ
Χ

)
(Λ

ΙΧ
)

—

4 e

—

_

—

(Λ
Χ

)

g

0.03 f

_

**
—

Κ*

ι
9.0
1.5
1.0

2.33
1.5
1.02

(Λ
Χ

)
(Λ

ΙΧ
)

19
_
1.5

9.0

—
1.02

1
_
4

0.5

_
>40

Remarks. Procedure followed in carrying out the reactions:
aby mixing the initial reactants; bby starting with com-
pound (XII): cby starting with compound (XIII); the ratios
(XIV)/(XV) in HMP are d0.25, n 6 , and f0.02.

The aldol condensation stage in reaction (14) is reversible.
For this reason, the product (XV) is formed, as shown by
the authors Λ1*·1*5 not only on mixing the initial reactants but
also when compound (XII), obtained by an independent
procedure, is maintained in solution in THF or HMP (Table 3).
Similarly, compound (XIV) can be obtained when compound
(XIII) is kept in HMP or THF. The possibility of carrying
out the experiment with compound (XII) or (XIII) obtained
beforehand determines to a large extent the ratio of com-
pounds (XIV) and (XV) formed ultimately. At low tempera-
tures the decomposition of the alkoxides (XII) and (XIII) into
the initial reactants (k_lf k_2) is relatively slow and this is
why compounds (XIV) and (XV) are formed preferentially

from compounds (XII) and (XIII) respectively. At high tem-
peratures, the equilibration process is rapid (k-i/k{ and
k_2/k'2 are large), so that the product ratio (XIV)/(XV) is
almost independent of the way in which the experiment is
carried out (Table 3).

The epoxynitriles (XVIII) and (XIX) are formed in reac-
tion (15) also via the reversible stage involving nucleophilic
addition to the carbonyl group:"6

Ph.

<r PhCHO

A—«..

J(xvi)

ο

(XVIII) (15)

(XVII) (XIX)

When a 1:1 mixture of compounds (XVII) and (XVI) syn-
thesised beforehand is kept in HMP (Na+), benzene (Na+ and
Li+), and THF (K+ and Li+), the ratio of the products formed
(XIX)/(XVIII) is respectively >98, 0.43, 4.4, and 9. If
PhCHO and RC(CN)(C1)M are mixed, then compound (XIX)
predominates among the products of reaction (15): the ratio
(XIX)/(XVIII) exceeds 98 for Li+ in THF and benzene, while
for Na+ in HMP and THF and for K+ in THF the ratio
(XIX)/(XVIII) is respectively >98, 4, and 4. The only
exception is the reaction of the sodium salt in benzene for
which (XIX)/(XVII) is 0.18.

I I I . REACTIONS OF ORGANIC DERIVATIVES OF ALKALI
METALS WITH KETONES

The reactions of organic derivatives of alkali and alkaline
earth metals with ketones having a fairly mobile proton can
lead to the formation2 of both an adduct and an enolisation
product. In this case detailed studies of the effects of the
medium and the cation have been performed12·1*7·'·8 in relation
to the reactions of alkali metal salts of fluorene with cyclo-
hexanone via the mechanism

-r* Η

(XX) (16)

OM

(XXI)

In all the solvents investigated, the yield of the adduct (XX)
increases with decrease of the radius of the cation. In DME:
Bu^N+, Cs+ , Κ+ (0%) < Na+ (5%) < Li+ (13%); in ether:
Cs+ (0%) < Na+ (27%) < Li+ (72%); in benzene: Cs+ (7%) <
Na+ (33%) < Li+ (80%). On the other hand, the yield of com-
pound (XX) in the reactions of all the alkali metal salts
investigated increases on passing to non-polar non-solvating
media. HMP (0%) < DME (15%) < ether (72%) < benzene (80%)
for Li+, DME (5%) < ether (27%) < benzene (33%) for Na+, and
HMP, DME (0%) a ether (0%) < benzene (7%) for Cs+. In
HME the equilibrium is fully displaced towards the initial
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reactants. On the other hand, in the reaction of 2-lithio-
1,3-dithiane and 2-lithio-2-phenyl-l,3-dithiane with 4-t-butyl-
cyclohexanone, HMP has a somewhat different influence. In
this solvent, the adduct (I) is not formed11 and enolisation
takes place instead:

i.( 17)

Thus the enolate is not formed in the reaction of fluorenyl-
lithium with cyclohexanone in HMP,1*7'1*8 but enolisation does
occur in reaction (17) in the same solvent. This apparent
contradiction can be readily accounted for if one turns to the
results obtained1*9 in a study of the basicity of alkali metal
enolates of cyclohexanone (and also cyclopentanone, ethyl
methyl ketone, and acetophenone). In the presence of
cryptands, the lithium, sodium, and potassium enolates of
cyclohexanone (pKQ = 18) 5 0 metallate quantitatively tri-
phenylmethane (pKa = 31.5) 5 1 and diphenylmethane (pKa =
33) 5 1 in THF, which is itself surprising merely on the
basis of a comparison of the above pKa for these compounds.
The sharp increase of the basicity of the alkali metal enolates
of cyclohexanone is caused by the fact that, in the presence
of cryptands, they probably exist in the form of solvate-
separated ion pairs (or even partly in the form of free
enolate ions).

Thus it has been found that HMP, whose action is analo-
gous to that of cryptands, increases the basicity of alkali
metal enolates of cyclohexanone so much that they metallate
quantitatively fluorene (pKa = 23), fully displacing to the
left the transprotonation equilibrium in scheme (16) (as well
as the addition equilibrium). On the other hand, the pKa

for 1,3-dithianes are probably sufficiently high for enolisa-
tion in accordance with scheme (17). It is significant that
enolisation does not occur in the reactions of alkali metal
salts of fluorene with cyclohexanone also in DME1*7»1*8 when
the cations are K+, Cs+, or (CltH9)I(N

 + . This shows that the
basicity of the enolates increases also with increase of the
radius of the cation.

The yield of the adduct in the reactions of alkali metal salts
of fluorene with cyclohexanone depends on the presence **7»'*8

of added inorganic lithium salts in the reaction system. Thus
the yield of compound (XX) in the reaction of fluorenyl-
lithium increases from 13 to 30% as a result of the introduction
of LiClOi, into DME. The yield of the product of the addition
of propynyl-lithium to cyclohexanone or cyclopentanone
increases analogously52 to 80-90% under the influence of LiBr
(in the absence of the salt, the yield varies in the range 40 to
60%).

LiBr exerts an unusual influence on the reaction of
fluorenylpotassium and fluorenylcaesium with cyclohexanone
in DME. The addition of this salt leads'*8 to the instanta-
neous consumption of the carbanion but only the alkali metal
enolate is formed in this process. The observed effect is
probably determined in the first place by the occurrence
of the exchange reaction53·51*

RM + LiX Ϊ± RLi + MX. (18)

However, the absence of an adduct**8 suggests that LiBr
activates not only the.carbonyl group but also the ot-CH
bond of the ketone. On the other hand, the activated
ketone enters preferentially into the enolisation reaction in
this instance. This result agrees in general with the
observed behaviour in the reactions of alkali metal salts of
fluorene with cyclohexanone in DME: the yield of alkoxides
in these reactions is always lower than that of the enolates.1*7·'*8

The interaction of alkyl organolithium compounds with
cyclohexanone in ether or DME takes place30»31 in accordance
with scheme (19) which is analogous to scheme (16):

R OLi

RLi

IIο- (XXII)

RH +

OLi
(19)

(XXIII)

However, by virtue of the low CH acidity of RH (pKa > 40) 5 5

and the high basicity of RLi, in this case both reaction path-
ways are apparently almost irreversible. The composition of
the product is in this instance strongly influenced30'31 by
ionic and solvating additives. When cyclohexanone interacts
with n-butyl-lithium, t-butyl-lithium, and ethynyl-lithium,
the adducts (XXII) are formed rapidly in the first two
instances and slowly in the last with a quantitative# yield.30»31

In the presence of cryptand 211 in these reaction systems,
enolisation takes place exclusively but, if apart from the
cryptand, an equimolecular amount of LiBr is also intro-
duced into the mixture, then compound (XXII) again becomes
the only reaction product. In order to explain the results
the authors used the concept of the activation of the carbonyl
group by the formation of its complex with Li+. The
cryptand, which effectively binds Li+, does not allow the
cation to be coordinated to oxygen and LiBr plays the role
of a donor of Li+ ions capable of coordination.

A strong influence of the cryptand has been observed30

also in a study of the reactions of n-butyl-lithium with the
ethyl esters of benzoic, αα-dimethylpropionic, and ot-methyl-
propionic acids. In ethereal solvents the alkyl-lithium com-
pound adds to the carbonyl group while the addition of
cryptand 211 fully inhibits the reaction and the initial esters
can be isolated quantitatively from the reaction medium.
Furthermore, it has been found30 that cryptand 211 influ-
ences analogously also the reactions of alkyl-lithium com-
pounds with carboxylic acids. In the presence of a large
excess of n-butyl-lithium, it adds to the carbonyl group of
benzoic, αα-dimethylpropionic, and α-methylpropionic acids
(more precisely their lithium salts, which should be formed
in the first stage). On the other hand, the cryptand pre-
cludes this addition owing to the absence, according to the
authors,30 of the coordination of Li+ to the carbonyl oxygen
atom.

The yield of the adduct can be increased2 and that of the
enolate decreased by lowering the reaction temperature.
Whereas the addition of n-butyl-lithium to acetone, cyclo-
hexanone, cyclopentanone, norcamphor, and acetophenone
in ether at 0°C proceeds respectively to the extent of 67,
82, 63, 76, and 73%, at -78 °C the respective yields are 80,
89, 75, 81, and 81%. Furthermore, it has been found that,
in the reaction of t-butyl-lithium with various ketones, the
yield of the adduct is lower (amounting to 50—70% depending
on the structure of the ketone) than in the reaction with
n-butyl-lithium and in the case of cyclohexanone it amounts
to 53% (and not 100% as indicated by the studies of Perraud

#According to Van Rijn et al.52, the yield of the products
of the addition of n-butyl-lithium to cyclohexanone usually
does not exceed 80%.
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and Handel30»31). The relative increase of the yield of the
adduct with increasing temperature can probably be caused
by two factors—the lower activation energy for the addition
of the alkyl-lithium compound to the carbonyl group compared
with the proton transfer reaction and/or the higher thermo-
dynamic stability of the alkoxide compared with the enolate.
It is noteworthy that the fraction of the adduct increases1*7

with increase of temperature also in the reaction of fluorenyl-
lithium with cyclohexanone in DME.

Analogously to the observations made**7'1*9 in the reactions
of alkali metal salts of fluorene, an increase in the size of
the cation lowers2 the effectiveness of the addition reaction:
t-butyl-lithium makes it possible to obtain 53% of 1-t-butyl-l-
cyclohexanol, while t-butylsodium produces only 7% of this
compound. According to Ο'Sullivan et al.56, the yield of the
adduct increases not only with decrease of the radius of the
alkali metal cation but also on passing from organolithium,
organosodium, and organopotassium derivatives to organo-
magnesium derivatives. In the reactions of a series of PhM
with acetophenone, the ratio of the yield of the adduct to
that of the enolisation product is 1: 10 (hexane) for IM = K,
1: 1.4 (heptane) for Μ = Na, and 23: 1 (ether) for Μ = Li.
Enolisation does not occur at all when Μ = MgCl.56

In the synthesis of graft copolymers [in the reactions of
polystyryl-lithium and polystyrylpotassium with poly(methyl
methacrylate) and the copolymers of styrene with methyl
vinyl ketone, acroleine, or methyl methacrylate], the degree
of grafting (i.e. the fraction of the adduct) is always
higher 5 7 when the reaction is carried out in non-polar media
and not in THF and when the carbanion with the lithium
count erion enters into the reaction with the carbonyl func-
tional group. In the reaction of a carbanion of the benzyl
type (the polystyryl anion) with 3-methyl-2-pentanone,57

the yield of the adduct increases with decrease of the radius
of the alkali metal cation (i .e. with increase of its affinity
for oxygen) and on passing from THF to cyclohexane. Thus
K+ (20%) < Na+ (50%) < Li+ (73%) in THF and K+ (48%) <
Na+ (59%) < Li+ (79%) in cyclohexane. In this case too, the
authors 5 7 believe that the addition is promoted by the coordi-
nation of Li+ to the carbonyl group.

The addition of dimethylmagnesium to benzophenone has
been investigated5 8 in ether in the presence of various
solvating additives. The authors established that dimethyl-
magnesium enters into the reaction in the form of 1: 1 and 1:2
complexes with bidentate and monodentate solvating com-
pounds respectively, the addition taking place without the
elimination of ligands. Depending on the nature of the
ligand, the reaction is accelerated (dimethyl ether, triethyl-
amine, DME, HMP, β-methoxyethyldimethylamine) or retarded
(THF, dioxan, tetramethylethylenediamine).

In the reactions of organomagnesium compounds with
ketones, the composition of the products can be appreciably
altered5 9 by changing the nature of the medium, as happens
in the case of organic derivatives of alkali metals. In the
reaction of n-propylmagnesium bromide with diisopropyl
ketone in ether, the ratio of the adduct and the reduction
product is 37: 63, increasing appreciably in benzene (to
64: 36). An analogous situation has been observed in the
reaction of n-propylmagnesium bromide with cyclohexyl iso-
propyl ketone (48: 52 in ether and 86: 14 in benzene) and
with isopropyl propyl ketone (5 : 35 in ether and 13: 61 in
benzene). In the reaction with isopropyl propyl ketone,
an appreciable amount of the enolisation product is also
formed, its yield falling on passing from ether (60%) to ben-
zene (26%).

By varying the conditions in the reactions of organolithium
compounds with 4-t-butylcyclohexanone [reaction (20)], it
has been possible to a l ter , 6 0 " 6 2 albeit not within very wide

limits, the ratio of the axial isomers (XXIV) and the equa-
torial isomers of the alcohols formed:

<CH3)3C-/ \ = O

(CH,),C

H.(20)

(XXIV)

In the reaction of methyl-lithium61 in THF at -78 °C, the
fraction of compound (XXIV) is 65-69%. The introduction
of LiBr, Lil, LiClO^, or LiCu(CH3)2 into the solution does
not influence the yield of compound (XXIV). When the reac-
tion is carried out in ether at -78°C, the above additives
make it possible to increase the fraction of compound (XXIV)
to 87-92%.61 The addition of LiClOn also increases some-
what6 2 the yield of compound (XXIV) (from 58 to 69%) in the
reaction of phenyl-lithium carried out under the same condi-
tions. On the other hand, the increase of temperature from
-78° to +5°C lowers60 the fraction of compound (XXIV)—for
example, in the reaction of 4-t-butylcyclohexanone with
n-butyl-lithium and s-butyl-lithium. The authors 6 0 ' 6 1

believe that the influence of added inorganic lithium salts
on temperature is manifested only when the reaction is per-
formed in ether, because its complex forming effect does not
greatly exceed the ability of the ketone to form a complex
with Li+. For this reason, in the reactions of a wide range
of cyclic ketones with methyl-lithium in ether, the addition
of lithium perchlorate should promote62 the formation of a
transition state from which only the axial isomer can be
ob tained.

(CH 3 ) 3 C

It is noteworthy that it is very difficult to treat systemati-
cally the influence of the solvent on the stereoselectivity of
the reactions of organolithium compounds with cyclic ketones,
because each reaction system as a rule reacts in a fairly
individual manner. In the reaction of ethynyl-lithium with
2-methylcyclohexanone,63 the fraction of the axial alcohol is
appreciably higher when the reaction is carried out in a non-
polar solvent (benzene, 67%) than in THF (42%). The axial
isomer is formed analogously in the reaction of ethylnyl-
sodium63 with a higher yield in benzene (53%) than in the
polar THF-NH3 mixture (41%). On the other hand, both in
ether and in THF the product (XXIV) is formed60 in virtually
the same yield—69 and 65% respectively. In the reaction
with 7-norbornene, n-butyl-lithium affords61* 50% of the endo-
isomer both in ether and in n-hexane. This is also true of
the reaction of phenyl-lithium ;61* the yield of the endo-isomer
is 72% in both solvents.

The solvent has an even weaker influence on the stereo-
selectivity of the reactions of organomagnesium compounds.
In the reaction of dimethylmagnesium with 3-t-butylcyclo-
pentanone, i .e.

(CH3) (CH 3 ) 3

Η ΟΙ

(CH 3) 3C ^ α

• (21)

(XXV)

the yield of the cis-isomer (XXV) is the same65 in ether (53%),
THF (52%), and anisole (54%). The yield of compound (XXV)
is independent of the solvent (THF, anisole, ether); when
methylmagnesium bromide reacts 6 5 with 3-t-butylcyclopenta-
none, the yield is again 53—54%.
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The change of the cation in the reactions of organic deriva-
tives of alkali metals with cyclic ketones has as a rule only a
weak influence on the stereoselectivity, especially as the
process takes place in a solvent which effectively solvates the
alkali metal cations. The reaction of ethynyl-lithium and
ethynylpotassium with 3-methylcyclohexanone in the THF -̂NH3

mixture leads mainly to the equatorial isomer:63 82% (Li+)
and 80% (K+). In the same medium but in the reaction of
2-methylcyclohexanone with HC = CM the yield of the equa-
torial isomer falls but a dependence on the cation cannot be
observed:6 3 45% (Li+), 41% (Na+), and 44% (K+). Only in
benzene is the yield of the axial isomer somewhat higher 6 3

in the presence of Li+ (67%) than in the presence of Na +

(53%).

IV. THE HYDRIDE REDUCTION REACTIONS OF CARBONYL
COMPOUNDS

Numerous s tud ies 3 2 " 3 5 ' 6 6 " 6 9 of the effects of the medium and
the cation on the reduction of carbonyl compounds by alkali
metal tetrahydroaluminates and tetrahydroborates have been
published in recent years. The methodology of the majority
of these investigations and their results are similar. They
can be represented in the following form:

\ c = O + MA1H4 (or MBH,)

cryptand/

H-C—OH. (22)
cryptand + LIX

We shall examine initially the results obtained in the study of
the reactions of alkali metal tetrahydroaluminates. In ethe-
real solvents (DME, THF, ether, diglyme), MAIH,, (where
Μ = Na or Li) reduces cyclohexanone,3 2 '3 3 2-methylcyclo-
hexanone,6 6 4-t-butylcyclohexanone,66 cyclopentanone,32

N-t-butylacetyl-2-aziridine , 3 5 ot-chloropropiophenone , 6 7

benzaldehyde,2 1 acetophenone , 2 1 p-methoxyacetophenone,21

and compounds32 having the general formula C2H5C(O)X,
where X = H, OH, or C2H5, to the corresponding hydroxy-
derivatives. In the present of cryptand 211 for Μ = Li
and cryptand 221 for Μ = Na, hydroxycompounds are not
formed 3 2 ' 3 3 ' 3 5 ' 6 6 ' 6 7 or, much more rarely, 2 1 the rate of their
formation is sharply reduced. The rate of reduction is also
lowered by the addition of crown ethers 6 8 and hexamethyltri-
ethylenetetra-amine31* but their effect is much weaker than
that of cryptands.

Finally, if an inorganic lithium salt (LiBr, Lil, LiClOi,) 32»
3 3>3 5 or sodium salt (NaCIO,,) 3 3 > 3 5 is introduced into the
reaction medium in addition to the cryptand, the effect of
the latter is fully removed and quantitative reduction of the
carbonyl compound is observed.

In order to account for the results, the idea of the activa-
tion of the carbonyl group as a result of the formation of a
complex of the latter with an alkali metal cation has been
used, as for the reactions involving organometallic compounds
discussed above. For example, the reaction involving
reduction by lithium tetrahydroaluminate has been described
in this way:33

Η3Α1·*ν

OAlWj

-QH. (23)

The reaction does not occur in the presence of cryptands,
because the possibility of the formation of a complex between
the alkali metal cation and the carbonyl group is then elimi-
nated. On the other hand, if the reaction is carried out in

the presence of equimolar amounts of lithium tetrahydro-
aluminate, the cryptand, and an inorganic lithium salt, then
one equivalent of Li+ ions not involving the complex remains
for the activation of the carbonyl group.

It is surprising that no attention has been paid in any of
the studies quoted to what may occur in the reaction mixture
in the presence of the cryptand. After all the latter not
only eliminates the possibility of the formation of a complex
between the cation and the carbonyl group but in its pres-
ence there should be an appreciable increase of both the
nucleophilicity and the basicity of the negatively charged
tetrahydroaluminate fragment, which has been demonstrated
by investigations of the reactions of organolithium com-
pounds.30»31 It is extremely likely that in the presence of
cryptands MAlHi, nevertheless reacts with ketones but via
the transprotonation and not the addition mechanism, i.e. by
enolising suitable carbonyl compounds. This has been con-
firmed indirectly by the finding that cyclohexanone is con-
verted into the enolate under the influence of sodium, potas-
sium, and lithium hydrides when cryptands are present in
the reaction medium.69 Yet another interesting question
arises: is it possible to account for the influence of
cryptands by the reversibility of the addition of the hydride
to the carbonyl group? Although there is no experimental
evidence in support of this claim, nevertheless this hypoth-
esis is entirely reasonable.

The behaviour observed for the reactions of tetrahydro-
aluminates, discussed above, holds in general also for the
reactions of alkali metal tetrahydroborates. Cryptands
suppress the reduction of N-t-butylacetyl-2-aziridine,35

cyclohexanone33 and α-chloropropiophenone.67 However,
when LiClOi, 3 3 or NaClOi, 3 3 · 3 5 is introduced into the system
together with the cryptand, the effect of the latter is
removed. In contrast to MAIH,,, the reactions of MBH,, can
be carried out in hydroxylated solvents (water, alcohols)
where the carbonyl group can be activated by the formation
of hydrogen bonds with solvent molecules.35»66»67»70 In
methanol, N-t-butylacetyl-2-aziridine 3 5 is reduced rapidly
by NaBH,, regardless of whether the cryptand 221, NaCIO,,,
or LiClOi, are present in the reaction medium. The addition
of water to an ethereal solvent makes it possible to obtain
the product of the addition of N-t-butylacetyl-2-aziridine,3S

α-chloropropiophenone , 6 7 2-methylcyclohexanone , 6 6 and 4-t-
butylcyclohexanone66 even if the solvent contains the
cryptand.

Lithium tetrahydroborate reacts faster with carbonyl com-
ponds than sodium tetrahydroborate, which has been
observed in most varied solvents: pyridine,71 isopropyl
alcohol,51*'70 and water.70 Thus LiBHi, reduces ethyl benzoate
in isopropyl alcohol, while NaBHi, does not.5* The rate con-
stant for the reaction70 of acetone with LiBHi, in the same
solvent (5 χ 10~3 litre mol"1 s"1) is almost three times as high
as that for the reaction with NaBH,, (1.5 χ 10~3 litre mol"1 s"1).
However, in all cases this result is attributed to the more
effective coordination of Li+ (compared with Na+) to the
carbonyl group, which is sometimes believed71 to be due to
the higher nucleophilicity of the lithium ion pair (although
without any special supporting evidence).

The importance of the activation of the carbonyl group is
also indicated by data obtained in the study of the reduc-
tion of acetone70 and esters51* by tetrahydroborates. The
reaction with NaBHi, takes place only in water and alcohols
and its rate increases with increase of the electron-donating
capacity of the solvent: isopropyl alcohol < H2O, ethanol.
In acetonitrile, pyridine, DMF, and diglyme, NaBHi, hardly
reacts with acetone. Esters are not reduced by NaBHi» 5<f

even in isopropyl alcohol. The addition of Lil and LiCl
accelerates70 the reduction of acetone by both NaBH 1, and
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LiBHi,. In the presence of LiBr, ethyl acetate, ethyl stea-
rate, ethyl benzoate, ethyl cinnamate, and ethyl p-chloro-
benzoate begin to react with NaBHi,.51* Here one must note
that, whereas the acceleration of the reaction involving
LiBHi, can be accounted for solely by electrophilic catalysis,
in the case of NaBHi, inorganic lithium salts give rise to the
possibility of cation exchange as well51f [reaction (24)], so
that subsequently the process can proceed with participation
of

NaBH4 LiBH, + NaX. (24)

The reduction of esters by NaBHi, can also be catalysed by
MgCl2 and MgBr2.

51*
Contradictory data have been obtained concerning the

catalytic role of amines. When acetone is reduced7 0 by
LiBHi» and NaBHi, in alcohols and diglyme, it is assumed that
the latter do not affect the rate of reaction. On the other
hand, under identical conditions (acetone in diglyme +NaBHlf)
the acceleration of the reaction in the presence of the same
triethylamine derivative has been observed.5"1

Among the communications31*'68'72 devoted to the investiga-
tion of the kinetics of the reduction of ketones by lithium and
sodium tetrahydroaluminates, much attention has been
devoted in the paper of Ashby et al . 7 2 to the investigation of
the state of the tetrahydroaluminates in solution in THF.
Measurements were made of the dissociation constants of
MAlHi» over a wide temperature range and the thermodynamic
parameters of the dissociation reaction have been calculated.
At 25 °C, KD = 6.9 χ 10~7, 2.1 χ 10~7, and 1.8 χ 10~6 mol
litre" 1 for Μ = Li, Na, and Bui,N respectively. The tem-
perature dependence of the enthalpy and entropy of dissocia-
tion led to the conclusion72 that the lithium ion pairs MAlHi,
are of the solvate-separated type, while the sodium ion pairs
are mainly of the contact type.

Ashby and Boone3tf used a second-order equation to
describe the reactions involving the reduction of mesityl
phenyl ketone by LiAlHt, and NaAlHi, in THF. However,
this equation is inapplicable20 if it is assumed31* that the pro-
cess takes place with participation of only the free ions or
the free ions and the solvate-separated ion pairs.

At 25 °C the observed rate constant for the reaction of
mesityl phenyl ketone with LiAlHi, (0.595 litre mol"1 s""1) is
ten times greater than the rate constant for the reaction with
NaAlH4 (0.0587 litre mol"1 s" 1 ), which is caused, according to
the authors,31* by the effective activation of the carbonyl
group by the lithium cation and not by the difference between
the states of the above tetrahydroaluminates in solution.
The activation parameters for the reaction of LiAlHi, differ
appreciably from the analogous parameters in the case of
NaAlHi»: ΔΗ* = 9.9 and 17.5 kcal mol"1 respectively and
AS* = -26.2 and -5.4 e.u. respectively, which is attributed31*
to the more intense interaction of the ketone with Li+ in the
activated complex.

Under the same conditions as for mesityl phenyl ketone,
camphor was reduced 5 7 by LiAlH,, and NaAlHi,. The reaction
involving Li+ is also much faster than that with Na+, but its
kinetic orders with respect to LiAlHi, (1.0) and NaAlHi, (0.73)
are different. The authors explain this result by the dimer-
isation of NaAlHi, (in their view lithium tetrahydroaluminate
exists in the monomeric form in THF). However, one should
note that the association of ion pairs usually intensifies20

with decrease of the radius of the alkali metal cation. On
the other hand, when the data of Ashby and Boone31* are
used, it is easy to explain the observed kinetic orders with
respect to the tetrahydroaluminate. LiAlHi, reacts in the
form of free ions and solvate-separated ion pairs (these
species usually have 1 9 ' 2 0 comparable reactivities) and the

order with respect to the tetrahydroaluminate should there-
fore be close to unity. NaAlHi» is partly dissociated in
THF 3I* and reacts only in the form of H%A1~, so that the
order with respect to this reactant should be fractional.20

In a study of the reduction of camphor by LiAlHi», Wiegers
and Smith68 made a fairly strange observation: the reaction
is retarded by both LiBr and crown polyether. In order to
explain this finding, one may suppose that in this instance
LiBr not only plays the role of the electrophilic catalyst but
also suppresses the dissociation of LiAlHi, via the common ion
effect20 and the latter effect is more important.

Data concerning the influence of the nature of the cation
and the solvent on the stereochemistry of the reduction of
carbonyl compounds have been obtained in a number of
studies. The reaction of tetrahydroaluminates and tetra-
hydroborates with N-t-butylacetyl-2-aziridine, i .e .

( C H 3 ) 3 C

I) MBH«

νχΓ
ί OH H

. C H ,

(CH3)3

V X <w
ί rf OH

(CH 3 ) 3 C(XXVI)

and the reaction of N-t-butyl-2-formylaziridine with methyl-
lithium [cf.Eqn.(l l)] result in the formation of two prod-
ucts . 3 5 In the absence of additives in diglyme, the product
(XXVI) predominates (>98 and 92% in the reactions with
LiAlHi, and LiBHi, and 80 and 70% in the reactions with NaAlHi,
and NaBHi,), which is due to the formation of a complex by
the alkali metal cation with two heteroatoms of the substrate
(see above). The yield of compound (XXVI) is greater in
the case of Li+ than Na+, which is a consequence of the more
effective complex formation with the cation having a smaller
radius. In the presence of added cryptands and metal salts
in diglyme, the stereochemical result is determined by the
cation of the added salt, which indicates a high selectivity
in the complex formation reaction of the cryptand. In the
reaction involving LiAlHi», together with cryptand 221 + Nal,
the yield of compound (XXVI) is the same as in the reaction
with NaAlHi» in the absence of additives, while in the reaction
with NaBHi, + cryptand 221 + LiClOi, the yield is the same as
in the reaction with LiBHi, in the absence of additives.

Since in the reduction of N-t-butylacetyl-2-aziridine by
NaBHi, in methanol the carbonyl group is activated not only
by the alkali metal cation but also (no less effectively) by
solvent molecules, the stereoselectivity of the reaction is low:
the fraction of the product (XXVI) is about 40%.35 Only in
the presence of large amounts of LiClOi» is it possible to
increase the yield of compound (XXVI) to 90%.

The influence of the cation and the solvent on the stereo-
selectivity of the reduction of ot-chloropropiophenone is not
very pronounced:6 7

(XXVII)

The yield of compound (XXVII) increases with increase of the
solvating capacity of the solvent (on passing from ether to
DME) and in DME it diminishes only slightly with increase of
the radius of the cation. In almost all cases the yield of
compound (XXVII) under identical conditions is slightly
higher in the reaction with MAlHi, than in the reaction with
MBH.,. The yield of compound (XXVII) is 72% (LiAlH,,) and
68% (LiBH,,) in ether, and 94% (LiAlH,,) and 91% (LiBHi,) in
the presence of Li+ and 90% (NaAlH,,) and 88% (NaBH,,) in the
presence of Na+ in DME. The stereoselectivity is almost the
same in DME and methanol: in the reaction with NaBHi», the
yields of compound (XXVII) are respectively 88 and 85%. In
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both DME and me thanol, the composition of the products is
independent of the addition of inorganic solvents (LiBr,
NaBr).

The reaction conditions, namely the variation of the sol-
vent (ether, DME, met nan ol) and the cation (Li+, Na+) and
the addition of LiBr, has the same weak influence on the
stereochemistry of the reduction66 of 4-t-butylcyclohexanone
and 2-methylcyclohexanone by alkali metal tetrahydroalumi-
nates and tetrahydroborates. When the former ketone is
reduced, the yield of the cis-isomer varies in the range 11 to
15%, while in the latter case it varies in the range 22-39%.

The stereochemistry of the reduction of carbonyl compounds
has been examined in greater detail in Wigfield's review.73

V. CONCLUSION

Analysis of the available literature data on the reactions of
organic derivatives of alkali metals and alkali metal tetra-
hydroborates and tetrahydroaluminates with carbonyl com-
pounds permits the perfectly definite conclusion that the
rates of these reactions and the compositions of the products
formed can be varied within wide limits by altering the nature
of the medium and the metal atom. In certain cases the
observed effects permit a quantitative treatment, but usually
they can be understood only at a qualitative level, normally
by resorting to the idea that the cation is coordinated to the
carbonyl oxygen and other heteroatoms. Although the
mechanisms of many of the processes investigated have not
yet been elucidated in detail owing to the lack of sufficient
quantitative data, nevertheless Oi.e can already speak of the
existence of definite regularities, which may serve as a basis
for the successful planning of preparative experiments.
Thus it is quite evident that the stereoselectivity can be
increased by lowering the polarity of the solvent and by
decreasing the size of the alkali metal cation (sometimes by
replacing organic derivatives of alkali metals by organomag-
nesium compounds). The thermodynamic stability of the
adduct can be increased by the same procedures and hence
its yield can be increased. On the other hand, in order to
increase the rate of the nucleophilic addition of the organic
derivative of the alkali metal, one must intensify the solva-
tion of the cation, naturally without forgetting at the same
time the important role of the cation in the activation of the
carbonyl group.

One must assume that further studies on the reactions of
organic derivatives of alkali metals with carbonyl compounds,
carried out at an effective quantitative level, will permit the
final formulation of the idea concerning the role of the
various factors in these reactions and hence will make pos-
sible certain reliable predictions about the outcome of the
process in each specific instance.
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I. INTRODUCTION

Pericyclic reactions, including sigmatropic rearrangements,
have attracted much attention by chemists in recent years.1"3

In the first place this is because the [3, 3]sigmatropic shift,
which embraces also the Cope rearrangement,* gives rise to a
predictable regiostereoselectivity in the formation of new
bonds.5'6 No less important is also .he fact that new approaches
to the synthesis of a wide variety of heterocyclic and acyclic
structures have been demonstrated and interesting stereo-
chemical features of the rearrangement have been observed
with the aid of this reaction.

In the present review we shall consider studies devoted to
the theoretical and synthetic aspects of the Cope aza-rear-
rangement. Mainly studies carried out in 1978-1984, pub-
lished after the review of Heimgartner et al.7 which quotes
the literature up to 1977 inclusive, are discussed. In certain
instances earlier communications are invoked in order to pre-
serve the integrity of the exposition.

The thermal rearrangement of hexa-l,5-dienes (I), called
the Cope rearrangement,"* belongs to the class of [3, 3]sig-
matropic processes8 which proceed via the six-membered
transition state (II):

the carbon—carbon bond in the Fischer indole synthesis 1 1 ' 1 2

and the Piloty pyrrole synthesis: 1 3

0s

(I) (ID (HI)

The replacement of one or several carbon atoms in the diene
(I) by nitrogen leads to the corresponding aza-hexadiene
systems (IVa-c), for the rearrangement of which the term
the Cope aza-rearrangement has been proposed.9

When 3-azahexa-l,5-diene (V), in which one double bond
is incorporated in an aromatic nucleus, undergoes the Cope
rearrangement, then reactions of this type are frequently
referred to as the Claisen (V) •+• (VI) amino-rearrangement.10

ζ ο ο σ5)-αΓ
(IVa) (IV6) (IVB) (V) (VI)

On passing to 3,4-diazahexa-l,5-diene, systems of the type
of the enehydrazine (VII) or dienehydrazine (X) are pro-
duced , whose rearrangement is a stage in the formation of

(XII)

The transformations (V) •> (VI) and (VII) ->• (IX) can be
regarded as the Cope 3-aza- and 3,4-diaza-rearrangements.
A general classification of sigmatropic "Cope hetero-rearrange-
ments" has been published. l k

Apart from the reactions indicated, those involving systems
of type (IV), containing heteroatoms (O, S) other than the nitro-
gen atom, i .e. the Cope oxaza- and thiaza-rearrangements,
have been discussed.

The general postulates of the theory of sigmatropic rear-
rangements developed by Woodward and Hoffmann,8 mainly
for thermal non-catalytic reactions of hydrocarbons, were
subsequently extended to both thermal and catalytic reactions
of aliphatic and aromatic heterosystems.1 5

The following criteria were mainly used to assign these reac-
tions to the concerted [3, 3]shift type: the first order of the
reaction; the large negative activation entropies; compara-
tively small (by a factor of 20-30) changes in the rate after
the introduction of electron-donating or electron-accepting
substituents; the inversion of allyl groups; the retention of
optical activity in the products when the initial molecule was
optically active. The mechanism of the Cope 3-oxa-rearrange-
ment of a series of allyl vinyl1 7 and allyl aryl ethers 1 7 (the
aliphatic and aromatic Claisen rearrangements), their thio-
analogues,1 8 (the Claisen thia-rearrangement), and the allyl
esters of carboxylic acids,1 9 for example, has been established
with the aid of these criteria.

Numerous experimental data obtained in the course of these
investigations demonstrated that the Cope rearrangements anc
the Cope hetero-rearrangements are much faster for charged
or highly polarised systems. 1 ~ 3 ' 7 Reactions of this type hav
been called charge-induced20'21 and charge-accelerated22 [3, 3
sigmatropic rearrangements.
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The charge-induced reactions are in fact of greatest interest
for the Cope aza-rearrangements, because they facilitate sig-
nificantly the conditions under which they can be carried out
and increase the yield of products.

At the same time, as stated in a review,7 the available
information about the mechanism of these reactions is limited.
Definite progress has been achieved in this respect only
recently (see Sections II-VI).

I I . THE COPE 3-AZA-REARRANCEMENT

1. The Aliphatic Cope 3-Aza-rearrangement

One of the first examples of the aliphatic Cope 3-aza-rear-
rangement was described in a study10 where it was shown that
it proceeds via a transition state in the chair conformation.
Since the thermal Cope 3-aza-rearrangement usually requires
high temperatures, attempts have been made to achieve the
reaction under mild conditions using Lewis acids,23'21f sul-
phuric acid,25 and TiCl^ 2 6 as catalysts.

Thus the reaction of the aldehydes (XIII) with N-(l'methyl-
allyl)-aniline (XIV) (benzene, TiCli,) leads to the formation of
the intermediate (XV) which rearranges to the imine (XVI),
whose hydrolysis affords the aldehyde (XVII):

^CHCHO + PhNH-CH-CH=CH,
* / |

CH
(XIII) (XIV)

_^ \/—CH,CH=CHCH,

"* j / X — N P h

(XVI)

If the optically active amine S-(XIV) with [a]^ = 1.47° is
introduced into the reaction with 2,2-dimethylcyclopentanal-
dehyde (XVIII), then the trans-aldehyde (XX) with [OL]Q =
-2.53° and having the R-configuration is formed via the
intermediate S-(XIX):26

CH 3 CH 3

> < / C H 0

[ J + S-(XIV)

H2OAc

Β-(XX) (XXI)

By reduction with sodium tetrahydroborate, acetylation,
and oxidation with permanganate, compound (XX) was con-
verted into the acid (XXI), which is an important intermediate
in the synthesis of an optically active pheromone.27

One of the disadvantages of the above transformation (XV) •*•
(XVII) is the necessity to employ optically pure allyl sub-
strates in order to obtain optically pure products. Further-
more , the chirality in the initial optical centre is lost during
the reaction. An attempt to overcome these difficulties has
been made in a theoretically and synthetically important study28

in which asymmetric induction was achieved in the Cope 3-aza-
rearrangement by means of an auxiliary reagent. The authors
began with the hypothesis that an auxiliary chiral centre bound
covalently to the nitrogen atom would create a transition state
bias in the Cope aza-rearrangement. In order to enhance to the

maximum possible extent the topological influence of the aux-
iliary chiral reagent, this centre, the nitrogen atom, and the
C(l) atom of the vinyl fragment (denoted by an asterisk)
were incorporated in the five-membered oxazoline ring:

Scheme 1

(XXII) (XXIII) (XXIV)

Idecalin, 155C

for(xxiv.)

Λ-(XXV) S-(XXV)

«-(XXV) : S-(XXV) » 87: 13

(XXII)-(XXVI)

a) B'-CHj. R2 = R3 = H

b ) R * = C H 3 , R ' « R 3 - H
ί

|for (XXIVb)

R -(XXVI) S-(XXVIl

Λ - (XXVI) :S- (XXVI) = 87: 13 for X X I V b )

Λ - (XXVI): S- (XXVI)» 14 : 86 for X X I V c )

The salts (XXIIIa-c) were obtained from the oxazolines
(XXIIa-c) with the aid of allyl toluene-p-sulphonates. The
neutralisation of the salts (XXIIIa-c) leads to the NO-acetals
(XXIVa-c) which rearrange in decalin, without isolation, to
the oxazolines (XXV) and (XXVI) in yields exceeding 85%
(Scheme 1).

The diastereoselectivity of this Cope 3-aza-rearrangement
was determined in the following manner. The oxazoline (XXV)
was hydrolysed (3 Ν HC1 90 °C, 1.5 h) and the subsequent
optical measurement showed that R-(-)-2-methylpent-4-enoic
acid is formed in excess so that compound (XXIVa) rear-
ranges predominantly to the oxazoline R-(XXV). The ratios
of the diastereoisomeric oxazolines R-(XXV)/S-(XXV) and
R-(XXVI)/S-(XXVI) were established by means of high-pres-
sure liquid chromatography. Analysis of the high-resolution
XH NMR spectra (500 MHz) of the N-methyl-oxazolinium salts
obtained from compounds (XXV) and (XXVI) by methylation
with dimethyl sulphate demonstrated that one of the diastereo-
isomers is present in 72—74% excess in the rearrangements
(XXIVa) •*• R-(XXV), (XXIVb) -*• R-(XXVI), and (XXIVc) ->-
S-(XXVI).

The rearrangement of the enammonium salt (XXVII) under
mild conditions (20 °C) under the influence of bases has been
described.29 The hydrolysis of the resulting amine (XXVIII)
leads to the aldehyde (XXIX):

Scneme 2

(XXIX)

(XXIX).
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The aldehyde (XXIX) also arises as a result of the Cope
3-aza-rearrangement when a benzene solution of the bromo-
derivative (XXX) is maintained at room temperature2 9 (Scheme 2).

A promising method for the generation of the quaternary
carbon centre under mild conditions with the aid of the Cope
3-aza-rearrangement of the enammonium salts (XXXII) has
been proposed:30

CH,
(XXXI)

CH, CH, R*
(XXXII)

Γ
-» CH,=L

e/CH.l

XCH,J
C—CH,—C—CH=

ί I·
The advantage of this method over that proposed previ-

ously3 1 is because the allylenamines (XXXI) were obtained by
the selective JV-alkylation of the corresponding allylamines,
which made it possible to avoid the difficulties quoted by
Opitz et a l . 3 1 associated with the fact that, when vinylamines
were used as the initial compounds for the synthesis of struc-
tures of type (XXXII), the formation of a mixture of isomers
was observed as a result of the simultaneous occurrence of
the C- and JV-allylation reactions.

The Cope 3-aza-rearrangement has been used successfully
to synthesise the pyridines (XXXIV) from the propargyl-
vinylamines (XXXIII):32

(XXXIII)

(XXXIV)

The addition of the allylamine (XXXV) to methyl propionate
with the subsequent Cope 3-aza-rearrangement of the inter-
mediate (XXXVI) leads to the imine (XXXVII):33

«-COOCH,

Η

1 t».»i

(XXXV) (XXXVI) (XXXVII)

The acid-catalysed reaction of N-(g-cyclohexenoyl)iso-
quinuclidines (XXXVIII), leading to the tetracyclic skeleton
of the type of lycorane (XL), has been described in a recently
published study31* in which the investigation3 5"3 9 of the Cope
aza-rearrangement initiated previously was continued.

<XXXVIH)

The lactam (XXXIX) is a precursor of the lactam (XL),
since only compound (XL) is formed in 40% yield when the
reaction is carried out over a period of 48 h.

It is assumed that the hexahydroisoquinoline ring (XLIII)
is formed via the elimination of a proton from the intermediate
(XLII), which arises from vinylisoquinuclidine (XLI) as a
result of the Cope 3-aza-rearrangement:35

[3,3]

r—R

(XLI) (XLII) (XLIII)

In certain cases the Cope aza-rearrangement may be accom
panied by side reactions (see also Section III). Thus the
rearrangement of the amidinium salt (XLVI) via the base
(XLVII) leads both to the [3, 3]sigmatropic rearrangement
product (XLVIII) and to the product (XLIX) of the intra-
molecular aldol addition38 (Scheme 3).

Scheme 3

Ji^N-C^s ν*
1 25°

ι—Λ
(XLIV)

Hal-

(XLV) (XLVI) R

XTHF, 25°

(L)

a)x-H
b) x-K(cft3)2

Systems of type (XLVII) merit attention from the standpoint
of the elucidation of the influence of electronic factors on the
Cope 3-aza-rearrangement, because they contain both elec-
tron-donating (/N-CH 3 ) and electron-accepting ( - C ^ ) sub-

stituents. The dialkylamino-group is known to accelerate
the Cope οxa-rearrangement.2 On the other hand, the rear-
rangement of the amine (La) take place at 170 °C, 2 6 while that
of the diamine (Lb) occurs at 280 °C. 3 9

It might have been expected that the simultaneous presence
of electron-donating and electron-accepting substituents in a
system of type (L) would facilitate the Cope aza-rearrange-
ment. However, it has been found that the rearrangement
of the diene (LI), formed from the corresponding amidinium
salt on treatment with sodium hydride, takes place even at
room temperature and is 106-108 times faster than the rear-
rangement of the amine (Lb). 3 8

2. Aromatic Cope 3-Aza-rearrangement

The influence of electronic and steric factors on the course
of the aromatic Cope 3-aza-rearrangement of N-allylanilines
[the base (LII) and the salts (LIII)-(LV)]'·0"'*2 and the cor-
responding tetrahydroquinolines (LXI) and (LXII)1*2'1*3 has
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been investigated in a series of studies by Japanese workers'*0"*1

(Scheme 4):

(LXI)

The concerted reaction mechanism was confirmed in relation
to the rearrangement of the N-crotyl salt (LIII) ( 2 : 1 glyc-
erol-water mixture, 140 °C, 4 h ) . The reaction proceeds
via the transition state (LVI) and the aniline (LVIII) with an
inverted allyl group is formed. The rearrangement of the
quinolines (LXII) takes place via the transition state (LXIII)
in the chair conformation, leading to the intermediate (LXIV),
from which the quinolines (LXV) and (LXVII) are formed.
The intermediate (LXIV) may undergo the usual Cope rear-
rangement (LXIV) -*• (LXVI) •*- (LXVII), which leads to the
formation of 6-substituted quinolines (LXVII) with a high
stereoisomeric purity. In contrast to anilines with R=H and
the quinolines (LXI) and (LXII), the oriho-substituted allyl-
anilines (LIV), (LV) afford mainly deallylation and not rear-
rangement products, which can be accounted for by the steric
interaction between the groups R and R1 in the transition
state (LVI).1*2 The decrease in the yield of 8-allylquinolines
(LXV) on passing from the unsubstituted to the mono- and
di-methylallyl groups is associated with increase in the steric
interaction of the alkyl groups with the proton in the 8-posi-
tion in the quinoline ring in the transition state (LXIII).

An interesting result has been obtained in the study of the
Cope 3-aza-rearrangement of bromo-derivatives of the 4-allyl-
julolidines (LXVIII) and their 9-substituted analogues (LXXa to
c)1*1 (Scheme 5 ) . The products (LXXIa-c), involving the
rearrangement to the meta-position, were discovered first
(the analogous Claisen meta-rearrangement is known for the
reaction of allyl 2,4,6-trimethylphenyl ether in the presence
of BC13 **'*):

Scheme 5

(LXX) a) κ* ΟΜ·. κ1 · ca,
b)»»OH
C)H-CH,

(LXXIa-c)

A mechanism involving two consecutive [3, 3]sigmatropic
shifts [the transformation (LXVIII) + (LXIX) takes place
analogously] and a [1, 2]shift with elimination of a hydrogen
bromide molecule has been proposed for the rearrangement
(LXX) + (LXXI) (Scheme 5).

The aromatic*5""51 Cope 3-aza-rearrangement of various
N-alkenylanilines has been investigated. It has been shown that
the rearrangement of N-(l-methyl-2-butenyl) aniline (LXXII)
is catalysed by the hydrochlorides of aromatic amines and
Lewis adds and that the best yield of the corresponding
ortho- and para-alkenylanilines is attained in the presence of
ZnCl2 [the yield of (LXXIII) + (LXXIV) is 97%] c1*5'50

NH,

(LXXII) (LXXIII)

NH,

0
(LXXIV)

An analogous reaction has been achieved for octa,2,7-dienyl-
aniline1*6 and N-(l-methyl-2-butenyl)-2,5-xylidine.51

The rearrangement of N-alkenylanilines proved to be an
effective method for the synthesis of various C-substituted
anilines:1*7·1*8

NHR

+ CH.-CH-CH-CHCH,
130°,4h.

R1

(LXXV)

CH,

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

(LXXVI)

R1 - R3 - alkyl, halogen, OCH3,
R = alkyl.

i
(LXXVII)

HR

N-Alkenylanilines (LXXVI), formed in the reaction of sub-
stituted anilines (LXXV) with 4-chloro-trans-pent-2-ene, are
immediately converted into the corresponding product (LXXVII)
under the reaction conditions.

The kinetics of the acid-catalysed Cope 3-aza-rearrangement
of various N-allylanilines of type (LXXV) in nitrobenzene have
been investigated1*9 and it has been shown that in all cases
the rearrangement is accompanied by elimination, but that the
contribution of the latter is different for different substitu-
ents. For equal initial concentrations of aniline and hydro-
chloric acid, the reaction is described by a first-order equa-
tion. The results have been explained from the standpoint
of the formation of a contact ion pair from PhNHR.HCl, which
can either undergo a rearrangement to 2-allylaniline in the
solvent cage or elimination.
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The influence of electron-accepting groups on the regio-
selectivity of the aromatic Cope 3-aza-rearrangement of meta-
substituted anilinium salts, (LXXVIII) -»• (LXXIX) ·*• (LXXX),
has been studied ιS2

CftCOOH .

(LXXVIII)

v\m. sAiNH, γ ΧΝΗ,

(LXXIX) R

O N / N (LXXX)

•-a

(LXXIX): (LXXX)

a
«N

2.9:1

(LXXXI)

b c d
CO.CH, NO, F
(LXXIX) 1:10 1:3.7

not detected

CF,
1:2

In all cases [with the exception of m-cyanoaniline (LXXVIIIa)],
the preferential formation of products in the rearrangement
to the p-position relative to the substituent X was observed.
These data have been explained52 by the steric influence of
the group X, because the activation energy for the transition
to the isomer (LXXIX) is lower than that for the transition to
the isomer (LXXX).53 The transformation (LXXVIIIa) •+
(LXXIXa) is of undoubted interest, since it permits the syn-
thesis of the Uhle's ketone (LXXXI), which is a key inter-
mediate on the way to ergot alkaloids.5lt

The [3, 3]sigmatropic rearrangement of the betaine (LXXXII)
leads to a mixture of the phenols (LXXXIII) and (LXXXIV), the
main product being the isomer (LXXXIII) [(LXXXIII): (LXXXIV) =
4 : 1 ] . "

(LXXXII) (LXXXIII)

The exceptionally mild reaction conditions are associated with
the possibility of the delocalisation of the charge in the course
of the rearrangement. 5 5

Japanese workers5 6 investigated the influence of substitu-
ents in the allyl group on the thermal aromatic Cope 3-aza-
rearrangement of N-allyl-JV-tosyl-ot-naphthylamines (LXXXV) -»•
(LXXXVI):

(LXXXV a-d) (LXXXVI a-d)
a) R=R»=H, RW-CH,
b)R=R»=H. R»=CH,
c) R»=R*=H, R=CHt

, R=Ph

(LXXXV). (LXXXVI)

The formation of the naphthylamines (LXXXVIa, c, d) from
the amines (LXXXVa, c, d) indicates the concerted character
of the rearrangement.

In the rearrangement of compounds (LXXXVb), (LXXXVc),
and (LXXXVd), the corresponding 4-substituted naphthyl-
amines are formed in addition. The para/ortho product ratio
increases in the series of amines (LXXXVb) < (LXXXVc) <
(LXXXVd), which supports the occurrence of consecutive

[3, 3]sigmatropic shifts, whose driving force is the steric
interaction between the tosylamino-group and the 1-substi-
tuted allyl group.

The influence of the aromatic ring on the rate of the ther-
mal Cope 3-aza-rearrangement of N-allyl-N-methanesulphonyl-
amines [the aniline (LXXXVII), the 1- and 2-naphthylamines
(LXXXVIII) and (LXXXIX), and the 2-, 3-, and 9-phenan-
thrylamines (XC), (XCI), and (XCII)] in NN-dibutyl-aniline
containing a small amount of triphenylphosphine has been
studied: 5 7

(LXXXVII)-(XCII) (LXXXVII«)-(XCIIa)

(LXXXVIII), (LXXXIX)

tXC)-(XCU)

In all cases the rearrangement (LXXXVII) ->- (XCII) •>

(LXXXVIIa) •*• (XCIIa) obeys a first-order kinetic equation

and has negative activation entropies, which suggested a con-
certed process mechanism.57

The highest rate of rearrangement has been observed for
N-allyl-N-methanesulphonyl-l-naphthylamine (LXXXVIII) and
N-allyl-N-methanesulphonyl-9-phenanthrylamine (XCII). The
data (Ink) obtained are satisfactorily correlated (r = 0.991;
s = 0.290) with the corresponding delocalisation energies.

An analogous correlation of the logarithms of the rate con-
stants with the localisation energies has been observed also
for the Claisen rearrangement of the corresponding o-allyl
ethers of phenol, naphthol, and phenanthrol (r = 0.999; s =
0.110).57

I I I . THE COPE 2-AZA-REARRANGEMENT

The Cope 2-aza-rearrangement of 3-butenylimines (XCIII)
is degenerate:

CHS CH,

r
(XCIII) (XCIII) (XCIV) (XCIV)

The equilibrium position in substituted systems of type
(XCIII) can be established on the basis of "secondary" struc-
tural factors such as, for example, steric interactions or the
conjugation effect in the reactants and products. 7 A number
of instances of rearrangements of systems (XCIII) and (XCIV)
have been quoted in a review.7 It has been established that,
as a rule, iminium salts of type (XCIV) rearrange under much
milder conditions than the isoelectronic type (I) Cope systems
and the rearrangement is faster than the reaction of the
uncharged imine (XCIII).7

One of the latest studies devoted to the comparative inves-
tigations of the Cope rearrangement and its 2-aza-analogue
has been carried out by French investigators. 5 8 The thermol-
ysis of the model 2//-pyrrole (XCV), which has no substitu-
ents in the 4- and 5- positions (170 °C, 3.5 h ) , led to the
isolation in 90% yield of one product (XCVI), whose formation
has been explained by the Cope 2-aza-rearrangement with
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subsequent migration of hydrogen:

Scheme 6

ttcni) (XCV) (XCVI)

The following oonclusions have been reached concerning the
possibility of the migration of the trans-crotyl group. s e If
the 2ff-pyrrole is uneubstituted in the 3- and 4-positions,
then the [1, 5]shift to the 3-position takes place; when the
4-position is the only one remaining free, the Cope rearrange-
ment [migration to C(4)] is observed; finally, when the 4-
and 5-positions are free, only the Cope 2-aza-rearrangement
[migration to C(5)] takes place. The absence of the Cope
rearrangement (XCV) •*• (XCVII) has been explained by the
difference in the interaction of the frontier orbitals of pyrrole
and the allyl group in the two transition states leading respec-
tively to the Cope reaction and the Cope 2-aza-reaction. The
difference between the amplitudes of the atomic orbitals of
the carbon atoms in the 4- and 5-positions demonstrates the
possibility of the migration to the C(4) atom58 (Scheme 6).
The data obtained in the above study made it possible to
account for earlier experimental observations. 5 9 ' 6 0

The finding that the thermolysis of the pyrrole (XCVIII)
does not lead to the product (XCIX) of the Cope aza-rear-
rangement60 can be logically explained by the following fac-
tors: firstly, the rate constant k2 for the reversible isomeri-
sation (XCVIII) t (XCIX) is higher than fci; secondly, the
slower Cope reaction converts the pyrole (XCVIII) into the
3H-pyrrole (C), which isomerises irreversibly to the pyrrole
(CI); thirdly the 1,5-migration with formation of the pyrrole
(CII) is not observed when the 3-position is substituted 5 8

(Scheme 7):

Scheme 7

V(χαχ) (XCVIII)

(αϊ)

"* ΙΙΡΑΑΙΗ

The formation of 2-(l,l-dimethyl-2-propenyl)-A3-oxazolinone
shows that the reaction proceeds via the [3, 3]sigmatropic and
not the [1, 3]sigmatropic shift. 6 1

In recent years the Cope 2-aza-rearrangement has been
widely used by several groups of investigators for the syn-
thesis of various heterocyclic systems.

A series of s tudies 6 2 " 7 1 have been devoted to the "directed"
Cope 2-aza-rearrangement of charged systems of type (XCIV).
The condensation of the aldehyde (CHI) with salts of secon-
dary amines (CIV) leads to the iminium salts (CV), which
undergo the [3, 3]sigmatropic rearrangement to the inter-
mediates (CVI), which are further transformed via the oxo-
nium cation (CVII) into the acylpyrrolidines (CVIII) in 80 to
95% yield62 (Scheme 8):

Scheme 8

(cm)

(CVH) R ' - R 4 - alkyl. (cvni)

The reaction described constitutes a new method of synthesis
of the pyrrolidine ring. The cationic Cope aza-rearrange-
ment and the Mannich reaction have been used consecutively
to synthesise poly-substituted pyrrolidines of type (CVIII)
(isoprene) derivatives were used as the initial compounds).69

It has been shown63 that the imminium ion (CX) [an ana-
logue of the ion (CV)] can be generated from the oxazolidine
precursor (CIX), which permitted the synthesis of substi-
tuted l-aza-spiro-[4, 5]decanes (CXI):

BSOjH

(CIX) (CXI)

A reaction in which the iminium ion is formed intramolec-
ularly has been used for the single-stage synthesis of the
indolizine (CXIII) t(CXII) ->• (CXIII)], 7 0 which is a key com-
pound on the way to the alkaloid DL-perhydrogenphyrotoxin
(CXIV):

(Q (CD

The Cope 2-aza-rearrangement has been observed in the
series of oxazoles.61 Thus the thermolysis (162 °C, ben-
zene) of allyl-substituted Δ 2-oxazolinones leads to the Δ 3 -
oxazolinone system:

BS0.H

(CXII) (CXIII)

A novel method of synthesis of the pyrrolidine ring, invol-
ving the consecutive occurrence of two processes, namely
ring expansion and contraction, has been demonstrated in the
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synthesis of ds 3a-aryl-octahydroindolones [Scheme 8, (CXV) -
(CXVIII), R = CHPhj,].6"'66 This reaction makes it possible
to achieve a new stereoselective synthesis of the alkaloid
crinin (CXIX).

The formation of the cis-product (CXVIII) follows from the
trans -orientation of the amino- and vinyl groups in the amine
(CXV). As a result of such trans-disposition, the iminium
ion undergoes the Cope 2-aza-rearrangement via the only
possible transition state in the chair conformation, affording
trans, trctns-azacyclonona-l,6-diene (CXVII). The latter is
converted stereospecifically into the cis-intermediate (CXVIII)
after the intramolecular Mannich ring closure.

The above method of ring expansion with the subsequent
formation of the pyrrolidine ring has been used successfully
for the synthesis of the complex 9a-arylhydrolilodine system
[(CXX) -»• (CXXII)], which is the basis of the Aspidosperma
alkaloids:65

(CXX) (CXXI) (CXXII), 85%

The synthetic possibilities of the cationic Cope 2-aza-rear-
rangement have also been demonstrated in relation to the
stereospecific synthesis of cis- and trans-3a-aryl-4-oxodeca-
hydrocyclohepta[b]pyrroles (CXXVI): 67 '68>n

Scheme 9

(CXXVI)

In the case of the cyclohexanols (CXXIIIa, b) , with the
irans-disposition of the vinyl and amino-groups, the rear-
rangement leads to the cis-pyrrolidine (CXXVI) via the imi-
nium cation (CXXIV) and the intermediate trans, trans-aza-
cyclodeca-l,7-diene (CXXV) (cf. with Scheme 8a).

Instances of the Cope 2-aza-rearrangement enumerated
above (see, for example, Overman and co-workers62'63) are
either thermal or acid-catalysed processes. However, it has
been shown65 that the above rearrangement can be achieved

under exceptionally mild conditions in the presence of a base
(Scheme 10):

Scheme 10

(CXXVII) (CXXVIII) (CXXIX)

(cxxx)

R1, R2 = alkyl, cycloalkyl, aryl.

On heating in THF (at 25 °C) for 24 h in the presence of
1.5 equivalents of KH and 0.1 of an equivalent of 18-crown-6
ether, 5-vinyl-oxazolidines (CXXVII) give rise to the pyr-
rolidines (CXXX) in 50-90% yield. Potassium hydride con-
verts the oxazolidine (CXXVII) into the intermediate (CXXVIII),
which undergoes the [3, 3]sigmatropic rearrangement to the
enolate anion (CXXIX), which effects ring closure to 3-acetyl-
pyrrolidine (CXXX) via the intramolecular endocyclic attack
on the imino-group. The transformation (CXXVII) ->- (CXXX)
constitutes the first example of the base catalysis of the Cope
hydroxy-2-aza-rearrangement (the acceleration of the usual
Cope hydroxy-rearrangement by bases is well-known73"76).

The Cope 2-aza-rearrangement of N-acyliminium salts has
been used in a number of studies to synthesise heterocyclic
systems.77"81 A rearrangement of this kind was described
for the first time in a study77 where it was shown that treat-
ment of the carbinolamide (CXXXI) with formic acid leads to
the pyrrolizidinone (CXXXIV):

(CXXX1) (CXXXII) (cxxxm) (cxxxrv)

A key s tage is the Cope 2-aza-rearrangement of t h e N-acyl-
iminium ion (CXXXII) with the subsequent cyclisation of the
intermediate (CXXXIII) to the formate (CXXXIV). Later th i s
method was used to syn thes i se a ser ies of pyrrol izidine
b a s e s . 7 8

The mechanism of t he Cope 2-aza-rearrangement of JV-acyl-
iminium sal ts has been inves t iga ted 7 9 " 8 1 and it has been e s t a b -
lished that the pyrrol idinones (CXXXV)-(CXXXVI) can react
via two pathways in an acid medium. 7 9 " 8 1 One of them leads
to the pyrrol izidine system (P)80>B1 and the o ther leads to the
indolizidines (C) (Scheme 11).

Scheme 11

(D)

(CXXXVI)
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Both processes proceed via a stage involving the formation of
the "secondary" iminium ion (A), which either undergoes the
reversible Cope 2-aza-rearrangement to the "primary" iminium
ion (B) and then rapidly cyclises (the relevant kinetic data
have been published81) to the pyrrolizidine (D) or is immedi-
ately converted into the indolizidine (C) in a slow stage. The
lactams (CXXXVI) containing an allene residue react analo-
gously. The pathway followed in the reactions of the lactams
(CXXXV) and (CXXXVI) and the ratio of the products (C)
and (D) depend on the nature of the groups R, R1, and R2 in
the pyrrole ring and in the allyl component of the molecule.79"81

IV. THE COPE 3,t~DIAZA-REARRANGEMENT

As stated in the introduction, the Cope 3,4-diaza-rearrange-
ment of the enehydrazines (VII) and (X) is in essence a stage
in the formation of the C-C bond in the Fischer indole syn-
thesis and in the Piloty pyrrole synthesis.

The idea that these reactions be considered from the stand-
point of [3, 3]sigmatropic rearrangements was first put for-
ward in two reviews.11'13 A number of studies devoted to
the elucidation of the mechanism of the thermal and acid-cata-
lysed Cope 3,4-diaza-rearrangements have been discussed in
a monograph.7 New results demonstrating the validity of the
approach to the mechanism of the rearrangement of enehydra-
zines from the standpoint of the theory of concerted processes
have been obtained in recent years.

The rearrangement of the model divinylhydrazine (CXXXVII)
has been investigated82 by the MINDO/3 method (Scheme 12).

Scheme 12

(CXXXVII) _ (CXXXVIII) _ (CXI)

X

(CXXXIX)

N-methyl-phenylhydrazones (CXLII) to the tetrahydrocarba-
zoles (CXLIV)82·81· (Scheme 13).

Scheme 13

°tt°
(CXLI)

(CXLII)
B«H,CHj,a, Br, OCH,.

(aan) (cnub)

It has been established that both the thermal and acid-
catalysed rearrangements of the enehydrazine (CXLI) are
faster than the corresponding reactions of the hydrazones
(CXLII), which indicates a significant contribution by the
stage (CXLII) -*• (CXLIa) to the overall rate of the process.82

Substituents of different types and solvent polarity have
little influence on the rate of conversion of the hydrazones
(CXLII) into indoles, which proceeds in accordance with a
first-order equation and in addition this reaction has fairly
high negative activation entropies in all cases.82·81*

The acidity of the medium has an appreciable influence on
the rate of the transformations (CXLI) -»• (CXLIV) and (CXLII) -»•
(CXLIV). Thus the factor by which the sulphuric acid-
catalysed (two moles of acid per mole of reactant) rearrange-
ment of the enehydrazine (CXLI) is accelerated compared with
the thermal rearrangement at 60 °C is ~400,82 which agrees
with other data.85'86

This finding supports the charge-induced pericyclic reac-
tion.2 0 This reaction takes place so rapidly because the
positive charge in the six-membered transition state (CXLV)
is delocalised between the six atoms of the reacting system.
An analogous acceleration has been observed in the aromatic
Cope 3-aza-rearrangement (Section II).

The MINDO/3 calculation showed that the transition state
(CXXXVIII) in the [3, 3]sigmatropic migration (CXXXVII) -•
(CXL) has the chair structure (C2 symmetry), which indicated
an analogy with the rearrangement of hexa-l,5-diene.8 The
multistage mechanism involving the formation of the radical
pair (CXXXIX) is energetically less favourable (by 8.2 kcal
mol"1) than the concerted mechanism, but such a small dif-
ference between the energies of the two migration mechanisms
does not allow the complete exclusion of homolysis from the
general scheme of the rearrangement82 (the concerted mecha-
nism of the Cope rearrangement involving hexa-l,5-diene is
more favourable to the extent of 33.4 kcal mol"1 than the
multi-stage mechanism83).

Experimental confirmation of the concerted mechanism in the
stage involving the formation of the carbon-carbon bond in
the Fischer reaction, (CXLI) ->• (CXLIII) and (CXLIa) to
(CXLIIIa), has been obtained on the basis of kinetic data for
the rearrangement of NN'-dimethyl-N-phenyl-N'-(l-cyclo-
hexenyl)hydrazine (CXLI) and substituted cyclohexanone

(CXLV)

The main stage in the synthesis of the tryptamines (CL)
and related structures from γ-halogenocarbonyl compounds
(CXLVII) (or their δ-analogues) and th* arylhydrazines
(CXLVI), namely the formation of the C-C bond via the reac-
tion (CXLVIII) -*• (CXLIX), is also a type of the Cope 3,4-
diaza-rearrangement and proceeds via the mechanism of the
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[3,3]sigmatropic rearrangement (Scheme 14) (see the relevant
review*7 and the literature quoted therein).

Scheme 14

R1 - R3
(CL)

alkyl, aryl, arylalkyl; X halogen.

This reaction is a special case of the Fischer indole syn-
thesis without the evolution of ammonia.

Numerous studies of various aspects of the mechanism of
the Fischer reaction have been published in recent years.
Thus the possibility of the formation of intermediates and
their structures has been investigated by 1 3C NMR,88 15N
NMR,89 and mass spectrometry.9 0 The influence of the elec-
tronic and steric factors on the direction of the indole forma-
tion reaction, its mechanism, and the ratio of the isomeric
products has been s tudied. 9 1 " 1 0 0 The results of the com-
parative investigation of the Fischer indole synthesis and of
the "anomalous" [3,5]- and [5, 5]-sigmatropic rearrangement
of various o-substituted arylhydrazones and also the migra-
tion of the substituents in these systems have been discussed
in detail in a review103 and recent communications.102'103

The authors of the above s tudies 9 1 " 1 U 3 adhere to the con-
cept of the concerted character of the carbon—carbon bond
formation stage in the Fischer reaction.

An interesting example of the Cope 3,4-diaza-rearrangement,
namely (CLI) -*• (CLIII) has been observed for the adduct
(CLI) formed in the reaction of phenylhydrazine with an
allene nitrite 1 0" (Scheme 15):

Scheme IS

«ΧΠ) (CLV)

Since the enehydrazine (CLII) (isolated in a pure state)
does not undergo the [3,3]sigmatropic rearrangement and
gives rise to the pyrazole (CLV), the formation of the indo-
line (CLIV) from this enehydrazine can be explained by the
prototropic isomerisation (CLII) •*• (CLI) with the subsequent
Cope 3,4-diaza-rearrangement.m

The latest advances in the chemistry of t h e enehydraz ines
of type (VIII), including their ability to u n d e r g o t h e Cope
3,4-diaza-rearrangement with formation of pyr ro le sys tems,
have been analysed in detail in a r e v i e w . 1 0 5

We shall mention only the s t u d y 1 0 6 in which a general method
has been proposed for the synthes i s of the p y r r o l e s (CLIX)
and (CLX) from t h e azines of t h e enolysable a ldehydes and
ketones (CLVI) via t h e concerted thermal rear rangement
(CLVII) •*• (CLVIII) of t h e benzoyl der ivat ives (CLVII):

B'CH2'

(CLIX) RS-COP1

(CLX) R*-H

The dienehydrazines (CLVII), which are fairly stable com-
pounds (characterised by 2H NMR), have been used in the
synthesis of the pyrroles (CLIX) without isolation. The
hydrazinolysis of the latter made it possible to obtain readily
the pyrroles (CLX).

V. THE COPE 2,5-, 2,3-, AND 1,3-DIAZA-REARRANCEMENTS

The Cope 2,5-diaza-rearrangement is in the general case a
reversible process and in the absence of substituents is a
degenerate process:

However, the directed Cope 2,5-diaza-rearrangement (CLXI) -»
(CLXII)107 has been achieved for the double Schiff base (CLXI)
containing the 2-hydroxyphenyl group (see also Heimgartner
et al. 7). The subsequent hydrolysis of the diimine (CLXII)
leads to a carbonyl compound and meso-l,2-diaryl-l,2-ethyl-
enediamine:

'"V^CHR1 [3.3
CHR1

(CLXI) (CLXII)

b) R1 -2-C 4 H 4 N, R 2"2-HOC tH 4

In the given instance the relative stability of the diimines
(CLXIIa) and (CLXIIb) is due to the presence of the intra-
molecular hydrogen bond between the imine nitrogen atom and
the phenolic hydroxyl.

The possibility of the thermal Cope 2,5-diaza-rearrangemeni
was first demonstrated in 1965 for trans- 1,2-bis(benzylidene-
amino)cyclopropane (CLXIV, R = Ph); the reaction yielded
2,3-diphenyl-2,3-dihydro-lH,l,4-diazepine (CLXV)108 (Scheme
16). However, the stereochemistry of the process remained
unelucidated.

Scheme 16

(CLXV)

(CLXIV)
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The thermal rearrangement of the cis- and trans-bisimines
(CLXIII) and (CLXIV) (R = t-butyl, phenyl, p-tolyl, or
mesityl), formed from the corresponding diaminocyclopro-
panes, has been investigated.109 It was found that in all
cases the only reaction product is a cis-substituted dihydro-
diazepine (CLXV). This result demonstrates that the Cope
2,5-diaza-rearrangement involves one structure with the
same configuration at both C=N bonds [for the inline (CLXIII)
this is the EE-configuration ] . A strong influence of the
t-butyl groups on the rearrangement of the bis-imines (CLXIII)
and (CLXIV) has been observed. Thus the cis-imine (CLXIII,
R = t-Bu) is only slowly converted into the diazepine (CLXV)
at 100 °C (93 h, yield 49%), while the reaction of cfs-diamino-
cyclopropane with benzaldehyde at 0 °C leads to a 90% yield
of the diazepine (CLXV, R = Ph). This effect can be explained
by the fact that, in the formation of the C(2)-C(3) bond in
2,3-dihydro-l,4-diazepine, the substituents must have an
eclipsed disposition, and in the case of two t-butyl groups
this destabilises the molecule to the extent of 63 kJ mol"1.109

We may note that the Cope 2,5-diaza-rearrangement, illu-
strated in Scheme 16, constitutes one of the important prep-
arative methods whereby it is possible to achieve ring expan-
sion by four units at once with formation of a heterocyclic
system (the Claisen rearrangement and the Cope hydroxy-
rearrangement have also been studied for this purpose, but
these processes involve the formation of carbocyclic com-
pounds110) .

The Cope 2,3-diaza-rearrangement of N-alkyl-N-allylhydra-
zones (CLXVI) has been proposed for the preparative syn-
thesis of the γΰ-unsaturated azo-compounds (CLXVIII)111

[the thermolysis of the hydrazone (CLXVII) led to the alkene
(CLXIX)112]:

R—N=

(CLXVIH) (CLXIX)(CLXVI), (CLXVII)
(CLXVII) :R=R»=R*=H

The Cope 2,3-diaza-rearrangement has also been observed
in the vacuum pyrolysis of N-allyloxadiazolinones.113 For
charged systems, this reaction has not been described in the
literature.

One of the stages in the thermal111* and catalytic [(CF3COO)2]
11S

transformations of the propargyl ethers of hydroxytriazine
(CLXX) into imidazo[l,2-a]-l,3,5-triazines (CLXXIII) can be
regarded as the Cope 1,3-diaza-rearrangement (CLXXI) •>
(CLXXII):

(CtXXI) (CLXXII)

V I . THE COPE POLYHETERO-REARRANCEMENTS

The rearrangements of systems containing oxygen and sul-
phur atoms in addition to nitrogen atoms, i.e. the Cope oxaza-
and thiaza-rearrangements are considered in this section.

1. The Cope Oxaza-rearrangement

The [3, 3]sigmatropic rearrangement in which the nitro-
gen-oxygen bond dissociates (thermal rearrangement or rear-
rangement in the presence of acids) was described in 1971 in
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relation to O-aryl- and O-vinyl-oximes:116

products;

R» R«

(CLXXIV) (CLXXV)

R 1 , R 2 = H, alkyl, aryl.

R·
(CLXXVI)

Presumably the fairly severe reaction conditions are nece-
ssary only for the isomerisation of the oxime (CLXXIV) ->
(CLXXV), while the stage involving the rearrangement proper
(CLXXV) ->• (CLXXVI) should occur spontaneously under mild
conditions by virtue of the relatively weak and highly polar
N-C bond.

Indeed it has been found that if the Cope hetero-system of
type (CLXXIX) is produced directly by the addition of N-phe-
nylbenzohydroxamic acid (CLXXVIII) to dimethyl acetylene-
dicarboxylate (CLXXVII), then the rearrangement (CLXXIX)·*
(CLXXX) takes place readily (20 °C, 1 h) and leads to the
ester (CLXXXI) in a high yield117 (Scheme 17):

(CLXXVII)

+ HO-N-^~N -

COPh

(CLXXVIII)

—*

S/S.N

COPh

(CLXXX)

Scheme 17

t-BuOK

DMSO ~*

Ο

-CHAC\

1
L COPh

(CLXXIX)
CO.CH,

Λ / 1 /CCvCH

NH

COPh

(axxxi)

0"
I

The addition of ρ-substituted O-arylhydroxylamines
(CLXXXII) to )CLXXVII) (ethanol, 20 °C, 2 h) takes place in
the absence of alkaline catalysts and the adduct (CLXXXIII)
formed is converted via a stage involving the [3, 3]sigmatro-
pic shift into 3-aminocoumarins (CLXXXIV)117 (Scheme 18):

Scheme 18

+ H,NO-^)>-X J (T

X = H , CH,. Cl, Br.
(CLXXXIV)

The acid-catalysed Cope oxaza-rearrangement is the prin-
cipal stage in the reactions of derivatives of O-arylhydroxyl-
amines described by a group of Japanese investigators1 1 8'1 1 9
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(Scheme 19). It is of interest that the hetero-hexa-l,5-diene
systems (CLXXXV) and (CLXXXIX) contain three hetero-
atoms, which increases their reactivity:

(CXC) (CXCI)

Thus treatment of N-benzoyl-O-phenylhydroxylamine
(CLXXXV) with a 5: 1 mixture of trifluoroacetic and trifluoro-
methanesulphonic acids for 24 h at 20 °C leads to a high yield
of o-hydroxyphenyl benzoate (CLXXXVI),118 while the urea
derivative (CLXXXVIII) readily gives rise to 2-alkylamino-
phenols (CXCI) in dichloromethane at room temperature. 1 1 9

The Cope oxaza-rearrangement has been used in a number
of instances for the synthesis of the indole r i n g . 1 2 0 " 1 2 3 2-Sub-
stituted indoles (CXCVI) are readily formed from derivatives
of N-phenylhydroxylamine (CXCII) and allenes with electron-
accepting substituents (CXCIII). 1 2 0 The key stage in this
synthesis is the formation of o-substituted anilines (CXCV)
via the [3, 3]sigmatropic rearrangement (CXCIV) -*• (CXCV)
(Scheme 20):

Scheme 20

(CXCII) (CXCIII) (CXCIV)

R'-H.t-CHj.S-OlM-Cl: X«SO2Ph

R2-COCH,.COCH,Ph.C2Hs; M»U.N«

The anilide (CXCV, R1 = 4-CH3, R2 = COCH3, X = So2Ph)
has been obtained in 90% yield from the corresponding salt of
the hydroxamic acid (CXCII) at room temperature in the
course of 10 min while in the reaction involving the use of
N-alkylphenylhydroxylamines (R 1 = H, R2 = C2H5) spontan-
eous conversion into the indole (CXCVI) was observed.

An additional cause of the extremely great ease of the Cope
oxaza-rearrangement (CXCIV) •* (CXCV) (apart from the
lability of the Ν—Ο bond) is the presence in the molecule of
compound (CXCIV) of a carbanionic centre, which is known
to accelerate the Cope rearrangement121* and the Cope hydroxy-
rearrangement. 1 2 5 Derivatives of N-phenylhydroxylamine
have also been used to synthesise 2,3-unsubstituted indoles,121

pyrrolo[l,2-a]indole,122'123 and 2-substituted N-acylindoles.126'127

All the reactions indicated proceed via a stage involving the
[3, 3]sigmatropic shift, analogous to that illustrated in Scheme
20.

The Cope oxaza-rearrangement of derivatives of N-aryl-
hydroxylamine has also been used for the regioselective acyl-
amination of the benzene r ing 1 2 8 and the synthesis of o-acyl-
oxyanilides.1 2 9

Data confirming the concerted variant of the mechanism of
the reaction involving the formation of pyrroles from ketoximes
and acetylene1 3 2 proposed previously1 3 1 have been published:130

/\./

(CXCIX)

a) Ri=R»=CH,

b)R»=H, R ^ ,, R*=Ph

The vinyloxyimine (CXCVIII), obtained from the ketoxime
(CXCVII) and acetylene in the superbasic catalytic system
KOH—dimethyl sulphoxide system, isomerises to the ON-divi-
nylhydroxylamine (CXCIX), which undergoes the Cope oxaza-
rearrangement to the intermediate (CC), which has been
isolated in the form of the dihydropyrrole (CCI). On heating,
the latter is readily converted into the pyrrole (CCII) . 1 3 0

Apart from the examples of the Cope oxaza-rearrangement,
occurring with dissociation of the Ν—Ο bond, which has been
described above, reactions are known for the hexa-l,5-diene
system in which the nitrogen and oxygen atoms are not linked
directly to one another.

Thus dihydropyranimines (CCIII) have been made to undergo
a thermal (200-250 °C) rearrangement to the aldehydes (CCIV)
via the mechanism of the Cope oxaza-rearrangement:1 3 3

\ 0 / \

Ν—R

(CCIII)

\;HO

R
(CCIV)

where R = s-butyl, benzyl, phenyl, or cyclohexyl.
An analogous scheme has been proposed for the rearrange-

ment of O-cyclohexynyl carbimidates.131*
The thermal rearrangement of 2-allyloxyoxazoles (CCV) to

2-oxazolinones (CCVI) has been described: 1 3 5 ' 1 3 6

Ph
\ Ph.

-N

Ph^^O^^OR Ρ
(CCV) (CCVI)

R = allyl, subst i tuted allyl.

The hypothesis that the reaction (CCV) -*• (CCVI) proceeds
via the stage of the [3, 3]sigmatropic rearrangement has been
confirmed by the isolation of the intermediate (CCVIII) on
heating the oxazole (CCVII) in a benzene—pyridine mixture:136

Plk
Ph.

(CCVII)

Ph
(CCVIII)

\

(CCIX)

On heating or in the presence of acids, the adduct (CCVIII)
is converted into the oxazolinone (CCIX).

The use of the complex palladium catalysts Pd(PPh3)1> and
Pd(PhCN)2Cl2 makes it possible to carry out the Cope oxaza-
rearrangement under mild conditions.1 3 7 O-allyl N-phenyl-
formimidates (CCX) readily rearrange at room temperature



488

to the corresponding N-allyl-N-phenylformamides (CCXI):
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(CCXVII) has been described:11*0

V [or

(CCX)
a) R l=CH,, R*-=H
b) RX=H, R*-CH,

(CCX1)

It has been shown that the regioselectivity of the rear-
rangement (CCX) •+ (CCXI) depends on the nature of the
palladium complex. Thus catalysis by the palladium(II) com-
plex of the rearrangement of the imidates (CCXa) and (CCXb)
leads solely to the corresponding form amides (CCXIa) or
(CCXIb), while a zerovalent palladium complex affords in
both cases a 2:1 mixture of the products (CCXIa) and (CCXIb)
(it is noteworthy that the stereochemistry of the process has
not been rigorously established.

These results can be explained by two possible mechanisms
of the interaction of the palladium complex with the hexadiene
system (CCX)137 (Scheme 21):

Scheme 21

(CCXII)

The zerovalent palladium complex catalyses the rearrange-
ment proceeding via the formation of the allyl ττ-complex
(CCXIII) by its oxidative addition to the C-0 bond of the
formimidate (pathway a). There is then a possibility of the
formation of two isomers (A) and (B). On the other hand,
the palladium (II) complex tends to form the six-membered
intermediate (CCXII) (pathway b), which leads to only one
product (A) [an analogous mechanism has been proposed for
the Cope rearrangement catalysed by palladium(II)138 and
mercury(II)1*9 complexes].

2. The Cope Thiaza-rearrangement

The Cope thiaza-rearrangement has a number of features
which distinguish it from the oxaza-analogue. Firstly, sys-
tems of type (CCXIV), for which the transformation (CCXIV)-
(CCXV) would be possible (see, for example, Padwa and
Cohen136), are unknown:

(CCXIV) (CCXV)

On the other hand, the formation of the S-N bond [i.e. the
transition (CCXV) •*• (CCXIV), which has not been observed
for the ON-system] via the thermal [3, 3]sigmatropic rear-
rangement of the benzoxazine (CCXVI) to the benzoxazinone

(CCXVHI)

The possibility of the reaction (CCXVI) •+ (CCXVII) evi-
dently arises not only from the presence of four heteroatoms
and the labile N-O bond in the reacting system (CCXVI) but
also from the adequate stability of the N-S bond formed,
because the benzoxazine (CCXVIII) is not involved in a simi-
lar rearrangement.11·0

At the same time the attempts to achieve a concerted reac-
tion of the type (CCXIX) -*• (CCXX) were unsuccessful:

N/^ - Ν Λ

(CCXIX) (CCXX)

Thus the interaction of N-benzoyl-N-phenylhydroxylamine
(CCXXI) with phenyl isothiocyanate1W and dimethylthiocar-
bamoyl chloride11*2 led to the formation of the products of the
η-rearrangement [compound (CCXVII)] and 1,3-migration
[compound (CCXXIII)] respectively, which virtually rules
out a concerted mechanism:

COPh
(CCXXI)

V / \ l_O-c-NHPh
COPh

I Cl-C-NfCH,), (CCXXII)

•N-O-C-N (CHJ,

COPh

> / \ N _ s _ c _ N ( C H j ) i

COPh ΟO
(CCXXIII)

The rearrangement of S allyl thiomidates (CCXXIV) -»•
(CCXXV) has been investigated in a number of studies: 1 1 > 3~ l l t 7

(CCXXIV) (CCXXV)

It has been shown11*3 that the rearrangement of allylthiocapro-
lactam proceeds via a zwitter-ionic intermediate and not via a
concerted mechanism.
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Palladium (II) salts [PdCl2 or PdCl2(PhCN)2

 m ] proved to
be effective catalysts of the Cope thiaza-rearrangement of
S-allyl thioimidates:

Ph

THF, reftuxing

(OCXXVI)

S N—CH,.

S/
(CCXXVII)

Thus the S-allyl thioimidate (CCXXVI) is converted quantita-
tively into the N-allylthioamide (CCXXVII) in the presence of
a bivalent palladium salt, while the usual thermal reaction
(150 °C, decalin) leads only to the product of the isomerisa-
tion with respect to the double bond in the allyl group. The
reaction mechanism proposed by the authors 1 " includes the
formation of a six-membered intermediate analogous to that
presented in Scheme 21.

The Cope thiaza-rearrangement of 3-allylthio-4H-l,2,4-tri-
azin-5-one (CCXXVIII) and 3-allylthio-2//-l,2,4-triazin-5-one
(CCXXIX), catalysed by palladium(II) complexes, leads to a
mixture of the thiones (CCXXX) and (CCXXXI) as a result of
the tautomeric equilibrium (CCXXVIII) t (CCXXIX)11*6'1"
(Scheme 22).

Scheme 22

(ccxxviii)

(CCXXIX)

NH

RVN\
Γ NH

O-^NAS
f

R»

\ XCH—C=CH,

CH-C=CH, Η

(CCXXX) (CCXXXI)

R=H, Ph, CH,; R ^ H , CH,; R*=H, CH,.

During the preparation of the manuscript, a number of studies
of the mechanism and synthetic use of the aliphatic l l*8"1 5 1 and
aromatic152"155 Cope 3-aza-rearrangements have been pub-
lished. The Cope 2-aza-rearrangement has been investigated
in relation to the cyclisation of JV-acyliminium salts 1 5 6 ' 1 5 7 and
a series of oxazoline derivatives.158 The fairly rare Cope
1-aza-rearrangement, achieved under the conditions of flash
vacuum thermolysis, has been described.159 The Cope oxaza-
rearrangement has been investigated160"162 and the thiaza-
rearrangement has been used to synthesise condensed thiazole
systems163"161* and also for the synthesis of the indole ring. 1 6 5 ' 1 6 6
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The present state of the synthesis and studies of the structure and properties of thermotropic liquid crystal polymers and
copolymers with mesogenic groups in the main chain is examined and the thermodynamic and structural principles of the
identification of the polymeric mesophases as well as the influence of the chemical structure of the mesogenic blocks and
flexible spacers on the mesomorphic properties of the polymers are discussed.
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I. INTRODUCTION

The interest in the liquid crystal state of polymers which
has arisen in the last decade is due to a large extent to the
possibility of obtaining ultrastrong highly modular fibres
based on polymers exhibiting mesomorphic properties.1"9 In
addition, the study of the nature of the polymeric liquid
crystal (LC) state is of independent interest. The lyotropic
mesomorphism of polymers has long been known and has
been thoroughly investigated; the principal results obtained
during the last 20 years in this field have been surveyed in a
monograph.1 Thermotropic LC polymers have been discovered
recently and the main direction of studies in this field has
been associated with the investigation of the LC state of poly-
mers with mesogenic groups in the side branches. 5 ' 6~ e ' 1 0 The
main idea underlying the creation of such polymers has been
the combination of properties characteristic of polymers
(including their ability to form films and fibres) with the
properties of low-molecular-weight LC compounds. The LC
properties were manifested only when the behaviour of the
side chains is relatively autonomous. This means that the
structural transformations occurring in such polymers at the
level of mesogenic groups need not necessarily be associated
with the behaviour of the main chain. The mesomorphic
properties of such polymers can be in many respects similar
to the properties of low-molecular-weight liquid crystals:
indeed it has been found that the differences between the
electro-optical properties over a wide range of polymers are
quantitative but not qualitative.10

When the mesomorphic properties of polymers are deter-
mined by the structure of the main chain, the differences
between the low-molecular-weight liquid crystals and polymers
are qualitative, since the structure of the mesophase is found
to be related to the macroconformations of the molecules. The
LC state of linear polymers is directly related to the aniso-
tropy of the properties induced by the chain structure of the
molecules. It would seem that the presence of long chain
molecules should give rise to the possibility of the appearance
of the LC state in the majority of polymeric systems. Never-
theless the existence of structures exhibiting order intermedi-
ate between the types of order which obtain in the crystalline
and isotropic states does not always justify the inclusion of
such structures among LC structures. Such structures
obtain in polyphosphazenes, in polytetrafluoroethylene, in

polyethylene at a high pressure, and also on fusion of orien-
tationally-crystallised flexible-chain polymers.11 A common
feature of such structures is a pseudo-hexagonal packing of
the chains arising as a result of the appearance of the rota-
tional degree of freedom around the long molecular axis. It
is known that such "rotational-crystalline" states occur in
many low-molecular-weight compounds12 (for example, in
normal hydrocarbons), and yet such compounds are not clas-
sified as liquid crystals. According to Wunderlich's classifi-
cation , the mesomorphic structures occurring in flexible-chain
polymers belong to the category of crystals with elements of
conformational disorder. u

Thus the chain structure of polymeric molecules is not a
sufficient condition for the manifestation of LC properties
characterised by the presence of a high degree of orientation
order in combination with total or partial absence of positional
order.13

Orientational order occurs to the maximum extent in complex
aromatic polyethers containing only para-substituted benzene
rings. However, the high anisometry of the molecules
increases the stability of the crystal lattice, so that the
region in which the mesomorphic properties are manifested
lies above the chemical decomposition temperature. One of
the ways of reducing the melting point involves the introduc-
tion of asymmetric groups or substituents in the ortho- and
meia-positions in the polymer chain, l l f which hinders the
packing of the macromolecules in the crystal and lowers
appreciably the melting point. The occurrence of meso-
morphism in such systems is caused by the rigidity of the
polymer chain, which in many respects engenders a similarity
between the aromatic polyethers and lyotropic LC polymers
such as aromatic polyamides. The high equilibrium rigidity of
such polymers results in the appearance of the isotropic state
only in the presence of a solvent, i.e. for truly rigid-chain
polymers thermotropic mesomorphism is impossible.

According to Flory's theory,15 which describes the orienta-
tional ordering of solutions of rigid-chain polymers, there is a
maximum critical axial ratio ρ = l/d (where I is the length of
the molecule and d its diameter) above which the isotropic
phase is absolutely unstable in the absence of solvent. The
concept of the critical axial ratio ,· introduced for absolutely
rigid rodlike molecules, retains its significance in the descrip-
tion of the ordering in a solution of freely jointed chains,16

and the quantity ρ = A /2d represents the anisometry of the
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Kuhn segment having a length A. Thus the anisometry of a
section of the chain with a length of the order of Λ is a cri-
terion of the possibility of the appearance of thermotropic
mesomorphism: thermotropic behaviour is observed for
sufficiently flexible chain polymers for which the condition
A < 2pd holds. The increase in the molecular diameter by
the introduction of asymmetric substituents or benzene rings
in the ortho- and meta-positions can entail the complete loss
of capacity for crystallisation and also the suppression of LC
properties.

One of the most convenient methods of regulating the meso-
morphic properties involves the introduction of flexible sec-
tions (spacers) into the mesomeric skeleton of the macromole-
cule. Thermotropic LC polymers, whose mesomorphic
properties are determined by the structure of the main chain
consisting of rigid mesogenic (ft = rigid) and flexible
(F = flexible) fragments (RF-polymers) constitute systems
with a specific combination of the properties of flexible-chain
polymers and low-molecular-weight liquid crystals. The syn-
thesis of ftF-polymers has given rise to a series of fundamen-
tally new problems for both the physics of liquid crystals and
for the physics and chemistry of polymers.

The principal problem among those described involves the
elucidation of the relation between the thermotropic meso-
morphism of polymers and the LC state of low-molecular-
weight compounds, whose nature has been fairly thoroughly
investigated.

This problem has the following aspects: is there a possibil-
ity of the classification of a structural type of polymeric
mesophases on the basis of the classification of low-molecular-
weight compounds; how are the properties of the polymers
related to the properties of low-molecular-weight model com-
pounds and how does the molecular-weight (MW) of the poly-
mer influence its mesomorphic properties and for what values
of MW are the specific features of the LC state realised; to
what extent can the ideas and methods of study traditional in
the physics of polymers be applied to thermotropic LC poly-
mers.

This review analyses the studies of the synthesis and
properties of .RF-polymers in which the questions formulated
above have been reflected; important fields such as electro-
optics, 1 7 rheology, mechanical propert ies, 1 8 · 1 9 and dielectric
properties have remained outside the framework of the review,
since the study of these aspects of the thermotropic meso-
morphism of ftF-polymers is only just beginning.

I I . CLASSIFICATION AND IDENTIFICATION OF THERMO-
TROPIC LIQUID CRYSTALS

Liquid crystals can be divided into three main types:
nematic, cholesteric, and smectic.2 0 In nematic liquid crys-
tals the centres of gravity of the molecules are distributed
at random and long-range order is observed only with respect
to their orientation (Fig. la) . The cholesteric mesophase is
illustrated schematically in Fig. lb. The centres of gravity of
the molecules lie in layers without any order and in each
layer, the director ( i .e . the vector characterising the prefer-
ential direction of the long molecular axes) is located in the
plane of the layer. On passing from one layer to the next, it
rotates by a small angle and a structure with a helical order is
formed overall. Smectic liquid crystals, where the centres of
gravity are located in layers but the director is no longer in
the plane of the layer, forming an angle with the latter, are
the most ordered (Fig. lc). The thermodynamic and struc-
tural aspects of smectic mesomorphism have been described in
two communications.21'22

The knowledge of the type of mesophase makes it possible
to infer the behaviour of the substance as a function of the
external conditions (temperature, pressure, and external
field strength). The main question which arises in the study
of newly synthesised LC compounds is therefore related to
the elucidation of the type of mesophases formed by the given
compound and also to the determination of the temperature
limits of their existence.

\\w\\w\\\
I 1 11 I I I I I I I
\ W \ \ \ \ \ \ \
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\ \ \ \ \ \ \ \ \ \ V

Figure 1. Structural types of mesophases: a) nematic;
b) cholesteric; c) smectic.2 0

One of the commonest methods for the determination of the
type of mesophase involves the observation of the optical
textures of the liquid crystals in polarised light. A specific
type of optical texture is associated with the behaviour of the
director in the layer of the preparation, which is specific to
the given type of liquid crystal. All the textures of LC com-
pounds observed hitherto have been compiled in an a t la s . 2 1

The most reliable identification method is X-ray diffraction,
whose foundations in relation to low-molecular-weight liquid
crystals have been described in a review;2 3 the application
of the diffraction methods in the study of mesomorphic poly-
mers has been described by Blumstein.3 The use of the given
method for the identification of mesophases formed by ftF-
polymers is limited owing to the difficulty of obtaining speci-
mens with a homogeneous orientation in a magnetic field.21*~26

The foundations of the classification of the structural types
of mesophases based on calorimetric data have been laid by
Barall and Jonson, 2 7 who examined the ratio of the entropy of
their transition from the LC state to the isotropic liquid melt
(LC-I) ASf to the overall entropy change in all the transitions
undergone by the liquid crystal AS r (this includes the poly-
morphic transformations in the crystalline phase). It was
found that this quantity (AS,7ASj) is usually small for the
nematic phase (of the order of 10~2), while for the smectic
phase it is an order of magnitude higher. Analysis of the
thermodynamic parameters of the transition showed that
calorimetric data can be used for the identification of liquid
crystals.

The study of the phase equilibria in mixtures of LC com-
pounds is an extension of the identification method. It is
based on the hypothesis that two components can be infinitely
miscible when their mesophases are isomorphous. For low-
molecular-weight liquid crystals, there are extensive theo-
retical and experimental data concerning the character of the
coexistence of the phases in binary mixtures. 2 8 The applica-
tion of the given method to the investigation of polymers has
been described in a series of recent studies. 2 9~3 1

For polymeric mesomorphic systems, the problem of identifi-
cation is greatly complicated, because so far there have been
no classifications of polymeric liquid crystals which could
satisfy investigators. For this reason, in most studies the
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authors either use the existing classification for low-molecu-
lar-weight compounds or they refrain from any definite con-
clusions about the type of mesophases. Furthermore, in the
identification of polymeric liquid crystals there is a possibility
that complications may arise due to kinetic causes, because
observations are carried out under conditions remote from
thermodynamic equilibrium. Thus the principal concepts
accumulated in the study of low-molecular-weight compounds
can be applied to the study of the mesomorphism of polymers
only with caution since the nature of the polymeric mesophases
may differ greatly from that of the low-molecular-weight
liquid crystals.

I I I . THE ROLE OF FLEXIBLE SPACERS IN THE ORDERING
OF LIQUID CRYSTAL POLYMERS

In 1975 de Gennes predicted the possibility of the existence
of an enantiotropic nematic phase in polymer systems formed
by linear flexible macromolecules containing mesogenic groups
in the main chain. 3 2 The synthesis and mesomorphic proper-
ties of such polymers were reported at the same time. 3 3 Sub-
sequently the above investigations developed in the USA,
France, the USSR, and the Federal Republic of Germany,
which led to the synthesis of tens of RF-polymers. h'3h

According to Flory's theory, 3 5 for any flexible chain poly-
mer the first (formal) crystallisation stage consists in the
cooperative orientational ordering of the polymer chain. This
state of orientational order can, however, be thermodynam-
ically unstable in relation to the crystalline phase, which leads
to spontaneous crystallisation. This process, leading to a
"parallel arrangement" of the chains, corresponds to mono-
tropic LC behaviour. The polyesters synthesised by Roviello
and Sirigu are capable of forming an enantiotropic LC
phase . 3 3 ' 3 6

The method of synthesis of RF-polymers is distinguished by
an appreciable flexibility, since wide-scale variation of the
chemical nature and molecular parameters of the spacers and
mesogenic blocks has been postulated. Aliphatic polyenes of
4,4'-dihydroxy-ota'-dimethylbenzylideneazine with η = 8, 10,
and 12 carbon atoms in the spacers [Table 1, compound (I)]
have been investigated.3 3 X-Ray diffraction studies have
shown that these polymers are partly crystalline. With the
aid of differential scanning calorimetry (DSC) and optical
studies, it has been established that the polymers exhibit a
first-order transition, which may be associated with the fusion
of the crystal structure and also a transition from the LC
state to the isotropic state. Comparative studies on the
thermodynamic properties of polymers of different chemical
nature and model low-molecular-weight compounds demon-
strated an appreciable difference between the molar entropies
of the LC-I transit ion. 3 6 ' 3 7 For the low-molecular-weight
models, this quantity was ASi = 3 J mol"1 K"1, while for the
polymers ASj = 13-16 J mol"1 K"1. It has also been observed
that ASf is almost independent of the length of the flexible
fragments, which has been attributed to the use of the
representation of the nematic phase where the disordered
flexible part of the chains behaves like an isotropic liquid,
i.e. the chains are not involved in the formation of orienta-
tional order and can be regarded as solvent molecules. The
same conclusions have been reached by other investigators3 8

in the study of the temperature dependence of the molar
volumes of a series of polymers with flexible spacers of
different lengths. The contribution of aliphatic chains to
the molar volume proved to be close to the molar volume of
amorphous polyethylene, which supports the hypothesis of a
disordered conformation of flexible spacers in the nematic
phase. However, this conclusion must be made with caution,

since the molar volume is not very sensitive to small conforma-
tion al changes. The conformational state of spacers in differ-
ent phase states for polymers based on terephthaloylbis( 4-
hydroxybenzoic) acid [Table 1, compound (II)] has been
determined by IR spectroscopy. 39>l*° Despite the fact that
the conformational composition of the polymers in the LC and
isotropic states is almost the same, the flexible-chain spacers
in such polymers are partly oriented, i .e . play a definite role
in the establishment of the LC order. The orientational order
of the flexible sections Qp is probably related to the redis-
tribution of the rotational-isomeric forms in the LC state
compared with the isotropic state. The parameter of the
orientation of the mesogenic sections QR t is different from
Qp and QR > Qp· When the length of the spacer is altered,
QF hardly changes, which indicates a decisive contribution of
the intermolecular interactions in the mesogenic sections of
the macromolecule. It has been shown that QR and Qf change
in the temperature range corresponding to the existence of
LC order; under these conditions, QR diminishes faster than
Qp, which is due to the temperature dependence of the inter-
molecular interaction in the mesogenic sections of the macro-
molecule .

Table 1. Chemical structures and transition temperatures of
certain types of RF-polymers.

- Γ - Γ
ί =
-iCH.)

1"Τ

Structure of monomeric unit

^ — C = N — N — C — ' } „ ~

CH, (

o J

ο
- C O - ( C H , ) B - - | -

! ΙΙ

Ο

1<
J

=/ i =

( C H . ) n - C O - ] -

II

ο J

-[<
-(№,)„-

~ V - C = C H — ^

CHS

-CO--1
II

ο J

(I)

^~"\_co-^~^-
o

(II)

~S—oc—
- X II

0

(III)

~>-oc-
— ' II

Q

(IV)

η

10

10

10

12

Transition temperature,
"C·

C208 Ν 322 /
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Refs.

[33]

[34J

[41]

[49]

*C = crystalline phase, Ν = nematic phase, S = smectic
phase, I = isotropic phase; the corresponding transition
temperatures are shown between two symbols representing
the phases.

t The order parameter Q = <(3cos29 - l)/2, where θ is
the angle between the rigid section of the chain (or a seg-
ment of the flexible fragment) and the anisotropy axis.
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The temperature dependence of the order parameter of the
polymer based on 4,4'-dihydroxy-2,2'-dimethylazoxybenzene
and decamethylene glycol [Table 1, compound (III)] has been
determined. kl The authors note the unusually high order
parameter in the transition to the isotropic state for the poly-
mer compared with the low-molecular-weight nematic compound
having the initial structure. For the given polymer, QR and
QF vary in parallel and are almost identical. The transition
from the isotropic to the LC state is accompanied by a sharp
conformational alteration in the spacers: in the LC phase,
they have the straight-chain conformation.

The results presented demonstrate the possibility of the
operation of two different mechanisms of the ordering of the
RF-polymers: in the first case, the stability of the mesophase
is determined mainly by the intermolecular interaction of the
mesogenic fragment and Q# > Qp, while in the second QJJ = Qf,
which indicates the decisive role of the macromolecular order.
The second variant presupposes the virtually complete order-
ing of the flexible fragment.

HO 60 BO 100
X

Figure 2. Phase diagram for the system of RF-macromole-
cules; α = volume fraction of flexible fragments; X = length
of monomeric unit; flexibility parameter fQ; 1) 1.0; 2) and
2') 0.8; 3) 0.6; 4) 0.4. **2

The role of the flexible spacers in the orientiational ordering
has been examined in a number of studies. l f 2 ) l f 3 On the basis
of the Flory model for RF-polymers, *"* account has been taken
of tendency of the LC phase for the flexible fragments to
become oriented along the anisotropy axis. One of the most
interesting results of this investigation is the conclusion that
anisotropic phases of two types can exist as a function of the
relative length of the flexible spacers and their rigidity.
Fig.2 presents the phase diagram. The flexibility of the
spacers fQ is defined by the equation3 5

. _ (*-2)-exp(-e/*D
/ο —

where ζ is the coordination number of the lattice and ε the
difference between the free energies of the trans- and

gauche-conformers. For an undiluted polymer, the conditions
governing the stability of the isotropic phase is the inequality
f0 > 0.63. Curve 2 has been obtained without taking into
account the finite flexibility of the flexible fragment, The
nematic phase is thermodynamically stable in the region to
the right of curve 1. Curve 2 consists of two branches
(2 and 2'), which corresponds to the fact that, for f0 = 0.8
and also for any f0 > 0.63, there is a possibility of an addi-
tional phase transition between two anisotropic phases: a
highly ordered phase stable for low values of α and a phase
with little order, which is stable for high values of a. When
f0 diminishes, the region of stability of the low-order aniso-
tropic phase shifts towards higher values of α , disappearing
at f0 = 0.63. According to Flory,3S when f0 < 0.63, order
obtains even for α = 1 (curves 3 and 4).

Thus, for sufficiently rigid spacers, the behaviour of this
system does not differ from that of a melt comprising rigid
rods. For fully flexible spacers, there is a possibility of
forming a low-order LC phase, and finally, for spacers with
intermediate flexibility, either a highly ordered phase in which
the flexible spacers participate in the overall ordering pro-
cess or a low-order phase in which the spacers play the role
of a solvent can be formed depending on the length of the
spacers.

This result has been obtained in a somewhat different form
by Birshtein and Kolegov,l*5""1*7 who showed that, for polymer
solutions containing RF-macromolecules, anisotropic phases of
two types can exist: in the first case the ordering develops
at the level of rigid segments and the chain retains overall
the structure of a disordered coil (segmental ordering); in
the second case the chain as a whole is ordered and inter-
molecular interactions ensure the loss of internal flexibility
(macromolecular ordering). The occurrence of one or other
type of ordering depends on the concentration of the rigid
blocks in the solution and also on the mechanism of the flex-
ibility. For the intermediate case of non-freely-jointed rigid
blocks, an increase in the concentration of the solution ini-
tially entails a transition to the LC state by the segmental
mechanism and only then, at high polymer concentrations,
does macromolecular ordering occur.

Thus the main difference between the mesomorphisms of
polymers and low-molecular-weight liquid crystals reduces to
the possibility of the cooperative behaviour of the monomeric
units, which depends in a specific manner on the chemical
nature of the mesogenic fragments, on the length and nature
of the flexible spacers, and also on the way in which they
are joined to the mesogenic group. For this reason, the
identification of the type of polymeric mesophase must include
an analysis of the type of ordering on passing from the iso-
tropic to the LC state. The occurrence of a particular type
of ordering in the polymer system is, however, inevitably
accompanied by the superposition of kinetic effects, which
can greatly increase the uncertainty in the interpretation of
the experimental results. The separation of the thermody-
namic effects in the I—LC transition constitutes an interesting
and important problem whose solution would be a major step
towards the possibility of the technological use of RF-poly-
mers.

The need to take into account the kinetics of the phase
transitions of RF-polymers follows from ideas common to flex-
ible-chain polymers, according to which there exist appreci-
able differences between the mechanisms of the fusion of
flexible linear macromolecules and small rigid molecules.lfS

These differences are associated with the decisive role of
the conformational transformations in the phase transitions
of flexible-chain polymers. For this reason, the thermody-
namic parameters obtained in the study of phase transitions
refer in most cases to the so-called irreversible fusion, i.e.
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to fusion under conditions different from those in thermo-
dynamic equilibrium.# The polymer (IV) (Table 1, η = 12),
which exhibits monotropic mesomorphism, has been investi-
gated.1*9 Specimens of the polymer which have not undergone
a preliminary heat treatment exhibited a "fictitious" enantio-
tropic mesomorphism. When the specimens were annealed,
the melting point approached the equilibrium value, which
proved to be higher than the temperature of the transition
to the isotropic melt for the non-annealed specimens. Thus
the LC behaviour is manifested by this polymer only under
conditions remote from thermodynamic equilibrium. The equi-
librium melting point of the polymer (II) (Table 1, η = 10)
has been determined50 and has been found to be appreciably
higher than the observed melting point. Evidently, in order
to understand the nature of the mesomorphism of the RF-
polymers and also to discover a relation between chemical
structure and mesomorphic properties, it is essential to know
the equilibrium thermodynamic characteristics of the transi-
tion from the crystalline to the LC phase and of the LC-I
transition.

Studies of the thermodynamic properties of polymers based
on terephthaloylbis(4-hydroxybenzoic) acid 5 1 in dilute solu-
tion have shown that the behaviour of their RF-polymers is
analogous to the behaviour of the usual flexible chain poly-
mers , since the size of the Kuhn segment does not greatly
exceed the size of the repeat unit. Studies on the conforma-
tions of the RF-macromolecules by measuring the magnetic
double refraction established that, in a dilute solution and
also in an isotropic melt, the molecules exist in coiled con-
formations. 5 2 The Cotton—Mouton constants for model low-
molecular-weight compounds, KF-polymers, and flexible-
chain polymers proved to be of the same order of magnitude
and at the same time one—two orders of magnitude less than
for aromatic para-polyamides and DNA.

Studies on the thermodynamic parameters of the I-LC
transition of the polymer (III) (n = 10) with different molec-
ular weights showed that ASj increases sharply with increase
of the MW, which indicates an increase of the contribution of
the flexible spacers to the disordering process 5 3 (Fig.3).
At the same time, the dependence on MW reaches saturation
after the attainment of the MW corresponding to approximately
6—8 repeat units, i .e. the cooperative nature of the behaviour
of the repeat units does not extend to the entire macromole-
cule. For high-molecular-weight specimens, the form of the
XH NMR line for the nematic and crystalline phases was the
same,h l while for oligomeric specimens the spectra of the
nematic phase were characterised by dipole splitting typical
of homogeneously oriented nematic single crystals. For
specimens with a high MW, a structural model of the "multi-
domain" type, postulating the existence of a marked spatial
inhomogeneity, whose main source is the breakdown of orien-
tation (disclination), has been proposed. It is natural to
assume that the correlation radius of the orientation of the
high-molecular-weight specimens does not exceed the length
of 6—8 repeat units, which corresponds to the degree of poly-
merisation for which the dependence of ASf on the MW reaches
saturation. On the basis of magnetic double refraction data,
thermodynamic studies, and NMR spectroscopy, it has been
concluded that the I-LC transition in oligomeric specimens

# According to Wunderlich's terminology, "*8 irreversible
fusion is understood as transition from a metastable crystal-
line phase to a supercooled isotropic or LC phase and also
as fusion accompanied by the superheating of the crystal.
Here we employ the concept of irreversible fusion in its first
meaning.

(Afn = 1700—4000) is characterised by a sharp conformational
transformation of randomly coiled chains into chains, which
are extended to a high degree. In the study of the thermo-
dynamic properties of the RF-polymer combined with the
measurement of the order parameter in the LC—I transition
in the monomer—dimer—polymer series, similar results were
obtained51* (Table 2), and yet the authors nevertheless con-
cluded that the polymeric mesophase has an intermediate
degree of order, since, despite the fact that the order param-
eter of the polymer (Q = 0.6) is appreciably higher than for
the monomeric compound, it is nevertheless insufficiently high
to represent the nematic phase as a set of fully extended
chains. The authors assume that, for purely thermodynamic
reasons, the system of randomly packed chains undergoes a
first-order transition to a nematic phase with an intermediate
o r d e r . 5 5

A5,,J ΐηοΓ'Κ

1.0 r

Figure 3. Dependence of the entropy of the LC-I transitions
ASj on the molecular weight of the polymers (III) (Table 1);
ASj has been referred to the fraction of rigid groups in the
main chain. 5 3

Table 2. Thermodynamic parameters of the LC-I transition
for a nematic polymer, monomer, and dimer. 51*

Specimen*

Monomer C 5 H n — R — C j H u
Dimer C S H U —R—(CH 2 ) , 0 — R— C j H u

Polymer —[—R(CH.) 1 0 —]—
(V)

T, 'C

79
148
215

AH,
kJ mol'1

0.74
3.52
6.53

. J mol^K"1

2.09
8.37

13.4

Q

0.37
0.48
0.6

*R =_o-<

In a study of the thermodynamic properties of the copoly-
mer of ethylene terephthalate with p-hydroxybenzoic acid,
Krigbaum56 reached the same conclusions. He showed that,
even when, as suggested by Vol'kenshtein,57 a correction
associated with the torsional vibrations (on the assumption
that they are fully excited in the nematic and isotropic
phases) is introduced into the expression for the free energy,
ASj/ASj remains approximately 0.45, which is appreciably
higher than the experimental value for the polymer investi-
gated (ASj/ASj = 0.11). It was therefore suggested that
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in the nematic phase the parameter f0 is non-zero, i.e the
mesophase is characterised by the presence of defects in the
form of correlated bends in the chain. Thus the ratio
ASj/ASj deduced from the lattice model of the nematic phase
with allowance for the modification mentioned above decreases
from 1 to 0.59 or, when the contribution of the torsional
vibration approaches the values calculated from polyethylene,57

from 0.45 to 0.26. Furthermore, in the lattice model no
account is taken of the contribution of the entropy change
associated with the increase in volume on fusion. Allowance
for this contribution should further diminish the ASJ/ASJ
predicted by the theory.

The study of Ianelli et al. 5 8 was devoted to the determina-
tion of the ratio LSi/kSf for the polymer (IV) (Table 1) with
η = 7 and 9—12 CH2 groups in the spacers. The authors
began with the hypothesis that the value of ASj determined
from direct calorimetric measurements correspond to equilib-
rium. ASf was determined by studying the melting point
depression of the polymers with formation of an isotropic
melt in the presence of a low-molecular-weight solvent. The
ratio ASj/ASj amounted to 0.15-0.17 for even values of η and
to 0.07-0.09 for odd values, which implies significant differ-
ences between the ordering mechanisms for polymers with odd
and even numbers of carbon atoms in the spacers. ASj for
polymers is usually represented as the sum of three contribu-
tions: 5 9

AST = Δ5ρ ο, o r + ASconf

associated with the positional, orientational, and conforma-
tional disordering. For flexible-chain polymers, ASc o nf
exceeds all the remaining contributio s to ASj; thus ASc o nf
amounts to 75% of the total entropy change for polyethylene60

and to 65% for poly(ethylene terephthalate).6 1 There are no
data at present which would make possible analogous calcula-
tions for RF-polymers, but it is reasonable to suppose that in
this case too the contribution of ASConf t o &ST is decisive.
The quantity ASy calculated for each rigid group in the chain
obeys the general rule for linear flexible-chain polymers
(Table 3), which means that the nature of the isotropic melt
for RF-polymers is the same as for flexible-chain polymers,
which agrees well with the results of magnetic double refrac-
tion measurements. 5 2 Since ΔΞγ calculated for each rigid
group of the chain in RF-polymers is 6—8 J mol"1 K"1, pres-
umably the fusion of flexible-chain polymers and RF-polymers
has the same character. If the conformational contribution to
ASj is decisive, the parameter AS^/ASj can be regarded as a
structural characteristic reflecting the degree of macromolec-
ular order of the polymer chains in the LC phase.

The important role of the macromolecular order is manifested
in the change of the thermodynamic properties in homologous
series of polymers. § Differences in the character of the
changes in the parameters of the LC—I transition in the
homologous series of monomeric, dimeric, and polymeric liquid
crystals have been discovered.6 2 In the homologous series
of monomeric compounds, the usual variation of the meso-
morphic properties with increase of the length of the alkyl
groups is observed. For certain intermediate lengths, there
is a transition from the nematic to the smectic mesophase
accompanied by a sharp increase of the clarification entropy;
the even—odd effect is most striking for the first homologues
and becomes smoothed out with increase of the number of CH2

§ Here and henceforth the concept of "homologous series"
is that of a series of compounds (polymeric or monomeric)
which differ from one another by the number of atoms in the
flexible regions.

groups in the aliphatic components. For the dimer, ASj
oscillates about the mean value intermediate between the ASj
for the polymer and the monomer and the even—odd alterna-
tion becomes more marked on moving from the lowest to the
highest homologues (Fig.4). For the polymer, the even—odd
alternation is very pronounced and, for all the even and all
the odd homologues, the ASj are almost identical. The pro-
nounced even—odd effect for the polymers can be explained
by the stronger relation, than in the low-molecular-weight
liquid crystals, between the molecular structure of the ali-
phatic components and the mesomorphic properties. Two
different types of ordering, observed for the polymers (III)
with aliphatic spacers containing 2—14 carbon atoms, have
been described. 6 3 The first type of ordering has been
established for polymers with an even number of carbon
atoms (n = 4 , 6, 8, 10, 14) and the second for polymers with
odd η = 5, 7, 9, 11, 13. The first type is characterised by a
higher order parameter Q = 0.75 at the clarification point
than the second, for which Q = 0.59. A high degree of order
is achieved as a result of the extension of the spacers, which
has been demonstrated by analysing the NMR line form. l t l The
corresponding differences between the two types of ordering
for polymers with even and odd numbers η are exhibited also
in the analysis of thermodynamic data and X-ray diffraction
data. The authors explained these features in the following
way: the probably of the trans-conformation is higher for
the first three even bonds, starting from the junction point
with the mesogenic component. If both ends of the alkyl
chain are fixed, the tendency towards an increase of the
number of trans-conformers extends along the chain in
opposite directions. For an even number of bonds (n is odd),
interference results in a decrease of the average ratio of the
trans- and grauche-conformers, while for an odd number of
bonds (n is even) the ratio of these conformers actually
increases.

Table 3. Thermodynamic characteristics of the C-LC, C-I,
and LC—I transitions of flexible-chain and RF-polymers*.

Polymer

(IV), n«7
(IV), n=10
Poly(ethylene-

terephthalate

C-LC

Τ

-

Λ//

31.7
31.8

AS

—

LC-I

Τ

230
225

ΔΗ

2.72
7.37

AS

5.44
14.8

C-I

Τ-

Ι 85
195
280

ΔΗ

34.4
27.3
26.9

AS

75.3
87.0
48.5

AS,·'
/AS/·

0.07
0.17

per
bond

7.5
C.2
9.7

Refs.

[58]
158)
148]

*T in °C, ΔΗ in kJ moF1, AS in J mol"1 K"1; C-LC and C-I
represent transitions from the crystalline to the LC and iso-
tropic states respectively.

The thermodynamic aspects of the even-odd effect for the
RF-polymers have been investigated in greatest detail by
Roviello and Sirigu.61* Fig.5 presents the dependence of ASj
on η for polymers of three types: (I) (Table 1, η = 6-12),
(IV) (Table 1, η = 6-12), and

> > — C = N — N = C -
I I

CH 3

= 5 — 1 0 .

In contrast to the polymers (I) and (IV), the polymers of the
(VI) series show virtually no even-odd effect. This finding
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indicates the decisive role of the structure of the flexible
spacers in determining the thermodynamic parameters of the
LC—I transition. The replacement of the methylene groups in
the spacers of the polymers (VI) by oxygen atoms probably
lowers the conformational limitations imposed on the structure
of the spacers by the nematic ordering. The authors assume
that the question of the role of the flexible spacers in the LC
ordering still remains open. Indeed, the study of the ther-
modynamic parameters of the LC—I transition in RF-polymers
has shown that, since AS; is characterised by an appreciable
even-odd effect, the description of the LC order as a set of
rigid rods connected by spacers, playing the role of a solvent,
is illegitimate. On the other hand, the hypothesis of an
appreciable role of the conformational transformations in the
LC—I transition conflicts with the absence of a dependence of
ASj on η for even and odd values of n. If, as follows from
the study of Martins et al., kl the flexible spacers in the LC
phase were almost fully ordered, a marked dependence of
ASi on η should have been observed. It is essential to note
that the estimation of the structure of the spacers by 1H NMR
involves the correct allowance for the dipolar contributions
to the broadening of the lines due to the protons in the ali-
phatic and aromatic component, which can be achieved only
on the basis of a more or less legitimate hypothesis about the
conformations of the spacers. Recent results 6 5 have shown
that the order parameter of the alkyl chains in the LC phase
is not the same for the external and internal methylene groups
(0.4 for the external groups and 0.3 for the internal groups).
It is necessary to note that the studies were performed for a
polymer with deuteriated spacers, which permitted the abso-
lute determination of the order parameter of the spacers not
requiring hypotheses about their conformational state. For
this reason, the initial hypothesis of the stability of the com-
plete ordering of the spacers is not sufficiently well founded.

15

10

0 8 10
η

Figure 4. Dependence of the entropy of the LC—I transition
ASj on the number of carbon atoms η in the aliphatic compo-
nents for the monomers (curve J ) , dimers (curve 2), and
polymers (curve 3 ) . 6 2

Thus the nematic ordering of the RF-polymers differs
greatly from the ordering of low-molecular-weight liquid
crystals. The macromolecular ordering of the polymers,
whose relation involves the cooperative nature of the

dynamic behaviour of the mesogenic groups and depends
on the chemical structure of the polymer and also on kinetic
factors, 11 greatly complicates the task of identifying the
polymeric liquid crystals and apparently entails the need to
investigate the supermolecular liquid-crystal morphology of
the polymers.

Δ5,, J ΙΏΟΓ'Κ"1

20

10

β 10 12
η

Figure 5. Dependence of the entropy of the LC-I transitions
AS( on the number η of atoms in the flexible spacers:
1) polymer ( I ) ; 2) polymer (IV); 3) polymer (VI). 61*

IV. THE INFLUENCE OF THE CHEMICAL STRUCTURE OF THE
MESOGENIC BLOCKS AND FLEXIBLE SPACERS ON THE
MESOMORPHIC PROPERTIES OF THE POLYMERS

There are literature data for the synthesis and properties
of polymers with flexible spacers of different chemical
nature—aliphatic, 33»3"»>68>69 oligo(ethylene oxide) (OEO),
oligo(propylene oxide) (ΟΡΟ), 7 0 and disiloxane spacers. n

The influence of the structure of the mesogenic blocks has
been examined in a number of s tudies . 6 8 ' 7 2 ' 7 3 However, it is
as yet difficult to treat from a general standpoint the exten-
sive experimental data concerning the elucidation of the rela-
tion between the mesomorphic properties and the chemical
structure of the RF-polymers. The difficulties in the inter-
pretation are associated with the fact that the mesomorphic
properties are influenced by a series of factors such as the
composition, inhomogeneity, MW, and the molecular weight
distribution (MWD). In the study of polymers with high
clarification temperatures, it is essential to take into account

IT There are no direct indications in the literature that the
LC-I transition is non-equilibrium in character. However,
certain instances of the monotropie behaviour of the RF-poly-
mers have been described.' t 9 ' 6 6 ' 6 7 The occurrence of con-
formational changes in flexible spacers in the transition to
the isotropic melt should lead to the irreversibility of this
transition. The small thermal hysteresis and the indepen-
dence of ASf of the conditions in the heat treatment of the
specimens50 may be a consequence of the kinetic stability of
the mesophase and are not an unambiguous proof of its
thermodynamic stability.
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the possibility of chemical changes which leads to the break-
down of the regulatiry of the chain. Furthermore, the ther-
modynamic parameters obtained by direct calorimetric mea-
surements do not inmost cases correspond to equilibrium,
which greatly hinders the elucidation of the relation between
the chemical structure and mesomorphic properties.

The influence of the previous history of the polymeric
specimens on their* mesomorphic properties has been studied
in greatest detail by Bilibin et al.,3" Pashkovskii et al.,5 0

Asrar et al.,7I* and Krigbaum and co-workers.7S>7S It has
been established that the mesomorphic properties of the
polymers depend greatly on the intrinsic viscosity of the
specimens [ η ] . In the range [η] < 0.4 dl g"1, the transition
temperatures depend greatly on [ η ] ; the dependence becomes
weaker for [η] > 0.4 dl g"1. Thus, in order to avoid an
uncertainty in the interpretation of the experimental data,
it is essential to work with specimens having sufficiently high
molecular weights. This factor greatly reduces the value of
the results obtained in the study of polymers with low [ η ] .

The influence of the MWD on the thermal characteristics of
the polymers has not been studied in detail, but in a number
of communications there are indications that the presence of a
broad MWD affects primarily the parameters of the LC-I
transition. The synthesis and properties of polymers based
on 4-hydroxyphenyl-4-hydroxybenzoate have been described.77

The transition to the isotropic melt in these polymers is char-
acterised by a broad (50-60 °C) two-phase region, which is a
result, according to the authors, of the segregation of the
molecules of the specimen with respect to molecular weights in
the nematic phase. The influence of the method of synthesis
and the purity of the initial components on the properties of
the polymers described in the above s tudy 7 7 has been
examined by Krigbaum et al. 7 6 It was shown that the pres-
ence of a broad region in which the isotropic and LC phases
coexist is a consequence of the composition inhomogeneity of
the polymer specimens, which is caused by the chosen method
of synthesis. Krigbaum et al. 7 6 demonstrated that the cor-
rect choice of the methods of polycondensation and purifica-
tion of the monomers make it possible to synthesise polymer
specimens having a narrow two-phase region.

As for low-molecular-weight LC compounds, the meso-
morphic properties of UF-polymers depend greatly on the
chemical structure of the mesogenic blocks. Strzelecki et
al.7 2 synthesised and investigated the mesomorphic properties
of polymers with mesogenic groups containing 2, 3, and 4
benzene rings with nonamethylene spacers:

(VIII)

> - Ο - (CH,), - O - ] -

(IX)

The temperatures of the transitions to the isotropic melt for
these polymers were respectively 200°, 305°, and 350 °C.
The results of the above study 7 2 have been analysed 7lf from
the standpoint of the existing theories for low-molecular-
weight nematogens, which make it possible to predict the
clarification temperature as a function of the chemical struc-
ture of the molecules. Using the Flory-Ronca theory, 7 8

developed for monomeric molecules and taking into account
the effects associated with the anisotropy of the molecular
shape and with the anisotropy of the intermolecular inter-
actions , the author concluded that the dependence of the

clarification temperature Tj on the axial ratio of the rigid
blocks is more pronounced for polymers than for the low-
molecular-weight liquid crystals. A common conclusion is,
however, the claim that existing theories are incapable of
predicting the dependence of Tf on the axial ratio of the
rigid component of the ftF-polymers. The influence of the
structure of the mesogenic component on the transition
temperatures for the polymers (X)—(XIII), having different
geometries of the mesogenic blocks and identical structures
of the flexible chains, has been studied: 7 3

-CO-R-OC-("~S-O- (CHt),0-O-l-

where

(XIII).

ο
It was shown that the clarification temperature and the
range of existence of the nematic phase are much higher for
the polymers (X) and (XII) than for the polymers (XI) and
(XIII) respectively. The changes in the LC properties indi-
cated take place as a consequence of the decrease of the
anisometry of the rigid blocks after the introduction of asym-
metric substituents.

Thus the character of the influence of the chemical nature
of the mesogenic groups on the mesomorphic properties of
the polymers is analogous to the influence of molecular struc-
ture on the properties of monomeric LC compounds. For low-
molecular-weight liquid crystals, there are numerous data
describing the relation between the mesomorphic properties
and the molecular s t ructure, 7 9 but there are as yet no cri-
teria which would make it possible to predict the type and
range of the existence of the mesophase for substances of a
specific chemical nature. One of the most interesting and
practically most important is the question of the relation
between the structure of the mesogenic blocks and the type
of their mesophase. The tendency to generate the smectic
phase in low-molecular-weight liquid crystals is associated
with the dominant role of the lateral intermolecular inter-
action compared with the end-face interactions. 5 This postu-
late is evidently valid also for RF-polymers: as can be seen
from the data of Strzelecki and Van Lyuen, 8 0 the increase of
the length of the flexible fragments of polymers entails, as
for low-molecular-weight liquid crystals, the transition from
nematic to smectic mesomorphism. Analogous results have been
obtained by Bilibin et a l . 8 1 and it was found that the ten-
dency of polymers to generate the smectic phase is deter-
mined in many respect by the tendency of the low-molecular-
weight model compounds having an analogous structure to
generate this phase. However, the influence of the length of
the flexible spacers on the tendency of the RF-polymers to
generate the smectic phase cannot be explained from the
standpoint of the characteristics of the homologous series of
low-molecular-weight liquid crystals. A number of polymers
based on 4,4'-dihydroxybiphenyl, in which all the even
homologues exhibit smectic mesomorphism and the odd homo-
logues exhibit nematic mesomorphism, have been investigated.7"
This indicates the specific role of the flexible spacers in the
ordering of the UF-polymers.

The most important confirmation of the special role played
by the flexible fragments in the generation of LC order in
polymers is the marked dependence of the mesomorphic
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properties on the chemical nature of the spacers. The flex-
ibility of the latter is a decisive factor influencing their clar-
ification temperature. It has been shown that, for polymers
with disiloxane spacers, the range of existence of the meso-
phase is much narrower and the clarification temperature is
lower than for the polymer with decamethylene spacers. 7 l

Table 4 presents the thermodynamic parameters of the LC—I
transition for a series of polymers whose rigid groups consist
of aromatic triads and the chemical nature and lengths of the
flexible spacers are different. For the polymers with disil-
oxane spacers (XIV), ASj is greater and Tj appreciably lower
than for the polymer with decamethylene spacers (XV), which
indicates the decisive role of the entropy jump Δ5{ in the
LC—I transition. The introduction of the oligo-oxyethylene
spacers does not entail an appreciable decrease of AS( com-
pared with polymers containing oligomethylene spacers
[(XIV) and (II) , η = 6]. However, ASf reflects not only the
conformation^ features of the chains in the isotropic phase
but also the structural features of the mesophase and for
this reason unambiguous conclusions about the influence of
hSi on Tj can be made only on the basis of the knowledge of
the structure of the LC and isotropic phases. It is of inter-
est to note that, for polymers having spacers containing
asymmetric centres (for example, the OOP spacers 7 0 · β 1 ), cal-
orimetric measurements do not allow the determination of AHj
and T(. Polymers with OOP spacers are non-crystallisable
but there are no explicit indications of the suppression of
their mesomorphic properties. In a number of studies, it has
been reported7 1*'8 2 '8 3 that polymers with OOP spacers are cap-
able of forming a cholesteric mesophase. For low-molecular-
weight nematic and cholesteric liquid crystals, the ASj are
virtually identical 2 5 ' 2 6 and the significant difference between
the thermodynamic properties of the nematic and cholesteric
phases of RF-polymers can therefore be accounted for solely
by the conformational features of the chains in each phase.
The conformation of the chains in the cholesteric phase prob-
ably does not differ greatly from the conformation of a sta-
tistical coil, which explains the absence of a measurable
entropy jump in the LC—I transition in polymers with OOP
spacers.

Thus the variation of the chemical nature of the flexible
spacers influences decisively the mesomorphic properties of
RF-polymers. The character of the influence of the nature
of the flexible components on the mesomorphic properties
of the polymers cannot be understood from the standpoint
of the traditional ideas about the mesomorphism of low-molec-
ular weight compounds, since the structure of the polymeric
mesophase is determined to a large extent by the conforma-
tional state of the macromolecules.

V. COPOLYMERS

The study of the properties of copolymers has attracted
investigators for a number of reasons. The nematic states
in copolymers have a wider region of stability than in the
case of homopolymers.81* It has been shown that LC poly-
mers based on non-mesomorphic components can be obtained
by copolycondensation.8S The synthesis and properties of
copolymers containing aliphatic fragments of different lengths
have been reported.3 8 '8 1* It has been shown that, in terms of
its structural and thermodynamic aspects, the mesophase of
the copolymers is virtually identical with the mesophase of the
homopolymers, which is indicated by DSC and X-ray diffrac-
tion data. The phase diagram for copolymers based on 4,4'-
dihydroxy-aa'-dimethylbenzylideneazine, containing octo-
and dodeca-methylene spacers, is presented in Fig.6a
[Table 5, compound (XVII)]. The solidus lines (which have
the form usual for eutectic diagrams) and the line represent-
ing the equilibrium between the nematic phase and the iso-
tropic melt indicate the complete compatibility of the copolymer
units in the LC phase. It has been established that copoly-
mers with the equimolar composition have a very low degree
of crystallinity and that under certain conditions it is possible
to obtain specimens in the nematic vitreous state.

Copolymeric systems with one non-mesomorphic component,
which, however, is capable of potential mesomorphism have
been investigated8 6 [Fig.6b, Table 5, compound (XVIII)].
When the content of the non-mesomorphic component is in the
range 0 έ m £ 75 mole %, the copolymers exhibit enantiotropic

Table 4. Thermodynamic parameters of the LC-I transitions of RF-polymers with different structures of the flexible
spacers.

Structure of monomeric unit Γ ί · * c Δ//,·, kJ mol"1 Δί,·, J mol"1 Κ"1 Refs.

CH, CH,

I.-Si-O-Si-CH.-O- 208

268

335

293

347

8.0

2.8

7.4

9.3

8.6

16.8

5.0

12.2

16.3

13.9

[711

171J

[81]

181]

[81]
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• Table 5. Certain types of mesomorphic J?F-copolymers.
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Refs.

[84]

1861

[85J

[87]

mesomorphism. When the content of the non-mesomorphic
component is greater, there is a possibility of the manifesta-
tion of only monotropic mesomorphism in the system. Extra-
polation of the thermodynamic parameters for the LC-I
transition to the 100% content of the non-mesomorphic com-
ponent made it possible to determine the "potential" meso-
morphic properties of the polymer containing only non-meso-
morphic uni t s . t Copolymers with two non-mesomorphic
components, exhibiting potential mesomorphism, have been
investigated [Fig.6c, Table 5, compound (XIX)]. 8 5 Enantio-
tropic mesomorphism has been observed in the composition
range 35 ύ m £ 60 mole %. The manifestation of LC properties
by copolymers becomes possible by virtue of the significant
expansion of the region of stability of the mesophase. In
this sense copolymers play the same role as mixtures of low-
molecular-weight compounds with potential mesomorphic
properties.

The synthesis of copolymers with a single non-mesomorphic
component, which does not exhibit potential mesomorphism,
has been described8 7 [Fig.6d, Table 5, compound (XX)]. In
contrast to those examined above, copolymers of this type
are characterised by a broad two-phase region corresponding
to the LC-I transition, which greatly expands with increase
in the fraction of the non-mesomorphic component, which
implies that there is partial segregation of the non-meso-
morphic component.

Despite the outward similarity of the phase diagram pre-
sented in Fig.6 and the diagrams for mixtures of low-molecu-
lar-weight liquid crystals, the experimental data for copoly-
mers cannot be understood from the standpoint of the
characteristics known for low-molecular-weight systems.
Furthermore, the study of the copolymers is complicated by
the difficulty of obtaining phase equilibria, which greatly
limits the progress in this field. Nevertheless, the need for
more far-reaching study of the copolymers is evident because
of their great practical importance. Copolymerisation is the

t In this case the term "non-mesomorphic component" does
not reflect the mesomorphic properties of the monomeric unit
and is used in the sense that the homopolymer containing
100% of the non-mesomorphic units is also non-mesomorphic.
Compounds for which the temperature of the transition from
the crystalline to the isotropic state is higher than the
clarification temperature are potentially mesomorphic.

most effective method of regulating mesomorphic properties
and makes it possible to vary parameters important for
applications, such as the degree of crystallinity, the glass
point, and the mechanical characteristics of the given articles.
From the standpoint of the use of RF-copolymers in the
industrial manufacture of high-strength highly modular
articles, systems analogous to that illustrated in Fig.6d are
of greatest interest, since copolymers of this type make it
possible to vary within wide limits the Theological character-
istics of anisotropic melts.

50

VC
300

Z00 ~

100

100 0

m, mole %
7,eC

300

ZOO ~

50 100
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Figure β. Phase diagrams for the copolymer systems pre-
sented in Table 5: a) (XVII); b) (XVIII); c) (XIX);
d) (XX); I, N, and C = isotropic, nematic, and crystalline
phases respectively; m = composition of the copolymer;
Τ = temperature.8 1*"8 7
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Analysis of the data presented in the review permits the
differentiation of three main trends in the study of RF-poly-
mers: (1) the elucidation of the character of the influence
of the chemical nature of the repeat unit on the mesomorphic
properties of the polymers; (2) the study of the structure
of the mesophases; ( 3) the determination of the relation
between the molecular characteristics and the LC properties
of the polymer. The value of the results obtained in the
study of the structural characteristic features of the meso-
phases or of the influence of chemical structure on the prop-
erties of RF-polymers is greatly reduced if there are no
corresponding data for the dependence of the mesomorphic
properties on the molecular characteristics of the polymers.
Nevertheless, whereas the first two research trends are
fairly widely represented in the literature, the third is only
in the initial stage of its development.

Thus an unambiguous interpretation of the experimental
data is possible only for polymers with a rigorously defined
composition, chemical structure, molecular weight, and molec-
ular weight distribution.

An important feature of RF-polymers is the possibility of
macromolecular ordering together with the establishment of
orientational order at the level of individual segments. This
accounts for the interest in the study of the behaviour of the
flexible fragments in the I—LC transition. Many experimental
data indicate a high activity of the spacers, which is one of
the manifestations of the macromolecular ordering process.

Despite the major advances made in the synthesis and study
of RF-polymers, the problem of the classification of the types
of mesophases for the given system remains unsolved. Iden-
tification of the low-molecular-weight liquid crystals permits a
comprehensive prediction of the behaviour of the given sub-
stance as a function of external conditions. The determination
of the analogous characteristics of RF-polymers should include,
apart from the determination of the type of mesophase at the
segmental level, the determination of the geometrical charac-
teristics of the chains in the LC phase, since these param-
eters in fact determine in many respects the macroscopic
properties of the polymer. It therefore appears to be essen-
tial to develop research directed to the determination of the
macroconformations of the chains of mesogenic polymers in
the LC phase.

Linear thermotropic polymers capable of existing in the LC
state at temperatures ranging from room temperature to
350-400 °C are known. Naturally such a wide range of the
thermal stability of the polymeric mesophases gives rise to
extensive possibilities for the application of RF-polymers in
extremely varied fields of science and engineering. Applied
studies of RF-polymers are directed mainly to the synthesis
of fibres and films with improved strength characteristics and
a high thermal stability. More far-reaching investigation of
the nature of the LC state will undoubtedly open new path-
ways to the more extensive employment of RF-polymers in
science and engineering. Furthermore, the interest in ther-
motropic linear polymers is of fundamental importance: like
the study of monomeric liquid crystals, it has expanded our
knowledge of the molecular structure of liquid crystals and
the study of polymers deepens our understanding of the
analogous features of polymer melts and crystals.

—oOo—

During the preparation of the review for the press , studies
of fundamental importance were published. With the aid of
the model of rotational-isomeric s t a t e s , 8 8 a detailed investiga-
tion has been made of the conformational changes in the
flexible fragment in the I-LC transition. It has been shown
that the behaviour of the spacers during nematic ordering

depends on the structure of the groups connecting the flex-
ible fragments to the mesogenic groups (MG). Three types
of connection of the spacers to the MG have been examined:

MG-O- (CH,)n-O-MGi
(A)

MG—OC- (CH,)n -CO—MG;
η i!

ο ο
(Β)

MG-CO- (CH,),, -OC-MG.

(C)
Ο

The connections of the (A) and (B) types are preferred for
the establishment of the nematic state, since they ensure
highly "extended" spacers and a parallel arrangement of the
MG without a significant decrease of the configurational par-
tition function for the system. This explains the high con-
formational contribution to the overall entropy change ASj
for RF-polymers with connections of the (A) and (B) types
and the fact that ASj for polymeric nematic materials is higher
by an order of magnitude than for low-molecular-weight
materials. In case (C) the extended state of the spacers is
unlikely and nematic ordering is therefore unfavourable. If,
however, the nematic state does nevertheless obtain, the
conformational contribution to ASj is small, since the con-
formational structure of the spacers in the isotropic and LC
phases is virtually the same. The principal conclusions of
Yoon and Bruckner88 have been confirmed experimentally89

by 2H NMR for a polymer with connections of type (A). The
results of the IR spectroscopic study of the structure of the
spacers for polymers with type (C) connections39'1·0 also con-
firmed the theory.8 8

Blumstein90 and Pashkovskii91 paid particular attention to
the study of the dependence of the parameters of the LC—I
transition on the molecular weight taking into account the
chemical structure of the end groups of the macromolecules.
It has been shown that, in the region of low molecular
weights, the structure of the end groups influences strongly
the properties of RF-polymer specimens. This finding
demonstrates the difficulty of interpreting the experimental
data obtained in the early studies6 8 '7 0 for low-molecular-
weight specimens.

Volino et al. 9 2 studied the structure of solutions of an
RF-polymer in a low-molecular-weight nematic liquid crystal.
Relations were obtained between the order parameter of the
polymers QRF and the degree of polymerisation x. It was
shown that QRF increases with increase in the parameter x,
tending to the value of Q for a low-molecular-weight nematic
material, which indicates the ideal "incorporation" of the
polymer chains in the nematic medium. The data of Volino et
al.9 2 agree with the theory,9 3 where it has been shown that
flexible RF-polymer molecules can be rigid in the nematic
phase, in contrast to the usual flexible-chain or comb-shaped
LC polymers.
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Thermal Polymerisation and Oligomerisation of Monomers

V.A.Kurbatov

Two competing types of thermal reactions of monomers of different classes, namely oligomerisation and polymerisation, are
examined. The characteristics of the formation of the initiating radicals and of low-molecular-weight products (dimers and
trimers) and of the inhibition of the thermal polymerisation by radical acceptors have been subjected to kinetic analysis. The
mechanisms of the principal pathways in this process and the relations between them are discussed.
The bibliography includes 136 references.
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I . INTRODUCTION

Thermal polymerisationt is the principal type of reactions
of monomers; it proceeds exclusively under the influence of
heat in the range of relatively low temperatures where the
reactions involving the decomposition of the carbon skeleton
of the molecule hardly occur. Its products are polymer and
low-molecular-weight compounds—oligomers (dimers and
trimers) having both linear and cyclic structures.

The importance of this study of thermopolymerisation is
determined by practical and theoretical factors. Firstly,
thermopolymerisation is an inseparable component of the
overall polymerisation process occurring in the industrial
isolation of monomers, which leads to the formation of polymer
deposits and the breakdown of equipment. Secondly it is one
of the methods of synthesis of polymers, for example styrene
polymers. For this reason, the knowledge of the detailed
features of the mechanism of the thermal reactions of mono-
mers permits a more deliberate and better founded purpose-
ful regulation of this reaction depending on the character of
the problems undertaken. The mechanism of the generation
of initiating radicals and oligomers, especially six-membered
oligomers, is of theoretical interest. As regards the latter,
two mechanisms of their formation have been discussed in the
literature during a number of years: the synchronous and
two-centre (biradical) mechanism.

The aim of the review was therefore to survey and analyse
the literature data on the thermal reactions of various repres-
entatives of vinyl and acetylenic monomers, to discover the
general features of these processes, and to attempt to formu-
late on this basis a single mechanism of the phenomenon under
consideration. The need for the present review arose
because, despite the fairly long history of the research into
monomer reactions of this type, scarcely any attempts have
been made to survey the available literature data which have
accumulated during the last 20—30 years. In view of the fact
that the cyclo-addition reactions constitute an independent

t Henceforth we shall also use the term "thermopolymerisa-
tion", since it has become a traditional designation of this
phenomenon.

branch of organic chemistry, as regards the latter we shall
confine ourselves to conclusions which have a direct bearing
on the topic of the present review.

I I . MONOMERS OF THE VINYL-AROMATIC SERIES

1. Styrene and Its Derivatives

In the early studies, only the formation of the polymer was
investigated. Reactions of both first and second order with
respect to the monomer have been reported. The first exact
reaction order, amounting to 2.5, was established by Flory1

and then by Mayo and co-workers 2~5 and an expression has
also been found for the rate of initiation: 2

w, (mol litre-1s-1)=1.32Kl04 exp(—121/Λ7") [M]s

(here and henceforth Μ represents the monomer), which
agrees well with the equation which we obtained on the basis
of Flory's results.*

The reaction order obtained has been interpreted in differ-
ent ways. Thus it has been assumed that the polymerisation
is initiated by the radicals formed as a result of a trimolecu-
lar reaction of styrene, via a trimeric biradical, or by mono-
radicals arising from the latter (see Bagdasar'yan,6 pp.9,
59). However, it has been shown6 '7 that biradicals cannot
ensure the propagation of the chain process. This has also
been confirmed by the polydispersity of the polymer, amount-
ing to 1.8-2.0, 8 which is characteristic of monoradical initia-
tion. Finally, special generation of the biradicals C6H5CHCH2.
.CH2CHC6H5 by the decomposition of the corresponding
tetrahydropyridazine only slightly increased the rate of poly-
merisation of s tyrene. 9 The trimolecular reaction is regarded
as unlikely because of the lack of a kinetic isotope effect in
the polymerisation of ββ'-dideuteriostyrene.1 0

A qualitatively new stage in the development of a theory of
thermopolymerisation was represented by Mayo's s tudies, 2 ' 1 1

in which, together with the polymer, low-molecular-weight
products L were detected, the rate of formation of which
obeys a second order equation with respect to the monomer:

wL (mol litre-1s-1)=1.8rf05exp(—95//? Γ) [ Μ p.
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Among the low-molecular-weight products , cis- and trans-
diphenylcyclobutanes (DPCB), 1-phenyltetralin ( P T ) , and
l-phenyl(phenylethyl)tetralin (PPET) were ident i f ied. 1 1 " 1 3

On this basis, Mayo proposed a new thermopolymerisation
mechanism, according to which the primary product,
l-phenyl-l ,2,3,9-tetrahydronaphthalene (PTHN), arising
from a bimolecular reaction of styrene of the type of the
Diels-Alder condensation, is responsible for the formation of
the initiating radicals and oligomers. The set of reactions
occurring under these conditions is described by the scheme

1 | - Ο,Η,ΟΗΟΗ,ΟΗ,έ !, τ* 2H,C=CHC,KS-»

H,OCHC,H5

+ 'HCHtCHC,H».;

The expressions for the rates of initiation
isation ( w t r ) arising from this scheme, i . e .

\>i) and trimer-

The rate constant for the initiation of the polymerisation of
o-chlorostyrene is described by an expression with the follow-
ing parameters: Ef = 125 kJ mol"1 and Aj = 3.47 χ 1010

l i t re 2 mol2 s" For pentafluorostyrene, Ei = 84—92 kJ mol"
Fairly numerous data are also available for other halogeno-
and alkyl-halogeno-styrenes, 3 3" 3 7 but the lack of information
about the polymerisation rate constants precludes the calcula-
tion of the rate of initiation. Nevertheless, one may conclude
that the variation within wide limits of the activation energies
(by 37 kJ ΐηοΓ1) and pre-exponential factors for the rate constants
(by 5 orders of magnitude) for the thermopolymerisation reac-
tions of various styrenes is in the main a result of the varia-
tion of the corresponding parameters of the initiation s tages .

The thermopolymerisation of s tyrenes containing substi tu-
ents in the side chain has been little studied. It has been
shown that α-methylstyrene polymerises only at high p r e s -
sures . 3 8 Together with the polymer, a linear unsaturated
α-methylstyrene dimer has been d e t e c t e d . 3 9 Only perfluoro-
cyclobutane is formed from αββ'-trifluorostyrene, "*° while
α-bromostyryl-l-phenylnaphthalene 1 ' 1 and various chloro-
and fluoro-styrenes are capable only of slow dimerisation. "*2

2. Other Vinyl-aromatic Monomers

The polymerisation of vinylthiophen (VT) and vinylfuran
(VF) has been investigated. 1*1*'1*5 Together with the polymer,
a dimer having the structure

kir) [M] Π-/-<χ

are consistent with the experimental relations. The DPCB
formation reaction is of second order with respect to styrene
and is characterised by an activation energy of 104 kJ mol"1.12

It has been suggested that the high reactivity of PTHN is due
to the lability of the hydrogen atom H*. u ' 1 2

The main evidence for this mechanism is believed to be the
presence of the kinetic isotope effect in the initiation stage
of the thermopolymerisation of o-dideuteriostyrenes, 1'*>15 the
direct identification of PTHN by UV spectroscopy, 1 6~ 1 8 the
absence among the reaction products of biradicals generated
from diphenyltetrahydropyridazine and phenyltetralin,1 9 and
the manifestation of an initiating capacity by certain PTHN

analogue s. An additional argument is provided by the
ability of styrene dimers to regulate the molecular weight of
the polymer;8'22"21* it has been suggested that this role is
played by PTHN. 2 5 · 2 6 Indeed the molecular weight of poly-
styrene and the concentration of PTHN exhibit an antiparallel
time variation, 1 6 ' 1 7 while compounds modelling PTHN are
capable of playing the role of a chain transferring agent. 2 0 ' 2 1

Among the styrene derivatives, compounds substituted both
in the aromatic ring and in the a- and β-positions in the side
chain were investigated in the thermopolymerisation reaction.
We shall consider initially derivatives of the first type. Data
for the polymerisation of methylstyrenes have been published
in a number of communications. 27~29 The activation energies
for the overall process are 70, 80, and 70 kJ mol"1 for
o-methylstyrene, m-methylstyrene, and vinylxylene respec-
tively. Vinylmesitylene does not polymerise even in the
presence of initiators. The thermopolymerisation of p-meth-
oxystyrene has been investigated.3 0 If it is supposed that
the overall reaction order is also 2.5, it is possible to obtain
an expression for the rate of initiation:

w, (mol litre-1s-1)=4.6xl0' exp(—125/ΛΓ) IMP.

where X = Ο or S, is formed. Its yield is comparable to that
of the polymer. The initiation process is characterised by*
third order with respect to the monomer, the activation
energies being 117 and 125 kJ mol"1 for VT and VF respec-
tively. The pre-exponential factors in the expressions for
the VT and VF polymerisation rate constants were similar,
amounting to 9 χ 102 litre3^2 mol~3^2 s"1. The data obtained
are consistent with a polymerisation mechanism identical with
that proposed by Mayo.

Analysis showed that the observed polymerisation rate
constant is almost independent of the monomer concentration
and the stage involving the conversion of the intermediate
into trimers does not therefore exist. This is confirmed by
the observation of only the dimer in the low-molecular-weight
fraction,1*5 from the yield of which it is possible to estimate
approximately the dimerisation rate constant. At 130 °C the
latter is approximately 1.6 χ 10"6 litre mol"1, i .e. is compar-
able to the rate constant for the oligomerisation of styrene.

The thermopolymerisation of vinylpyridines (VP) has been
investigated in a number of studies.32·1*6"'»8 Expressions
describing the rate of initiation have been found for 4-VP
and 2-methyl-5-VP:1*6'1*8

w, (mol litre-1s-1)=9.7xl0" exp(—133/ΚΓ) [M];
w, (mol litre-1s-1)=2.38xl0lexp(-88/i?r) [Mp.

The first order observed in the case of 4-VP is open to defin-
ite doubt. The surface of the glass probably exerts an influ-
ence in this instance, as noted by Onyon.1*7 The overall rate
constant is independent of the monomer concentration. An
initiation activation energy similar to that found for 4-VP has
been obtained also for 2-VP.32 Aminov and co-workers1*6'1*8

give preference to a biradical mechanism, although one cannot
rule out the possibility of the formation of an intermediate
similar to PTHN.
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The thermopolymerisation of vinylpyridinium salts in aque-
ous solution proceeds via a radical-chain mechanism and the
rate of reaction is proportional to [M]2'2.1*9

Although the polymerisation of indene has not been sub-
jected to kinetic analysis, nevertheless it has been shown
that the rate of this process is lower than the rate of poly-
merisation of styrene and the degree of polymerisation ranges
from 2 to 10, amounting on average to 4—6. 5 0 The rates of
reaction at different temperatures, obtained in different
studies, fit satisfactorily on a single linear Arrhenius plot
and the activation energy is 94 kJ mol"1.51~51* There are no
literature data for the relative kinetic chain propagation rate
constant k /k0'5, where k and k^ are the kinetic chain

pi p i
propagation and termination rate constants respectively. We
calculated it using the data54 for the polymerisation of indene
initiated by benzoyl peroxide. The required constant was
found to be given by the following expression

kpk°t
*10t βχρ(-33.6/ΛΓ).

The dependence of the degree of polymerisation on the
initiator concentration (indene peroxide) 5 S shows that the
molecular weight of the polymer is regulated by chain trans-
fer via the monomer. The calculated transfer constant was
found to be 0.1. This can explain the low-molecular-weight
of the polymer. The exact concentration-based measurement
of the order of the polymerisation reaction with respect to the
monomer was not carried out, but, according to an approx-
imate estimate, it should be greater than 2. If it is assumed
to be 2.5, then the pre-exponential factor in the expression
for the initiation rate constant is 3.8 litre2 mol"2 s"1 and the
activation energy is 120 kJ mol"1.

According to the data of different workers, the activation
energies for the overall polymerisation (numerals designated
by an asterisk) and initiation processes involving naphthalene
derivatives are respectively 73*,56 71*,3 2 and 123 kJ mol"1 3 2

for a-vinylnaphthalene, 129* and 159* kJ mol"1 for acenaph-
thalene,32 76* kJ mol"1 for β-vinylnaphthalene, and 87*
kJ mor1 5 6 for 6-vinyltetrahydronaphthalene. Decahydro-
naphthalene does not polymerise at 100 °C in the course of
three days.5 6

If the order of the initiation stage of the polymerisation of
a-vinylnaphthalene (α-VN) with respect to the monomer is
three, then the rate constant can be calculated from the data
of Koton and Kiseleva: 5 6

ki (Iitre2mor2s-1)=4xl0s exp(—73.0IRT)

(the polymerisation constants taken from Lipatov et al. 5 7 were
used in the calculation).

3. The Kinetics and Mechanism of the Inhibition of the
Thermopolymerisation of Styrene by Alkyl Radical Acceptors

The characteristic features of the inhibition of thermopoly-
merisation exhibit a number of significant differences from
the initiated reaction. The relation between the inhibitor
concentration and the induction period is usually non-linear.
58-62 T n e kinetic orders of the acceptor consumption reaction
can be both zero 6 0 ' 6 3 ' 6 7 and unity61*'67 and in the former case
the rates of destruction of different acceptors can differ by a
factor of several tens and can greatly exceed the rate of
initiation in the absence of acceptors.6 3"6 9 The products of
the thermal and initiated reactions are frequently different.

Thus the high-molecular-weight product formed in the ini-
tiated thermopolymerisation of styrene in the presence of
quinones is a styrene—quinone copolymer, while the product
of the non-initiated process is a styrene homopolymer. 7 0 The

formation of 2 : 1 or 2 : 2 adducts of the monomer and the
inhibitor (benzoquinone, sulphur, picric acid),7 1 '7 2 in which
the dimeric styrene fragment has a linear structure, is a
characteristic feature.

Details kinetic analysis of the thermopolymerisation inhibi-
tion process has shown72 that the above features are caused
by the reactions of the intermediate arising as a result of a
bimolecular reaction of styrene:

Μ + Μ Λ Ζ ,

Μ

Μ

η In •

JR +

ZU

+ ζ

-f ζ

+ ζ-

*
In -

D,

-*• products,

'•* products,

where M, D, and Τ are the monomer, dimer, and trimer
respectively, Ζ is the intermediate, In the inhibitor, η the
stoichiometric coefficient, f the acceptance coefficient, and
R the initiating radical. According to this scheme, the
consumption of the inhibitor is defined by the expression

«Jflnl _u I M 1 1 *,IM),7+ nkb\ln]

Since k s[M] is fairly small, we obtain

<l[ln) _

Depending on the absolute values of the individual terms,
two limiting cases can occur, where the inhibitor is consumed
either in accordance with a zero order law at a rate nko[M]2

and Wj// or in accordance with a first-order law at a rate
proportional to nkokb[M]2/kd + ktrtM]· This agrees with the
experimental reaction orders (see above) and also shows that,
depending on the conditions and the reaction time, the order
may also assume intermediate values (between 0 and 1).

An equation relating the induction period τ to the inhibitor
concentration was obtained in the same study: 7 2

-Hn],.

Depending on the initial inhibitor concentration, both a linear
and a logarithmic relation between τ and [In] 0 can be
obtained, which has been observed in practice. Further-
more, the above equation makes it possible to determine the
reactivity of the intermediate towards the acceptor {the effec-
tive rate constant k = nJcokb[M]2/kd + ktr[M]}, the rate of
initiation, and the lower threshold of the rate constant for
the reaction of the radicals, propagating the kinetic chains,
with the inhibitor.

With the aid of this approach, we calculated the effective
rate constants k for the interaction of the intermediate with
various inhibitors (Table 1). A satisfactory agreement is
observed between the values of k calculated from the induc-
tion period and from the consumption of the acceptor. A
satisfactory agreement was also noted for the rate of initiation
W( and the inhibition rate constant Jc,n found in this way.72

The constant k for different acceptors varies within the
limits of one order of magnitude and has the maximum value
for stable radicals. However, there are exceptions: Kolesch's
radical# and tetramethyl-p-benzoquinone are consumed at a

# l,3-Bis(diphenylene)-2-phenylallyl (BDPA)—see Pryor
et al.61* (cf.Table 1) (Ed.of Translation).
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rate close to the rate of initiation and the interaction with
the intermediate does not accordingly occur. It is of interest
that, on passing to pentafluorostyrene, such reaction with
Kolesch's radical becomes possible (Table 1).

Table 1. The effective rate constants for the reactions of
the intermediate with inhibitors.

, s Method of determination

Styrene (Ref.72)

NO,
\

(C,H,),NN >-NO,

NO,

\ /
>NO

/ \
Ditto

(C,H6OC,H4),NO

(QH ( ) ,C

X X

• \ _ /
0 = / ^)=Ο , where X = Η

/ \

Galvinoxyl
Kolesch's radical

75

80

8
8

8

70
90
80
80
80

1.67

1.67

1-2
1.15
0.71

0.11
1.00
0.14
0.17
0.36

from consumption of inhibitor

from consumption of inhibitor
from τ
from τ

from τ
from consumption of inhibitor
from consumption of inhibitor
from τ
from τ

Pentafluorostyrene (Ref.64)

1 100 I 0.26 I from consumption of inhibitor
100 I 0.28 I from consumption of inhibitor

There exist two hypotheses about the structure of the
intermediate: according to one of them, it is PTHN and
according to the other it is a biradical. We shall consider
which hypothesis corresponds better to the thermopolymer-
isation inhibition data. The increase of the electronegativity
of the halogen atoms in tetrahalogenobenzoquinone lowers
the constant k (the reaction constant ρ is then - 1 ) . 7 2 On
this basis, it was concluded that there exists a stage in which
the halogenoquinone is subjected to the electrophilic attack by
the intermediate.7 2 The reactions of halogenoquinones with
hydrocarbons are usually accompanied by the abstraction of
hydrogen atoms. For example, 3,4,8,9-tetrahydronaphthal-
ene, which is an analogue of PTHN, affords naphthalene on
reaction with chloranil.7 3 In such cases the reaction rate
constant has the maximum value for quinones with the most
electronegative substituents.7 1* If the intermediate is PTHN,
one may expect the opposite variation of the constant k on
passing from chloranil to iodanil compared with that actually
observed. For this reason, the occurrence of the process via
a mechanism of the Diels-Alder type is ruled out.

The rate constant k for the reactions of methyl derivatives
and p-benzoquinone diminishes with increase in the number
of substituents and in the presence of four methyl groups
cannot be measured. A similar trend has been observed in
the series benzoquinone > naphthoquinone > anthraquinone. 7 1

This means that an unsubstituted ring carbon atom partici-
pates in the reaction of the intermediate with quinone. This
conclusion has been confirmed quantitatively by the constancy
of the values of k referred to a single reaction centre. An
analogous deviation of the reactivity of methylquinones has
been observed in reactions with methyl7 5 and styryl 7 6 radi-
cals; the specific constant then also remains invariant.

Since there are quantitative and qualitative analogies
between the reactions of quinones with radicals and the
intermediate, presumably the intermediate has a radical natur»
and hence should consist of a biradical. In practice it is
unlikely that the rate constants for the reaction of Kolesch's
radical with the intermediate would increase by 3—4 orders
of magnitude on passing from H-PTHN to F-PTHN (penta-
fluorostyrene). It is also difficult to imagine the abstraction
of a CH3 group by diphenylpicrylhydrazyl from the PTHN
formed from vinylmesitylene.32 Finally, it has been estab-
lished recently 7 7 that, when a nitroxy-radical is introduced
at the beginning of the reaction, PTHN is not formed. On
the other hand, the rate constant for its destruction in a
pseudo-first order reaction with respect to Ζ is independent
of the radical concentration. Hence PTHN is consumed uni-
molecularly, evidently isomerising to phenyltetralin, while
the acceptor reacts with its precursor. 7 7 There is no doubt
that this precursor can only be a biradical. Accordingly,
the transfer of a hydrogen atom to the inhibitor is a result
of disproportionation; the increased yield of phenyldi-
hydronaphthalene under these conditions 6 6 ' 7 8 ' 7 9 is therefore
determined by the reactions

, / H \

One of the most convincing pieces of evidence for the
existence of an intermediate of type PTHN is the conversion
of nitroxy-radicals and DPPH radicals into hydroxylamine and
hydrazine respectively. 6 6 ' 7 8" 8 0 However, hydroxylamine can
also be formed as a result of the decomposition of its ether
(recombination product) . 8 1 On the other hand, the amount
of hydroxylamine formed is only 20% of theoretical.8 0 Without
going into details, we may note that the change in the com-
position of the reaction products on treatment with DPPH,
quoted by Kopecky and Hall7 8 and Wiesner and Mehnert, 7 9

is inconsistent with the formation of an intermediate of the
type of PTHN, since in this case one would expect anomal-
ously high acceptance coefficients. Consequently the fact
presented above cannot be regarded as rigorous proof of
the involvement of PTHN in the reaction with stable radicals.
The structure and composition of the products of the reac-
tions of sulphur and benzoquinone are evidence against a
bicyclic structure of the intermediate. 7 2

Thus the structure of the products and the kinetics of the
reactions of inhibitors fail to confirm, in our view, the con-
cept of the triene structure of the intermediate and make it
necessary to give preference to the hypothesis of its biradical
nature.

4. The Mechanism of the Thermopolymerisation of Styrene and
Vinyl-aromatic Compounds

Since the main experimental data have been obtained for
styrene, we shall initially analyse those concerning the
mechanism of the thermopolymerisation of the above monomer.

Tetraline oligomers (PT, PPET), on the formation of which
the current ideas about the thermopolymerisation mechanism
are based, are not the only low-molecular-weight products of
this process. Their yield is several times smaller than the
overall yield of the oligomeric fraction. Together with these,
linear unsaturated dimers and trimers have been identified:
l,3-diphenylbut-3-ene, l,3,5-triphenylhex-5-ene, and tri-
phenylcyclohexanes1 1"1 3 '8 2 and in the case of a-methylstyrene
an unsaturated linear dimer. **6 This finding does not fit
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within the framework of Mayo's mechanism. In order to
eliminate the contradiction, a number of workers postulated,
taking into account the presence of the same olefinic com-
pounds in the products of the thermal reaction of polystyrene,
their pyrolytic formation under conditions of either chromato-
graphic analysis1 3 or direct polymerisation.1 1 '1 2

However, in the chromatography of solutions of polystyrene
in ethylbenzene, subjected to preliminary heat treatment,
oligomers were not detected. 7 2 The finding that the fraction
of linear unsaturated oligomers of l,3-diphenylbut-3-ene
(DPB) and l,3,5-triphenylhex-5-ene (TPH) decreases with
increasing styrene concentration also conflicts with the above
hypothesis. 1 2 Hence it follows that the low-molecular-weight
compounds indicated are the main and not secondary thermo-
polymerisation products.

On the other hand, the presence of all the oligomers noted
can be readily accounted for, without contradiction, within
the framework of the biradical mechanism. Presumably the
olifinic derivatives are formed as a result of the intramolecu-
lar disproportionation of the corresponding dimeric and tri-
meric biradicals, while cyclohexane derivatives are produced
by their recombination and tetralin derivatives are formed via
alkylation. Furthermore, the lowest biradicals can be con-
verted into the highest by reaction with styrene molecules
and then can give rise to oligomers in unimolecular reactions.
This has been confirmed by the presence of tetramers among
the polymerisation products 1 2 ' 8 2 and agrees with the decrease
of the fractional yield of DPB and TPH with increase in the
concentration of styrene.

2H 2 C=CHC 6 H 5 >• C6H5CHCH2CH2CHC6H5

H C=CHC.H. . ι ι .
C6H5CHCH,CHCH2 — >- CHCH2CHCH2CHCH, >• \ — f - ( C 6 H 5 ) 3

C 6H 5 C 6 H 5 C 6H 5 C6H5

C6H.;CH :CH2CH=CH2 CH2CH2CHCH2CH=CH2

C 6 H 5 C6H5 C 6H 5 C 6 H 5

We shall now proceed to the discussion of the initiation mech-
anism. A kinetic isotope effect close to 2 has been found not
only in the initiation reaction but also in the trimerisation
reaction. 1 2 The rate of destruction of DPPH in the polymer-
isation of pentadeuteriostyrene is also smaller by a factor of
two than in the reaction involving the non-deuteriated mono-
mer. As already mentioned, this process is second order
with respect to the monomer and its rate is limited by that
of the stage involving the formation of the intermediate,
which participates, according to current ideas, also in the
initiation reaction. For this reason, the manifestation of
isotope effects in the initiation reaction may be a consequence
of their occurrence in the stage where the intermediate is
formed. At the same time, on replacement of hydrogen by
deuterium in the ortho-position, the kinetic isotope effect in

the DPPH destruction process is 0.75 in the case of the ther-
mopolymerisation reaction. 8 3 This indicates merely an uncer-
tainty in the influence of the nature of the ortho-substituent
on the formation of the intermediate, i .e. the given effect
cannot be regarded as proof that the mechanism involving
the generation of free radicals operates.

The PTHN concentration, established by UV spectroscopy,
does not remain constant over several hours. 1 6 ' 1 7 Conse-
quently if PTHN were responsible for the formation of the
initiating radicals, then the polymerisation process would not
be stationary. For this reason, it is believed t h a t 1 6 ' 1 7 the
isomer with the axial C6H5 group, assumed to be more reac-
tive than the other isomers, participates in the initiation.
However, as already mentioned, this intermediate should be
produced via a biradical. Finally, the characteristic features
of the formation of tetralin oligomers require that stationary
conditions hold throughout the intermediate and not only in a
fraction of the latter. It has been established2 0 that close
analogues of PTHN such as compounds of the type

CH,

only reduce the molecular weight of the polymer without
influencing the rate of initiation. The increase of the latter
has been noted only when markedly different model com-
pounds, which can in principle themselves react with styrene
to form biradicals, are used.

The capacity of pentafluorostyrene for thermopolymerisa-
tion cannot be explained on the basis of the structure of an
intermediate of the type of PTHN. Indeed, in this case a
fluorine atom should be abstracted from PTHN by a monomer
molecule, which is extremely doubtful.

A possession of an initiating capacity (even though it is a
weak capacity) by the biradical formed from cyclodiazo-com-
pounds is of fundamental importance. We may note that the
types of biradicals involved in the formation of monoradicals
in thermopolymerisation can be various. The data of a study
whose authors81* concluded that the macromolecules have
benzyl and phenylpropenyl end groups are extremely inter-
esting in this sense. Clearly, PTHN cannot be their source.
It is also unlikely that they arise in the thermal decomposi-
tion of dimers, since the rate of this reaction should be
extremely low and the dimer C6H5CH2CH2CH2=CHC6H5 has
not been detected. Apparently the trimeric biradical

HBc,

/-L — > - C6H5CH2 + CH 2 CH=CHC e H 5 -f CH2==CHC6H5

C 6 H 5

should be regarded as the source of initiating radicals.
In low-molecular-weight products of the thermopolymerisa-

tion of styrene in the presence of FeCl3, the following frag-
ments have been discovered: 8 5

- C H 2 - < CH3CHC,Ht

It has been suggested that they are due to the primary initi-
ating radicals, which confirms Mayo's mechanism. However,
they could be formed in other ways. Thus the phenyltetralin
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fragment can arise on chain transfer via PTHN and the
phenylethyl fragment enters into the composition of the tri-
mer.

We shall now confirm the available data on the polymerisa-
tion of styrene and other vinyl-aromatic compounds. The
thermal reactions of these monomers are characterised by a
series of common features: the formation of dimers having
related structures (vinylthiophen, vinylfuran), the same
order of the initiation reaction with respect to monomers,
which is 3 (for VT, VF, 2-methyl-5-VP, and indene). It is
noteworthy that also in the case of vinyl-aromatic compounds
a dimeric intermediate participates in the formation of the
initiating radicals. In principle, it can also be the adduct
formed as a result of the Diels-Alder condensation. This
possibility exists for VF, VT, VP, and β-VN, but is realisa-
tion in the case of indene, acenaphthalene, and ct-VN is
extremely problematical, since it requires the occurrence of
fairly complex multistage rearrangements. One can therefore
assume that there exists only one mechanism of the thermo-
polymerisation of all vinyl-aromatic monomers.

Thus the biradical mechanisms make it possible to account
for the majority of experimental data, including those which
do not fit within the framework of Mayo's mechanism.

Table 2. Kinetic parameters of the initiation process in the
thermopolymerisation of acrylates.

Monomer

Butyl methacrylate
Methyl aery late
Methyl methacrylate
ditto

>
»

Ethyl methacrylate
Methyl methacrylate
a-Chloro aery late

/3-Chloroacrylate

Aj, litre m o r V

_

—
0,36

1.1-10-*
—

1 0 s "

i o 3 · "

io····
1 0«.s

E'· ιkJ mol'1

_

—
92

84
—

138.3
138.3
148
158

(, °C

80
80
90
90
90

0
90
90

80
80

WJ, mol litre s''

3 10""
5.3·10""
1.7-10-"
1.7 10-»

io-1·
6.3· 10~ls

1.5-10-1»
1.5-10-1»
1.2· ΙΟ"1**
7.9-10"1··

Refs.

[86]
[86]
[871
[86
U

[88]
[89]

[89[
[89]
[89]

*Bimolecular initiation rate constants.

I I I . OXYGEN-CONTAINING MONOMERS

1. Acrylates

The kinetic data for bimolecular reactions initiating the
polymerisation of acrylates in bulk, obtained in different
studies or calculated by ourselves from published results,
are presented in Table 2. In the analysis of the data in
Table 2, the non-reproducibility of the rate of initiation of
methyl methacrylate (MMA) is striking. It has been sug-
gested 8 8 that this may be caused by the generation of an
inhibitor in the thermal reaction. Indeed the rate of increase
of viscosity for a fairly low degree of conversion diminishes
as the process proceeds. Analysis shows that its reciprocal
fits satisfactorily on the linear time plot. This is consistent
with the hypothesis put forward by Bamford and Dewar.8 8

The rate of initiation of the polymerisation of MMA at 0 °C 8 8

is fairly high (Table 2). According to the hypothesis of
Stickler and Meyerhoff,90 this can be caused by the acceler-
ating effect of impurities, while pure MMA polymerises at a
low rate. However, in this case one should expect a different
type of time variation of the rate of increase of viscosity.

According to the data in Table 2, ct-substituents (H, CH3,
C2H5, Ct,H9) do not exert a significant influence on w^ An
exception is Cl, whose introduction into the α-position
increases the rate of initiation of polymerisation. The abso-
lute rates of initiation quoted in a number of s tudies 8 6 ' 8 7 ' 8 9

differ from one another by three orders of magnitude. This
can probably be explained by the causes noted above. Among
the low-molecular-weight products, dimers of three types as
well as linear trimers have been detected. These are formed
via the following tentative mechanisms:

CH,
I!

C ·

CH,

CHjCHCH.CH.tCH,-» I

ι ι I —

CH

CH,

- X

- C H , '

CH,N

,,ολοΑ?Lru. +
CH,

/CH,

»

H,C=CCH,CH,CHCH,

χ

CHi=CCH, ,

CH,CCH,CH=CCH,CH,CHCH,
I I I

H,C=CCHiC (CH,) CH,CH,CHCH,
I I I

X
I I I I

X X X XX
+ H,C=CCH,CH,CHCHtCH,CHCH, .

I I I
X X X
X = C (O) OCH,

The main product is a linear dimer, the bimolecular rate con-
stant for the formation of which is given by91"9"*

k (litre mor1

s-
1)=l,3-10isexp (_ 1Ο7,2//?Γ).

Initiation is achieved as a result of the decomposition of the
dimeric biradical.

In the polymerisation of methacrylic acid salts, the follow-
ing products were identified in the solid phase: 9 S

CH,=CCH, C (CH,), CH,=CCH,CH,CHCH,CH,CHCH,
II I I I
coo-coo- coo- coo- coo-

C H ^ C C H J C H J C H C H , CHt=CCH,CH=CCH,CH,CHCH,
I I I I I

coo- coo- coo- coo- coo-
A reaction mechanism has been proposed, in which the forma-
tion of biradicals is postulated in the first s tage. 9 5

The inhibition of the thermopolymerisation of acrylates by
stable nitroxy-radicals—di(ethoxyphenyl)nitrogen oxide ( I ) ,
the 4-hydroxy-2,2', 6,6'-tetramethylpiperidin- 1-yloxy-radical
(II), and the 4-benzoyl-2,2',6,6'-tetramethylpiperidin-l-
yloxy-radical—has been investigated.8 6 In all cases, with
the exception of methyl acrylate, the dependence of τ on
[In] 0 is non-linear and resembles the corresponding depen-
dence found for styrene. The results of the treatment of
these data by Kurbatov's method72 are presented in Table 3.
Overall, a satisfactory agreement is observed between the
rate constants calculated for different conditions. An
exception is the value for the polymerisation of butyl metha-
crylate inhibited by compound (II) . On the other hand, the
values of Wj obtained using these compounds (I) and (II)
agree satisfactorily. The linear dependence of τ on [ In] 0

observed for the methyl acrylate—radical (I) pair shows that
the radical is consumed in accordance with a zero-order law.
The process rate constant is 6.75 χ 10~9 mol litre"1 s"1. This
value exceeds almost by three orders of magnitude the rate
of initiation found in experiments with the radical (III) and
should therefore represent the product nfco[M]2.

The constant kin for the process involving MMA is much
too high compared with that found under initiated conditions,
while the value of W{ is consistent with that found by Lingnau
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and Meyerhoff.89 The constants k for MMA and other mono-
mers of this series are similar. This can be associated with
the effect of strong secondary inhibition in the chain process
or with the generation of an "internal" inhibitor, which reacts
with alkyl radicals, as stated above. It is of interest that
this feature is characteristic solely of MMA.

Table 3. The rates of initiation and the rate constants for
the inhibition of the polymerisation of acrylates by nitroxy-
radicals (calculated from data of Trubnikov et a l . 8 6 ) .

Radical

(I)
(ID

(I)
(HI)

(Π)

litre mol"^s"^

2.4-10·
0.3-10·

4.8-105

460-105

k*n, litre m o l ' V 1
WJ, mol litre" ̂ s*

Butyl methacrylate, 80 °C

5,7-10»
30-10·

Methyl acrylat

7-106

1.5-10"11

2.3-ΙΟ"11

,80°C

3.2-10-12

Methyl methacrylate, 90 °C

G-105 4.0-10"1'

104/t, s"1

2.7
0.60

^0.1(88°C)
1.5

0.42

*The inhibition rate constants found under the conditions of
initiated polymerisation.86

The set of data obtained in the analysis of the characteris-
tics of the inhibition and of the composition and structure of
the low-molecular-weight products shows that the thermo-
polymerisation of acrylate entails the formation of an inter-
mediate , which reacts unimolecularly with the molecules of
the inhibitor and the monomer. In the case considered such
an intermediate can only be a dimeric biradical. By analogy
with styrene, the formation of dimers in the scheme presented
above can be represented as a result of its interaction with
the monomer and the subsequent unimolecular disproportiona-
tion.

2. Vinyl Acetate

Calculated data based on the results of Starkweather and
Taylor96 have shown that the best agreement between the
overall polymerisation rate constants is achieved when a
kinetic order with respect to the monomer of 2.5 is adopted.
One can then obtain the following expression for the rate of
initiation (at 80-110 °C):

w, (mol litre-1s-1)=4.8-10i8exp(— 167.2/kT) [M]\

It is close to that found1 by another method. This means
that the initiating radicals are formed in the thermopoly-
merisation of vinyl acetate with participation of monomer
molecules.

3. Acrolein, Methacrolein, and Acrylic Acid

The primary products of the reaction of aldehydes are the
corresponding dihydropyrans, formed as a result of 2,4-
cycloaddition:97"100

Acrylic acid gives rise to a linear unsaturated dimer—
acryloylhydracrylic acid. " Only the acrolein dimer is
formed in the presence of hydroquinone. " The activation
energy for the thermopolymerisation is 65.4 kJ mol"1. In the
presence of an amine inhibitor (whose structure and concen-
tration have not been reported), it increases to 118.8
kJ mol"1.98 On this basis, it has been concluded that the
inhibitor is active in the dimerisation stage. 9 8

If the reaction takes place under inhibited conditions, the
increment in the observed activation energy should be
0.5(£j- + Ef) - Ein, where Ei, Et, and Ein are the activation
energies for initiation, chain termination, and the interaction
of radicals with the inhibitor. For £fn = 15—25 kJ mol"1, the
quantity E^, calculated on the basis of experiments with and
without participation of the inhibitor, is 12—140 kJ mol"1 (the
values of Ep and Ej were taken from Ham101), which means
that the thermopolymerisation of acrolein proceeds via a
radical-chain mechanism and that dimerisation is the accom-
panying process.

IV. MONOMERS OF THE ACETYLENE SERIES

Among the products of the thermopolymerisation of vinyl-
acetylene , diethynylcyclobutane and the polymer which is a
polyene according to the latest data103'10"* were detected. 1 0 2

The kinetic studies were performed in relation to ethynyl-
aromatic compounds: phenylacetylene (PA), 5-ethynyl-2-
methylpyridine, 1 0 5>1 0 6 and 3-ethynylphenyl phenyl ether. 1 0 7

Apart from the polymer, 1,3,5- and 1,2,4-triphenylbenz-
enes (TPB), 1 0 6 whose overall yield was ~10%, were found
among the products of the reaction involving PA. Since the
overall rate of polymerisation is described by a kinetic equa-
tion whose order is close to two, it has been suggested that
the initiators are biradicals or more precisely that one of the
isomers is formed by the "tail to tail" combination of two
monomer molecules, since the lowest activation energy is then
expected; TPB arises as a result of the interaction of the
biradicals with a monomer molecule.106

Analysis of the above data1 0 6 shows that, both for PA and
ethynylpyridine, the observed polymerisation rate constant,
calculated subject to the condition that the reaction is of
second order, is not invariant and depends on the monomer
concentration. The relation [M]3/w = α + b[M], where α and
b are constants, hold satisfactorily under these conditions
(Fig.l). This result conflicts with the mechanism of the
initiation of polymerisation by biradicals. The present
author's analysis of the kinetic schemes has shown that uni-
molecular and bimolecular destruction of biradicals should
correspond not to second order with respect to the monomer
but to a higher or lower order. Hence the experimental reac-
tion order and the dependence of the rate constant on the
monomer concentration lead to the conclusion that the initia-
tion reaction involves the formation of an intermediate Ζ. On
this basis, one can postulate that the polymerisation mecha-
nism is described by the following scheme:

Ζ—

TPB,

CH,. Ο

/ \ II

ι—JJ~> polymer;

I t , chain termination.

According to this scheme, the intermediate gives rise to
initiating radicals in the unimolecular reaction and to TPB
in the bimolecular reaction. Chain termination takes place
linearly, as has been established by Pickard and Jones. 1 0 7
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Under conditions stationary with respect to Ζ and R, the
expressions for the rate of polymerisation and trimerisation
are as follows:

W,r

(1)

(2)

Evidently the former agrees with the empirical relation.

participate in the initiating reaction. For 1,2,4-TPB, the
above quantity, estimated from kinetic data for both poly-
merisation and trimerisation, is 5-6 mol litre'1.

As regards the nature of the intermediate, there is no
doubt that it is a biradical. Thus two types of paramagnetic
species were detected by EPR in the thermopolymerisation of
PA in the presence of spin trapping agents. 1 0 8 Analysis of
the spectra permitted the conclusion that they arise as a
result of the acceptance of the polymeric monoradical and
biradical.

106[M] /w, mol2 s litre

6 [M],M

Figure 1. Dependence of the reciprocal of the measured
third order rate constant for the polymerisation of phenyl-
acetylene on its concentration at different temperatures (°C):
1) 125; 2) 140; 3) 155; 4) 170 (according to the data of
Bantsyrev et a l . 1 0 6 ) .

V. DIENE MONOMERS

1. Derivatives of Butadiene and Cyclic Dienes

The majority of publications concerning the thermal reac-
tions of hydrocarbons of the divinyl series refer to the study
of low-molecular-weight cyclic products formed as a result of
the [2 + 4]cycloaddition. The polymerisation kinetics have
been investigated only in a few early studies and to an
extremely limited extent. We shall deal here with data which
are of fundamental interest.

The thermal reactions of diene hydrocarbons of the divinyl
series were accompanied by the formation of a polymer and
dimers of three main types: derivatives of cyclobutane,
vinylcyclohex-3-ene, and cyclo-octa-1,5-diene. Mainly
l-vinylcyclohex-3-ene and 4—5% of 1,2-divinylcyclobutane
are formed from divinyl itself.109 Isoprene gives rise to all
the possible dimers:110·111

l(r7[M]/w f r,mol2s litre"2

2 it 6
[M],M

Figure 2. Dependence of the reciprocal of the third order
rate constant for the formation of 1,2,4-triphenylbenzene
(line J) , and 1,3,5-triphenylbenzene (line 2) at 140 °C on
the phenylacetylene concentration (according to the data of
Bantsyrev et a l . 1 0 6 ) .

Treatment in terms of the second equation of data on the
rate of formation of TPB isomers, which can be calculated
from the results of Bantsyrev et a l . , 1 0 6 confirms the validity
of the proposed mechanism (Fig. 2). The difference between
the slopes of the linear relations in Fig.2 indicates unequal
rates of generation of the precursors of the different TPB
isomers. The constant k0 is 1.5 χ 10~7 litre mol"1 s"1 for
1,2,4-TPB and 5 χ 10~7 litre mol"1 s"1 for 1,3,5-TPB. The
straight line corresponding to 1,3,5-TPB intersects the
ordinate axis near zero; consequently k&/ktr is vanishingly
small. Thus the intermediate preceding 1,3,5-TPB does not

(VII) (vui) (ΠΟ

The low-molecular-weight products of the reaction of cis-
piperylene are only the six- and eight-membered dimers,
while trans-piperylene gives rise to 80% of four-membered
products. U 1 The biisopropenyl dimer consists exclusively
of dimethyl-4,6-dimenthene.112

The polymerisation of methylallenes leads to the formation
of dimethylenecyclobutanes, which subsequently participate
in secondary reactions.113 Cyclopentadiene dimerises with
an activation energy of 69 kJ mol"1 and the reaction is
reversible.111»1" Trimers are formed in a very small amount
as a result of the cycloaddition of the monomer to the dimer.u5

Cyclohexadiene reacts via two pathways: dimerisation and
polymerisation.116

The polymerisation reaction of all the dienes investigated is
of second order with respect to the monomer. This order
persists also when the reaction is carried out in dimethyl-
formamide.117 The results of kinetic studies are presented
in Table 4. Since the overall polymerisation is a second order
reaction, we may conclude that the initiation is a bimolecular
process. Assuming that the activation energy for the bimo-
lecular termination of the kinetic chains £t is close to
8 kJ mol"1, while At = 107 - 108 litre mol"1 s - 1 as for the
majority of monomers, we obtain £; » 92 kJ mol"1 and Aj = 8 to
80 litre mol"1 s"1 for isoprene, while the corresponding values
for biisopropenyl are 88 kJ mol"1 and 0.1-1 litre mol"1 s"1

respectively. The constants k p were taken from Kauffmann
et al. 1 6 (p. 120) and Starinchikova and Svetlov127 (p.342).
Since the pre-exponential factors Aj found are fairly low,
one can assume that the initiation rate constant is an effec-
tive quantity. This is possible only when the radicals are
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formed via an intermediate Z, which is also converted com-
petitively, for example, into dimers. The reaction mechanism
can be formally represented schematically as follows:

Μ + Μ h- Ζ

D .

According to this scheme, the rate of initiation is defined by
the expression

Then, assuming that ks «: k^ and adopting E^ = 84-92
kJ mol"1 and A d = 106-107 litre mol"1 s"1, we obtain Es-Ed s 0
and As/Ad s 10~6—ΚΓ1*. It is noteworthy that no measure-
ments were made of the initiation reaction order on the basis
of concentration; one cannot rule out that it amounts to 2.5
and that the rate constant ks actually characterises a bimo-
lecular process.

The dimers and the polymer are formed in accordance with a
second-order law at different rates and with different activa-
tion energies; the latter differ little for the 4- and 6-mem-
bered isomers, amounting to 84—86 kJ mol"1.12<t>125 Typical
inhibitors suppress the formation of the polymer but do not
affect dimevisation,1ZI* DPPH being converted under these
conditions into the corresponding hydrazine.

However, a number of significant differences make it neces-
sary to regard the mechanism of the thermopolymerisation of
chloroprene as extremely stereospecific and different from
the mechanism of the reactions of other dienes. At the end
of the induction period, associated with the exhaustion of
the inhibitor, the concentration of the dimer falls, tending
to ~1 wt.%, while the polymer is formed at a constant r a t e . 1 2 5

If the reaction is carried out without an inhibitor, then the
concentration of dimers increases from a certain initial value
to a limiting value, which is also close to 1 wt.%. These find-
ings enabled the authors 1 2 1 f to reach the unusual conclusion
that the polymer is formed exclusively from the dimer; there
is no doubt about its validity.

Table 4. Kinetic parameters of the reactions involving the
formation of polymers (P) and dimers (D) from diene mono-
mers.

Monomer

Isoprene
>
»
»

Biisopropenyl
»

cis-Piperylene
fra/ij-Piperylene
Cyclopentadiene
1,2-Dimethylallene
Cyclohexa-1,3-diene

»

Reaction
product

(VII)
(V) + (VI) ·

D
Ρ
D
Ρ
D
D
D
D
D
Ρ

Ε, kJ mol"1

Θ4
90

104
78,6
92
73
93
81,5
62

116
86
96,5

A, litre mop's"1

1.8-10»
1.410·
7.9-10»
3.4-10»
2.1-10·
2.2-10*
2.1-10»
8.7-10*
4.0-10»
3.4-10»

4-10*
1.7-10»

Refs.

11*81
I :e{
[H9I
(118]
IH8]
1118]
IH1
1111]
(111]
fH3]
1116]
H16J

*Gapon1 1 8 called this product the second dimer, while
according to Nazarov et a l . 1 1 0 it is a mixture of compounds
(V) and (VI).

In our view the intermediate is none other than a biradical.
The formation of biradicals in the thermopolymerisation of
dienes has been confirmed by the presence of four-membered
cyclic dimers. It has been established1 1 9 that the volume of
the transition state in the dimerisation of isoprene is greater
by 21—23 cm3 mol"1 than the volume of the dimer. On passing
from six-membered rings to the corresponding linear hydro-
carbons, the same increase in specific volume occurs. On
this basis, it has been concluded that the intermediate is
indeed a biradical. The dimerisation of 1,4-dideuteriobuta-
diene is accompanied by a decrease of the stereospecificity
of the dienophile component by 10%.121

2. Chloroprene

The thermopolymerisation of chloroprene is accompanied by
the formation of products of the same type as for other 1,3-
dienes, namely compounds corresponding to divinylcyclo-
butane ( X ) , 1 2 2 two vinylcyclohexene (XI) isomers, and cyclo-
octadiene. 1 2 3 The first two products predominate at high
temperatures (95 °C) and the compound of type (X) isomer-
ises to.(XI). The polymer is linear cis-polychloroprene.121f

102w, wt.%h"J

U 8 12 16 20

109w,-, mol litre'V

Figure 3. Dependence of the rate of polymerisation of chloro-
prene on the rate of initiation at 35 ° C . 1 2 5

The method used in the preliminary treatment of the mono-
mer , especially, the degree of elimination of oxygen from the
latter and the degree of its reduction, exerts the main influ-
ence on the rate of polymerisation. Chloroprene dimers do
not polymerise, but the introduction of the monomer renders
this process possible. The authors 1 2 5 suggested that the
polymerisation initiator is an oxidised form of the monomer,
which is not determined as the peroxide. The relation
between the rates of polymerisation and initiation of chloro-
prene (the latter was estimated from the consumption of
DPPH) is characterised by the presence of different sections
A, B, and C (Fig.3) whose existence has been explained as
follows.125 After the careful removal of oxygen, the concen-
tration of catalytic species Υ is small and the rate of polymer-
isation is lower than that of dimerisation. Indeed, along sec-
tion A, the sum of the concentrations of the dimers and the
polymer is approximately equal to the concentration of the
dimers formed in the presence of the inhibitor. Along sec-
tion Β, the rate of polymerisation is constant and equal to the
rate of dimerisation in the presence of the inhibitor regard-
less of the rate of initiation. This means that [Y] is large
and the rate of conversion of the dimers into the polymer is
much higher than the rate of their formation. In order to
explain section C of the curve, the monomer brought into
contact with oxygen was employed and there is no doubt that
the increase in the rate of polymerisation in this region is
associated with the influence of a polyperoxide.1 2 6
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Taking into account all the facts described, one may con-
clude that the monomer contains catalytic species which lead
to the polymerisation of the dimers via ring opening. In the
presence of inhibitors, these species are not destroyed.
Therefore, there should exist an active centre ( I ) , originat-
ing from the catalytic compound Υ. It participates in the
kinetic chain propagation and termination reactions and in
the latter case the catalyst Υ is regenerated.

We believe that the following mechanism is most probable:

Μ Μ 4- D; I>f Υ i t I; D + I I -*• chain termination.

The steady concentration of dimers can be found from the
equation which follows from the above scheme:

QDlst+[D])([Dl8t-[Dlo)
((tD]s t-[D])([D]s t+[D]0)

 U

where [T>]s% is the stationary concentration of the dimer.

( 3 )

Evidently the authors 1 2 S used monomer specimens with differ-
ent concentrations [Y], which determine [D] s t . The validity
of the formal relations, which also show that [I] « [Y], is of
fundamental importance.

Within the framework of the scheme presented above, the
rate of polymerisation is described by the expression

L L

(4)

After substituting in Eqn.(4) the expression for the steady
concentration of the dimers, we obtain

where

ζ J

Since

0Λ

0.3

0.2

0.1

J_
1.8 J.6 5.V 7.1 i(r*t,s

Figure 4. Semilogarithmic representation of the kinetics of
the attainment of a stationary chloroprene concentration (at
35 °C): 1) calculation based on the accumulation of the
dimer; 2) calculated based on the consumption of the dimer
(according to the data of Billingham et a l . 1 2 5 ) .

Calculation of the change in the concentration of the dimers
by this equation both in experiments with the inhibitor and
without it makes it possible to obtain the linear relations
presented in Fig.4. In the second case, the sign of the
function

t + [D])([D]st-[D]0)
F = l n ([D]s t-[D])([D]s t+[D]0)

is negative. Since· it is impossible to determine [D] s t accu-
rately from the data presented, we assumed that it is approx-
imately. 1%. If it is ~1.5%, then the sign of F becomes positive.

ι

it follows that, for large values of [Y], w = k o[M] 2 .
Two questions are of decisive important for the mechanism

of the thermopolymerisation of chloroprene: (a) the nature
of the catalytic species and of the active centre; (b) the
mechanism of the ring opening. It is as yet difficult to give
a definite answer to these questions.

On the grounds that substances tending to undergo homo-
lytic reactions exhibit an inhibiting activity, presumably I is
a radical in nature and diphenylpicrylhydrazine is formed as
a result of a disproportionation reaction. Then the inter-
action of the dimer and Υ should result in the formation of
an extremely specific radical, which reacts with the dimer
but not with the monomer. The equality of the rates of
dimerisation and polymerisation suggests either the involve-
ment of the dimers of all types in the second process or the
establishment of equilibrium between them via the intermedi-
ate . There exists also the view that the rearrangement pro-
ceeds via the formation of a biradical. 1 2 1 This may explain
the observed characteristics of the polymerisation, although
the mechanism of the stabilisation of the biradicals by the
catalytic species is obscure.

3. Divinyl Sulphide

The elementary units of the polymer macromolecules formed
from divinyl sulphide have the thiophane s t ructure . 1 2 7 The
order of the overall polymerisation reaction with respect to
the monomer is 2.1 and the activation energy is 50.2 kJ mol"1.
The activation energy for thermal initiation (62 kJ mol"1) and
the pre-exponential factor for the rate constant (~103 litre
mol"1 s"1) can be estimated from the data of Starinchikova
and Svetlov. 1 2 7

VI. ETHYLENE

The thermal reactions of ethylene have been investigated
in the gas and liquid phases. At temperatures below 400 °C,
polymerisation mainly takes place 1 2 8 (p . 125). The primary
reaction products detected consisted of 31.7% of butenes,
12.6% of cyclobutanes, and also propene and higher olefins.
The activation energy for the formation of lower hydrocar-
bons is 475 kJ mol"1. The kinetic order of the polymerisation
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reaction with respect to ethylene at sufficiently high conver-
sions is close to two b u t at ear ly s tages it amounts to 2.3 to
2 . 5 . 1 2 9

The polymerisation of ethylene in solution in naphthalene is
c h a r a c t e r i s e d by a kinetic o r d e r of 2.6, an activation e n e r g y
of 170 k J mol"1, and a pre-exponent ia l factor of 10 1 0" 1 l i tre
mo I" 1 s " 1 . 1 2 9 It has been s u g g e s t e d 1 2 9 that the reaction o r d e r
observed is determined by t h e s tage involving t h e formation
of t h e intermediate . It is b e l i e v e d 1 2 8 that the init iating r a d i -
cals ar ise when a hydrogen atom is t r a n s f e r r e d from one
ethylene molecule to a n o t h e r . The observed activation e n e r g y
for the initiation s tage is consistent with th i s hypothesis but
one cannot rule out the possibility of the formation of the
tetramethylene biradical a s the i n t e r m e d i a t e . 1 2 8

The data of Russell and H o t t e l 1 2 9 permit the conclusion that
the o r d e r of the initiation reaction with respect to ethylene
is 3. When Wj (mol l i t re- 1 s" 1) = 10 1 5 exp (-272/RT) [ M ] 3 .

Bearing in mind that the reaction considered is of t h i r d
order a n d also tak ing into account the formation of cyclo-
butane and b u t e n e , i t s mechanism can be r e p r e s e n t e d by the
following scheme involving the tetramethylene biradical :

2H,C=CH, -• CH,CH,CH,CHf—
n-C4H8+cyclo-C4H8,

2R -» polymer.

Chlorotrif luoroethylene and tetraf luoroethylene give rise to
only the c o r r e s p o n d i n g cyclobutane d e r i v a t i v e s . 1 3 0

V I I . CONCLUSION

Analysis of the results of the study of the thermopolymer-
isation of monomers of different classes permits certain
general conclusions concerning the mechanism of this reac-
tion.

The low-molecular-weight products of the given process
can be various but as a rule they are dimers. Phenylacet-
ylene gives rise to the trimer only. Mixtures of different
dimers and trimers are produced from styrene and MMA and
tetramers have also been detected.

The polymerisation of all monomers, with the exception of
chloroprene, proceeds in accordance with the classical rad-
ical-chain mechanism. The initiating radicals are generated
via an intermediate which is in most cases a biradical.
Although the formation of PTHN as an intermediate has in
fact been postulated for styrene, a number of results con-
flict with this hypothesis. There is probably no point in
assuming a special exceptional mechanism for this monomer,
which does not exhibit any anomalous properties. The third
order of the initiation stage with respect to the monomer
shows that the radicals are formed as a result of the inter-
action of the dimeric biradical with the monomer, which
subsequently decomposes, producing, for example, in the
case of styrene, the benzyl and phenylpropenyl radicals.
Judging from the fairly low pre-exponential factors in the
expressions for the initiation rate constants, the third kinetic
order is to be expected for MMA, isoprene, bi-isopropenyl,
indene, and divinyl sulphate. The primary radical is then
preferentially converted into the dimer, which is confirmed
in many instances either by the absence of trimers or by
their low yield. On the other hand, when the competing
reaction of the biradical with the monomer takes place to an
appreciable extent, the reaction order may become less than
three, falling to two. In order to establish the true reaction
order, detailed kinetic studies are required and these have

been by no means always carried out. In contrast to other
monomers, in the polymerisation of phenylacetylene mono-
radicals arise in the decomposition of a dimeric biradical,
whose reaction with the monomer leads to the formation of
triphenylbenzene. The initiating radicals are not formed at
all or are formed with a low yield in the thermopolymerisation
of trifluorostyrene and acrylonitrile1 0 1 (p.221), whose only
products are the corresponding four-membered dimers. 1 3 1

A similar situation has been observed for a- and β-halogeno-
styrenes.

It is noteworthy that, when the classical values of the pre-
exponential factors are used for the rate constants for the
elementary stages involved in the initiation process, it is
impossible to account for the high pre-exponential factors in
the expression for the initiation rate constants for monomers
such as ethylene and vinyl acetate, which amount to ~1015 and
1018 litre2 mol~2 s - 1 respectively. On the other hand, this can
be explained by the fairly low values of A for the stages
where the biradicals are converted into low-molecular-weight
compounds or for their reversible decomposition with forma-
tion of the monomer and, on the other, by the more complex
expression for the overall rate constant, which is determined
by the characteristic features of the mechanism.

In contrast to other methods of generating similar reactive
species, such as the decomposition of cyclic diazo-compounds
or the thermolysis of cyclobutanes, in the thermal reaction of
the monomers there is a possibility of the formation of birad-
icals with different configurations. It has been noted cor-
rectly 1 2 1 that the "uncoiled" forms of biradicals are less
susceptible to unimolecular recombination, since for the
occurrence of the latter it is essential that the biradical
should assume a cyclic form, from which the cyclic dimer
can be readily produced. Indeed, inhibitors do not influence
the formation of diphenylcyclobutane in the decomposition of
tetrahydropyridazines and in the thermal reaction of styrene.1 9

The rate of generation of the initiating monoradicals is also
extremely low. Biradicals in an acyclic conformation are cap-
able of reacting unimolecularly also via disproportionation and
alkylation. There is also a possibility of a bimolecular reac-
tion, for example, the reaction with the monomer. Judging
from data of Kirchner and Burhholz, 1 2 the ratio kd/ktr for
styrene should be 2.3. Since the deviation from the zero
order of the DPPH destruction reaction occurs at the concen-
tration (DPPH) s 1<Γ5 M,6 3 it follows that kb/ktr = 8.7 χ 105.

The rate constants for the destruction of biradicals gener-
ated in the photochemical reactions of ketones (Norrish type
2 reactions) in the presence of various acceptors (oxygen,
bipyridyl hydrochloride, dibutyl selenoketone) are (4—6) χ
109 mol"1 s-1 „-! 132,133

i .e . exceed significantly in absolute
magnitude the constants known for monoradicals. A similar
phenomenon had been observed earlier for nitroxy-birad-
icals.13>* In order to account for this finding, the concept of
the adiabatic nature of the reactions was resorted to131*
(pp.378, 386). If it is assumed that the rate constants for
the reactions of the dimeric styrene biradicals with DPPH
are also diffusion dependent, it is possible to calculate
k i r = 5 χ 103 litre πιοΓ1 s"1 and k^ = 10" s"1. The latter
quantity may be too low, but even in the case of cyclic
biradicals, whose conversion into a state favourable for
recombination requires virtually no rotation about the C—C
bonds, there exists a competing reaction with divinyl. 1 3 5

The question whether the initiating radicals and all the
low-molecular-weight compounds are formed via the same
intermediate is of fundamental importance. There is perhaps
no doubt that this is true (a) for styrene, because it is
supported by evidence obtained in the study of the thermo-
polymerisation kinetics, the structures of the compounds
produced, and the influence of radical acceptors and (b) for
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monomers whose thermopolymerisation gives rise preferen-
tially to oligomers with a linear structure, which are formed
via an intermediate (methacrylates).

However, for the monomers giving rise to low-molecular-
weight 2,4-cycloaddition products, the answer to the ques-
tion posed above is not unambiguous. The possibility of the
formation of small amounts of four-membered or linear dimers
cannot be ruled out even in those cases where the main
product is a six-membered compound (2,3-dimethylbutadiene).
On the other hand, there exists the hypothesis that 2,4-
cycloaddition reactions take place via two competing mech-
anisms: synchronous and biradical. 1 3 6 The second pathway
may be responsible for the initiation of the polymerisation.
According to most investigators, the activation energy for
the biradical process should be significantly higher than
for the synchronous process 1 2 1 and its contribution should
be correspondingly lower.

Thus in the given case the problem also reduces to the
familiar problem of the mechanism of pericyclic reactions.
Having analysed numerous facts, Firestone 1 2 1 concluded
that the biradical mechanism makes it possible to explain
virtually all the experimental data, while the synchronous
mechanism is inconsistent with many of them.

Overall, one may conclude that there exists a general
mechanism of the thermal reactions of many monomers.
Specific differences may be observed for individual repres-
entatives of substances of this kind.
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Molecular systems with anomalous values of the first ionisation ptoentials or electron affinity have been examined. On the
basis of the results of calculations by the DV-Xa method it has been possible to relate the values of the electron affinity and the
first ionisation potential to the characteristic features of the electronic structure of these compounds. The analysis carried out
has made it possible to distinguish two large classes of chemical compound: with an anomalously high electron affinity
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I. INTRODUCTION

Molecular systems exhibiting extremal characteristics are
of particular interest from both theoretical and practical
viewpoints. The theoretical study of these systems facili-
tates the appearance of new fundamental ideas on the
physicochemical properties of matter, and the use of these
systems in technology extends considerably the range of
constructional materials.

The electron affinity (EA) and the first ionisation poten-
tial (IP) are the most important characteristics of mole-
cules, so that molecules exhibiting the maximum values of
the EA or the minimum values of the IP are of particular
interest for chemistry. Systems with high EA play an
important role in the synthesis of compounds of new
classes. For example, the synthesis of the compound
Xe+[PtF6]~,1 '2 with which the chemistry of the noble gases
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521

528

began, was carried out using platinum hexafluoride PtF6,
which has a high EA. Subsequently, systems with high
EA have been used to synthesise many new compounds,
such as XeF+[RuF6r , XeF£[RuF6]-,3 Xe2FnAsF6]-,1*
KrF+[SbF6]~,5 and many others,6"12 and also compounds
containing clusters of non-transition elements of the type
Te2."1", Bi |+ , and Sf,+ as cations.13

Systems with high EA have recently been used as a
basis for the synthesis of organic superconductors, lh~20

and also to modify the electronic structure of conjugated
polymers (polymer doping) 21~25 and graphite (intercalation
of graphite).26 Systems with low first IP are also important
for preparing new compounds, and the first salts of this
type, Li3O

+[NO]~ and Li3O
+[NO2]~ have already been

synthesised.27"29

The anomalous EA and IP values are apparently related
to the characteristic features of the electronic structure of
the chemical compounds, so that it is of undoubted interest
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to study the electronic structure of molecular systems
exhibiting anomalously high EA values and anomalously low
IP values. This problem is dealt with in the present review.

I I . ELECTRON AFFINITY

The electron affinity of a molecule or radical is defined as
the decrease in the energy of the system when one electron
is added. For molecules it is possible to distinguish two
types of EA: adiabatic and vertical. The adiabatic Ε A of
a neutral molecule is the difference between the total energies
of the neutral system for its equilibrium geometry (Re) and
the negatively charged system, again for the equilibrium
geometry (K~):

EA.d =£(/?.) — £-(/£) (1)

The vertical Ε A is the difference between the total energies
of the neutral and charged systems for the equilibrium
geometry of the neutral system (Re):

EAWTt=E(R.)—E-(R.) (2)

A + B·

fl(A-B)

Figure 1. Diagram illustrating the definition of adiabatic and
vertical EA and IP for the case of a diatomic molecule AB (R
is the distance between the atoms A and B).

Moreover, for a negatively charged system it is possible to
define the upper ionisation potential (IP), which also may be
vertical and adiabatic. The adiabatic IP of a negative ion is
equal to the difference between the total energies of the
neutral system for its equilibrium geometry and the nega-
tively charged ion for its equilibrium geometry:

I P a d = - [E-(R7) -£(/?.)] (3)

Eqn.(3) shows that the adiabatic IP of a negative ion coin-
cides exactly with the adiabatic EA of the neutral molecule.
The vertical IP is equal to the difference between the total
energies of the charged system and the neutral system for
the equilibrium geometry of the ion:

IPvert = - (4)

The vertical IP of a negative ion differs from the vertical Ε A
of the neutral system. The difference between the vertical
and adiabatic values of the EA and IP is called the adiabatic
correction.

EAad=EAvert+AEAad

IPad = IPvert + AIPad

( 5 )

These definitions of the EA and IP are illustrated graphically
in Fig. 1.

It should be emphasised that in practice, all three experi-
mental values of EA a d , E A v e r t , and I P v e r t a r e n o t known
simultaneously for any system. The values are equal to
within the adiabatic corrections, however, so that is is
necessary to consider in more detail the estimation of the
values of these corrections. An analysis of the experi-
mental photoelectron spectra of the molecules SF 6, C 6H 6,
MoF6, WF6, and UF6

 3 0 showed that AIPa(j is generally small
(usually 0.1-0.2 eV) and does not exceed 0.5 eV. The
experimental photoelectron spectra of BrF 5 and IF 5

 3 1 also
indicate that the difference between IP ad

 an& I p vert is
small (0.4-0.6 eV).

The low values of the adiabatic corrections for these
molecules are related to the fact that the electron is removed
from non-bonding molecular orbitals (MO). Approximately
the same AEAa(i values should be expected in those cases
where the additional electron occupies a non-bonding MO.
In those cases where the electron enters an antibonding MO,
however, the value of the adiabatic correction may reach
1.5—3 eV. According to non-empirical calculations of the
electronic structure of the SF6 molecule and the SFg anion,
allowance for geometric relaxation in the bond lengths of the
SF6 molecule leads to an increase in the EA by 2.5 eV.3 2

Calculations of the EA of the molecules PF 5, AsF5, and SbF5

by the present authors show that for these molecules,
ΔΕΑ&α· = 2.8 eV, and that the negative ion has a square
pyramidal structure, whereas the neutral molecule has a
trigonal bipyramidal structure.

Thus in the case where the additional electron occupies a
non-bonding MO, the adiabatic correction is small (-0.5 eV).
If the treatment is restricted to an error of 0.5 eV (this
can be done in those cases where the EA value is small),
then to determine the EA it is sufficient to know one of the
quantities EAa(j, EA v e r ^, or Ι Ρ ν θ Γ { . In this approximation,
the problem of calculating the EA is simplified considerably,
since it is possible to replace the geometry of the radicals,
which is often unknown, by the geometry of negative ions
with closed shells, which is known from crystallographic data
for corresponding salts.

Thus for systems of the type being discussed, it is pos-
sible to distinguish two levels of the study of EA. The first
level corresponds to a crude estimate of the EA, when the
difference between the values of EAa (j, EA v e r ^, and IPVert
is neglected. At this level, the errors in the estimation of
the EA may reach 0.5—1.0 eV. At the second level, it is
necessary to take account of AEAa(j and AIPacj, and in the
comparison with the experimentally determined values it is
necessary to take account of the conditions under which the
experiment was carried out. At the second level, the errors
should not exceed 0.1-0.2 eV. At present, it is apparently
possible to reach the second level of the determination of
electron affinity for small radicals, but for most systems,
existing theoretical methods make it necessary to restrict
the treatment to the first level.

When the additional electron occupies an antibonding MO,
all three quantities (EAa(i, E A v e r t , and IP V ert) m a v differ
considerably, and they must be examined separately.

A large number of methods are used for the experimental
determination of the EA: photo-ionisation,33'31* surface ionisa-
tion, 3 5 ' 3 6 fragmentation by electron impact,3k molecular photo-
dissociation,31* equilibrium sublimation,37 radiative addition
of an electron,3 7 measurement of crystal lattice energies, 3 7

charge-transfer reactions,3 8»3 9 photosensitive ionisation,31f

and others. l f 0 ' l t l The greatest experimental success3<*>"°
has been achieved by the laser photo-ionisation of negatively
charged systems, but it is applicable only to substances
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which can be obtained in the gas phase in a sufficient con-
centration. In spite of the wide range of experimental meth-
ods, the results of the determination of the EA in early
studies often do not agree with one another. For example,
for the NO2 radical the experimentally determined EA values
lie in the range 1.6—4.0 eV; according to some authors,
EA(NO2) > 3.613 eV, and according to others, EA(NO2) <
3.063 eV.3 8 '3 9

An alternative method of estimating Ε A is provided by
quantum-chemical calculations. One of the most important
aims of both experimental and theoretical studies of EA is
undoubtedly the search for simple models which would make
it possible to predict qualitatively whether an EA has a high
or a low value. The study of systems having anomalously
high EA is of particular interest.

The direct calculation of EA is a difficult problem in quan-
tum chemistry. The use of Koopmans1 theorem"*2 or the
ASCF procedure1*3 to estimate EA gives values which often
differ from the experimental values by 2—3 eV.** The use of
non-empirical methods with allowance for correlation1*1*"1*9

makes it possible to calculate Ε A with an accuracy of 0.1 to
0.2 eV, but their application at present is restricted to
small molecules.

X a methods, which make it possible to examine compara-
tively large systems, have recently begun to be used for EA
calculations.1*1*

Calculations of the electronic structure of a large number
of molecules by X a methods show that these methods are very
effective for large systems and practically always ensure the
correct order of magnitude of the calculated IP values with
comparatively small deviations from the experimental IP
values. The X a calculation procedure has been described
in sufficient detail,1*1*'50"55 and will not be described in the
present work.

Among the elements of the periodic system, halogen atoms
have the highest EA (3.0—3.6 eV). In molecules and poly-
atomic radicals, as a result of collective effects, the Ε A may
be higher than the EA of the halogens. These systems are
called superhalogens.

I I I . ELECTRONIC STRUCTURE OF SUPERHALOCENS

In the examination of systems with anomalously high EA
values, two problems arise. Firstly, it is necessary to
outline the range of molecules which can be regarded as
superhalogens. Secondly, it is necessary to determine
the highest Ε A values that molecular systems in general
can have, and also the specific cases in which maximum EA
values can be expected.

Simple qualitative ideas relating the EA value to the
characteristics of the electronic structures of chemical
compounds have been formulated. 5 6" 5 8 These ideas make
it possible to distinguish a class of compound with high EA;
the arguments on which they are based will be discussed in
detail below.

For the development of models it is natural to use the
orbital approach, which is widely employed to interpret
electronic, photoelectron, and X-ray electron spectra, and
which also forms the basis of the Woodward—Hoffman rules,
according to which the energies of the MO formed by AO
of the same type should lie in the following order: ε (bond-
ing) > e (non-bonding) > ε (antibonding). Thus the value
of the EA can be related to the structure of the lowest
unoccupied MO (LUMO) of the neutral system, which generally
accepts the additional electron on formation of an anion, and
the value of the first IP of the anion can be related to the
structure of its highest occupied MO (HOMO). This gives
the corresponding order: IP(bonding) > IP(non-bonding) >

IP(antibonding), that is the EA value depends on the type of
HOMO of the anion.

, A second important factor influencing the magnitude of the
EA of a molecule is the value of the EA of the atoms making
up the molecule. The higher the Ε A of the atoms, the
higher may be the EA of the compound as a whole. It is
therefore possible to have cases where, in spite of the anti-
bonding character of the HOMO of the anion, and as a result
of the high EA of the atoms making up the molecule, the Ε A
of the whole molecule will be greater than that of a molecule
for which the HOMO of the anion is non-bonding or even
antibonding, but in which the values of the Ε A of the indi-
vidual atoms are low.

A third important factor influencing the value of the EA of
a molecule is the degree of delocalisation of the "additional"
electron. According to traditional ideas,5 9 the smaller the
fraction of an electron 6e", added to an atom, the easier it is
for the atom to retain it. In the limiting case, when Se -> 0,
the IP of the anion approaches the IP of the neutral molecule,
which is fairly high. Thus the EA should increase with
increase in the extent of the delocalisation of the electron
over an increasing number of electronegative atoms making up
the molecule.

Calculations by the present authors for the model system
F + <5e, where δβ = 0.1, 0.2, ... 1.0 show that the ratio
[£(F + <Se) - E(F~)]/Se, where Ε is the total energy,
increases with decrease in 6e. The greatest contribution
to the difference in the energies is made by the energies of
attraction to the nucleus and inter electro η repulsion, and
the contributions from the kinetic and exchange energies
are small. The electron affinity of the F atom is determined
by the energy of the HOMO of the anion, which in turn is
determined by the overall potential. Increase in <5e is
accompanied by an increase in the shielding of the nucleus,
that is the effective charge of the nucleus decreases, leading
to a decrease in the energy of the level determining the EA.

In addition to these basic factors, the value of the EA is
also influenced by various other specific factors, which will
be discussed below. The above three factors are sufficient,
however, to formulate the conditions which must be satisfied
by systems with anomalous Ε A or IP values. These limiting
cases and the possible consequences of anomalous IP and EA
values for chemistry will be discussed in detail below.

The ideas presented above can be applied first to molecules
and radicals of the type MX .̂. For the EA of these systems
to be high, it is necessary that the ligands X be electro-
negative atoms with high EA, for example halogen or oxygen
atoms. Moreover, it is desirable that the HOMO of the
corresponding anion be bonding. If however the ligands
are halogen or oxygen atoms (and in general if the ligand
atoms have many electrons), the HOMO of the compounds
are either non-bonding or antibonding. When the HOMO
is non-bonding, the EA of the compound MX^ will be greater
than the EA of the ligand atoms X as a consequence of the
high EA of the atoms and the effect of charge delocalisation.

It should be noted that in those cases where the HOMO,
from its symmetry, is antibonding, but the actual contribu-
tion of the central Μ to this orbital is very small (that is, it
is essentially non-bonding), high EA can be expected for
ΜΧ^. An additional reason for the appearance of high EA
values is observed in compounds MX̂ . where the ligands X
are halogen or oxygen atoms and the central atom Μ has a
positive charge which ensures additional stabilisation of the
electron delocalised over the ligands. Calculations carried
out 5 6 for a system consisting of an F~ ion with a point posi-
tive charge, separated from the F~ nucleus by 3.0 a.u.,
showed that increase in the point charge by +0.1 e increases
the Ε A of the F atom by ~1 eV. Thus the greater the
charge on the Μ atom, the greater may be the EA.
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The above ideas on the relationship between the magnitude
of the EA and the electronic structure of a compound can be
presented in the language of localised MO. If in an ion MX̂ .
with electronegative ligands the central atom does not have
lone pairs of electrons (LPE), while the radical MX^ does
not contain unpaired electrons localised on the Μ atom, and
all the valence electrons are distributed among the localised
MO of the bonds and the LPE of the ligands X, the additional
electron will be delocalised over the electronegative ligands,
and the first IP of the ion MXjj. should be high. On the
other hand, if the central atom of the anion has LPE (or
unpaired electrons) and these electrons are involved in the
ionisation, then as a consequence of the low EA of the Μ atom,
the first IP of the MX^ ion will be comparatively low.

The influence of the additional electron on the electronic
and geometric structure of a molecule MX^ depends on
whether the Μ atom is a transition or non-transition element.
In compounds MX^, where k is the maximum valence of the Μ
atom , the additional electron is generally accepted by an anti-
bonding MO. If Μ is a non-transition atom, the ion ΜΧΓ is
deformed in such a way that this electron becomes part of an
LPE of the Μ atom (or in the case of radicals becomes the
unpaired electron of the Μ atom). For example, if an elec-
tron is added to the linear BeF2 molecule, the electron occu-
pies an antibonding MO, and the BeFJ ion undergoes an
angular deformation,60 which decreases the antibonding action
of this MO. In this case the additional electron becomes an
unpaired electron of the Be atom.

In contrast to this, the geometry of the molecules and radi-
cals of transition metals generally does not change when anti-
bonding HOMO are filled with electrons. For example, in
the series of hexafluorides from ReFg to AuFg, the anti-
bonding HOMO 4i2g is filled successively, but the geometry
of the molecules remains octahedral. 6 1~ 6 3

It is therefore appropriate to examine the systems
separately for the cases where Μ is a non-transition element
and where Μ is a transition metal.

1. Superhalogens Containing sp-Elements

According to the above ideas, in systems ΜX^ where k is
smaller than or equal to the maximum valence of the atom M,
an additional electron is accepted either by an antibonding
MO or by a non-bonding MO of the central atom (that is forms
part of an LPE of the Μ atom). In both cases the EA of the
entire molecule or radical is low, because of the low EA of the
Μ atom. The results of ab initio calculations with allowance
for correlation4'*'6'*'65 and experimental data 6 6 ' 6 7 confirm this
conclusion. On the other hand, in radicals of the type
MXfc + ι · w n e r e k i s t n e maximum valence of the Μ atom, an
additional electron enters a non-bonding MO of the ligands,
to which the AO of the central atom does not contribute for
symmetry reasons, and the delocalisation of this electron over
ligands with high EA leads to a high EA for the radical.

According to calculations of the electronic structure of the
radicals BeF3, BF 4, MgF3, A1F4, SiF5, PF6

 5 6 ~ 5 8 and BeCl3,
BC1,,, MgCl3, AICI4, SiCl5, PC16

 6 8 ' 6 9 by the discrete varia-
tion (DV) X a method, the EA of these radicals is greater than
3.5 eV, and they can all be described as superhalogens.
The same is true of systems MX^ + 1)/2» where X is a
divalent oxygen atom, and k the maximum valence of the
atom M. Estimates based on calculations of the electronic
structure of the radicals BO2, NO3, A1O2, PO3, and CIO,, 5 6 ~ 5 8

indicate that the EA of these systems are greater than 3.5 eV.
Thus radicals of this type can also be described as super-
halogens.

To emphasise the importance of high ligand EA values for
the production of high EA in compounds MX^ + x, radicals
whose HOMO are bonding can be considered. It might seem
that in this case the ionisation potential from the HOMO of the
anions MH^ + χ should be fairly high; however, the estimated
values of the first IP according to Koopmans (which, judging
overall, are 1.0—1.5 eV too high) for BeH3, BH^, MgHJ, and
AlHi; 7 0 > 7 1 are lower than those for the corresponding ions
MF£ + , 7 1> 7 2 whose HOMO are non-bonding. The reason for
this is evidently the low EA of the Η atom.

It is thus possible to outline the range of molecules con-
taining sp-elements which must undoubtedly be classified as
superhalogens. These are radicals of the type MX^ + 1

where X is a halogen atom, and of the type MX(̂ - + 1 ) / 2 ,
where X is an oxygen atom. Various other individual mole-
cules can of course have fairly high EA. Examples are
provided by the compounds SeHal6 and TeHal 6 , 7 3 " 7 5 which
are of the type MX^, where k is the maximum valence of
the Μ atom. The additional electron in the ions MX̂ . occu-
pies an antibonding HOMO, and the EA of the MX^ molecules
should be low. This is the case, for example, for SF 6,
whose EA is only 0.5-0.7 eV.1*1'66 For SeF6 and TeF 6, how-
ever, the Ε A is nevertheless fairly high (3.0 + 0.2 eV and
3.34 ± 0.2 eV respectively).7 8 This is related to the high
polarity of the Se—F and Te—F bonds, as a consequence of
which, although the HOMO have antibonding character with
respect to the central atom—ligand interaction, the actual
contribution to these MO from the AO of the central Μ atom
is very small. In fact, the LUMO of SeF6 and TeF6 are non-
bonding ligand MO, and this leads to high Ε A values for
these molecules. It may be noted that the ions SeF^ and
TeFs. like the "metallic" octahedra MoFg and WFg, in which
the additional electron again occupies antibonding HOMO,
preserve the octahedral configurations.7 7 '7 8

The difference in the Ε A values in the series of valence-
isoelectronic molecules SF6—SeF6—TeF6 has a marked influence
on their chemical properties. Thus SF 6, which has a low
EA, is stable in the gas phase, whereas SeF6 and TeF 6, which
have high EA, are not detected in the gas phase. On the
other hand, the SeClf" and Tedf" anions form stable crystal-
line salts, whereas the corresponding salts with the SCl|~
anion have not been obtained.

In addition to SeF6 and TeF 6, other molecules of the type
MX/c, where Μ represents atoms of IV, V, and subsequent
periods, may have fairly high EA. For example, the
adiabatic EA, calculated by the DV-Xa method by the
present authors, are 0.7 eV and 2.5 eV for the molecules
PF 5 and SbF5 respectively, and for AsF5 the values lie in the
range 1.9—2.9 eV. These are much lower than the values
obtained from thermochemical data: 2 6 ~3.5 eV for PF 5,
>5.3 eV for AsF5, and ^6.4 eV for SbF 5. The values given
in Ref.26 are apparently far too high. Further experimental
studies of the EA of pentafluorides by up-to-date physical
methods are required.

The EA of superhalogens of the type MXk + x should
increase with increase in Jc as a consequence of the delocal-
isation of the additional electron over a larger number of
ligands. Thus in the series MgF3 (-3.8 eV) < AlF^ (~6.1eV)<
SiF5 (-6.3 eV) < PF6 (-6.6 eV) and A1O2 (~3.4 eV) < PO3

(-4.4 eV) < CKH (-6.3 eV), the EA increases from 3.8 eV to
6.6 eV in the first case and from 3.4 eV to 6.3 eV in the
second. ̂  Extremal Ε A values should also be expected for
MXfc with k > 6, but increase in k may also lead to a decrease
in the EA. In particular, in the series MgCl3 (~4.5 eV)-
A1CU (-5.2 eV)-SiCl5 (-4.4 eV)-PCl6 (-4.0 eV), beginning
from AlClij the EA decrease as a consequence of the strong
repulsion of the ligands. 6 8 · 6 9 This last feature is related
to the fact that the HOMO in the ions MXĵ  + χ is non-bonding
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with respect to the central atom—ligand interaction, whereas
with respect to the ligand—ligand interaction it has anti-
bonding character. When k is sufficiently large, the mutual
repulsion of the ligands predominates over the effect of elec-
tron delocalisation, leading to a decrease in the EA. For
the optimum values of k, the effect of ligand-ligand anti-
bonding is slight, and does not predominate over the
delocalisation of the additional electron, and this leads to an
increase in the EA. Of the superhalogens containing
sp-elements which have been studied up to the present,
the optimum ratio of antibonding and stabilisation is achieved
for AsF6 and SbF6, which have high EA (~7 eV).1*1*

The adiabatic Ε A is usually understood to be the difference
between the total energies of the stable configurations of the
anion and the neutral system. Available experimental data1*0'

7 8 - 8 1 and the results of non-empirical calculations8 2 '8 3 indicate
that the isolated anions MFfc+1, where k is the maximum
formal valence of the central atom M, are energetically stable
with respect to monomolecular dissociation to MF^ and F~.
Published estimates 7 8" 8 3 of the energy of this dissociation are
fairly high, 80-120 kcal mole"1. At the same time, experi-
mental data8 l f indicate that MFfc + x radicals either have a very
low energy of dissociation to MF^ + F or are generally
unstable. It should be noted that the adiabatic EA of a
radical can be determined even when it is unstable, since
the necessary condition for the existence of EA is the exis-
tence of a stable negative ion. In this case the first I P v e r t
of the anion gives the upper limit of the EA a d values of the
neutral system.

The low energetic stability of MF^ + 1 radicals compared with
the corresponding anions MF^ + 1 does not agree with the
traditional ideas of the method of molecular orbitals, accord-
ing to which the stability of a molecular system with respect
to monomolecular dissociation should increase if the electron
is removed from an antibonding MO, decrease if the electron
is removed from a bonding MO, and remain unchanged if the
electron is removed from a non-bonding MO. In all anions
of the type MF^ + 1 , the highest occupied MO is non-bonding
with respect to the central atom—ligand interaction, and con-
sists only of ligand AO,85 so that the removal of an electron
from the HOMO of the anion should not lead to significant
destabilisation of the resulting radical.

To investigate the reason for this discrepancy between the
prediction based on the qualitative concepts of MO theory and
available experimental data, the electronic structures of the
anions BF4 and AlF^ and of the corresponding radicals BF^
and AIF4 were calculated by the discrete variation X a method
in the present work.

Data on the geometric structure are available only for the
anions, and the calculated non-empirical equilibrium bond
lengths in the isolated anions,8 2 i?(B-F) = 1.43 A and
ίϊ(Α1—F) = 1.72 A, are close to the corresponding values for
the anions in inorganic sa l t s : 8 6 " 8 8 R(B-F) = 1.37-1.39 λ
and R(A1-F) = 1.69-1.70 A. The equilibrium bond lengths
in the anions, calculated by the DV-Xa method by the
present authors, are J?(B—F) = 1.44 A and JR(A1—F) =
1.69 λ, in good agreement with the above values. There
are no published data on the geometric structure of the
radicals BF4 and AIF4, so that their equilibrium bond lengths
were optimised by the DV-Xa method assuming that they have
a tetrahedral structure. The potential curves have minima
in both cases, corresponding to the bond lengths J?(B—F) =
1.44 A and R(Al-F) = 1.69 A. Thus the calculated bond
lengths for the tetrahedral configurations of the radicals and
anions practically coincide. The existence of minima on the
potential curves of the radicals naturally does not mean that
they are energetically stable with respect to monomolecular
decomposition. To resolve the question of the stability of

the radicals, it is necessary to carry out additional calcula-
tions of the total potential surfaces by non-empirical methods
with allowance for correlation energy. These calculations
cannot be carried out at present, because of the extremely
large expenditure of machine time required. Although the
present calculations do not make it possible to reach any
conclusion about the stability of the radicals MF .̂ + x , they
can be used to investigate the reasons for the destabilisation
of these radicals.

The removal of an electron from a non-bonding MO of an
anion should not in principle lead to destabilisation of the
resulting radical if the composition of all the other MO
remains unchanged. Since in the case being considered
there is appreciable destabilisation of the radicals, it is
natural to expect that this is the result of changes in the
composition of the bonding MO as a result of electronic
relaxation. The nature of the changes in the valence MO
can be investigated using the data in Table 1, which gives
the composition of these MO for both radicals and anions,
for the equilibrium values of the bond lengths.

Table 1. Characteristics of the molecular orbitals of BF^,
BF^, AIF4, and AlF^; the Mulliken populations of the
bonding MO (q), the charges on the atoms (Q), and the
overlap populations [Q(M-F)] for BF4, BF^, AlF^, and AIF4
(in fractions of e).

Parameter

<7(4*i)·
q Wi)
q (4a,)
<?F

QB
Q (B-F)
Q (F-F)

BF4

Β

0.22
llO3
0.39

ZF

5.78
4.97
1.61

—0.23
+0.91
+0.47
—0.05

BFT
4

Β

0.26
1.11
0.40

I F

5.74
4.89
1.60

—0.40
+0.61
+0,59
—0.07

Parameter

<7(5it)
q (4ft)
<7(5flJ

<?F

<2AI
Q (Al-F)
Q(F-F)

AlF,

Al

0.37
0/63
0.36

2 F

5.63
5,37
1.64

—0.28
+1.13
+0,51
—0.01

AIFT
4

At

0.48
0.72
0.36

2 F

5.52
5,28
1,64

—0,45
+0.78
+0.62
—0.01

It can be seen that the removal of an electron from the
HOMO of the anion leads to a decrease in the contribution of
the AO of the central atom to the bonding MO by ~0.3 e,
and this explains the low stability of the radicals, compared
with the corresponding anions. The reasons why ionisa-
tion from a non-bonding purely ligand HOMO of the anion
leads to this rearrangement of electron density in the
resulting radical can be understood on the basis of model
representations of superhalogens in which the framework of
fluorine atoms in the superhalogens has a high collective
electronegativity. Thus if the process of ionisation of the
anion is arbitrarily divided into two stages corresponding to
the removal of an electron from the HOMO without change
in the composition of any of the MO and the subsequent
relaxation of the MO, then the loss of an electron by the
framework of fluorine atoms in the first stage of the ionisa-
tion is partly compensated by the transfer of ~0.3 electron
from the central atom.

A similar decrease in the energetic stability of the radicals
compared with the corresponding anions should also be
observed in all other systems of the type MF .̂ + 1 and MFĵ  +1.

2. Superhalogens Containing Transition Metals

In transition metal compounds of the type MXfc, the filling
of antibonding HOMO generally does not lead to distortion of
the geometry of highly symmetrical configurations, so that
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the behaviour of the EA of these systems may show a num-
ber of characteristic features.8 9"9 1* The dependence of the
EA on the electronic structure of transition metal hexa-
fluorides can be considered in more detail. It is appro-
priate to begin the examination with the hexafluorides of the
5d-metals, since the characteristic features of the electronic
structure are revealed most clearly in this case. Table 2
gives the IP from the valence MO. It can be seen that on
going from Hf to Hg there is a change from the filling of a
non-bonding purely ligand HOMO of the lt1(J type (Hf, Ta)
to the filling of an antibonding MO of the 4t2g type, anti-
bonding with respect to the central atom—ligand interaction
(W—Au) and then to the filling of the next antibonding MO
of the 6eg type (Hg).

Table 2. Valence ionisation potentials (eV) of the negative
ions of the hexafluorides of metals of the third transition
series. 9 0

MO

«1.

»«,

8
'.a

&«„

Spin* :

-

1
h

1
h

1
h

1
h

1
h

1
h

1
h

1
h

HfP^

-

-

7.5
6,8

7.3

6.8

8.0
7.2

8.3
7.5

8.3
8.2

9.9
9.3

10.3
9.9

-

-

7,1

7,3

7,5

8.0

8.0

10.1

10.6

-

2.2

7.3
6,9

7,7
7.3

7.5
7.3

8.1
7.9

8.1
8.7

10.5
10.0

11.0
10.6

R*F7

-

3.5

7.1
6.7

7.6

7.2

7.8
7.3

8.4
7.9

8.4
8.7

11.3
10.2

11.5

10,7

OSF7

-

4.7

7.6
6.6

7.7
7.1

8.0
7,2

8.7
7.9

8.7
8.8

12.1
10.2

12.5
10.9

-

5.9
4,5

7.4
6,6

7.9
7.1

7.9

7.1

8.6
8.0

8.6
8.9

12.2
10.9

12.2
11.4

«ρ;

-

6.1
5.6

7.2
6.7

7.5
7.1

7.7
7.2

8.5
8.1

8.5
9.0

12.4
12,0

12.5

12,1

AUF7

-

6.8

6.9

7.3

7,4

8.2

8.2

13-4

13.6

HgFj

4.5

7.6
7,2

7.3
7.0

8,0
7.3

7.8
7.5

9.0
8.5

9.0

9,5

16.3
15.7

17.2
17.0

*The letters 1 and h denote transitions into the low-spin
and high-spin final states of MFS respectively.

The data in Table 2 reveal the following characteristic
features of the change in the IP from the valence MO in the
series being considered. Firstly, it is irregular : the IP
decreases sharply on going from TaFg" to WFg, after which it
increases regularly from WFg to AuFg, and decreases again
on going to HgFi·. Secondly, the IP of the "ligand" lt l q.—
8alg MO remain practically unchanged. Thirdly, the IP from
the bonding 3t2g and 5e~ MO increase almost regularly,
although the change in their energies on going along the
series is smaller than the change in the energies of the
5d AO 9 0>9 2 of the corresponding central atoms.

The reason for this behaviour of the IP can be understood
by analysing the composition and symmetry of the MO. For
Hf and Ta hexafluorides, the HOMO is a non-bonding ligand
orbital, and the EA of these compounds is high as a con-
sequence of the delocalisation of the additional electron over
the six strongly electronegative F atoms, in accordance with
the above ideas on the superhalogens containing sp-elements.
The EA of these two hexafluorides are close to the EA of the
•nost electronegative superhalogens among compounds of the

sp-elements: AsF6 and SbF 6. On going to WF6, the EA
decreases, due to the filling by electrons of a HOMO of
antibonding type; the energy gap between the nearest
4ί2(Τ and li1(J. MO is ~4 eV. Since the it2(J MO is antibonding,
it might have been expected that its subsequent filling would
lead to a decrease in the EA in the series being considered.
Instead of this, however, there is a regular increase in the
EA,90 which reaches ~7 eV for AuF6, and the gap between
the 4i2 ( r and ltlg MO practically disappears.

The composition of the 4t2g MO can be analysed in more
detail. The nature of this orbital changes in the hexa-
fluoride series9 0 from appreciably antibonding (WFg) to non-
bonding (AuFg). With decrease in the antibonding, its
energy decreases, approaching the energy of the non-bond-
ing MO of the ligands (ltig, 9t l U , 2t 2 U ), and the EA for AuF6

is close to the EA for TaF 6 , in which the additional electron
occupies a ltlg MO which is purely ligand from symmetry.
On going from AuFg to HgFg, the next 6eg MO is filled,
accompanied by a decrease in EA, due chiefly to the exten-
sive splitting of the 6β~—4t2(_ orbitals under the influence of
the ligand field, since the 6eg MO is essentially a ligand
orbital. Thus the contribution of the 5d AO to the 6e g MO
is -25%, and practically coincides with the contribution of the
5d AO to the 4i2f f MO of the AuF£ anion.9 0 At the same
time, an increase in the Hg—F overlap population is observed
for HgFg, compared with AuFg.

It is of interest to relate the change in the EA in the series
of hexafluorides Hf—Hg to the energy of the atomic 5d
levels. On going along this series, the energy of the 5d AO
decreases,9 0 '9 2 leading to stabilisation of the 3t2g and 5eg MO,
and these MO are transformed to an increasing extent into
non-bonding 5d AO. In other words, the 5d electrons tend
to be localised close to the central atom M, leading to a
decrease in the population of the 5d AO in the higher orbitals
it2g and 6eg and to the approach of the 4t2g MO to the ligand
MO". This conclusion is confirmed by the decrease in the
overlap population from WFg to AuFg and by its increase on
going to HgFg, since in this case the 5d electrons, for sym-
metry reasons, are forced to partly occupy the antibonding
6eg MO.

The principal features of the electronic structure are the
same for the hexafluorides of the 4d metals and the hexa-
fluorides of the 5d metals, but some differences are also
observed. Firstly, the block of valence MO of the ligand
type for the hexafluorides of the 4d metals on the whole lie
slightly higher (by 0.3-0.5 eV) than those for the 5d metals.
This agrees with available experimental data on the IP of the
compounds MoF6 and WF6,

30 which differ by -0.3 eV. More-
over, the HOMO of the tzg type for MoF^ lies 1.3 eV closer
to the block of valence MO than in the case of WFg, as a
result of which the EA for MoF6 is ~1 eV higher. The cal-
culated differences between the IP of the 4t2g and ltlg levels
for WFg- and the IP of the 3t2f f and l i l g levels for MoFi agree
with the difference between the energies of the first optical
transitions for the compounds MoF6 and WFS [AVi(WF6) -
Av^MoFg) = 1.33 eV 9 5 ] . The lower energy of the upper
i 2g MO in MoFg compared with WFg is related to the lower
degree of antibonding character of this MO, and this in turn
is due to the higher energy of the 4d AO of the Mo atom. 9 0 ' 9 2

With further filling of the HOMO of the i2g type, the degree
of antibonding character of this MO in the 4d hexafluorides
is again lower than in the 5d hexafluorides, leading to its
more rapid approach to the block of ligand MO. Moreover,
for AgFg, where the 3t2g HOMO is fully occupied, the energy
of this MO is lower than the energies of the purely ligand
ltXg and l t 2 U MO. For AuFg,90 this inversion of the levels
is not observed.. The sequence order of the MO in AgF£
does not agree with the traditional picture of the energy
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sequence for MO of different character (see above): e(bond-
ing) > ε(non-bonding) > e(antibonding). This contradiction
is eliminated, however, in a more detailed analysis of the
nodal structure of the valence MO, represented schematically
in Fig. 2. It can be seen that the 3f2q. MO is an antibonding
MO of the π-type with respect to the central atom-ligand
interaction, and a bonding MO of the σ-type with respect to
the ligand-ligand interaction; the ltXg MO is σ-antibonding
and purely ligand from symmetry; and 7 i i u and l i 2 u MO are
orbitals of the π-type, and the first contains a small con-
tribution from the central atom, whereas the second is a
purely ligand antibonding MO.

On going from MoFg to AgF^, the contribution of the Μ
atom to the 3ί2~ MO decreases sharply, and in AgFg the
entire block of 31^— l i 2 U MO can be regarded as purely
ligand, and the central atom—ligand interaction can be
neglected.9 2 In this case, from the ligand—ligand inter-
actions and in accordance with classical ideas, the following
sequence of MO energies can be expected: 3i2g (bonding MO
of the σ-type) > 7 t l u (antibonding, π-type) > lt2U (anti-
bonding, π-type) > lf1(J. (antibonding, σ-type). This MO
sequence is in fact observed for AgFg and CdFg, that is
the electronic structure of the hexafluorides at the end of
the 4d metal series is determined by purely ligand inter-
actions.

The principal characteristic features of the change in the
Ε A and IP in the series of 3d metal hexafluorides are on the
whole the same as in the series of 4d and 5d metal hexa-
fluorides,9 0·9 2 although they are less clearly defined. In
particular, the antibonding HOMO of the 2tZg type in CrF£
lies only 1.5 eV above the block of purely ligand MO,
whereas the corresponding values for the 3t2g and 4t2~ MO
in MoF^ and WFJ are 3.8 eV and 5.1 eV respectively. On
further filling of the 2t2g MO in the anions of the 3d element

hexafluorides, its energy rapidly approaches the energies
of the ligand MO, and inversion with respect to the It-yg MO
takes place at FeFg, whereas the corresponding inversion of
the 3tZg and l i ^ MO is observed only at the end of the 4d
series, for AgF^. This behaviour of the 2t2g MO is related
to its lower antibonding character, compared with the 3i2g MO
for the 4d element hexafluorides, resulting from the higher
energies of the 3d AO of the atoms in the first transition
series. A decrease in the antibonding character of the
HOMO of the t^g type with increase in the energy of the
atomic d-orbitals was also observed on going from the hexa-
fluorides of the 5d elements to the hexafluorides of the 4d
elements, although to a smaller extent than on going from
the hexafluorides of the 4d elements to the hexafluorides of
the 3d elements. In this connection it should be noted that
small changes in the energies of the atomic d-orbitals lead
to fairly large changes in the energies of HOMO of the t2g
type. The small contribution of the central atom to the
HOMO of the hexafluorides of the 3d elements leads to high
values (6—7 eV) of the EA for the entire series (with the
exception of CrF 6, whose EA is also fairly high, 5.0—5.5 eV).

The above detailed analysis of the relationship between EA
and electronic structure shows that the hexafluorides of the
d-elements differ significantly from the fluorides of the
sp-elements; practically all transition metal hexafluorides
(with the possible exception of WF6) can be regarded as
superhalogens. At the same time, the dependence of the
value of the EA on the electronic structure in each specific
case is fairly complex. Nevertheless, it can be stated that
among the hexafluorides of the 4d and 5d metals, the highest
EA will be shown by those in which the HOMO is almost com-
pletely filled (that is NbF6, TaF 6, AgF6, and AuF6). The
hexafluorides of the 3d metals almost all have high EA.*11

J(Z)t

Figure 2. Schematic representation of the highest valence
MO of transition metal hexafluorides.92
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As noted above, in the estimation of EAad for systems in
which the additional electron enters an antibonding MO it
is necessary to investigate the dependence of the first I P v e r t
of the anion on the M—F bond length. To investigate this
relationship, the electronic structure of the anions CrFg and
AgF's has been calculated.9 2 The distances R(Cr—F) =
1.75 A and 1.85 A and K(Ag-F) = 1.85 A and 1.98 A were
used in the calculations. The calculations showed that the
change in the IP from the HOMO of CrFg does not exceed
0.5 eV, and that from the HOMO of the anion AgF£ does not
exceed 0.15 eV. It may therefore be expected that for other
transition metal hexafluorides, small changes in the inter-
atomic distances will not lead to changes in the EA value
exceeding 0.5 eV. The influence of R(M-F) on the EA
value is a maximum for the atoms of group VI, since the
HOMO of their hexafluorides has the most antibonding
character with respect to the central atom—ligand inter-
action, and decreases in the same sense as the decrease in
the antibonding towards the end of the period.

Tetra-anions MX ,̂ where X = F, O, and Cl, are also
encountered in salts. It is therefore of interest to study
the dependence of the EA of these anions on the charac-
teristic features of their electronic structure. The tetra-
oxyanions can be considered as an example. The orbital
energies of the tetraoxyanions of the 4d metals are given in
Table 3. The following characteristic features of the
change in the IP from the valence MO can be observed on
going along the series. Firstly, the change is irregular:
the IP value decreases on going from TcO^ to RuO^, then
increases from RuO^ to AgO^, and decreases again on going
to CdO^. Secondly, the IP of the block of "ligand" l i 1 (

8i2, and Ίαχ MO remain practically unchanged on going
along the series, like the IP of the 6i2 and 6ax orbitals,
formed predominantly by the 2s orbitals of the Ο atom.
Thirdly, the IP of the bonding 7i2 and 2e MO increase
regularly along the series.

Table 3. One-electron energies (eV) of the valence MO of
4d-metal tetraoxyanions.9 4

Spin

9/,
3e

« t

2e
6tt

a | Β

_

—
5.6
5,8
6,2
8.3
8.3

20.9
21.1

_

—
4.8
5.4
5.8
8.0
7.9

20.3
20.5

o-P

_

—
4.9
5.5
6.2
8.7
8.5

20.5
20.6

α

_

3.1
4.8
5.5
6.0
9.0
9.0

20-4
20.6

•

_

—
4.5
5.2
5,8
8.8
8.7

20.1
20,2

α

3.8
5.1
5.7
6.0
9.3

10.0
20.7
20.7

4.2
5.0
5.6
9.2
9-3

19.9
20.0

α Ι ρ

4.1
4.8
5,5
5.8

10,2
10.7
20 4
20.5

3,5
4.2
5.1
5.5

10.1
10.5
20.1
20.1

α=& Ι α

4.4
4.7
5.4
5.8

12,4
13.6
20.4
20,5

3.4
4.4
4.5
5.5
6.3

15.6
17.8
20.6
21.0

Ρ

4^3
4.3
5 0
5.5

15.3
17.8
20.1
20.6

Overall, the characteristic features of the change in the
valence IP in the series of oxyanions are approximately the
same as in the hexafluoride series. A difference is that in
the tetraoxyanions, a HOMO of the e type is filled first, and
the filling of the antibonding MO of symmetry tz begins from
CdO^. Moreover, the actual EA values for the tetra-oxides
and their abrupt changes on going to the filling of anti-
bonding MO of the e and t 2 types are appreciably smaller
than for the hexafluorides. The changes in the upper
valence IP on going along the series of 3d metal tetraoxy-
anions are similar to the changes in the upper valence IP

in the series of 4d metals. As in the case of the hexa-
fluorides of the 3d and 4d metals, however, the actual EA
values for the tetra-oxides of the 3d metals are greater, and
the abrupt changes on going to the filling of the antibonding
MO are smaller, than in the case of the tetra-oxides of the
4d metals. On the whole, the Ε A values for the tetra-oxides
are greater (3.5—5.0 eV), and practically all transition metal
oxyanions, with the possible exception of RuO4, can be
classified as superhalogens.

A similar analysis of the dependence of the EA on electronic
structure can be carried out for pentafluorides MF5, tetra-
fluorides MF^, trifluorides and trioxides MX3, difluorides and
dioxides MX2, etc. High EA are shown not only by super-
halogens of the type MX̂ . + 1 , where k is the maximum formal
valence of the metal and X is a monovalent ligand, but also
by systems of the type MX^ if the antibonding HOMO of the
corresponding anion is completely or almost completely filled.

3. The Search for Systems with the Maximum Possible Elec-
tron Affinity

Theoretical studies of superhalogens and various experi-
mental estimates show that chemical compounds may have very
high EA, exceeding the EA of halogen atoms. Two questions
naturally arise: what is the maximum EA that superhalogens
can have, and among which systems should they be sought?
According to the above ideas, these systems should contain
as ligands the maximum possible number of fluorine atoms,
since the energy of the HOMO of the anions of these systems
would approach the energy of the HOMO of neutral fluorides,
as a consequence of the delocalisation of the additional elec-
tron over a large number of ligands. Thus the value of the
first IP of neutral fluorides can be regarded as the upper
limit of the maximum possible Ε A values. According to
available experimental data, the first IP in the fluoride
series SF 6, WF6, SiF6, CF,»,30 etc. are 15-17 eV, so that the
value 17 eV can be taken as the upper limit of Ε A values
for chemical compounds.

Various ways of searching for systems with maximum EA
may be noted. One way is to increase the number of ligands
in mononuclear systems of the type MF^ . However, with
increase in the number of ligands, beginning from a certain
value of k, the effects of destabilisation of the HOMO of the
ion MFk + 1 a s a result of inter-ligand repulsion may pre-
dominate over the stabilising effects of delocalisation, so that
further increase in the EA will not take place, as for example
in the chlorides of the sp-elements examined above. Another
possible way to increase the number of ligands is by changing
to polynuclear superhalogens, of the type A12F7, Sb2F1 : L,
or in general ΜηΧη^ -+λ. In these systems, inter-ligand
repulsion does not increase with increase in the number of
ligands, and as a result of the maximum delocalisation of the
electron, the EA of these systems may approach the maxi-
mum possible value. These ideas are of course qualitative,
and indicate only the trends in the change in the EA, and
to obtain quantitative estimates it is necessary to carry out
calculations for each specific case.

To follow the trend in the change in the EA with increase
in the number of ligands, it is possible to use the results of
calculations by the DV-Xa method of the electronic struc-
ture of the anions MnFg and TcFj (mononuclear anions of
the type MFfc + 1 ) and A12F7, P2F£i, A s ^ u , and V2Flx

(dinuclear anions of the type M2F2 f c + 1 ) . 9 6 > 9 7 The geometric
structure of the dinuclear anions is shown in Fig. 3.

In the series of mononuclear anions ScF^—VF6—MnF8, the
EA increases sharply on going from ScF4 (4.8 eV) to VF6

(6,7 eV), and then remains unchanged on going from MnF8
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(6.7 eV). On going from NbF6 (6.8 eV) to TcF8 (5.8 eV),
it even decreases. This indicates that the optimum combi-
nation of stabilising and destabilising factors to achieve the
highest EA values in mononuclear complexes is obtained in
the six-coordinate fluorides. Further increase in the num-
ber of ligands does not lead to an increase in the EA,
because of the increase in the strength of the inter-ligand
repulsion. Calculations by the DV-Xa method indicate that
the maximum EA in mononuclear complexes (TaF6 and AuF5)
is 7-8 eV.90

χ

Χ Χ Α Χ

Figure 3. Geometric structure of dinuclear superhalogens.

On going from the mononuclear to the corresponding
dinuclear complexes, the EA increases systematically by
1—2 eV. Thus for example the EA values for A1F4 and A12F7

are 6.1 eV and 7.5 eV, for PF6 and P 2 F U 6.7 eV and 8.6 eV,
for AsF6 and As 2 F u 7.2 eV and 8.6 eV, and for VF6 and V2FU

6.7 eV and 8.0 eV respectively.90 Thus the maximum EA for
dinuclear systems is apparently 9—10 eV. In particular,
these EA values may be shown by the systems T a 2 F u and
Au 2 F u . Thus the change from mononuclear to polynuclear
superhalogens is a promising way of searching for systems
with the maximum possible Ε A values. Polynuclear super-
halogens whose EA are more than twice the EA of halogen
atoms should rather be called hyperhalogens. They may
be used to obtain new classes of salt with non-traditional
cations. Stable salts with Ar+ cations may possibly be
obtained using complex polynuclear hyperhalogens.

Finally, Tables 4—6 summarise available theoretical and

experimental estimates of the EA of superhalogens.

Table 5. Theoretical and experimental estimates of the
EA (eV) of various superhalogens.

Compound

BO,
A1O,
N O 3

P O ,
C1O4

SF,
SeF,
TeF,
MoF,

WF,

ReF,
OsF,
IF

AuF,

U F

Note.
(Ed. of

Experimental estimate

3.6+0.2 [40]
4,1+0.2 [40]
3.68±0.20[66]; 3.77±0.25[41]
4,9[99]
5.8J67]; 6.2 [100]
0-30 [41]; 0.75[66]
3.0±0.2[76]
3.34+0.2 Γ76]
5,14176]; '3.6+.0.2 [103];
5,36+0.06 [104]; 4.5[105]; 5.77[106]
3,51+0.10 [40]; 4.9[105], 3.7 [107];
5.1+0,5 [76]; 3.36 [108]; 3.5 [26]
4,6[26]
5.9[26]
4.34 [67]; 5.1+.0.5 [76]; 7.0 [26]
5.1—7.9[109]; 8.2[26]

4.9+0.5[110]; 5 .0[ l l l ] ; 3.6[79];
4,3[112]; 5.1; 4.85+.0.25;
5.6C±0.25[113]
Numbers in square brackets
Translation).

Calculation by the
DV-XQ, method

6.9 [98]
0,5 |101] ;0.7[102]
2.9 [102]
2.6{102|
4.5—4-8(1011

4.5—5.1 [101]

5.3—6.3[1C1]
6.2—7.3 [101]
7.0—8.3 [101]
7.9—9.1 [101]
8.4—10.1 [101]
5.0 [101]

Calculation by the
DV-Xa method;
HF (DE) basis set

4.6(3.6) [56]
3.7 (3,4)[56]
4.0 (3,6) [56]
5.3(4,4)[56]
6.9(6,3)]56]
0.3(0.6)[73]
2-l(3,0)[73]
1,2(2.2)[73]
3.2192]

3.5[90]

4.8[90]
6.0 [90]
7,2[90]
7,4[90]
8.1 [90]

denote references

Table 6. Experimental estimates of the Ε A of various super-

halogens .

Radical

MnF,

FeF,
P t F ,
MnF 4

FeF 4

P t F 4

PtF,

EA, eV

5,27±0.20
4.25+0,20

2.1
5.22

5.40+.0.20
5.11+.0.36

6.5

Refs.

[ I l l ]
[111]
[109]
[109]
1111]
[109]
[109]

Radical

CrO3

MoOF4

UF 6

U 2F,
U,F1 0

U,FU

υ Λ

EA, eV

3.7
4.0+0.4

3.5
4.2+.0.5
4.5+0.4
6.1+0.7
7-9+.0.8

Refs.

[114]
[103]
[113]
[115]
[115]
[115]
[115]

Table 4. Theoretical estimates of the EA of various super-

halogens, obtained by the DV-Xa method*.^

Radical

BeF,
MgFj

A1F1,
SiF»
P F A
TiF,
VF,
CrF*,
MnF,
F e F ,
CoF,
N i F ,
CuF,
ZnF,
ZrF.·
N b F ,
TcF,
RuF,
RhF,

EA, eV

4,1 (4,5)
3,2 (3.,8)
6.2(6.2)
6.1 (6.2)
6.4(6.3)
6.8(6.6)
7.5
6.7
5.0
5.9

7iO
6.8
6,9
6,1
5.8
7.1
6.8
4.3
5.2
6.1

Radical

PdF,
AgFc
CdF,
AsF,
SbF,
HfF,
TaF,
BeCl,
BC14

MgCl,
A1C14

SiCI s

PCI,
SCI,
SeCl,
TeCl,
SbCI,
AsCl,
VF 4

MnF,

EA,eV

6.1
6.4
4.8
7.2
7.0
8,8
8.4
4:5(4.2)
4.9(4.5)
4,5(4,5)
5.8(5.0)
4,9(4.2)
4.3(3.7)
3,4
4,3
3.5
5,6
5.4
4.8
6,7

Radical

TcF,
Al/7
PjFy
ASjFn
VJFJJ
MoO4

TcO4

RuO 4

P h O ,
PdO 4

AgO4

CdO4

CxO4

MnO4

FeO 4

CoO,
NiO 4

CuO 4

ZnO 4

H g F ,

EA, eV

5.8
7.5
8,6
8.6
8.0
6.2
4.9
3.1
3.8
4.7
4,4
3.4
6.1
5.0
3.7
5.2
4.7
4:4
3.9
5.8

•The values in brackets were calculated in a two-exponent
Clementi basis set with the addition of polarisation functions
of the central atom.

4. Characteristic Physicochemical Properties of Superhalogens

Molecules with high EA show a whole series of fundamen-
tally important distinguishing properties. Thus the high EA
of SeCl6 and TeCl5 makes possible the existence of the anions
SeClf~ and TeClf", which are unusual from the traditional
chemical viewpoint.

A high Ε A makes it possible to obtain fundamentally new
salts with unusual cations, such as O2[PtF s]~, XeFjtPtFg]",
Xe2Fi1[AuF6]~, etc. 1 " 1 2 The molecules O2, XeF5, and Xe2.
. F u have high IP, so that to obtain salts with their cations
it is necessary to use superhalogens with anomalously high
EA, such as, for example, PtF 6, AuF5, etc. Thus super-
halogens open up extensive possibilities for the synthesis
of new non-traditional salts with both organic and inorganic
cations.

Another unusual property of systems containing super-
halogen groups is related to the high IP of the anions of
superhalogens. Compounds in the gas phase in most cases
dissociate homolytically, to give a pair of neutral fragments.
This rule may not extend to molecules containing super-
halogens, however. Thus the values of the IP of the alkali
metals are 3.9-5.4 eV, and the Ε A of superhalogens may
exceed these values. In these cases, heterolytic dissocia-
tion may be more favourable. For example, the salt Cs—AlF^
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dissociates to Cs+ and AlFij, and not to Cs and AlF^. This
heterolytic dissociation makes it possible to obtain a low-
temperature molecular plasma by simple heating, and this in
turn ensures increased conductivity of the vapours of these
salts. The gas-phase mixtures of NaAlCl^ and KAlClij with
A1C13-A12C16

 1 1 6 have electrical conductivity values which are
fairly high for gases, amounting to 10~u—10"~6 Ω"1 cm"1 in the
temperature range 500—900 K. The partial pressure of ions
in the gas reaches 10~8 atm at a partial pressure of NaAlCli* of
0.1 atm.

Superhalogens are widely used to modify the electronic
characteristics of one-dimensional and two-dimensional
organic compounds to obtain materials with metallic conduc-
tivity, and also organic superconductor s.11*"26 All organic
superconductors obtained up to the present contain super-
halogens anions as counter-ions. It is suggested that the
geometric structure of the anion is important for the conver-
sion of quasi-one-dimensional organic systems to the super-
conducting state. 1 8 Thus for the synthesis of new organic
superconductors with a higher critical temperature Tc it is
necessary to have a wide range of superhalogens with
different geometric structures.t

On the other hand, the class of counter-ions suitable for
obtaining organic superconductors can be extended con-
siderably using the cations of superalkalies, since the quasi-
one-dimensional stacks of organic conjugated molecules
forming the starting material have not only donor but also
acceptor properties. The synthesis of organic systems
using superalkali cations as counter-ions would extend con-
siderably the range of organic semiconductors, metals, and
superconductors, and would also be extremely interesting
for theoretical chemistry.

IV. ELECTRONIC STRUCTURE OF SUPERALKALIES

After the detection of the large class of molecular systems
having high EA (superhalogens) there arose the question,
which is important for extending the concept of electro-
negativity and electropositivity, of the lowest possible IP
values of neutral molecules and radicals, that is the Ε A of
the corresponding singly charged cations. Among the
elements of the periodic system, the lowest first IP are
shown by alkali metal atoms, so that systems whose first IP
are lower than those for alkali metal atoms are naturally
called superalkalies.

From the ideas presented in section II, it follows that to
achieve a low first IP of a neutral system of the type ML^ + 1 ,
it is necessary that the HOMO be antibonding with respect
to the central atom—ligand interaction, and, in addition,
that the ligands have low upper IP. In this case, on
formation of the compound ML^ + 1 , the electrons of the L
atoms will enter an antibonding MO, and the energy of their
bond in the ML̂ . + x molecule will be lower than in the isolated
L atom. It should therefore be promising to look for "super-
alkalies" in the class of systems MLj. + 1 , where L are alkali
metal atoms.

To verify this suggestion, the DV-Xamethod was used 1 1 7 ' 1 1 8

to calculate the electronic structure of a number of radicals of
this type. Table 7 gives the results of the calculation of the
first IP of radicals ML^ + x , and also available experimental
estimates. The IP of the radicals were calculated for the

tin view of the importance of the tetrahedral structure of
the counter-ion for increasing Γ (for example ClO^ 1 8 ) , the
anions of transition metal tetra-oxides can be recommended as
counter-ions for the production of new superconductors.

equilibrium geometry of the corresponding cations, that is the
values of the first IP of the radicals ML^ + x given in Table 7
are equal to E A v e r t for the cations ML£ + 1 · dementi's double-
exponent (DE) basis set was used in the calculations. 1 1 7 ' 1 1 8 It
was shown for the typical superalkalies ClNa2 and PNa4 that
expansion of the DE basis set by including polarisation (3d)
and diffuse (3s, 3p) functions of the central atom, and also
polarisation (3p) functions of the ligand atoms, leads to only
slight changes (~0.1 eV) in the first IP and the composition
of the HOMO.

Table 7. First ionisation potentials (eV) of superalkali
radicals.

Radical

FLi,
CINa,
FNa,
FO,
ClCs,
OLi,
ONa,
OK,
ONa4

OK4
SLi3

SNa,
NLiJ
NNa«
PLi,
PNa,

N H "

Experiment

4,15±0.20[U9J
—
—
—

4,54±0,20[120]
3,90±0.15
3.65±O-04
3!,95±0-10

1211
121]
121]

3.62±0.04 121]
—

_

—
4,6 [125]
4,73±0,06[126]

Calculation
(Refs.117,118)

3.6
3.7
3.7
2.6
2,3
3-4*
3.5

—
—
—

3,2
3,3
3.6
3.7
3.0
3.2
4.1

*Non-empirical calculation with allowance for correlation
energy (MP2/6-311*) 1 2 2 gives the value 3.37 eV.
**See Ref.123 and references therein up to 1984; non-
empirical calculation with allowance for correlation energy121*
(SDFI) gives the values I P a d = 4.41 eV and I P v e r t = 4.43 eV.
Note. Numbers in square brackets denote references
(Ed. of Translation).

The coefficients of the LCAO expansion of the valence MO
in the DE basis set for the radicals FLi2, OLi3, and NLi^ are
given in Ref.118. The MO have a similar structure for other
radicals of corresponding types. According to Ref.118, the
doubly occupied MO consist chiefly of the AO of the central
atom, whereas the highest half-filled MO consist chiefly of
the AO of the ligands. For these radicals, the HOMO are
antibonding with respect to the central atom—ligand inter-
action, and according to traditional views of the structure of
MO its energy should be higher than the energies of the AO
of both the central atom and the ligands. In fact, in all
cases the IP of the radicals (see Table 7) are lower than the
IP of the alkali metal atoms, which lie in the range 3.9—5.4 eV
for Cs—Li. Thus the ML̂ . + 1 cations being considered must
be regarded as superalkalies, since the first IP of the
corresponding radicals are lower than the first IP of alkali
metal atoms.

The above radicals were chosen so that it would be possible
to follow the change in the IP with change in the ligand L and
the central atom along a sub-group, and also with increase in
the number of ligands. The replacement of Li by Na leads to
small changes in the IP, and no regular trends could be
established from the results of the calculations. The
replacement of Na by Cs in the series FNa2—FCs2 and ClNa2-
ClCs2, however, leads to a significant decrease in the IP.
When a ligand is replaced by a heavier ligand from the same
sub-group, a decrease in the Ε A of the corresponding cation
should apparently be expected. The replacement of the
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central atom by a heavier atom from the same sub-group will
also lead to a decrease in the EA, although the relative
changes are small. With increase in the number of ligands
in series of the type FLi£—OLiJ—NLuJ", the EA on the whole
decreases, although the decrease is small. For the EA of
the cation to be small, it is not necessary that the IP of the
ligands be low. If the antibonding of the HOMO is strong,
the energy of the binding of an electron in the neutral
system ML^ + λ may be low, in spite of a high EA for the
cation L+.

Another type of molecular radical ML^ + ± with low values of
the first IP may be provided by Rydberg radicals, in which
the additional (relative to the corresponding cation) electron
enters a Rydberg AO of the central atom. In this case,
since the Rydberg AO of the Μ atom are fairly high, the IP
from these AO should be low. An example of these systems
may be provided by ammonium radicals NR^, where R is an
organic group. For the simplest system ΝΗμ, detailed ab
initio calculations have been carried out with variation of the
geometry of the cation NH^ and the radical NHi, separately,
and with allowance for the correlation energy by the con-
figuration interaction method with the addition of Rydberg
orbitals to the basis set . 1 2 7 These calculations showed that
the HOMO in NH^ consist chiefly of the Rydberg AO of the
Ν atom, and the value of IP ad for the NH^ radical (or EAacl

for the NHf cation) is 4.3 eV. This value shows good agree-
ment with the experimental estimates 4.6 ± 0.2 eV 1 2 5 and
4.73 ± 0.06 eV.1 2 6 Other radicals NR,, for which R has
electron-donor properties should have even lower IP, and
all these radicals can apparently be classified as alkalies or
superalkalies.

Both superalkalies and Rydberg radicals are stable with
respect to monomolecular dissociation,1 1 9"1 2 6 although the
dissociation energy is relatively low. At the same time the
corresponding cations are extremely stable with respect to
monomolecular dissociation. Thus the dissociation energy of
ONaJ -»• ONa2 + Na+ is 87 kcal mole"1,1 2 2 and that of NHJ -+
NH3 + H+ is 217 kcal mole"1.1 2"

The low EA of "superalkali" cations indicates the possibility
of synthesising new classes of salt in which the anions are
molecular systems with low EA. The first salts of this type,
LiOfNO" and Li3O

+NO2, have already been synthesised, and
X-ray diffraction has confirmed that they contain Li3O

 +

cat ions. 2 7 " 2 9 Superalkali cations can form salts in cases
where the formation of the corresponding salts with alkali
metal atoms may be energetically unfavourable either because
of the relatively high IP of the metal atom or because of steric
hindrance. Salts consisting of superalkali cations and
superhalogen anions can apparently have very low heterolytic
dissociation energies, and this is of interest from the view-
point of the physics of low-temperature molecular plasma.

In recent years, ab initio calculations have revealed a new
class of so-called hyperlithium compounds OLi4, OLi5, CLi5,
CLi6, e t c . 1 2 8 " 1 3 2 , in which the formal valence of the central
atom is greater than the maximum classical valence.
According to the calculations, the first IP of these com-
pounds are relatively low, and these systems can also appar-
ently be regarded as superalkalies. The question of the
existence and energetics of hyperlithium compounds requires
further theoretical and experimental studies, however.

—oOo—

The rapid extension of the possibilities provided by
computing techniques suggest that in the near future it will
be possible to calculate the electron affinity and ionisation
potentials of chemical compounds of increasing complexity.
Nevertheless, qualitative models which would make it possible
to estimate these quantities without laborious calculations

are of considerable interest. The analysis carried out in
the present review has shown the existence of two important
classes of chemical compound: with anomalously high EA
(super halo gens) and with anomalously low first IP (super-
alkalies). Both classes of compound are of considerable
interest for theoretical chemistry, since they extend the
traditional concepts of the electronegativity and electro-
positivity of chemical groups. At the same time these com-
pounds are important for practical purposes, for example
for the synthesis of new chemical compounds and in the
planned search for new dopants to increase the electrical
conductivity of polymers, and also new counter-ions for the
production of organic superconductors.

It is hoped that the above discussion of the electronic
structure of superhalogens and superalkalies will attract
the attention of experimental workers and find further
theoretical development.
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I. INTRODUCTION

Organic compounds with a nitrogen-containing functional
group play an exceptionally important role in natural and
technological processes. Such compounds include medicinal
preparations, dyes, pesticides, explosives, etc. The great
theoretical and practical importance of these compounds has
stimulated the study of the chemical properties of nitrogen-
containing functional groups. Among organic nitrogen com-
pounds, azoxybenzenes occupy a special place. As a result
of their high thermal and chemical stabilities, all the com-
pounds containing a nitrogen atom attached to the benzene
ring can be ultimately converted into azoxybenzenes via
oxidation or reduction regardless of the valence state of the
nitrogen in the functional group (see, for example, Yandov-
skii et a l . 1 ) .

On the other hand, the known instances of reversible
reactions of azoxybenzenes are fairly few. This has aroused
interest in the Wallach rearrangement, discovered more than
one hundred years ago, which consists in the conversion of
azoxybenzene into 4-hydroxy- and 2-hydroxy-azobenzenes
on treatment with concentrated sulphuric acid. The avail-
ability of the starting materials and the simplicity of the
conditions promoted the wide-scale employment and detailed
study of the Wallach rearrangement, which is nowadays
included among the principal synthetic methods of organic
chemistry. The Wallach rearrangement has been investigated
in special detail in relation to azoxybenzene itself: the funda-
mental features of its occurrence have been discovered and
its mechanism has been seemingly elucidated. However, the
data obtained in the studies during the last decade have
shown that, even when the reaction conditions and the struc-
tures of the initial azoxybenzenes are altered only slightly,
processes unrelated to the Wallach rearrangement proper
begin to occur. Unusual reactions were then observed of
the kind which it would perhaps be impossible to predict
α priori at the present level of development of chemistry.
It was also found that the mechanism of the rearrangement is
more complex than appeared previously.

New data require the reconsideration of the accumulated
results for a more adequate understanding of the situation
which has arisen as regards the study and treatment of the

Wallach rearrangement. Analysis of experimental data rele-
vant to the Wallach rearrangement has been frequently carried
out in a number of review articles and monographs and both
individual aspects of this reaction and the reaction as a whole
have been considered.2""· Japanese investigators, in Yama-
moto's5'6 and Oae's7 schools, have made a major contribution
to the discovery of the principal features of the Wallach
rearrangement and the principal original studies in this field
are due to these investigators. The fundamental investiga-
tions of Shemyakin's school, carried out by the tracer atom
(1 5N, 18O) methods8"10 have played a large role in the under-
standing of the mechanism of the rearrangement.8"1 0 Data
on the kinetics of the Wallach rearrangement have been
obtained/' 1 1

Despite the large number of studies devoted to the mecha-
nism of the Wallach rearrangement, a single view concerning
the rearrangement has not so far been elaborated. One of
the key questions, concerning the identification of the cation-
oid species responsible for the rearrangement, has remained
unresolved. Olah et al. 1 2 put forward the hypothesis,
shared by many chemists, that this species is a dication
generated by the dehydrated diprotonated form of azoxyben-
zene. The data of the last few years, obtained in the study
of the synthetic aspects of the Wallach rearrangement and
its mechanism, are analysed in the present review. Earlier
investigations are discussed only in those cases where this
is required for the understanding of the new data.

I I . THE INFLUENCE OF THE NATURE OF THE ACID AND
THE ACIDITY FUNCTION OF THE MEDIUM ON THE ACID-
CATALYSED REARRANGEMENT OF AZOXYBENZENES

In the course of the study of the behaviour of azoxybenzene
in concentrated sulphuric acid, Wallach observed the forma-
tion of 4-hydroxyazobenzene together with 2-hydroxyazoben-
zene and other products (Scheme 1). Somewhat later, this
result was confirmed by a number of workers who concluded
that its character is general. 2 · 3



Russian Chemical Reviews, 56 (6), 1987 533

Scheme 1

(IV)

-OH + polymer.

Kinetic data have shown that the rate of the rearrangement
depends significantly on the acidity of the medium.1* Thus,
on passing from 75% (~H0 = 6.65) to 99.99% (-Ho = 11.9)
sulphuric acid (at 25 °C), the rate constant increases by
five orders of magnitude.

At the present time the range of acids used for the Wallach
rearrangement is fairly large, starting with sulphuric acid
(-Ho = 11.93) and ending with the 1: 1 HSO3F-SbF s mixture
(-Ho = 19.5). There exist also individual examples of the
employment of mixtures of acids (for example, toluene-p-
sulphonic acid—acetic anhydride). However, these acid
systems have no special advantages over sulphuric acid.
Sulphuric acid (at a concentration >80%) is employed as a
rule for the rearrangement. The product ratio (ortho: para)
is 0.02%. It has been shown13 that at these sulphuric acid
concentrations the solvated proton H3O"1" is not a sufficiently
strong acid to catalyse the reaction considered. Stronger
acids (H2SOt, and H3SOt) play the role of the catalyst under
these conditions.

It has been suggested1 1 that the product of the rearrange-
ment of azoxybenzene in concentrated sulphuric acid is azo-
benzene-4-hydrogen sulphate, whose hydrolysis affords
4-hydroxyazobenzene. Indeed azobenzene-4-hydrogen
sulphate hydrolyses in sulphuric acid with formation of
4-hydroxyazobenzene. It has been shown that under these
conditions the nitrogen atom of the azo-group is initially
protonated, which is followed by the slow protonation of the
oxygen atom bound to the benzene ring, and finally the C-S
bond is cleaved. The idea of the intermediate formation of
4-substituted esters with their subsequent hydrolysis to
4-hydroxyazobenzene was used to account for the processes
occurring in different acids.3'1*

Dissolution of azoxybenzene in HSO3CI at -10 °C leads to
the formation of its esters (VI) and (VII) (the ortho-.para
ratio is 0.51), which are readily hydrolysed by weak alkalis
(Scheme 2): 1 " ' 1 5

Scheme 2

m

OSO.CI
(VII)

As in concentrated sulphuric acid, the rearrangement in
HSO3F leads to the preferential formation of the para-sub-
stituted product (II) . 15>16

The presence in the acid system of different anions, whose
nucleophilicity has a decisive influence on the character of
the products formed, is exceptionally important. For exam-
ple, when the Wallach rearrangement is carried out in HSO3F
with added HNF2, the products are 4-fluorosulphonyloxyazo-
benzene (17-35%), 4,4'-diaminoazobenzene (16-45%), and
4-amino-4' -fluorosulphonyloxyazobenzene (5-20%).16 The
amino-derivatives are formed via the intermediate fluoro-
imines:

H+ + HNFi

(I) %- C,H»-N=N-C,H, ——-» C,H 6 -N-

OH OH
FN:

H2N-<f~~\-N=N-< S--OSO!F

When the Wallach rearrangement is performed in a mixture
of acids containing different anions, different products are
formed, for example both toluene-p-sulphonates and acetates
are formed in the toluene-p-sulphonic acid—acetic anhydride
mixture. This shows that in the second stage of the
rearrangement the cationoid species generated from azoxy-
benzene interacts with the anion of the medium.17 The para-
substituted product predominates in this case too (Scheme 3).

Scheme 3

\ ,
- N = N - <

OTos

-OTos + / V-N=N— / S +

0.3%

1%

-OAcS
2% 7.5%

This demonstrates the important role of the second stage
of the reaction, which consists in the attack by the nucleo-
phile of the medium on the most electrophilic centre in the
intermediate cationoid species responsible for the Wallach
rearrangement.

When azoxybenzene is treated with 80% polyphosphoric
acid, a mixture of 2-hydroxy- and 4-hydroxy-azobenzenes
with an ortho: para ratio of 1.7 is formed (the yields of
products are 26 and 11.8% respectively). 6 In addition 15.
of azobenzene is produced.

When azoxybenzene is treated with toluene-p-sulphonic
acid and polyphosphoric acid, azobenzene, the product of
the reduction of azoxybenzene, is formed in appreciable
amounts, which is extremely unexpected and difficult to
explain. It has been shown18 that azobenzene is the main
product resulting from the treatment of azoxybenzene with
the ( 1 : 1) (HF-SbF 5)-SO 2 mixture at -50 °C (yield 68-72%);
the usual product of the Wallach rearrangement, namely
4-hydroxyazobenzene, is obtained in a yield less than 10%,
while 2-hydroxyazobenzene is not detected at all. These
data show that the nature of the acid used to effect the
Wallach rearrangement influences not only the ortho: para
ratio but also the course of the process itself, which is
probably due to the difference in the reactivities of the
species generated from azoxybenzene under the influence of
different acids.

Azoxybenzene does not change in acetic acid at tempera-
tures in the range 20—190 °C, while the addition of acetic
anhydride leads to the formation of acetic acid and acetanilide
in 70% yield (when the reactants are used in proportions of
1:5). On the other hand, for the equimolar reactant ratio,
a complex mixture of products is formed in the system: azo-
benzene (60%), acetanilide (13%), acetic acid (63%), CO2 (95%),
CO (14%), and CHk (2%). 1 9 The authors suggest the follow-
ing reaction mechanism (Scheme 4):

Scheme 4

NC,Hj + AcjO 5s (C,H5N=NQ,H5) · AcO~ - {C,H5i5=NC,H5 + AcO} +

OAc

+ AcO" - C,HjN=NC,H5 + 2AcQ· - CO, + CH^ .

C,H6N

Ο
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The acetanilide and C0 2 are obtained from azobenzene, which
has been demonstrated independently by treating azobenzene
with acetic anhydride. It has been suggested that the
reaction proceeds as follows:

C6H5N=NC6HS + Ac2O — * - CeH5N==NC6Hs — * -

If
CH3C—0—CCH3

0 \ \

:T5NOCC

OCCH3

C 6 H 5 N — N C 6 H 5 * · C 6 H 5 N * + C S H 5 NOUCH 3

CO COCHj

CH3 I A - H
y

C6H5NHCOCH3 CO2 + po lymer.

The usual products of the Wallach rearrangement, namely
2-hydroxy- and 4-hydroxy-azobenzenes, are formed from
azoxybenzene in small yields in trichloroacetic acid in the
presence of acetic anhydride. 2 0

Thus the first feature of an acid system containing electro-
philic CH3CO+ species is that reduction products and not the
products of the Wallach rearrangements are formed, and the
second feature is the possibility of catalysis of the Wallach
rearrangement not only by H+ but also by other cationoid
species. The first stage under these conditions is attack
by the cationoid species on the oxygen atom of the azoxy-
group. Indeed, it has been found that, when azoxybenzene
is heated with arenesulphonyl chlorides, the arenesulphonic
esters (IX) and (X), the products of the Wallach rearrange-
ment , are formed. a The ortho : para ratio then varies as a
function of the nature of the arenesulphonyl chloride employed
(Scheme 5):

Scheme 5

/OSOjAr

(IX)

C,HSN=NC,H5

Ο

/ A

4-CHsC,N4

CHjSOjCl

(IX)

Yield of (IX), %
59.7
28.8
0.6

C,H5N=N-<"

(X)

(X)
Yield of (X), %

24.8
36'. 8
61.4
63.8

—OSO,Ar ,

The rearrangement of azoxybenzenes proceeds also on
treatment with the anhydrides of benzenesulphonic acids22

(Table 1). However, the para-substituted product is formed
exclusively in this case in high yields (Table 2). It has
been suggested22 that the reaction proceeds in accordance
with Scheme 6.

The kinetic data (in the presence of an excess of arene-
sulphonic acid anhydride, the reaction is of pseudo-first
order, EQ = 22.4 kcal mol"1, and AS* = -14.2 e .u . ) and
especially the influence of substituents both in the azoxyben-
zene (p = -1.5) and in the arenesulphonic acid anhydride
(p = +1.3) on the rate of reaction show that the overall rate
of this reaction is determined by the stage involving the
cleavage of the N—C bond. 2 2

Table 1. The reactions of azoxybenzene with sulphonic acid
anhydrides. Ά

Anhydride

Tos.0
<C,H5S0J,0
<4-BrC«H4SO,),O

Reaction product

4-TosOC,H«N=NC,H5
4-CH5SO.OC,H4N=NC,Hs
4- (4-BrC,H4SO,O)C,H4N=NCaHs

Yield, %

92
92
86

Table 2. The reactions of substituted azoxybenzenes with
the anhydride of toluene-p-sulphonic acid.2 2

Compound

4-BrC,H.N=NC,H,

2-CH,C,H,N=NCH,CHr2

C,H,N=NC,H,CHr4

^ _ N = N - ^ ^

V-CH.

CH, H.C

4-CH1C,H4N=N-<

H,C-<f- \ .
-\

Yield, c,

62

75

74

68

70

Like azoxybenzene, azoxy-compounds of the naphthalene
series undergo the Wallach rearrangement.23'21* It has been
shown that, when 2-naphthyl-ONN-azoxybenzene (XI),
2-naphthyl-NNO-azoxybenzene (XII), 1,1' -azoxynaphthalene,
1,2' -ONN-azoxynaphthalene, and 2, 2' -azoxynaphthalene are
treated with sulphuric acid (at a concentration in the range
60—93%), the Wallach rearrangement is observed and the
corresponding hydroxyazo-derivatives are formed, the site
of attack by the nucleophile being the ortho-position in the
naphthalene nucleus:

C 9 H 5 N=NC e H 6

I
0

Scheme 6

(ArSO2)2O ΓΓ**

C e H 5 — N = N C 6 H 5

OSO,Ar

0S0 2Ar

AiSQ3H .
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(XD-

(XID-

•N=N-C,H5

OH

On the other hand, the introduction of the dimethylamino-
group into the benzene ring, for example in the case of
2-naphthyl-ONN-azoxy(4' -dimethylaminobenzene), prevents
the Wallach rearrangement in 70% sulphuric acid (as a result
of the protonation of its nitrogen atom).2 5 However, at a
sulphuric acid concentration of 97—99.9% protonation at the
substituent does not prevent the rearrangement.2 6 Thus
4-pyridyl-NJVO-azoxybenzene affords under these conditions
4-(4'-hydroxyphenylazo)-pyridine. However, 4-pyridyl-
OA/N-azoxybenzene does not rearrange under these condi-
tions , which indicates the importance also of the very
structure of the azoxy-derivative for the acid-catalysed
rearrangement:

H O - — N = N — ί

Analogous characteristics have been discovered also for
the isomeric (a- and β-) 4-(phenylazoxy)pyridine Ν-oxides.27

Kinetic data for the rearrangement of 4-pyridyl-NJVO-azoxy-
benzene have shown that, on passing from 98.46% to 99.91%
sulphuric acid, the rate constant increases by two orders of
magnitude.2 6

Thus the character of the acid employed has a significant
influence on the products of the Wallach rearrangement.

I I I . THE INFLUENCE OF SUBSTITUENTS ON THE WALLACH
REARRANGEMENT

We shall consider in the first place the influence of the
halogen in the 2- and 4-positions on the Wallach rearrange-
ment. When 4-halogenoazobenzenes are treated with sul-
phuric acid, the main products are 4-halogeno-4-hydroxyazo-
benzenes, i .e. the OH group is in the unsubstituted benzene
ring:

(XVI)

(XVII) (XVIII)

The ratio of the products varies little as a function of the
structure of 4-halogenoazoxybenzene, i .e . as a function of
whether it is the ot- or B-isomer [4-halogeno-ONN-azoxyben-
zene (XIII) or 4-halogeno-AWO-azoxybenzene (XIV)] (Table
4 ) . 2 9

Table 4. The reactions of 4-halogeno-OJVN-azoxybenzenes
with sulphuric acid (92%, 50 °C, 30 min). 2 9

F
CI
Br
I
Br·

Yield, %

(XV)

54
34
27

5
27

(XVI)

26
46
55
72
52

(XVII)

0.5
1.4
1.7
2.0
2.0

(XVIII)

0.3
0.2
0.3
0.3
0,1

*The B-isomer.

The introduction of electron-accepting substituents in the
azoxybenzene molecule reduces the electron-donating capacity
of the oxygen atom of the azoxy-group and increases the
electron-accepting capacity of the carbon atoms in the ben-
zene rings (Table 3).№

Table 3.
z e n e s . m

The basicities of 4-substituted NNO-azoxyben-

OCH3
OCJHJ
CH,

—6.10±0-04
—6.04±0.03
—6.04±0.03

Η
Br
NO,

-6.454-0.05
—7.014-0.04
—9.83+-0,07

Table 5. The reactions of azoxybenzenes with acids.

X

2,2'-Bra

2,»2'-Bra

2,2'-Br,
2,2'.C1,
2,2'.C1,
2,2'-Cla

3,3'-Cl,
4,4'-Cl,
4,4'-Brt

2-C1
2,2' -Cl,
4,4'-Cl,
2,2' ,4,4'C1 4

Reagent*

H,SO4 (82%)
HSO,C1
H,PO4 (80%)
H,SO4 (82%)
HSO,C1
H3PO4 (80%)
H,SO4 (92%)
H,SO4 (92%)
H.SO, (92%)
H,SO4 (78%)
H,SO4 (78%)
H^O 4 (78%)
H^O 4 (78%)

Amount of
product
/ΥΤΥΛ
(Αίλ;
recovered,%

14.1
41,5
74.3
16.2
51.4
68.5
75

—
—

13.6
28.4
71.6
73.5

(XX)

62.7
33,4

3.9
75.3
30.5

3.2
16

—
—

35.4
43.5

—
0

Yield, %

(XXI)

2.4
3.9

3.2
1

13
15

6.9
0
7.3
0.5

(XXHi

33.8
20.9

15.7
23.7

5.4

58
59
30-3
11.8
18.1
17.1

Refs.

[6]
[61
[6}
[61
[61
[6

[30
[30
[30
[31

[311
[31 r

*The concentration is given in brackets.

For this reason, substituents influence both the rate of
the Wallach rearrangement and the nature of the products,
so that the study of the influence of the chemical nature and
position of the substituent in azoxybenzene on the reactivity
and the type of products under the conditions of the Wallach
rearrangement is extremely important for the question under
consideration. In particular, this applies to those cases
where structural factors hinder the Wallach rearrangement
and the character of the acid system can promote other pro-
cesses. Indeed, it will be seen from the data presented
below that in many instances unexpected products are
formed, which can be explained both from the standpoint of
the stabilising influence of the substituent on the cationoid
species and on the basis of the character of the electrophilic
intermediate generated.

In the case of azoxybenzenes where the halogen atoms are
in the 2,2'- and 3,3'-positions, treatment with different
acids leads to the products of the Wallach rearrangement
(4-hydroxydihalogenoazobenzenes) together with appreciable
amounts of the corresponding dihalogenoazobenzenes (Table 5):

(XXII)
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The Wallach rearrangement takes place selectively in the
para-position. However, when both para-positions in the
benzene ring are occupied, it takes place in the ortho-posi-
tion . At the same time detailed study of the products of the
reaction of 4,4'-dihalogenoazoxybenzenes in 92% sulphuric
acid revealed a number of unexpected substances, among
which compounds (XXV), (XXVI), and (XXVIII) were found.28

The yields of the products are presented in Table 6.

—OH -f-

(XXVIII)

Table 6. The reactions of 4,4' -dihalogenoazoxybenzenes
(XXIII) with 92% sulphuric acid (50 °C, 30 min). 2 9

F
Cl
Br
I

Composition of reaction mixture, %

(XXIV)

0.6
12
11

1

(XXV)

7,4
3.6

—

(XXVI)

2.4
1.5
—

(XXVII)

25
0.2
0.2
—

(XXVIII)

40
59
69
83

The pathways leading to their formation will be examined
below. The data in Table 6 illustrate the influence of the
nature of the halogen on the character of the products of
the reactions of azoxybenzenes in sulphuric acid. In all
cases, azobenzenes are formed in appreciable amounts and,
when X = F or I, compounds of type (XXVI) are absent from
the products. In the case of 4,4'-difluoroazoxybenzene,
the influence of the acidity of the medium on the ratio of the
reaction products was also observed. Thus, on passing from
85% to 98% sulphuric acid, the yield of the products (XXV)
and (XXVIII) increases and the yield of compound (XXVII)
falls sharply. Treatment of 4,4'-difluoroazoxybenzene with
toluene-p-sulphonic acid in the presence of acetic anhydride
leads to the products (XXIX) and (XXX) as a result of the
interaction of the anions of the medium with the 4-fluoro-
phenyl cation.1 7 This presupposes the cleavage of the C—Ν
bond in the protonated form of 4,4'-difluoroazoxybenzene
and the subsequent conversion of the 4-fluorobenzenediazon-
ium cation into the 4-fluorophenyl cation:

F-OfN-

(XXIX).

(XXX),

12%

>
5%

F -

OH
1.4%

, _ N = N —

4,5%

Naturally the formation of these products and their reactions
do not take place in the same way in different media. Treat-
ment of 4,4'-dichloroazoxybenzene with the TosOH—Ac2O acid
system at 100 °C leads to a complex mixture of products:
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2-tosyloxy-4,4'-dichloroazoxybenzene (3%), 4,4'-dichloro-
azobenzene (5.5%), 4-chlorophenyl toluene-p-sulphonate
(0.5%), and 4,4'-dichloro-2'-hydroxyazobenzene (0.5%).

The accumulation of halogen atoms in the benzene ring
tends to increase the content of azobenzenes. Thus 59% of
4,4'-dichloroazobenzene is formed from 4,4'-dichloroazoxy-
benzene in 90% sulphuric acid, while 2,2' , 4,4'-tetrachloro-
azoxybenzene gives rise to 76.8% of 2,2' ,4,4'-tetrachloro-
azobenzene. The exclusive formation of the products of the
reduction of 2,2' ,4,4'-tetrachloroazoxybenzene is observed
also in other acids—chlorosulphonic acid and 80% polyphos-
phoric acid.3 1 However, account must be taken of the role
of the nature of the acid in the overall set of reactions of
azoxybenzene in acid media. Thus it has been shown32 that
2,2' ,3,3' ,5,5' ,6,6'-octafluoroazoxybenzene does not undergo
the Wallach rearrangement on treatment with HSO3F, HF, and
H2SOi,, whereas the formation of the products of this
rearrangement, namely 4-chlorosulphonyloxy-2,2' ,3,3' ,5,5',-
6,6'-octafluoroazobenzene, is observed in HSO3C1, although
it is slow. On the other hand, treatment with the very
strong 1: 1 HSO3F-SbF5 acid mixture at 20 °C leads to the
formation of only 2,2' ,3,3' ,5,5' ,6,6'-octafluoroazobenzene
after hydrolysis. We may note that azoxybenzenes for
which the Wallach rearrangement is impossible, for example,
decafluoroazoxybenzene and 4,4'-dimethyloctafluoroazoxy-
benzene, give rise to decafluoroazobenzene and 4,4'-dimethyl-
octafluoroazobenzene respectively in this acid system.

Thus the data presented indicates the importance for the
Wallach rearrangement of factors such as the position of the
substituent in the benzene ring, the nature of the acid, the
presence of active nucleophiles in the system, and the reac-
tion conditions. It is therefore natural to expect that the
same features as for the halogeno-substituents will be
observed also for other substitUents, such as the alkyl,
alkoxy-, nitro-, carboxy-, etc. groups.

Indeed, treatment of 4-alkylazoxybenzene with sulphuric
acid leads to the formation of both the usual products of the
Wallach rearrangement (XXXIII) and the "anomalous" com-
pounds (XXXI), (XXXII), and (XXXIV)33 and their ratio
varies with the character of the alkyl substituent. Thus
compound (XXXI) predominates for the CH3 substituent,
whereas compound (XXXIV) is formed exclusively forCH(CH3)2

and C(CH 3) 3 . This may be associated with the ability of the
group X to be split off in the form of the cationoid species
from the product of the addition of the anion in the second
stage of the Wallach rearrangement:

C,H,—N=N

(XXXIII)

C , H 6 — N = N — / ^>—X

(XXXV) = =

The formation of "anomalous" products was to be expected
also for 4,4'-dialkylazoxybenzenes. In fact, when such
azoxybenzenes are treated with sulphuric acid, compounds
(XXXVI), (XXXVII), and (XXXVIII) are formed together
with the azo-compounds (XXXIX) and the 2-hydroxyazo-
compounds (XL).3 0 However, the ratios of these products
depend significantly on the character of the alkyl substit-
uents. Thus, on passing from CH3 to the C(CH 3) 3 group,
the yield of 4,4'-dialkylazobenzenes increases by a factor of
2 and that of compounds of type (XXXVIII) by a factor of 51.
On the other hand, compounds (XXXVI) and (XXXVII) are
obtained only in trace amounts from azoxybenzenes contain-
ing the CH(CH3)2 and C(CH3)3 groups. These features can
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be explained by the ability of the alkyl group to form stable
carbonium ions:

(XXXVI)

N = N —

(XXXVIII)

(XXXIX) (XL)

The features which can be accounted for by the ability of
the alkyl group to form stable carbonium ions are also mani-
fested here.

The use of a softer acid (trichloroacetic acid), which is
used together with acetic anhydride, leads to the formation
of the normal products of the Wallach rearrangement from
2, 2'-dimethyl- and 4,4'-dimethyl-azoxybenzenes, namely
4-hydroxy- and 2-hydroxy-azobenzenes, in good yields.5

2,2' ,4,4' ,6,6'-Hexamethylazoxybenzene, for which the
Wallach rearrangement is impossible, rearranges in a different
way on treatment with concentrated sulphuric acid, i.e. the
OH group is now located at the carbon atom of the methyl
group in the para-position and 4-(hydroxymethyl)-2,2' ,4' ,6,6'-
pentamethylazobenzene (XLI) is formed (in 91.5% yield in
85.6% sulphuric acid. It has been suggested that the
rearrangement proceeds in this case in accordance with
Scheme 7.

Scheme 7

AcO—f \—OTos

(XLII), 51%

—OAc
y

(XLIII), 47%

Similarly, 2, 2'-diacetoxyazoxybenzene gives rise to 2-ace-
toxyphenyl toluene-p-sulphonate (41%), 1,2-phenylene diace-
tate (18%), and 2,2'-diacetoxy-4-tosyloxyazobenzene (16%).
We may note that, in the case where the anhydride of toluene-
p-sulphonic acid in acetonitrile is used, refluxing for 2 h
produces compound (XLII) in 16% yield, while in sulphuric
acid in the presence of acetic anhydride at 100 °C, compound
(XLIII) is formed after 1 h (yield 35%).

4-Acetoxy-ONN-azoxybenzene and 4-acetoxy-JVNO-azoxy-
benzene (XLIV) behave in the same way in acetic anhydride
(100 °C, 2 h) as in TosOH, the only difference between them
being that the g-isomer reacts more slowly:17

(XLIV) —T=55f- (XLII) + (XLIII) + C,H.OToe + C,H,OAc

77% 9% 18% 72%

The behaviour in acids of azoxybenzenes containing elec-
tron-accepting substituents in the 4,4'-positions differs from
that examined above. Thus treatment of 4,4'-dinitro- and
4, 4'-dicarboxy-azoxybenzenes with concentrated sulphuric
acid yields the products of the Wallach rearrangement—the
corresponding 2-hydroxyazobenzenes.37 4,4'-Dinitro-4,4'-
dicarboxy-azobenzenes are formed in very low yields. On the
other hand, the presence of the CH3CO group results in the
formation of an azo-compound in which the CH3CO group has
been replaced by the OH group.

Table 7. Kinetics of the reaction of azoxybenzene with
sulphuric acid (at 30 °C). kZ

X

3,3'-(NO.)
4-NO, '
3-NO,
4'-NO,
3'-NO,
Η
3,3'-(ΟΟΗ»),
4-Br
4-OH

107 k, s'1

[H2SO4]

= 83.6%

0.28
,

9
200
110
467

6120

[H2SO4]
= 90%

0.25
3.5
6.5

300
450

1280
1350
2 920

33000

[H2SO4]
= 98%

IS
320
684

33 300
38000

9170

—

—8.01
—6.18
—6.33
—6,21
—6.47
—5.13
—5.15
—5.03
—5.21

It has been found37 that the reaction of 4,4'-dimethoxy-
azoxybenzene with the toluene-p-sulphonic acid—acetic
anhydride mixture at 100 °C affords 3-acetoxy-4,4' -dimeth-
oxyazobenzene (42%), 4,4'-dimethoxy-2-tosyloxyazobenzene
(3.5%), and 4,4'-dimethoxyazobenzene (32%). 4-Methoxy-
azoxybenzene produces 3-acetoxy-4-methoxyazobenzene (38%),
4-methoxy-4'-tosyloxyazobenzene (5.6%), and 4-methoxyazo-
benzene (42%) in this acid system together with a small amount
of the products of the hydrolysis of the esters, for example,
3-hydroxy-4-methoxyazobenzene.37 Furthermore, the dis-
solution of 4,4'-diacetoxyazoxybenzene in the same acid
system altogether fails to give rise to the product of the
Wallach rearrangement and the exclusive formation of the
products of 1-unco-substitution and the evolution of nitrogen
are observed:17

The presence of the NO2 group in only one benzene ring
(the a- and β-isomers) leads to the rearrangement product
in which the OH group is in the other benzene ring. Thus
4-hydroxy-4'-nitroazobenzene is formed in 83% yield in 92%
sulphuric acid.6'38 When HSO3C1 is used, a mixture of
products is formed from the a- and β-isomeric 4-nitroazoxy-
benzenes: 4-hydroxy-4'-nitroazobenzene, 2-hydroxy-4'-
nitroazobenzene, and 4-nitroazobenzene.39 Comparison of
these data with the results obtained in concentrated sulphuric
acid shows an increase of the ortho : para ratio for HSO3C1. 39

The presence of a substituent in the 4-position, for example,
CH3CO, 33 AcNH, CH3COO, and (CH3)2N -> Ο w prevents the
Wallach rearrangement. Thus azoxybenzene with the
(CH3)2N -»· Ο substituent gives rise to a 55.1% yield of
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4-hydroxy-4' -dimethylaminoazobenzene in 100% sulphuric
acid, which is the first example of the involvement of tertiary
amine N-oxides in the Wallach rearrangement. If the reactant
ratio is 1:1, the overall yield of 2-hydroxy- and 4-hydroxy-
4r-dimethylaminoazobenzenes is ~22%, and for the 4: 1 ratio,
where there is a significant deficiency of acid, the Wallach
rearrangement does not take place. In this case the tertiary
amine Ν-oxide is reduced with formation of a mixture of a-
and β-isomers of 4-dimethylamino-ONN-azoxybenzene. A
similar reaction in an acid medium has been observed also for
N-pentafluorophenylpiperidine oxide. *"·

Kinetic data for the influence of the nature and position of
the substituent in the benzene ring on the rate of rearrange-
ment indicate its dependence on the acidity function of the
medium and the pKa of the initial azoxybenzene (Table 7)."12

The electron-accepting properties of the substituent in the
4-position in the benzene ring apparently exert an appreciable
influence on the rate of the Wallach rearrangement. Accord-
ing to the results of kinetic studies, the rate of rearrange-
ment is proportion to [ H + ] 2 . ** Because of this, the presence
of an electron-donating group, whose heteroatom is capable
of interacting with the proton should lower the rate of
rearrangement and should lead to the necessity for the
employment of a stronger acid system. Indeed, it has been
shown25 that 4-dimethylamino-l-naphthyl-ONN-azoxybenzene
does not undergo the Wallach rearrangement in 70% sulphuric
acid; only protonation at the dimethylamino-group takes
place under these conditions.

IV. THE EFFECT OF LEWIS ACIDS ON AZOXYBENZENES

The reactions of substituted azoxybenzenes with FeCl3

 w

or A1C13 "*9 lead exclusively to the formation of reduction
products—substituted azobenzenes. 4'-Chloro-2-hydroxy-
azobenzene and 4-chloroazobenzene have been obtained in
proportions of ~1: 1 only from 4-chloro-NNO-azoxybenzene
(β-isomer). The formation of the corresponding chloro-
derivatives of azobenzenes is striking and can be accounted
for in terms of Scheme 9:

Scheme 9

V. THE PHOT% AND THERMO-INITIATED WALLACH
REARRANGEMENT

The study of the reactions of azoxybenzenes with Lewis
acids showed that 1: 1 complexes are formed initially, giving
rise to azobenzene as the main product on heating. Thus
treatment of azoxybenzene with PCI3 produces a 95% yield of
azobenzene."*3 On the other hand, AICI3 and FeCl3 afford
4-chloroazobenzene in yields of 83 and 63% respectively. If
the reaction of A1C13 is carried out in SO2C12, then 4,4'-
dichloroazobenzene is obtained in 70% yield, while in SOCI2
a mixture of products is formed: 4-chloroazobenzene (3.1%),
4,4'-dichloroazobenzene (5.2%), and azobenzene (75.3%). w

The reaction in nitromethane gives rise to 65% of 4-chloro-
azobenzene, 4% of 4, 4'-dichloroazobenzene, 6% of 2-chloro-
azobenzene, 18% of 2,4-dichloroazobenzene, and 48% of 2,4'-
dichloroazobenzene.ΙΛ

When the reaction of azoxybenzene with ZnBr2, FeCl3,
AICI3, and TiCli» is carried out in nitromethane, refluxing
affords azobenzene as the main product and its amount
increases with increase of the strength of the Lewis acid, the
products of the Wallach rearrangement being obtained in trace
amounts.w

The structure of the reaction products can be influenced
decisively by coordination. Thus thermolysis of the com-
plexes of azoxybenzene with SbCl5 leads selectively to an
ortho-substituted product of the Wallach rearrangement. w~lf7

It has been suggested that the reaction proceeds in accord-
ance with Scheme 8:

Scheme 8

In 1925 Cumming observed t h a t i r radiat ion of a solution of
azoxybenzene in ethanol with UV light from a m e r c u r y lamp
leads to t h e formation of 2-hydroxy azobenzene:

C,H,N=NC,H6 •

Ο

C,H5N=N-,

HO
28%

It has beenjshown1*8 that, on exposure of solutions of a
number of asymmetrically substituted azoxybenzenes and
benzene to sunlight, the oxygen atom of the azoxy-group is
transferred to the benzene ring linked to the —N= fragment
of the azoxy-group. Since the —N = valence angle is 120°,
the oxygen atom is closest to the ortho-position of the neigh-
bouring ring. For example, in the rearrangement of a- and
β-isomeric 4-bromo-NNO-azoxybenzenes, the hydroxy-group
is transferred to the benzene ring which in the initial com-
pound was not bound to the NO fragment:

Br—

B r - ^ ^ - N = N - C , H S - Br-<

Ο OH

These facts lead to the conclusion that the photoinitiated
Wallach rearrangement is intramolecular in character. It
has been postulated1*9 that it proceeds as follows:

'OSbCl4

C.H,—N=

Ο

ψ*
C,H.-N=

i

=N-QH,

N-C,Hei· ^

C,̂ —N=

L i
η

rc,H,-N=
OH

=N—QH»

2H+

»N—C,H»



Russian Chemical Reviews, 56 (6), 1987 539

With the aid of azoxybenzene labelled with 15N at the site
of the nitrogen atom of the azoxy-group not linked to the
oxygen atom, it has been shown9 that the equalisation of the
isotope composition of the nitrogen is not observed for
2-hydroxyazobenzene and the labelled atom is in the benzene
ring containing the hydroxy-group. With the aid of 18O-
labelled azoxybenzene, it has been demonstrated8 that the
isotope composition of the oxygen of the hydroxy-group in the
2-hydroxyazobenzene produced does not differ from that of
the oxygen of the azoxy-group of the initial azoxybenzene.
Consequently, in this rearrangement the hydroxy-group of
2-hydroxyazobenzene is formed from the oxygen of the
azoxy-group and the reaction is intramolecular. Hence one
may conclude that the rearrangement of azoxybenzene to
2-hydroxyazobenzene bypasses the symmetrisation stage and
the benzene ring remote from the =N— group is hydroxylated.

4-
O

On the other hand, when [l-^C]azoxybenzene in ethanol
is irradiated, the distribution of the №C isotope label in the
reaction products is inconsistent with an intramolecular
rearrangement alone.2 1 Thus the specific radioactivity of №C
in the rearranged product is below that of the starting mate-
rial. 2 1 This presupposes the simultaneous occurrence of
α—β isomerisation and has been indicated also by the results
of another study5 0 where it was shown that irradiation of a-
and β-4-methoxyazoxybenzenes in sulphuric acid results in
the formation of 2-hydroxy-4-methoxyazobenzene. The
rates of the Wallach rearrangement and α— β isomerisation
depend on the character of the substituents in the benzene
ring.

The photochemical reactions of 2,2' ,6,6'-tetramethyl- and
2,6-dimethyl-AWO-azoxybenzenes have been studied in
detail;5 1 it has been concluded that the nucleophilic attack
by the Ο atom of the azoxy-group on the benzene ring with
the intermediate formation of compound (XLV) is more likely
than the homolytic abstraction of an Η atom from the ortho-
position with subsequent transfer of the OH group. This
conclusion has been confirmed by measurements of the quan-
tum yields of the photochemical reaction and by the study of
the isotope effect in the photoisomerisation of [D10]azoxy-
benzene. The rate-limiting stage of the photochemical reac-
tion of azoxy-compounds is probably the intramolecular migra-
tion of an Η atom and not the formation of compound (XLV):

Η

(XLV)

HO

The nature of the substituent and its position in the ben-
zene ring influence significantly the quantum yield of the
photochemical reaction of substituted azoxybenzene. Thus
the quantum yields in the rearrangements of 4-methyl- and
4-trifluoromethyl-NNO-azoxybenzenes are 0.37 and 1.70,
while the corresponding yields for 3,5-dimethyl- and 3,5-
bis(trifluoromethyl)-NA?O-azoxybenzenes are 0.80 and 2.5
respectively. f f i

Γη their discussion of the pathways leading to the formation
of compound (XLV), the authors5 2 begin with the hypothesis
that, on ΤΓ,ΤΓ* excitation of azoxybenzene, the less stable
singlet state is converted into the more stable triplet state
(XLVI) as a result of the interaction in the electronically
excited state of the electrophilic oxygen radical and the
electron-enriched remote benzene ring.

(XLVII)

In the presence of moderately basic solvents, for example,
ethanol or diethyl ether, compound (XLV) is converted into
the reaction product (III) via the anion (XLVIII):

(XLV)

The formation of side products of the photochemical reaction
has been attributed to the intermediate (XLVII) obtained from
compound (XLV) by the intramolecular hydride 1,2-shift. A
diazonium ion is formed from compound (XLVII), having been
detected by the coupling reaction with β-naphthol. s Natur-
ally, the above discussion is general so that one cannot claim
to be able to explain many details of the process.

Interesting data have been obtained in the study of the
photochemical reaction of 2,2' -dimethylazoxybenzene (XLIX)53

in which unexpected products are formed:

The authors demonstrated (by adding β-naphthol to the
system) the involvement of the arenediazonium cation (LIII)
in this reaction (Scheme 10):

Scheme 10

(XLIX)

It has been demonstrated51* that, when 4- and 4'-substituted
methoxy- and dimethylamino-derivatives of azoxybenzene are
irradiated, 2- and 2'-hydroxyazobenzenes are formed. The
authors suggest that the reaction proceeds via the inter-
mediate formation of compounds of type (XLV).

If azoxybenzene is heated to 250 °C, its exothermic decom-
position takes place and tarry substances are obtained
together with azobenzene; 4-hydroxy- and 2-hydroxy-azo-
benzenes are formed in insignificant amounts.5 5 The thermal
reactions of azoxybenzenes have been investigated in detail. x

VI. THE MECHANISM OF THE WALLACH REARRANGEMENT

Up to the 1960's, the studies on the Wallach rearrangement
were concentrated mainly on its synthetic aspects and vir-
tually no attention was devoted to the mechanism of this
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reaction. The hypotheses put forward concerning the
mechanism of the Wallach rearrangement were speculative and
were not supported by experimental data. Only after the
fundamental investigations of Shemyakin's school8"10 and
Buncel's kinetic measurements'* were the first well-founded
ideas concerning the mechanism of the Wallach rearrangement
formulated. However, despite the large number of publica-
tions on this topic, after the above studies no serious step
of any kind was taken towards the understanding of the
mechanism of the Wallach rearrangement. On the contrary,
a number of experimental data which could not be explained
were published. The complexity of the study of the Wallach
rearrangement was caused primarily by the possibility of the
formation of a multiplicity of intermediates on dissolution of
azoxybenzene in acid, each of which can influence the sub-
sequent course of the reaction. The question of which
cationoid species determines the rate of the Wallach rearrange-
ment remains unresolved.

In the study of certain acid-catalysed rearrangements, for
example the rearrangements of diazoaminobenzenes to phenyl-
hydroxylamines, it was concluded that the mode of substitu-
tion in the benzene ring can be used to achieve the under-
standing of their mechanism. Thus mainly the para-substituted
products should be formed via the intermolecular mechanism
while the intramolecular mechanism gives rise mainly to
oriho-substituted products. In those cases where 4-hydr-
oxyazobenzenes are formed exclusively from azoxybenzenes,
an intermolecular mechanism of the Wallach rearrangement
might have been postulated. We shall deal with certain
aspects of the mechanism of the Wallach rearrangement.

An example of an extremely large difference between the
rates of rearrangement of the a- and β-isomers has been
observed26 for 4-[benzene-a(8)-azoxy]pyridines (LIV):

(LIV)

In this case only the β-isomer (LIV) undergoes rearrange-
ment, while the α-isomer remains unchanged, which has
been used to isolate it in a pure state. Kinetic measure-
ments showed that the formation of the intermediate species
(LVI) (the triprotonated form), as a result of the protonation
of the nitrogen atom of the pyridine ring and the azoxy-
group, is the rate-determining stage of the reaction:

.OH
• HN y-Ν—Ν—<ς y

(LV) (LVI)

Whether or not the α—β isomerisation is intramolecular can
be elucidated by studying the behaviour in acids of azoxy-
benzenes labelled at one of the nitrogen or carbon atoms by
the 15N or lkC isotopes. These data can also provide an
answer to the question which of the benzene rings does the
hydroxy-group enter in the Wallach rearrangement. Shem-
yakin et al. 9 used azoxybenzene labelled with the 15N isotope
at one of the nitrogen atoms of the azoxy-group. They found
that the formation of 4-azoxyazobenzene is accompanied by
the complete equalisation of the isotope compositions of the
nitrogen in both positions and they concluded that both ben-
zene rings are hydroxylated to the same extent:

1. Acid-Catalysed α-β Isomerisation of Azoxybenzenes

Both the a- and β-isomers of 4-bromoazoxybenzenes
undergo an acid-catalysed rearrangement and the same
product is formed: 4-bromo-4'-hydroxyazobenzene. Thus
the hydroxy-group is in both cases in the para-position
relative to the unsubstituted benzene ring:

-Br

—Br

HO—/ S — N = N - X
—Br

This has also been observed for the a- and β-isomers of
4-methoxyazoxybenzenes. On the other hand, it has been
unexpectedly observed that the main product of the reactions
of the a- and β-isomers of 4-methylazoxybenzenes corresponds
to the migration of the oxygen atom to the ortho-position in
the unsubstituted benzene ring. 5 7 In a later study5 8 it was
shown that the a- and β-isomers of 4-methylazoxybenzene in
80—90% sulphuric acid form only 2-hydroxy-4-methylazoben-
zene, while the a- and β-isomers of 4-nitroazoxybenzene
afford 4-hydroxy-4'-nitroazobenzene. 4-Bromo-ONN-azoxy-
benzene does not.undergo the Wallach rearrangement, while
4-bromo-AWO-azoxybenzene gives rise to 4-bromo-2-hydroxy-
azobenzene under these conditions.

It has been found that the rates of rearrangement of the
isomers are different and depend on the character of the sub-
stituent in the benzene ring. The use of identical conditions
for the rearrangement of the a- and β-isomeric azoxybenzenes
showed that the rate of rearrangement of α-isomers is higher
for the CH3 substituent and lower for the NO2 and Br sub-
stituents. The ratio of the rates of rearrangement of a- and
β-isomeric azoxybenzenes depends also on the acidity of the
medium employed.

2QH5N=NC,HS

Ο

C,HiN=N-
\ =

—OH + •— OH

It has been established9 that the observed equalisation of
the distribution of the isotope label takes place during the
period of the Wallach rearrangement itself and not before it .
It has been demonstrated that the rearrangement of azoxy-
benzenes is not preceded by reversible isomerisation and that
the rearrangement is not coupled with the preliminary con-
version of the azoxybenzene to azobenzene, which is then
hydroxylated.

The equalisation of the isotope compositions of the nitrogen
in the final rearrangement product can indicate that the α—β
isomerisation proceeds via a stage involving the formation of
a free cation, which exists independently. Shemyakin et al. 9

suggested that this can be the oxonium cation (LVII), which
is in fact responsible for the Wallach rearrangement.

C,H6-N—ti-CHu
+ O-H

(LVII)

These conclusions received some confirmation in a study5 9

whose authors used azoxybenzene labelled with lkC at the
carbon atom linked to the nitrogen atom of the azoxy-group:

87%

However, the ratio of the products formed is 87: 13, which
throws doubt on the necessity for the intermediate formation
of the oxonium cation and its role in the mechanism of the
Wallach rearrangement, confirming the possibility of the iso-
merisation of azoxybenzenes in an acid medium via the corre-
sponding intermediate. Later these results were confirmed
on the same object by other workers.5 8 There is now no
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doubt that the acid catalysed a-8 isomerisation is a general
property of azoxybenzenes and proceeds independently of
the Wallach rearrangement. It may be that this isomerisation
takes place via the species (LVII).

2. Data Obtained By the Tracer Atom ( 1 5 N , 1 8O, l l tC) Method

An important factor in the understanding of the mechanism
of the Wallach rearrangement was the solution of the problem
whether it is intermolecular or intramolecular. It has been
shown9 that, in the reaction of azoxybenzene (labelled with
the 15N isotope) with acetic anhydride (at 230-240 °C) the
formation of only 2-hydroxyazobenzene is observed, in which
the distribution of the 1SN isotope label is not equalised. This
shows that the rearrangement proceeds via an intramolecular
mechanism.

4-Bromo-ONN-azoxybenzene, 4-nitro-NNO-azoxybenzene,
and 3,3' -dinitro-azoxybenzene have been used as objects of
study in two investigations. 8>10 They were subjected to the
Wallach rearrangement in sulphuric acid labelled with the 18O
isotope under conditions where it is possible to isolate a cer-
tain amount of the initial azoxybenzene which failed to react.
The isotope composition of the hydroxy-group in the
rearrangement product is the same as that of the oxygen
in the acid medium. This demonstrates the intermolecular
mechanism of the rearrangement.

The validity of this conclusion and its independence of the
conditions employed, the number of substituents, and their
character and positions in the molecule have been confirmed
in a study 6 0 whose authors proposed the mechanism of the
Wallach rearrangement illustrated in Scheme 11:

QjH 5-N=N-C eH 6 +
I
Ο

Scheme 1

L I
OH

I
OH

ί5 =£= C 6 H 5 -N—N-C S H 5

\κ
+ 0 - HCH 5 —N=N-C e H 5 ^ -f

OH OH

C e H 6 - N - N =

OH

= / = \ / H —•
+ O — Η

Η

>—OH

However, this picture, which is at first sight understandable,
becomes much more complex after careful critical analysis. In
the first place, the hypothesis that the structure of the mono-
protonated form changes in the course of the reaction and
even more so the hypothesis that intermediates are formed
have not been rigorously proved. Subsequently, the inter-
molecular mechanism of the Wallach rearrangement was con-
firmed also for other acid systems. Thus it has been esta-
blished22 that, when azoxybenzene is treated with the
anhydride of [18O]-labelled benzenesulphorde acid, the oxy-
gen atom of the acid system is found in the hydroxy-group
of the final reaction products.

In the reaction of azoxybenzene with [18O]-labelled benzene-
sulphonyl chloride, which leads to the Wallach rearrangement
in the ortho-position, the 18O isotope enters the hydroxy-
group of the final product. 2 2 This indicates the intra-
molecular character of the rearrangement. However, the
18O content in the final product is smaller than its content
in benzenesulphonyl chloride, which can be accounted for by
the formation of compounds (LVIII) and (LIX). This can
also explain the decrease of the 18O content in the para-
substituted product of the Wallach rearrangement.

s — N = N — G e H s -f- ArSO2Cl

0

C 6 H 5 — N = N — C e H 5

Λ Υ a" or

(LVIII)

C6H5—N-r=№=-=

(LIX)

When [18O]-labelled azoxybenzene is used in the Wallach
rearrangement, the product is 4-hydroxyazobenzene, in which
the 18O content is -10%. * When 4-methyl-ONN-azoxybenzene
and 2-methyl-ONN-azoxybenzene are treated with 80% sul-
phuric acid, an insignificant amount of 18O is also observed
in the product of the Wallach rearrangement.

On the other hand, the study of the rearrangement of 4,4'-
dimethylazoxybenzene in concentrated [18O]-labelled sulphuric
acid showed that 2-hydroxy-4,4-dimethylazobenzene contains
-70% of 1 8 0 . 1 0 Hence it follows that the product of the
Wallach rearrangement of azoxybenzenes is obtained via two
mechanisms—intermolecular and intramolecular. Thus the
conditions under which the Wallach rearrangement is carried
out, the nature of the substituents in the benzene ring, and
their positions can influence significantly the ratio of the
rates of the process via these two mechanisms. In essence,
the problem dealt with here is of central importance for the
understanding of the mechanisms of other acid-catalysed
rearrangements of nitrogen-containing aromatic compounds.
This should be borne in mind in formulating a general
mechanism of the Wallach rearrangement.

3. The Generation and Structure of the Intermediate Species
When Azoxybenzenes are Treated with Acids

In the first studies of the Wallach rearrangement, it was
already suggested that both the initial azoxybenzene and the
intermediates formed in the course of the rearrangement may
be protonated. On the basis of their own data, according to
which the equalisation of the distribution of the 15N label in
the final rearrangement product should occur in a symmetrical
structure, Shemyakin and co-workers8 examined the possi-
bility of the formation of compounds (LX)—(LXIII) in the
Wallach rearrangement:

^6^5 Ν Ν—CgH^

HO OH

(LX)

C eH 5—ΝΞΞΝ—C 6H 5

(LXI)

N - C 6 H 5

The JVJV-diol (LX), proposed by Wohl,61 apparently cannot be
formed under the conditions of the Wallach rearrangement,
because the hydration necessary for its formation cannot
occur in strong acids such as HSO3F and HSO3C1. Shemyakin
and co-workers9 showed that azobenzene (IV) is not an inter-
mediate in the Wallach rearrangement, because the addition of
azoxybenzene containing only the ll*N isotope to [15N]azoxy-
benzene under the conditions of the rearrangement did not
lead to the dilution of the isotope label in the reaction prod-
uct—4-hydroxyazobenzene.9 The structure of the oxide
(LXIII) initially explained satisfactorily the experimental
data. However, results were later obtained which are diffi-
cult to account for from these standpoints. It was found
that an increase of the concentration of sulphuric acid from
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75.3 to 99.99% increases the rate of rearrangement by five
orders of magnitude, which indicated an extremely important
role of the acidity of the medium. Indeed, kinetic studies
of the Wallach rearrangement by Buncel1· showed that a two
proton process takes place. For this reason, the rate-
limiting stage of the rearrangement must be the state involv-
ing the generation of dicationoid species.

The diprotonated form of azoxybenzene and the dication
(LXI) or (LXII), generated by the dehydration of the dipro-
tonated form, are mainly discussed in the literature. The
diprotonated form (LXVIII) can be responsible for the
Wallach rearrangement, since the reaction of the anion with
the medium (or water) results in the formation of the
rearrangement product:

H--A

I I
Η OH

(LXVIII)

I
H-O-H

C eH 5-i5=N-C,H s

H-O-H

(LXVII)

On the other hand, the dication (LXI), generated from the
diprotonated form of azoxybenzene by dehydration, also
affords the products of the rearrangement (LXVII):

(LXI)

s—,/ \ N u
(LXVII)

Naturally the question arose which intermediate species are in
fact generated in each acid system. The application of XH
NMR enabled Olah et al. 1 2 to trace, in relation to azoxyben-
zene and 4,4'-dichloroazoxybenzene, all the intermediate
stages in the Wallach rearrangement—the generation of the
mono- and di-protonated forms of azoxybenzene and the
formation of a dication of type (LXI). Using 1 9F and 15N
NMR, these intermediate species have been detected analo-
gously18'63 for decafluoro- and 2,2',3,3',5,5',6, 6'-octafluoro-
azoxybenzenes.

However, one should note that NMR spectroscopy makes it
possible to detect only sufficiently long-lived carbonium ions.
The data indicated do not therefore necessarily reflect the
true picture because the rate-limiting stage may be the
generation of a short-lived carbonium ion which is highly
reactive. Nevertheless, Olah suggested that a dication of
type (LXI) is responsible for the Wallach rearrangement. A
number of investigators share this view and the results
obtained in the study of the Wallach rearrangement are
treated within the framework of Olah's concept. For exam-
ple, Buncel and Cox35 invoked the idea of the generation of
a cation of type (LXI) to explain the results of the reaction
of 2,2', 4,4', 6, 6'-hexamethylazoxybenzene with concentrated
sulphuric acid (see Scheme 7).

A pathway leading to the rearrangement via the generation
of the intermediate trication (LXIV) from the diprotonated
form has been put forward.26 The rate-limiting stage is
then the generation process. The authors used this in
fact to account for the differences between the rates of
rearrangement of the a- and β-isomeric 4-(phenylazoxy)-
pyridines. Indeed the formation of the transition state
(LXV) from the β-isomer is an energetically favourable pro-
cess owing to the delocalisation of the charge by the benzene
ring, while the transition state derived from the a-isomer
(LXIV) is unfavourable from this point of view: 2 6

HVV 7 - N 3 a N -
(LXIV)

(LXVI)

The formation of the final product can be readily explained
from this standpoint, but the explanation of many other facts
encounters difficulties due to the lack of information about the
structure of the complexes formed under the real process
conditions and about their reactivity. Thus it has been con-
cluded23 that there is a difference in the pathways leading to
the Wallach rearrangement as a function of the acidity of the
medium. In relatively weak acids (for example in sulphuric
acid at a concentration less than 80%), azoxybenzene is ini-
tially protonated at the oxygen atom in the equilibrium stage
which is followed by the reversible attack of the nucleophile
(probably HSOi;) with formation of a substrate of the quino-
noid type. Next follows the protonation of this compound at
the oxygen atom. In the rate-limiting stage attack by the
base takes place (for example by HSCu) with the concerted
elimination of water and subsequent rapid hydrolysis, which
leads to the final product.

In acids stronger than 80% sulphuric acid, the protonation
of the oxygen atom of the azoxy-group is followed by the
rate-limiting proton transfer from the undissociated form
of the acid (usually acid catalysis) with subsequent elimination
of water and the formation of a dication of type (LXV), which
is subjected to rapid nucleophilic attack leading to the final
product. The claim by Olah et al. 1 2 that 4-hydroxyazoben-
zene is formed in the hydrolysis of the dication generated by
treating azoxybenzene with HF—SbF5—SO at -50 °C has been
considered as an important argument in support of the forma-
tion of a dication of type (LXI). However, the reaction has
been studied in detail18 and it has been found that, under
the conditions of the generation of a dication of type (LXI),
hydrolysis affords azobenzene in 68—72% yield, while
4-hydroxyazobenzene is formed in small amounts.

We shall quote yet another example of the correction of
old experimental data based on a careful analysis of the
products of the Wallach rearrangement. It has been
reported5 7 that treatment of 4-bromoazoxybenzene with
with sulphuric acid results in the formation of only 4-bromo-
4'-hydroxyazobenzene. However, this study was repeated2 9

and it was found that the main product of this reaction is
4-bromoazobenzene, while 4-bromo-4'-hydroxyazobenzene is
formed in small amounts.

In contrast to the data of Lukashevich and Kurdyumova,11*
it has been concluded6 that treatment of azoxybenzene with
HSO3C1 at -10 °C leads to the formation of 26.5% of azoben-
zene (previously 5% had been found), which appears some-
what strange. We reproduced this reaction and showed that
the amount of azobenzene formed is ~5%. 18 Since azobenzene
and azobenzene-4-chlorosulphonate have the same Rf, it is
difficult to follow by thin-layer chromatography the complete-
ness of the hydrolysis of the sulphate by an aqueous solution
of ammonia (as was done by Yamamoto et al. 6) and the value
26.5% probably refers to a mixture of two substances.

The fact that, as electron-accepting substituents, which
reduce the pKQ of azoxybenzenes with a parallel decrease of
the capacity of the substrate for diprotonation, are intro-
duced into the benzene ring, the fraction of the azo-compound
obtained—the product of the reduction of azoxybenzene—
increases, has not so far been explained.

Owing to the probability of the attack by the nucleophile
on both benzene rings, in the case of a dication of type
(LXI), labelled with ^C in one of the benzene rings, products
of the Wallach rearrangement with identical contents of the
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^C label in both rings should be obtained. However, it has
been shown for the reaction of [1!*C] azoxybenzene in sul-
phuric acid60 or in the anhydride of benzenesulphonic acid22

that the ratio of the l lfC contents in the benzene rings differs
somewhat from 1:1. On the other hand, in the diprotonated
form of azoxybenzene the shielding of the carbon atoms of both
rings, which parallels the magnitude of the positive charge
on the atom, is somewhat different (see the 13C NMR data for
the diprotonated form of decafluoroazoxybenzene18). The
small difference in the shielding of the carbon atom can
explain the experimental data for the distribution of the lkC
label. These factors can indicate that the true intermediate
species determining the course of the Wallach rearrangement
is the diprotonated form of azoxybenzene.

Owing to the lack of direct experimental evidence, the
above conclusions are to a large extent tentative and hence
they do not rule out, in principle, other possible explana-
tions .

4. The Interpretation of the "Anomalous" Processes
Accompanying the Classical Wallach Rearrangement

The formation of "anomalous" products on treatment of
4-alkyl- and 4,4'-dialkyl-azoxybenzenes with acids was
noted above.3 0 '3 3 Assuming the generation of a dication
of type (LXI), the appearance of these products can be
explained in the following way (Scheme 12):

Scheme 12

The initial diprotonation with subsequent elimination of water
leads to the formation of a dication which is attacked by the
nucleophile at the carbon atom in the para-position. The
resulting σ-complex, in which there is a considerable positive
charge on C(3), is then converted into the reaction products
via several pathways: (a) into 4-hydroxyazobenzene
(XXXIII) via the elimination of X+; (b) into 3-hydroxyazo-
benzene (XXXI) via a rearrangement with migration of Nu to
the 3-position; (c) into 4-hydroxyazobenzene (XXXII) via
a rearrangement with migration of X to the 3-position. The
ability of X to migrate increases with increase of the electron
density at the η-Γ- atom. The group X is readily eliminated
if it is able to form a stable carbonium ion [for example, the
product (XXXIII) is formed for X = iso-Pr and t-Bu, while
the ease of migration of the CH3 and CH3CH2 groups leads

to products of type (XXXII)]. The cationoid character of
the Wallach rearrangement has been confirmed by these data.

The formation of complex mixtures of products when the
Wallach rearrangement is carried out in the toluene-p-
sulphonic acid—acetic anhydride system can be explained
without the concept of the generation of a dication of type
(LXI) but via the initial attack of the electrophile from the
medium on the oxygen atom of the azoxy-group with subse-
quent formation of the intermediate (LXVII):17

C 5 H 5 - N

In the cation (LXVII) there is a possibility of attack also in
the unco -position. In this case a benzenediazonium cation
is formed. Its formation has been confirmed by the reaction
with toluene, which yields the corresponding biphenyls. It
also affords C6H5OAc and C6H5OTos via the reaction of the
intermediate phenyl cation with the anion of the medium.

It has been demonstrated by spectroscopic methods and by
the azo-coupling reaction with dimethylaniline58 that, when
decafluoroazoxybenzene is kept in HSO3C1 for 200 h, the
pentafluorobenzenediazonium cation and chloropentafluoro-
benzene are formed:

C,F6-N=N-QF6

I
Ο

OSO,C1-

As noted above, the Wallach rearrangement affords in many
instances azobenzene, sometimes in predominant amounts.
The information about the pathways leading to their formation
is fragmentary and frequently contradictory. It has been
suggested1 9 '2 9 that they are obtained as a result of the dis-
proportionation of the diprotonated form of azoxybenzene,
which leads to the azobenzene radical-cation:

Ar—N=N—Ar
I

Ο

Ar— N = N — A T -» —

+ O H ,

A r - N = N — A r =̂=
I

OH

—* Ar—N=N—Ar ;

--> [Ar—N=N—Ar]"+
2 [ A r — N = N — A r ] + -> A r - N e N — A r + A r ] - N = N — A r ;

+ + HOso- +

Ar-N-N—Ar --> Ar-N=N-Ar - [Ar-N=N-Ar]+ + OSO.OH .

OSO3H

By analogy with the reactions of diaryl sulphoxides in sul-
phuric acid, where the radical-cations of diaryl sulphides
were detected by EPR, and the degree of their racemisation
was determined using the 18O isotope,6 2 Oae and co-workers19'29

attempted to detect the azobenzene radical-cation but they
were unsuccessful. On the other hand, it has been shown
for polyfluoroazoxybenzenes32'63 that azobenzenes are formed
only in those cases where dications of type (LXI) are
observed, according to 1 9F and 15N NMR data in the 1: 1 HF-
SbF5 or 1: 1 HSO3F-SbF5 systems.

If the scheme put forward by Oae and co-workers19'29 is
adopted, then after a time one should observe the dipro-
tonated forms of azobenzenes. However, it has been shown32

that the signal is 13.6 p .p .m., referring to the diprotonated
form of decafluoroazobenzene, is not observed for a solution
of decafluoroazoxybenzene in the 1: 1 HSO3F—SbF5 mixture
allowed to stand for 20 h at 20 °C, while hydrolysis leads to
the formation of decafluoroazobenzene. It has been sug-
gested32 that the formation of decafluoroazobenzene in this
reaction is due to the pronounced oxidising properties of the
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type (LXI) dication, which oxidises water to hydrogen perox-
ide, as a result of which the dication itself is reduced to
decafluoroazobenzene.

In all cases of the generation of type (LXI) dications from
azoxybenzenes, hydrolysis results in the formation of the
corresponding azobenzenes. For example, on treatment with
the 1: 1 (HF—SbF5)—SO2 mixture of 4, 4' -difluoroazoxybenzene
(-50 °C, 10 min) and 2,2' ,4,4'-tetrafluoroazoxybenzene
(-10 °C, 30 min), the XH NMR spectra revealed the presence
of the H3O

+ cation and the hydrolysis of such solutions
results in the formation of 4,4'-difluoro- or 2,2' , 4,4'-tetra-
fluoroazobenzene. The diprotonated form of azoxybenzene
is incapable of leading to azobenzenes and the starting
materials are recovered in all cases. Thus the dissolution
of 4,4'-bis(trifluorornethyl)octafluoroazoxybenzene in the
1: 1 HSO3F-SbF5 or 1: 1 HF-SbF 5 system leads only to the
diprotonated form at 20 °C according to XH and 1 9F NMR
spectra, while after 50 h signals due to the protons of the
H3O

+ cation appear in the 1H NMR spectrum. Hydrolysis
of this solution leads only to the starting material.

It has been shown18 that in superacids, where nucleophiles
exhibit a low reactivity, the generation of the diprotonated
form of azoxybenzene is an insufficient condition for the
occurrence of the Wallach rearrangement; the presence of
active nucleophilic species is necessary in addition. Thus,
in contrast to the reaction in HSO3C1, the Wallach rearrange-
ment has not been observed for 2,2' ,3,3' ,5,5' ,6,6'-octa-
fluoroazoxybenzene in the 1:1 (HSO3F-SbF3)-SO2ClF (at
-40 °C) or 1: 1 (HF-SbF 5)-SO 2 (at -60 °C) systems, where
the diprotonated form of azoxybenzene is detected.

We believe that the scheme in which azobenzenes are formed
via a dication of type (LXI) on treatment of azoxybenzenes
with acids, while the product of the Wallach rearrangement
is formed as a result of the reaction of the diprotonated form
of azoxybenzene with the nucleophile of the medium, is more
likely.

—0O0

The survey of data on the Wallach rearrangement permits
certain general conclusions. Firstly, its mechanism has
not yet been ultimately elucidated. Secondly, similar
rearrangements are apparently possible in systems having
the Ν -»• Ο group and capable of splitting off water on pro-
tonation, generating cationoid species. For example, one
may expect that the N-oxides of tertiary aromatic amines and
CN-diarylnitrones undergo a rearrangement in acid media
which is of the same type as the Wallach rearrangement.

Thus, in order to understand the entire set of processes
occurring in the Wallach rearrangement it is still necessary
to solve fairly numerous complex problems. The necessity
to proceed to a detailed investigation of the mechanism of the
Wallach rearrangement has become self-evident. The solution
of this problem can only be achieved by a combined method
involving the use of modern physical research techniques.
It is possible to differentiate two main groups of problems.
One is associated with the study by a spectroscopic method
of the electronic structures of the electrophilic species
generated in the course of the rearrangement. The other
concerns the determination of their true role in the Wallach
rearrangement, especially in the rate-limiting stage. There
is no doubt that further study of the mechanism of the
Wallach rearrangement will significantly expand our ideas
about molecular rearrangements.
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I. INTRODUCTION

During the last 10—15 years there has been a sharp growth
of the number of studies on the chemistry of organic sulphur
compounds. The chemistry of saturated cyclic sulphides has
been developing vigorously. They are important models in
the study of heteroatomic compounds in petroleum and also
serve as the starting materials for the synthesis of polymers,
polyfunctional biologically active compounds, and extractants
for heavy metals.

New synthesis of saturated cyclic sulphides during the
period 1970—1984 are described in the present review. The
yields of the sulphides are indicated (except in those cases
where they are not given in the studies quoted or the method
of synthesis is not preparative). If reviews or monographs
on the relevant topic have been published during the above
period, only the most important studies, mainly those pub-
lished subsequently, are considered.

I I . MONOCYCLIC SULPHIDES

1. Thiirans

The syntheses of thiirans published up to 1976 have been
examined in a monograph.1 The methods of synthesis of
thiirans are described systematically in this book in accor-
dance with the types of the ring formation reactions (includ-
ing the homolytic ring closure via the C=C or C=S bond and
heterolytic ring closure as a result of anionotropic or cationo-
tropic transformations). The most important methods of syn-
thesis of thiirans published up to 1980 have been described
in a brief review.2

Thiirans have been obtained recently by cyclising S-(2-
bromoethyl)isothiuronium bromide on heating with aqueous
alkali:3

BrCHjCHiSC (NHJ, Br H,C—CH,
\ /
S

It has been shown** that up to 30% of thiiran is formed in the
synthesis of ethylenethiol from vinyl chloride and hydrogen
sulphide in the vapour phase, probably as a result of the iso-
merisation of ethylenethiol:

CH,=CHSH—

CH,CH=S

The nitriles of substituted thioglycidic acids

>C—CHCN
R*' \ /

where R1 = H, CH3) or C2H5 and R2 = CH3 or C6H5, have
been synthesised5 by a familiar method involving the con-
densation of epoxides with potassium thiocyanate; to prevent
the desulphurisation of these compounds, it is recommended
that the reaction be carried out at pH 6.3—7.

The preparation of carbazolylthiirans with electron-accept-
ing substituents in the carbazole fragment has been described:6

R1- - R

: / \ N /
I

R = H , R ^ C l , Br, NO,; R=R 1 =Br o r COCHS .

It used to be assumed that the interaction of vicinal dihalo-
genoalkanes with sodium sulphide leads only to polymers.1

However, it has been possible recently to achieve the syn-
thesis of thiirans from 1,2-dibromoalkanes. When the oxime
of 3, 4-dibromo-3-methyl-2-butanone was allowed to react with
an excess of sodium sulphide in acetone at 20 °C, 2-(ct-
hydroxyiminoethyl)-2-methylthiiran was obtained:7

HON=C C (Br)-CH,Br
I I

CH3CHj

CH,

HON=C—C CH,
1 \ /

CHS S
40%

Japanese chemists8 proposed a method of synthesis of
2-phenylethylthiacycloalkanes from l-phenylethyl-(ju-dibromo-
alkanes and N-methyl-2(l//)-pyridinethione; thus phenyl-
ethylthiiran has been obtained from l-phenylethyl-1,2-
dibromethane:

BrCH2CH (Br) CH,CH,C,H6 -f 2
alcohol, 70 h

'—SCH,CH—

Br CH,

\ N

I
CHS

2 equiv. NaOH
4 e_uo * H2C CHCH,CH,C,Hs

74%

2. Thietans

Certain methods of synthesis of thietans (mainly aryl-
thietans) have been examined in the review by Vedejs and
Kraft.2 Nuretdinova and Arbuzov and co-workers investi-
gated the conditions governing the formation of thiiran and
thietan derivatives on treatment of ethylthiohalogenohydrins
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with nucleophiles.9·1 0 They found, that, when chloromethyl-
thiiran is treated with sodium and potassium acetates, chloro-
acetates, methylacrylates, and benzoates in aqueous solutions,
3-acyloxythietans are formed exclusively:

Η

C1CH,-C CH,
CH,

The thiiran—thietan rearrangement then takes place and its
mechanism was related by the authors to the formation of an
intermediate non-classical thiabicyclobutane cation: the
cationotropic transformations of the latter leads, according to
Fokin and Kolomiets,1 to thietan derivatives:

Η Η ΗΗ Η

SH

It has been suggested1 that the conversion of epithiochloro-
hydrin into 3-hydroxythietan on treatment with aqueous
alkali proceeds via the same mechanism:u

Η

45%

2-Phenylethylthietan can be obtained by prolonged heating
of 3,5-dibromo-l-phenylpentane with N-methyl-2(lH)-pyri-
dinethione and subsequent treatment of the reaction product
with aqueous alkali:8

BrCH,CH,CH (Br) CHtCHjCjHi +

CH,

'—SCHjCH,—CH (Br) CHjCH,C,H5

r—j—CH.CH.GHa

l-s
56%

A thietan derivative, namely dithiaspiroheptane, has been
synthesised by the cyclocondensation of pentaerythrityl
bromide with sodium sulphide in aqueous alcohol; on treat-
ment with methyl iodide, the product is converted into 3-iodo-
methyl- 3-methyl-thiomethylthietan:12

BiCH, CH.Br
\ / Na,S <; \ / \ lequiv. CH3I

A —- W
BrCHj CHaBr

51.1% 62.8%

\ / X C H , S C H , .

1,3-Diethetan was obtained for the first time in 198213 and
its properties were investigated. Bis(chloromethyl) sulph-
oxide cyclises to 1,3-dithietan oxide on treatment with sodium
sulphide in an aqueous medium in the presence of a phase
transfer catalyst—tricaprilylmethylammonium chloride [the
analogous reaction with bis(chloromethyl) sulphide yields
only a polymer]. 1,3-Dithietan oxide was reduced to
1,3-dithietan at room temperature by treatment with the
borane—tetrahydrofuran complex:

C1CH,

C1CH,

s=o R4NC1

34% 44%

On prolonged storage, 1,3-dithietan is converted into the
thioformaldehyde trimer.

1,3-Dithietan derivatives (thioketen dimers) have been
obtained11* by the mild desulphurisation of 2-acylthio-2-
alkoxythiirans by tertiary phosphines and subsequent ther-
molysis of the thioketenals in accordance with the following
scheme:

CBH, SCOR

20%

Thioketenal dimers (desaurins) can be obtained in moderate
yields by heating carbonyl compounds with carbon disulphide
in the presence of potassium hydroxide:1 5

RCO

RCOCH.R' + CS, • c=c
•R'

c=c
R'

R=C,H6. CH,; R'=H, C,HS .

Cyclohexanone thioacetal is converted into spiro-1,3-
dithietan on exposure to UV light; the reaction proceeds via
a radical mechanism with the intermediate elimination of the
radical "CH2CH2SH and the formation of cyclohexanethione,
which dimerises to spiro-1,3-dithietan:1 6

OO
Hexafluorothioacetone also dimerises to a substituted
dithietan:1 7

^o -000.

CFs-CF-CF, + S

CFS s OF,

(CF3)2 C=S -* C C

Dithietanylidenemalonates have been patented as fungicides;
it has been recommended that they be obtained by treating
malonic acid esters with carbon disulphide in the presence
of alkalies; the reaction products are treated with a dihalo-
genomethane,18 for example:

COOR'
I

CH, + CSj
I

COOR

COOR'
I

C=C (SK),

COOR

CH,Br2

COOR'

COOR

The yields of the required products are 52.8—ί

3. Thiolans

The syntheses of alkyl- and aryl-thiolans and alkyl- and
aryl-thianes, known up to 1969, have been examined in a
monograph.19 Since then new methods of synthesis of the
thiolans described previously have been proposed and exist-
ing methods have been improved. The purities of the
required sulphides have been established by means of gas
chromatography and spectroscopic methods. Many thiolans
and thianes characterised previously, before the use of these
analytical methods, undoubtedly contained considerable
admixtures of structural isomers. This must be taken into
account in dealing with old data, in particular, with syn-
theses where dibromoalkanes served as the precursors of
thiolans and thianes.

A new method of synthesis of thiolans, including the first
member of the series—thiolan itself, involves the ionic
hydrogenation of thiophen derivatives.2 0 It consists in the
successive addition of a proton and hydride ion to the double
bonds. Thiophens are acted upon by a trialkylsilane in
trifluoroacetic acid:
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80%

Subsequently the hydrogenating systems were modified21—
treatment of the corresponding thiophens with the HSi.
. (C2H5)3-HC1/A1C13 system in methylene chloride produced
thiolan, 2-ethylthiolan, 2,5-dimethylthiolan, and, for the
first time, 2,5-diphenylthiolan in yields of 25, 80, 75, and
66% respectively. Questions concerning the stereochemistry
of disubstituted thiolans were not dealt with by the authors
of the above communication.21

In order to obtain cyclic sulphides, Crumbie and Ridey22

hydrolysed alkylthiuronium salts, which is a method widely
used previously for the synthesis of alkanethiols. The
reaction of l-chloro-4-iodobutane and one equivalent of
thiourea in alcohol yielded 2-(4-chlorobutyl)thiuronium iodide,
which was immediately treated with dilute sodium hydroxide.
This led to the synthesis of thiolan in 49% yield.

A novel general method of synthesis of 2-substituted cyclic
sulphides has been proposed.2 3 When unsubstituted cyclic
sulphides are chlorinated with N-chlorosuccinimide under
mild conditions, 2-chlorothiacycloalkanes are formed and are
then converted on treatment with methyl- or phenyl-mag-
nesium bromide into 2-substituted thiacycloalkanes (without
an admixture of isomers with a different number of members
in the ring). 2-Methylthiolan, and for the first time,
2-phenylthiolan were synthesised in this way in satisfactory
yields:

CH,MgBr 1 i

52%

Extremely promising methods of synthesis of thiolans and
thianes are based on the cyclisation of unsaturated mercap-
tans. The use of these reactions makes it possible to develop
a general method of synthesis of five- or six-membered cyclic
sulphides.21* The method is based on the interaction of
thiirans with allylmagnesium bromide or its homologues, which
leads to γ δ-unsaturated thiols. Intramolecular cyclisation
of the latter via an ionic mechanism leads to sulphides with
a five-membered ring and cyclisation via a free-radical
mechanism results in the formation of sulphides with six-
membered rings; their mixture is usually formed. 2-Methyl-
3-n-pentyl- and 2-methyl-3-n-octyl-thiolans,25 2-methyl-4-
phenylthiolan,26 and 2-methyl-5-n-pentylthiolan27 were
obtained in accordance with the same scheme for the first
time:

7»%H,SO,
n-QH,, CH,=CHCH,MgBr —CH (SH) CH,CHjCH=CH, ·

CL
The overall yield of sulphides was 47% and the content of
disubstituted thiolans (in the mixture) was 82%.

2-t-Butyl-2,3-dimethylthiolan was first synthesised2 8 by
treating crotyl bromide with t-butyl methyl thione (an unsat-
urated thiol is then also apparently formed initially):

CH3—C—C4H9-t + CHj=CHCH,MgBr ->

•t-CJL

CHSC(CHS)CH=CH, - ~

SH

CH3

•I-CH, *

C^-t

100% (from GLC)

Dibromoalkanes, which are precursors of 2- or 3-substituted
thiolans, have been synthesised from chloroalkyl methyl
ethers.29»30 In order to obtain α-substituted 1,4-dibromo-
butanes, the synthesis was begun with propane-1,3-diol;

the substituent was introduced by treating with the corre-
sponding aldehyde the Grignard reagent derived from chloro-
propyl methyl ether:

s) CHi 1 . Λ . ψ Λ ί Λ , , ν Λ τ τ SOClt
HOCHJCHJCHJOH CH3O(CH,),OH

CH3O (CHjJs Cl
PBr,

CH3O (CH,),-CH (OH) R -•

Br (CH,)3 CH (Br) R •

R = n-C 3 H 7 , , n-C 6 H 1 3 , C 6 H S .

The yields of 2-substituted thiolans were 50-80% relative to
the dibromides and 27-53% relative to 3-chloropropyl methyl
ether. The alkylthiolans obtained in accordance with this
scheme contained 17-30% of alkylthianes (with a correspond-
ingly shorter substituent), formed as a result of the cyclisa-
tion of the isomeric dibromoalkanes (the bromination method
used by the authors leads to a mixture of dibromides which
is difficult to resolve). β-Substituted 1,4-dibromobutanes
were synthesised from ot-olefins:

R C H = C H , + C1CH.,OCH» 2 n C 1 ' — RCHC1CH2CH,OCHS — g £ | - »

R
/

CHSOCH,CH,CH (R) CH2OH
PBr.
HBr BrCHjCHjCH (R) CH,Br-

R=CH 3 > C4H9, C5H11, CgH]3 .

3-n-Butyl- and 3-n-hexyl-thiolans were obtained for the
first time. The yields of 3-substituted thiolans (relative to
the dibromides) were 64—81%. Volynskii and Shcherbakova29»30

synthesised for the first time also 3-cyclohexylthiolan using
the more readily available styrene rather than vinylcyclo-
hexane:

QHSCH=CH, + C1CH.OCH, — QH5CH (Cl) CHJCHJOCH, ΐ £

ClCH,OCHt _ „ „ „,, ,„„ „,„, , „ , „ , nmr Ht/Nl
- QHjCH (MgCl) CHiCHjOCHj

—cyclo-C,H n CH (CHSOCH3) CH,CH,OCH

QHjCH (CH.OCHJ CHjCH.OCH,
PBr,

- C H (CH,Br) CH2CH,Br

\ /

The 3-methylthiolan obtained in accordance with this scheme
was "chromatographically pure", while the remaining 3-sub-
stituted thiolans contained, like the 2-substituted derivatives,
about 20% of isomeric thianes.

Thiolans obtained by the methods described by Dronov and
Krivonogov27 and Volynskii and Shcherbakova29 can be
separated from the accompanying thianes by preparative gas-
liquid chromatography (GLC).

Photolysis of ethylenic mercaptans usually leads to a mix-
ture of two isomeric thiacycloalkanes with different numbers
of members in the ring. 3 1 However, 2-benzylthiolan is
formed without an admixture of the isomeric thiane: 3 1

C,H6CH,As'
50%

2-Phenylethylthiolan has been obtained8 in 65% yield from
3,6-dibromo-l-phenylhexane and N-methyl-2(lH)-pyridine-
thione analogously to the procedure used for the synthesis
of 2-phenylethylthietan described above.

New functional derivatives of thiolan have been obtained
both from the corresponding acyclic precursors and by
introducing functional groups into thiolans.

2-Vinylthiolan has been obtained from thietan and allyl
bromide.Ά The allylthietanium bromide formed on inter-
action of these reactants is unstable and rearranges to allyl
3-bromopropyl sulphide, which is converted into 2-vinyl-
thiolan on treatment with lithium diisopropylamide (LDA):
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Ο + CH,=CHCHiBr

+ S-GH,CH=CH 1

Br

CH,-:SCH2CH==CHS

S5%

It has been shown recently3 3 that, contrary to Lauten-
schlager's data,31* the reactions of sulphhr dichloride with
hexadiene are not regiospecific. This results in the forma-
tion of cis-2,5-dichloromethylthiolan and 5-chloro-2-chloro-
methylthiane (60: 40). At 20 °C isomerisation takes place
gradually and at thermodynamic equilibrium the ratio is 35: 65
and the overall yield of ad ducts is 80%. However, they
could be separated only after the preliminary oxidation to
sulphones (the latter were separated by fractional crystallisa-
tion):

L>H'> ™""Cii-j

CH2=CHCH2CH,CH=CH2 ^ ^ V CH2=CH C CH2

CH,—CH·,
II"

CH2=CH CHCHjCl a- Hvs . CICH

It

5-Substituted 2-thiolanones are obtained35 by brominating
or iodinating the thioamides of allylacetic acid, which entails
heterocyclisation and the formation of halogenomethylpenta-
methyleneimmoniathiolan halides in yields up to 81%, for
example:

CH2=CHCH2CH2C^ y — . *

\ hydrolysis
BrCH/

= 0

The initial thioamides are obtained by refluxing the amides
CH 2 = CHCH2CH2CONR2 [NR 2 = piperidinyl, morpholinyl,
NHCH 2 C 6 H 5 , N ( C H 3 ) 2 , or NHCH 3] with P 2 S 5 in benzene; it
has been established that the "iodocyclisation" reaction is
of f irst o r d e r with respect to iodine and thioamides.

The s t a r t i n g materials for t h e synthes is of adriamycin
analogues, namely the t r i s u b s t i t u t e d thiolans

CF3CONH-

O
II

- o — c - " - N O , ,

where R = COCH3, CH(CH3)2, or cyclohexyl, have been
obtained36 from 3,4-dihydroxythiolan by means of successive
reduction, trifluoroacylation, esterification, and alkoxylation.

Certain formation reactions of dithiolans and trithiocar-
bonates, derived from l,3-dithiolan-2-thiones, have been
described in a monograph.1

Numerous 2-substituted 1,3-dithiolans have been syn-
thesised in recent years. The heterocycle is usually con-
structed from ethane-1,2-dithiol. The condensation of this
dithiol with the diethylacetal of 2-(ethylthio)acetaldehyde or
with 3,7-dithia-5-nonanone yielded 2-(ethylthiomethyl)- and
2,2-di ( ethylthiomethyl)-1,3-dithiolan:37

HSCH.CHjSH + C,HSSCH2CH (OC2H6)2 ^ N^CH^C

X
S—CH2 Η
Q,H6

^ ' - » S S

/ \
QH6SCH2

63%

2-Silyl-l, 3-dithiolans are formed on photochemical inter-
action of ethane-1,2-dithiol with ethynylsilanes:3 8

R R X 3 _ n -Si-CH 2 Η
n = l — 3 , R=Alk, X=C1, AlkO, AcO .

2-Substituted 1,3-dithiolans have been synthesised in order
to obtain compounds with fungicidal properties: 3 9

X X
'OCHj, R2 Η CH2CR3

S S
\ /

H2C C (CH3)a

NOH HO—

R ^ C H , . CC13> Ο,Η,,/η-Ο,Η,ΝΟ,; R 2 =H, CH2OCH3, C,H5; R3=C,H5,
2-thienyl; R4 = 2-furyl, 2-thienyl.

Among these compounds, spiro-1,3-dithiolans, especially the
compound with R1* = 2-thienyl, proved to be extremely active
against phytophthora on tomatoes.

4-N-Acyl-l,2-dithiolans have also been synthesised by the
direct acylation of 4-amino-l,2-dithiolans in order to obtain
biologically active preparations:1*0

S—S

u
S—S

u
W XCOC,H5
R=H, CH,

R—N-COCO— !

4. Thianes

During the last 15 years many new mono- and poly-alkyl
and mono- and poly-aryl-thianes have been synthesised.

The first member of the series (thiane) has been obtained
by two new procedures: in 80% yield from l-chloro-5-iodo-
pentane and thiourea, analogously to the procedure described
above22 for thiolan, and in 76% yield from ethylene sulphide
and allyl-magnesium bromide1*1 (in accordance with the pro-
cedure proposed a year earlier21*). Kondo and Negishi1*1

directed the cyclisation of the initially formed thiol towards
the formation of thianes by the following procedure: mag-
nesium thiolate was decomposed with a solution of ammonium
chloride and the resulting unpurified thiol was immediately
refluxed in the presence of a radical reaction initiator—azo-
bisisobutyronitrile.

3-Methyl-, 4-methyl- and (for the first time) 4-phenyl-
thianes have been obtained in 70—74% yields by an analogous
procedure involving the reaction of ethylene sulphide with
methylallyl-, crotyl-, or cinnamyl-magnesium bromide.1*1

2-Methyl- and 2,2-dimethyl-thianes have been obtained in
60% yields from allylmagnesium bromide and propylene or iso-
butylene sulphide.1*1 The absence of an admixture of the
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isomeric thiolans indicated the selective cleavage of the less
sterically hindered C—S bond in the ethylene sulphides. ̂

The mixture containing 75% of 2-n-pentylthiane has been
synthesised in 68.7% yield from allylmagnesium bromide and
heptene sulphide;2 7 the thiane was isolated by GLC (the
intermediate decene-5-thiol was cyclised by exposure to UV
radiation). 4-n-Pentylthiane (yield 47%) and 4-n-octylthiane
(yield 44%) have been obtained analogously from ethylene sul-
phide and the corresponding alkenylmagnesium bromide,
while 3-phenylthiane has been obtained from styrylethylene
sulphide and allylmagnesium bromide in -25% yield.2 6

2-Methyl, 4-methyl-, and 4-t-butyl-thianes have been
synthesised from the corresponding alkylpiperidines in
accordance with the scheme1*2

C.H.COCI PBiy-Br,

\ N .
- C H a

CHa

CH,CH,

Br-CH, C H - C H ,

Br

70%

COC.H,
90%

Na,S .

60%

- C H ,

The synthesis includes only three stages (provided of course
that alkylpiperidines are available).

2-Methylthiane and (for the first time) 2-phenylthiane have
been obtained23 from thiane in a manner analogous to the
above synthesis of 2-phenylthiolan23 (the yields were respec-
tively 51 and 56%).

2-Phenylthiane has been synthesised8 from 3,7-dibromo-
1-phenylheptane and N-methyl-2(lf/)-pyridinethione in 40%
yield.

1,5-Dibromopentanes, which are precursors of 3- and
4-substituted thianes, have been obtained from a-olefins.1*3»1*1*
In order to obtain β-substituted 1,5-dibromopentanes,
3-alkyltetrahydropyrans were initially synthesised by con-
densing α-olefins with paraformaldehyde: k3

/ \ - C H 2 C H = C H 2
2CH2O + HC! KOH, alcohol

140° (autoclave)

57%

70%

The authors modified the method of the opening of the tetra-
hydropyran ring having substituted sulphuric acid by phos-
phorus tribromide. The increase in the cost of the synthesis
is compensated by the fact that the yield and purity of the
dibromides are then significantly improved. This procedure
has been used successfully by the authors in subsequent
studies for the cleavage of ethers. 3-n-Butyl-, 3-n-hexyl-
and (for the first time) 3-cyclohexyl-thianes were synthesised
in accordance with the above scheme1*3 in 85, 88, and 70%
yields respectively.

In the synthesis of γ-substituted 1,5-dibromopentanes,
carbon chain extension was achieved by two procedures: '*

^ C H » + C1CH4OCH3

•*«-C,HUCHC1CH,CHSOCH, ...m+ _

55%

- rt-C,H,,CH (CH2CH2OH) CH2CH2OCHS

42%

60%

Using this method, the authors'* obtained 4-methyl-, 4n-
butyl-, 4n-pentyl-, and 4-phenyl-thianes and also (for the
first time) 4n-hexyl- and 4-cyclohexyl-thianes, the yields
being respectively 86, 68, 80, 40, 60, and 70%.

In order to investigate the conformations by 13C NMR,
extensive syntheses of dimethylthianes were carried out1*2

in 1977; 13 thianes were synthesised for the first time,
namely the cis- and trans-isomers of 2,3-, 2,4-, 2,5-, 2,6-,
3,4-, and 3,5-dimethylthianes and 3,3-dimethylthiane. All
these compounds are obtained by reducing the corresponding
precursors with lithium tetrahydroaluminate to 1,5-diols (90%
yields), which were then converted into l,5-di(toluene-p-
sulphonate) (yields up to 80%) and their condensation with
Na2S afforded mixtures of the cis- and trans-substituted
dimethylthianes (yields 65—85%). The stereoisomers were
separated by preparative GLC. All the precursors of 1,5-
diols were obtained from fully available compounds in accord-
ance with the schemes

CH,COCH (CH,) COAH, + CH.-CHCOAH, \*~

C O A H . a l c o h o

> CH,COC(CHJCH,CHtCOAH, h y d r p l y s

90%

—CH (CH,), OTs

CH3

CH^H-CH (CH,), OH »
I I

OH CH,

-CH,

-CH, >

CH,
I

CHjCOCl + (CH,), C=CHCOaCH3 ^ ό " ' ~

CHa

... , . Na^ f Ν
•ditosylate--——-* _ ,

alcohol I I— C H 3 ;

+ CH,=C (CH3) C O ^ H ,

diol

CH,

HOOCCHCH,CH,COCHS -> via diol a n d d i tosy la te

CH,
1—CH,

85%
H,
C

+ BrCH,CH,CHBr

CH,

H,C

HC C—CH,

1) hydrolysis
2~> decarboxylation

3 ) H 2 o, 100°

CH,-CH (CHJ,COCH, - v i a diol and ditosylate-»

OH

(CHJ,CHCH=|N > | -f CH,=CHCOAH, -

c o , ^ & C H ,

ΰΗ,Οί,-ΰ (CHJ, CHO -via diol and ditosylate- | J \ C H a '

1) hydrolysis
2) decarboxylation

HOCOCH-CHCH^OOH

CH» CH,

α ί Ο

CH, CH,
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CH,

via diol and ditosylate

CH,

,CH,

CH,

CH-CO
hydrolysis

CH,CH (COiCH,), + CH,=CCO,CH, - meso+ Λ-Η,ό Ο —

CHa—CH—CO
H l C \ / \ / C H s

-•mixture of ethers -»· via diol and ditosylate -• | j

cis-3,5-Dimethylthiane can also be obtained without using
preparative GLC: meso- and dZ-dimethylglutaric anhydride
are separated by crystallisation, the meso-form (yield 25%)
is reduced with lithium tetrahydroaluminate to meso- 2,4-
dimethylpentane-l,5-diol and the latter is converted with
PBr3 into the dibromo-derivative (yield 80%), which is
treated with Na2S; the yield of 3,5-dimethylthiane is 75%.

The same workers'*2 obtained for the first time 3,3,5-
trimethylthiane in accordance with the scheme

(CHS),C-CH=C(CH3)2

1) <BH,·,, 160°
2) NaOH+Η,Ο
3 1 H'°? 2,4,4-trimethylpentane-l ,5-diol -

30%

•ditosylate-

H3C-/\/Ι | Ν

90%

The authors'*5 u s e d t h e scheme proposed previously"* for
the synthes is of 4-subst i tuted thianes in order to obtain
2,4-disubstituted th ianes . The growth of the carbon chain,
achieved with the aid of allyl bromide, made it possible to
introduce a methyl group in the 2-position:

«-C,H,CH=CH, + C1CH,OCH, ZnC' t-^^-c<H,CH (Q) CH,CHaOCH,
DHBr

— CH,=CHCH,CH (QH,-«) CH,CH2OCH3

 2 ) P B r ^ H B

ΜΒ+εΗ,^ΟΗΟΗ,ΒΓ .

QH,-«
I

-• CHSCH (Br) CH,CH (QH9-

64o/o

—CH,

83%

Using this scheme, the authors'*5 synthesised for the first
time 4-n-butyl-2-methyl-, 2-methyl-4-n-pentyl-, and
2-methyl-4-phenyl-thianes in the form of mixtures of cis-
and trans-isomers (yields 83—87%): the stereoisomers of
2,4-dialkylthianes were separated by GLC. On the other
hand, a mixture of the cis- and trctns-2-methyl-4-phenyl-
thianes was oxidised and the resulting mixture of stereoiso-
meric 1-oxides was separated by fractional crystallisation,
after which the 1-oxides were reduced with lithium tetra-
hydroaluminate to cis- and trans-2-methyl-4-phenylthianes.^
Having replaced hydrobromic acid by DBr, the same authors"6

obtained 2-monodeuterio-4-n-butylthiane in 74% yield by
means of the same scheme.

2,2-Diphenylthiane was obtained for the first time by
hydrogenating ,gem-diphenylthiacyclohexene over 10% Pd/C
in a mixture of equal amounts of alcohol and ethyl acetate.1*7

Hydrogenation of polyaryl(alkyl)-4f/-thiopyrans over the
same catalyst (in alcohol at 100 °C and a 5% atm hydrogen
pressure) led to the corresponding polyaryl(alkyl)thiane—
2,6-diphenyl-, 4-methyl- 2, 6-diphenyl ,2,4,6-triphenyl-,
3,5-dimethyl-2,6-diphenyl-, and 3-methyl-2,4,6-triphenyl-
thianes—in 72-80% yields. *

Several further preparative methods of synthesis of 2,6-
disubstituted thianes have been proposed,w ' 5 2 for example,
from the corresponding 1,5-disubstituted pentane-1,5-
diones:1*9'50

/ \

H.Q-I
Ο

-C.H,
H.S;(CH,),OBF,

CH.COOH

-BF 4 28—32%

As shown by Kharchenko and Chalaya,51 2,6-diphenylthiane
is formed as a result of the disproportionation of 2,6-
diphenyl-4//-thiopyran:

H.C.J J-C.H,
H,S/HCI

HjC,

15%

2,6-Diphenylthianes and thiapyrylium salts can be readily
separated using their different solubilities in non-polar
solvents. Diphenylthianes are also formed smoothly on
hydrogenation of thiapyrylium salts 5 2 (yield 65—79%) with the
initial formation of 4//-thiopyrans, for example:

CH3 CH3

I

BFT

The ionic hydrogenation reaction can be used to obtain
thianes from 4H-thiopyrans. The corresponding thianes
have been obtained from poly substituted 2,6-diphenyl- 4H
thiopyrans by treatment with trifluoroacetic acid and an
active hydride ion donor—triethylsilane:53

H3C\/\/CH3

The use of CF3COOD in ionic hydrogenation established
that the double bond in 4H-thiopyrans is protonated in the
C(3)- and C(5)-positions;53 polysubstituted thianes were
obtained for the first time in the above study: 5 3

CHj C2H3 CgHj
I I I

H3C\

H3C/

CH3

Few functional derivatives of thianes have been synthesised
in recent years. A single-stage method of synthesis of
disubstituted tetrahydro-l-thiopyran-4-ones has been
proposed recently.* They were obtained by the thioalkyla-
tion reaction—the condensation of ketones containing at the
carbonyl group two methylene groups having equal reactivi-
ties, with potassium hydrogen sulphide and formaldehyde in
alcohol (with brief heating at 50 °C); the yields are 23—
72.5%:

Ο

* + KSH + 2CH,O —
/ R

Ri=R«=e,H,, C,H7, n-QH,, C7Hl5; R»=CH, .

Ketosulphides are mixtures of stereoisomers with the cis-
isomer predominating slightly; it is recommended that they
be used as extractants for palladium ions.
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When 6-dimethylamino-5-methylhex-2-en-4-one methiodide
is treated with a solution of sodium sulphide at room tempera-
ture, 2,5-dimethyl-4-thianone is formed (yield 67%). 2,3-
Dimethyl-4-thianone has been obtained analogously (yield
76%).55

ot-Vinylthiane has been obtained56 by cyclising 7-bromohept-
5-enyl methyl sulphide and also from thiane:

CH.,S(C1I.JCII,)2CII=C1 ICI I,Br l^ J-CH=CH 2

55%

ο1) JV-chlorosuccinimide

2) II2C=CH.MgX

= C H ,

491

β-Vinylthiane is formed as a result of the cyclisation of
acetylthioethylcyclohex-1-ene by treatment with benzene-
selenyl chloride at a low temperature: 5 7

77%

When butyl-lithium and then tetrahydrothiopyran-4-one are
added to cyclopentadiene, fulvene—4-cyclopentadienylidene-
thiane—is formed as an unstable yellow liquid (yield 75%).^
2-Acetoxythiane has been synthesised by a fairly complex
procedure: 5 9 the benzyl derivative was obtained from the
methanesulphonate of the formal of hexane-l,2,6-triol and
sodium benzylmercaptide and, after hydrolysis and oxidative
cleavage, was converted into benzyl 4-formylbutyl sulphide;
the latter was subjected to acetolysis in a mixture of acetic
anhydride and acetic acid containing sulphuric acid:

O-CH 2—Ο
I I

(CH,)4 OSOjCH,

C.H.CH,SNa O — C H 2 - O

CHj CH (CH,)4 SCH2Q,H5

(CH,CO),O

C H , C O O H . H,SO4

S x XOCOCH3

There exists yet another method of synthesis of 2-acetoxy-
thiane, 6 0 but the number of stages is likewise fairly large:

Br(CH,)&COOH CH (Br) COOH

COOH -COOCH, .

The chlorination of dipent-4-enyl disulphides yields a mix-
ture of οί-chlorothiolans and β-chlorothianes; when equi-
librium is attained, the thianes predominate.61 The reaction
apparently proceeds via a stage involving the formation of
unsaturated sulphenyl chloride:

CH,=C (CH,), -S-S-iCH,), C=CH,

A I
For R = Η, the thiolan: thiane ratio is 80: 20 (under the condi-
tions of kinetic control) or 18: 82 (under equilibrium condi-
tions); for R = CH3, the corresponding ratios are 95: 5 and
4: 96.

2-(Ethylthiomethyl)- and 2,2-di(ethylthiomethyl)-l,3-
dithianes have been synthesised by the reaction of propane-
1,3-dithiol with the diethylacetal of 2-ethylthioacetaldehyde
or with 3,7-dithia-5-nonanone, analogously to the method
described above for 1,3-dithiolans:37

^

^J-CH.SCH,

51% 5 2 %

The photochemical interaction of ethynylsilanes with ethane-
1,2-dithiol results in the formation of 2-silyl-l,4-dithianes
together with 1,3-dithiolans (see above): 3 8

iXj.,,—Rn X=C1, OAlk, OAc; R=Alk, n=l—3 .

At -196 °C carbon monosulphide combines with hydrogen
chloride to form the chloride of thioformic acid, which is
rapidly converted into 2,4,6-trichloro-l,3,5-trithiane in ~50%
yield on raising the temperature; 2,4,6-tribromo-l,3,5-
trithiane has been obtained analogously by reaction with
hydrogen bromide in -75% yield.6 2

Some data on the relations between the structure and
properties of the substituted thiolans and thianes. The
dependence of the boiling points and retention volumes of
alkylthiolans and alkylthianes (including the individual
stereoisomers) on the number of substituents and their posi-
tions in the ring has been investigated.63>ει* Calculations
showed that 2,4-dialkylthianes do not obey the Auwers—
Skita rule—the trans-isomers have lower boiling points than
the cis-isomers. Subsequently the applicability of the
"reverse" Auwers-Skita rule to 2,4-disubstituted thianes
(and to their 1,1-dioxides) was demonstrated experimentally
in a number of investigations.I|2»w»')€

The characteristics of the chemical shift in the 13C NMR
spectra of methylthiolans have been examined;65 the 13C
NMR spectra of thiane, twelve of its mono-di, and tri-methyl
derivatives, 4-t-butylthiane, and two tetradeuteriothianes
have been discussed by Wilier and Eliel^ and those of 1,3-
dithianes by Eliel et al. 66 The ratios of the conformers in
dimethylthianes and the conformational free energies of the
methyl group in the 2-, 3-, and 4-positions in the thiane ring
have been determined from the data obtained.

Krapivin and Perepelitchenko67 investigated the 13C NMR
spectra of thianes with lorig alkyl (Ci*— C5) and aryl sub-
stituents and concluded that the steric disposition of sub-
stituents in 2,4-disubstituted thianes can be established from
the chemical shifts of the 13C nuclei in the 6-position in the
thiane ring.

5. Sulphides Containing More Than Six Members in the Ring

Thiepans have been synthesised by methods analogous to
those examined above for thiolans and thianes. Thiepan has
been obtained in 34% yield from l-chloro-6-iodohexane and
thiourea.22 By treating thiepan with N-chlorosuccinimide in
benzene, Tullen and Bennet23 obtained α-chlorothiepan and
treatment of the latter with methyl- or phenyl-magnesium
bromide afforded 2-methylthiepan (yield 66%) and (for the
first time) 2-phenylthiepan (yield 56%).

The photochemical cyclisation of 2,6-dimethyloct-2-ene-8-
thiol results in the formation of 2-isopropyl-4-methylthiepan
without an admixture of the stereoisomeric thiane: 3 1

C=CHCH,CH,—CHCH,CH..SH :^*~

30H>



Russian Chemical Reviews, 56 (6), 1987 553

2-Phenylethylthiepan has been synthesised8 from 3,8-
dibromo-1-phenyloctane and N-methyl-2(lH)-pyridinethione
in 56% yield.

A mixture of isomeric dithiacycloalkanes (overall yield 45%),
with the 1,4-dithiepan predominating, is formed when the
photochemical cyclisation of allyl 2-mercaptoethyl sulphide is
carried out at low temperatures: 3 1

CH2=CHCH2SCH2CH2SH

88%

2-(Ethylthiomethyl)v and 2,2-di(ethylthiomethyl)-l,3-
dithiepans have been obtained from butane-1,4-dithiol by
reaction of the latter with the diethylacetal of 2-ethylthio-
acetaldehyde or 3,7-dithia-5-nonanone respectively.3 7

6-Benzoyl-l,4-dithiepan has been synthesised by thio-
alkylating acetophenone with ethane-1,2-dithiol and for-
maldehyde in the presence of alkali at room temperature:6 8

QH5COCH, + HSCH,CH,SH + 2CHjO

COQH»

A
H,C

CH,

S \ ^
H.C-CH,

71.4%

Numerous macrocyclic sulphur compounds, namely saturated
macrocyclic sulphides, have been synthesised in recent years
using noble metals as complex-forming agents and extractants.
The methods of synthesis of a wide variety of macrocyclic
sulphides, including saturated compounds, published up to
1974, have been examined in the review of Bradshaw and
Hui.6 9 The results of latter studies (1974-1983) have been
very successfully surveyed in two other reviews.70»71

A modification of one of the methods of synthesis of macro-
cyclic sulphides, consisting in the interaction of ω-dihalides
with ω-dimercaptans in an alkaline medium at high dilution,69

merits consideration; instead of the usually employed alkali
metal mercaptides, Setzer et a l . 7 2 used a benzyltrimethyl-
ammonium salt, which led to a significant increase of the
yield of the required products. Under the conditions of high
dilution (in absolute methanol), benzyltrimethylammonium,
di(2-mercaptoethyl) sulphide, and, simultaneously, 1,2-
dibromoethane were made to react whilst heated. 1,4,7-Tri-
thiacyclononane was obtained in 4.4% yield instead of the
0.04% yield obtained previously. Other analogous syntheses
have been carried out (the yields expressed as percentages
are indicated in brackets): 1,4-dithiepan (65) from ethane-
1, 2-dithiol and 1,3-dibromopropane; 1,5-dithiacyclooctane
(46) from propane-1,3-dithiol and 1,3-dibromopropane; 1,4-
dithiacyclooctane (14) from butane-1,4-dithiol and 1,2-dibro-
moethane; 1,5-dithiacyclononane (9) from the same dithiol
and 1,3-dibromopropane; 1,6-dithiaeyclodecane (1.5) from
the same dithiol and 1,4-dibromobutane. 2-Phenylethyl-
cyclononane has been obtained in 50% yield from 3,10-dibromo-
1-phenyldecane and N-methyl-2(l//)-pyridine thione. 8

6-Methoxycarbonylthiacyclodecane can be obtained fairly
easily from 2-methoxycarbonylthiane via a bicyclic sulphonium
salt: 6 0

0
.COOCH, 1) (iso-Pr)2NLi

2) I(CH,).I

COOCH,

COOCH,
I

i-
3 1 % 96%

In discussions of the properties of macrocyclic sulphides,
it has been noted69'73 that the melting points of thiacrown
ethers increase with increase of the number of sulphur atoms

in each analogous series: the larger (compared with oxygen)
sulphur atom renders the rings less mobile and the number of
conformations in the liquid state and hence the entropy of
fusion therefore decrease. Furthermore, the more sym-
metrical compounds have higher melting points. For the
same number of sulphur atoms in the ring, the melting point
regularly diminishes as the number of CH2 groups separating
the sulphur atoms rises and very large rings (containing
more than 12 members) resemble two parallel chains linked at
each end by methylene bridges or a sulphur atom.

I I I . POLYCYCLIC SULPHIDES

1. Thiabicycloalkanes

After the methods of synthesis of polycyclic sulphides had
been surveyed in a monograph,19 more than forty new thia-
bicycloalkanes have been obtained. These are mainly
methyl- or phenyl-thiabicyclooctanes and also thiabicyclo-
nonanes—both unsubstituted and with methyl or aromatic
substituents and thiabicyclodecanes with the same sub-
stituents. Most of the methods of synthesis of these com-
pounds have been developed by Soviet workers.

Tabushi et al.71* obtained the first representative of thia-
bicyclohexanes—5-thiabicyclo [2.1.1]hexane—from cyclopenta-
diene in accordance with the scheme

CHjCOSH

The addition of thioloacetic acid to chlorocyclopentene pro-
ceeds quantitatively and leads to a mixture of stereoisomeric
3-acetylthio-l-chlorocyclopentanes. The mixture is added to
a boiling aqueous alcoholic solution of potassium hydroxide,
whereupon the required product is formed from the trans-
isomer (it is purified by preparative GLC).

6-ejco-Chloro-2-thiabicyclo[2.2.1]heptane, its methyl
analogue, and 7-exo-chloro-2-thiabicyclo[3. 2. l]octane are
obtained in quantitative yields by the intermolecular cyclisa-
tion of sulphenyl chlorides—the intermediates formed on
chlorination of unsaturated disulphides at a low temperature:7 5

B 2sci

The bromination of substituted dicyclopentyl disulphide pro-
ceeds similarly— 3- (1-bromo- 4-methoxycarbonylbuty 1) - 2-
thiabicyclo[3.3.0]octane has been obtained:7 6

CHoCH=Cll(GH,)3COOCH3

r>~- α
* S S ^ NCH(CH2)3COOCH3

H,CH=CH(CH,)3COOCH3

Thiabicyclooctanes, thiabicyclononanes, and thiabicyclo-
decanes have been synthesised successfully by condensing
cycloalkene sulphides with allylmagnesium bromide and its
derivatives. The reaction proceeds analogously to that
examined above for thiolans and thianes.2"
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U

2-Allylcyclopentanethiol has been obtained from cyclo-
pentene sulphide and allyl-magnesium bromide. 7 7 Its
cyclisation on UV irradiation affords 2-thiabicyclo-[4.3.0]-
nonane with an admixture of 3-methyl-2-thiabicyclo[3.3.0]-
octane (ratio 97: 3, overall yield 42%). In cyclisation on
treatment with sulphuric acid, the ratio of these structural
isomers is reversed, but the overall yield of thiabicyclo-
alkanes is low (13%). The authors explained this by the
difficulty of the formation of two trans-joined five-membered
rings: 7 8

j |̂ >S + CH,=CHCHsMgBr -. | I

V v\SH

It has been shown79 that 2-(ot-methyl-B-propenyl)cyclo-
hexanethiol is formed from cyclohexene sulphide and crotyl-
magnesium bromide, which reacts in the form of 3-magnesio-
bromobut-1-ene; its cyclisation on irradiation gives rise to a
mixture of 8,9-dimethyl-7-thiabicyclo[4.3.0]nonane (2,3-
dimethyl-1-thiahydrindan) and 5-methyl-2-thiabicyclo[4. 4.0]-
decane (4-methyl-l-thiadecalin) in an overall yield of 50%;
cyclisation on treatment with sulphuric acid results in the
selective formation of a thiahydrindan derivative. In both
procedures the cyclisation is non-stereospecific. The pure
structural isomers are obtained with the aid of GLC.

CH3

I

| \ S + CH,CHCH=CH, - I I

CHa

_ C H - C H = C H 2

- S H
H.SO,

45%

/CH,

^CH,

When 1-methylcyclohexene sulphide reacts with alkylmag-
nesium bromide, the C-S bond at the carbon atom attached
to the larger number of hydrogen atoms is broken; the
cyclisation of the thiol leads to thiabicycloalkanes with the
methyl substituent at the ring junction in the trans-position
relative to the angular hydrogen atom— 6,8-dimethyl-7-thia-
bicyclof 4.3.0] nonane (2,8-dimethyl-1-thiahydrindan) and
1-methyl-2-thiabicyclo[4. 4.0]decane (9-methyl-1-thiadeca-
lin). 8 0 Although the yields are low for both cyclisation
procedures, the processes are fairly selective. The subse-
quent purification via mercury complexes makes it possible to
obtain "chromatographically pure" thiabicycloalkanes:

+ CH2=CHCH2MgBr

H,SO,

Cpu
CH 3 CH 3

14%, purity 97% 26%, purity 92%

Fairly pure 8-methyl-7-thiabicyclo[4.2.0]nonane (2-methyl-
l-thiahydrindan) 9 1 and 2-thiabicyclo[4.4.C]decane (1-thia-
decalin)'*'81 have also been obtained in 52 and 67% yields
from cyclohexene sulphide and allylmagnesium bromide; they
were previously synthesised by another method. 1 9 ' 8 2

Claus and Vierhapper83 used azobisisobutyronitrile for the
radical cyclisation of trans-allyl cyclohexanethiols (cf.Kondo
and Negishi1*). 2-Thiabicyclo[4. 4.0]decanes are then formed
preferentially. With the aid of this initiator, 4-, 7-, and
10-methyl-trans-2-thiabicyclo[4. 4.0]decanes were obtained
for the first time. The same authors synthesised 4-, 6-, 8-,
and 10-methyl-cis-2-thiabicyclo[4.4.0]decanes83 using the
fact that the radical cyclisation of 3-mercaptopropylcyclo-
hexenes under the influence of the same initiator proceeds
preferentially with formation of cis-joined thiabicyclodecanes.

The syntheses of such mercaptans are extremely laborious—
for example a mixture of 1- and 3-(3-mercaptopropyl)cyclo-
hexenes, cyclisation leads to cis-2-thiabicyclo[4.4.0]decanes,
is obtained from pyrrolidinocyclohexene in 8 stages:

-α:
+ C H 2 = C H C O 2 C H 3

CH,CH 2 CO 2 CH 3
CH 2 CH 2 CO 2 CH 3

S O 2 C H 3

,(CH2)3OH

CH3SOjCl

(CH 2 ) 3 OSO 2 CH 3 KSCS { f | — ( C H 2 ) 3 S C N ί1ΛΙΗ<

The content of cis-2-thiabicyclo[4.4. 0]decane in the mixture
after the cyclisation of there mercaptans is 68%. It is iso-
lated by separating the complexes with mercury(II) chloride
or by preparative GLC; methyl-cis-2-thiabicyclo[4. 4. 0]-
decane has been obtained83 using analogous schemes. The
configurations and conformations of the compounds synthe-
sised were identified* by means of XH and 13C NMR spectros-
copy.

Four unsubstituted bridged thiabicyclononanes have been
synthesised. cis-7-Thiabicyclo[4.2.1]nonane mixed with
cis-7-thiabicyclo[4.3.0]nonane (cis-1-thiahydrindan) was
obtained85 from 3-hydroxymethylcyclohexene according to
the scheme

(Τ"
; H 2 C H 2 O H

The formation of a mixture of such sulphides is a result of
ring expansion on chlorination of hydroxymethylcyclohexene
and also the cyclisation of thiols only at the nearest (relative
to the substituent) end of the double bond. The overall
yield of the mixture of sulphides in the last stage of the
scheme is 90% and they are formed in approximately equal
amounts; the mixture is separated by preparative GLC.
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7-Thiabicyclo[3.3.1]nonane has been synthesised; its
precursor— 1,3-di(hydroxymethyl)cyclohexane—was obtained
from acetylene and triallylborane:36

The same sulphide has been recently synthesised87 by a
simpler procedure:

1.70% .

The second, isomeric chloromethylation product "was not
wasted"—the authors used it to synthesise 8-thiabicyclo-
[4.3.0]nonane, which had been previously obtained by
Birch et al.88 by a procedure involving a greater number of
stages.

A two-stage method has been proposed for the synthesis of
bridged thiabicyclooctanes and thiabicyclononanes from vinyl-
cyclohexenes. 89>9° When vinylcyclohexenes interact with
sulphur dichloride, intramolecular cyclisation adducts, namely
isomeric dichlorothiabicycloalkanes, are formed (together with
oligomeric products). The adducts are subjected to reduc-
tive dechlorination whereupon mixtures of thiabicycloalkanes
are formed and are then resolved by preparative GLC.

In the course of the exchange of chlorine atoms for hydro-
gen, skeletal isomerisation takes place, the extent of which
depends on the presence of methyl groups in the vinylcyclo-
hexenes, their positions, the nature of the reducing agent,
and the reduction conditions.

Unsubstituted thiabicycloalkanes have been obtained89 from
4-vinylcyclohexene and sulphur dichloride on reduction by
diisobutylaluminium (the yield of their mixture was 23%):
2-thiabicyclo[3.3.1]nonane (I) and 2-thiabicyclo[3.2.2]-
nonane (II), and also methyl-substituted derivatives: exo-
and endo-7-methyl-6-thiabicyclo[3. 2.1]octanes (III) and
3-methy 1- 2-thiabicyclo[2.2.2 ]octane (IV):

A mixture of thiabicycloalkanes (its yield was 86% after
reductive dechlorination) has been synthesised analogously
from 4-isopropenyl- 1-methylcyclohexene.90 1,3,3-Dimethyl-
2-thiabicyclo[2.2.0]octane (V), 4,7,7-trimethyl-6-thiacyclo-
[3.2.1]—octane (VI), 4,8-dimethyl-2-thiabicyclo [3.3.1]-
nonane (VII), and its epimer were isolated; the reduction
of the adduct with sodium tetrahydroborate results in the
formation also of considerable amounts of 1,4-dimethyl-2-
thiabicyclo[3.2.2]nonane (VIII):

555

After the reduction of the adducts of sulphur dichloride
and 1,4-dimethyl- 4-vinyl-1-cyclohexene with diisobutyl-
aluminium, a mixture of 1,3,4-trimethyl-2-thiabicyclo[2.2.2]-
octane (IX) and 5,8-dimethyl-2-thiabicyclo[3. 3.1]nonane (X)
was obtained in proportions of 3: 1 in 19% yield:

(IX) (X)

The thioalkylation of ethyl methyl ketone91 makes it possible
to obtain extremely simply (in one stage) 1,4, 5-trimethyl-7-
thiabicyclo[2.2.2]octan-2-one in 20% yield (the remainder con-
sists of polymeric products):

KSH + CH2O

HOCH,Sff

CH3CO(:HCH2CHCUCH3

CH3 OH3

GHa

During the 1970's, the interaction of "semicyclic" 1,5-dike-
tones with hydrogen sulphide in the presence of protic acids
was investigated. The initial 1,5-diketones are obtained by
the Michael reaction from cyclopentanone and arylideneaceto-
phenones.92 The reaction of diketones with hydrogen sul-
phide proceeds at room temperature. Aryl-substituted
polymethylene-4H-thiapyrans are formed and in the presence
of strong acids disproportionate to a mixture of polymethyl-
enethiopyrylium salts and arylthiabicycloalkanes.93 The
latter are formed in low yields (of the order of 30%). How-
ever, the ease of their isolation from the mixture (readily
separated from thiopyrylium salts by extraction with ethyl-
hexane) makes up for this disadvantage.

Aryl-2-thiabicyclo[4.3.0]nonanes are obtained from cyclo-
pentanone derivatives and ary 1-2-thiabicyclo[4. 4.0]decanes
are synthesised from cyclohexanol derivatives, for example:91*

inCH3COOH

(XIII), 48%

(XIV), 28%

The compounds
C,H6

- C , H 6

C1OJ

57%

C8H4OCHs-4
I

- C e H 5 • l)J-
(VII) (VIII) (XV) (XVI)
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ίΤΐ
C.H, (OCH.),-3,4 CHaC,H(

- Q H ,

(XVD)

have been obtained in the same way.92'* Compounds (XII)
and (XIV)-(XVII) as well as other thiabicycloalkanes have
been synthesised95 in accordance with an analogous scheme
from the corresponding 1,5-diketones and hydrogen sulphide,
but in this case the reaction was in trifluoroacetic acid:

C.H,

U> \

C.H,

/ \

\ / \

The study of the reaction of polvmethylene-4/f-thiopyrans
with deuteriotrifluoroacetie acid96 made it possible to estab-
lish the site of protonation in the disproportionation reaction;
di- and tri-deuterio-3,5-diphenyl-2-thiabicyclo[4. 4.0]decanes
were then obtained for the first time:

C.H»

13%

Aryl-2-thiabicycloalkanes have been obtained in high
yields by the catalytic hydrogenation (over Pd/C) of the
corresponding 4//-thiopyrans, such as, for example, com-
pounds (XI) and (XIII).97 Compounds (XIV)-(XVII) have
also been obtained by the ionic hydrogenation of condensed
dihydro-4//- and dihydro-6//-thiopyrans (the yields were
respectively 61, 60, 59, and 27%).M Regardless of the
position of the double bond in the initial heterocycle and the
degree of unsaturation, the cis, cis, cis-isomers are then
formed:

Compound (XV), obtained in 25% yield by the disproportiona-
tion of the corresponding thiopyran derivative, also has the
cis, cis, cis -configuration."

The initial condensed 4H-thiopyrans have also been syn-
thesised from 1,5-diketones and Pi»Sio by Kupranets's pro-
cedure,92 for example:

CH,C,H,

,CHCH,C—QH,
II

Compounds (XII) and (XIV)-(XVII) as well as thiabicyclo-
alkanes have been obtained analogously:97'100

C.H.

71% 84%

Hydrogenation of salts derived from arylthiochromylium also
leads to thiabicycloalkanes:52

C.H,

7 1 %

i.ICO·, 100 atm

BF7

3-(2-Amino-5-chlorophenyl)-2-thiabicyclo[4. 4. OJdecanes
can be obtained by the rearrangement of sulphimides—2-(p-
chlorophenylimino)-2-thiabicyclo[ 4. 4.0]decanes . 1 0 1 The
synthesis and stereochemistry of the formation of the latter
has been examined in detail in a review: 9 3

The product of the rearrangement is isolated by chromatog-
raphy . The yields of the products of the rearrangement of
sulphimides derived from methyl-2-thiabicyclo[4. 4.0]decanes
are 16—71% (depending on the conformation of the initial com-
pound) . If there is no steric hindrance, the rearrangement
proceeds with a high degree of stereospecificity (>95%):
shlphimides with an equatorial or axial S—Ν bond afford
products with an equatorial or axial aryl substituent respec-
tively.

The initial compound for the synthesis of ctot-disubstituted
(relative to the sulphur atom) thiabicycloalkanes may be
thiobenzophenone: its condensation with cyclohexa-1,3-
diene led to the formation of 3,3-diphenyl-2-thiabicyclo-
[2.2.0]oct-5-ene which was then hydrogenated:"*7

ioo«

trans-2-Thiabicyclo[4. 4.0]decan-5-one has been obtained
in 50% yield from 1—(3-dimethylaminopropanoyl)cyclohexene
and hydrogen sulphide in the presence of sodium acetate;
the analogous reaction with l-(3-dimethylaminobutanoyl)cyclo-
hexene leads to the 3-methyl derivative in 78% yield. 1 0 2 These
compounds can also be obtained from the methiodides of the
above bases and sodium sulphide. 5 5 ' 9 3

A review1 0 3 devoted to the photocycloaddition of carbonyl
compounds of olefins quotes the reaction of thiobenzophenone
with cyclohexene which resulted in the formation of 3,3,4,4-
tetraphenyl-2,5-dithiabicyclo[4.4.0]decane with a t rans-
junction between the rings:
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The synthesis of pesticides based on 2-chloro-6-methane-
sulphonyl- 9-thiabicyclo [3.3.1 ]nonane has been' patented;1V*
the nonane derivative was synthesised from cycloocta-1,5-
diene and dimethyl sulphide in accordance with the scheme

4- GH3SCH3 + a2 —

(in CC14)
? - j

O J J S C H J

3,7-Dithiabicyclo[3. 3.1]nonane has been synthesised105 using
the scheme

CH(COOC 2 H 5 ) 2

h
CH(COOC 2H 5> a

2. Thiatricycloalkanes

The synthesis of thiapolycycloalkanes with the aim of
modelling the sulphur compounds in petroleum has acquired
special importance in connection with the more extensive
investigation of the composition and properties of the high-
molecular-weight component of petroleum. However, in con-
trast to the syntheses of the thiamonocyclo- and thiabicyclo-
alkanes, the methods of synthesis of thiapolycycloalkanes
have developed little in recent years. This is apparently
associated with the difficulty of constructing their bicyclic
or tricyclic precursors.

The synthesis of perhydrothioxanthene from cyclohexyl-
idenecyclohexanone has been examined in a monograph;19

9-substituted perhydrothioxanthenes have been obtained
using the same scheme:106»107

11—21% X-

R=C,H5, C,H7, QHS > X=C1O4, FeCl,, a . CF,COO, Br,

Perhydrothioxanthene has also been obtained from 2-hydroxy-
2,3-tetramethylenebicyclo [3.3.1 ]nonan- 9-one: lOe

25%

Perhydrothioxanthenes can be obtained in satisfactory yields
by the catalytic hydrogenation of thioxanthylium salts5 2 and
also octahydrothioxanthenes:97

R R

The syntheses of 2,6-dithiaadamantane (XVIII) from thiabi-
cyclo[3. 3. l]nona-2,6-diene, of tetrathiaadamantane (XIX)
from dithioacetylacetone, and of tetrathiaadamantane, penta-
thiaadamantane (XX), and hexathiaadamantanes from 8-dicar-
bonyl compounds and thioacetic acid have been considered in
a review:109

(XVIII)

(xix) (xx)
4,9-Dithiatricyclo[4.4.0.02 ) 7]decane (XXI) has been syn-

thesised by a comparatively simple procedure. 1 1 0 The photo-
dimerisation of dimethyl fumarate in the solid phase yielded
tetramethoxycarbonylcyclobutane and from the latter trans,
trans, trans, -1,2,3,4-tetra(iodomethyl)cyclobutane was
obtained. Sodium sulphide is added into its solution in abso-
lute ethanol with the aid of the Soxhlet apparatus and the
sulphide (XXI) is obtained:

OOCH 3

3 **

COO

1
OOC H 3

CH3

CHjON.

COOCH3

/CH3OOC

Γ —
X>OCH3

9 3 %

( X X I ) , 60%

A characteristic feature of the structure of the sulphide (XXI)
is the flattening of the six-membered ring. It is of interest
that there is a maximum at 246 nm in its UV spectrum. The
authors1 1 0 explain this by the result of the interaction of the
σ-orbitals of the four-membered ring and the ρ electrons of
the sulphur atom.

3-Thiatricyclo[3.2.2.01'5]nonane or 3-thia[3. 2. 2]propellane
(XXII) has been synthesised m by the photochemical cyclo-
addition of ethylene to 1,2-dimethoxycarbonylcyclobutene:

C00CH3

C00CH3 C00CH3

•COOCH,

-+· 0^=012
C00CH3 ^0000%

COOCH3 COOCH3
65-70K.

x»BF4,a,004 . UI,0H
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The pentacyclic sulphide (XXIII) was obtained111 from the
photodimer, formed in the first stage of the synthesis, via
the same sequence of reactions; its yield in the last stage of
the synthesis was 64%:

(XXIII)

Adducts, consisting of chloro-derivatives of saturated
tricyclic sulphides with a thiaskeletal structure have been
obtained from bicyclic dienes and sulphur dichloride: m

3. Semiaromatic Sulphides

The advances in the synthesis of "semiaromatic" poly-
cyclic sulphides (i.e. those where at least one CH2 group
adjoins the sulphur atom in the ring) have been associated
in recent years with the study of the [3,3]sigmatropic ("thio-
Claisen") rearrangement of alkenyl aryl sulphides and princi-
pally with the development of the syntheses of thiacyclo-
phanes.

The reactions of alkenyl aryl sulphide and also certain thio-
phenols were carried out in the presence of acid catalysts.113"116

This resulted in the formation of thiaindans and thiachro-
raans. Thus, when l-phenylthio-3-propanol is passed at
300 °C over alumina on which zinc chloride has been deposi-
ted, thiachroman is formed (31-35%):113'115

active
complex

2-Methyl-l-thiaindan is formed in an insignificant yield from
allyl phenyl sulphide over this catalyst, while over alumina,
which is a less acid catalyst, the yield is better (33%).ulf

Under these conditions, thiaindans are partly dehydrogenated
to thiaindenes (in the presence of zeolite, the overall yield of
2-methyl-2-thiaindan and 2-methylthiaindene is 47%.us) The
reaction of but-3-enyl phenyl sulphide in the presence of 20%
ZnCl2/Al203 at 30 °C takes place with formation of 33% of
4-methylthiochroman.·116 The formation of 15% of a tricyclie
"semiaromatic" sulphide, namely cyclopentano-2,3-dihydro-
benzothiophen, from cyclopentenyl phenyl sulphide has been
noted: 1 1 6

The catalytic synthesis of such semiaromatic sulphides from
alkenyl phenyl sulphides is attractive by virtue of its simpli-
city but in the communications considered only the contents

of the sulphide in the catalytic reaction mixture, determined
by GLC analysis, are given, while the yields of the individual
derivatives of thiaindans and thiachromans are not indicated.

The "thio-Claisen" rearrangement has continued to be
extended to new objects under traditional conditions—with
heating in the absence of a solvent or in aprotic solvents.
Heating of allyl 1-naphthyl sulphide at 190 °C in quinoline
leads to the formation of a mixture of approximately equal
amounts (59: 41) of tricyclic derivatives of thiaindan and
thiachroman:U 7

SCHSCH=CH,

Japanese investigators118 heated allyl 2-naphthyl sulphoxide
in the presence of acetic acid and dimethylformamide and
obtained a functional derivative of a tricyclic semiaromatic
sulphide:

-CH,—CH=CHa

Ο

Η. /CH,CH=CH,
\yS=O

CH.COOH

-CH,OCOCH, .

Semiaromatic sulphides have also been synthesised from
thiophen derivatives.119"121 In this case too mixtures of
dihydrothiolen and dihydrothiopyran are usually formed.
The synthesis where only one of the possible structural
isomers is formed are of preparative interest. Thus, when
3-allylthiophen-2-thiol is heated in hexamethylphosphoramide,
only 2-methyl-2,3-dihydrothieno[2,3b]thiophen is formed
in 50% yield:119

J-CH,

The thermal rearrangement of β-methylallyl 3-thienyl sul-
phide leads to only 3-methylthieno[3,2b]dihydrothiopyran:119

/ \

3-(Cyclopent-2-enyl)-thiophen-2-thiol cyclises at 120 °C in
quinoline with formation of cyclopentano-2,3-dihydrothieno-
[2,3b]thiophen; the initial thiol is obtained beforehand from
cyclopent-2-enyl 2-thienyl sulphide:1 2 0

78%

The corresponding thiol is obtained analogously in a low
yield (12-14%) from cyclopent-2-enyl 2-benzothienyl sulphide
and its cyclisation affords cyclopentano-2,3-dihydrobenzo-
thieno [ 2, 3b ]thiophen: m

J
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The synthesis of cyclophanes—cyclic compounds containing
one or several benzene rings joined by polymethylene bridges
in the o-, m-, or ρ-positions—has developed in recent years.
These compounds serve as convenient objects for the study
of a large number of problems in theoretical organic chemi-
stry. Thiacyclophanes usually serve as precursors of
cyclophanes, being converted into the latter, for example,
with the aid of the Stevens rearrangement. The methods
of synthesis of thiacyclophanes have been considered in
detail in two reviews.6 9 '7 0

A general method of synthesis of thiacyclophanes involves
the reaction of the corresponding dibromo-derivatives with
dithiols. For example, more than 100 dithia-meta-cyclo-
phanes have been synthesised and investigated in two
studies,6 9 ' 1 2 2 for example, compounds of the type

« = 2-10, X=H,F,a,Br,CH3,CH3O,CN"

They were obtained by the reaction of equimolar amounts of
αω-bismercaptans with the corresponding αα' -dibromo-m-
xylenes in a basic medium (yields 3—90%). High dilution is
used in the synthesis of thiacyclophanes of medium size.1 2 3

The precursors of two- and three-layer cyclophanes (also
referred to as "cage compounds") are bridged polythiacyclo-
phanes, for example, compounds (XXIV) and (XXV):

(XXIV), 12% (XXV), 8%

Compound (XXIV) has been synthesisted by Boekelheide and
Hollings121· and compound (XXV) by Vogtle et al. 1 2 5 Strained
thiscyclophanes were synthesised subsequently126 using the
so called "caesium effect", which consists in the fact that the
cyclocondensation of the dibromo-derivatives with thioaceta-
mide or with 2,6-di-(mercaptomethyl)biphenyl takes place
only in the presence of equimolecular amounts of caesium ions
(in the form of Cs2CO3 in DMF); the yields of the required
products are however low.

BrCH2—U ii-CH,Br

CH, S-

(XXVI), 5.7*

Compound (XXVI) is a mixture of the syn- and anti-stereo-
isomers which are separated by chromatography on silica gel.

In order to obtain substances with psychotropic (anti-
depressant) activity, Czech investigators1 2 7 synthesised deri-
vatives of dithiacyclophanes— ll//-debenzo[b,e]-l,4-dithiepin
(XXVII); the starting compound was 4-chlorothioanisole:

CH,—S

(XXVII) 54%

If the synthesis of compound (XXVII) was begun with
2-bromothiophenol, then another dithiacyclophane, namely
6H,12H-dibenzo[b,f]-l,5-dithiocin (XXVIII), was obtained
together with compound XXVII):

,Βτ
CH,Br

(XXVIII)

By treating compound (XXVII) with butyl-lithium and
2-dimethylaminoethyl or 3-dimethylaminopropyl chloride, the
dithiacyclophanes (XXIX) and (XXX) were obtained respec-
tively (the pure compounds were obtained in the form of the
oxalates); they were found to exhibit antireserpine activity:

_ s _ n
y

CH-S
I

CH,CH,N (CH3),
(XXIX), 97%

N CH—S
I

CHtCH2CH,N (CH3),
(XXX). 87%

The most important studies published during the prepara-
tion of the review for print are examined below.

Unsubstituted acetylthiirans and 2- and 3-methylacetyl-
thiirans have been obtained in 70—80% yields from acetyl-
oxirans. ^ The latter are converted into diethylketals,
which are treated with thiourea and then hydrolysed. The
oxygen is readily replaced by sulphur in the symmetrical
dioxiran:1 2 9

Trifluoromethylthiiran has been obtained130 from chloro-
propane-2-sulphenyl chloride and hydrogen sulphide:

CF3—CH4—CH,C1 ·

SCI

CF3—CH—CHj

Polyfunctional derivatives of thiolan have been synthe-
sised131 using Meldrum's acid, for example:
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H S C -

H,C

Q/ \ C1COCH.SOCCH,, cat. C1SKCH,),
CH1CI1. pyridine

H,C—

II

o / N - C O C H j S O C C H , aicohoj
jr—: » CjH6OOCCH,COCH2SOCCH,

,0Ao
H,C

ΙϊνΛ^Πγ I

C,H,CHO, cat. ClSiCH,>. I _ _ II. I alcohol

Γ

^ ^ Lc,H5Oi!CCCOCH:iSOCCHsJ

CHC,H7 ] O = —

LCJHSOCCCCOCHJSHJ

25%

2-Aminoalkylated derivatives of 1,3-dithiolan have been
synthesised from β-dithiols and 2//-azirines:132

CH.

C.H.-;

C.H, CH r

' C H ' R=H,ctUo-R"^ HS-CHCH.-S

R=CH,OH, 59,5%

\ N /

Η

1CH,

\ / R

R=H, 74%; R=CH,OH. 83% .

A preparative method of synthesis of 1,3-dithiolan- 2-thione
and 4-phenyl-l,3-dithiolan-2-thione from dibromoethane and
1,2-dibromo-l-phenylethane and xanthate has been described:133

CH,-SCOC,HS KOH.A GH.-CH,
BrOT.CH.Br + QHsOCSK-*! -TciuSPT I I + C.H.OOCSK .

II CH.—oCUl^jMe ο ο
S II \r/

S II

s
2-Tetrahydrofuryl-l,3-dithiolan and 2-tetrahydrofuryl-

1,3-dithiane have been obtained131* from dithiols and 2,3-
dichlorotetrahydropyran:

f\ Cl T i a < , reHuxing
+ HS(CH2)nSH ^ >-

S

HCH (C(C

A polyfunctional thiane has been obtained by treating
ketonic Mannich bases with hydrogen sulphide:135

H3C OH

-NCH.CH.COCH,

40%

Sulphides containing more than six members in the ring
have been synthesised136 using the reactive form of Li2S
(at the instant of formation) in accordance with the scheme:

[ ] Br(CH2)nBi -^"j?

have also been obtained by reaction with Br(CH2)COCl. The
yields of the thiolactones in order of the number η were as
follows (%): 5.73, 7.0, 11.47, and 15.64. 5-Cyclothiaoctan-
one has been synthesised137 from γ-butyrolactone:137

Br(CH2)jC(CH2)3Br.

40%

cis, cis-5,5,6,6-Tetraeyano-2-thiabicyclo[2.2.0]hexane has
been synthesised138 in 55% yield by treating specially obtained
2-thieten with tetracyanoethylene.

Cyclisation of the stereoisomers of the homogeraniolthiols

R ( R = H or CHS)

SH

with the aid of boron trifluoride/etherate139 the trans- and
cis-gem-dimethyl- and the trans- and cis-trimethyl-thia-
hydrindans respectively; the method makes it possible to
control only the stereochemistry of the ring junction:

and

The thio-Claisen rearrangement has been extended11*0 to
alkenylthiotropones.

1,3-Dihydroisothionaphthene has been obtained136 using
organotin compounds:

| .-CH 2 Br s Nai

I—CH,Br * 2-butanone,*
refluxing

>S <R =

100%

exo-exo 6,9-Dichloro-3,4-tetrafluorobenzo-8-thiatricyclb-
[3. 3.1.02 '7 ]nonene has been obtained11*1 by means of the
scheme

A thiocrown ether with a cycloheptatriene fragment has
been synthesised from sodium cyclohepta-1,3,5-trienedithio-

-SNa L

46%

The yields in order of the number η were as follows (%): 6.61,
7.34, 8.22, 9.15, 10.20, and 12,31. The macrocyclic thio-
lactones
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Phosphorylated Allenes. Methods of Synthesis and Properties

N.G.Khusainova and A.N.Pudovik

A systematic account is given of the literature data on the methods of synthesis of phosphorus-containing allenes. The unusual
chemical behaviour of phosphorylallenes in their interaction with electrophilic addends is discussed and at the same time a new
type of reaction, which leads to five-membered heterocycles containing a phosphorus atom directly in the ring, is considered.
The review also deals with studies on nucleophilic addition to phosphorylallenes and
The bibliography includes 146 references.
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I. INTRODUCTION

Considerable advances have been achieved in recent years
in the synthesis and study of the chemical behaviour of
phosphorylallenes. The enhanced reactivity of phosphoryl-
allenes makes it possible to synthesise from them a wide
variety of unsaturated organic open-chain and cyclic
phosphorus compounds with functional-group substituents
which are frequently difficult to obtain by other methods
and which are likely to be useful as pesticides, medicinal
drugs, monomers for the synthesis of plastics, etc. On
the other hand, the characteristic features of the electronic
structure of phosphorylallenes, in which the cumulene
group with orthogonal π orbitals and different types of
hybridisation of the carbon atoms (the sp 2 hybridisation of
the extreme carbon atoms and the sp hybridisation of the
middle carbon atoms) is combined with the electron-accept-
ing phosphoryl group, is manifested in the physical and
chemical properties of the compounds, which makes them
convenient objects for the investigation of the interrelation
between electronic structure, steric structure, and reac-
tivity .

In a review of the chemistry of acetylenic and diene
organophosphorus compounds (1967), mention was made of
only seven allenylphosphonates;2 since then, more than 200
phosphorus-containing allene derivatives have been synthe-
sised. We thought it of interest and timely to survey the
available information about the methods of synthesis of
allene derivatives of tetracoordinate quinquevalent phospho-
rus . The present review also deals with certain physical
characteristics of phosphorylallenes, their isomerisation, and
their reactions with nucleophiles and electrophiles and deriva-
tives of tervalent phosphorus. Studies on the 1,3-dipolar
cycloaddition to phosphorylated allenes were considered
earlier in other reviews. 2

I I . METHODS OF SYNTHESIS

1. The Acetylene—allene Rearrangement of Propargyl
Phosphites and Phosphinites

The allene derivatives of tetracoordinate phosphorus have
become available since the discovery of the acetylene—allene
rearrangement of the propargyl esters of phosphorus and
phosphinous acids, which are obtained from the chlorides of
tervalent phosphorus acids and acetylenic alcohols in the

presence of amines: 3 ~ 1 0

R2PCl + HOC—C=CR

R

C-C=CR' -^- R.POC—C=CR 5
I2 I ••

Ά (i)

ω

R=CH3,

R2P(O)CR=C=C

(ΙΠ)

(U)

s, AlkO, HC=CCH,O, HC=CCH (QH,) O,
CH3

or R,=-OCHaCHO—;
R ^ H , CH3; R J =R'=H, CH3; R

a=H, R3=CH3;
RS=C,H5, RS=CH3; R2 + R3=(CH,)i, (CH2)5.

It has been suggested 3 ' 1 0 ' 1 1 that the rearrangement of the
propargyl phosphite (phosphinite) (I) formed initially to the
allenylphosphonate (III) takes place intramolecularly as an
Sn. reaction via the five-centre cyclic transition state (II) as
a result of the energy gain associated with the change in the
coordination of the phosphorus atom P(III) ·> P(IV). The
isomerisation of (I) to (II) is also regarded as a variety of
the Arbuzov reaction occurring with participation of phospho-
rohalidites. 1 2

The high stereospecificity of the acetylene—allene rear-
rangement, which has been confirmed experimentally in rela-
tion to the interaction of the optically pure K(+)-2,2,6,6-tetra-
methylhept-4-yn-3-ol with phosphorus trichloride, leading
after hydrolysis to the optically pure R(-)-l,3-di-(t-butyl)-
propa-l,2-dienylphosphonic acid, enabled Macomber to assume
the possibility that these reactions have the mechanism
involving a concerted [3,2]sigmatropic shift.13'11*

The allenyl phosphonate (III) formed can subsequently
isomerise to the corresponding acetylenic derivative (IV): 6 ' 7

R.P (O) CH=C=CH,
(III)

R.P (O) C ^ C - CH3.
(IV)

The final result of the reaction is determined by its condi-
tions, the method of treatment of the reaction mixture, and
the presence of substituents in the propargyl group. 8 ' 1 0

The formation of propargyl phosphites (I) in the first stage
has been confirmed by their isolation in a pure s ta te . 8 ' 1 0 > 1 5 f 1 6

It is noteworthy that, whereas propargyl phosphites and
phosphorothioites17»18 readily rearrange to allene derivatives
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of tetracoordinate phosphorus, their nitrogen analogues (V)
are more stable:1 9

(GH,).N >X,P(S) CH=CH—CH=NCHs.XJPC1 + HN-CH,C=CH - !ϋ2£^-» χ 4 ρ_Ν

CH,
(V) (VI)

Only phosphines where X = C2H5 or C6H5 undergo the iso-
merisation (V) •*• (VI).

The rate of rearrangement of compound (I) to compound
(III) depends to a large extent on the character of the sub-
stituents at the phosphorus atom and at the α-carbon atom in
the propargyl group. Thus, the propargyl phosphinite (I) ,
formed on interaction of chlorodiethylphosphine with pro-
pargyl alcohol, isomerises after several hours almost wholly
with formation of an allenic phosphine oxide. 2 0 The pro-
pargyl esters of tervalent phosphorus acids, containing tri-
fluoromethyl groups, also very readily isomerise to allene
compounds: 2 1

CF,PI, CF,P

OR

RO7 =C=CH,;
s, CH aCeCH.

Like other phosphites containing the αα-disubstituted pro-
pargyl group, α-ethyl-α-methylpropargyl o-phenylene
phosphite cannot be isolated in a pure state as a consequence
of the rapid rearrangement of the corresponding phosphoryl
allene. 2 2 The optimum condition for the rearrangement of
propargyl phosphorodichloridite is ten day storage at room
temperature. 1 6 Deuteriated propargyl phosphorodichloridite
has been isomerised to the dichloride of a-deuterioallenyl-
phosphonic acid by heating in benzene at 60—70° for 12 h. 2 3

Propargyl and α-methyl propargyl phosphorodichloridites
isomerise to dichloroallenylphosphonates more slowly than
αα-dimethylpropargyl phosphorodichloridite, whose acetylene—
allene rearrangement to the chloride of 3-methylbuta-l,2-
dienylphosphonic acid takes place especially readily. 1 2 The
rate of rearrangement of acetylenic phosphorodichloridite to
allenylphosphonate depends significantly on the substituents
R\ R2, and R3:

:-C-R»-.CI,P/;
\ v o
ο

C<

R ^ H . R»R»=(CH1)i (a), (CH s) s(b),R1=R f=CH3(c);
Ri=(CHs)sC, R l =R s =CHj(d),R a =H, R s=(CH,)3C(e);

Ri=R»=R»=H(f).

It varies in the sequence a > b > c > d > e > f. 13.11»
The

dichlorides of allenylphosphonic acids formed under these
conditions are convenient starting materials for the synthesis
of the corresponding esters, 1 2 > 1 Λ acid difluorides,1 6 and
acids. 1 3 ' l l f >21f Dimethyl(3-methylbuta-l ,2-dienyl)phosphine
oxide has been obtained from the dichloride of 3-methylbuta-
1,2-dienylphosphonic acid and methylmagnesium iodide. 2 5 ' 2 6

It is noteworthy that the dichlorides of the allenylphosphonic
acids

/R2

C1,P(O)CR'=C=C/ s

can also be obtained from propargyl alcohols and phosphorus
trichloride using a vigorous stream of nitrogen to remove the
hydrogen chloride formed from the reaction mixture. l k The
dichlorides of allenylphosphonic acids can also be obtained by
refluxing the corresponding acetylenic alcohols in an excess
of phosphorus trichloride or by treating the amides of alkal-
1,2-dienylphosphonie acids with hydrogen chloride. 2 7

When the appropriate substituents are introduced into
acetylenic alcohols, it is possible to obtain phosphorylated
allenes with alkyl and aryl substituents 2 8 " 3 2 and also with
various functional groups at the C(l) and C(3) carbon atoms
of the cumulene. Thus halogenopropargyl alcohols react
with halogeno-derivatives of tervalent phosphorus acids to
form a-halogenoallenylphosphonates3S'31f and the correspond-
ing phosphine oxides. 3 S ' 3 6 The products of the interaction
of dialkyl phosphorochloridites with 4-NN-dialkylaminobut-
2-yn-l-ols undergo thermal isomerisation with formation of
dialkylaminomethyl-substituted propa-1,2-dienylphospho-
n a t e s : 3 7

(RO)3PC1 + HOCH2C=CCH ! !NRi

R=CjH5, QH,; R'^

( R O ) S P ( O ) C = C = C H 2 ;

CH,NRj

The dialkyl esters of l-chlorobuta-2,3-dien-2-ylphosphonic
acids3 8 are unstable and have not been isolated in a pure
state. Their formation has not been established either
spectroscopically or from their chemical reactions. When
sodium methoxide is introduced into the reaction mixture,
chlorine is substituted by the alkoxy-group with formation of
esters of l-methoxybuta-2,3-dien-2-ylphosphonic acid: 3 9

(RO)2 Ρ (Ο) C=C=CH,t + CH3ONa — (RO), Ρ (Ο) C = C = C H S .

CH.C1
I

CH.OCHj

The latter have also been obtained by specific synthesis—the
acetylene—allene rearrangement of the products of the inter-
action of 4-methoxybut-2-yn-l-ol with dialkyl phosphoro-
chloridites. 3 S The acetylene—allene isomerisation of the
corresponding acetylenic phosphites, formed when the mono-
methyl ethers of acetylenic glycols are treated with phospho-
rus trichloride in the presence of pyridine, yielded the
dichlorides of l-methoxyalka-2,3-dien-2-ylphosphonic acids. ^
Dialkyl(l-methoxyalka-2,3-dien-2-yl)phosphine oxides have
been synthesised by the reaction of the dichlorides of 1-meth-
oxyalka-2,3-dien-2-ylphosphonic acids with alkylmagnesium
halides.1*0

The interaction of l-hydroxyprop-2-ynylphosphonic ester
with diethyl phosphorochloridite afforded a mixture of allenic
and acetylenic diphosphonates: t f l

(C2HsO)2P(0)CHC=CH + (C,HSO)2PC1 •

Η

η
(C,H5O)2P CHP(0)(0C2H5)2

—WC,H 5 0)2P(O)CH=C=CHP(0)(0C 2 H 5 ) , + (C:H5O)jP(O)CH2C=CP(O)(OC2H5)2.

The esters of allenylphosphinothioic acids have been
obtained by the isomerisation of the products of the interac-
tion of dialkyl phosphorochloridites with acetylenethiols.1 7 '1 8

The dialkyl esters of 1- and 3-vinylallenylphosphonic acids
are formed when vinylacetylenic alcohols are treated with
phosphorus trichloride and this is followed by the acetylene—,
allene isomerisation of the intermediate mixed phosphites; 3 2 ' 3 3

CH3 r CH3

PC13 -f HOC-C^CR + AlkOH p y r i d i n e - > (AlkO), POC-C=CR

R1 L

CH3

C=C=CRP(O)(OAlk),;

R = CH=CHa> R^CH,; R = H, R1 = CH=CH2;
Alk=CH,, CH 6 . CsH7,;isO-C3H,( QH,.
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By substituting the halogen atoms in the corresponding
halogeno-derivatives of tervalent phosphorus by acetylenic
alcohol residues, it is possible to synthesise highly unsatu-
rated phosphorylallenes:3'1*'1*2

R,_,,PCln + /iHOCRjC=CH P (OCRj

R = C1, OAlk; R'=H, Alk; η = 2, 3 .

The reactions of the dibromides of alkenylphosphonous acids
with acetylenic alcohols take place with rapid acetylene—allene
isomerisation of the products, which leads to the monoalkynyl
esters of alkenyl(allenyl)phosphinic acids: l*3>'*lf

>C= + 2HCaC—CRjOH-

\c=c x

Alkyl allenylphosphonochloridates'*'' and alkyl diethylamino-
allenylphosphonates1*5 have been obtained from propargyl
alcohols and the corresponding tervalent phosphorus deriva-
tives.

The alcoholysis of phosphoramidites by propargyl alcohol
at 80—100 °C leads to the formation of propargyl phosphites,
which immediately isomerise to allenylphosphonates and
further to propynylphosphonates. l f 5 However, the reaction
does not stop at this stage: the dialkylamine evolved adds
to the triple bond of the propynylphosphonate:

(RO), PNRi + HOCHjC = CH · (RO),POCH,C=CH-

. HaC=C=CHP (O) (OR),
CH,

CH,C=CP (O) (OR),

C=CHP (O) (OR), ;

R ^ C J H J , C3H7; R =CHj, C,Hg.

The reaction of sodium diethyl phosphite with 2-chloro-
2-methylbut-3-yne in ethereal solution yielded 1-diethyl-
phosphono-3-methylbuta-l,2-diene and the product of the
addition of diethylphosphorous acid to the latter: ^6

(C2H5O)2PON* + C1C(CH3)2C=CH >

(C2H5O)2P(O)CH=C=C(CH3)2

(C 2 H 5 O) 2 P:

f
C(CH3)2

(C2H5O)2P(O)CH2—C=C(CH3)2 ,

P(O)(OC2H5)2

The allenylphosphonate, formed analogously in the reaction
of sodium diethyl phosphite with propargyl bromide, isomer-
ises to propynylphosphonate. k7

A large series of allenylphosphorous acids containing an
active Ρ—Η bond have been synthesised by esterifying hypo-
phosphorous acid with acetylenic alcohols: **8~57

• s

H /

—>•
\

R

HOv

tr\Ji

f
R1

(VII)

CC(OH)C=CR2

\ C=C=CR2
.OH

P(O) .

Despite the fact that the propargyl phosphite (VII) formed
in the first stage contains a tetracoordinate phosphorus atom,
the presence of two Ρ—Η bonds promotes the shift of the
tautomeric equilibrium towards the tricbordinate form (VIII)
to a larger extent than in the case of phosphite esters. 5 6

The high nucleophilicity of phosphorus in the intermediate
(VIII) is responsible for the possibility of the acetylene—
allene rearrangement.

By altering the reactant ratio, it is possible to obtain the
propargyl esters of propa-l,2-dienylphosphonous acid: 5 2

"Nr
^OH

+ 2HC=CCH,OH

2. Other Methods of Synthesis of Phosphoryl Allenes

In a s t u d y of the Arbuzov reaction involving tr ialkyl
phosphi tes and 2-chloro-2-methylbut-3-yne, the e s t e r s of
3-methylbuta-l,2-dienylphosphonic acid were obtained for
the first time. 5 8 The reaction did not stop at this stage
and a second molecule of the trialkyl phosphi te added to the
allenylphosphonate formed:

(CH,)2 CCl-C^CH + (RO)S Ρ — ^ c i " * ( C H 3 ) s C = C =

R
I

— (CH s) a C=C—CHP (O) (OR) 2 .

Ρ (Ο) (OR),

A mixture of buta-2,3-dienyl- and buta-l,3-dienyl-phospho-
nates is formed when triethyl phosphite reacts with 1-chloro-
buta-2,3-diene: 5 9

(C,H6O),P + ClCHjCH=C=CH,-> (C2H5O)IPCH,CH=C=CH,+
II
ο

+ (C2H6O)j PCH=CH—CH=CH2.
II
ο

When l,4-dichlorobut-2-yne is used, an asymmetric diphosph-
onate with an allene structure, namely the tetraethyl ester
of buta-2,3-dien-l,2-ylenediphosphonic acid, is formed in
addition to 4-chlorobut-2-ynylphosphonate: 6 0

C1CH2C=CCH2CI -f

:C—CH2P(O)(OC2H5)2

(VIII)

C1CH2C-CCH5P (O) (OC2H5)2

CH 2 =C=C—CH,P(O)(OC,H 5 ) 2

?(OC2H5)3

—*• CH2=C=C—CH2P(O)(OC2H5)2 -j-C2H5Cl.
P(O)(OC,H5)2

The formation of the allenediphosphonate is due to the
reduced reactivity of the propargyl chloride group in 4-chlo-
robut-2-ynylphosphonate compared with the corresponding
bromide in the Arbuzov reaction (in the latter case but-2-
yn-l,4-ylenediphosphonate was obtained).

The reaction of propargyl bromide with trialkyl phosphite
is of the type of Arbuzov rearrangement, being accompanied
by the prototropic isomerisation of allenylphosphonate to
propynylphosphonate.6 1»6 2

Diethyl allenylphosphonate has been obtained by the
dehydrobromination of 2-bromo-l-diethylphosphonoprop-
2-ene with the aid of a Grignard reagent.63»61* The use of
stronger bases (sodium alkoxide or hydride) in this reaction
leads to the formation of propynylphosphonate.

C ( l ) - and C(3)-substituted OO-dimethylphosphonoallenes
have been obtained in low yields in the photolysis of phospho-
rylvinylcarbenes. 6 5
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Trisubstituted phosphorylated allenes can be obtained
from phosphorylketones and phosphorus ylides: 6 6

Ο
,, Ρ (Ο) C=C=O + (QH,), P = / I

(C !H6O)SP(O)C=C=C<' I .
ι \ — I

C,HS
S S

A method of synthesis of l,3-bis(dialkylphosphono)-l,3-bis-
trimethylsiloxy )allenes

(RO),P(O)

(CH3)sSiO

OSi (CH,),

P(O)(OR),

where R is ethyl or propyl, by the reaction of dialkyl tri-
methylsilyl phosphite with carbon suboxide at -30 to -70 °C, 6 7

has been proposed.

atom in the 3 1P NMR spectra of allenylphosphonates is mani-
fested by a signal in the range 15—20 p.p.m., shifting to the
region 25—30 p.p.m. for allenylphosphine oxide and the
dichlorides of allenylphosphonic acids.

Table 2. Parameters of the 13C NMR spectra of allenic
phosphonates and phosphinites R ^ '

R'

Ci
F
CjH5O
C H 5 0
CH3O
Cl
CHS

HO
HO

R·

Cl
F
Ο,Η,Ο
QJHJO
CH3O
Cl
CH 3

Η
Η

R·

Η
Η
Η
CHS

Η
Η
Η
Η
Η

χ

Η
Η
Η
Η
Η
CH,
CH 3

Η
CH 3

Υ

Η
Η
Η
Η
Η
CH 3

CH 3

Η
CH 3

Chemical shifts δC ) p.p.m.

c

89.7
80.9
79.8
88.7
77.4
S9.4
85.4
92.4
80.8

Ο 2'

212.1
217.3
218.6
216.0
215.5
209.3
207.8
217.5
211.3

C(3)

79.3
78.3
75.8
75.7
96.8

103.8
96.5
85.9
9 9 8

CH,

—

14.2
19.1
18.8
16.1

—

Spin-spin interaction
constants/pc Hz

C(I)

164,1
222.3
197.6
190 1
195,8
162.0
100.4
132.5
193.0

C,2)

2.8
0
0
6.4
3.4
4.3
0
0
0

C31

21.5
18.8
15.7
15.4
16.4
24.2
13.4
15.0
17.0

en,

_

—
—

5.0
6.0
9.5
6.1
—
—

I I I . THE PROPERTIES OF PHOSPHORYLATED ALLENES

1. Structure and Physical Characteristics

Quantum-chemical calculations by the CNDO/2 method in
terms of the spd basis set have shown that the electron
density at the C(3) carbon atom increases significantly on
passing from 3-alkyl-substituted to unsubstituted allenyl-
phosphonates and -phosphonites on subsequent redistribu-
tion of the effective charges (Table 1 ) . 6 8

Table 1. Results of calculations for phosphorus-containing
allenes R1R2P(O)C1H=C2=C3XY by the CNDO/2 method in
terms of the spd basis set. 6 8

Cl
Cl
Cl
F
CH3O
CH,0
CH,0
CH,
HO
HO
HO

R*

Cl
Cl
Cl
F
CH,0
CHaO
CH.0
CH,
HO
Η
Η

χ

Η
Η
CH,
Η
Η
Η
CH,
CH,
CHa
Η
CH,

γ

Η
CH 3

CH 3

Η
Η
CH 3

CH,
CH,
CH,
Η
CH,

Cl,

—0.138
—01139
—0.137
—0.1G2
—0.155
—0.157
—0.155
—0.161
—0.165
—0.1C6
—0.103

Atomic charges,

C(2)

0.159
0.134
0,112
0.160
0.143
0.120
0.102
0,112
0.114
0.173
0.125

C(3)

-0.122
—0.050
—0.002
—0.117
-0.123
—0.053
—0.007
-0.016
—0.006
-0.135
—0.008

a.u.

Ρ

0.257
0.254
0.249
0 602
0.453
0.443
0.442
0.453
0.255
0.401
0.39

= O

—0,252
—0:258
—0.258
—0.293
—0.329
—0.332
—0.334
—0.335
—0.315
—0.319
—0.325

The band due to the antisymmetric vibrations of the
C=C=C group in the region of 1950 cm"1 in the IR spectra of
phosphorylallenes was found to be a doublet, 1 6 ' 2 0 ' 7 1 which can
be explained by the conformational isomerism arising as a con-
sequence of the rotation relative to the P—C 2 bond. 7 1

Using the set of IR and Raman spectroscopic ^iata, dipole
moments, and Kerr effect data, it has been shown that, in
the liquid state and in solutions of dimethyl (3-methylbuta-
l,2-dienyl)phosphine oxide and the chlorides of 3-methyl-
buta-l,2-dienylphosphonic and propdienylphosphonic acids,
there is a conformations equilibrium between the cisoid and
transoid forms, somewhat displaced towards the la t ter : 2 8

ItfT

cisoid

>c=c=c<>
transoid

R=CH 3 > Cl .

The study of the molecular geometry for a series of allenyl-
diphenylphosphine oxides by 1H NMR 29»72~76 has shown that
a diamagnetic anisotropy has arisen under the influence of
the aromatic nuclei attached to the phosphorus atom. Con-
formational analysis of these systems relative to the σ-bond
between the terminal C(3) carbon atom of the phosphorylatec
cumulene and the substituent at this atom indicates a struc-
ture with the Cs_2—CSp3 bond eclipsed by the allene system.
Whether or not this orientation is preferred depends on the
substituents at the CSp3 carbon atom and varies in the
sequence CH3 » C6HS > H.

2. Isomerisation

The 1 3C chemical shift in the 1 3C NMR spectra of phospho-
rylated allenes reflect the general characteristics of their
structure. The signal of the sp-hybidised C(2) carbon atom
is in the low field region (211-218 p . p . m . ) , while the C ( l )
and C(3) nuclei give rise to signals characteristic of the
sp2-hybidised atom (75-103 p.p.m.)6 8 (Table 2).

The XH and 31P NMR spectra of phosphorylated allenes
have been described fairly fully in the literature1 1*»2 0 '2 5 '2 7 '2 9 '
30,32,69,70 ̂  e t c ) # T n e chemical shift due to the phosphorus

The isolation of esters of the 3,3-unsubstituted allenyl-
phosphonic acid frequently presents considerable difficulties
owing to the ready isomerisation to methylacetylenic phospho-
nates . 8 The prototropic conversion of allenylphosphonate
into propynylphosphonate by treatment with propargyl
phosphite, which plays the role of a basic catalyst, or in the
presence of amines, alkoxides, and phosphites is accompanied
by an increase of temperature and takes place quantitatively.
The isomerisation of allenyldiethylphosphine oxide to the
corresponding acetylenic derivative is slower compared with
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allenylphosphonate, which is apparently associated with the
weaker electron-accepting properties of the diethylphosphine
oxide group. 2 0

Allenylphosphonic acid dichloride and alkyl allenylphospho-
nochloridate do not undergo the prototropic transformation
into acetylenic derivatives on heating for several hous at
100-150 °C. 31f

3-Monosubstituted allenylphosphonates are more resistant
to prototropic isomerisation compared with propadienyl-
phosphonates, which agrees with the charge distribution in
phosphorylallenes6 8 (Table 1). When diethylphosphonobuta-
1,2-diene is heated in the presence of sodium ethoxide at
100 °C for 1.5 h, it isomerises to only a slight extent 7 7 and
an equilibrium mixture is formed after 5 h at 160-180 °C: 7 8

C H S C " C C H , Ρ (Ο) (OC,H5)2 iL C H 3 C H = C = C H P (O) (OC,HS), χΐ CH,CH2C=CP (O) (OQH b ).

70% 20% 10%

3,3-Disubstituted allenylphosphonates and allenylphosphine
oxides are thermodynamically stable and do not isomerise to
acetylenic derivatives. 8 ' 7 8

The allene—diene isomerisation is observed in the thermal
rearrangement of diphosphites with a βγ-acetylenic bond in
the common ester residue: 9

extent on R2 and R3 and to a lesser extent on R1

. ΰ III /

(RO),P C :p(OR)2

0 CH,

(RO)2P(O) CH2

C>-:P(OR)2

II
CH,

- CH 2 =C—C=CH, .

(RO)2(O)P P(0)(OR),

Phosphonoprenes have been obtained by allene—diene iso-
merisation on distillation of relatively unstable esters of
l-chlorobuta-2,3-dien-2-ylphosphonic and l-chloro-4-methyl-
penta-2,3-dien-2-ylphosphonic acids . 3 8 ' 7 9

When dialkyl l-alkoxybuta-2,3-dien-2-ylphosphonates are
treated with hydrogen halides, the allene-diene isomerisation
takes place with formation of esters of 3-halogenobuta-l,3-
diene-2-ylphosphonic ac id : 8 0 ' 8 1

(RO,) ΐ>(

^•C =C=CH, -

CH, X

OCH3 Η

'.=r/-
Ρ (Ο) (OR),

>C=CH,
+ CH3OH.

3. Eiectrophilic Addition

fa) Interaction of Phosphorylallenes with Proton-Donating
Reagents

The reactions involving eiectrophilic addition to phosphoryl-
allenes, in the course of the study of which a new reaction
has been discovered, namely heterocyclisation, aroused most
interest in recent years. In the study of the reactions of
propargyl alcohols with phosphorus tribromide in 1971, it was
observed that, when the HBr evolved is not bound by a base,
then crystals of 2-bromo-3,5-di-t-butyl-2-oxo-l,2-oxa-3-
phospholen are formed from 2,2,6,6-tetramethylhex-4-yn-
3-ol.82 Subsequent investigations demonstrated that the
oxaphospholen is formed from phosphonoallene on treatment
with proton donors. 1 3 ' l l f The ease of the acid-catalysed
cyclisation of allenylphosphonic acids depends to a large

R \ r
(HO),

Γ R 1\ A>c=c/
[(HO)2P<

If R2 = R3 = H, then cyclisation is fully suppressed. 1 3 A
necessary condition for cyclisation is the presence of alkyl
substituents at the terminal carbon atom of phosphorylallene.
The influence of substituents on the rate of cyclisation has
been attributed 1 3 to the stability of the intermediate carbenium
ion (IX), which arises in the stepwise protonation of the
double bond; subsequent nucleophilic attack by the phospho-
ryl oxygen on the carbenium centre leads to the closure of
the five-membered ring. Protophilic cyclisation proceeds as
a rule regioselectively with attack by the proton on the
central atom of the allene system. It might have been
thought that not only Brdnsted acids but also other electro-
philes would promote the cyclisation of allenylphosphonic
acids to the more stable oxaphospholen derivatives. 1 3 How-
ever, the attempt to cyclise 1,3-di-t-butylallenylphosphonic
acid in trifluoroacetic acid leads to unexpected deviations,8 3

which can be explained, according to the authors, by electo-
philic attack not on the central but on the terminal carbon
atom of the allene system:

(CH,),CX C(CH3),

>C=C=CS

( C H , ) ^

(ΗΟ),Ρ/

/C(CH3)3

The cuases of the terminal attack by trifluoroacetic acid are
not discussed in the above communication. They are most
probably associated with the steric hindrance to the protona-
tion of the central sp-hybridised carbon atom.

The interaction of allenylphosphonic acids with peracids
leads to the formation of a mixture of products containing
4-oxo-l,2-oxaphospholan. 8I*

The reactions of proton-donating electrophiles with allenyl-
phosphonic acid esters have been fairly fully investi-
gated. 8 5 " 8 9 The hydrochlorination of the dialkyl esters of
3-alkylalka-l,2-dienylphosphonic acids in polar solvents8 5 '8 6

entails cyclisation with formation of 1,2-oxaphospholens, as
in the case of the allenylphosphonic acids themselves. 13>1' f

A general mechanism has been proposed for the cyclisation
of 3,3-disubstituted allenylphosphonates in acid media,
including the protonation of the central atom of the allene. 8 7

Subsequent attack by the internal nucleophile on the carben-
ium ion centre formed in the intermediate (X) leads to the
cyclic quasi-phosphonium intermediate (XI) which in the
case of alkoxy-substituents at the phosphorus atom is stabi-
lised with elimination of an alkyl halide, analogously to the
second stage of the Arbuzov reaction. The formation of
the quasi-phosphonium intermediate (XI) in the protophilic
cyclisation of phosphorylated allenes has been confirmed by
the formation, in a pure state, of the crystalline quasi-
phosphonium salt (XI) on hydrochlorination of allenyl-
phosphine oxide8 8 for which the occurrence of a second stage
of the Arbuzov reaction is impossible:

=C= / R

X:HS

(X)
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(XI)

Dl D2 ΓΗ . D Γ"Ή Ώί ΓΜ f\ ΐ>Ζ Γ Τ4 ΡΤ4 Ο·

/"*Ll ρΐ.π.Πί ιϊο/Λ.ι**' Τ·Τ * D — l" Η Dl—.D!·.ί"Ή O ·

X=C1-, HSOJ, CF3COO-:

Y=cr, HSO;, CF3COO-, HO-, H,O .

Kinetic study of the reactions of phosphorylallenes with
aqueous solutions of sulphuric acid and anhydrous trifluoro-
acetic acid has shown that the protonation of the multiple
bond is the slowest stage of the process considered. 8 7 The
dependence of the rate of reaction on the acidity function of
the medium and on the activation parameters indicates an
appreciable degree of order in the transition state of the
reaction. The acid-promoted cyclisation is an electrophilic
addition reaction involving the proton and the substrate
in the rate-determining stage. The protonation of the
phosphoryl group slows down the reaction as a consequence
of the destabilisation of the carbenium ion.

When non-polar solvents are used, products of the addition
to the 1,2-double bond in allenylphosphonates are formed in
the same amounts as the oxaphospholen derivatives. The
yield of the 1,2-adducts reaches 80% when dimethyl sulphox-
ide is introduced into the reaction mixture as the aprotic
ionising additive: 8 7

/CH,
(RO)2P(O)CH=C=C<

RON
(RO)2P(O)CH2-CC!=Cr

X R*

bonds of the dichlorides of allenylphosphonic acids and a
mixture of structural isomers is formed: 4 0

CI3P (O)CH=C=CR 3

 c l ' H S I C H ' - > c i 2 P (O) CH,CC1=CR2 + C12P (O) C H = C C 1 - C H R 2 .

The dichlorides of l-methoxyalka-2,3-dien-2-ylphosphonic
acids react with dichloromethylsilane with the exclusive for-
mation of the dichlorides of 3-chloroalka-l,3-dien-2-yl-
phosphonic acids: l*°

C12P (O)

x c=c=
CHjOCH,

GH,=C-C=CR,.

I ICJ2(O)P α

Highly unsaturated phosphorylallenes are converted into
oxaphospholens under severe conditions (>100 °C) in the
presence of inorganic acids: ^

HOX /CH=C=CR^ H +

\ R J

After prolonged heating of a mixture of hypophosphorous
acid and Nazarov's carbinol, heterocyclisation takes place
with oxidation of the Ρ—Η bond by atmospheric oxygen and
the formation of 1,2-oxaphospholen: sh

CH,=CH
I

+ (CH s ) 2 C-C=C-CH=CHj-Tfro-* (CH3)2 C=C=C-P<
V

OH
CH=CHa

H O /
VCH,

The hydrochiormaLiun of esters of unsubstituted allenyl-
phosphonic acids or the acids monoalkyl-substituted at the
terminal carbon atom leads to a complex mixture of open-
structure compounds regardless of the polarity of the medium
with the preferential formation of the products of addition to
the 1,2-double bond of the allene system. 8 6 The authors
postulate that the formation of 1,2-adducts is associated with
the difficulty of stabilising the carbenium ion of type (X),
which results in the competing reaction involving the nucleo-
philic addition of HC1:

Η
(RO)2 Ρ (Ο) C H = C = C ^ + HC1 Γ / H 1

• (RO)aPCH=C=C< •;
II X R '

L O H + a- J

I
OH

: (RO)2 Ρ (Ο) CHj—CC1=C<

R"=H, CHS.

In the hydrochlorination of the dichloride of 3-methylbuta-
1,2-dienylphosphonic acid, an oxaphospholen with a penta-
coordinate phosphorus atom is formed slowly. l k In the
presence of aprotic ionising additives, the addition of
hydrogen chloride to the dihalides of allenyl phosphonic acids
leads to the formation of 1,2-adducts89 and the introduction
of alkyl substituents at the C(3) carbon atom of the _• __ . _
cumulene system retards the reaction under these condi-
tions. In the hydrochlorination of the dichloride of unsub-
stituted allenylphosphonic acid, a mixture of products of
addition to the 1,2- and 2,3-double bond has been obtained:

C1,P (O) CH=C=CH, + HCl · • CI,P (O) CH.CC1=CH4 -j- C1,P (O) CH=CC1-CH3.
Z a n d - E

When dichloromethylsilane is used as the hydrochlorinating
agent, hydrogen chloride adds to the 1,2- and 2,3-double

(b) The Interaction of Phosphorylated Allenes with Electro-
philes Which Do not Contain a Proton

The hypothesis that phosphorylallenes are able to cyclise
to l,2-oxa-2-phospholens on treatment with not only acids
but also other electrophiles13 has been confirmed in the study
of their reactions with bromine and mercury acetate. It
was found that these electrophiles act more effectively than
the proton-donating electrophiles. Thus 1,3-di-t-butyl-
propa-l,2-dienylphosphonic acid, which does not form oxa-
phospholens on treatment with Brdnsted acids, readily
cyclises on interaction with bromine or mercury acetate. 1 3

The stereospecificity of the interaction of electrophiles with
optically active allenylphosphonic acids (81% for mercury
acetate and 41% for bromine) is determined by the ability of
the nucleophilic phosphoryl oxygen atom to stabilise the
earbonium ion formed, which prevents racemisation. The
regioselectivity of the reaction with attack by the electro-
phile on the central carbon atom can be accounted for by the
same cause.

Μ3>Λ ,H

O=P(OH) 2 C(CH3)3

<CH,)X Β

/ c = = c \ y
O=P(OH) 2 + C

1CH 3 ) 3 C

/ C = C

O=P(OH).,

E^

(xii)

(CH,),Q

C

C(CH3)3

(XIII)

O = P ( O H ) 2 + C — Η

C(CH 3) 3_j

(xrv)

( C H 3 ) 3 C
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An intermediate in this reaction may be either the cyclic ion
(XII) or the non-planar carbenium ion (XIII), which are
responsible for the retention of configuration. The slight
racemisation of the optically active compound may be caused
by the formation of the intermediate planar allyl cation (XIV).

The formation of 1,2-oxa-3-phospnolens is observed on
interaction of bromine with allenylphosphonic acids. 9 0

Cyclisation takes place also when esters of 3-mono- and
3,3-di-substituted allenylphosphonic and allenylphosphinic
acid are treated with halogens. 9 0 ~ 9 3 The authors9 1 suggest
that the π-complex or halogenium ion (XV) arising in the
initial stage is converted into the cyclic quasi-phosphonium
complex (XVI) as a result of the involvement of the phospho-
ryl oxygen:

.CH,

iRO),P(O)CH=<: + Hal,

«-Hal

CH=C^^C
(Ro)2p;

"V (XV) X

Hal 0 " ^

X = Alk Η

Hal /

1 H . ,
(XVI)

al

\

0

RO
+ RHal.

The authors assume that the pentacovalent structure is
partly ionised and that the subsequent dissociation of the
ion pair produced leads to equilibrium between tetracoordinate
and pentacoordinate structures. In the case of alkoxy-
groups with smaller moieties both structures are unstable
and the system is stabilised by the concluding stage of the
Arbuzov reaction—the elimination of the alkyl halide with
formation of oxaphospholen. The rate of formation of oxa-
phospholens depends on the nature of the halogen and
diminishes in the sequence C1I > BrI > I 2 . 91f It is note-
worthy that, in the interaction of allene derivatives of
1,2,3-dioxaphospholans with chlorine, the dioxaphospholan
ring is cleaved and 3-chloroalkoxy-l,2-oxa-3-phospholens
are formed without the elimination of the alkyl chloride: 9 5

Η

R J -

H —

- O v /,CH=C=CR,

- 0 /

Η Η ^

'+CI 2 ->C1-C-C-O' '
I I

R2 R1

The introduction of the vinyl substituent in the 1- or
3-position in buta-l,2-dienylphosphonate does not alter the
mode of interaction with halogens despite the appearance
of a new reaction centre in the molecule: 3- or 5-vinyl-sub-
stituted 4-halogeno-l,2-oxa-3-phospholens are formed. 96»97

The esters of penta-l,2,4-trienylphosphonic acid afford on
halogenation a small amount of 1,4-adducts together with
oxaphospholens. This mode of addition has been explained
by the authors by the possibility of the resonance stabilisa-
tion of the allyl cation: 9 7

X X X
(RO), Ρ (O)CH=C</ /CH=CH, «• (RO), Ρ (Ο) C H = c /

>c/ \:=CH-

x-
CH, -

CHS

->· (RO)j Ρ (Ο) CH=CX—C (CH,)=
CH,

=CHCH,X.

When the diethyl ester of propadienylphosphonic acid is
chlorinated, a complex mixture of products is formed92 in
which it was possible to detect by NMR the oxaphospholen

(XVIII), the ester of 3-chloroprop-1-ynylphosphonic acid
(XX), and the ester of 2,3-dichloroprop-l-enylphosphonic
acid (XXI) (the E- and Z-isomers) in the proportions
(XVIII) : (XX) : (XXI) = 2 : 3 : 1 . The mixture also contains
a small amount of diethyl E-2-chloropropenylphosphonate.
The formation of the ion (XIX) as an intermediate, together
with the ion (XVII), leads to open-chain compounds:

(Ο,Η5Ο)2 Ρ (Ο) CH=C=CH2 + Cl,

Γ + Ί H

. (C,H5O)S Ρ (Ο) CH=C-CH, - r e n d e r Ο,Η5<

L JL (XVII)

+ Ί=C-CH,

ci ci-J

c l

(0,Η5Ο)2 Ρ (Ο) CH=C-CH2C1 -
L (xix) ci-1

\

(XVIII)

(Q.H5O)2 Ρ (Ο) C^CCHSC1;

(XX)

* (Ο,Η5Ο)2Ρ(Ο) CH=CC1—CH2CI.
(XXI) (E,Z)

The introduction of electron-donating alkyl groups entails
a significant difference between the energetic stabilities of
the ions of the two types, which virtually rules out the for-
mation of the intermediate (XIX). 9 1

In the chlorination of buta-l,2-dienylphosphine oxides,
the second stage of the Arbuzov reaction is impossible, as a
result of which stable quasi-phosphonium salts are formed:9 8

Η

(CH 3) 2P ;

C = C = C (CH,)2 + Cl 2 •

CHS

>
CH,

Cl -i

ci-

However, the chlorination of diphenylalka-l,2-dienyl-
phosphine oxides, substituted and unsubstituted at the ter-
minal carbon atom, leads to adducts with an open structure.
The authors explained this mode of reaction by steric hind-
rance arising, owing the the presence of the bulky phenyl
groups, in the overlap of the p-orbitals of the phosphoryl
oxygen with the ρ orbital of the carbenium ion formed in the
intermediate stage. The replacement of one phenyl group by
the more electron-accepting chlorine atom leads to the forma-
tion of a r i n g : 9 8

Cls

C.H."

Γ H \
I Cl
I C H / X

C,H
( C H 3 ) 2

Cyclic phosphoranes—oxaphospholens with a pentacoordinate
phosphorus atom—are formed when the chlorides of alka-1,2-
dienylphosphonic acids are chlorinated: " ~ 1 0 2

\

In the interaction of bromine the formation of a phosphorane
cannot be observed possibly as a consequence of the more
polar structure, compared with that of the phosphorane, of
the bromo-derivatives of phosphorus. 10° On heating or
storage, compounds of the phosphorane type split off HC1
and are converted into 1,3-diene derivat ives : 1 0 0 " 1 0 2

C1,P (O) CH=C=C^ >̂ + Cl2 -

The chlorination of the dichlorides of 1,3,3-trisubstituted
allenylphosphonic acids also affords products with the
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1,3-diene structure, l f 0 ' 1 0 3 ~ 1 0 5 for example:

C!2P (O) C = C = C <
I NCH2C1

CH, ci, C,H5 Cl
\ /

-* N;C=C<^' ,,Η .

CH, U l

The chlorination of the dichloride of l-t-butyl-4-chloro-3-
methylbuta-l,2-dien-l-ylphosphonic acid leads to the forma-
tion of a stable quasi-phosphonium salt and the product of
addition to the 2,3-double b o n d . 1 0 5 The stabilisation of the
phosphonium salt is achieved as a consequence of the e lec .
tronic and steric effects of the t-butyl group.

The interaction of chlorine with the dichloride of propyl-
dienylphosphonic acid leads mainly to the formation of prod-
ucts of addition to the 2,3-double bond with an open struc-
t u r e . 9 2

The interaction of the chlorides of 3-mono- and 3,3-di-
substituted allenylphosphonic acids with sulphuryl chloride
entails the formation of 1,2-oxaphospholens:9&'106

Si°+ so2ci2

X=C1, C,H5.

\

A complex mixture of products of addition to one and two
double bonds is formed in the chlorination of the dichloride
of allenylphosphonic acid by sulphuryl chloride. 1 0 6

The addition of arene- and alkane-sulphenyl chlorides to
the esters and dichloride of 3,3-unsubstituted allenyl-
sulphonic acid and also to allenyldiphenylphosphine oxide
takes place regioselectively and stereospecifically. Attack
on the 2,3-double bonds of the cumulene takes place in the
sterically more favourable anti-position relative to the bulky
phosphoryl group located in the plane of the reacting double
bond, with formation of mainly the E-isomer: 1 0 7 ~ 1 1 0

X.P (O) CH2C!
X2P (O) CH=C=CH,, + RSC1 -

Η SR

X=AlkO, Cl, C,HS; R=C,H6,p-CH,C,H4, Alk .

Similarly, selenyl chlorides form 2,3-adducts on interaction
with allenylphosphonates but the Z-isomer predominates in
the case of benzene selenyl chloride. 1 1 1

The introduction of alkyl substituents in the 3-position in
phosphorylallene alters the mode of reaction. The ester of
3-monosubstituted allenylphosphonic acid reacts with arene-
and methanesulphenyl chlorides to form diastereoisomeric
oxaphospholens and also products of addition to the 1,2- and
2,3-double bonds of the cumulene in proportions of 4 : 1 : 1 : 1 1 0

<C.H5O)2P(O)CH=C=C

(C2H5O),PCH—CC1=C

CH3SCi

(C2H5O)2PCH=C—aid

I! &H3

The orientation of the methylthio-group and of the chlorine
atom in the 1,2-adduct has been confirmed by comparing the
experimental chemical shifts of the proton at the olefinic
carbon with the theoretical calculations. The diastereo-
isomeric oxaphospholens and products of addition to the
2,3-double bonds were not detected in the study of Angelov
et a l . 1 1 2 and a structure with the opposite positions of the
alkylthio-group and the chlorine atom, compared with that
found by Khusainova et al . , 1 1 0 was attributed to the product
of addition to the 1,2-double bond.

Methaneselenyl chloride reacts with 3-monosubstituted
allenylphosphonate to form an adduct at the 2,3-double bond
and a small amount of a cyclic product (10%), while benzene-
selenyl chloride affords exclusively the oxaphospholen.1 X 1

The esters of 3,3-disubstituted allenylphosphonic acids
interact with alkane-, arene-, 1 0 7 ' 1 1 3 ' 1 1 ' * and phosphono-
sulphenyl chlorides1 1 0 and also with their selenium ana-
logues 1 1 5 ' 1 1 6 to form cyclic 4-organylthio(seleno)-l,2-oxa-
3-phospnolens with elimination of alkyl halides.

The reactions of sulphenyl and selenyl chlorides with
2-(alka-l,2-dienyl)-l,3,2-dioxaphospholan 2-oxides take
place with cleavage of the dioxaphospholan ring and the
formation of 1,2-oxaphospholens:117

>P(O)CH=C=C/ +RXC1-»C1-CH-CH-OP^ /
X R > | | \ 0 /

R2 R1

X = S or Se; R=CH 3, iso-Ο,Η,; R1, R2, R»=Alk .

R3

Very small amounts of 1,2-adducts of methanesulphenyl chlo-
ride with 3-alkyl-3-methylallenylphosphonates have also been
detected by column chromatography in the form of a mixture
of E- and Z-isomers;1 1 8 selenyl chloride interacts exclu-
sively via the heterocyclisation mechanism.

The introduction of the vinyl group into 3-methylpropa-
1,2-dienylphosphonate at the C(3) carbon atom leads to the
formation of phosphonylated thiophens in the reactions with
alkanesulphenyl chlorides: 1 1 9

cu=c ,c

(RO)2P(O)CH

cr 11/
_ Β , α > (R0)2P(0)CH,

1,3,3-Trisubstituted allenylphosphonates react with alkane-
sulphenyl chlorides to form 4-alkylthio-l,2-oxa-3-phospho-
lens . 1 1 2 However, when the substituent at the C(l) carbon
atom of the allene is a phenyl group, then linear products
of the 2,3-addition of alkanesulphenyl chloride are formed
together with oxaphospholens.1 1 2 When the vinyl substitu-
ent is introduced into the geminal position relative to the
phosphoryl group, the reaction of 1,3,3-trisubstituted
phosphonoallene with alkanesulphenyl chlorides leads to the
formation of a mixture of two heterocycles—thiophen and
oxaphospholen:1 2 0

CH,=CH

(RO),P(O)

/CH,
=C=C< + RlSCl -

X CH 3

CH2=CH SR1

RCK X

(RO)2P(O) Η
\ /

(CHS)2CH b

Stable quasi-phosphonium salts have been obtained by the
reaction of 3,3-disubstituted and unsubstituted allenyl-
phosphonates with benzene sulphenyl chloride in the presence
of SbCl 5 : 1 2 1

/SC 6H 6

tCjHsO)» Ρ (Ο) CH=C=CR 2 + QH5SC1 -f SbCl5 -. (C2H5O)2 ^ = / R 2 SbClJ ;

R = CH3, H .

In contrast to esters, the dichlorides of 3,3-disubstituted
allenylphosphonic acids form products with a diene structure
on interaction with arene sulphenyl chlor ides : 1 0 7 ' 1 0 9

CIZP(O)CH=C=C \ P
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Areneselenyl chlorides react with the dichloride of cyclo-
hexylidenevinylphosphonic acid in the presence of SO2 to
form five-membered heterocycles. 1 1 6

Phosphonosulphenyl chlorides react with the dichloride
of 3,3-disubstituted allenylphosphonic acids to form 2,4-di-
chloro-oxaphospholen and the chlorides of the corresponding
phosphorothioic acids, apparently via the following mecha-
nism: 1 1 0

C]2P(O)CH—C=CB2 + (AlkO)2P(O)Sa ·

(o)(OAik)2~

(βλ

y>
AlkeCH3, i s o - C 3 H 7 .

Nucleophilic substitution of the "readily removed" thio-
phosphoryl group by the chloride anion takes place in stage
(a). In stage (b) the ambident phosphorothioate anion
attacks via its harder centre (the oxygen atom) the electro-
philic phosphorus atom, which leads to the formation of
dichloro-oxaphospholen and phosphorochloridothioate.

Together with the hypothesis of the formation of various
open-chain and cyclic products in the reactions of phospho-
rylated allenes with sulphenyl chlorides, put forward as a
possible explanation in a number of s tudies , 1 3 ' 9 5 ' 1 0 7 the fol-
lowing scheme has been discussed. 1 1 0 Four directions of
attack on the allene system by the sulphenyl chloride mole-
cule are possible in principle: at the 1,2- and 2,3-double
bond in the syn- and anti-positions relative to the bulky
substituent R3 or P=O located correspondingly in the plane
of the reacting double bond. Taking into account the elec-
tronic and steric factors, one can assume that there is a
greater probability of attack by the sulphenyl chloride on
the more nucleophilic 2,3-double bond of the phosphorylallene
in the anti-position relative to the phosphoryl group [path-
way (a) in the Scheme].

The nucleophilic cooperation of the phosphoryl oxygen in the
attack by the sulphenyl chloride greatly facilitates the pro-
cess and leads to the formation of the quasi-phosphonium
intermediate (XXII). Subsequent attack by the chloride
anion on the possible electrophilic centres of the quasi-
phosphonium intermediate determines three main reaction
pathways:

(1) If R2, R3 = H, then, regardless of the character of the
substituents at the phosphorus atom, the attack by the chlo-
ride anion is directed to the carbon atom in the 5-position
in the ring, which is the most electrophilic centre in the
intermediate. This leads to intramolecular dealkylation with
opening of the ring and the formation of the product of
addition to the 2,3-double bond of the open-chain structure.

(2) When R2, R3 = Alk and X = AlkO, the attack by the
chloride anion is directed to the carbon atom of the alkoxy-
group and, in conformity with the second stage of the
Arbuzov reaction, the quasi-phosphonium salt is dealkylated
with elimination of the alkyl chloride and the formation of an
oxaphospholen. When R3 = Η and X = OC2H5, the electro-
philicities of the carbon atom of the alkoxy-group and of
the C(5) atom of the intermediate are probably similar and
for this reason the competing intramolecular and intermolec-
ular dealkylation reactions take place and linear and cyclic
products are formed.

(3) When R2, R3 = Alk and X = Cl, Alk, whereupon the
second stage of the Arbuzov reaction is impossible, the
attack by the chloride anion is directed to the hydrogen atom
of one of the alkyl substituents in the 5-position in the ring.
HC1 is eliminated and products with a diene structure are
formed.

However, one cannot rule out the possibility that the for-
mation of the 2,3-adduct and products with a diene structure
is caused by the appearance of the carbenium ion

Xsp (O) CH=C

and takes place by-passing the quasi-phosphonium salt
(XXII) s tage . 1 0 7 ' 1 1 8

Scheme

X2P(O)CH=C=C

B'sa

x=ci, Alk; rr=

X-AIkO; R2 = R

-AlkCI

X«CI, Alk;B !,B3

anri-attack relative t

(a) anti-atUck relative to Ρ

ct

' R3 \ J

Jc=c=(

»- c=C=Cv —*•

X v

X2P(O)CH=C ;

c:ii;,ci
. . 1

χ CH=C _2

= AIk
X,P(O)CH—C.

C!"

_ C 1

/ •

(XXIII)

SR1 -

(XXII)

—*- on—cci=<:
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The formation of 1,2-adducts can be accounted for solely
by the attack by the sulphenyl chloride on the 1,2-double
bond via pathway (b) . According to generally accepted
ideas, 1 2 2 the addition proceeds via the formation of a cyclic
ion (XXIII) as an intermediate. 1 1 0 > 1 1 8 It may be that the
addition takes place via a carbenium ion, which arises follow-
ing the opening of the cyclic ion (XXIII).

4. Nucleophilic Addition to Phosphoryl Allenes

In the presence of alkali metal alkoxides, alcohols, dialkyl-
phosphorous acids, 1 2 3 ) 1 2 1 t mercaptans, 1 2 S and CH acids
(acetoacetic and malonic esters and their homologues and
cyanoacetic and phosphonoacetic esters) 1 2 5 readily add to the
esters of 3,3-disubstituted allenylphosphonic acids at the
1,2-double bond activated by the electron-accepting phospho-
ryl group. Amines add in the absence of alkoxides also at
the 1,2-double bond: 1 2 *

(RO), Ρ (Ο) C H = C = C (CH3), + XH - R ° N * » (RO), Ρ (Ο) CH,—CX=C (CH,),;
X = OR, NR,, SR, CR (COOC,HS),,

COOC,H5 COOC,H5 COOC,H6

CR
\

COCH,

, CR
\

CN

, CR
\

Ρ (0) (OC.HS)

The attack by the nucleophilic anion is directed to the central
sp-hybridised carbon atom of the cumulene. The structure
of the adducts has been demonstrated by their ozonisation,
by oxidation with potassium permanganate, and by hydroly-
sis. 1 2 1 f The degree of the addition reaction and the struc-
ture of the products formed are determined by the degree of
substitution at the sp 2-hybridised carbon atoms of the allenyl-
phosphonates. Thus only one dialkyl phosphite molecule
adds to the 1,2-double bond of the esters of 3-methylbuta-
1,3-dienylphosphonic acid with formation of the correspond-
ing bisphosphonates. l z k In the case of buta-l,2-dienyl-
phosphonic acid, small amounts of trisphosphonates are
formed together with the bisphosphonates, the yield of the
former increasing when esters of buta-2,3-dien-2-ylphospho-
nic acid are used 1 2 6

(RO), Ρ (Ο) C R 1 = C = C H R 2 + (R3O)2 ΡΟΗ -

R l R1

I I
• (RO) 2P (O) CH—CH—CH—Ρ (Ο) (OR»), .

Ρ (Ο) (OR»),

R>, R»=H, CH,

R. R 3 =Alk

R 1

I
> (RO), Ρ (Ο) C H - C = C H R l i -

Ρ (Ο) (OR1!,

migration of the 2,3-double bond: it is retained in the adduct
and the cis-disposition of the proton and the phosphoryl
group is observed.

Isomerisation is likewise not observed in the addition of a
mercaptan to diethyl buta-l,2-dienylphosphonates.1 2 7

Propadienylphosphonates interact with mercaptans to form
adducts with one and two addead molecules.1 2 7 The forma-
tion of such adducts is possible also in the prototropic iso-
merisation of the products of addition to the 1,2-double bond
of the cumulene, formed initially, to the thermodynamically
more stable l-dialkylphosphono-2-organylthioprop-l-ene
[pathway (b)]:

CH,

(RO),P(O)CH=C=CH t-

!(RO)oP(0)C=CCH 3 ;

(R0)2 Ρ (0) CH=C (SR1) CH, R 1 S H ,
, fRONa
- (RO). Ρ (Ο) CHj-C (SR*)=CH, .

The interaction of dialkyl l-methoxybuta-2,3-dien-2-yl-
phosphonates with ethanethiol in the presence of sodium
mercaptide results in the formation of 3-ethylthio-1-methoxy-
but-3-en-2-ylphosphonates. The latter readily undergo
prototropic transformations with migration of the double bond
to the phosphonate group and the formation of 3-ethylthio-
l-methoxybut-2-en-2-ylphosphonates:128

(RO2) Ρ (Ο) C=C=CH2 -fHSQHs •

CH2OCH3

C,H,SNa
(RO),P(O)CH-C=CH2-f

I
CH20CH,

SC,H5

-f (RO), Ρ (Ο) C = C - C H 3 .
. I

CH2OCH3

The addition of alcohols to l-alkoxybuta-2,3-dien-2-yl-
phosphonates leads to the formation of the isomeric E- and
Z-esters of l,3-dialkoxybut-2-enylphosphonic acid (Ε : Ζ =
2:1). 3 9> 1 2 9 Evidently, the composition of the product is
determined by the thermodynamic control of the reaction with
the intermediate formation of the carbanion (XXIV):

(R0)2P(O)

C=C=CH,

H'0CH2 ^""0R

RO)2pto)

c — C = C H ,

R'OCH., OR2

(XXIV)

(RO)2P(O)

C=C—CH2

R'OCHj OR2 _

(KO)3P(O) CH3 (RO)jP(O) OR2

C=C + C=C

H'OCH2 OR2 R'OCH2 CH3

These differences can be explained by the decrease of the
steric hindrance in the sequence: 1 2 6

CH,

CH3

C=C=CHP (O) (OR), >
CH.

3 \ C = C = C H P (O) (OR), > CH,=C=C (CH3) Ρ (Ο) (OR),.

The esters of 3,3-unsubstituted allenylphosphonic acid
combine with dialkyl phosphites to form, together with tris-
phosphonates, mixtures of the isomeric bisphosphonates:
l,2-bis(dialkylphosphono)prop-2-ene and l,2-bis(dialkyl-
phosphono)prop-l-ene. 1 2 6 Evidently, the partial prototropic
allene—acetylene isomerisation of propadienylphosphonate to
propynylphosphonate with the subsequent addition of the
dialkyl phosphite to *hp triple bond leads to the formation of
l,2-bis(dialkylphosphono)prop-l-enes. 1H NMR data have
shown that the addition of dialkyl phosphites to 3-monosub-
stituted allenylphosphonates is not accompanied by the

It is noteworthy that the interaction of alcohols with 1-alkoxy-
4-methylpenta-2,3-dienylphosphonates results in the forma-
tion of 3-alkoxy-2-phosphonoalka-l,3-dienes:129

roR :
 OR2 on2

* 'Λ Ι Τ
(RO) 3P(O)C=C=C(CH 3) 2 >- (RO),r(O)C-4-C=C(CH3)2 >- (HO) 2P(O)C—C=C(CH 3) 2 .

I , I r* ι II
CH2OR' CH2—OR CH;,

Unsubstituted phosphorylallenes combine with one alcohol
molecule:130

(C,H6), Ρ (Ο) C H = C = C H , + ROH ·

-• (C,HS), Ρ (Ο) CH,COCH,.

3-Methyl-l-vinylbuta-l,2-dienylphosphonates readily interact
with alcohols131»132 to form 1,4-adducts, which are mixtures
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of the E-

CH==

(RO),

=CH

^>C=<

P(O)

R*OH

and Z-isomers

3 = C (CH,),

R<ONa H \

C H s ^

R O X

^>C=C(CH 3 ) 2 - f

~ NP(O)(OR) 3

Ζ

R'Ov

C = C

C = C (CH,),

M> (O) (OR),

The interaction of secondary amines with 3-methyl-1-vinyl-
buta-l,2-dienylphosphonates also makes it possible to obtain
diene phosphonates with the trans-disposition of the methyl
and phosphoryl groups, whose formation is possible either
as a result of addition to the 1,2-double bond of the allene
and subsequent prototropic isomerisation or as a consequence
of 1,4-addition. The use of primary amines in these reac-
tions leads to the formation of a tautomeric mixture of imines
and enamines:133

C H 3 X .NR 1 CH 3 N

>CH-Cf y CH 3 j±
CH 3 / >C=C< CH/

SH/

. C H ,

H
P(O)(OR)2" P(O)(OR),

Dialkyl l-methoxybuta-2,3-diene-2-ylphosphonates react with
diethylamine to form 3-diethylaminobuta-l,3-dien-2-ylphospho-
nates.13If

Interesting results have been obtained in the study of the
interaction of phosphorylallenes with hydrazines:1 3 0'1 3 5

CH,

(C,H5)2P (O) C H = C = C H 2 + RiNH—NH,-» (C,H5)2P (0) C H 2 - C = N - N H R 1 ->

pci. \ κ

~~ Ο
Ν
R 1

The use of the mono- and di-chlorides of allenylphosphonic
acids in these reactions leads to intramolecular cyclisation:
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In a study of the interaction of vinylallenylphosphonates
with acetylacetone, which is a CH acid, 1,2,4,5-disubstituted
[tetrasubstituted? (Ed. of Translation)] benzenes were
obtained unexpectedly in addition to the 1,4-adducts.

Alcohols, diethylamine,139'1'*0 and piperidine11*1 add to the
1,2-double bond in quaternary 3-monosubstituted alien yl-
phosphonium salts. The interaction of allylmercaptan with
quaternary allenylphosphonium salts results in the formation
of a mixture of products of addition to the 1,2- and
2,3-double bonds of the cumulene, which is associated with
the partial prototropic isomerisation of the 1,2-adduct
formed initially. 1"°

5. Reactions With Derivatives of Tervalent Phosphorus

In the reaction of propa-dienyl- and 3-methylbuta-l,2-
dienylphosphonates with bis(trimethylsilyl) hypophosphite
the nucleophilic attack by the tricoordinate phosphorus is
directed to the central carbon atom of the allene system.
The intermediate dipolar ion is stabilised as a result of the
migration of a proton: l h 2

(Q.H6O)2 Ρ (Ο) C H = C = C R 2 + [ (CH3)3 SiO]2 PH ->

-* Γ (Ο,Η5Ο)2 Ρ (Ο) C H - C = C R a

L HP+[OSi (CH 3) 3] 2

» ( 0 Α 0 ) 2 Ρ (0) C H 2 - C = C R 2

I

P[OSi(CH 3 ) 3 ] 2

HP (O) OSi (CH3)3

•j—* (C,H5O)2 Ρ (Ο) CH—C=CR 2

Si (CH3)3

R = H , C H 3

RO

c\y \:H=C= / R

c \ » + 1

R O >

1

N —

Η

RO.

~* 1

y°
CH ;

II

CH

u

CH2

Η C
yR'

CH

OO-Dialkylphosphorodithioic acids interact with allenyl-
phosphonates to form mixtures of products of addition to the
1,2-double bond of the cumulene and alkylation products—
the full phosphorodithioate esters:1 3 6

(R0) 2 Ρ (Ο) C H = C = C (CH 3), + (RiO), PSSH -*

-» (R0) 2 Ρ (Ο) C H 2 — C = C (CH3), + RS—Ρ (OR1),
I II

SP (S) (OR1), S

In the reaction of 3-methyl-l-vinylbuta-l,2-dienylphosphonate
the mode of addition of dialkylphosphorodithioic acids
changes:137

C H , = C H

~)C

(RO),(O)P

(RK>),P(S)SCH,

, PSSH -

_ /P(O)(OR),

~ M:H=C (CHS),

The prototropic isomerisation of propadienylphosphonate to
propynylphosphonate is not observed under the reaction
conditions.

The reactions of allenylphosphonates with tervalent
phosphorus derivatives containing an αβ-unsaturated frag-
ment constitute a convenient method of synthesis of organo-
phosphorus heterocycles. 2 The extensive experimental data
which have accumulated hitherto on the reactions of these
or "organophosphorus 1,3-dipoles" with alkenes and alkynes
suggest that the interaction proceeds as a two-stage process
and not as concerted [3 + 2]cycloaddition.

Dialkyl phosphoroisocyanatidite adds to the 1,2-double
bond of allenylphosphonates:lk3

(CH 3 O) 2 P(O)
\ XH 2

(CH 3 O) 2 P(O)(CH3O)2 Ρ (Ο) C H = C = C H 2+
( R O ) 2 P N = C = O

It is noteworthy that, under the cycloaddition conditions,
the phosphoroisocyanatidite does not catalyse the isomerisa-
tion of allenylphosphonate to propynylphosphonate.

The reactions of N-diphenyl- and N-phenylethoxy-
methylenephosphoramidites with 3,3-disubstituted allenyl-
phosphonates lead to the formation of the hydrolytically
unstable five-membered azaphospholens with a P=N bond:1"*1*

( R O ) , P ( O ) C H = C = C R j

+
> C = N P (OR),

(RO) S P(O)

P h d ^ ^ P ( O R ) ,

κ -vr
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(RO),P(O) CRJ

.OR

PhC

(RO)SP(O)
H,O(.\=Ph) \

-ROH ~*

VOR

X=Ph,

= i - n 3 , K2 = (L.n2j5

However, Ν-phenyl (diethylamino)methylenephosphoramidites
give rise to stable six-membered azaphosphorines under the
same conditions in accordance with the following scheme: lhS

(RO)2P(O)CH=C=C(CH3),
(RO)2 Ρ (Ο) C H — C =

I V C H 2

I H -
Ν

(RO)2 Ρ (Ο) CHjC-C

N=C (
Ph

(RO)2 Ρ (Ο) CII 2 C H 3

5 ^ N - C - '

The reaction apparently begins with nucleophilic attack by
the tervalent phosphorus atom on the central carbon atom
of the allene system. The dipolar ion formed is stabilised
by prototropic isomerisation and cyclisation with elimination
of diethylamine. The interaction of cyclohexylidenevinyl-
phosphonate with N-phenyl(diethylamino)methylenephosphor-
amidite results in the formation of a bicyclic adduct:

(RO)2P(O)CH=C=C

+
(QH 6 ) 2 N N

\C=N—P(OR»),

(RO),P(O)CH,-C=C

(R'O)2P

R-CH 3, C,H5,iso-C3H7; R^CHj, C,II5

The introduction of a new reaction centre into the molecule
of the 3,3-disubstituted allenylphosphonate (the vinyl group)
results in the participation of the latter in the stabilisation
of the intermediate dipolar ions formed in the reaction of
3-methyl-l-vinylbuta-1,2-dienylphosphonates with N-diphenyl-
and N-phenyl(ethoxy)-methylenephosphoramidites:1H6

(RO)2 Ρ (Ο) -(RO), Ρ (Ο) C (CH3)2

\ C = C = C (CHS),

CH
II

C H ,

Ph

(RO),P(O)

-

CH

CH,

X C = N P (OR1),

C(CH,),
f

X P (OR 1 ),
II

Ν

()

P/
GH P+iOR1),,

I
Ν

c

X Ph
(RO)2 Ρ (Ο) C (CH 3),

χ/ \ph

CH
I

CH

,OR l

NR1

xPh

(RO),P(O) C(CH3)2

' > - < OR-

<
H,C NR1

The structure of the seven-membered phosphepins was
established by analysing their 41 and 31P NMR and mass-
spectrometric data. 3-Methyl-l-vinylbuta-l,2-dienyl-
phosphonates react with JV-phenyl(diethylamino)methylene-
phosphoramidites to form six-membered azaphosphorines11*6

similarly to 3-methylbuta-l,2-dienylphosphonates. However,
this reaction pathway is not the only one: signals indicating
the formation of azaphosphepines have been detected in the
•"•H NMR spectrum of the reaction mixture. Crystalline
azaphosphepine is the main product of the reaction of diethyl
3-methyl-l-vinylbuta-l,2-dienylphosphonate with dimethyl
N-phenyl(diethylamino)methylenephosphoramidite:

(RO),P(O)

(RO),

H C 7

II
H.,C

-(C.HS),NN

N >C=C=C(CH,U

= KP (OR1);.

-HN(C,H.>, /C=C< X CII 3

HC/ > (OR1),

(RO), Ρ (Ο) C (CH3),

/ - C ~ C \ ,0
HC Ρ ζ

I I X 0 R 1

H C NH- C H 3 0 H .
-(C;H, ),NH

Propadienylphosphonate does not react with N-methylene-
phosphoramidites, isomerising to propynylphosphonate in
their presence. l k 5

—-0O0—

It follows from the data examined that phosphorylated
allenes can be used successfully in the synthesis of a wide
variety of organophosphorus compounds. By varying the
degree of substitution and the character of the substituents
at the sp 2-hybridised carbon atoms of phosphoryl allenes,
it is possible to activate a particular unsaturated reaction
centre in the molecule. As a result of the introduction of
the electron-accepting phosphoryl group into the allene
molecule, the initial step of the reaction with nucleophiles is
attack by the anion on the central carbon atom of the cumu-
lene with the subsequent addition of a proton to the C(l)
carbon atom. The stability of the product formed depends
to a large extent on the character of the substituents at the
C(3) carbon atom of the allene and on the basicity of the
reacting anion, which promotes to some extent the proto-
tropic isomerisation. The addition of electrophiles proceeds
mainly at the 2,3-double bond of phosphorylallenes, also with
the initial attack on the central sp-hybridised carbon atom,
and, depending on the character of the substituents at the
C(l) and C(3) atoms, leads to the formation of either prod-
ucts having open-chain alkene or diene structures or to
heterocycles with participation of the phosphoryl group.
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It is shown on the basis of an examination of studies carried out in recent years that, by a correct thermodynamically well-
founded choice of polymers between which hydrogen bonds can be formed or which can give rise to electron donor-electron
acceptor complexes, it is possible to create thermodynamically compatible systems; compatibility can also be improved by
mixing homopolymers with copolymers. Variousthermodynamic situations observed on blending polymers and the
temperature dependence of their thermodynamic compatibility are discussed.
The bibliography includes 172 references.

CONTENTS

I. Introduction

II. Thermodynamic affinity between polymers

III. Causes of the compatibility of polymers and methods of improving it
IV. Temperature dependence of the miscibility of polymers. Phase diagrams

579
579
581
586

I. INTRODUCTION

The main trend in the modern technology of the processing
of polymeric materials involves their preparation from mixtures
(blends) of polymers. The thermodynamic compatibility of
polymers with one another, to which numerous studies sur-
veyed in monographs, reviews, and text books have been

devoted, plays a major role in this. However, new
aspects have recently arisen concerning the methods of deter-
mination of the thermcdynamic compatibility of polymers, its
causes, procedures for its enhancement, and its temperature
dependence ·

The term "compatibility", borrowed from technological prac-
tice, is usually understood as the miscibility of polymers.
The authors of a monograph2 believe that, in relation to poly-
mer blends, the term is inept and they have suggested that it
be replaced by the term "miscibility". They suggest that
one can speak of miscibility only in the case of an ideal solu-
tion whose formation is possible solely following the interaction
of low-molecular-weight substances. However, in essence,
this is incorrect because the formation of an ideal solution is
an extremely rare phenomenon and true real solutions of low-
molecular-weight substances are non-ideal in the vast majority
of cases. 1 7 Nevertheless, the concepts of "solubility" and
"miscibility", which are identical, are applied to them. Evi-
dently in the case of polymer compositions there is also no
point is distinguishing these two concepts and the terms
"mutual solubility" and "miscibility" should be regarded as
synonymous. By thermodynamic compatibility we shall under-
stand (a) the ability of the components to mix with one
another spontaneously with formation of a true solution, i .e .
their thermodynamic affinity relative to one another, and (b)
a transition from possibility to reality, i .e. the realisation of
the above affinity which leads to the miscibility of the com-
ponents .

The thermodynamic compatibility of polymers is estimated by
thermodynamic and non-thermodynamic methods. The latter
include methods for the investigation of the phase structures
of blends—electron microscopy and X-ray diffraction and also
all the methods for the determination of the glass point of
blends which yield information about the independent behav-
iour of the components in incompatible compositions. How-
ever, it is more correct to estimate thermodynamic compati-
bility by thermodynamic methods, i .e. to determine the
thermodynamic affinity and phase diagrams for polymer-
polymer systems.

I I . THERMODYNAMIC AFFINITY BETWEEN POLYMERS

The thermodynamic affinity between a polymer and a solvent
is estimated quantitatively in terms of changes in the chemical
potential of the components Δ μ̂  or its excess value uf, the
Gibbs free energy of mixing AG or its excess value Ge, the
Flory—Huggins interaction parameter χχ, and the second
virial coefficient A2.

The same parameters also characterise the thermodynamic
affinity between polymers. They can be determined experi-
mentally by studying the static and dynamic sorption of the
vapour of a liquid on individual polymers and their blends,
the dissolution of different polymers in a common solvent, the
mutual diffusion coefficient of the polymers, etc.

The methods of the static sorption of the vapour of a
common solvent was first used to estimate the thermodynamic
affinity of two polymers by Kwei et al.,1 8 who calculated the
interaction parameter χ 23 from the sorption isotherm by
Scott's equation:1 9

1ηα, = 1ηφ,+ (1— ψ,) + (χ^φζ+χ,^) (1— φ,)— χΊ,φ2φ, (1)

where x u and χ1 3 are the parameters of the interaction of the
polymer (2) and the polymer (3) with the common solvent (1)
when the latter is sorbed on the polymer, αχ is the activity
coefficient of the solvent in the three-component polymer-
polymer-solvent system, which is determined in the sorption
of the vapour of the solvent on the polymer blends, and φ χ,
φ2, and φ3 are the volume fractions of the solvent and the
polymers (2) and (3) in the three-component composition.

It has been shown19 that the critical value of X23 for the
polymer-polymer system tends to zero. This means that any
positive value of χ'23 characterises the incompatibility of the
polymers.

Eqn.(l) has been used to estimate the compatibility of a
series of systems on the basis of the sorption isotherms of
the vapours of various substances. 20~22 The calculation for
cellulose nitrate (CN)-poly(vinyl acetate) (PVAC) systems
leads to negative values of χ'23, which are consistent with
data obtained by other methods and indicate the compatibility
of these polymers.2 1 However, negative values have also
been obtained for incompatible systems. The authors
suggest that Scott's equation (1), derived on the basis of
the Flory-Huggins theory proposed for the model of a true
solution of polymers, describes only compatible single-phase
polymer systems, the theory being inapplicable to two-phase
colloidal systems.



580 Russian Chemical Reviews, 56 (6), 1987

In this respect, the method involving the determination of
the Gibbs free energy of mixing of polymers, proposed by
Tager and co-workers, 23>21* has an undoubted advantage.
The method requires no models and is based solely on the
assumption that the Gibbs free energy is a function of state
of the system and is independent of the path followed by the
process. For this reason, the Gibbs free energy can be
calculated from the thermodynamic equation

—Agx=AGin— (©lAGi+onAGn) t (2)

where kgx is the average Gibbs free energy of mixing of the
polymers, AGj, AGJJ, AGJJJ are the Gibbs free energies of
respectively 1 g of each polymer and their mixtures with the
vapour of a common solvent (sorbate) having different com-
positions, and iiii and ω2 are the weight fractions of the
polymers in the polymer composition.

This method has been described in detail in original
papers,23'21* monographs, and textbooks. 2 ' 3 ' 1 6 It has been
applied to polymer—oligomer25 and polymer-polymer26"29 sys-
tems, interpenetrating networks, 3 0 ' 3 1 and graft32 and block
copolymers. 33~35 The physical significance of the quantities
calculated by Eqn.(2) has been discussed.3 5 '3 6 For block
copolymers, the quantity kgx reflects the work necessary to
mix the blocks and is equal in magnitude but opposite in sign
to the work of their separation, which has been calculated
theoretically.3 7 '3 8 For polymer blends, Lgx is an integral
quantity, which depends on the chemical structure and the
degree of dispersion of the system components. According
to Gibbs,39"1*2 any extensive thermodynamic property of a
two-phase system can be regarded as the sum of three con-
tributions: by the phase a, the phase g, and the interfacial
region.

If the interface, which represents a conventional geometrical
surface, is two-dimensional (has no volume), then the average
Gibbs free energy of mixing, i .e . the energy per gram of
the mixture, is defined by the expression

Agx=Aga+Agf+aS , (3)

where Aga and Agg are the average Gibbs free energies of
mixing in each phase, σ is the surface tension, and S the
specific area of the interface.

Since it is known that the interfacial tensions in polymer
blends are very low,1*3 the last term of Eqn.(3) does not
contribute significantly to kgx, as shown by Kuleznev.1*

However, for real two-phase systems the interface is not
two-dimensional and has a definite thickness and volume.
It is especially important to take this into account in relation
to polymer systems where the thickness of the transition
layer may be considerable.3'1*5'1*6 In this case it is more
correct to use Guggenheim's method,ι*(Μώ which leads to
the differential equation36

dgx = Ag0 (4)

where \ilt Hz, cit and c 2 are the chemical potentials and con-
centrations of the components in the transition layer, h is
the thickness of the transition layer, and dgr0 the Gibbs free
energy of mixing, which is independent of the degree of
dispersion and is related solely to the chemical structure of
the components and their affinity for one another. The
second term of Eqn.(4) reflects the contribution of the
structural factors, including the degree of dispersion and
the volume of the transition layer. When there is a high
affinity between the components and the latter are fully
miscible, S = 0 and the second term is zero. Then dgx =
dg 0 . In the complete absence of affinity (polymerophobic
behaviour), dg 0 = 0 and dgx is equal to the work of dis-
persion and depends on the degree of dispersion. In the

intermediate cases, dgx is given by the sum of both contribu-
tions: dg0 < 0, dg s > 0. The magnitude and sign of dgx

depend on the ratio of these quantities.

The method of dynamic sorption or reversed gas chromatog-
raphy (RGC), which has been described in detail in books1*7»1*
and reviews, l t8'50 is used widely to investigate the thermo-
dynamic compatibility of polymers. In contrast to classical
gas chromatography, the RGC method is used to solve the
converse problem—the study of the behaviour of the station-
ary phase (SP) and its interaction with the mobile phase.
The RGC method was applied to polymer systems for the first
time by Smidsrod and Guillet.51

A theory of the method has been developed for ideal gas
chromatography52 on the assumption that, firstly, the Henry
distribution isotherm for the sorbate between the carrier gas
and the SP is linear, which is valid only for the infinitely
dilute solution of the sorbate in the SP, and, secondly, that
it is necessary to establish equilibrium in the sorption—
desorption process, which is possible when certain conditions
are maintained, but this is by no means always the case for
polymeric SP. This applies particularly to polymers which
exist in the vitreous state under the experimental conditions.
For this reason, RGC experiments with polymeric SP are as a
rule carried out at temperatures at least 50 °C above the
glass point T f f of the polymer, where the latter exists in the
highly elastic state. 5 3 However, in this case too the equi-
libration time may be very long as a consequence of the high
viscosity of the polymer.

In the study of the compatibility of polymers, the stationary
phases are polymer blends on which the vapour of a volatile
liquid is sorbed. If the components of the mixed SP behave
independently, then the specific retention volume is made up
additively of its components;51* if they interact with one
another, then deviations are observed from the additivity of
the chromatographic retention parameters.51*'55 In this case
the excess Gibbs free energy G e is calculated by the equation
of Waksmundzki and Suprynowicz:

(5)

where Xf is the mole fraction of the ith component in the mix-
ture and Vjtf- and Vĵ  are the molar volumes of the sorbate
retained respectively by the individual components and the
entire mixed phase. Eqn.(5) has been used to determine
Ge for mixed liquid^5"57 and polymeric58 SP. For mixed
polymeric SP, the interaction parameter χ'23 and the contact
energy parameter X23, introduced in the new Flory—Prigogine-
Patterson theory,6 0"6 2 are also calculated from the retention
volume data. 5 9

The thermodynamic compatibility of many oligomer—oligomer,
polymer—oligomer, and polymer—polymer pairs have been
investigated by the RGC method. The results have been
surveyed in a number of communications.2»if3~50'63

The method involving the determination of the second virial
coefficients A23, proposed by Kratochvil and co-workers for
the investigation of the compatibility of polymers, 61*~66 is
based on the study of the light scattering by dilute solutions
of polymer blends in a common solvent with subsequent cal-
culation of A 23 by the equation obtained on the basis of the
Stockmeyer theory. The values of A 23 have been calculated
for the polystyrene—poly (methyl methacrylate) (PS—PMMA)
system and for blends of different polymethacrylates and
styrene—methyl methacrylate copolymers.61*"66

The second virial coefficients have been determined67 for
binary polymer—polymer systems with the aid of the method
based on neutron scattering by dilute solutions of one polymei
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in another. For blends of deuteriated PMMA with statistical
styrene—acrylonitrile copolymers containing 19.9 and 28.7%
of acrylonitrile, A23 > 0 was obtained, which indicates the
compatibility of the components. Later the same method
was used to investigate blends of PS with poly(phenylene
oxide) and its bromo-derivatives,68»69 with poly (methyl vinyl
ether) , 7 0 and with polymethylstyrene71 and also blends of
PMMA with poly (vinyl chloride) (PVC) and blends of statis-
tical copolymers of styrene and acrylonitrile.7 2

The advantage of the neutron scattering method compared
with the scattering of visible light consists in the possibility
of investigating components having similar refractive indices.
However, the complexity of the experimental equipment and
the need to use deuteriated polymers limit the wide-scale
application of the method.

The mutual diffusion method73 is based on the familiar rela-
tion between the mutual diffusion coefficient D m u and the
second derivative of the average Gibbs free energy or the
first derivative of the chemical potential with respect to com-
position :

where Df is the self-diffusion coefficient of the ith component
characterising the thermal mobility of the molecules of the
component and φ 2 is its volume fraction. The application of
this method has been described in detail in a number of
communications. lh~li

I I I . CAUSES OF THE COMPATIBILITY OF POLYMERS AND
METHODS FOR ITS IMPROVEMENT

The data on the compatibility of polymers quoted in the
literature show that polymers with similar chemical structures
are not compatible. On the other hand, polymers differing
in their chemical nature are compatible. The question of the
causes of the compatibility of polymers and of the role of their
chemical structure naturally arises. This question can be
considered from the thermodynamic and molecular points of
view.

A thermodynamic condition for spontaneous mixing is a
negative Gibbs free energy of mixing, which represents the
algebraic sum of two contributions—the enthalpy (AH) and
entropy (TAS) contributions:

AG=AH-TAS. (7)

The view that the change in entropy on mixing polymers
plays no role predominated in the literature for a long time.
It was based on calculations by Gee,7 9 who took into account
only the combinatorial entropy of mixing determined by the
number of transpositions of unlike molecules; for a polymer-
polymer system, it is indeed very low. However, there
exists a non-combinatorial contribution to the entropy of
mixing originating from the interaction between the com-
ponents. Flory and co-workers demonstrated theoretically
that this contribution can be fairly large. 8 0 This was con-
firmed experimentally for the first time by Tager and
co-workers.Ά» 2 6 'Ώ

For many compatible polymer—polymer pairs, negative
values of Δ Η and AS are observed and the thermodynamic
requirements which are needed for the satisfactory com-
patibility of the polymers have been formulated on this
basis. u

1. The entropy of mixing of polymers AS < 0. This means
that the macromolecules in the mixture are distributed in a
more ordered manner than among similar macromolecules,
i.e. jointly ordered polymer structures are formed.

2. The enthalpy of mixing of polymers AH < 0, which is
possible if the interaction energy between unlike molecules is
greater than between like molecules.

3. The algebraic sum of the absolute values of Δ Η and Τ AS
must be negative, i .e. \AH) > |TAS|.

Patterson and Robard,1 3 who demonstrated theoretically
that the compatibility of polymers with high molecular weight
is possible provided that Δ Η < 0, arrived at an analogous
conclusion. They state that negative enthalpies of mixing
are frequently accompanied by negative entropies of mixing
and that the competition between these quantities determines
the sign of AG, i .e. the compatibility of polymers.

Thermodynamic predictions have played a major role in the
understanding of the mechanism of the compatibility of poly-
mers and have laid the scientific foundation for the creation
of new compatible compositions. Together with the thermo-
dynamic aspect, the compatibility of polymers has been con-
sidered also from the standpoint of the interaction of the
macromolecules. This has been reflected in a monograph2

whose authors indicate two ways of improving compatibility,
i .e. of creating compatible polymer—polymer systems. The
first consists in joining macromolecules together via chemical
bonds, which is achieved as a result of the synthesis of
block copolymers and interpenetrating networks and by
carrying out reactions leading to the cross-linking of the
mixture components. The presence of chemical bonds
prevents macrolayer formation in the mixtures even if the
components are thermodynamically incompatible.

The second way of improving compatibility consists in alter-
ing the chemical structure of the blended polymers in a
manner which leads to a negative Gibbs free energy of mixing,
which is achieved by two procedures: (1) by mixing polymers
having functional groups capable of strong interaction;
(2) by modifying one of the blended polymers by altering the
chemical structure of the monomer units or by copolymerisa-
tion.

1. The Mixing of Polymers Having Functional Groups

This method of improving compatibility is based on the
idea that large negative values of AH, favouring negative
values of AG, are possible in the presence of specific inter-
actions between the polymers. In their monograph, Olabisi
et al. 2 put forward the concept of "complementary dissimilar-
ity", according to which the unlimited mixing of polymers is
possible when the macromolecules of each contain different
functional groups capable of interacting. This concept is
close to the idea81 according to which the best mutual dis-
solution or blending is observed in substances whose mole-
cules contain groups with opposite functionalities and not
in substances with similar structures. For example, the
molecules of one component may contain only proton-donating
groups and those of the other only proton-accepting groups;
in the blends, hydrogen bonds arise between the components
which promotes dissolution. Blending is also favoured by
the situation where the molecules of one component are elec-
tron donors and those of the other contain atoms having
unoccupied orbitals. In this case electron donor-electron
acceptor bonds (EDA bonds) are produced. The influence
of the chemical structure of polymers on their miscibility has
been considered in recent years from the standpoint of this
concept.

There has been a cycle of studies on the compatibility of
PVC with certain polymers. The hydrogen atom in PVC,
activated by the electronegative Cl atom joined to a neigh-
bouring carbon atom, can participate in the formation of a
hydrogen bond.2»83 Consequently PVC tends to enter into
donor—acceptor interactions with polymers whose molecules
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contain groups which function as electron donors with forma-
tion of hydrogen or EDA bonds. Poly(alkyl acrylates),
poly (alkyl methacrylates), and polyesters belong to polymers
of this kind. The compatibility of PVC with such polymers
has been estimated from the Tg of the blends81*"90 and their
transparency*' 8 6 and by IR spectroscopic91"93 and DTA
[differential thermal analysis] methods.9 0

It has been observed^'91* that PVC is compatible with poly-
acrylates where the number of carbon atoms in the alkyl
group is η < 4, and with poly methacrylates, where η < 6.
The incompatibility of PVC with higher homologues has been
explained by the decrease in the fraction of the — C(O)—Ο
groups in the macromolecules and by their shielding by long
alkyl groups, which hinders the formation of hydrogen bonds
between PVC and the ester groups of polyacrylates.

The studies considered above lead to the conclusion that
PVC is compatible with PMMA, which disagrees with the data
of other workers,86»95'96 who demonstrated only their limited
compatibility. The discrepancy between the results can be
associated with the fact that Walsh and McKeown81* estimated
the compatibility from Tg and it is known that in the vicinity
of Tg. the components even in incompatible polymer systems
have the same Tg.1 1

Table 1 presents data on the compatibility of PVC with
polyesters. Despite the possibility of the formation of
hydrogen bonds, not all the esters are compatible with PVC.
The compatibility of PVC with aliphatic polyesters improves
with increase in the number of CH2 groups on passing from
PBA to PCL and PHS (for the significance of the abbrevia-
tions, see Table 1), which is manifested by an increase of the
negative values of the parameter χ 23; when the content of
CH2 is even higher, the compatibility is impaired. It has
been shown that the compatibility of aliphatic polyesters with
PVC is observed in those cases where the ratio CH^/COO
(x = 1, 2, 3) is in the range 3 to 12.90

Table 1. The compatibility of PVC with polyesters.

Polyester

Poly-f3-propiol-
actone

Poly(ethylene
succinate)

'oly(ethylene
adipate)

Poly(2,2-dimethyl-
1,3-propylene
succinate)

Poly(butylene
adipate)

Polyvalerolactone
Poly-i-caprolactone

Poly(a-ethyl-
a-methyl-
/3-propiolactone)

Poly(ct-methyl-
ot-n-propyl-
(3-propiolactone

Poly(hexamethylene
sebacate)

Poly(l,4-cyclo-
hexylene-
dimethyl succinate)

Poly(ethylene

o-phthalate)

Poly(butylene
terephthalate)

Desig-
nation

PPL

PES

PEA

PDPS

PBA

PVL
PCL

PHS

PCDS

PEOP

PBTP

Structural formula

CH,—CH,-C,O)-O-

—^CH,),—O-C ,O—(CH;),—CO)—O-

—CH3— QCHji^-CHj—O— C<O>—(CH,i,—C(O)—O—

— (CfV4—O-C!O>—(CH,)«—QO;-O—

—(CH,).—C.O;-O—
—(CH,1,—QO-—O—

- C H r - C , C H , i ( C , H , ! - C - ( O > - 0 -

—CH,—C(CH,XC,H,)—QO)— O -

—<CH,)«—O—C(O;—(CH,),—QO)—O—

—CH,— ( ]>—CH,—O—C(O)—(CH,;.—C(O)—O—(

C(O)-O-

Com-
patibil- Refs.

[92]

[90]

[90]

[90]

[90]

[90, 93]
|83. 85,

91]
[881

[88]

[90]

[90]

[90]

[87]

Many studies have been devoted to the compatibility of
fluorine-containing polymers with other polymers. Fluorine
is the most electronegative halogen and its atom therefore

forms strong chemical bonds with other atoms.9 7 The
strength of these bonds is the reason why many low-molec-
ular-weight compounds containing fluorine are much less
miscible with other substances and with one another than are
compounds containing other halogens." Thus solutions of
low-molecular-weight fluorine-containing compounds are
characterised by very large positive deviations from ideality
and on cooling as a rule separate into layers. Fluorine-
containing polymers are also inert. For example, poly-
tetraflouroethylene does not dissolve in any known solvents.

Table 2. The compatibility of PVDF [poly(vinylidene
fluoride)] with oxygen-containing polymers.

Polymer

Poly(methyl methacrylate)

Poly(ethyl methacrylate)

Poly(isopropyl methacrylate)

Poly(methyl aery late)

Poly(ethyl aery late)

Poly(isopropyl acrylate)

Poly(vinyl acetate)

PolyOinyl propionate)

Poly(vinyl butyrate)

Poly(methyl vinyl ketone)

Poly(methyl vinyl ether)

Poly-e-caprolactone

Designation

PMMA

ΡΕΜΑ

PIPMA

PMA

PEA

P1PA

PVAC

PVP

PVB

PMVK

PMVE

PCL

Structural formula

—CH 2 —C(CH S )—

C(0)-O-CH 3

- C H a - C ( C H s ) -
|

C(O)-O-Q.H5

—CH,-C(CH3)-
|

C(O)-O-CH(CH8)2

—CH2-CH—
(

C(O)-O-CH3

—CHa—CH—
I

C(O)-O-C8H5

—CH a-CH—
r

C(O)-O-CH(CH,)2

—CH,-CH—

O-C(0)-CH s

—CH.-CH—
I

O-C(O)-CjH5

- C H 2 ~ C H -
I

O-C(O)-C,H,

—CH2—CH
1

C(O)-CH3

—CH2—CH—

O-CH3

- ( C H J s - C i O - O -

Compat-
ibility

"Γ

+

_

+

_

+

_

-f

-

Refs.

[101, 103,
105, 106]

[101, 104]

[101]

[102]

[102]

[102]

[108]

[108]

[108]

[109]

[109]

[109]

Poly(vinylidene fluoride) (PVDF) and fluororubber are less
inert, because their molecules contain hydrogen atoms capable
of forming hydrogen bonds. 9 7 PVDF therefore dissolves in
liquids with a high electron donating capacity—dimethyl-
formamide, dimethylsulphoxide, e tc . 9 9 Fluororubber dis-
solves in acetone. These features of fluorine-containing
polymers affect also their compatibility with other polymers.
Thus it has been established by the RGC method that fluoro-
rubber is incompatible with ethylene-propylene rubber over
a wide temperature range, 1 0 0 since hydrogen and EDA bonds
cannot be formed between their macromolecules. In con-
trast to this, PVDF can form hydrogen bonds with oxygen-
containing polymers. Numerous studies have been devoted
to these blends1 0 1"1 1 1 and their results have been surveyed112

and are presented in Table 2. The common solvent method,102'
108>109 the method based on the determination of r 1 0 1 . 1 0 2 . 1 0 5 . 1 0 6 '
1 0 8 '1 0 9 and T m (melting point) of pvDF, 1 0 3 ' l o l f ) 1 1 2 the R G C m

and NMR107 methods, and also the study of phase diagrams
of the mixtures1 1 0 have been used to estimate the compatibili-
ties .
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It follows from Table 2 that PVDF is compatible with poly-
mers containing the ester group and a small alkyl substituent
(CH3, C2H5) in the side chain. The increase in the size of
the alkyl substituent on passing to PIPMA and PIPA leads to
the incompatibility of these polymers with PVDF. When the
methyl group is present in the side branches, structural iso-
merism does not play any role: PVDF is compatible with
PVAC and PMA. It is believed109 that the presence of the
carbonyl group in the molecule of the oxygen-containing poly-
mer is of decisive importance. This follows from the fact that
PVDF is compatible with PVMK and incompatible with PVME.
Analysis of the interaction parameters χ'23 showed that PVAC,
in the macromolecules of which the carbonyl group is more
remote from the main chain than in the other polymers investi-
gated, shows the maximum affinity for PVDF. In terms of
increasing impairment of compatibility with PVDF, oxygen-
containing polymers can be arranged in the sequence PVAC >
PMMA > PMA > ΡΕΜΑ > PVMK > PEA. The increase in the
size of the alkyl substituent impairs the compatibility of the
polymers with PVDF.

It is believed112 that the compatibility of PVDF with oxy-
gen-containing polymers is caused by the dipole-dipole inter-
action between unlike molecules. However, dipole—dipole
interaction alone is insufficient. Hydrogen bonds in which
the carbonyl group of the ester and the hydrogen atoms of
PVDF participate may be formed in these systems. This
hypothesis explains the role of the carbonyl group in ensur-
ing the greater compatibility of poly(alkyl methacrylates) with
PVDF compared with poly(alkyl acrylates): the electron-
donating capacity of the carbonyl group in the former is
higher than in the latter as a consequence of the inductive
effect caused by the presence of the methyl substituent in
the oir-position. U 3

Studies of the compatibility of polycarbonates (PC) based
on di(hydroxyphenyl)propane with polyesters are of con-
siderable interest:111*"120 the compatibility has been estimated
by the DTA and mechanical relaxation methods. It is seen
from Table 3 that the majority of the linear aliphatic poly-
esters obtained are compatible with PC. With increase in
the number of methylene groups per carbonyl group in the
polyester molecule the compatibility with PC is impaired.
Branched polyesters are incompatible with PC. The replace-
ment of aliphatic dicarboxylic acid residues in the polyester
molecules by aromatic residues (PETP, PEOP) leads to their
incompatibility with PC.

It is believed120 that the compatibility of PC with polyesters
is caused by the strong energetic interactions between unlike
molecules, which should entail negative enthalpies of mixing.
To test this hypothesis, the authors used a model approach
consisting in the determination of the heats of mixing of
low-molecular-weight analogues of the polymers investigated.
Diphenyl carbonate (DPC), propylene carbonate, and dimethyl
carbonate were adopted as models. The models for the
polyesters were different esters having analogous and similar
structures. It was shown120 that low-molecular-weight esters
mix with aliphatic carbonates with absorption of heat and
that the sign of the heat of mixing with DPC depends on the
number η of carbon atoms in the ester molecules per car-
bonyl group: if η < 6, exothermic mixing is observed (ΔΗ < 0)
and, if η > 7, the mixing is endothermic (ΔΗ > 0). The
authors believe120 that the magnitude and sign of Δ Η for the
mixing of esters with DPC are determined by the balance of
two contributions, the exothermic contribution caused by the
formation of donor—acceptor bonds between the C=O group
of the ester and the aromatic ring of the carbonate molecule
and the endothermic contribution arising as a result of the
rupture of dispersion linkages. This explanation is similar
to that proposed in a study 1 2 1 of the heats of solution and
swelling of aromatic polymers in tetrachloroethane and DMF.

The authors1 2 0 suggested that the positive Δ Η for the model
systems should correspond to the incompatibility of the
polymers, while negative values should correspond to their
compatibility. However, they did not observe this correla-
tion for all systems and they reached the correct conclusion
that the use of low-molecular-weight analogues to infer the
compatibility of polymers is illegitimate.

Table 3. The compatibility of polycarbonate with polyesters.

Polyester

PES
PEA
PBA
PCL
PHS

PPL
PDPS

PETP

PEOP

PBTP

PCDTP

CPL

Structural formula

TP + IP + CD

[118]
[118]
[118
[117

[119]
["91

[115]

[120J

[114]

[116]

[116]

Poly(ethylene succinate)
Poly(ethylene adipate)
Poly(butylene adipate)
Poly-e-caprolactone
Poly(hexamethylene

sebacate)
Polypivalolactone
Poly(2,2-dimethyl-l,3-pro-

pylene succinate)

Poly(ethylene terephthalate)

Poly(ethylene o-phthalate)

Poly(butylene terephthalate)

Poly (1,4-cyclohexy lenedimethyl
terephthalate)

Copolyester based on
terephthalic acid,
isophthalic acid, and
1,4-cyclohexylene-
dimethanol

In this connection, it is appropriate to consider in a general
form the relation between the thermodynamics of mixing of
polymers and their liquid low-molecular-weight analogues.
There is no doubt that the affinity between macromolecules
of different chemical structure is related to the affinity of
their monomer units. For example, CN is effectively com-
patible with PVA as a consequence of the high affinity of
CN for vinyl acetate (χι = 0.2). 1 2 2 In the absence of affinity
between monomer units, the polymers are undoubtedly incom-
patible. However, the unlimited mixing of low-molecular-
weight analogues of the given polymers by no means implies
that the polymers themselves are miscible.

Detailed analysis of the thermodynamic relations permits the
formulation of the following rule: the higher the positive
deviations from ideality in the mixtures of two liquids, i.e.
the higher the excess Gibbs free energy, the less compatible
the polymers whose units are analogous in structure to the
molecules of these liquids. Here and henceforth the average
Gibbs free energies (Ag), the enthalpies (Ah), and the
entropies (As) of mixing of their excess values (g e , h e , and
s e ) corresponding to the maximum in the curves relating these
parameters to the composition will be used to characterise the
mixing of the solution components. Thus the mixing of aro-
matic hydrocarbons with alkanes is accompanied by large
positive deviations from ideality and the values of ge reach
500—600 J per mole of the solution.9 8 This is caused by
strong π— π* interaction of the aromatic rings, leading to
association.123 With increase in the size of the molecules
of aromatic hydrocarbons and other aromatic compounds, the
degree of association rises. For this reason, the latter do
not dissolve in alkanes and are not compatible with polymeric
aliphatic hydrocarbons.
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Analogous behaviour has been observed in the mixing of
polar liquids with non-polar liquids or of substances capable
of forming hydrogen bonds with those which are not. These
compounds differ sharply in the density of cohesion energy
(solubility parameters) and their mixing at 298 Κ is accom-
panied by a large positive value of ge of the order of 1000 Jmol
of the solution.121* For this reason, polar polymers are
incompatible with non-polar polymers over a wide temperature
range. 1 6

More complex rules are observed in the mixing of two polar
substances or substances capable of forming hydrogen bonds.
The difference between the chemical structures and not their
similarity plays frequently a decisive role for these systems.
We shall consider several situations.

1. The components have dissimilar chemical structures and
contain only proton-accepting groups; for example, two
esters. Hydrogen bonds, cannot be formed between them
and their mixing is accompanied by positive values of g6 and
h e . Polymers containing ester groups as substituents are
frequently altogether incompatible. The classical example
is provided by the PMMA—PBMA system. u An improvement
in compatibility can be achieved in this instance only by
reducing the number of butyl substituents in the molecule
of the second component, i .e . by blending PMMA with copoly-
mers (see below).

2. The components have similar chemical structures and
both contain proton-donating and proton-accepting groups:
alcohol—alcohol, acid—acid, and alcohol-acid systems. In
these cases, the formation of hydrogen bonds between like
and unlike molecules is equally probable. For this reason,
when alcohols are mixed with one another or alcohols are
mixed with acids, one observes small positive values of he,
which increase with increase in the size of the alkyl group in
the molecules of alcohols or acids. 12k However, a large
number of OH and COOH groups in the molecules of the mixed
components promotes their blending and polymeric alcohols
(PVA) are readily compatible with polyacids (PAA) with for-
mation of polycomplexes ,1 2 5"1 2 7

3. One component contains proton-donating and proton-
accepting groups, while the other contains only proton-
accepting groups. Low-molecular-weight alcohols and acids
mix with esters in all proportions, but their mixing is accom-
panied by positive deviations from ideality. Polyacrylic
acid (PAA) is infinitely miscible with poly(ethylene glycol).127

4. Mixing characterised by a negative value of ge is the
most favourable. It is observed in systems whose components
have the opposite features: for example, one of them contains
only proton-donating groups (CHC13, TCE), while the other
contains only proton-accepting groups (ketones); or one is
an electron donor, while the other is an electron acceptor
(aromatic hydrocarbons and chloro-derivatives). Very
strong hydrogen bonds or EDA complexes are formed between
unlike molecules; this is accompanied by very large negative
values of h e , of the order of several thousands of J mol"1,
and negative deviations from ideality (ge > 0). Polymers
containing such groups are thermodynamically compatible for
the appropriate ratios of the number of the groups and the
number of hydrocarbon residues (see above).

2. Chemical Modification of the Components of a Polymer
Blend

The essential feature of this method of improving com-
patibility consists in the alteration of the chemical structure
of one of the components of the polymer composition, which
leads to negative values of hg. This is attained by replac-
ing the units in the macromolecule of one polymer by those

of the other polymer, i .e. by blending polymers with copoly-
mers. Three cases are then observed.

In the first case, the polymer A is incompatible with the
polymer Β but is compatible with the polymer C. The
replacement of some of the units in the macromolecule of the
polymer Β by those of the polymer C leads to the compatibility
of the resulting copolymer with the polymer A. For example,
poly(phenylene oxide) (PPO) is incompatible with poly-p-
chlorostyrene (PPCS) but is compatible with polystyrene (PS).
The compatibility of PPO with styrene—p-chlorostyrene copoly-
mers of different composition has been investigated by the
scanning calorimetric and mechanical relaxation methods.1 2 8

It has been shown that the copolymers containing less than
65.3 mole % CS are compatible with PPO, while those contain-
ing more than 68% CS are incompatible. Using an improved
calorimetric method, it has been shown129 that the transition
from compatibility to incompatibility occurs when the contest
of CS units in the copolymer changes by less than 1% (from
67.1 to 67.8 mol %). The analogous "critical", as the authors
put it, character of the compatability—incompatibility transi-
tion has been observed for mixtures of PPO with statistical
styrene-p-fluorostyrene (PFS) copolymers:130 PPO is com-
patible with copolymers containing less than 56 mol % of FS
but is incompatible with copolymers with a higher FS content.

In the second case, the polymer A is incompatible with
either the polymer Β or the polymer C but is compatible with
the copolymer BC. For example, PVC is incompatible with
either poly butadiene6 or poly aery lonitrile131 but is compatible
with their copolymer containing 40 mol % of polyacrylonit-
rile. 132~1311 The ethylene—vinyl acetate copolymers form
homogeneous mixtures with PVC, provided that their vinyl
acetate content is in the range from 65 to 70 mole %.135 An
analogous "compatibility window" has been observed in the
blending of PVC with butyl aery late—aery lonitrile copoly-
mers. 1 3 6 It has been established137 that PMMA is compatible
with the styrene—acrylonitrile copolymer containing between
9 and 27 mole % of acrylonitrile. According to other data,1 3 8

PPO is incompatible with either PPCS or poly-o-chlorostyrene,
but is compatible with their copolymer in the range of PS
contents from 25 to 64 mole %.

Finally, an improvement of the compatibility of the polymer
A with the polymer Β can be achieved by replacing some of
the monomer units in the macromolecule of the polymer Β by
those of the monomer A, i .e . by blending homopolymers with
their copolymers or by blending statistical copolymers con-
sisting of the same monomers but differing in composition.
As in the previous two cases, the transition from compatibility
to incompatibility occurs very sharply at a strictly defined
ratio of the monomers. This has been shown in relation
to the blending of statistical copolymers of different composi-
tion: styrene—acrylonitrile139 and styrene—butadiene,1It0

methyl methacrylate—butyl acrylate, v*1 and butadiene—acrylo-
nitrile. 1H1 It has been shown1"13 that PMMA becomes incom-
patible with the copolymers of methyl methacrylate (MMA) with
ethyl methacrylate (EMA) or butyl methacrylate (BMA) when
the content of MMA in their macromolecules is less than 60%.w

Thermodynamic studies of the processes involving the
blending of homopolymers with their copolymers1¥t> l l f 5 greatly
expanded the existing ideas about the thermodynamics of the
blending of polymers and demonstrated the possibility of the
existence of several different thermodynamic situations, which
are illustrated in Fig. l .

1. For strong interactions between the macromolecules of
the blended polymers and for favourable steric configurations
and conformations, ensuring the formation of strong ordered
joint structures, negative enthalpies and entropies of mixing
are observed and we have \Ah | > \Ths | and Ag < 0, i .e.
the polymers are compatible over the entire composition
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range. This is observed also in the blending of the polar
polymers (CN-PMMA, CN-PVAC),U>26 aromatic polymers
whose macromolecules are capable of forming π-complexes,1ΙΛ

and also in rubber—rubber systems.1 0 0 In the latter case,
the compatibility of the polymer is promoted by the dense
joint packing of the flexible macromolecules, ensuring a
strong dispersion interaction on which the π—π* interaction
of the electrons of the double bonds is superimposed. The
limiting case in this situation involves the formation of poly-
complexes, for example the polycomplexes of polyacrylic
acids with poly (vinyl alcohol) and PAA—PEO polycomplexes.127

Negative values of all the parameters of mixing are also
observed for these systems and on the curves representing
their concentration dependence there are singular points
corresponding to a chemical compound with a stoichiometric
component ratio (Fig. lb) .

2. The blending of polymeric components is accompanied,
as in the previous case, by a decrease of the enthalpy and
entropy, but the values of Τ As and Ah either cancel out,
whereupon Ag = 0, or |TAs| > |Ah| and Ag > 0 (Figs.lc and
I d ) . This situation is characteristic of the blending of PVC
with the copolymers of vinyl chloride (VC) and vinyl acetate
(VAC),11*6 containing 17.1 and 28.5 wt.% VAC, which is
accompanied by the evolution of heat and a decrease of
entropy as a consequence of the formation of hydrogen and
EDA bonds between the macromolecules of PVC and the
copolymers. However, the miscibility of PVC with these
copolymers is limited and the positive Ag increase with
increase of the content of VA units in the copolymer macro-
molecule .

3. All the thermodynamic parameters of mixing are positive
(Fig. le), i .e. the components are thermodynamically com-
patible over the entire composition range, since processes
leading to the disruption of the structure, accompanied by

an increase of entropy and enthalpy, predominate. A
typical example of this situation is provided by the PMMA—
PBMA system, for which 32g/9u)2 < 0 (ω 2 is the weight frac-
tion of component 2), i .e. it is thermodynamically unstable.2 6

4. The compatibility of the components can be observed for
positive values of Ah and As (Fig.If). This has been noted
in the blending of the oligomeric nitrile rubber SKN-40 with
the ED-20 epoxy-resin.7 7 The combinatorial entropy of mix-
ing, which can be significant for oligomers, plays a role in
this instance.

5. The polymeric components in one composition range are
compatible (Ag < 0) while in another they are not (Ag > 0)
(Fig. lg). Under these conditions, in the region of incom-
patibility (Ag > 0), the enthalpy and entropy of mixing are
negative (Ah < 0 and As < 0), while in the region of com-
patibility (Ag < 0) these parameters are positive (Ah > 0
and As > 0). The antiparallel variation of the parameters,
observed for example, for the system comprising PMMA and
the copolymer of MMA and 26 wt. % BMA,1Uk reflects the com-
plexity of the processes occurring on blending the polymers,
which is accompanied by the disruption of the structures of
the components and the formation of new structures. The
functional groups in PMMA and its copolymers are the same,
but in BMA they are shielded by butyl groups. For this
reason, PMMA molecules interact with one another more
strongly than do the BMA units. If the copolymer macro-
molecules are inserted in the PMMA matrix, the energy
expended on the disruption of the structure is greater than
the energy gained in its interaction with PMMA. For this
region, in the composition range enriched with PMMA, we
have Ah > 0 and As > 0. Conversely, when PMMA molecules
are inserted in the copolymer matrix, the energy gained is
greater than the energy expended (Ah < 0 and As < 0). In
the first case Τ As > Ah and the components are compatible,

Agx,Ahx,TAsXi

Jg"

CN

-6

-1Z

0,2 0,6

•J

PVAC PAA

Ag,Ah,TAs,
J moF1

0.1 0.6A.

PMMA

ED-20

PBMA

0.6 I -S00

Jg-1

CPU 17.18 A)

PVC

-6

-12

O.fr^Oj!>·
1 I

d

CPL(28.58A)

U

2
CPL(26BMA)

PVC
- 2

PMMA

Figure 1. The possible cases of the dependence of the thermodynamic parameter s of
mixing on t h e composition of polymer blends (for t h e explanation, see t e x t ) ; t h e
circ les , t r i a n g l e s , and s q u a r e s denote t h e values of Ag, Ah, and Τ As r e spect ive ly .
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while in the second |TAs | > \hh\ and the blending of the
components does not occur spontaneously.

It follows from Fig.lg that the change in the sign of kg
(transition from compatibility to incompatibility) always
occurs for a component ratio which is rigorously defined for
each system, i .e. a "critical" value of this ratio, since this
entails a change in the ratio of Ah and Τ As. This accounts
for the repeatedly observed "critical" compatibility—incom-
patibility transitions in homopolymer-copolymer systems.129'139"142

6. The enthalpy and entropy of mixing have different signs
for different component ratios, as in the previous system,
but the Gibbs free energy of mixing is negative over the
entire composition range. On the curve for the concentra-
tion dependence of &gx, there is then a convex section for
which 82ο78ύϋ2 < 0 (Fig . lh) . In this composition range,
the system loses stability, but should separate into layers,
which is usually observed for liquid—liquid systems.1 7 How-
ever, as a consequence of the very high macroviscosity of
polymer blends, layer formation does not occur and a colloidal
two-phase system of this kind can exist indefinitely in a state
of metastable equilibrium. This has been observed for the
PVC—PMMA system2 6 '2 7 and for other similar systems.

IV. TEMPERATURE DEPENDENCE OF THE MISCIBILITY OF
POLYMERS. PHASE DIAGRAMS

When the temperature is altered, single-phase binary liquid
systems, including polymer solutions, undergo phase separa-
tion, which can be of the liquid—liquid type (amorphous
separation) or liquid-crystal type (crystalline separation).16'11*7

On the phase diagram, the boundary curve separating the
homogeneous and heterogeneous regions is the binodal curve
in the former case, while in the latter it is represented by
the liquidus curve.

Depending on the nature of the components mixed, in
amorphous phase separation binodal curves with upper and
lower consolute temperatures (UCT and LCT), whose thermo-
dynamic criteria are well known,1 7 are observed. Thus for
systems with UCT the excess enthalpies and entropies are
positive (he > 0, se > 0) and the second derivatives of the
average excess enthalpies and entropies with respect to com-
position are negative (327ι/3ω1 < 0, 32s/3u>f < 0); he < 0
and se < 0 are characteristic of systems with LCT, whilst
327ι/3ω2 > 0 and 9 2 δ/3ω| > 0.

This applies fully to oligomer—oligomer and polymer—polymer
systems. Consequently LCT are to be expected for systems
characterised by the situations illustrated in Figs.la and lb ,
i.e. polymer blends which are compatible at the usual tem-
peratures should separate into layers on heating. Con-
versely, blends characterised by endothermic mixing and
positive entropies of mixing, should have UCT, i .e. the
miscibility of the polymers should increase on heating. All
this should be reflected in the phase diagrams, which have
been obtained for many polymer compositions by various
methods.

The first phase diagram for a polymer—polymer system was
obtained by Allen et al.11*8 by the turbidity point method or
Alekseev's method.11*9 Subsequently this method was used
also for other polymer compositions.

The phase diagrams for oligomer—oligomer and polymer—
oligomer systems have been published in a number of com-
munications1 0 '1 2 '7 7 '7 8 '1 5 0"1 5 7 and some of these are presented
in Fig. 2. They are characterised by binodal curves with
UCT, limited mixing being observed even for oligomers with
a very low molecular weight (MW). With increase in the MW
of the components, the position of the UCT on the temperature
scale changes in different ways. Thus the UCT increases

steadily and the region of homogeneous mixing diminishes
with increase in the MW of the components in the polydi-
methylsiloxane-polyisobutylene and polyethylene-polyiso-
prene systems (Figs. 2a and 2b). The miscibility of oligo-
mers containing end groups capable of forming hydrogen
bonds (OH and others) with non-polar polymers in the region
of low MW improves with increase in MW and the UCT is
reduced (Figs.2c and 2d); this is associated with the
decrease in the fraction of polar end groups, promoting the
preferential interaction between like molecules. On further
increase of MW, the end group no longer plays a decisive role
and the UCT increases. In all cases at the usual tempera-
tures, the components exhibit limited compatibility and their
thermodynamic compatibility improves on heating. However,
when polymers having very high molecular weights are
blended, the region of homogeneous mixing is extremely
small and the UCT lies in the unattainably high temperature
range, i .e. does not occur in reality; this has been clearly
demonstrated by Kuleznev.3 The region of homogeneous
mixing can be expanded and the UCT can be lowered by
blending homopolymers with copolymers the macromolecules
of which contain the residues of the same monomers. This is
illustrated in Fig. 3, which presents the phase diagram for
poly (vinyl chloride) with vinyl chloride—vinyl acetate copoly-
mers. 1 W The figure shows that the miscibility of PVC with
the vinyl chloride—vinyl acetate copolymer containing
28.5 mole % of VAC is limited. The system exhibits a wide
range of heterogeneous mixing, which narrows appreciably
with decrease in the number of VAC units in the copolymer
maeromolecule.

τ,κ
1/S3

U13

373

PIB 0,2 0,6 PDMS
ω.

I/SO

WOO
2000 5000

Pi

313

OIB 0.2 0.6 OPG MDM 0,2 0.6 PI
COn

Figure 2. Phase diagrams for different systems: a) poly-
isobutylene (PIB, MW = 250)—polydimethylsiloxane (PDMS);1"8

b) polyethylene (PE)—polyisoprene (PI, MW = 220 000) j 1 5 1 *
c) oligoisobutylene (OIB, MW = 114)—oligo(propylene glycol)
(OPG);1 5 0 d) p-methylene dimethacrylate (MDM)—polyisoprene
(MW = 220 000);15* the numerals opposite the curves denote
the molecular weight of the second component.
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Polymers between the macromolecules where there is a
possibility of specific interaction behave differently. At the
usual temperatures they are miscible but their thermodynamic
compatibility becomes impaired on heating and they are
characterised by LCT. This was first predicted theoretically
for polymer—polymer systems in two communications8'13 and
has been demonstrated experimentally for many polymer com-
positions (Table 4).

7, Κ
U50

U00

PVC 0,8 0.6 OM
ω pvc

02 CPL(VC-VAC)

Figure 3. Phase diagram for blends of PVC with vinyl
chloride—vinyl acetate copolymers containing different amounts
of the latter (wt.%): 1 ) 9 . 2 ; 2)17.1; 3)28.5. l l l S

All that has been described above shows that the thermo-
dynamic compatibility of polymers is promoted by the possi-
bility of forming combined structures and by strong energetic
interactions between their macromolecules. Amorphous oli-
gomers and polymers whose macromolecules contain no func-
tional group are incapable of specific interactions and for this
reason their compatibility is as a rule limited over a wide tem-
perature range. Their compatibility improves on heating.
The compatibility of non-polar and weakly polar crystalline
polymers with one another and with non-crystalline polymers
is poor. Classical examples are provided by blends of poly-
ethylene with polyisobutylene 1*>13't and by blends of stereo-
regular rubbers—the polyisoprene and polybutadiene
rubbers. ** This can be explained by the impossibility of
forming a common crystal lattice.

However, it is by no means permissible to draw from this
the conclusion that the incompatibility of polymers is a rule,
as has been assumed since the studies by Dobry and Boyer-
Kamenoki.172 By selecting polymers with functional groups
having the opposite properties, between which there is a
possibility of the formation of hydrogen bonds or electron-
donor bonds, and also by reducing the size of the alkyl
moieties shielding these groups, it is possible to create
specifically thermodynamically stable polymer compositions,
a procedure which should be followed by investigators and
technologists in practice. Such compositions lose their
thermodynamic stability on heating, i .e. they exhibit LCT
and they must be obtained at temperatures below their LCT.

Table 4. Phase diagrams for polymer—polymer systems.

First component

Poly(vinylidene fluoride)
Poly(vinylidene fluoride)
Poly(vinylidene fluoride)
Poly-e-caprolactone
Poly(2,2-dimethyl-l,3-propylene succinate)
Poly(2,2-dimethyl-l,3-piopylene adipate)
Poly(methyl vinyl ether)
Copolymer of styrene with 28% of acrylonitrile
Copolymer of styrene with 28% of acrylonitrile
Copolymer of styrene with 28% of acrylonitrile
Copolymer of α-methylstyrene with 30% of acrylonitrile
Copolymer of α-methylstyrene with 30% of acrylonitrile
Copolymer of o-chlorostyrene with 47% of p-chlorostyrene •
Copolymer of styrene with 46% of p-fluorostyrene
Copolymer of acrylonitrile, butadiene, and styrene
Polyethylene
Poly(vinyl nitrate)
Chlorinated polyethylene (chlorine

content 42%)
Chlorinated polyethylene (chlorine

content 27.4%)
Chlorinated polyethylene (chlorine contents 49.8

and 51.6%)
Chlorinated polyethylene (chlorine, contents 39.1

and 61.0%)
Poly(vinyl chloride)
Poly(vinylidene fluoride)
Copolymer of butadiene with 30% of styrene
Natural rubber
Ethylene-propylene rubber (SKEPT)

M,

88 (100
88000
88 000

10000—40 000

51500
88 600
88 600
88 600
57 000
57 000

220000
52 000

29 000

300 000

15 200

20 800—25300

12 000

140000
65 000

236000
63 000

Second component

i poly(ethyl methacrylate)
poly(methyl acrylate)
poly(ethyl acrylate)
polycarbonate
polyhydroxyester of bisphenol A

1 polyhydroxyester of bisphenol A
1 polystyrene
1 poly(methyl methacrylate)
!poly(ethyl methacrylate)
polycaprolactone
poly(methyl methacrylate)
poly(ethyl methacrylate)
poly(phenylene oxide)
poly(phenylene oxide)
poly(methyl methacrylate)
polyisobutylene
poly(methyl methacrylate)
poly(vinyl chloride)

poly(methyl methacrylate)

: poly(methyl methacrylate)

poly(methyl methacrylate)

poly(methy 1 methacrylate)
poly(methyl methacrylate)

| ci's-poly butadiene
ι diviny 1 rubber
fluororubber

M,

7(12 000
—
—

29 200
23 000
23000

10000-200 000
45 600

438000
2 240

20 0f:fl—1 000 000
438000

17 000
16 900

100000
1800000

690 000
450000

56 000

12 200—72 800

64000

64000-726 000
104000

—
253 000

1 000 000

Method*

M.T.P.

M.T.P.
M.T.P.
M.T.P.
M.T.P.
M.T.P.
M.TJ>.
M.T.P.
M.T.P.
M.T.P.
M.T.P.
M.T.P.
D.N.P.
D.N.P.
L.M.
L.M.
D.N.P.
D.N.P.,
O.M..E.M.
L.M.'

L.M.

E.-P.
X.S.M.
E.-P.X.S.M.
E.-P.X.S.M.
D.N.P.
C.G.C.
C.G.C.

Type and position
of consolute
temperature

LCT; 480 Κ
LCT; 560 Κ
LCT; 420 Κ
LCT; 533-546 Κ
LCT; 440 Κ
LCT; 380 Κ
LCT, 370-480 Κ
LCT; 420 Κ
LCT; 465 Κ
LCT; 360 Κ
LCT; 43,0-480 Κ
LCT; 440 Κ
LCT; 550 Κ
LCT; 578 Κ
LCT; 413 Κ
LCT; 363 Κ
LCT; 330 Κ
LCT; 400 Κ

UCT; 340 Κ;
LCT, 353 Κ
LCT; 370-410 Κ

, .
***

488 Κ
UCT; 423 Κ
LCT; 360 Κ
UCT; 620 Κ

Refs.

|110]
[110]
[110]
[110]
[158]
[158]

[8.159]
[160]
[1611

181
|162]
[1621
[138]
[163]
1164]
[1β4|
|165)
[166]

[167]

[168]

[169]

[95,156]
[170]
[171]
[100]
[100]

• D e s i g n a t i o n s o f t h e m e t h o d s u s e d t o d e t e r m i n e t h e p h a s e d i a g r a m s : M . T . P . — m e t h o d o f t u r b i d i t y p o i n t s ; D . N . P . -

determination of the number of phases in the system from T_; L.M.—light scattering method; O.M.—optical micros-
copy; Ε.Μ. —electron microscopy; Ε.-Ρ.Χ.SΜ. —electron-probe X-ray spectroscopic microanalysis; C . G . C —
calculation from gas-chromatographic data.

**The solubility improves on raising the temperature; UCT above 433 K.
***The solubility improves on raising the temperature; UCT above 470 K.
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The application of stopped flow and reversed flow gas chromatography to the study of the kinetics of slow chemical and
physical processes in chromatographic column-reactors and also to the solution of a number of analytical problems is examined.
It is shown that stopped flow and reversed flow gas chromatography should be regarded as a variety of headspace analysis in
chromatographic column-reactors or in microreactors incorporated in a single chromatographic system.
The bibliography includes 77 references.
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I. INTRODUCTION

The advances achieved recently in the study of chemical
reactions in chromatographic column-reactors have been
determined to a large extent by the development of method-
ology and experimental technique. A number of communi-
cations and chapters in monographs published in recent
years have been devoted to the application of chromato-
graphic methods to the study of the kinetics and mecha-
nisms of reactions on the surface of an adsorbent-catalyst
or in solution in the stationary phase.1"5 However, certain
recently proposed methodological procedures are either
discussed too briefly and incompletely in the above com-
munications or are not considered at all.

This review deals with the application of stopped flow gas
chromatography (SFGC) and reversed flow gas chromatog-
raphy (RFGC) to the study of a number of slow chemical
and physical processes and also to the solution of a number
of analytical problems. From our point of view, SFGC
and RFGC should be regarded as a variety of the headspace
analytical method,6"8 which combines many of the modern
chromatographic methods based on the gas extraction of
volatile compounds from condensed liquid or solid phases.9

Two main groups of headspace analytical methods are
known: 7>8 (1) the static methods where the gas and con-
densed phases in contact form a closed system; (2) the
dynamic methods where the phases come into contact in an
open system and the gas is blown through a layer or over a
layer of liquid or a granulated solid phase. In the various
analytical and physicochemical applications of headspace
analysis, a combination of the static and dynamic versions
is frequently employed and contact between the phases is
usually achieved in autonomous vessels having a constant
volume (flask, bottle) or a variable volume (syringe), which
are not elements of a single gas circuit of the chromatograph.
The specificity of the SFGC and RFGC methods consists in
the fact that the gas extraction of volatile organic compounds
from stationary solid or liquid phases takes place directly in
the chromatographic column-reactors or in microreactors
incorporated in a single chromatographic system.

I I . STOPPED FLOW CAS CHROMATOGRAPHY

The gas-chromatographic method for the study of sorption
processes and chemical reactions with periodic arrests of the
carrier gas flow was proposed in 1967 by Phillips and
co-workers. 10~12 A fairly rigorous theory of the method,
dealing with the set of diffusion, sorption, and desorption
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phenomena and also with chemical reactions at the active
centres of the adsorbent-catalyst and the distribution of the
reactant and products between the stationary and mobile
phases under equilibrium and non-equilibrium SFGC condi-
tions, was developed by Katsanos and co-workers.13"15

The method has been described briefly in a number of com-
munications . 1~1>

Phillips and co-workers10"12 gave the name stopped flow
chromatography to the proposed method which has now been
firmly established in the English language literature (the
term "stop-flow chromatography" is sometimes encountered).
It is in keeping with the term "stop-flow spectrophotometry",
known in Russian as "metod ostanovlennoi strui" .1 6 How-
ever, the stopped flow method has been developed for spec-
trophotometric studies of very rapid chemical reactions and
is based on completely different principles and it is there-
form illegitimate to employ the phrase "gazokhromatogorafi-
cheskii metod ostanovlennoi strui" as the Russian translation
of the term "stopped-flow chromatography" (see the Russian
resume in Lycourghiotis's paper1 7) . t

In the early analytical gas chromatographic practice,
arrests of the carrier gas flow were employed in connection
with the application of combined separation and detection
methods even before the introduction of SFGC but for quite
different purposes. This concerns the "interrupted gas
chromatographic" method in which provision is made for the
arrest of the carrier gas flow every time when the compound
eluted from the separating column enters the cell of an
insufficiently rapidly responding detector or in the com-
bustion tube for the measurement of the IR or mass spectra,
the measurement of radioactivity, or elemental analysis.18*"23

We may note that many schemes proposed18"23 for gas
circuits can be used successfully also in SFGC. Certain
versions of these schemes will be considered below.

1. Principles and Applications of the SFGC Method

The traditional eluent gas chromatography is based on the
continuous extraction of the compounds to be determined by
the carrier gas from the stationary liquid or solid phases.
The method has been used successfully for the solution of
numerous analytical problems and for the physicochemical

tThe Russians use a phrase which can be translated as
"gas chromatographic method with arrests of the carrier gas
flow" (Ed. of Translation).
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study of the processes occurring in the chromatographic
column-reactors at sufficiently high rates. If a slow
physical or chemical process with evolution of a volatile com-
pound into the gas phase takes place in the column, then the
chromatographic output curve for reaction systems charac-
terised by strong retention of the reactants and weak reten-
tion of the reaction products, under the conditions of a
traditional eluent gas chromatography, has the form illu-
strated in Fig. la. The asymmetry of the product peak is in
this case due to the fact that the rate of the process inves-
tigated is lower than the rate of extraction:

kr<k., (1)

where kr is the reaction rate constant and ke the extraction
rate constant.

When the flow of carrier gas is stopped for a fixed time
Δί, the dynamic gas extraction regime is transformed into a
static regime. The volatile organic substances evolved from
the stationary phase accumulate in a limited volume in the
mobile phase in an amount sufficient for their detection in
the form of narrow and symmetrical peaks (Fig.lb) when
the gas flow is subsequently restarted. The virtually
identical degrees of spreading of the product bands after
different arrests facilitates their identification in those cases
where the impurities present in the reagent are eluted from
the column. The procedure involving the repeated and
consecutive stopping and restarting of the carrier gas flow
for a rigorously fixed period (as a rule 1—2 min) makes it
possible to measure the change in the concentration in
substance Β as a function of time. This distinguishes the

present method from the majority of others in which the
concentrations of the reactant or product thermselves are
measured and not their changes.

An important advantage of the method consists in the possibi-
lity of using it to investigate reactions which lead to several
products. If, for example, not one but two products are
formed, traditional eluent chromatography can only indicate
their formation (the break in the chromatographic output
curve in Fig. 2a), while with the aid of SFGC it is possible
to follow the changes in the ratio of the product concen-
trations as a function of time (Fig. 2b), to investigate the
multistage process mechanism, and to obtain information
about the comparative activities of the catalysts.

A distinctive feature of the SFGC method is the possibility
of following in one experiment the course of the chemical
reaction over a wide range of reactant conversions starting
from very low and continuing up to very high (99.5%) degrees
of conversion. n

At the present time many slow physical processes and
chemical reactions in chromatographic column-reactors have
become the objects of systematic study with the aid of SFGC:
dehydration of alcohols, i1»12»17»21*»25 dehydrohalogenation of
alkyl halides, 1 0 - 1 2 > 2 6 - 2 9 deamination of aliphatic and alicyclic
amines. 17»30~33 hydrocracking of paraffinic hydrocarbons, 3*
hydrogenolysis of aliphatic aldehydes, 3 5 hydrogenation of
aliphatic ketones, 3 6 deuterium exchange, 3 7 isomerisation of
n-butenes, 3 8 adsorption and desorption of η-heptane in
carrier gas—modified A12O3 or porous glass systems, 3 9 and
diffusion of ethylene, propene, and diethyl ether molecules
in nitrogen. M

Together with the physicochemical applications, interesting
possibilities of using SFGC for analytical purposes have
been discovered (see below).

Figure 1. Approximate form of the chromatographic output curves for the reaction A -•· Β in the column-reactor
under the conditions of traditional eluent gas chromatography and gas chromatography with a single arrest of
the carrier gas (for explanations, see text).

t, min
Figure 2. Chromatographic output curves'for the reaction A ->• Β + C in the column-reactor: n

a) traditional eluent chromatography; b) SFGC.
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0 t, t£ ti t, min

Figure 3. Typical chromatogram illustrating the possibilities of the SFGC method in the study of the kinetics
of the first order chemical reaction A ->B in the column-reactor (for explanation, see text).

2. Determination of the Rate Constants for Chemical and
Physical First Order Processes

Phillips et al.1 0 examined the possibility of investigating
the kinetics of four types of first order chemical reactions
by the SFGC method.

1. Isomerisation of A to Β:

A i B . (2)

2. Decomposition of A with formation of one (B) or several
products:

A4- (3)

3. The formation from A of two (for example, Β and C) or
more products via independent parallel pathways:

*B

(4)

4. Consecutive conversion of A into Β and then of Β into
C:

Aii-Bif-C (5)

The initial approach to the interpretation of the experi-
mental results1 0"1 2 was based on the model of linear and
ideal chromatography, which was itself based on two impor-
tant assumptions: the constancy of the partition coefficients
of the compounds eluted in the course of the experiment and
the instantaneous establishment of equilibrium between the
phases in the column-reactor. It was also assumed that
the surface of the adsorbent-catalyst contains centres with
identical catalytic activities and that, when the carrier gas
flow is interrupted, the chemical reaction proceeds under
rigorously static conditions. In this case, when the flow
of the carrier gas is restarted, one records the so called
"stop-peak", whose area is rigorously proportional to the
amount of product formed during the arrest.

It has been suggested that the rate constant for the
reversible first order reaction (2) be found from the equa-
tion

fe= [In (Λτ,/Λτ.) ]//(',-/.) (6)

where P1 and Pj are quantitative parameters (the areas or
heights) of the first and ith "stop-peaks" respectively, τχ

and τ; are the durations of the first and ith arrests respec-
tively, t1 and ti are the instants corresponding to the centres
of the first and ith arrests respectively, and f is the fraction
of reactant molecules sorbed by the active centres on the
surface. #

If the product kfτ is fairly large (exceeds 0.3, which is
rarely observed in the experiment), the rate constant is
found from the equation

k = sinh)(A:/T,·)] /Pi (7)

In order to increase the accuracy of the calculation, it
has been recommended10 that the areas (or heights) of the
most remote "stop-peaks", referring to the beginning and
end of the reaction (Fig.3), be compared and that the calcu-
lation from the intermediate parameters (for close values of
Γ) be carried out only in order to estimate the stability of
the operation of the column-reactor and to find the order of
the reaction.

#The numerical values of f are determined by the ratio

^ ^ ^ ' ^ w ^ e e ^A * s ***e c o r r e c t e d retention

time of the reactant and tM the dead time. In the majority of
cases f is close to unity (0.985-0.987). When the direct
experimental measurement of t' is impossible, it can be
found indirectly.29
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We emphasise that, in the derivation of Eqns.(6) and (7),
the duration of the arrest of the carrier gas is not stipu-
lated10 and that in principle it can vary (shorter at the
beginning of the experiment and longer at the end). The
only important factor is that the time during which the car-
rier gas flow is stopped should be significantly shorter than
the half-life of the reactant. However, if one specifies
the constancy of the duration of the arrests, then the numer-
ical value of k can be found graphically with the aid of the
relation:29

(8)
2.303

In order to calculate k for reaction (3) by Eqns.(6) and
(7), the areas or heights of the "stop-peak" for any one,
two, or all the compounds formed are measured. The last
method is preferable if the chromatographic bands of the
products are sufficiently separated.

For parallel reactions, for example, reaction (4), the ratio
of the quantitative parameters of the peaks of compounds Β
and C after each arrest of the gas flow should be constant
and the observed rate constant for the consumption of the
reactant (k1 + k2) is calculated, as in the previous case,
from the sum of the areas or heights of the "stop-peaks"
Β and C. The ratio of the areas of peaks Β and C, adjusted
to the same detection sensitivity and recorded after each
arrest of the carrier gas, is equal to the ratio of the rate
constants fcg IkQ.

Finally, when the consecutive reactions (5) take place,
the ratio of the quantitative parameters of the "stop-peaks"
of the products Β and C does not remain constant. Fur-
thermore, only the "stop-peaks" Β will be symmetrical on
the chromatograph. The superposition of the "tails" of the
peak due to the reactant A and of the band of the interme-
diate compound Β (formed continuously from A) hinders the
differentiation of the band of the product C, which is formed
during the arrest of the carrier gas flow (i.e. the "stop-
peak" C). As a result, the accuracy of the determination
of the rate constants for both the first stage (from the sum
of the areas or heights of the "stop-peaks" of compounds Β
and C) and for the second stage (from the areas or heights
of the "stop-peaks" C) is reduced. The accuracy of the
determination of k2 can be increased by measuring the rate
constants for the second stage in independent experiments
when the pure substance Β is injected into the column-reac-
tor.

In 1975—1978 Katsanos and co-workers developed a theory
of the SFGC method on the basis of more complex models
taking into account the non-ideality and non-equilibrium
nature of slow diffusion and sorption processes in the
column-reactor13»11* and discussed the characteristic features
of a first order chemical reaction in a dynamic regime under
the conditions of ideal chromatography15 taking into account
the experimentally established fact that several (at least two)
types of active centres exist on the surfaces of alumino-
silicate catalysts. ^

In the discussion of their model, the authors1 3"1 5 rule out
the spreading of the "plug" of the reactant or adsorbate
vapour localised in the initial section of the space within
the column-reactor and make the assumption that the iso-
therm of the distribution of the adsorbed species on all the
centres is linear and that there is no longitudinal diffusion
in the gas phase. For non-reaction systems, it is assumed
that the establishment of interphase equilibrium in the
column-reactor is inhibited solely by adsorption-desorption
processes.13»11* On the other hand, in describing the
behaviour of the reaction system, the influence of sorption

and diffusion processes is ruled out and the instantaneous
distribution of reactants and products between the stationary
and mobile phases is postulated.13

Having analysed the material balance established in the
column-reactor throughout three artificially specified time
intervals—before the first arrest, during the arrest, and
after the flow has been restarted, Katsanos obtained a
fairly cumbersome expression relating the area or height
h of the "stop-peak", the duration of the arrest of the car-
rier gas flow ts, and the rate of formation of the products
R . 30-33

& V

(9)

where α is a proportionality constant, m the mass of the
injected reactant, and g^ the fraction of reactant A
absorbed on the ith active centre:

V
k-ι being the sum of the products

For the simplest case of the irreversible first order reaction
A •* D on active centres of only one type without the forma-
tion of the intermediate B—S, i.e.

A + S^TA—S-tD—S'̂ D + S «

Eqn.(9) reduces to Eqns.(6) and (8). The applicability of
Eqn. (9) has been confirmed in an experimental study by the
SFGC method of the deamination of a number of aliphatic
and alicyclic amines on the surface of A12O3

 30>31 and silica
gel32 and also in a study of the kinetics of the dehydration
of cyclopentanol and cyclohexanol on the surface of A12O3

irradiated with neutrons in a nuclear reactor. 2 S

In analysing the Katsanos model,15 it is logical to assume
that only part of the reactant is consumed in the formation
of volatile products on the ith active centres of the adsor-
bent-catalyst; an appreciable fraction of the reactant can
be sorbed irreversibly on active centres of another type with
formation of involatile compounds, which should be mani-
fested by a reduced conversion Q of the initial alkyl halide,
alcohol, or amine. For example, in relation to the deamina-
tion of cyclohexylamine on two types of active centres on
the A12O3 surface, the following inequality holds for Q:

Q = (*iV + k[ 6iV< (10)

The similarity of the numerical degrees of conversion of
the initial cyclohexylamine into cyclohexene, calculated by
Eqn.(10) and found by means of independent direct measure-
ment, which has been discovered by Vattis et al.,3 3 char-
acterises the Katsanos model as fairly flexible. Neverthe-
less, we emphasise that the elimination of the influence of
sorption and diffusion processes on the establishment of
interphase equilibrium in the column-reactor during a chem-
ical reaction, which has been adopted in this model,15 is an
artificial procedure which facilitates a formal description of
the system within the limits of the conditions formulated.
In fact the rate of accumulation of the product in the gas
phase is an additive quantity determined by the set of the
stages involving chemical reaction in the condensed phase
and partition in the condensed phase—gas system. Only
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when condition (1) holds, is it possible to obtain information
about the chemical process from the results of headspace
analysis. If, on the other hand, kr » ke, then the slope
of the resulting relation will characterise the rate of mass
exchange (the rate of extraction).

under real experimental conditions, particularly in the
study by the SFGC method of chemical reactions in solution
in the stationary phase, situations frequently arise where
kr = ke. The linear relation (8) is then transformed into a
non-linear relation, because two exponential functions are
superimposed, which is formally analogous to the case of two
consecutive-parallel first order processes.

Thus the optimisation of the conditions under which head-
space analysis is employed, including the conditions in a
version of the SFGC method, for the investigation of the
kinetics of the chemical process in the condensed phase
should consist in seeking a regime ensuring the validity of
inequality (1). In many instances, this problem can be
readily solved when chemical reactions are carried out at
fairly high temperatures on the surface of adsorbent-cata-
lysts such as A12O3, molecular sieves, and coarsely porous
glass. At high temperatures, conditions governing the
desorption of the volatile products formed do not limit the
rate of their accumulation in the gas phase and the experi-
mental relation (8) obtained makes it possible to find the
constant for the rate of the chemical process on the surface
of the adsorbent-catalyst.

3. Apparatus

The possibility of constructing gas connector schemes for
SFGC on the basis of the experience gained in the develop-
ment of combined gas-chromatographic analytical methods
(interrupted gas chromatography) has already been mentioned
above. The simplest versions of these schemes have been
designed for use in a column-reactor linked directly to the
detector (as a rule a flame-ionisation detector). The taps
switching the gas flow are located outside the thermostatted
zone directly ahead of the chromatograph evaporator.10 In
order to smooth the pressure drops in the system when the
gas flow is switched off and then switched on, Katsanos and
co-workers13'29 used two consecutive stopcocks separated by
a buffer reservoir (0.5—1.0 litre). We may note that this
complication of the gas circuit of the apparatus is not
essential, since the change in pressure in the column during
the alternation of the arrest and flow of the gas has itself
little influence both on the effectiveness and degree of
separation. Thus, according to Walker and Wolf's data, 22

three consecutive arrests of the carrier gas flow lasting
0.5 min each caused a change in the effectiveness of the
operation of the column and in the degree of separation of
model hydrocarbon mixtures just as insignificant as a single
arrest lasting 1.5 min.

The duration of the arrest of the carrier gas flow has a
much greater influence on the spreading of the band in the
column working in the SFGC regime. By carrying out
comparative tests of three versions of the gas circuit, the
authors 22 established that, when any one of the versions
with both packed and capillary columns is used, brief
interruption of the carrier gas flow (for 1—2 min) causes an
insignificant alteration in the effectiveness and the degree
of separation, which are, however, significantly reduced
when the duration of the arrest is increased to several min-
utes, an analogous conclusion concerning the inverse
proportionality between the duration of the arrest and the
effectiveness of the column was reached in another study.2 3

A gas circuit similar to those employed in the studies men-
tioned20'22'23'33 exhibits an appreciable inertia. Thus,
according to data of Liebman et al., 20 the lag during the
period from the instant of turning the tap to the complete
arrest of the carrier gas was 20 s, while according to other
data33 the difference between the specified and actual
durations of the arrest reached 40 s. In the vast majority
of studies carried out using SFGC, arrests of the carrier
gas of identical duration (1—10 min) were specified and for
this reason the corrections to the results of experiments
associated with the inertia of the gas circuits were not made.

However, changes in the duration of the arrests of the
carrier gas flow constitute a useful procedure when sec-
ondary processes accompanying the chemical reactions
investigated appear, for example, autocatalysis by the water
evolved or polymerisation of the olefins formed on dehydra-
tion of alcohols. zk In those cases where the reactant arrest
time is short, it is possible to formulate a series of experi-
ments with single arrests of the carrier gas flow, which,
however, are of different duration. 3tt>'iZ>h3 it has been
observed1*1* that, when very short arrests of the carrier gas
flow are specified (down to 30 s, 5 s, or even 1.5 s ) , each
resumption of the gas flow is accompanied by the recording
of a negative signal.

In the majority of the reaction systems investigated by the
SFGC methods, the expected composition of the product
formed was fairly simple and there were no difficulties with
their identification. In doubtful cases the procedure
involving the trapping of the eluate fraction at the outlet
from the column-reactor with its subsequent chromatography
on analytical higher performance columns under the condi-
tions of traditional eluent chromatography was resorted to.
With the outlet from the reactor column connected directly
to the detector, it is possible to obtain kinetic data for the
variation of the overall composition of the products. The
combined schemes, tested successfully in our laboratory,lf5>1*6

are useful for the investigation of the kinetics of the forma-
tion of individual compounds. They include a column-reactor
and an anlytical column located in autonomous thermostats
of gas chromatographs (for example, of the Tsvet-100 series).

4. The Principal Results of Kinetic Studies by the SFGC
Method

There exists a possibility, in principle, of using SFGC
for the investigation of both heterogeneous catalytic pro-
cesses and homogeneous reactions carried out in solution in
the stationary and liquid phase (see, for example, Refs . l l ,
12, and 47). However, in practice the gas-adsorption
version of chromatography is usually employed. Column-
reactors 3—4 mm in diameter and 30—150 cm long are filled
with adsorbents (A12O3, modified alkali metal halides, silica
gel, or coarsely porous glass) ensuring the stable retention
of the reactant (alcohols, alkyl halides, amines, carbonyl
compounds) and the rapid elution of the products of the
dehydration, dehydrohalogenation, deamination, and hydro-
cracking reactions.

Experimental conditions under which the retention time of
the reactant amounted to tens of minutes, hours, or even
days while the retention time of the product was 1-5 min
were selected for each type of reaction system, which made
it possible to record tens and sometimes even hundreds of
"stop-peaks" in a single analytical cycle for the duration
of arrests of the carrier gas flow between 30 and 120 s.11'21*
The treatment of the experimental data consisted in the
plotting of kinetic curves corresponding to an equation of
type (8). Among the systems investigated, the simplest
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Figure 4. Chromatogram obtained in the study by the SFGC method of the dehydrobromination of isobutyl bromide
on the surface of A12O3 with 10 wt.% of LiCl: 2 7 A) isobutyl bromide; A') t-butyl bromide; B) isobutene (from
isobutyl bromide); C) isobutene (from t-butyl bromide).

relations have been found for the dehydrohalogenation reac-
tion. The reactants employed were cyclohexyl bromide,
cyclohexyl chloride, cyclopentyl bromide10 and also n-, s-,
iso-, and t-butyl bromides.33'31* The catalyst was γ-Α12Ο3

modified (10 wt.%) by the salts KC1, NaCl, CsCl, LiCl,
KBr, NaBr, KI, and Nal. The reaction was carried out at
different temperatures in the range from 50 °C to 150 °C.
Depending on the specific reaction system and the experi-
mental temperature, the numerical values of k varied from
20-30 s"1 to 30 min~a and those of Ea from 50 to 130 kJ ΙΏΟΓ1.
The simplicity and clarity of the experiment made it possible
to recommend the investigation of the kinetics of the
dehydrohalogenation of isobutyl bromide on an A12O3 sur-
face (with 10 wt.% of NaBr) by the SFGC method as a
laboratory task in a University practical physical chemistry
course. 2 9§

It has been possible to establish by the SFGC method2 7

that the nature of the anion of the salt modifying agent
has a major influence on the kinetics and mechanism of
dehydrohalogenation. In particular, in experiments with
isobutyl bromide and A12O3, modified by alkali metal chlo-
rides, after several single "stop-peaks" of the expected
product (isobutene), two peaks began to be recorded on
the chromatogram after each arrest of the carrier gas flow
(Fig. 4). The study of the kinetics for each series of
"stop-peaks" showed that two parallel reactions take place in
the column-reactor, one of which is described by a first
order kinetic equation and the other by a zero or first order
equation, but with a very low rate constant. On the basis
of the evidence that both peaks observed are due to iso-
butene, the authors 2 7 suggested that the initial isobutyl
bromide undergoes on the surface of the catalyst, together

§A similar task has been successfully carried out for
several years by the students of Course IV in the Gas Chro-
matographic Laboratory of the Faculty of Chemistry at
Leningrad university.

with the elimination of HBr, isomerisation to t-butyl bromide
which subsequently also loses HBr with formation of iso-
butene:

HSC—CH—CH,Br
I

CHa

. H,C=C—CH3

The double "stop-peaks" continued to be recorded until the
elution from the column of the broad band due to t-butyl
bromide, after which (until the initial isobutyl bromide
emerged from the column) single "stop-peaks" were recorded
on the chromatogram as at the beginning of the experiment.

When A12O3 modified by potassium iodide (10 wt.%) was
used, double "stop-peaks" were also observed, 2 8 but, in
contrast to experiments with A12O3 treated with an alkali
metal chloride, these continued to be recorded even after
the initial reactant had emerged from the ..column. Hence it
was concluded that in the given case the initial isobutyl
bromide is converted, via the intermediate formation of
carbenium ions, into an alcohol which is dehydrated very
slowly at the selected temperatures (-80—100 °C) and which
is very strongly retained by the active centres of the
adsorbent.

However, if the multistage mechanism of the dehydrohalo-
genation of isobutyl bromide by A12O3 modified using metal
chlorides is represented by

HjC—CH—CH,Br;
I

CH3

1 H,C—CH—CH, •

CHS

• H,C—C-CH3*

CH3

Br
I

. H J C - C - C H J
I

CH.

I
CH,

taking into account the scheme examined by Katsanos and
co-workers, 2 7 > 2 8 the problem arises how rigorous is the
attribution of the markedly different numerical values of k
and k' to the different reactivities of isobutyl and t-butyl
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bromides respectively. It is most probably caused by the
differences between the stabilities and reactivities of the
intermediate isobutyl and t-butyl cations.

We may note that the dehydrohalogenatiorf reaction on the
surfaces of the catalysts specified above are the only ones,
among those investigated by the SFGC method, for which
the carbenium ion mechanism has been adopted. For the
related heterophase dehydration and deamination reactions,
a concerted mechanism of the processes (trans-elimination)
has been reliably demonstrated.

Another important result of the application of the SFGC
method to the study of the elimination reactions is the con-
clusion that each can be carried out simultaneously on
several (two—three) types of active centres on alumino-
silicate catalysts. Attention was first drawn to this fact
by Phillips et a l . 1 2 The experimental kinetic curves for
the dehydration of primary, secondary, and tertiary C2—C8

alcohols21* on the surface of γ-Α12Ο3 with 10% of KC1 were
very close to the kinetic curve for the simultaneous decom-
position of two radioactive isotopes. The conclusion that
there are two types of active centres on the catalyst surface,
drawn from the finding, is supported by the available
information1*1 concerning the presence of two types of alu-
minium ions in γ-Α12Ο3 (in tetrahedral and octahedral coor-
dination states). Phillips and co-workers21* do not rule out
the presence on the surface of unmodified γ-Α12Ο3 and also
of catalytic centres of a third type distinguished by an
increased activity and suggested that the role of the modi-
fying agent employed (KC1) consists in passivatin^ these
centres.

Subsequently the hypothesis of the possibility of the
simultaneous dehydration on all three types of active centres
was confirmed experimentally25 and similar relations were
observed also in the study of the deamination reaction. 3 2

The observation of identical kinetic relations for the
deamination and dehydration reactions on the surfaces of
aluminosilicate catalysts is noteworthy. The experimental
kinetic curves for both processes using different A12O3,
porous glass, and silica gel specimens as catalysts at rela-
tively low temperatures pass through a maximum and then fall
steeply. An increase of temperature leads to the disappear-
ance of the ascending section of the curve and to the •-.-.
approach of the remaining descending branch to the form of
a simple exponential relation.

Mathematical analysis of the kinetic curves obtained showed
that they can be adequately described by the following
empirical equations:

(11)

(12)

i?=a,exp(—δ,

R = 2 [ai exp (— W)l - a, exp ( - btt) .

where R is the rate of formation of the product and aj and
bj are positive constants which depend on the catalyst, the
reaction investigated, and temperature. Eqn.( l l ) is valid
for processes which proceed with participation of two types
of active centres on the catalyst surface (deamination of
amines on the A12O3 surface3 0»8 1), while Eqn.(12) character-
ises reactions occurring on active centres of three types
(deamination of amines on the surfaces of coarsely porous
glass and silica gel , 3 2 dehydration of alcohols on the A12O3

surface irradiated with neutrons25).
Both empirical equations, (11) and (12), agree fully with

Eqn.(9) proposed previously.15 The rate constants klt k\1',
k\2\ and k{3) were found from graphical relations of type
(13) or using non-linear regression analysis with the aid of
a computer. 2 5

Since the absolute numerical values of k (like the absolute
retention parameters in gas chromatography) are influenced
by various experimental factors (the characteristic features
of the preparation and conditioning of a particular column-
reactor, its size, e t c . ) , it was suggested as early as 1970 2I*
that the relative reactivities of the substrates be estimated
by the method of competing reactions, injecting simultane-
ously into the column-reactor a mixture of two alcohols—the
test alcohol and one selected as the standard. Unfortu-
nately, this procedure was not developed in the subsequent
practical employment of SFGC. Furthermore, the error in
the measurement of the absolute values of k, obtained in
experiments on different apparatus and columns, can reach
400%, while the reproducibility of the relative quantity k^lk2

is to within 10-15%. 2I*

As a consequence of the very strong sorption of alcohols
on the A12O3 surface, the reactants hardly move in the col-
umn-reactor along the catalyst bed, which makes it possible
to carry out a very large number (tens and hundreds) of
measurements in each individual experiment in the study of
dehydration kinetics by the SFGC method. Throughout
such a long cycle, it is possible to carry out a stepwise
variation of the temperature of the column-reactor and to
obtain data necessary for the determination of the activation
energy Ea without resorting to the additional injection of
reactants. Phillips and co-workers21* note correctly that the
inadequate accuracy of the measurement of the numerical
values of Ea (±1.5 kcal mol"1) precludes any reliable conclu-
sions about the character of the variation of Ea as a function
of structure within the limits of an isotypical series (for
example, in the series of normal primary or normal secondary
alcohols), which, in their view, would have been possible if
the error could be reduced to ±0.5 kcal mol"1. Nevertheless,
their results21* reveal an appreciable difference between the
activation energies for the dehydration of primary alcohols,
on the one hand, and secondary and tertiary alcohols, on
the other. One should note the proportional variation of
the numerical values of Ea and In A (the pre-exponential
factor in the Arrhenius equation), which indicates the opera-
tion of the so-called compensation effect.

Most of the results obtained in the above study21* refer to
the kientics of the dehydration reaction on "slow" active
centres of the modified A12O3. Katsanos and co-workers25'32

determined and compared the numerical values of Ea and In A
for each type of "slow" and "fast" active centres on the
catalyst employed in the deamination and dehydration reac-
tions. Having confirmed the operation of the compensation
effect in all cases, they concluded that each type combines
a group of centres characterised by the same values of
In A but different Ea.

 2S

The application of the SFGC method to the study of the
kinetics of the hydrocracking of hydrocarbons on the Ni—SiO2

surface at temperatures in the range 160—220 °C established
unusually high values of Ea (300—550 kJ mol"1); the values
of Ea depend so strongly on the structural features of the
compounds of a particular homologous series (n-alkanes,
isoalkanes, and cycloalkanes) that this can be used in group
analysis.31*

Subsequently the behaviour of aliphatic aldehydes3 5 and
ketones3 6 on the Ni—SiO2 surface at temperatures in the
range 130—200 °C was investigated. It was established that,
under the given conditions, the reactions involving the
hydrogenolysis of aldehydes and the dehydrogenation of
ketones respectively predominate. The hydrogenation of
aldehydes and the hydrocracking of the resulting alkanes
are concomitant processes whose role increases with increase
of temperature. At a temperature of 300—350 °C, the only
reaction products are methane and water, which agrees with
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the data obtained in our laboratoryU using a nickel—aluminium
catalyst prepared in accordance with the recommendations of
Grumbuller et al.1*8

Scott et al.3 5 suggest that the hydrogenolysis of aldehydes
is limited by two kinetically independent consecutive stages:
the RCH2CHO molecules adsorbed initially on the surface are
slowly cleaved to the alkane RCH3, which is desorbed to the
gas phase, and the CHO fragment, which remains in the
adsorbed state and is in its turn slowly reduced to CHî

Ketones are hydrogenated in one stage and the similarity
of the kinetics of the reduction of the intermediate HCO in
the case of aldehydes and adsorbed molecules of the ketones
RR'CO, established by Abdulah and Sulaiman,36 is an
important experimental fact.

5. Application of Discrete Gas Extraction in a Single Chro-

matographic System to the Solution of Analytical Problems

As already mentioned above, apart from the rigorously
stoichiometric reaction in the chromatographic column-reactor
in accordance with schemes (2)—(5), some of the reactant
molecules can be sorbed irreversibly on the surface of the
sorbent-catalyst with formation of involatile compounds and
can also be converted into side products (mainly relatively
involatile polymers); sometimes, and this is especially
characteristic of reactions in solution in the stationary liquid
phase, the "breakthrough" of the reactant through the reac-
tor is observed. The knowledge of the amount (fraction)
of the reactant which has reacted is important for the esti-
mation of the degree of conversion via the relevant pathway.

In the quantitative reaction of the reactant via pathways
(2)—(5), the determination of its initial content in samples
analysed having a complex composition is an important task
for analytical reaction gas chromatography. The method of
determining the initial concentration of the reacting compound,
based on the knowledge of the kinetic parameters of the reac-
tion, was first proposed in a studylt9 where a pulsed chro-
matographic method was used to measure the reaction rate
constant k and the current concentration of the reactant CJ
at time ti, this being followed by the calculation of the initial
concentration c0 by the familiar equation

* = -Lln-&- .

The method was tested in relation to the interaction of buta-
diene with maleic anhydride. The chromatographic reactor
was placed beyond the separating column. The time of
contact between the reactants was determined by carrying
out experiments at different carrier gas flow rates on the
assumption that the contact time is inversely proportional
to the gas flow rate. In order to determine CJ, a non-
reacting compound (internal standard) was introduced into
the initial specimen. The disadvantages of this method are
the long time required, the necessity for several analytical
cycles with the reactor disconnected or connected at differ-
ent carrier gas flow rates, and the difficulties in the selec-
tion of a suitable standard compound.

A chromatokinetic method has been developed recently1*6 for
the determination of the initial content of the reactant, based
on the discrete extraction of volatile products from the reac-
tion zone of the chromatographic reactor by the carrier gas.
The combination in a single analytical cycle of the stages
involving the measurement of the reaction rate constant k
and the determination of the amount of products mf formed

1f See Β.V.Stolyarov and E.E.Galev "Tezisy Dokladov IX
Vsesoyuznoi Konferentsii po Gazovoi Khromatografii"
(Abstracts of Reports at the IXth All-Union Conference on
Gas Chromatography), Kuibyshev, 1987 (in the press).

during a fixed period if must be regarded as advantages of
this method. The constant k was measured by the SFGC
method using Eqns.(6) and (8). The amount of products
formed during a specified time was found by the method
involving the absolute calibration of the chromatograph.
The method was tested successfully in relation to the dehy-
dration of cyclohexanol and also s- and t-butyl alcohols to
the corresponding olefins in a chromatographic column-
reactor on the surface of a diatomaceous carrier coated with
a layer of phosphoric acid. The initial content of the
alcohol m0 was found from a rearranged first order kinetic
equation:

mo=m,/(l-e-k') . (13)

The relative error of the determination did not exceed 10%
on average.

Equations analogous to Eqn.(13) can be used also to deter-
mine the content of the substance which has reacted in the
quantitative headspace analysis of reaction systems in auton-
omous reactors outside the chromatograph.50'51

A discrete gas extraction procedure, analogous to the SFGC
method in its experimental aspect, has been used52'53 to
investigate the dynamics of desorption and to determine the
overall content of volatile impurities in polymeric materials.
The finely dispersed polymeric material was placed in a glass
insert in one of two parallel evaporators of the chromato-
graph connected to the analytical column via a T-junction.
The carrier gas was passed periodically either through the
empty evaporator or through the chamber with the specimen,
all the volatile products evolved into the gas phase during
the preceding period being directed to the column. Since
the rate at which the volatile impurities are transferred from
the solid polymer to the gas phase is proportional to their
concentration and formally obeys a first order kinetic equa-
tion, the overall content of the volatile component can be
found, according to Kolb and Pospisil,S2>53 from the results of
only the first two extractions.

The problem of determining the overall content of the
volatile impurities diffusing from polymeric materials has been
solved in a more general form by Ioffe and co-workers, who
suggested that the results of discrete gas extraction in open
systems be subjected to a treatment involving the measure-
ment and subsequent allowance for the so-called buffer
coefficient Β, which characterises the fraction of the non-
extracted substance and is equal to the ratio of the areas S
or the heights h of the peaks on the chromatograms of the
vapour phase obtained in two successive extractions:5If

where m is the mass of the extracted substance, CQ the con-
centration of the extracted substance in the gas phase, and
η the number of the extraction.

In the general case, the quantity Β can change during
extraction, but for analytical purposes systems characterised
by constant buffer coefficients are the most suitable. For
Β = const, the amounts of substance contained in the extract
form a geometrical progression with Β as the denominator and
the total amount of substance extracted Mo can therefore
be determined without carrying out an exhaustive extraction:

in
r<

w

e
f<
t<
s
s

t :

t :

t:

ο

t:

a

t

s

ο

q
t
t
f
r

f
c
a
\
a
r
s
t

r

l-B (15)

The number -of successive extractions necessary for the
accurate estimation of the buffer coefficient by Eqn.(14)
should be as small as possible owing to the risk of the dis-
torting influence of the "memory" of the apparatus and the
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impairment of the phase equilibration conditions after many
repetitions of the cycles involving flushing of the chamber
with the specimen by the extractant gas . 5 S

The authors of all the published studies on the practical
employment of SFGC methods have failed to note the inter-
fering influence of the above factors, although, according
to the data of Ioffe et al., 5 S one cannot rule out the unde-
sirable manifestation of the "memory" of the chromatographic
system, especially after a large number of cycles involving
the arrest and movement of the carrier gas. As a result of
this, it is necessary to ensure fairly high concentrations of
the compounds extracted in the gas phase and to confine
oneself to the minimum necessary number of extractions for
the solution of the given specific problem.

For a number of reaction systems resistant to high temper-
atures and characterised by low partition coefficients of
the products formed, even a single arrest of the gas flow,
sometimes combined with a sharp increase of the temperature
of the column-reactor during the arrest, can ensure the
quantitative conversion of A into Β and the exhaustive extrac-
tion of the products from the condensed phase. The effec-
tive concentration of the impurities during their desorption
from the surface of the sorbent in the absence of chemical
reaction can be ensured in exactly the same way. 5 6

The first example of the employment of the SFGC method
for strictly analytical and not kinetic purposes has been the
concentration, proposed by Phillips and co-workers, 1 1 ' 1 2 of
aliphatic alcohols as microimpurities from air or organic sol-
vents on A12O3 with their subsequent dehydration involving
a single arrest of the flow (for 7 min) and with the simulta-
neous increase of temperature from 150° to 450 °C. The sub-
sequent cooling of the column-reactor to the initial tempera-
ture and the restart of the carrier gas flow lead to the
recording on the chromatogram of distinct olefin peaks, which
are readily susceptible to integration.

A second example of the successful employment of a single
arrest of the gas flow for analytical purposes is provided by
a study carried out recently in our laboratory. t It was
shown that a single arrest of the gas flow lasting 1 min is
sufficient for the exhaustive hydrogenolysis of organic
compounds of different classes on the surface of a nickel-
aluminium catalyst in a hydrogen atomsphere at 350-400 °C.
The new simple method for the determination of the total
organic carbon in water and in aqueous solutions, developed
in the above study, is based on the exhaustive conversion
of carbon-containing compounds into methane, which is
extracted in a single step by the mobile phase (hydrogen)
from the surface of the catalyst. The relative error did not
exceed 10% and the threshold sensitivity was 5 mg C litre" 1.

The disadvantages and limitations of headspace analysis
in the SFGC version in the solution of both kinetic and
analytical problems should be noted. In the first place, the
method is applicable only to the investigation of processes
whose kinetics are described by first order equations. The
second disadvantage is the reduction of the accuracy of
the measurement under the influence of diffusion of the
extracted substance in the mobile phase during the arrest of
its movement, which is aggregated by the inertia of the gas
circuit usually employed. An important limitation of the
application of the SFGC method to the study of reaction
systems is the necessity to ensure a greater retention of the
reactant by the stationary phase compared with the retention
of the products.

tSee B.V.Stolyarov and E.E.Galev, "Khimiya i Tekhnolo-
giya Vody" (The Chemistry and Technology of Water) (in the
press) .

I I I . REVERSED FLOW GAS CHROMATOGRAPH

1. Principles, Apparatus, and Applications of RFGC

The gas chromatographic method with periodic change
(reversal) of the carrier gas glow (RFGC), which is related
to the SFGC method but is free from its main limitations,
was proposed in 1980 by Katsanos. 5 7 ' 5 8 The initial versions
of the RFGC method were designed for the measurement of
the kinetic parameters of chemical reactions on the surface
of the adsorbent-catalyst in chromatographic column-reac-
tors (a simple single stage first order reaction processes
including two consecutive stages). 5 7 ) 5 8 However, subse-
quently the applications of the method were greatly extended
and RFGC was used to investigate the dynamics of adsorption
and desorption, to measure the diffusion coefficients of
volatile compounds in different gases, and to determine the
activity coefficients of components of solutions. 5 9 The
relative molar responses of the thermal conductivity detector
and hence the molecular diameters and the critical volumes
of different gases, the Lennard-Jones parameters, and the
coefficients of the mass transfer of n-alkanes from the sur-
face of Porapak Ρ to a mobile gas phase (see below) have
been measured recently by the RFGC method.

The fundamental possibilities of the RFGC method are
illustrated in Fig.5. In contrast to SFGC, in the RFGC
method the products concentrated in a limited volume of the
mobile phase are sampled at fixed times by the repeated
alteration of the direction of flow of the mobile phase and not
by means of periodic arrests of the carrier gas flow. We
shall consider one of the possible versions of the apparatus
for the method. The reactor has the form of a T-piece,
two arms of which (Z and I') are alternately flushed with
the carrier gas in opposite directions (F and R) by rotating
the shell of the switching six-way tap ST (Figs.5a and 5b).
The third arm L is at right angles to the first two and is
used either for the evaporation of the reactant or for its
pulsed injection directly into the adsorbent or catalyst bed.
The catalyst or adsorbent are placed in sections Ζ and V in
the stream of carrier gas. The gas circuit includes also the
separating analytical column AC, which can be replaced by
a permanent constriction. If after the injection of the
reactant the position of the shell of the switching tap ST is
altered periodically (at time intervals exceeding the retention
time iRB °f t n e products in sections Ζ and Z' respectively),
then one obtains a series of the so called F and R peaks
associated with the movement of the gas in the forward (F)
and reverse (R) directions. Each reversal of the gas flow
then leads to the effective compression and symmetrisation of
the band of the product continuously extracted from the
reaction zone by the moving gas (Fig.5c).

The effectiveness of the concentration of the product in
the gas plug directed to the detector can be increased by
employing double flow reversal, which is entirely analogous
to the replacement of single gas extraction by two consecu-
tive extractions using the same volume of extractant gas.
Having reversed at time t x > tjjjj the initial direction of the
gas flow (F) to give the opposite flow (J?) and without
waiting for the recording of the peak of the extracted sub-
stance on the chromatogram, the tap is turned again, after
a time interval Δί (several seconds) shorter than the reten-
tion time of the product tRB in the I and Z' sections of the
reactor, returning the flow to the direction F. After record
ing the peaks of the products, the cycle is repeated, keep-
ing constant the selected flow reversal time interval Δί. Th(
form of the resulting chromatogram is illustrated in Fig.5d.
If it is necessary to increase the extraction time during a
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single cycle, the number of passes of the carrier gas through
the I and I' reactor sections in the forward and reverse direc-
tions can be increased an even number of times.

, min

Figure 5. Schematic illustration of the apparatus for
RFGC and specimen chromatograms (for explanation, see
text).

For reaction systems with small and similar partition coef-
ficients of the reactants and products between stationary
and mobile phases and also in those cases where two gaseous
reactants are used, none of which is the carrier gas, the
catalyst bed is placed in the reactor branch L through which
the carrier gas is not passed. The reactants (one or two)
are introduced through the sample injection unit I; the
end-face of the section is sometimes connected to a U-shaped
tube containing 1—0.5 ml of the liquid reactant; a constant
flow of the reactant vapour to the catalyst surface is thereby
ensured. 5 9

These procedures make it possible to investigate the
kinetics of slow chemical reactions not only with respect to
the reaction product but also with respect to the reactants
provided that both are eluted from the cataiyst bed together
and are separated either in the sections I and V of the reactor
or in the analytical chromatographic column placed before
the detector. In those cases where the volatile products and
reactants pass from the reaction zone to the bulk of the car-
rier gas (i.e. to the reactor arms I and I') as a result of
diffusional flow, this must be taken into account in interpre-
ting the experimental results. The diffusion of the reac-
tants and products in the carrier gas can be investigated

in independent experiments using reactors unfilled with the
sorbent. 6 0" 6 3

2. Determination of the Rate Constants for Chemical Reac-
tions and Diffusion and Adsorption Coefficients

The analytical mathematical expressions permitting the
determination of the equilibrium constant of a slow chemical
or physical process from RFGC data depend on the process
model adopted and on the chromatographic characteristics of
the reactant and product.

We shall consider, for example, one of the simplest cases
referring to first order reactions A -* Β, where the reactant
A is rapidly adsorbed on the catalyst surface containing
only isotypical active centres S. The compound A-S is
then formed and is slowly converted into the adsorbed prod-
uct B-S and the latter reaches equilibrium with the product
Β in the gas phase:

•A — S4-B— S- ;B+S

where K^ and Kg are the partition coefficients of the reac-
tant A and the product Β respectively, with Κ A »1, and fc
is the reaction rate constant.

The kinetic experiment provides for the measurement of the
amount of product accumulated in the gas phase volume of
the reactor column during the time intervals between the
successive changes in the direction of flow of the carrier
gas, i.e. during the first R interval—from the instant t1

(when the F direction changes to R) up to the instant t2

(when the initial direction of the carrier gas flow is restored);
the subsequent F interval extends from the instant t 2 to the
corresponding instant ts when the direction of flow is
switched (Fig. 5c), etc. These time intervals should be
shorter than the retention time of the reactant when the car-
rier gas moves in the forward and reverse directions.

Analysis of the material balance equation established for
the system during the time intervals specified above makes
it possible to relate the quantitative parameters of the F and
R peaks (their areas or heights—Pp and P# respectively)
to the mass of the reactant m, the fraction of its molecules
sorbed on the active surface centres f, the retention parame-
ters of the product when it is eluted in the forward direc-
tion (tp> for the F peaks) or the reverse direction (i^ for
the R peaks), and the total time (itot) elapsed from the
instant of injection of the reactant to the subsequent reversal
of the carrier gas flow:

P* = m/[exp(&£)- l]exp(- fcrtot); (16)

Pf = mf [exp («j|) - 1 ] exp (- jfcrtot). d?)

In the case of a single stage first order chemical reaction
o f t h e t y p e A • * • Β u n d e r c o n s i d e r a t i o n , t h e g r a p h i c a l d e p e n -

d e n c e o f I n P R a n d l n P p o n t h e t i m e t ^ o t i s r e p r e s e n t e d b y a

straight line, from the slope of which the rate constant k can
be found.

The physical significance of Eqns.(16) and (17) becomes
more understandable when they are rewritten in the following
form:

PR = /n/exp [--A ft** — <*)] — m/-exp(-/fotot); (18)

PF = mf exp [- k foem — $)] — mf • exp (-' kttot). (19)

It is seen from Eqns.(18) and (19) that the peak areas are
directly proportional to the retention times of the product
with the carrier gas moving in the forward and reverse direc-
tions, so that all the experimental points should lie on a single
straight line for rigorously identical lengths of the sections
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of the column-reactor (! = I', Figs. 5a and 5b). When the
lengths of the column-reactor sections are unequal, for
example for I' < I, the R peaks should be smaller than the F
peaks (and conversely). In this case the identical slopes
of straight lines (18) and (19) can be regarded as proof of
the absence of secondary effects (for example, the auto-
catalysis by the water evolved or the polymerisation of the
olefins formed on dehydration of the alcohols) in the course
of the conversion of the reactant A into the product Β for
different contact times with the active catalyst centres.

The non-linear character of the dependences of In PJJ and
In Pjr on the time i^ot indicates a more complex process
mechanism and the presence of not one but several rate-
limiting stages. Some of them can be purely physical, for
example, they can be determined by the slow diffusion of
the reactant from the gas phase to the catalyst surface or
the slow mass exchange of the products between the mobile
and stationary phases.

In particular, in the study by the RFGC method of the
deamination of aminocyclohexane on the γ-Α12Ο3 surface at
247 °C,6 9 kinetic relations typical for two first order con-
secutive reactions were obtained. The application of RFGC
to the study of processes with several consecutive-parallel
first order stages has been examined by Katsanos and
Kotinopoulos,6k while Katsanos et al. 6 5 considered its appli-
cation to the study of single stage reactions with a fractional
order.

The case where the product and reactant are hardly
sorbed on the catalyst surface and are eluted simultaneously
is of special interest. This version has been considered
in relation to the oxidation of CO to CO2 by oxygen,66 the
hydrogenation of propene,6 S and the hydrodesulphurisation
of thiophen to butane and butenes. 6 7 In solving problems
of this kind, account must be taken of the complications
associated with the diffusional flow of the reactant onto the
catalyst surface. The concentration of the products or reac-
tants at a fixed time is obtained by measuring the height of
the corresponding chromatographic peaks. The concentra-
tion of the reactants depend on time, the diffusion coeffi-
cients, the catalyst mass, the volume flow rate of the carrier
gas, and the rate of the chemical reaction. The concentra-
tion of the products depends in its turn on the rate of the
chemical reaction, the mass of the catalyst, and the volume
flow rate of the carrier gas. The expression for the reaction
rate constant is as follows: 6 7

where ν is the volume flow rate of the carrier gas, mc the
mass of the catalyst, and χ the fraction of the reactant con-
verted into the product.

In particular, in the study of the reaction kinetics on the
basis of the consumption of the reactant, we obtain the
expression67

(r)
where ho is the height of the detector signal corresponding

to the initial reactant concentration and h( r) the height of
the detector signal corresponding to the concentration of
the reactant which has passed through the catalyst bed.

3. The Principal Results of the Employment of the RFGC
Method in Kinetic Studies

The reaction systems investigated by the RFGC method
are of two types:

where A is the reactant strongly sorbed on the catalyst
surface and undergoing slow decomposition and D and Ε are
the volatile reactant decomposition products detected, and

catalyst
A + Z- -D + E +

where A and Ζ are reactants weakly sorbed on the catalyst
surface (one of them may be the carrier gas—for example,
hydrogen) and D and Ε are the volatile reaction products
detected.

The first group includes the dehydration of lower alcohols
(propyl, isopropyl, and η-butyl6 8), the deamination of
propyl-, isopropyl- and cyclohexyl-amines68'69 on the sur-
faces of zeolite 13X and A12O3, and also the catalytic crack-
ing of cumene on the LaY and HY zeolites.61f The second
group combines the reactions involving the oxidation of CO
by gaseous oxygen under the influence of Co3Oi, deposited
on A12O3 modified with Ca 2 + , 6 6 the hydrogenation of propene
on platinum (5% Pt on A12O3),65 and the hydrodesulphurisa-
tion of thiophen on the surfaces of catalysts with a complex
composition, containing MoO3 and ϋο 3 θ^. 6 7

The kinetics of the dehydration of alcohols have been
investigated in the temperature range 179-385 °C, the first
order of the reaction has been confirmed, and evidence for
the absence of secondary processes on the catalyst surface
has been presented. 6 8 The observed rate constants and
activation energies agree fairly well with the literature data
obtained by other methods, in particular by the SFGC
method, using catalysts of similar composition. 2h Unfor-
tunately, Katsanos and co-workers,68 who previously
employed actively the SFGC method for purposes including
also the study of the kinetics of the dehydration of alcohols, ^
did not carry out direct experiments with the same reactants
and catalysts for the purpose of the comparative assessment
of the values of k and Ea obtained by the SFGC and RFGC
methods. The only example of such a comparsion refers to
the deamination reaction on A12O3, the study of which by the
SFGC and RFGC methods yielded results in satisfactory
agreement. 3 3

The reversal of the carrier gas flow made it possible to
establish that the deamination reactions of propyl-, iso-
propyl-, and cyclohexyl-amines on the zeolite 13X in the
temperature range 297—424 °C are described by a first order
equation with a single rate-limiting stage, while on the active
centres of γ-Α12Ο3 cyclohexylamine is deaminated via a
mechanism including two consecutive first order reactions.
With the aid of RFGC, it is possible to determine readily the
numerical values of the rate constants for the rate-limiting
stages, but the method does not enable one to discover to
which particular stage each of the constants obtained refers.6 9

The most complex process investigated by the RFGC method
is the cracking of cumene, catalysed by zeolites at 252 to
338 °C, to the study of the kinetics of which an extensive
literature has been devoted.6I* It has been established that,
depending on the nature of the catalyst, the kinetic pro-
cess mechanism proposed previously70 includes either one or
two rate-limiting stages, but, as in the simpler cases con-
sidered before, the RFGC method does not enable one to find
out which particular stages are rate-limiting.

It is noteworthy that compression of the product bands in
the free volume of the reactor as a result of the reversal of
the carrier gas flow leads to the loss of information about
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the number of types of active centres on the catalyst surface.
In the interpretation of the RFGC data, this question is not
even posed, while in studies on the theory 1 5 and the practical
application1 0 '2 1*'2 5 '3 2 of the SFGC method much attention is
devoted to precisely the determination of the role of the so-
called "fast" and "slow" active centres of the catalyst.

On the other hand, the principle of the reversal of the
carrier gas flow underlying RFGC made it possible to extend
the application of the gas-chromatographic headspace analy-
sis in kinetic studies and to include among such applications
the study of reaction systems with reactants which are not
retained on the adsorbent-catalyst bed, including systems
with two gaseous reactants neither of which is the carrier
gas. The study 6 6 of the kinetics of the oxidation of CO by
molecular oxygen, catalysed by Co3Oi, deposited on a zeolitic
carrier modified with Ca2 , is instructive in this respect . 6 6

The above study demonstrated experimentally the first order
of the reaction with respect to CO, the reaction rate con-
stants were determined in the temperature range 168-279 °C,
and it was established that, with increase of the content of
calcium ions in the catalyst (from -0.4 to -2.5 mmol g" 1), the
activation energy for the oxidation of CO diminishes in
proportion (from ~33 to -14 kJ mol"1) and then increases
linearly (to -44 kJ mol"1). These observations clearly illu-
strate the possibilities in the employment of SFGC for the
estimation of the comparative activities of catalysts of differ-
ent composition.

The possibilities of the RFGC method are by no means
restricted to the study of the kinetics of only first order
processes. Thus a detailed investigation has been made55 of
the kinetics of the hydrogenation of propene by hydrogen and
a catalyst comprising 5% of platinum on A12O3 (carrier gas-
nitrogen) at 136—166 °C. The fractional reaction order with
respect to hydrogen, varying from 1.6 to 2.5 depending on
the surface coverage of the catalyst by hydrogen, has been
established by treating the experimental data using numerical
methods.

Among the chemical reactions investigated by the RFGC
method, the hydrodesulphurisation of thiophen to butane and
butenes in a stream of hydrogen on aluminosilicate catalysts
is of special interest. 6 7

It is significant that the kinetic parameters of the diffusion
and adsorption processes uncomplicated by accompanying
chemical reactions can be investigated also in independent
experiments using the RFGC method. Thus measurements
have been made 6 0 " 6 2 of the diffusion coefficients in different
carrier gases (H 2 , He, N2) for a series of lower gaseous
alkanes and alkenes (both individual compounds and binary
mixtures) and the temperature dependence of the diffusion
coefficients has been found. A study has been devoted6 3 to
the application of the RFGC method to the measurement of the
rate of evaporation of liquid C 5 -C 8 n-alkanes and Ca—C5

alcohols at 20—101 °C and to the simultaneous measurement
of the diffusion coefficients of their vapours in helium. The
adsorption of lower alkanes and alkenes on A12O3 has been
studied by Katsanos and co-workers, 7 1 while an investigation
of the desorption of organic solvents (pentane, hexane, and
acetone, and acetic acid) from the A12O3 surface was
described by the same workers in another communication. 7 2

Slight changes in the experimental methods described above
made it possible to determine, simultaneously with the mea-
surement of the diffusion coefficients of air, oxygen, nitro-
gen, argon, CO2 and lower gaseous alkanes and alkenes in
the carrier gas (helium), also the relative molar sensitivities
of the thermal conductivity detector with respect to the above
substances and to characterise the critical volumes, molecular
diameters,7 3 and Lennar-Jones parameters. n The activity
coefficients of methanol, ethanol, and 1-propanol in aqueous

solutions at different concentrations have been measured by
the SFGC method at 50°, 60°, and 65 °C respectively. 7 5 The
application of RFGC to the determination of the mass transfer
coefficients and also of the turbulent and longitudinal diffu-
sion coefficients of hexane, heptane, and octane on columns
filled with Porapak Ρ (carrier gas-helium) has been dis-
cussed . 7 6

We may note that the combination of the principles of RFGC
and the circulation method proposed by Berezkin and Shiry-
aeva7 7 may prove useful for the kinetic study of very rapid
processes.

oOo—

The data described in this review permit the conclusion
that stopped flow and reversed flow gas chromatographic
methods possess great possibilities, which have not yet been
ultimately elucidated, for the investigation of the kinetics of
chemical reactions and slow physical processes (diffusion,
evaporation, sorption) in chromatographic column-reactors
and are also promising for the solution of certain important
analytical problems (determination of volatile impurities and
of the overall content of chemical elements in different objects,
determination of the initial content of the reactant).

For the further development and effective use of the SFGC
and RFGC methods, it is essential to optimise them using the
mathematical experimental design procedures. However, one
can already say that both methods considered constitute a
convenient instrument in the rapidly developing gas-chro-
matographic headspace analysis of reaction systems. ' t S ' 5 0 ' 5 1
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I . INTRODUCTION

Niobium is one of the most corrosion-resistant metals. In
recent years it has been used not only as an additive in the
production of special alloy steels but also as a construction
material. The rapid increase in the production and applica-
tion of niobium has stimulated extensive studies of its corro-
sion-electrochemical properties in aggressive media, because
the main areas of applications of this metal are in the chemical
industry, in nuclear and hydrogen energetics, and in various
new technologies such as microelectronics, apparatus con-
struction, photoelectrochemistry, etc.

Niobium can readily occlude gases (H2, N2, O2). Their
absorption is accompanied by structural and phase changes
in the metal. The gas most actively sorbed by niobium is

hydrogen, and extensive studies of the effect of hydrogena-
tion on the physico-mechanical characteristics and on the
corrosion-electrochemical behaviour of niobium in corrosive
media have recently been reported. The importance of this
information is obvious, because the wide-ranging applications
of niobium and its alloys have not so far been guided by an
adequate understanding of the nature of the passive state of
niobium and niobium alloys in hydrogenating media.

Published information on the corrosion-electrochemical
behaviour of niobium containing dissolved hydrogen is scat-
tered throughout a variety of papers reflecting the physical
aspects of the problem, or discussing the corrosion resistance
of niobium in aggressive media. Electrochemists and materials
scientists are mainly interested in the time-scale of the chem-
ical stability of niobium and its alloys in corrosive media under
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conditions in which the metal is hydrogenated and its passiv-
ity may be impaired.

Both theoreticians and experimenters are interested in the
formation of various phases in the Nb—Η system, depending
on the amount of hydrogen absorbed, and the very large
volume of hydrogen which can be sorbed (up to a concentra-
tion corresponding to the composition NbH3) suggests poten-
tial applications of niobium not only in nuclear energy but
also as an occluder in hydrogen generators. This review
examines the thermodynamic properties of the Nb—Η system,
problems associated with the dilatation of the niobium lattice
caused by the penetration and diffusion of hydrogen, and the
interaction of hydrogen with various defects of the metal
lattice, as well as the final result of this interaction: the
change in the physico-mechanical characteristics of niobium.

I I . THERMODYNAMIC CHARACTERISTICS OF THE NIOBIUM-
HYDROGEN SYSTEM

Niobium at room temperature absorbs a negligibly small
amount of hydrogen from the gas phase.1 The dissolution
process begins only when the surface has been activated by
high-temperature heat treatment (in the case of saturation
from the gas phase) or by cathodic polarisation (if an electro-
chemical method of saturation is used). In the latter case the
solubility of hydrogen in niobium at 293 Κ is sufficient to give
an atomic ratio Φυ/Nb a s n*&n a s 0-68, the amount of hydrogen
absorbed depending on the purity of the niobium.2 In niobium
of 98.5% purity the solubility (PM) is 10 400 cm3 H2 per 100 g
of metal (M), whereas in 94.8% Nb P^ = 5500 cm3 per 100 g M,
i.e. it is lower by about a factor of 2.

Structural characteristics of niobium hydrides.
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The early workers 3~s could not detect hydride phases cor-
responding to a definite stoichiometric ratio in hydrogen-con-
taining niobium. However, a detailed phase diagram of the
Nb—Η system has now been assembled (Fig. 1) by the applica-
tion of X-ray, neutron, and electron diffraction methods.6'7

At room temperature an increase in the $H/Nb r a t i ° * s accom-
panied by a gradual α ->• 3 transformation, followed by the
formation of a (3 + γ) phase. The phase diagram was con-
structed by using very pure niobium (99.99 at.%); the α and
a' phase are disordered solid solutions of hydrogen in a
body-centred niobium cubic lattice, in which the hydrogen
(5-6 at. %) in the α phase occupies tetrahedral positions.
Increasing Φπ/Nb results in the formation of a 3 phase which
is an ordered interstitial solid solution of hydrogen in niobium.
The α and 3 phases can coexist at 293 Κ up to ΦΗ/Nb = 0-73.
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Figure 1. (a) Phase diagram of the Nb-H system; (b) low-
temperature region of the phase diagram, for high concen-
trations of hydrogen in the niobium. 6 ' 7 ) 8 ~ 1 0 The broken lines
define the regions for which no experimental data are avail-
able.

According to X-ray diffraction studies11»12 the 3 phase has
a face-centred rhombic lattice, and the α phase disappears at
$H/Nb > 0.73. At i>H/Nb = i · 0 5 only the 8 phase is observed
(see Table), but at higher values of Φκ/Nb a δ phase appears
within the 3 phase, with a face-centred cubic lattice and cor-
responding to the compound NbH2. The structural character-
istics of the stoichiometric niobium hydrides are listed in the
Table. Since a large proportion of the tetrahedral positions
in the δ phase is occupied by hydrogen atoms, there is a high
probability that the octahedral pores also may be occupied
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under suitable conditions, but so far we have no experimental
proof of the existence of the compound NbH3. However, we
should not forget that the kinetics of the transformations in
the Η—Μ systems can be strongly affected by exposure to
X-rays. 2 0

Electron microscope studies, both morphological and in
transmission, have shown that both the β phase in the a
structure and the δ phase in the β matrix consists of long
needle-like formations resembling the β phase in titanium and
its alloys. Of course, phase transformations giving rise to
precipitates having a volume greater than that of the matrix
produce hydrogen "embrittlement" in the main structure,
accompanied by rearrangements in the fine structure.

Various experimental methods can be used in the construc-
tion of phase diagrams, and the shape of the curves separat-
ing the existence regions of the phases depends on the chosen
method. Details of various regions of the Nb—Η diagrams
have recently been determined, both at low (Φπ/Nb = 0.5) and
at high hydrogen contents ($H/Nb = D · Thus, an unknown
region of high hydrogen concentration between liquid helium
temperatures and room temperature has recently been studied.8

A combination of transmission electron microscopy and metal-
lographic analysis has shown that a previously unreported 7

λ phase has an anisotropic cubic structure and can exist at
ΦΗ/Nb — 0.78-0.81 and 207 K. At these very high hydrogen
concentrations the precipitation of stoichiometric compounds of
the Nb^H3 type (ε phase) is accompanied by the appearance of
active H-H interactions and of lattice dilatation processes
(discussed below). A detailed study of the phase diagram for
^H/Nb =0.5 has shown9 that the coexistence region of the a'

and the β phase is wider than suggested by X-ray measure-
ments of lattice constant. 7 It has been reported 1 0 that
regions of existence of η and θ phases can be identified at
ΦΗ/Nb < 0.7 and temperatures below 200 K; the v, L, ο, μ,
γ, and ξ phases also proposed have not yet been adequately
investigated but will probably be confirmed by various
experimental methods (as was done for the α, β, and 6 phases).

As was stated above, Nb—Η phase diagrams constructed
from different experimental data can be markedly different.
Thus, according to the Homer and Wagner theory, 2 1 which
describes the Η—Η interaction as the result of the elastic
anisotropic distortion of the lattice produced by the inter-
stitial hydrogen atoms, the maximum in the curve separating
the a ' and the (a +a') phases is at 470 Κ and Φπ/Nb = 0.36,
whereas according to measurements of lattice constants by
X-ray diffraction this maximum lies at 443 Κ and ΦΗ/Nb = 0 . 3 .
These discrepancies probably arise because the samples (of
different geometry) used in the various measurements con-
tain a, range of native structural defects, and the structure-
sensitive methods used by different workers have different
responses to the different types of defect produced by
hydrogenation.

We should stress the need to allow for the geometric shape
of the sample and for the extent of deformation in studies of
phase transitions in the hydrogen-niobium system. Thus, a
study 2 2 of the α—α' transformation by X-ray structural anal-
ysis showed that in Nb—Η alloys the lattice constant and the
shape of the (440) line (from which the extent of the trans-
formation was assessed) are strongly dependent on the
extent of deformation and on the geometric shape of the
sample (disk, foil, or wire). This effect should, of course,
be correlated with differences in the concentration profiles
in samples of different geometry.

Our understanding of phase transitions in the niobium
lattice has been improved by studies of structures contain-
ing added hetero-atoms (Ο, Ν) by neutron-;spectroscopy and
resonance methods. The interaction of hydrogen with atoms
of the matrix can be determined by both attractive and repul-
sive forces, depending on the type of deformation produced

by the impurity atom. If the additive causes compression of
the lattice the repulsion is predominant, but in the opposite
case the predominant effect is attraction. The interaction of
the hydrogen atoms with the lattice atoms is treated as the
sum of contributions from electronic, elastic, and screening
interactions with the ionic core of the lattice. For niobium
(a typical 4d metal2 3) we can use the following empirical rule:
impurity atoms from positions to the left of niobium in the
Periodic Table act as hydrogen traps, whereas other atoms
do not.

111. HYDROGEN IN THE IDEAL NIOBIUM LATTICE

It follows from the above discussion that hydrogen can exist
in different states in the niobium lattice, and give phases
corresponding to definite stoichiometric ratios, depending on
the concentration of hydrogen absorbed by the metal. The
hydrogen can be present both as dissolved atoms, occupying
tetrahedral positions in the niobium lattice, and as H~ ions
for high values of Φπ/Nb (when niobium hydrides are
formed).

Ό c me Q g

Ο d Of Ah

Figure 2. Radial Kanzaki forces (F) and Η—Η interaction
forces (f) for stable positions of the hydrogen atoms in the
tetrapores of the niobium lattice (the subscripts 2—3 denote
the number of the coordination s p h e r e ) . 2 8 In the diagram α
are Nb atoms, b are Nb atoms of the first coordination sphere,
c are Nb atoms of the second coordination sphere, d are
tetrapores, e are Η atoms, f are tetrapores of the first coor-
dination sphere, g are tetrapores of the second coordination
sphere, and h are tetrapores of the third coordination sphere.

Extensive experimental results obtained by neutron diffrac-
tion analysis and proton magnetic resonance methods show
that tetrapores of three types (x, y, and ζ positions) are the
stable sites for the introduction of hydrogen atoms. The radii
of the hydrogen atom, of the tetrapores, and of the octapores
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are, respectively, ΓΗ = 0.0460 nm, r-j = 0.0426 nm, and
r 0 = 0.0225 nm. Hence ΔΓ = rjj - r T = 0.003 nm, and there-
fore the stabilisation of a hydrogen atom in an interstitial site
should produce an anisotropic deformation of the lattice.21*'25

This results in the partial filling of the octapores, with an
occupancy of the tetrapores of ~l/6. 2 6 The probability of
hydrogen atoms with parallel spins being accommodated in
adjacent interstitials of the first and the second coordination
spheres is believed to be low. At high levels of hydrogena-
tion ($H/Nb = 2 ) t n e octahedral positions also can be partially
filled with hydrogen atoms, 2 7 before the complete filling of
the tetrapores.

According to Somenkov26 when a tetrapore is filled with
protium or deuterium (since the additional lattice distortion
produced by the replacement of hydrogen by deuterium is
small) the radial distribution of Kanzaki forces (the virtual
forces acting on the neighbours of the inserted atom) takes
the form shown in Fig.2. The Figure also shows the mutual
disposition of the tetrapores in the Nb crystal lattice and the
forces acting on the hydrogen atoms within these pores. A
hydrogen atom of the centre of a tetrahedral pore produces an
anisitropic deformation of the lattice. If another hydrogen
atom is present in a neighbouring pore this deformation
results in Η—Η interaction (or self-trap ping), which is most
marked under conditions of spin reorientation. If the hydro-
gen atom in adjacent interstitials have antiparallel spins the
H-H interaction results in the formation of stable pairs. With
a parallel arrangement of the spins the situation is less
favourable to the formation of stable pairs. The stability of
hydrogen in tetrapores has been experimentally demonstrated
by neutron diffraction measurements.2 6 The development of
stable Η—Η interactions is accompanied by "swelling" of the
hydrogenated crystal. Without allowing for anisotropic
lattice deformation we can evaluate the relative change in
volume Δν/Ω (where ν is the volume of the unit cell and Ω
is the atomic volume) per unit concentration of hydrogen, of
deuterium, or of tritium (c) as Δν/Ω = 0.174 ± 0.005 for low c
and Δν/Ω = 0.14 + 0.08 for high c.

The filling of the d level by the Is electrons of the hydro-
gen strengthens the Μ—Μ bond, and this should affect the
mechanical characteristics of the niobium crystal in the
hydrogenated state (plasticity, shock viscosity, strength,
etc.) . These characteristics are strongly dependent on the
local dilatation of the Nb lattice, caused by the formation of
hydride in limited volumes,2 9 which stimulates the rearrange-
ment of submicrostructures and thus affects the corrosion-
electrochemical properties of niobium. The formation of
clusters involving hydrogen is determined by the diffusional
transport of the hydrogen in the lattice.

The diffusion problem can be discussed either in terms of
the classical "jump" mechanism, according to which the diffu-
sion act requires an amount of energy sufficient for a hydro-
gen atom in a tetrapore to surmount the diffusion barrier, or
(in quantum-mechanical language) by identifying the inter-
stitial atom with a small polaron, whose displacement is non-
activated (tunnelling, or under-barrier transition).

According to Stoneham30 there are two major differences
between the quantum and the classical theory of diffusion of
hydrogen in metals. The first is the quantisation of the
energy levels, the second is the existence of a zero point
relative to which the lattice distortions can be determined in
the neighbourhood of a light impurity atom. In the jump
mechanism for the displacement of hydrogen in the metal the
probability of a jump is described by a simple equation of the
Arrhenius type:

and m is the number of the metal atom, d is the distance
between the potential minima (the positions of the hydrogen
atom in a stable state), and Δψ is the depth of the potential
well.

Calculations30 of the tunnelling matrix elements by formula
(2) show that for niobium J is determined essentially by d
and amounts to 1.45 MeV. The exponential factor in Eqn.(2)
corresponds to a configuration in which the adjacent posi-
tions occupied by a proton before and after the diffusion act
are equivalent.

The theory of small polarons treats a proton in a potential
well before the diffusion act as having a lower energy than
the adjacent interstitials. At the completion of the diffusion
act the opposite situation exists. In the classical diffusion
theory the quantity Ea corresponds to the relaxation energy
at the instant when the proton is half-way to the second
interstitial. Recent developments in the theory of small
polarons have shown the need to allow for the dependence of
J on the normal coordinates of the vectors for the displace-
ment of the NJi atoms from their equilibrium positions. In
this case, since in a b . c . c . metal lattice the hydrogen atoms
are accommodated in tetrahedral interstitials, according to
Flinn and Stoneham30 the parameter Γ also depends on Es

(the energy needed to create a lattice configuration with
normal coordinates large enough to give J = J]j m = const):

Γ = US!—_ . exn Γ— (F. -4- ΕΛ/lc»Τλ ( 3 )

Thus the localised proton moving through the lattice by a
thermally activated process to a large extent "determines" the
barrier which it must overcome. The diffusion problem is
mor complicated when the adjacent interstitial is occupied by
a proton or by some other light impurity element. In this
case the Η—Η interaction results in a more substantial defor-
mation of the neighbouring interstitial, and the diffusion
process is facilitated for the pair of hydrogen atoms. Of
course, in an ideal crystal the diffusional displacement of
hydrogen is anisotropic and occurs preferentially along cer-
tain crystallographic directions. Surmounting saddle-points
in the lattice must be discussed with allowance for the inter-
action between migrating particles even when the proton is
identified with a small polaron. At low concentrations of
hydrogen in niobium (CJJ ̂  0.06 at.%) the parameter Ea is
linearly dependent on en. According to recent work, 3 1 and
in contrast to earlier repor t s , 3 0 the average probability of a
jump by a hydrogen atom in a niobium crystal for CJJ = 0.06
at. % is

r=m-exp{-[{Eb-E")/4+e<>r/elrkBT-B2/kBT}IB ( 4 )

Γ~/2·εχρ(—EJkBT)

where J is a tunnelling matrix element, given by

π \ ft*

(1)

( 2 )

where w is the vibration frequency of the hydrogen atom in
the pore, and the quantities (Eb - Ea), e 0, and Β allow for
the energy of the interaction between the diffusing hydrogen
atoms.

It follows from (4) that the jump probability of a hydrogen
atom in a niobium crystal, which depends on the activation
energy for diffusion, is related to the vibration frequency of
the hydrogen atoms in the pores, and therefore also to the
mass of the hydrogen isotope. The strong dependence of
the diffusion of hydrogen in metals on the mass of the iso-
tope and on the type of crystal lattice was stressed in a
recent interview.3 2 It was pointed out that in a b . c . c . metal
the diffusion parameter Ea is smaller for protium than for
deuterium, whereas the opposite is true in metals with a f.c.c.
lattice. The activation energy for the diffusion of protium in
tantalum and in niobium suddently decreases at Τ < 250 Κ,
but it remains constant for deuterium and tritium. This
shows that the quantum effects are more substantial in b . c . c .
than in f .c.c. metals. On lowering the temperature stronger
effects are observed.
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It was reported 2 8 that Ea for the diffusion of hydrogen iso-
topes in the b . c . c . niobium lattice at 133-373 Κ increases with
the mass of the isotope, as also found by other workers. 3 2

However, it was also noted 2 8 that in the niobium samples the
pre-exponential factor in the Arrhenius expression (1) is
almost independent of the mass of the isotope. In that work28

the diffusion process was discussed in terms of the Gorskii
effect, for which the stress relaxation force AJJ (allowing for
the motion of the isotopes in a field of elastic stresses) is
given by the Curie—Weiss expression

τ-τ,
(5)

where A is a constant depending on the elastic properties of
the sample; T s is the concentration-dependent spinodal tem-
perature, which can be expressed as T s = uculk-g for small
concentrations of hydrogen in the metal (where u is the inter-
action energy); 3P is the dipole moment of the elastic deforma-
tion tensor (due to the presence of hydrogen), with P.. =

IF. x. (PV are the virtual Kanzaki forces acting on each

atom m at a distance x^ from the defect site).
Therefore, as was stated above, it is essential to allow

for the anisotropic dilatation of the lattice and for the
change in lattice parameter α caused by the hydrogenation,
which can be expressed as

Aa/a=(2cII/a3)P(S11+2S)2) , ( 6 )

where S1X and S 1 2 are the elastic coefficients.
An analysis of experimental data for the niobium—hydro-

gen system has shown1 2 that Δα la can be found by assum-
ing a linear dependence of α on the concentration CJJ:

Aa/a= (4.72±0.25) · 10~4 (7)

(where CJJ is in at.%). By using (7), which is much simpler
than (6) but does not allow for the anisotropic deformation of
the lattice produced by hydrogenation, the concentration of
hydrogen dissolved in the niobium can be determined with
acceptable precision. From the results of various workers,
reviewed in Ref.29, linear dependences of Δα/α and AV/V
(where V is the macroscopic volume of the sample) on the con-
centration of hydrogen in niobium are observed up to $H/Nb= •*•·
At attempt was made to explain these results in terms of the
elastic interactions between hydrogen and niobium atoms by
identifying the α -»- α' transition 3 3 with a gas •+ liquid transi-
tion.

It has also been reported 2 8 that at low concentrations of the
hydrogen isotopes in niobium (Φπ/Nb s 0· 1) t n e parameter
Ea increases with the mass of the isotope (from hydrogen to
tritium) from 0.068 to 0.133 eV, while the diffusion coefficient
DJJ is almost independent of the mass of the isotope.

IV. INTERACTION OF HYDROGEN WITH DEFECTS IN THE
NIOBIUM CRYSTAL LATTICE

We have pointed out above the Η—Η pair interactions affect
the diffusion of hydrogen. The hydrogen trapping phenome-
non is found not only in interstitials but also in defects at
higher dimensionality (vacancies and dislocations, single
or in groups, grain boundaries, microscopic inclusions, and
pores). The surface of the sample can also be treated as an
energy trap. Let us examine the interaction of hydrogen and
niobium with crystal lattice fectes of various dimensionalities.

1. Zero-dimensional Defects

The trapping of hydrogen by vacancies and vacancy clus-
ters, by interstitial impurities (Ο, Ν), and by substitutional
impurities (W, Mo, V, etc.) is of interest from the theoretical
as well as from the practical standpoint. The latter impur-
ities, being getter elements, have a substantial influence on
the functional properties of Nb, especially those of techno-
logical importance (plasticity, shock viscosity, refractoriness,
and corrosion resistance).

The hydrogen—vacancy interaction and the formation of
vacancy-interstitial (hydrogen atom) pairs are usually treated
as separate aspects in published papers. Hydrogen taken up
by a single vacancy stabilises it and suffers a loss in diffu-
sional mobility. However, it is possible for several hydrogen
atoms to be adsorbed at a single vacancy, and this produces
an anisotropic deformation of the lattice which results in an
increase in the diffusional mobility of the vacancy—interstitial
hydrogen atom pairs in some crystallographic directions. At
high values of Cfj the vacancy is transferred from one hydro-
gen atom to the next by a kind of "relay" mechanism.

Allowance for the change in mobility of the vacancy—inter-
stitial hydrogen atom pair is essential at temperatures close
to the melting point. "Anomalous superplasticity" has been
observed experimentally in iron at high temperatures. 31* In
the hydride-forming id metals, which include niobium, an
increased concentration of hydrogen at the grain boundaries
(i .e. at the sites where point defects are annihilated) may
explain the change in mobility of these boundaries at rela-
tively high temperatures. In materials previously deformed
by large amounts (>90%) annealing after hydrogenation can
yield larger—grained or even monocrystalline structures.

A study 3 5 of the low-temperature desorption of hydrogen
from niobium has shown that at Τ < 300 Κ the formation of
vacancy—hydrogen complexes is energetically favourable only
for CH values above the threshold of Φκ/Nb > 2. Further
addition of hydrogen results in the merging of hydrogen-
vacancy complexes into bubbles, detectable as low-temper-
ature blistering (localised breakdown of the near-surface
layer of metal).

Hydrogen can assist the combination of divacancies into
vacancy clusters. The most stable clusters were found 3 1 to
contain between three and six vacancies. Under these condi-
tions we can expect the formation of gaseous hydrogen and
pores of vacancies. However, because of the difficulty of
producing vacnacies in b . c . c . metals very few experimental
observations of this phenomenon have been reported, though
one report 7 of the formation of screw dislocations near
clusters of vacancies filled with hydrogen, detected by
transmission electron microscopy, is noteworthy. The effects
caused by the interaction of hydrogen in niobium with oxygen
and nitrogen impurity atoms have been studied much more
extensively.3 7

Nitrogen and oxygen atoms have relatively low mobilities
in the niobium lattice at low temperatures, and therefore
the capture of hydrogen atoms by nitrogen and oxygen atoms
produces pairs with well defined configurations. Under con-
ditions in which the interstitial oxygen atoms occupy octa-
hedral positions the Ο—Η pair can have a trigonal symmetry,
i.e. be oriented in the <111> direction. The elastic inter-
action energy between an interstitial impurity accommodated
in an octahedral position and a proton in an adjacent tetra-
pore has been calculated. 3 8 In this case the elastic energy
is described by the expression

where F o and F ^ are the Kanzaki forces for interstial impur-
ities in an octapore and a tetrapore respectively, Ζ is the
harmonic lattice function in the near-surface layer of the pure
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metal, hEs is the energy of the H-H bond, and ΔΕ0

 i s t n e

binding energy of the proton on the zeroth energy level.
Experimental studies, 39>1*° mainly by elastic relaxation

methods in the frequency range 30-170 MHz, have shown that
the hydrogen atom can occupy tetrahedral positions when
pairs with a <100> orientation are formed preferentially. This
suggests that the hydrogen atoms are not localised in the
tetrapores but are uniformly distributed in ring-like struc-
tures consisting of four tetrapores and four triangular sites
(0, 3/8, 3/8) and surrounding an octapore not containing an
oxygen atom. In this case the motion of hydrogen in the Nb
lattice is accurately described by the Flinn—Stoneham theory
[see Eqn.(3)] . It has been reported 3 2 that nitrogen atoms in
niobium lower the diffusion coefficient of hydrogen, and at
Γ < 5 Κ the local diffusion of hydrogen trapped by nitrogen
atoms takes place by under-barrier crossing (tunnelling):
under these conditions the hydrogen atom migrates through
16 adjacent tetrapores of the b . c . c . niobium lattice. The
nitrogen atoms were shown1*1 to be concentrated in the octa-
hedral interstitials of the Nb crystal lattice by the proton
channelling method, using the 1 5 N(p, ay)12C nuclear reac-
tion.

Thus the diffusional transport of hydrogen along the tetra-
pores takes place round an octapore occupied by a hetero-
atom (O or N). Trapping states created by the interstitial
atoms must lower the mobility of hydrogen in Nb.

It has been shown "*2 that the decrease in mobility of Η (or
D) in niobium containing up to 1 at.% of nigrogen is most
marked at low temperatures (<200 K). The effective diffu-
sion coefficient of hydrogen depends on the concentration of
interstitial sites in Nb occupied by impurity atoms:

/>?,"= DH(acii/8o,) , (8)
where CJJ is the concentration of free hydrogen in the nio-
bium. According to results obtained by an electrochemical
method1*3 the Dfff value in interstial alloys with CJJ ^0.03 wt.%

Η
is (1.80-3.90) χ 10~β cm2 s"1.

It was recently confirmed1*1*'1*5 that at low temperatures
(0.04—2 K) the trapping of interstial Η and D atoms by
oxygen impurities in niobium takes place by tunnelling. By
measuring the temperature dependence of the specific heat
experimental values of the tunnelling matrix elements were
calculated by the Flinn—Stoneham theory, and no difference
was detected between Η and D interstitial atoms for oxygen
concentrations £2 at.% in the niobium.

The situation in which oxygen is concentrated in the near-
surface layer of niobium forming stoichiometric or non-stoi-
chiometric Nb^Oy compounds is of great practical interest.
Extensive information is available on the structure and prop-
erties of these oxides. The substantial change in the con-
centration of hydrogen obtained by saturating niobium foils
covered with niobium pentoxide Nb2O5 is due to the depletion
of hydrogen in the surface layer.1*6 These results were
obtained by the ^Ήί^Ν, α γ ) 1 2 ϋ nuclear reaction, but a cal-
culation of the thickness of the hydrogen-containing layers
by an X-ray method gave almost the same result.

The effect of substitutional impurities (V, Ta, Mo) at low
concentrations on the solubility of hydrogen in niobium has
been studied.1*6"5 0 Substitutional impurities are usually intro-
duced in order to improve the mechanical properties and the
inertness of niobium. Thus it was shown1*9 that the solubility
of hydrogen in Nb is raised by Ta, Mo, and (specially) V
impurities. This effect is due to the energetically favourable
interaction of Η with the substitutional impurity atoms, which
increases as the atomic radius of the alloying element is
decreased with respect to the Nb lattice parameters (since
the Η atom decreases the lattice deformation produced by the
alloying atom).

The bond energy of the hydrogen in tetrahedral positions
round a V atom had been estimated1>8 to be £y—Η = 0.09 +
0.05 eV, i .e. close to the bond energy in the complex between
hydrogen and an interstitial impurity ( # H — Q = 0.09 eV). 3 7

However, it was later shown1*6 that the energy of the V—Η
bond has a much lower value (0.04 eV), and that trapping of
hydrogen atoms on vanadium impurities in niobium is not
normally observed between 2 and 293 K. 5 0 The probability
of self-trapping of hydrogen and deuterium atoms and of u+

mesons in Nb crystals containing the substitutional impurities
Ti, Cr, and V has been calculated. 5 1

Recent experiments with Nb crystals containing substitu-
tional Cr and Ti impurities 5 2 ' 5 3 are inconsistent with the
theoretical expectation of trapping of the hydrogen atoms
mainly as a result of the deformation fields created by the
impurities. A more general method, used in Ref.51, includes
constructing the potential energy operator for the hydrogen
in a suitably averaged crystal field, calculating the zero dis-
placement of the hydrogen by an appropriate three-dimen-
sional form of the Schrodinger equation, and finally evaluat-
ing the lattice distortions produced by the insertion of hydro-
gen (using a set of Green's functions as in calculations for
static problems). This method was applied to the self-trapp-
ing of hydrogen, deuterium, and μ+ mesons in Nb crystals
containing Ti, Cr, and V substitutional impurities. Compar-
ing the results with experimental data obtained by inelastic
neutron scattering showed a generally good Agreement: the
few discrepancies were attributed to the simplifcations intro-
duced in the calculation.

Of course, a much greater increase in the solubility of
hydrogen can be expected in the presence of substitutional
impurities from Groups V and VI, such as S, Se, Te, Bi, and
Cr. In this case the increase in solubility results not only
from the elastic distortions of the Nb lattice but also from the
high energy of the bond between the hydrogen atoms and the
elements of Groups V and VI.

2. Line Defects

The interaction between hydrogen and dislocations is very
important in niobium, because it has a fundamental influence
on the mechanical characteristics of the material. Extensive
studies of the hydrogen—dislocation interactions have been
reported: the most interesting result for b . c . c . metals is
the non-conservative motion of the dislocations and the
absence of a limited set of slip directions.

Phenomenological discussions of hydrogen—dislocation inter-
actions are usually based on expression of the type of (1);
the formation of a Cottrell atmosphere (the atmosphere of
impurity hydrogen atoms surrounding the dislocation) can be
described by the expression

where c° is the equilibrium concentration of hydrogen in the
lattice, VJJ is the partial molar volume of hydrogen in the
metal, and OJJ is the hydrostatic pressure of hydrogen.
Attempts to allow for the dislocation core by the linear theory
of elasticity51* yielded a more complicated form of Eqn.(9):

c H = n r l k n · c o s h ( a H V i i / R T ) • e x p ( O H V H / R T ) , ( i o )

where OJJ is the additional pressure on the dislocation core
resulting from the chemical hydrogen—dislocation interaction,
ί is the length of the dislocation, and r 0 is the radius of the
dislocation core (-0.18 nm).

For large c^ Eqns.(9) and (10) should be replaced by
Fermi—Diract distribution expressions. 5 5 In the quantum-
mechanical approximation Eqn.(10) contains additional terms
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for the anisotropic nature of the hydrogen—dislocation inter-
action; Eqn.(lO) should also contain terms allowing for the
virtual forces (Kanzaki forces).

The hydrogen-dislocation interaction not only suppresses
the mobility of the dislocations but it also affects their con-
centration, especially near the grain boundaries in a poly-
crystal. Thus it has been shown5 6 that in the electrolytic
hydrogenation of polycrystalline niobium the dislocation
density ρ increases from 6 χ 1011 to 1.3 χ 1011* m~2 as CJJ
increases. This increase is attributed 5 6 to Η—Η interactions
and to the precipitation of a hydride phase at the niobium
grain boundaries, which activates a source of dislocations
within the grain. A hydride phase can also be formed (at
high PJJ) directly within the grain, as a result of the inclu-
sion of dissolved hydrogen atoms in clusters and local pre-
cipitation of hydride. Hydride formation takes place 5 7 as a
cooperative rearrangement of the crystal lattice in small
regions of supersaturated solutions of hydrogen in metals.

The most convincing evidence of hydrogen-dislocation
interactions was obtained in studies of the relaxation proper-
ties of hydrogenated metals, in which the rearrangement of
dislocation structures through reversible mechanical inter-
actions is determined by impurities precipitated at disloca-
tions. Thus a study of the stripping of dislocations from
obstacles5 8 in very pure polycrystalline niobium at 5—300 Κ
by the internal friction method has shown that at Γ < 70 Κ
the presence of hydrogen atoms leads to the pinning of dis-
locations. Similar results were obtained5 9 at Τ < 100 Κ for
high-purity niobium with a very low concentration of hydro-
gen (<10~6 at.%). The stripping of the dislocations from the
anchoring points produces internal friction peaks. The
dependence of the vibration frequency of the sample (f) on
Ea and on the applied load (σ) is given by the expression

(ID= v0 -exp —

where Va is the activation volume, σ = G e m a x , G is the nor-
mal elastic modulus, v0 is the vibration frequency of the dis-
locations, and ε max is * n e maximum deformation of the sample.
It follows from (11) that decreasing Va and G produces
obstacles to the motion of the dislocations in a hydrogenated
crystal. Obviously, this situation will be found in samples
supersaturated with hydrogen.

The most detailed studies of the relaxation properties of
hydrogenated niobium over a wide temperature range are
described in Refs.60 and 61. Two peaks are found on the
temperature dependence of the internal friction (Q~x): the
first (the α peak) at 123-143 K, and the second (the γ peak)
at 263—268 K. In the absence of dissolved hydrogen the mag-
nitude and position of these peaks depend on the extent of
deformation of the niobium.6 2 Increasing the vibration fre-
quency of the hydrogenated niobium samples (f) from 0.49
to 3.4 Hz results in a degenerate γ peak, while the height
of the α peak stays constant. On the other hand the height
of the α peak is strongly influenced by the intensity of the
preliminary deformation ε, and the signal is highest in the
case of an annealed sample. The decrease in height of the
peak with increase in f is attributed to hydrogen—dislocation
interactions, and to the easier detachment of dislocations
from their hydrogen atmosphere at higher frequencies. Allow-
ance for the change in permeability of the dislocation stoppers
as a result of hydrogenation is essential in the analysis of
dislocation motions. Low-angle boundaries (consisting of dis-
location walls) usually behave as strong barriers to the motion
of dislocations. However, barriers such as grain boundaries,
microscopic inclusions, etc. have an even greater effect.

3. Plane Defects

The changes in physical characteristics produced by the
hydrogenation of niobium bicrystal samples are very fully
characterised experimentally. It has been shown6 3 that an
iron bicrystal can be split into individual single crystals by
hydrogenation under an applied stress. Large niobium
bicrystals can be prepared by electron-beam zone melting,61*
with any required misorientation (δ); the dislocation density
ρ in the bicrystal is higher than in a monocrystal grown
under the same conditions (the ρ value was determined by
measuring electrical resistance at room temperature and at
liquid helium temperature).

When determining the rate of corrosion (K) along the
boundary of a niobium bicrystal we must allow not only for δ
but also for the crystallographic orientation {hkl} of the con-
tacting planes of the individual crystals, since the Κ value
for a given plane depends on the <hkZ> direction. Thus it
has been shown16 that for a [011]/<011> boundary with
δ = 16° the parameter Κ along the grain boundary and the
extent of corrosion (dj^) go through a maximum; however,
the resulting concentration profile is asymmetric because of
the difference between the Κ values for different crystal
planes. The dependences of δ on dR are linear only for
δ i 20°. Beyond this point non-linearity is observed, and a
minimum appears on the plot of d^ against δ for δ = 28°,
probably due to a change in the structure of the grain
boundary with increasing δ. Whereas the number of coin-
cident sites decreases regularly with increasing δ for small
misorientations, when δ £ 20° this number can fall away
steeply after an initial increase.

Point defects can easily interact with ground boundaries,
and therefore very pure bicrystals must be used in studies
of the effect of hydrogen. The accumulation of large atoms
of the ρ and sp elements at the grain boundary can greatly
distort the structure of the boundary and affect its adsorp-
tion properties towards hydrogen. The diffusional mobility
of hydrogen moving in the bulk of the grain or along the
grain boundary has been calculated.6G The diffusion coeffi-
cient DJJ determined electrochemically for grain-boundary
diffusion is usually two orders of magnitude greater than for
the bulk of the grain.

4. The Surface

The most important defect of a solid is its surface. We
have already mentioned the influence of surface oxidation on
the absorption of hydrogen by niobium samples. The surface
acts as a kind of filter which transmits the adsorbed hydrogen
atoms. Therefore even slight contamination of the surface by
foreign atoms can seriously alter the energy balance of the
adsorption and of the subsequent penetration of the hydrogen
into the metal. The largest effects are produced by surface
oxygen, or (in the case of electrochemical processes) by
water molecules adsorbed by their oxygen atom. A study by
electron-stimulated desorption6 5 has shown that oxygen
adsorbed on the (110) and (100) niobium surfaces can be
desorbed by H+ ions. The ability of H+ to desorb oxygen by
the electrochemical reaction H+ + MO + e •+ 2M + OH depends
on the crystallographic indices of the plane: the rate of
desorption is lower on the less densely packed (111) plane.

The most widely used method of protecting the surface of
the metal to be hydrogenated from oxidation is to deposit a
layer of a noble metal (for example, palladium). This is
often done in studies of the hydrogen permeability of mem-
branes. However, we must allow for the change in the elec-
tronic structure of both metals resulting from the formation



612 Russian Chemical Reviews, 56 (7), 1987

of the Pd/Nb contact . 6 7 A large decrease in the density of
d states of Nb at the Fermi level (£p) after the adsorption of
palladium was noted in a study of the (110) surface of the
Pd/Nb contact. A decrease in the density of d states should
lower the solubility of hydrogen in a transition metal, since
the absorption of hydrogen is accompanied by interaction of
the hydrogen s electron with the d band,of the metal.

The hydrogen can exist in two types of bound state on the
crystal surface (in other words, the energy level of the sur-
face has two minima). In the case of one-centre adsorption
on the first layer of atoms (r-type adsorption) the bond
between H a ( i S and the surface is weaker. Hydrogen in the
r form can diffuse along the surface, and it can form planar
adsorbed structures with various periodicities on the billiard-
ball packed (110) niobium surface. Hydrogen in the s state
(in the second layer of surface atoms) is more strongly bound.
In this case the less closely packed {111} surfaces can more
readily form hydrogen structures in the s state. The rate at
which an adsorbed hydrogen atom is transferred into the s
state depends on the pressure of hydrogen on the metal sur-
face . For monocrystalline samples the rate of crossing of the
interfacial boundary by adsorbed hydrogen atoms is strongly
dependent on (h/d), and the hydrogenation kinetics are
determined by the combined processes at the surface and in
the bulk of the niobium lattice. The contribution of the sur-
face processes on the (110) niobium surface was found6 8 to
be predominant.

When the Nb surface is covered with oxygen the desorption
of oxygen by hydrogenation should be easiest on the close-
packed (110) surface and least effective on the (111) face.
On the clean surfaces which can be produced by lengthy
desorption treatment during hydrogenation the spin—spin
interaction between the adsorbed hydrogen atoms cannot be
ignored. The recombination and desorption of the hydrogen
atoms from the surface take place most readily in the case of
antiparallel spins.

V. CHANGES IN THE PHYSICO-MECHANICAL CHARACTER-
ISTICS OF NIOBIUM CAUSED BY HYDROCENATION

The interaction of hydrogen with point and line defects and
with grain boundaries and matrix atoms (hydride formation)
produces a change in the physico-mechanical properties of
the metal often accompanied by large-scale mechanical failure,
even without externally applied loads. Thus it was reported
69,70 - t j ^ t n e saturation of very pure rolled niobium with
electrolytically generated hydrogen caused embrittlement of
the sample. With Nb samples in wire form (0.3 mm diameter)
containing CJJ S 0.03 wt.% of hydrogen the onset of hydrogen
embrittlement (which depends on the extent of the previous
deformation ε) was found to be associated with the formation
of a hydride phase. The hydrogen embrittlement increases
for ε S 5%, but as ε is further increased from 5 to 98% the
embrittlement decreases. This has been attributed 7 0 to the
formation of a cellular dislocation structure at high values of
ε, whose rearrangement is hindered during hydrogenation.

Combined metallographic and X-ray diffraction studies 7 0

explained these changes in the mechanical properties of
niobium as due to reversible distortions of the crystal lattice
of the matrix during the first and the second hydrogenation
stage, and to the formation of a hydride (Nb^Hy) with a
larger lattice constant during the third stage. Since its
specific volume is greater than that of the matrix the hydride
is concentrated along certain crystallographic directions
<hkl> and produces large stresses (sufficient to cause sponta-
neous fracture of the metal when CJJ is increased).

In some of the most detailed studies of hydrogen embrittle-
ment 7 1 ' 7 2 the effect in the Nb-H alloys was also associated
with dislocation effects, resulting from the formation of
hydride particles (precipitates) at the extremities of the
resulting cracks. The hydrogen cracking is produced by the
high internal stresses generated in the metal, and the
hydride particles act as foci for the generation of breakdown,
giving a high plasticity to the Nb—Η alloys with a uniform
distribution of particles. A study of the hydrogen embrittle-
ment of niobium samples stretched within the column of the
electron microscope showed that no embrittlement takes place
at low CJJ values, as also found in earlier investigations.6 9

A simple relationship between the increase in length of the
hydrogen cracks ATJJ and the characteristics of the hydrogen
precipitates (hydride particles) has been reported: 7 3

2W. (12)

where b is the Burgers vector of the dislocation, Ig is the
distance between the hydrogen precipitates, rg is their
radius, and γ0 is the surface energy of the hydrogen precipitate.

The hydrogen—dislocation interaction determines the growth
of the crack during loads with an alternating sign, i .e. in
the most hazardous conditions experienced in the practical
application of niobium components operating in hydrogenating
media. Experiments with foil samples of Nb at 293 Κ and a
load cycling frequency of 4 Hz showed l h that the liability to
catastrophic breakdown increases with Cfj·

In polycrystalline material the hydrogen embrittlement is
strongly affected by impurities which can react chemically
with hydrogen, as was stated above. Contamination of the
niobium with oxygen or nitrogen (~0.1 at.%) raises the
critical embrittlement temperature: the Porteven—Le Chatelier
effect is clearly seen at 340-394 Κ in oxygen-containing
samples7 5. It is due to the suppression of the motion of dis-
locations by the oxygen (Snoek) atmospheres. The interaction of
oxygen with hydrogen should strongly influence this effect,
partly because the hydrogen—dislocation interaction tends to
retard the motion of dislocation in the hydrogen-saturated lattice,
and partly because the increased mobility of the oxygen atoms
in an anisotropically distorted hydrogenated lattice tends to
oppose the effect.

The substitutional impurities V, Mo, and Ta (~3— 5 at.%)
have a dominant effect on the solubility of hydrogen (P]\fl) i n

niobium.1*9 Vanadium impurities increase PM most strongly,
possibly because the interaction of hydrogen with substitu-
tional impurities having a radius smaller than niobium is
energetically favoured.7 6 In this case the hydrogen decreases
the deformation of the lattice. However, as was pointed out
above, these systems (unlike those containing interstitial
impurities) do not show direct Μ—Η chemical interaction.

The effect of the distribution of impurities on the hydrogen
embrittlement is stronger in polycrystalline than in mono-
crystalline samples.7 6 For identical CJJ values the differences
in mechanical properties under tension between mono- and
polycrystalline niobium samples are observable at 291-295 K,
and the minima on the temperature dependences of the mech-
anical characteristics and of the internal friction are in similar
positions. This is evidence that the hydrogen—dislocation
interaction is responsible for the change in mechanical char-
acteristics. The maxima in the temperature dependence of the
mechanical characteristics near 300 Κ are also close to the
maxima which characterise the γ peaks on the internal friction
curves. Electron fractograms of the fracture surfaces of Nb
mono- and polycrystals revealed fragmentation and cellular
break, 7 typical of polycrystalline samples, at high CJJ values.
The formation of a "river pattern" on the fractogram in the
presence of hydrogen embrittlement distinguished most of the
tests at low temperatures (77 K).
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Thus the change in mechanical characteristics of niobium is
due to the rearrangement of the metal structure at a number
of levels, initiated by the hydrogenation.

from the electrolyte or of hydride-forming elements. Com-
plete dissolution of the niobium oxide NbxOy is possible only
in a cathodic process far removed from equilibrium.

V I . ELECTROCHEMICAL ASPECTS OF THE PROBLEM

Let us now examine the corrosion-electrochemical behaviour
of niobium in various electrolytes and the role in these pro-
cesses of structural changes induced by hydrogenation.

1. Kinetics and Mechanism of the Corrosion-electrochemical
Processes on a Niobium Surface in Acid Media

Electrochemical studies of niobium in acid media were begun
only recently. Most of the published data refer to changes
in the hydrogen overvoltage (η) on niobium in acid media.
This is because niobium and its alloys are promising new
materials for the electrolytic production of hydrogen by elec-
trolysis of aqueous solutions. The dependence of the poten-
tial of an oxidised niobium electrode at 298 Κ on the pH of
the solution can be expressed as

ψ = «PNMVNb — 0.0591 pH , (13)

which shows that this system can be used as an indicator
electrode. 7 7 The equilibrium potential of the system in
buffer media of pH - 2 is established in 15—20 min. It is
reported 7 7 that after mechanical polishing or anodic surface
treatment the niobium electrode can be used for potentio-
metric redox titrations in solutions of pH £ 10. The exact
reversibility of the Nb—Η binary system during hydrogena-
tion cycles allows the Nb electrode to be used as an electro-
thermal resistor. 7 8

The anodic characteristics of niobium (a valve metal whose
oxide has semiconductor properties) and those of its alloys
have been less extensively studied. The anodic oxide, as
was stated above, plays a controlling role in metal—electrolyte
exchange processes. Studies of Nb and Ni—Nb in the amor-
phous and the crystalline state have shown79 that a defect-
free oxide film having a high electronic conductivity is formed
on the amorphous alloy. This allows the Ni6 0Nb4 0 alloy to
exist in a stable passive state. In acid solutions niobium is
easily passivated by anodic polarisation. According to
Heusler8 0 the stationary corrosion of Nb in the passive state
is controlled by the structure of the oxide and depends on
its rearrangement and erosion. The reforming of the oxide
layer by electrochemical treatment is attributed 8 1 to the
transport of ionic defects such as uncoordinated metal and
oxygen atoms. These defects are formed on the metal—oxide
and oxide—electrolyte interfaces, and their transport in the
oxide layer takes place by the switching over of broken
bonds on the metal and oxygen atoms.

In recent years Nb has been used in alloy making not only
as a carbide-forming additive but also as a major component
to assist austenitic grain growth and to give enhanced pas-
sivation. 8 2~8 6 As the Pourbaix diagram of the niobium—water
system shows, oxide films on the niobium surface are unstable
in alkaline solutions, and the niobium should corrode rapidly.
Oxygen-covered Nb surfaces are strongly affected by anions
(SO2.", halides) and by surface-active species, which produce
changes in the Nb—Ο bond energy. Thus, sulphur deposited
on the niobium surface weakens the bond between adsorbed
oxygen atoms and the surface very substantially. This can
be explained8 7 by assuming that the adsorption centres for
oxygen and sulphur are the same.

Thus on the oxidised surface of a Nb electrode the adsorp-
tion of hydrogen is to a large extent reversible. The
reversibility can be disrupted by the adsorption of anions

2. Electrochemical Characteristics of Niobium in the Cathodic
Potential Region

Some of the earlier work8 8"9 0 dealt with the hydrogen over-
voltage on niobium and showed that the dependence of η on
the cathodic current IR and on the pH can be described by
the slow discharge theory. For IR = const we observe a
strong time dependence of the potential φ: stabilisation
occurs after 3 applications of cathodic polarisation lasting
1 h each. This is due mainly to the reduction of Nb^Oy thin
films during cathodic polarisation.

According to the polarisation measurements the nature of
the alkali (NaOH, KOH, LiOH) has practically no effect on
the overvoltage (unlike the concentration of the electro-
lyte). 9 0 Since the free energy of adsorption of atomic
hydrogen on niobium is high, the hydrogen evolution reac-
tion is rate-limited by the electrochemical desorption step:

(14)

(15)

At surface coverages of the Nb by atomic hydrogen ΘΗ 3

the overvoltage equation is

where α and α _ are the activity of water and of the
r^U On

hydroxyl ion respectively, F is the Faraday, α is the trans-
fer coefficient, fc15 is the rate constant of reaction (15), and
R is the gas constant.

This equation is accurately consistent with experimental
1-q

data : 9 1 the dependence of η on In [α Λ .a _] is linear,
H^U Uii

with a slope (toft) close to the theoretical value. A discon-
tinuous change in hydrogen overvoltage on niobium resulting
from previous cathodic treatment of the surface has also been
reported, and attributed to the discrete change in lattice
constant caused by hydrogenation and hydride formation.
After lengthy hydrogenation (30 h at ϊχ = 100 A m~2) the
lattice constant α becomes stable, resulting in a steady value
of η; at higher values of i^ the changes in η are more
rapidly suppressed.

A study of the electrochemical properties of the interface
between niobium and a sulphuric acid electrolyte showed89

that as a result of cathodic polarisation the double-layer
capacitance (C(j) on Nb rapidly rises (in 0.5 h for IR = 100 to

2
250 A m~2) from 50-60 to 80 " 2 . This increase is attrib-
uted 8 9 to the reduction of the thin oxide layers formed on the
metal as a result of previous anodic treatment rather than to
phase transitions in the near-surface layer of Nb. The
micro-hardness HV of hydrogenated Nb layers gradually
increased, reaching a stable value 10—15 h after the beginning
of the cathodic polarisation, which is consistent with the
X-ray analysis results. Sudden changes in current (oscilla-
tions) in alkaline solutions are well known in efficiently pas-
sivated id metals. In this case the kinetic equation for the
hydrogen evolution reaction becomes

J (17)

where i0 is the exchange current. The oscillations of i K often
observed at high values of η are associated with ohmic
changes in the near-electrode layer, i .e. with oscillations
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in the resistance of the electrolyte layer resulting from the
alternate accumulation of molecular hydrogen and of Nb3 +

ions . 9 2

A calculation of the activation energy of the dissolution of
hydrogen in Nb in I^SO^ solutions by Gorbachev's tempera-
ture-kinetic method gave values of 44.0 8 8 ' 8 9 and 47.3 kJ
mole"1.9 3 In this case the hydrogen evolution corresponds
to the Volmer process

H3O* + e (Μ) ϊ» HadsM+ Η,Ο ( i 8 )

Thus the kinetics and mechanism of the hydrogen evolution
reaction on a Nb electrode surface are very dependent on the
formation of a hydride phase in the near-surface layer. The
mechanism of the elementary act is complicated by the change
in electronic structure of the surface on which the hydrogen is
adsorbed. The overvoltage of the hydrogen evolution reaction
on the hydride depends on the degree of saturation of the
near-surface layer with hydrogen and on the intensity of the
cathodic process.

A recent review91* discusses three possible mechanisms of
the hydrogen evolution reaction on niobium. The first
includes the Volmer process (18), which determines the rate
of evolution of hydrogen, followed by the fast step (Heyrov-
sky—Horiuti process)

(19)

The second mechanism consists of the fast Volmer reaction
(18) followed by the slow step (Tafel process)

HadsM + HadsM;±2M + H2 (20)

This mechanism is controlled by the recombination of H a ( j s ,
and therefore the rate of hydrogen evolution is independent
of the electrode potential. The third mechanism postulates a
fast Volmer reaction (18) followed by a slow Heyrovsky—Hor-
iuti reaction (19). In this case the cathodic current is
described by the expression

(21)

where kc is the rate constant and CIH3O+ is the activity of
H3O

+. According to Eqn.(21) the slope of the polarisation
curve is Οφ/3 lgiK) p H,T = 2.3i?T/(l - a)F, and the order
of the reaction with respect to OH" ions is (3 lg iR^ ρΗ)ψ )τ=1.
These parameters apply to both polycrystalline and monocrys-
talline samples.

The adsorbed hydrogen can either be evolved from the
metal surface or be transferred to an internally adsorbed
state under the Μ electrode surface (s form), from which it
can redistribute itself in the near-surface layer by diffusion:95

Η^Μ^ζ+Η,Μ (22)
fcads

Here Jc a D S and Jcads are the rate constants for the absorption
of hydrogen by the metal and for its adsorption on the sur-
face from the bulk of the metal.

In general the cathodic process leading to hydrogen evolu-
tion in acid media can be expressed as follows:95

H.O+,1

H,O+·

H2

(C)
· H a

V.H,
(23)

Here v a is the diffusional flow of hydrogen atoms into the
bulk of the metal; H a D SM and HabsM denote an absorbed
hydrogen atom on the metal surface and under it respectively.
Some of the hydrogen forms molecules and emerges into the
electrolyte, whereas the remainder penetrates into the metal
where it can either form a solid solution or be bound in a

hydride phase. It was suggested 6 9 that step (c) in Eqn.(23)
is at equilibrium, i .e . that the hydrogen adsorbed in the s
state is removed by electrochemical desorption according to
Eqn.(19). In the case of the hydrogen absorbed by the metal
two situations can arise: 1) the whole of the absorbed hydro-
gen is present in the bound (hydride) form, or 2) a chemical
Μ—Η bond is not formed, and supersaturation of the near-
surface layer initiates the desorption process [step (e)], in
which the hydrogen is returned to the metal—electrolyte inter-
face where it undergoes electrochemical desorption by reaction
(19) . 9 6 Lastly, these two processes can occur simultaneously,
producing a quasi-equilibrium state characterised by the slow
breakdown of the hydride layer with evolution of hydrogen
at the metal—electrolyte interface. We should stress that the
hydrogen in solid solution is not desorbed from the entire
surface of the metal but only from some specific active centres
(usually, line or plane defects on the metal surface).

In the formal kinetic treatment of the scheme (23) the ratio
of the rates of certain steps should affect the overall balance
of hydrogen absorbed by the metal and hydrogen removed
electrochemically. Experimental data for the hydride-contain-
ing metal agree well with mechanism of hydride layer forma-
tion followed by binding of the absorbed hydrogen in the
hydride. In a hydrochloric acid solution the parameter b ^
increases as a result of hydrogenation. 8 8 > 8 9 A study of the
frequency dependence of the impedance89 suggests that
step (c) could be treated as a heterogeneous chemical reaction.

The general conclusion from this Section is that for low cy
in the near-surface layer (and correspondingly short cathodic
polarisation times) the rate of the hydrogen evolution reaction
is controlled by the slow discharge step (18). For longer
cathodic processes ( i .e. for high levels of hydrogenation) we
must allow for the formation of Nb—Η chemical bond, the
decrease in the Fermi energy Ep, and the "ennoblement" of
the metal resulting from the filling of the d band of the transi-
tion metal by the s electrons of the hydrogen. The decom-
position of the supersaturated solid solution or the dissocia-
tion of the Nb^Hy hydride influences the electrochemical
process on the metal surface, causing an increase in the rate
of formation of hydrogen molecules and possibly also in the
rate of electrochemical desorption of the hydrogen.

3. Electrochemical Characteristics of the Niobium Electrode

During Anodic Polarisation

Let us now examine the anodic process coupled with the
hydrogen evolution reaction. The main process during anodic
polarisation is the formation of an oxide layer on the anode.
The initial stages of the reaction of oxygen with a clean mono-
crystalline niobium surface were studied 9 7 by a molecular beam
method, which gave the changes in the sticking coefficient of
the oxygen atoms (the ratio of the total number of sorbed
oxygen atoms to the number of metal surface atoms on the
(110) niobium face) as a function of ΘΗ and T. The adsorp-
tion of oxygen on the (110) face was shown to be a complex,
multi-stage process, controlled by the diffusion of oxygen
atoms into the bulk of the crystal. Thus on the most densely
packed (110) face of niobium the adsorption of oxygen in the
s state is possible only at high coverages of the surface by
oxygen (θ 0 ), and its requires cooperative lateral displace-
ments of the first layer of Nb atoms. At low θ 0 values a very
thin (Ϊ a 0.5 nm) layer of oxide (NbxOy, χ = 1, y < 1) is
first formed on a clean polycrystalline or monocrystalline Nb
surface at 293-295 K, and this initial layer is converted into
Nb2O5 when I > 2 n m . 9 8
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The growth of oxide films showing ionic conduction in elec-
trolytes under anodic conditions is the result of a chemical
diffusion process in an oxide of non-stoichiometric composi-
tion . Ionic transport in the growing oxide layer has been
attr ibuted 8 1 to the motion of positive or negative NbO2 and
NbOz ions by the "switching over" of broken bonds on the
oxygen and niobium atoms. The NbO2 ions are formed at the
metal—oxide interface, and the NbO2 ions at the oxide—solu-
tion interface. The kinetics of the formation of a layer of
oxide on the anode are determined to a large extent by
external conditions in the electrolyte (parameters of the
anodic treatment, pH and concentration of the solution).

After a long cathodic treatment a layer of hydrides is formed
on the niobium surface by the percolation mechanism. This
process is hindered by non-uniform reduction of the oxide
layer. An ellipsometric s t u d y " of changes in oxide films
formed in air or by anodic oxidation of a niobium electrode,
and of changes in the hydride layer previously formed by
cathodic treatment over a wide range of electrode potentials,
has been reported.

A study of the formation kinetics of anodic oxide on niobium
by the capacitance method1 0 0 in dilute solutions of salts,
acids, and bases has shown that the formation potential of
the oxide ( φ 0 Λ ) is linearly time-dependent at 293—333 K. It
was established1 0 0 that under conditions of 100% current yield
the thickness I of the oxide film increases according to the
Young equation

during the anodic oxidation, and that the rate constant of the
formation k = 2.6 nm V"1 depends on the temperature and on
the anodic current density i a . Anodic polarisation of a Nb
electrode covered with a layer of hydrides results in dissoci-
ation of the hydrides and formation of a new oxide layer.
Cathodic polarisation of a Nb electrode bearing an anodic
oxide layer does not immediately regenerate a layer of
hydrides under the oxide layer. According to Auger spectral
results a thin oxide layer may persist over the hydride layer
even after lengthy cathodic treatment. " The rearrangement
of the anodic oxide during hydrogenation has been inter-
preted 1 0 1 as an electron—proton reaction with a decrease in
the valency of Nb:

Nb2O6 + H,O+ -f e -• Nb2O4OH + H2O (25)

The intermediate formed by reaction (25) is characteristic of
the anodic treatment of Nb in alkaline solutions, since the
discharge of hydrogen ions during the cathodic process
increases the electronic conductivity of the Nb2O5 oxide: in
these circumstances we must also allow for the electron-accep-
tor nature of the N b M ions.

Anodic oxidation of a Nb electrode in alkaline KOH solutions
leads to the formation of niobium dioxide NbO2 as well as
Nb2O5 on the surface. 1 0 2 Shatalov and co-workers1 0 3 formed
anodic oxides in 1 Ν solutions of HC1, HNO3, H3PO^, and
H2SCV and they showed that the polarisation of the Nb elec-
trode increases with time for a constant i a . The most perfect
anodic oxide layer was formed in a phosphoric acid solution,
where the high electric fields needed to enhance the protec-
tive action of the NbaOy are produced by changes in Ea

rather than by the penetration of PO^~ into the oxide layer.
However, the anionic composition of the solution during the
anodic polarisation of niobium has a marked effect on the
chemical composition of the anodic oxide layer. It has been
reported101* that the anodic layer produced in a 10 Μ H3PC\
solution at i a = ΙΟ1*—106 A m~2 contains phosphorus impurities
(up to 95 gm cm" 2). The partial inclusion of PO^~ ions in the
anodic oxide layer is probably responsible for its high struc-
tural perfection. The anodic dissolution process is fastest in

solutions containing F ions, since under these conditions the
oxygen in the anodic layer is replaced by F~ (which has a
higher affinity for Nb). The rate of dissolution of niobium
fluorides is also high.

Some interesting aspects of the anodic behaviour of the
Nb25Ni7s alloy in sulphuric acid solutions were observed in
that work.101* Separately, both nickel and niobium readily
dissolve in sulphuric acid solutions containing halide ions
(Hal~) under anodic polarisation. However, their alloy is
rapidly passivated in the same solutions. It is suggested 1 0 4

that the Nb atom is oxidised while still in the metal lattice,
which lowers its activity (since NbO| has a low activity), so
that the atom does not go into solution but is retained on the
surface, forming a passivating oxide film. This film consists
of a mixed oxide whose composition and properties are deter-
mined by the corrosion-kinetic characteristics of the compo-
nents .

Alloying the niobium with noble-metal additives should make
the passivating oxides chemically even more unreactive and
should lower the raje of the anodic process . 1 0 5 Adding the
Cl~ ion to the electrolyte increases i a . Adding C2H5OH to an
acid aqueous solution containing Hal" ions lowers the number
of activating anions which are adsorbed and incorporated into
the anodic oxide film.1 0 6 Accordingly, the addition of water
to alcoholic bromide solutions increase the rate of the active
dissolution of Nb, whereas the addition of C2H5OH to aqueous
solutions suppresses it. A totally passive state of the Nb
electrode can be obtained at some well defined ratios of
alcohol to water.

The rate of anodic dissolution is very dependent on the pH.
It was shown1 0 7 that at pH > 11.3 the current i a is almost
independent of the concentration of ions (c Λ + ) . The pro-

II 3U
cess is controlled by reactions (14) and (15), and its rate at

Θ Η • * • 1 c a n b e c a l c u l a t e d b y E q n . ( 2 1 ) .

Thus during the formation of an anodic oxide layer the
anions present in solution (especially Hal" ions) can penetrate
into the layer and affect the corrosion resistance of niobium
and its alloys. The chemical affinity of the anion from the
solution towards niobium is mainly responsible for determining
the corrosion resistance of the metal in aggressive media: the
chemical resistance of Nb can be increased not only by bulk
doping but also by surface doping with cathodic additives.
The near-surface layers of anodically treated Nb oan be doped
from acid solutions containing Mo, W, Cr, or Zn impurities,
which enhance the protective action of the anodic oxide layer
on N b . 1 0 8

4. Corrosion Behaviour of Niobium in Acid Media

Relatively few experimental results on the corrosion
behaviour of niobium and its alloys in aggressive media have
been published. In a study of the corrosion of Nb in aqueous
hydrochloric acid solutions1 0 9 the rate of corrosion Κ was
found to decrease with time. When the temperature is raised
from 305 to 373 Κ the parameter Κ initially increases about
20-fold, but 60 days after the beginning of the corrosion
process Κ becomes almost independent of Γ (10 μΐη day" 1 ). In
this temperature range Nb was classified as an absolutely
stable metal in 1 Ν HC1 solution. 1 0 9 The activation energy for
dissolution in the HCl/Nb system is 50-90 kJ mole"1. The
changes in physico-mechanical and corrosion-electrochemical
characteristics of Nb caused by hydrogenation without forma-
tion of hydride phases do not markedly affect the corrosion
resistance of niobium in media of pH > 1, and they may even
increase it slightly. 1 1 0
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The corrosion resistance of binary alloys based on niobium
and of alloys doped with cathodic additives can be much
higher than that of pure Nb. Thus a s tudy 1 1 1 of the corro-
sion resistance of binary Nb—Ta alloys has shown that in
H2SC\, HC1, and HNO3 solutions these materials are in a
passive state over a wide range of potentials and tempera-
tures (373—523 K). This result was subsequently confirmed.112

The corrosion stability of Nb—Ta alloys can be increased by
high-temperature heat treatment, which produces a mixture
of Nb and Ta pentoxides on the surface. The chemical inert-
ness of f3-Ta2O5 containing Nb is substantially higher than
that of g-Nb2O5 containing Ta. Up to 50 at.% of niobium can
be added without significantly impairing the corrosion resis-
tance of tantalum. 1 1 2 By additionally doping these alloys with
palladium or platinum we can produce constructions materials
for the protection of systems operating in very corrosive
media.

The corrosion resistance of niobium alloyed with ruthenium
and molybdenum is discussed in Refs.113 and 114. Alloying
with ruthenium lowers i a and widens the region of potential
in which the passive state is preserved. Measurements of the
weight loss of these alloys in 1—10 Ν solutions of H2SOi,. have
shown that the rate of corrosion is extremely low: 10"1* mm
year"1 (~3 χ ΙΟ"1* \im day" 1 ) . 1 1 3 Thus the corrosion stability
of niobium and its alloys in hydrochloric acid solutions is
slightly worse than in sulphuric acid solutions. This is due
to the effect of Hal" ions on the structure and properties of
the oxide films on niobium; the SO2" ion has a very much
lower surface activity.

The rate of corrosion of niobium can be decreased by alloy-
ing it with 5—10 wt.% of molybdenum or tungsten. In 4%
H2SO4 Κ = 2.2 g ΙΪΓ 2 h" 1 for pure niobium, and 0.2-0.4
g m~2 h" 1 for Nb—Mo and Nb-W alloys. However, these
binary alloys have a low plasticity and require additional
alloying. The addition of .small quantities of zirconium
(0.003—0.1 wt.%) worsens the plasticity but further improves
the corrosion resistance by producing oxide layers with a
more perfect structure.

The Zr + 2.5 at.% Nb alloys, whose corrosion resistance has
been extensively studied, 1 1 6 is widely used in nuclear ener-
getics and in various branches of technology. These concen-
trations of niobium produce a significant loss of corrosion
resistance in the zirconium. Furthermore the ease of hydro-
genation decreases in this alloy. Thus the Zr + 2.5 at.% Nb
has some advantages over the Zircalloy-1 and Zircalloy-2
materials from the point of view of hydrogen embrittlement,
but its chemical stability is inferior. This is because of the
structural aspects of the oxide films discussed above. The
search for effective corrosion inhibitors for this alloy is now
an important problem.

5. Effect of Anions from the Solution on the Corrosion
Behaviour of Niobium in Acid Media

The Hal" ions have the strongest influence on the structure
of the passivating niobium oxide layers. The passivating film
is "infected" by the activating halogen ion, 1 1 6 and this lowers
the active dissolution potential. Several studies of these
processes have been reported, and the F~ ions are invariably
found to be the most active depassivators of all the halide
ions.

In the anodic dissolution of niobium in sulphuric acid
electrolytes containing HF additions the following chemical
and electrochemical processes on the anode have been sug-
gested: 1 1 7 ~ 1 1 9

with χ decreasing from 7 to 0 with increasing distance from
the metal surface. It follows from (26) that a film of niobium
oxide fluoride is formed on the Nb electrode surface. Its
formation is accompanied by oscillations of the current in
the anodic polarisation curves. The parameter π varies
between 4.65 and 4.95, i .e . non-stoichiometric niobium oxides
(with poor dielectric properties) are formed. The formation
of a layer of Nb2O5 depends on the rate of supply of oxygen
to the electrode surface and requires currents higher than
the limiting current. In media containing Hal" the cathodi-
cally activated Nb electrode dissolves more rapidly. The
previous cathodic polarisation increases the pH of the layer
of solution adjacent to the cathode and thus helps the forma-
tion of an oxide structure more permeable to cations, result-
ing in a rapid decrease in K. 12°

In acid media Cl~ ions cause a loss of dielectric properties
in the surface anodic oxides of niobium, obviously through
the replacement of Ο by Hal" in the film. The effectiveness
of the discharge of Cl~ ions on the surface of the Ni6ONbito
alloy is increased by amorphisation of the alloy, which thus
increases the chemical stability of the alloy in chloride solu-
tions . 8 1 Anodic polarisation of niobium in a hydrochloric
acid solution containing 0.05—10 mole litre""1 of Cl~ lowers
the effectiveness of the growth of the oxide film, the depas-
sivating action of the adsorbed Cl~ ions being suggested 1 2 1

as an explanation.
The multi-step character of the dissolution of niobium is

pointed out in many papers. The most obvious manifestations
are the rearrangements in the anodic oxide layers on stand-
ing, caused by the desorption of electrolyte species. More
complex electrochemical systems, containing various organic
molecules in addition to solution anions, suppress the activa-
tion of niobium in Hal" i o n s . 1 0 6 ' 1 2 2 Thus, Br"~ ions in aqueous
solutions containing CH3OH result in the formation of soluble
[Nb(OCH 3 ) m Br n ]P + complexes. The adsorption of organic
molecules (for example, corrosion inhibitors) decreases the
incorporation of active halide ions in the anodic oxide layer
and thus it also lowers the constant K.

Thus halide ions can produce local depassivation of the Nb
surface, which can take place on active centres with a low
adsorption energy. The practical importance of this effect
is obvious, since the great majority of assemblies, components,
and apparatus used in the chemical industry are exposed to
hydrogenating media containing halogen ions.

The decrease in the corrosion resistance of niobium and its
alloys is strongly dependent on structural changes in the
passivating oxide layer, which is itself determined by the
distortion state, the concentration, and the topology of the
defects in the near-surface layer, and by the crystallography
of the corroding surface. Hydrogenation not only assists the
dissolution of the oxide layers but also induces substantial
disorder in the near-surface layer, resulting from the active
interaction of the hydrogen with the defects in the metal.
Further theoretical and experimental studies of the rear-
rangement of the surface as a result of hydrogenation and
phase transitions in the near-surface layers are needed.
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Modern Ideas About the Processes Involving the Formation and Growth
of the Nuclei of a New Phase Under Potentiostatic Conditions
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The principal advances in the theory and practice concerning the initial stages of the electrocrystallisation of metals are
considered. The thermodynamic and kinetic relations for the phase formation processes in electrochemical systems and the
influence of the kinetics of the discharge of ions and of the adsorption of surfactants on the stationary rate of nucleation are
analysed. The theories of the non-stationary nucleus formation and models taking into account the growth of the nuclei of a
new phase are discussed.
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I . INTRODUCTION

The study of the mechanism of the formation and growth of
the nuclei of a new phase in the electrodeposition of metals is
of great theoretical and practical importance, because many
properties of galvanic coatings are established precisely in
the initial stages of the process. The development of modern
technology requires the formation of thin non-porous current
conducting, magnetic, and protecting layers and this is pos-
sible only on the basis of a careful study of the characteris-
tics of the formation of a new phase.

A series of reviews and monographs have been published
in recent years 1 " 1 0 in which the theories of homogeneous and
heterogeneous nucleus formation have been analysed in detail.
Phase formation under galvanostatic conditions has been
studied. 1 1 " 2 8 The interpretation of the results obtained in
the study of the electrocrystallisation of silver,11'12»16 cad-
mium,13 t in, 1 5 copper, 2 3 " 2 5 ' 2 8 and zinc 2 6 ' 2 7 under galvanostatic
conditions is complicated by the fact that the systems enu-
merated, which determine the thermodynamics and kinetics of
nucleation, vary in accordance with complex laws; the phase
formation process is accompanied by a parallel process in
which the electrical double layer is charged, part of the cur-
rent is consumed on the growth of the nuclei already formed,
and the ohmic potential drop can reach a considerable magni-
tude. The theory of galvanic nucleus formation proposed in
a number of studies13»11*»17"22 involves, by virtue of the
causes enumerated above, many assumptions, which complicate
an adequate description of the real processes. In the
present review we shall therefore consider mainly the latest
theoretical and practical advances in the electrochemical
nucleation of metals applicable to potentiostatic conditions.

I I . THERMODYNAMICS OF THE FORMATION OF THE NUCLEI
OF A NEW PHASE

The phase formation theory was initially developed for
homogeneous systems, for example for the process involving
the formation of a drop of liquid from a supersaturated
vapour. 2» 2 9" 3 1 The change in the free energy of the system
AG on formation of the nucleus of a new phase, which is equal

to the work of nucleation, consists of the changes in the
volume and surface energies:

where n is the number of atoms or molecules in the nucleus, r
the radius of the nucleus, φ(η) its surface energy, σ the
specific surface energy at the vapour/liquid boundary, V the
atomic or molecular volume, and Δ μ the difference between the
chemical potentials of the supersaturated and equilibrium
vapours, i.e. the degree of supersaturation of the system.

The dependence of the work of formation of the drop on its
radius is represented by a curve with a maximum,2 which
corresponds to the critical size of the nucleus, for the given
degree of supersaturation, defined by the Gibbs—Thomson
equation:

Γ« = 2σν/Δμ (1)

Drops with a radius r < r c r tend to dissolve spontaneously,
while nuclei with a radius r > r c r tend to grow by virtue of
favourable thermodynamic factors. With increase of the
degree of such supersaturation in the system, the critical
size of the nuclei and the work of their formation diminish
and the AG(r) curve shifts to the origin of coordinates.

Using Eqn.( l) , it is possible to formulate an expression for
the rate of nucleation:2

3Δμ»
( 2 )

where the superscript "cr" corresponds to the critical state.
The critical nucleus can be defined in several ways. It is

an aggregate of a new phase, which corresponds to one of the
following conditions:

(1) It is in a state of metastable equilibrium with the super-
saturated parent phase;

(2) its size is such that the probability of further growth is
equal to the probability of dissolution;

(3) on fluctuation-induced formation, it requires the con-
sumption of maximum work.

Within the framework of classical nucleation theory, which
operates with continuous quantities, namely the size of the
nucleus and the work of its formation, these three definitions
are equivalent.3 2
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Heterogeneous nucleus formation has been examined in a
series of studies.1»2»6»29»31»33 The formal theory presupposes
that the nucleus of a liquid on the surface of a solid support
has the form of a spherical segment and the change in the
energy of the system AG n e t following its formation is propor-
tional to the work of homogeneous nucleation AG n o m :

AG h e t = ΦΛΟΓ1101", (3)

where Φ is t h e s h a p e factor which is equal to t h e ra t io of t h e
volumes of t h e spher ica l segment of t h e liquid phase on t h e
surface of the support and the sphere of the same radius and
depends on the wetting angle. A similar relation is valid also
for the formation of crystalline nuclei.

It has been shown31* that a force which tends to increase the
radius of curvature acts along the perimeter of the drop
wetting the surface of the support. When account is taken
of this phenomenon, calculation of the work of formation of
the critical nucleus and of its size yield values 1—2 orders of
magnitude higher than those obtained when the changes in
only volume and surface energy of the nucleus are con-
sidered. Whilst remaining within the framework of the
macroscopic thermodynamic theory of the heterogeneous
formation of a new phase, it is therefore necessary to take
into account the linear tension. Neglect of the linear tension
may be the reason why, for example, in the electrolytic
formation of a new phase on an extraneous electrode, the cal-
culated sizes of the nuclei are found to be of the order of
several molecules or even fractions of a molecule. It is of
interest to note that in these and other respects experiment
agrees with the macroscopic theory.31*

The satisfactory agreement between the classical ideas
about the nucleation and experiment under the conditions of
high supersaturation, which is frequently observed, it can be
explained by the fact that there is an internal equilibrium in
the nucleus ( i .e. there is no chemical potential gradient).
In this case the thermodynamic theory can be applied to the
description of the nucleation of extremely small crystals.
Here one must remember that the properties of such ultra-
disperse systems (including the surface energy) are no
longer the same as those of the macrophases and the radius of
curvature or the size of the cluster in the nucleation equa-
tions are obtained as a result of the replacement of the real
system, consisting of two phases and the surface layer
between them^ by two bodies—the cluster and the parent
medium with distinct interfaces.3 5 The determination of the
size of the crystals and of the surface energies from experi-
mental nucleation data at high supersaturations therefore
yields certain idealised values of the process parameters (we
shall assume that the terms "nucleus" and "cluster" are
equivalent; we have in mind an aggregate of a new phase
consisting of a certain number of atoms or molecules).

On the other hand, numerous investigations of the proper-
ties of ultradisperse systems have shown36»37 that for many
metals a number of properties of the macrophase persist down
to extremely small dimensions.

The main thermodynamic and kinetic characteristics of
phase formation in electrochemical systems were first examined
about 50 years ago. 3 8 ' 3 9 The specific features of electro-
chemical nucleations have also been discussed in a number of
studies.1'2»6'1*0'1*1 The significant characteristics of
electrochemical systems are as follows:1*0

(1) The presence of an electrical double layer (EDL) and an
electric charge on the species (ions) arriving on the surface
of the electrode and hence the need to take into acount the
kinetics of charge transfer;

(2) the adsorption of water molecules, cations, anions, and
organic substances on the electrode, which leads to a change
in the work of formation of the nuclei and in the kinetics of
the discharge of the ions;

(3) there is also a possibility of the presence of layers of
partly or completely reduced atoms of the metal deposited
(adatoms) formed at potentials more positive than the equi-
librium value.1*2'1*3

We shall consider an ideal system which consists of an inert
electrode immersed in the electrolyte (the term "inert" implies
the absence of interaction between the deposited metal and
the support). At equilibrium the electrode has a potential
Eo and the electrochemical potential of the system μ0 is then
defined by the expression1*1*

where μ is the chemical potential of the ion in solution, ψ0 the
Galvani potential at the metal—solution interface correspond-
ing to Eo ( f ° r simplicity, we shall assume that the external
potential is zero), ζ the ionic charge, and F the Faraday.

When the electrode is polarised by an electric current, a
potential Ε is established at the electrode and the Galvani
potential and the electrochemical potential of the system
change:

The quantity

Δμ=μ — μο = = zF (£-£„) =

characterises the deviation of the system from equilibrium,
i.e. the degree of supersaturation in the system.1*5 Eqn.(4)
is valid if the chemical potential of the solution does not
change when a current flows. Such conditions obtain for
an insignificant change in the bulk-phase concentration of the
electrolyte and are characteristic of the initial stages of the
electrocrystallisation of metals.

The metal nucleus has a potential equal to the electrode
potential Ε and its formation requires the performance of
work proportional to the difference between the electrochemi-
cal potentials r1'2'6-1*0'1*1'1*6

(5)
3(zfT,)a 2 '"

The Gibbs—Thomson equation can be written analogously for
electrochemical systems:1*6

2aV (6)

However, there exist other points of view on the nature of
the supersaturation in the electrocrystallisation of metals.
For example, it has been assumed

11-13.23.21*. k7
that the energy

relations of the nucleation process are determined by the
excess number of the adatoms of the deposited metal on the
electrode surface and not by the difference between the
electrochemical potentials. It has been postulated 1 1 " 1 3 that
the concentration of the adatoms depends only on the poten-
tial of the cathode:

cad=c0- expj—TJJ , (7)

where c0 is the concentration of the adatoms at the equi-
librium potential and in other studies the need to subtract
from the overall overpotential η the overpotential of the
transition n t in order to differentiate the crystallisation
overpotential n c has been noted:23'21*> l f7

The work of formation of the nucleus is to be determined
from the relation
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This approach corresponds to the idea of the independence
of the stages involving the discharge of ions with formation
of adatoms and the actual process involving the formation of
nuclei from the discharged atom present on the surface of the
support, which in fact denies the possibility of the formation
of its nucleus via the direct incorporation mechanism, which
is believed by many workers10'1*8 to be the most probable for
electrochemical nucleation processes. Furthermore, it has
been demonstrated **9 for the formation of copper nuclei on
pyrographite from a sulphuric acid electrolyte that the con-
centration of the adatoms affects only the pre-exponential
factor in the rate equation and the work of nucleation is
determined by the overpotential of the cathode η.

In the atomistic theory 5 0 ' 5 1 the supersaturation is also
assumed to be Δμ = zFr\ and the work of formation of the
critical nucleus is calculated from the formula

AG = η0ΙΑμ + φ(ηοτ),

where the function <j>(ncr) characterises the difference
between the energy of an ncr-atomic complex and the overall
energy of n c r atoms forming part of an infinite crystal:

(8)

where φ1/2 is the work required to separate an atom from the
"half-crystal" position and φ η is the work of separating an
atom from an n-atomic cluster. In terms of its physical
significance, φ(π ( 2 Γ) is equivalent to the surface energy of a
complex consisting of n c r atoms.

In contrast to the classical approach, in the given instance
the work of formation of the nucleus is not a continuous func-
tion of n and the equivalence of the three definitions of the
critical nucleus given before therefore breaks down. In the
atomistic theory the nucleus is assumed to be critical if its
formation requires the expenditure of maximum work. The
specific size of the nucleus depends on the structure of the
complexes and the interaction forces between the atoms and
the support.

The relations between the work of formation of the nucleus,
its critical size, and the rate of nucleation have been ana-
lysed.5 2 Regardless of the approach to the phase formation
processes employed, it is possible to formulate the following
expressions:

AG (n, Δμ) = — η Δμ + F (η, Δμ)

— J »

( 9 )

(10)

where the number of atoms in the nucleus n is a function of
the degree of supersaturation, F(n, Δμ) is the change in the
surface energy of the system on formation of an n-atomic
complex, and Α(Δμ) is the kinetic factor in the equation for
the rate of nucleation J. It follows from Eqn.(9) that

dΔμ

After taking logarithms and differentiating Eqn.(lO) with
respect to Δ μ at a constant temperature, the following
expression was obtained:

r^dlnJ RT d\nA ] |-df(n, Αμ)]
άάμ <1Δμ

• Td

When the nucleation processes are considered within narrow
ranges of the degree of supersaturation, the changes in the
surface energy and the kinetic factor can be neglected:

„ —RT
 d l n /

c r dAu ' (11)

This equation makes it possible to determine the size of the
critical nucleus from the experimental dependence of the rate
of nucleation of the degree of supersaturation regardless of
the nucleus formation model employed. According to the
analysis5 2 of the influence of the pre-exponential factor in
Eqn.(10) and the surface energy F(n, Δμ) on the critical size
of the nucleus, the error in the determination of n c r by
Eqn.( l l ) does not exceed 1—2 atoms.

Furthermore, the equations presented above permit the
experimental estimation of the limits of applicability of the
Gibbs-Thomson equation, since, having determined the rate
of nucleation of the crystals for different degrees of super-
saturation, it is easy to find the dependence of the critical
size of the nucleus on Δμ.

I I I . STATIONARY NUCLEATION KINETICS

The dependence of the stationary rate of nucleation J o on
the work of formation of nuclei has been obtained in a funda-
mental investigation:33

(12)

where DQr is the flux of atoms becoming attached to the
critical nucleus, Z(l) the concentration of single atoms, and
ΚΣ and K2 are constants. As a result of fluctuations, a set
of clusters of different size is formed in the system and their
number obeys the Boltzmann distribution, so that the product

*<»

determines the number of critical nuclei.
The fluctuation theory was developed further in a number

of studies.6 '3 0 '1*1·5 3"5 8 Becker and Doring53 used the kinetic
approach to establish the relation between J o and AG. They
examined the formation of kinetic nuclei as a chain of succes-
sive reactions involving addition to the cluster of or abstrac-
tion from the latter of single atoms and obtained the following
equation for the rate of nucleation:

J r

0 = / ( 1
(13)

where AG is defined by Eqn.(2). The multiplier (AG/h^TRT)l/2,
frequently called the Zel'dovich non-equilibrium factor,6

characterises the deviation of the stationary size distribution
of clusters from the equilibrium distribution. Analogous
expressions have been obtained for J o in other studies. 1 > 1 ' s i f ' 5 7

Several investigations,6 '5 3 '5 5 also based on the approach of
Becker and Doring, have been devoted to the kinetics of the
formation of crystalline nuclei. The authors of these investi-
gations expressed the frequencies of addition and abstraction
in terms of the bonding energies between the nearest neigh-
bours in the cluster and obtained equations for the rate of
nucleation analogous to Eqn.(13).

The mathematical procedure for the solution of nucleation
problems has been improved in a number of investigations.3 0·
56,59 T h e fouling equation has been obtained for the rate
of nucleus formation:

:-D(ncr,tyZe(nCI,t)-\4- Z(n,i)
Z,(n,t)

(14)

where Ze(n, i) is the equilibrium distribution function of the
nuclei with respect to sizes and Z{n, t) the number of
n-atomic clusters at time t. In order to find the specific
form of the function Z{n, t), it is essential to solve the
differential equation

dZ(n,t) _ d To/- A 7 <- A * 2(n,t) \~\
Z,l«.<) IJ ' (15)
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which is a complex mathematical task. However, in the
stationary case, where the function Z(n, t) can be assumed
to be independent of time, the solution greatly simplifies.
The expression for the stationary rate of nucleation, obtained
by Frenkel' 3 0 and Zel'dovich,56 resembles Eqn.(13), which
makes it possible to describe fairly accurately the nucleus
formation process in real systems.

However, for the analysis of experimental data obtained
with narrow ranges of variation of the degree of supersatura-
tion, the employment of the simpler expression (12) is
frequently justified.

In examining the nucleation processes in heterogeneous
systems, it is essential to take into account the change in the
rate of nucleation as a result of the change in both the work
of formation of the nucleus, in accordance with Eqn.(3), and
in the frequencies of addition and abstraction of atoms.

The occurrence of heterogeneous nucleation via the mecha-
nism involving the direct incorporation of atoms or molecules
in the nucleus is unlikely in the gas phase, 3 1 so that the
presence of adatoms on the support and their diffusion along
the surface assume considerable importance. These factors
have been examined in a review2 and it has been shown that
the rate of nucleation is higher the lower the activation
energy for surface diffusion and the stronger the interaction
of the adatoms on the support.

Numerous investigators dealt with the influence of the state
of the support on the kinetics of nucleation from solutions.2'
6 0 ~ 7 1 Ickert 6 0 considered the influence of chemical inter-
actions during adsorption and the role of the real surface in
processes involving the crystallisation of a new phase. The
concept of nucleus formation on active centres, which are
understood to be the sites on the surface of the support
having an increased free energy, has been examined.6 1"7 1

Nuclei are formed preferentially on these centres. Crystal
lattice defects (dislocations, vacancies, and inclusions of
extraneous atoms), mechanically damaged sites on the sur-
face , or defects in the oxide layer, which are as a rule
present on the surfaces of all the supports, can play the role
of the active centres. The activity of the centres can vary
within fairly wide limits on the same electrode, centres with
the highest activity "working" initially, but, as the degree
of supersaturation increases, the less active centres also
begin to participate in the nucleation process. If the influ-
ence of shielding zones, arising around the growing nuclei,7 2

can be neglected in a specific system, then the distribution
function for the centres with respect to activities can be
determined from the experimental dependence of the number
of nuclei on the degree of supersaturation.7 3

The relations of the classical theory examined above can be
applied also to nucleation processes in electrochemical sys-
tems if the degree of supersaturation is expressed in terms
of the overpotential of the cathode in accordance with Eqn.(4).
However, Eqn. (12) describes satisfactorily only experimental
data obtained in systems with high exchange currents within
fairly narrow ranges of overpotentials of the cathode, where
it is possible to neglect the influence of the rate of discharge
of the ions on the surface of the support. In this case the
data on the rate of nucleation fit on the linear plots of l n J 0

against l /η 2 or In J o against η, from the slopes of which it is
possible to determine K2 in Eqn. (12) or the number of atoms
in the critical nucleus.

The description of nucleus formation within wide ranges of
overpotentials in systems where the charge transfer stage is
important requires allowance for the rate of discharge of the
ions. A series of studies have been devoted to this prob-
lem. 23,2u,w,5o,si,7*-79 I t h a s b e e n S U g g e s t e d 7 5 that the

current density associated with the attachment of atoms to the
critical nucleus, growing via the direct incorporation

mechanism, be expressed in terms of the cathodic component
of the current i c :

and the following equation has been obtained for the statio-
nery rate of nucleation:

where a is the electrochemical transfer coefficient and i0 the
exchange current density.

The discharge kinetics have been taken into account analo-
gously in the derivation of equations for J o in the region of
high overpotentials of the cathode in studies by Milchev and
co-workers50»51 and Chebotin et al. 7 6 However, this approach
is not always justified. The nuclei of the new phase have a
considerable surface curvature which affects the kinetics of
the discharge of ions on their surface. Equations have been
obtained7 7 for slow discharge on a curved surface, but the
Gibbs—Thomson effect1*6 has been taken into account only
for the anodic'process. A more detailed examination of the
kinetics of the discharge of ions on a curved surface has
shown that the curvature influences the activation energies
for the cathodic and anodic processes.7S7 9>8 0

The kinetics of the discharge of ions on the curved surfaces
of clusters have been taken into account by Danilov and
Polukarov.79 The derivation of equations for the stationary
rate of nucleation was based on the kinetic method of Becker
and Doring.5 3 In the derivation of the expression for the
atom addition and abstraction flux densities, the cathodic and
anodic components of the current density respectively were
employed:

)/ zF \ / 2<TV\

e x p ( a — η ) . e * p ( - « — )

The following expressions have been obtained for the rate of
nucleation via the mechanism involving the direct incorpora-
tion of atoms and nuclei:7 9

<«>

The work of formation of the nucleus can be expressed in
different ways depending on which nucleation parameter has
to be determined. For the estimation of the specific surface
energy of the nucleus, AG is expressed in accordance with
the first part of Eqn. (5) and Eqn. (16) is written in the form

Jo = • exp[(1 α) exp f- «± j (17)

The constant K2 is determined from the slope of the experi-
mental plot of the rate of nucleation against the overpotential
in terms of the variables In {JorT2exp [-(1 + a)zF/RTn]} and
l/η 2 and then σ is calculated.7 9

In order to calculate the number of atoms in the critical
nucleus n c r , it is necessary to use the second part of
Eqn. (5). Eqn. (16) is then transformed into

c r
and n c r can be determined from ihe formula

zF \ άη )

Expressions have also been published7 9 for the stationary
rate of two-dimensional nucleation and nucleus formation via
the surface diffusion mechanism.
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Models not using macroscopic physical quantities have been
proposed for the description of nucleation processes in the
range of high degrees of supersaturation.5 0>5 1>7 6»8 1~8 3 The
atomistic theory of electrochemical nucleation has been
developed-by Milchev and co-workers. 5 0 ' 5 1 The following
expression has been obtained for the direct incorporation
mechanism:

where K^n^j-) is a parameter which depends only slightly on
the overpotential of the cathode, the function φ(η 0 Γ ) is
defined by Eqn.(8), and Zo is the number of active centres
on the support. To a first approximation, the dependence
of the surface energy on η is neglected and the equation

(18)

is used.
The expression

has been obtained for the formation of a nucleus via the
mechanism involving the surface diffusion of adatoms.50

It has been shown5 0 '5 1 that the classical and atomistic models
of nucleus formation are limiting cases of a single theory and
are valid under the conditions of low and high supersatura-
tions respectively. According to the atomistic theory, the
number of atoms in the critical nucleus can be arbitrarily
small and can even be zero. In this case the critical nucleus
is an active centre of the support and addition of one atom to
such a centre converts the complex into a stable formation
capable of growing spontaneously under the conditions of the
given supersaturation. Within the limits of a certain range
of values of η, the number of atoms in the nucleus remains
constant and then changes abruptly, so that the dependence
of the logarithm of the rate of nucleation In J o on the over-
potential η should be represented by broken lines. The
slope of each section yields n c r and the critical sizes of the
nucleus in the neighbouring ranges need not necessarily
differ by unity.1*5»8'*

Nucleus formation in the presence on the support of centres
with different activities has been examined.76 Using the main
principles of the atomistic theory, the authors obtained the
following expression for the stationary rate of nucleation on
active centres of the fcth kind:

( i9)

where K .̂ is a constant independent of η in the given range
of overpotentials, a k = [Z i c (l)/Z 0 , /c)]p = 0> and mk is the
number of atoms in the critical nucleus on the active centres
of the kth kind. The numerator of Eqn.(19) yields a linear
relation between l n J ^ and η, analogous to that described by
Milchev and co-workers,50»51 while the denominator produces
a deviation from it, which may be significant at high over-
potentials and for a high adsorption capacity of the support
when a^ is fairly large. In the general case, at a given
overpotential, there is a set of values of m^ and the overall
stationary rate of nucleus formation is determined by the sum
of expressions of type (19) with respect to different kinds of
active centres. 7 6

Extensive experimental data have now accumulated and can
be used to test the theoretical calculations for stationary
nucleation in electrochemical systems. We shall not dwell on
the results obtained within narrow ranges of overpotentials,
because they have been examined in detail in a series of
reviews.1»2' l t~6'8'9 We shall only mention that their analysis

on the basis of the thermodynamic and atomistic models leads
to practically identical conclusions and calculations yield
similar values of the critical size and of the work of formation
of the nuclei.

The determination of data for nucleation kinetics within
wide ranges of overpotential is associated with considerable
experimental difficulties. The main method of securing
information about nucleus formation processes is the deter-
mination of the dependence of the number of nuclei of the
metal deposited Ν on the duration of the potential static
pulse t (see Figure). The use of the two-pulse method6»85

enables the nuclei formed during the first pulse to grow
further until the attainment of sizes visible under the micro-
scope and makes it possible to count them, The stationary
rate of nucleation is determined from the slope of the linear
part of the N(t) curve and the thermodynamic process param--
eters are then evaluated.

Ν

Schematic illustration of the dependence of the number of
nuclei on the duration of the potentiostatic pulse (τ is the
induction period and N s the limiting number of nuclei).

Valuable results concerning the formation of silver nuclei on
vitreous carbon have been obtained.1*5'81* The plot of In Jo
against l / η 2 exhibits appreciable deviations from linearity,
which indicates the inapplicability of Eqn. (12) to the desqrip^
tion of the process. Treatment of the results in accordance
with the atomistic model showed1*5»81* that this theory describes
the experiment satisfactorily and makes it possible to estimate
the overpotential ranges in which the critical size of the
nucleus remains constant: n c r = 4 for η = 25—51 mV,
n c r = 1 for η = 51-160 mV, and n c r = 0 for η > 160 mV.
However, the results'*5'81* can be interpreted also on the basis
of the thermodynamic theory. 7 9 In terms of the variables of
Eqn.(17), the experimental data fit satisfactorily on a straight
line, from the slope of which it is possible to calculate the
constant K2 and the critical size of the nucleus.

IV. NON-STATIONARY NUCLEUS FORMATION

The stationary course of nucleation can obtain only during
a time interval before and after which nucleus formation
proceeds under the conditions of a variable rate of nuclea-
tion . The increase in the rate of nucleation J in the initial
stages of the process is usually attributed to the fact that
supersaturation in the system is established not instanta-
neously but involves the slow formation of a stationary
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distribution of clusters with respect to size, the accumula-
tion of,the adatoms of the deposited metal, and the time varia-
tion of the activity of the extraneous electrode. The
decrease in the rate of nucleation which follows the stationary
section is due to the exhaustion of the active centres of the
support, the overlap of the shielding zones, or the coales-
cence of-the growing crystals, which leads to the termination
of the nucleation process.

We shall consider the early stages of nucleus formation.
Under the conditions of a constant supersaturation, the
nucleation process can be described by the Frenkel1—Zel'-
dovich. equations (14) and (15),30'56 the most accurate solu-
tion of which has been obtained86 on the assumption that the
concentration of the adatoms instantaneously assumes the
value corresponding to the given supersaturation [see
Eqn.(7)]: ,

J(t) = J0 1 + 2 2 (-1)" · exp -m'-i-

where

(20)

(21)

(22)

Here m are positive integral numbers, τ is the induction
period, and Κ is defined by the expression

d * A G ( " )

According to this theory, the main reason for the non-sta-
tionary conditions in the early stages of the process is
assumed to be the finite rate of establishment of the station-
ary size distribution of the clusters.

Solutions of Eqn. (15) have been obtained87'88 taking into
account the. time-dependent concentration of adatoms using
different mathematical approaches. The expression

where Jo and τ are defined by Eqns.(21) and (22), c is the
concentration of adatoms varying with time, and χ an auxil-
iary variable, has been obtained.88

The equation for the rate of nucleation obtained by
Roldugin et al.87 is

(24)

where τι is the induction period due to the redistribution of
clusters with respect to size:

4DCIK
(25)

The second part of Eqn.(25) has been obtained taking into
account the Gibbs—Thomson effect, according to which the
flux of atoms adding to the critical nucleus in electrochemical
systems is equal to the product of the surface area of the
critical nucleus and the exchange current density and not
the cathodic component of the current. This conclusion
arises also from the second definition of the critical nucleus
given above. Indeed, the probability of the growth of the
nucleus is only equal to the probability of dissolution when
the equality

holds. Many investigators failed to take into account this
fact in studying the kinetics of electrochemical nucleation.

The time variation of the concentration of adatoms in
Eqn.(24) is defined by the expression89

where

·*[<'-•»•£·*] (26)

is the induction period due to the finite rate of accumulation
of adatoms, <3η and c0 are the limiting (for the given over-
potential) and equilibrium concentrations of adatoms [see
Eqn. (7)], and i|d is the exchange current density of the
adatoms. Evidently τχ diminishes and τ2 increases with
increase in the overpotential of the cathode.87

Estimation of the duration of the period of non-stationary
conditions from Eqns.(25) and (26) yields times of the order
of several milliseconds, which is close to the values deter-
mined experimentally, while neglect of the Gibbs-Thomson
effect in the derivation of Eqn.(25) leads to values which
are smaller by'-3—5 orders of magnitude than those observed
experimentally.

For tj. = τ2 = τ, Eqn. (24) reduces to

and if one of the components of the induction period is much
greater than the other, we obtain87

(27)

At low overpotentials, the effective induction period is deter-
mined by the redistribution of clusters with respect to size
and decreases with increasing overpotentials in accordance
with Eqn.(25); at η = 200 mV the minimum induction period
should be observed and in the region of high super satura-
tions τ increases with increasing η in accordance with
Eqn. (26) and the duration of the non-stationary section is
determined by the rate of accumulation of adatoms on the

(23) surface of the support. ' These theoretical estimates have
been confirmed by experimental data81* for the nucleation of
silver on vitreous carbons: the relation τ(η) passes through
a minimum at overpotentials of -200 mV.

The influence of the time-dependent supersaturation Δμ(ί)
on the nucleation kinetics has been analysed by Kashchiev
within the framework of the quasi-stationary approximation in
two studies90'91 and the following equations have been
obtained:

(28)
J,(t)~Da(t)

%{t)-4ln"Da(t)'K{t)

These are valid subject to the condition
d Αμ ^ 6

at n2ncr(f)-t(i)

Eqns.(20), (23), (24), and (28) were obtained for homoge-
neous nucleus formation but, by introducing the shape factor
into the expression for the work of formation of the nucleus
in accordance with Eqn.(3), it is possible to use them for the
description of heterogeneous processes.92

Aleksandrov and Kedyarov93 took into account the possi-
bility of nucleation in which several energy barriers are
overcome at a constant supersaturation and analysed the
influence of the multistage course of the process on the
nucleation kinetics. In particular, they showed that, in the
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presence of two energy barriers, the extrapolated induction
period can be negative.

Milchev91*»95 developed a theory of non-stationary nucleation
based on the assumption that the active centres of the sup-
port can arise during the operation of the initiating pulse at
a rate which depends on the degree of supersaturation.
Since the rate of nucleation is proportional to the number
of centres active at the given instant, the stationary state is
established only after an induction period during which all
the active centres which can arise for the given degree of
supersaturation are produced. For electrochemical systems,
the active centres are, in particular, defects in the oxide
layer on the metallic electrode, which exist before the
application of the overpotential pulse or which arise during
evaporation. The kinetics of the non-stationary nucleation
are described by an equation identical in form to Eqn.(27),
but the induction period τ should diminish with increase in
the overpotential.

Theories of non-stationary nucleation have been tested
thoroughly in a number of s tudies . 9 5 " 1 0 2 The integral form
of Eqns.(20) and (27) in terms of their dimensionless

variables F = (Jof)" 1 J J(t)dt and y = t/τ is more con-

venient for comparison with experimental data:

(29)

y) . (30)

It has been established that Eqn.(29) describes satisfacto-
rily the non-stationary nucleation of mercury,9 6~9 9 silver,1 0 0

and cadmium9 7 '1 0 1 on platinum and of copper on pyrograph-
ite, 1 0 2 but systematic deviations of experimental data from the
theoretical curve are observed in the region of low values of
the ratio "tlτ. Statistical analysis9 5 of the experimental data
for the nucleation of mercury on platinum showed that a more
accurate description of this process is possible on the basis
of the theory taking into account the variation of the number
of active centres of the support91* and the corresponding
equation (30).

However, one should note that the same experimental data
fit fairly well on the theoretical curves corresponding to
Eqns.(29) and (30),8 7 because the theoretical relations them-
selves differ insignificantly. The deviations from them are
comparable to the experimental errors and the determination
of the nature of the non-stationary conditions (the redistri-
bution of the clusters with respect to size, slow accumulation
of adatoms, the manifestation of active centres of the sup-
port , etc.) therefore requires additional information. It may
be that, for each specific system, the non-stationary condi-
tions in the initial stages of the nucleation process are due to
specific causes: the state and nature of the support, the
experimental conditions, etc.

In the late stages of nucleation, the rate of the process
diminishes from J o (if it has been attained) to zero. The
causes of this phenomenon have been analysed 7 2» 1 0 3" 1 0 5 on the
basis of the concept that the aggregates of the new phase are
initiated on the active centres of the support.

The phenomenon of such saturation in the formation of
mercury nuclei on platinum has been explained1 0 6 by the
energetic homogeneity of the surface of the cathode. The
possibility of explaining this finding from the standpoint of
the concept of the development and overlap of shielding zones
arising around the growing nuclei has been demonstrated.7 2 '1 0 3

These models have been generalised in a study101* according
to which the rate of nucleation is given by the relation

dt Z»(0) S(0)

where Z0(t) is the number of unoccupied active centres and
S(t) the surface area of the support not covered by shielding
zones. At t -> « we have Z0(t) -*• 0 and S(t) -*• 0, which
leads to the cessation of the nucleation process. Depending
on the experimental conditions, either the exhaustion of the
active centres or the overlap of the shielding zone play the
decisive role.

The first case is described by the equation

N(t)=N,{\— exp I— /,(*—τ)ΙΝ.]) »

where N s = Z 0 (0). When the shielding zones play the
decisive role, the following expression has been obtained:

where Γ and γ are the complete and incomplete gamma-func^
tions.

The quantities N(i), Ns, J o , and τ are determined directly
from experimental plots of the number of nuclei against the
duration of the pulse (see Figure) and the parameter q is
found from the slope of the plot of l n N s against In Jo.1 0 1* In
terms of the dimensionless variables N(i)/N s and Jo(i~T)/N s ,
it is possible to determine the mechanism of the saturation
process. For example, it has been established that, during
the formation of mercury nuclei on plat inum 1 0 5 " 1 0 7 and of cop-
per nuclei on pyrographite,1 0 2 the main role is played by the
process involving the overlap of the shielding zones, while in
the presence of surfactants the saturation during the nuclea-
tion of copper is caused by the exhaustion of the active cen-
tres of the support. 1 0 2

V. STATISTICAL ANALYSIS OF NUCLEATION PROCESSES

One of the methods for the experimental study of nuclea-
tion kinetics involves the measurement of the time and
probability of the appearance of the first nucleus. A random
fluctuation process obeys the Poisson law and the probability
of the appearance of at least one nucleus is given by 1 0 8

where N(t) is the average number of nuclei formed at a given
overpotential during time t. If there is no induction period,
then N(i) = J o i and the average expectation time for the
nucleus, which can be readily determined experimentally, is
given by the formula

The stationary rate of nucleation J o can be determined
analogously from the probability of the formation of m nuclei:

P> - U)

However, in this case it is necessary to demonstrate that the
process involving the appearance of m nuclei is random and
obeys the Poisson law; this is not always t rue. For example
it has been shown1*5»65 that, in the nucleation of silver on
vitreous carbon, deviations are observed from the Poisson
law for the distribution of distances between nearest nuclei,
due to the mutual influence of the growing crystallites.



626 Russian Chemical Reviews, 56 (7), 1987

If the stationary state is attained after an induction
period τ, then the probability P>x is given by the expres-
sion

Knowing the theoretical relation

where Fit, τ) is a function of time and τ, it is possible to
estimate the stationary rates of nucleation and the induction
period from the coordinates of the point of inflection Pj and
tj on the experimental plots of the probability of the appear-
ance of the nucleus against time for a constant overpotential.
The period τ is calculated from the relation

and then the stationary rate of nucleation is evaluated1 0 8

from the formula

A somewhat different mathematical procedure for the deter-
mination of J o and τ has been used by Milchev and Tsakova.9 5

The product JOT is calculated from the formula

#F (y)

dy* J

. Γ AF (y) - 1 -

,=y, L dy \y=yi

(31)

where F(y) = N(t) IJ QT and y — t/τ. The ordinate of the
point of inflection in the P>i(t) relation is given by the
expression

:(y) Τ
ay J ,

on the basis of which the calibration curve Pj(y) is plotted,
provided that the theoretical relation F(y) is known. Next
the values of Pj and tj are determined from the experimental
relation between the probability of the formation of the
nucleus and the duration of the potential static pulse and
then yi = tj/τ is found with the aid of the calibration curve,
the induction period τ is calculated, and the stationary rate
of nucleation is evaluated from Eqn.(31). 9 5

The theoretical relations (29) and (30) have been tested
experimentally9 5'1 0 1»1 0 8 for the nucleation of mercury and
cadmium on platinum; satisfactory agreement has been found
between the values of J o

 a n < i τ determined from the experi-
mental N(t) relations and the values calculated from the
results of statistical analysis.

Fairly numerous studies have been carried out recently
on the statistical analysis of the processes involving the
formation and growth of nuclei. 1 ' 2 » 1 0 ' 1 0 9 " 1 1 5 but their detailed
examination would require too much space. We shall only
note that the methods developed for the calculation of the
spatial and temporal distribution of the nucleation steps
permit a deeper understanding of the mechanism of nucleus
formation and the analysis of the nature of the active centres
of the support and of their influences on the kinetics and
thermodynamics of nucleation.

V I . THE INFLUENCE OF SURFACTANTS ON THE FORMATION
AND GROWTH OF NUCLEI

Surfactants have been used widely and for a long time in
the cathodic deposition of metals and alloys to control the
physicomechanical and structural properties of galvanic
deposits. The theoretical and experimental studies of the
influence of surfactants on various stages of electrochemical
processes have been thoroughly described in a series of
reviews and monographs, 1 1 6" 1 1 9 but their action on phase
formation processes has been studied to a much lesser
extent.2 '2 1»»7 3»1 0 7 '1 2 0"1 2 5

It has been shown 1 2 0 ' 1 2 1 that the adsorption of surfactants
in the system can alter the work of formation of nuclei and
their critical size by altering the surface energy at the
nucleus/electrolyte and nucleus/support interfaces (which
is accompanied by a change in the wetting angle and the
shape factor).

The influence of saponin on the nucleation of mercury on
platinum has been studied1 2 2 and it has been shown that, with
increase in the concentration of the additive in solution, the
stationary rate of nucleus formation and the number of nuclei
N s in the region of saturation on the N—t curve decrease (see
Figure), but the work of nucleation remains almost unchanged
under these conditions. According to electrocapillary
measurements, no appreciable adsorption of saponin on
mercury was observed in the experimental range of potentials
and concentrations of the additive, and the authors therefore
explain the decrease of Jo and N s in terms of the blocking of
the active centres of the support. It was suggested that the
same centres are active in relation to both adsorption and
phase formation processes. Other workers, 1 0 7 investigating
the mechanism of the influence of poly(propylene glycol) on
the nucleation of mercury on platinum, arrived at analogous
conclusions.

The influence of acrylamide (AA) and acrylonitrile (AN) on
the galvanostatic initiation of the zinc crystals on pyrograph^
ite has been investigated.26»27 Calculation27 showed that AN
increases significantly AG as a consequence of its strong
adsorption on the surface of the support and, after the
introduction into the electrolyte of a combined additive com-
prising a mixture of AN and AA, the work of nucleation
remains almost unchanged compared with the pure zinc sul-
phate solution. This finding was explained by the simulta-
neous adsorption of the surfactant on the nuclei and the sup-
port, which cancels out the changes in AG. However, these
calculations, based on the separation of the crystallisation
and transition overpotentials, are open to doubt because in
the same study it is concluded that the size of the critical
nucleus decreases after the adsorption of AN, which is
inconsistent with the observed increase of AG.

The study of the influence of polyacrylamide (PAA) and
acrylic acid (AAC) on the electrocrystallisation of copper
under potentiostatic conditions 7 3 ' 1 2 5 showed that PAA is
adsorbed only on nuclei of specific size and is not adsorbed
on the support, which leads to an increase of Ν , while the
initial sections of the N(i) curves in the presence of PAA
coincide for the given overpotential. This effect has been
explained by the decreased rate of growth of the shielding
zone arising around the growing crystallites. In contrast to
PAA, AAC is adsorbed on the pyrographite support and
eliminates active centres, which decreases J o and N s and
also increases the period of non-stationary conditions.

Thus the majority of investigators have concluded that the
influence of surfactants on the initial stages of electrocrystal-
lisation is manifested mainly by the inversion of the ratio of
the rates of formation and growth of the nuclei of the new
phase as a result of the blocking of the active centres of the
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support and the inhibition of the discharge of ions on the
surfaces of the growing crystallites.

V I I . MODELS OF NUCLEATION TAKING INTO ACCOUNT THE
GROWTH OF NUCLEI

The study of the character of the growth of nuclei can
yield important information about the nucleation processes.1»2

Analysis of the potentiostatic current—time relations (tran-
sients) has been recently used increasingly to determine the
phase formation relations. The theory governing the growth
of two-dimensional layers 1 0 ' 1 2 7 " 1 3 9 and three-dimensional
crystals has been confirmed by experimental studies of
electrocrystallisation on dislocation-free phases of silver
single crystals10'1**0"11*6 and the formation of anodic
films1"*7"151* and metallic nucle i , 1 5 5 " 1 5 9 and by mathematical
modelling. 1 3 9 ' 1 6 0" 1 6 5 Investigators have devoted much atten-
tion to the role of processes involving mass transfer to the
growing nuclei . 1 6 6 " 1 7 3

In the present review we shall confine ourselves to the
analysis of the most important studies of the three-dimen-
sional nucleus formation and growth, which occur widely
in processes involving the deposition of galvanic coatings
on supports made of a different material. A general model
taking into account the two-dimensional initiation and sub-
sequent three-dimensional growth of crystals has been
proposed.171*~177

The relations governing the growth of nuclei were analysed
for the first time by Sheludko and Bliznakov,126 who derived
the relation between the current associated with the growth
of a single semispherical nucleus Ιλ and time t for different
rate-limiting stages. Under the conditions of slow discharge
of ions, the current is proportional to t 2 , while in processes
subject to diffusional and ohmic control it is proportional to
t 1 , but the character of the dependence of the current on
the potential differs significantly, which permits the experi-
mental differentiation of the above growth mechanisms.

In the further development of the theory, the growth of an
ensemble of nuclei was examined. For the diffusional growth
regions, satisfactory results were provided by the model
based on local semispherical diffusion;178 corrections have
been applied1 7·8 0»1 7 9 for the initial radius of the nucleus and
the Gibbs—Thomson effect. The experimental i ( t) relations
were interpreted on the assumption of the independent
increase of Ν for the crystallites, i .e. it was assumed that
the overall current is equal to the sum of the individual
currents associated with the growth of the nuclei. The
following expression is then obtained for the instantaneous
nucleation (the formation of Ν nuclei at a rate greatly
exceeding the rate of their growth):

while for progressive nucleation (when the rate of nucleus
formation and growth are comparable)

current associated with the growth of Ν nuclei formed simul-
taneously:

where J x is the specific (referred to one active centre) rate
of nucleation and I i( t) the current associated with the growth
of a single nucleus. An experimental test showed1 7 '8 0 '1 7 8"1 8 1*
that, despite the satisfactory agreement between experiment
and theory in the description of the growth of single nuclei,
we have Νίχ(ί) > % ( ί ) even in the initial stages of the pro-
cess, which indicates a significant mutual influence of the
growing nuclei.

Scharifker and Hills1 8 5 took into account the overlap of the
semispherical diffusion zones arising around the growing
crystallites and obtained the following expression for the

= zFcv i-^-) ' · U— (32)

where c v is the volume concentration of the electrolyte, D the
diffusion coefficient, and k the rate constant for the growth
of the zone:

ft-(8nc.V)\

For progressive nucleation, the current is described by
the expression

h it) = zFcv {± - exp ( - -|- (33)

The plots of the growth current, corresponding to
Eqns.(32) and (33), pass through a maximum, whose coordi-
nate Im and t can be readily found from the condition that
the derivatives of the current with respect to time are zero.
The product

where δ is a numerical multiplier equal to 0.1629 for instanta-
neous nucleation and 0.2598 for progressive nucleation, does
not contain the quantities Ν and 3λΖύ and is therefore a
diagnostic criterion of the initial mechanism.185 Furthermore,
instantaneous and progressive nucleation can be distinguished
on the basis of the experimental i ( t ) relations plotted in terms
of the variables ( i / i m ) 2 and t/tm and one can then calculate
the quantities Ν and JXZ^. If the initiation ceases as a result
of the overlap of the diffusion zones, then the limiting num-
ber of nuclei is given by the expression

Comparison of the relations obtained with the experimental
data for the nucleation of lead on zinc oxide and of copper
sulphide on copper 1 8 5 demonstrated a satisfactory agreement
between theory and experiment.

The theory was developed further by Scharifker and
Mostany.1 8 6 In their study of diffusion-controlled nucleation
on a limited number of active centres of the support, the
authors of the above investigation were able to derive a
system of transcendental equations, whose solution permits
the independent calculation of J1 and Zo from the experimental
coordinates of the maximum on the current transient. Yet
another advantage of this theory is the possibility of
describing a diffusion-controlled potentiostatic initiation and
growth process in a general form, where the instantaneous
and progressive nucleation are limiting special eases.

Analysis of the current transients for the lead nucleation
process on structureless carbon 1 8 7 demonstrated that the
number of active centres on which the nuclei are formed
increases with increasing overpotential but is almost indepen-
dent of the electrolyte concentration. Furthermore, the con-
centration dependence of the rate of nucleation permits the
conclusion that the atoms are directly incorporated in the
nucleus without the intermediate deposition of adatoms.
Treatment of the experimental data in accordance with the
classical and atomistic nucleation theories leads to virtually
identical critical sizes of the nucleus ( n c r < 1).

An interesting approach in the analysis of the formation and
growth of nuclei was employed by Isaev and Baraboshkin.1 8 8

Equations permitting the description of the nucleation proces-
ses under the conditions of diffusional and kinetic control of
growth were derived on the basis of Kolmogorov's theory.
If the instantaneous nucleation takes place under the condi-
tions of slow discharge of ions, then the current is defined
by the expression
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where

and is the tabulated Dawson integral:

ω (xx) = exp (— **) · jj exp (χ?) άχ ,

and the variable xx is defined by the expression

xl = i%V(aN)'btlzF.

The I(xi) relation has a maximum at χ χ = 1.50, which
corresponds to the product Χχωίχχ) = 0.64 and the degree of
surface coverage of the electrode by the growing deposit
θ = 0.90.

For diffusional control of growth, x 2 ^s described by the
expression

-exp ( —

and the following equation is valid for the current:

/ = 2zFDc (jiNf • ω (x2) f 1 - exp ( - ~

When X2 = 0.92, a current maximum corresponding to ω(χ2) =
0.54 and θ = 0.57 is observed.

For progressive nucleus formation with kinetic control, the
following equation has been obtained:

where

, (χ,) = exp (— 4) · j {4 — x2) • exp (3χ3χ* - 2x») dx ,

-ί3

Here the quantities x 3 = 1.34, ω 2 (χ 3 ) = 0.44, and θ = 0.91
correspond to the current maximum.

If the rate of the process is limited by bulk diffusion, then
the following relation holds:

l-exp (-£u)f} ·(=*-

ω4 (xt) = exp ( - *1) · | {x\ — x2) -exp {2x]x* — χ*)άχ,

where

[ - e x p ( - - ^
In this case x^ = 1.08, ωμ(χ^) = 0.36, and θ = 0.4 corre-
spond to the current maximum.

The equations obtained make it possible to infer the mecha-
nism of nucleation (instantaneous or progressive), to deduce
the factor controlling the growth of nuclei (slow discharge of
ions or volume diffusion), and to calculate the degree of
coverage of the electrode by the deposit and the parameters
of the initiation process.

The method of current transients has been used 1 8 9 " 1 9 3 to
investigate the influence of the degree of surface coverage of
the electrode by adatoms on the kinetics of three-dimensional
nucleation. At potentials more positive than the equilibrium
potential for the deposition of lead on the (111) and (100)
faces of silver single crystals, a certain definite number of
adatoms were deposited, an overpotential pulse was applied,
and the time variation of the current was measured. The
transients were treated on the assumption that the nucleation

is progressive with diffusional control of the growth of semi-
spherical nuclei in accordance with the theory developed in a
number of investigations 1 8 0" 1 8 3 ' 1 9 1*" 1 9 6 and the rate of initia-
tion of lead crystals was calculated. It was shown that, with
increase in the degree of surface coverage by the adatoms,
the rate of nucleation diminishes and does not increase as
should have been expected.

This non-trivial fact was explained as follows: previously
it had been established that the structures of the sorption
layer of the adatoms and of the bulk phase of the metal differ
appreciably from one another. 1 8 9 » 1 9 0 ' 1 9 2 The formation of a
three-dimensional nucleus therefore requires a rearrangement
of the adsorption layer, whose rate depends on the density,
symmetry , and ideality of the two-dimensional film. The
dependence of the rate of nucleation on the potential at which
the adsorption layer was formed on the surface can also be
associated with the decrease of the number of active centres
of the support as a result of the two-dimensional association
of the adatoms or the adsorption of microimpurities.

According tq^the calculation based on the atomistic model
of nucleation, the critical nucleus consists of 11 and 13 atoms
for overpotentials in the range 10—20 mV on the (111) and
(100) faces of silver single crystals respectively. Since
the rate of initiation on the (100) face is much higher than
on the (111) plane and the work of formation of nuclei is
approximately the same, one may conclude that the prelimi-
nary maintenance of the electrode at potentials more positive
than the equilibrium value influences mainly the kinetic factor
in Eqn.(18) for the rate of nucleation.1 9 3 It is therefore
quite evident that, in the study of nucleus formation on
supports made of a different material, it is necessary to take
into account the possibility of the formation of adsorption
layers or two-dimensional nuclei even in the anodic range of
potentials.

—oOo

The data considered in the review show that during recent
years there has been a significant expansion of the range of
studies on the initial stages in electrocrystallisation. New
trends have arisen in research, in particular, a more logical
allowance has been made for the specific features of the elec-
trochemical reactions in the crystal initiation processes, a
method has been developed for the analysis of the time varia-
tion of the current whereby one can estimate the number of
nuclei generated and infer the mechanism of their growth,
which splendidly supplements the classical two-pulse method.
Interesting results have been obtained in the study of the
dependence of the rate of initiation of crystal formation on
the degree of coverage by adsorption layers made up of atoms
of the metal deposited in the range of potentials more positive
than the equilibrium potential of the phase. Systematic
research has been begun on the influence of surfactants in
the stage involving the initiation and growth of crystals.

The model ideas in the studies described are based on the
assumption the absence of interaction between the nuclei
formed. However, under the conditions of high super-
saturation, which usually obtain in the electrodeposition of
metals, the processes involving the coalescence of the nuclei
with formation of aggregates are apparently entirely probable.
There is no doubt that further study of the influence of
surfactants and of the multistage occurrence of electrochemi-
cal reactions on nucleation processes will yield useful data
both for the theory of electrochemical phase formation and
for the practical deposition of galvanic coatings.
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Spectral Sensitisation of Photo processes in Polymeric Donor-Acceptor
Systems

A.V.Vannikov and A.D.Grishina

Processes are considered which involve the spectral sensitisation of polymeric electron donor-electron acceptor (EDA) systems
as a result of which an electron is transferred and charged species are formed under the influence of visible light. Problems of
the practical utilisation of the phenomenon in the development of light-sensitive recording layers, photovoltaic cells
transforming light into electrical energy, and polymeric photoconductors are discussed.
The bibliography includes 148 references.
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I. INTRODUCTION

The sensitisation of electron transfer reactions in EDA
complexes to radiation at specific wavelengths, particularly
in the visible spectral range, has been studied in detail as a
fundamental problem of the effect of electromagnetic radia-
tion on organic systems and also in connection with the pos-
sible practical applications of this phenomenon. This con-
cerns the employment of organic complexes as photoconductors,
as light-sensitive recording layers, and in photovoltaic cells
transforming solar energy into electrical energy. The
sensitisation is important also in the photochemical oxidation
of organic compounds and in the utilisation of solar energy
by photochemical methods.

In the present review the concept of "polymeric electron
donor—electron acceptor (EDA) complexes" includes not only
complexes formed by polymeric components but also complexes
which contain low-molecular-weight compounds distributed in
a polymer matrix.

Questions concerning the spectral sensitisation of polymer
compositions, incorporating donors (D), acceptors (A), and
also weak charge-transfer complexes (CTC or D.A) are
examined below. The sensitisation is achieved by intro-
ducing an additional component—the sensitiser (S), which
exhibits optical absorption in the specified wavelength range.
The present review does not discuss processes described in
detail in existing publications1"3 and based on the ionic dis-

h v C T C
sociation reaction of polymer CTC (D.A *• Dt + A·) as a
result of direct photoexcitation. We shall consider reactions
involving sensitised electron transfer and reactions due to
the sensitised formation of singlet oxygen.

1. The Principal Types of Sensitised Charge-Transfer Reac-
tions

(a) Reactions with Participation of the Sensitiser in Electron
Transfer

The sensitiser forms CTC with the donor or acceptor com-
ponent :

\O.S)0
^o, (I)

Here 1 ) 3 (D"S") 0 and 1 '3(S'+A')1_are the singlet- or triplet-
excited complexes and 1 > 3[D* ...A' ] 0 is a geminal radical-ion
pair in a singlet or triplet state.

The sensitiser forms a collision complex with the donor or
acceptor component and also with the complex 1 (D.A) 0 :

% -» 3S, D* + ff;

secondary reaction:

*...S-]o (or S[) + XAO-»• % + D* + A" -»• Dl + A"i;

^ % -+3S, - ^ ^ , - ' Α ο - ^[Sf.-A-lo^S* + A";

(HI)

(IV)

secondary reaction:

1-3[St...A-]0(orSt) + % + Ό+· + Â  -* D\ + A",:
11'3[St...DAnon

i.3 [ DiA...Sr J oJ

(V)

plexes.
, and ^ S ^ X(D .A)o are collision com-

(b) The Sensitiser Subjected to One-Quantum or Two-Quan-
tum Excitation is the Donor of Triplet Energy

(DA)-° % + 3φ*· A~)i -+ Ό* + A· -> D; + A",,

'A.
1 S O + 3 D 1 - ^ ( 3 D 1 - 1 A O ) .

Ar · - -> • 'D

(VI)

Processes (I)—(VI) have come to be referred to as autosen-
sitisation when S E D J or Af.

(c) Reactions with Participation of Singlet Oxygen

In the presence of O2, singlet molecular oxygen is formed in
the reaction with the triplet-excited organic molecule (3MX)
( ^ 2 can be in the 1 Σ + and 1Δ states). The reactions

involving ΧΟ2 are used in information recording processes.
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The quantum yield of 1 0 2 is determined by the relative
positions of the E( 3Μχ) level and_the level of the excited
charge-transfer state E[ ^ ( M ' O ^ i ] .

When the E[1>3M iO2)1] level lies below fi(3M1), si
oxygen is formed via the following reactions:

singlet

Scheme 1

VM O -O 2 )

When the E[ 1 > 3(Μ 7θ2)ι] level lies above E( ^χ),1*»5 the direct
involvement of the 1>3(Μ·θ2)ι states in the process is ruled
out:

Scheme 2

3('Μο·3ο,)-

5 ( 3 Μ , · 3 Ο 2 )

3('Μ,· 3Ο 2)·

Comparison of the reactions via Schemes 1 and 2 shows that in
the latter case only one pathway leads to the decomposition of
the collision complex 3Μχ.3θ2 via the singlet state 1(3M1.

3O2) with
formation of singlet oxygen, while in the former case, other con-
ditions being equal, the reaction involving the decomposition
via the state '(MiOj)]., which does not lead to 1O 2, is included.
Taking into account the ratios of the populations of levels with
different multiplicities, one can postulate that the quantum
yield in the formation of singlet oxygen via Scheme 2 will exceed
by a factor of 4 the quantum yield in the formation reaction
via Scheme 1.

I I . PROBLEMS OF THE PRACTICAL UTILISATION OF SEN-
SITISED ELECTRON PHOTOTRANSFER IN EDA COMPLEXES

In the development of recording polymeric donor—acceptor
systems for photovoltaic cells sensitive to a given wavelength
range, the sensitisers employed are dyes of different classes
(cyanine, thiazine, xanthene, etc., dyes), variable valence
ions, porphyrins, which are used in silver halide photog-
raphy 6 ' 7 and in the creation of liquid-phase photochemical
systems transforming the energy of solar radiation into elec-
trical or chemical energy. 8 " 1 1

The reduction of acceptors [viologens (V2+)] sensitised by
ruthenium complexes [including tris(2,2'-bipyridyl)rutheni-
um(II) or Ru(bipy)2."1"], porphyrins, and dyes in the presence
of donors of different nature has been successfully investi-
gated in recent years in connection with the search for new
systems for the storage of solar energy. 8 " 1 2 At the same
time, in order to create non-silver (or low-silver) information
recording systems, studies have been made of the reduction
of acceptors (viologens) in the donor matrix of poly (vinyl
alcohol) (PVA) under the conditions of the phoeoexcitation of

additionally introduced sensitisers: riboflavin13»11* and benzo-
phenone. 1 5 For this purpose, we can also employ a system
comprising V2+ and Ru(bipy) 2 + incorporated in a cellophane
matrix.1 2 A high sensitivity has been obtained in the com-
position deposited on a triacetate support and comprising
PVA as the donor, NN'-bis(p-eyanophenyl)-4,4'-bipyridyl
chloride as the acceptor, and riboflavin as the sensitiser.
Excitation of riboflavin by light with λ s 360-440 nm in the
PVA donor matrix ensures electron transfer from the matrix
to the sensitiser with formation of the reduced form of ribo-
flavin—a semiquinone radical, with a quantum yield of 0.09.16

In the presence of V2+ the subsequent dark electron transfer
from this radical to viologen ensures the formation of latent
image centres—the radical-cations V', for the visualisation
and enhancement of which a physical development process is
employed11* with formation of a visible image made up of metal-
lic silver:

B+ + Ag+ -> Β ϊ+ + Ag°; Ag° + nAg+ + nFe11 -*- Ag°AgB + nFe111

The sensitivity S0,i to monochromatic light with v j n c = 436 nm
was determined as the reciprocal of the exposure Ho 1 (in
J cm"1) for which the optical density on the exposed sections
exceeds after development by 0.1 the optical density on the
unexposed sections (the fog density):11*

S..,= 1/#„.!=6.62- 10s cm2 J"1

Attempts have been made to create liquid-phase photo-
galvanic cells based on the photochemical reduction of
thiazine dyes in the presence of i ron(II) . 1 7 ' 1 8 Different
versions of the recording of the effect of light, consisting
in the photochemical reduction of thiazine dyes in the pres-
ence of donors of different nature and subsequent electron
transfer from the reduced form of the dye to the metal cations
in solid matrices, have been described by Oster. 1 9

The products of the photochemical reduction of thiazine
dyes—semiquinone radicals—initiate the polymerisation of
vinyl and acrylic monomers. 1 9"2 2 A system based on the
polymerisation of acrylic monomers initiated by the radical-
cations MbH· (Mb+ is the dye Methylene Blue) has been used
for the phase recording of holograms.2 3 The effective photo-
chemical reduction of Mb+ was ensured by the presence in the
reaction mixture of a donor—toluenesulphonic acid. The
holograms were recorded by means of laser radiation with
λ = 632.8 nm, which induces the photoexcitation of the dye
Mb+. It has been established2 3 that two mechanisms are
responsible for the phase recording: the first involves
the formation of the relief and the second involves a change
in the refractive index of the medium as a result of poly-
merisation. 4-Nitrophenylacetic acid was introduced into the
reaction mixture to fix the light-sensitive layer. The dye Mb +

decomposes irreversibly under the conditions of the photo-
excitation of the acid by UV radiation. A light sensitivity of
~103 cm2 J " 1 , a resolution of 1500 mm"1, and a diffraction
efficiency of ~45% were attained: the contribution by the
change of the refractive index is ~12% and the modulation of
the thickness is ~33%.

Gelatine layers containing N-vinylcarbazole (VCA and CBri,,
distributed in the matrix in the form of particles whose size
ranges from 0.5 to 20 \im, exhibit a high light sensitivity,
approaching that of silver halide emulsions (S o, 2 = 3 χ
10s cm2 J " 1 for the negative process and 3 χ 101* cm2 J " 1 for
the positive process).21* Depending on the order in which
photoexcitation and heat treatment are applied, a positive or
negative process is achieved. Under the conditions of the
photoexcitation of the sensitiser—the VCA.CBru CTC, the
latter undergoes ionic dissociation with formation of the active
products VC* and Br~...CBr 3, which initiate the polymerisa-
tion of VCA whose high concentration is due to its disperse
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state. A high quantum yield of the polymer is achieved by
the subsequent intensification of the image by the alternate
heat treatment of the entire layer and its exposure to intense
illumination.

Sensitised donor—acceptor systems based on diazonium
salts [p-aminobenzenediazonium+sulphate and salts having
the general formula p-X-C6H^-N = Ν BF^, where X =
(C 2H 5) 2N, CH3O, Br, CH3COO, or NO2] as acceptors 1 6 ' 2 5 " 3 3

have been proposed for the recording of information. The
donors employed are toluenesulphonic acid, sodium toluene-p-
sulphonate, diphenylamine, l,4-diazobicyclo[2.2.2]octane,2S~28

hypophosphorous acid, ascorbic acid, and the polymeric PVA
matrix [combined with poly(ethylene glycol) as plasticiser].16»
29-33

The sensitisers are dyes (thiazine, acridine, and xanthene
dyes), riboflavin, 1 6 ' 2 5" 3 3 and variable-valence ions.3 3 The
essential components are also phenols and an acid stabiliser.
In these systems the recording of information is due to the
decomposition of the acceptors (diazonium salts) as a result
of electron transfer, initially from the donor to the photo-
excited sensitiser and then from the reduced sensitiser to
the acceptor.

The image appears on treatment of the exposed layer with
ammonia, which transforms the phenol Ι106Ηι,ΟΗ into phen-
oxide ions (RC6HiP~). The latter, which have more pro-
nounced electron-donating properties than RC6H4OH, enter
into the dark azo-coupling reaction with the acceptor pre-
served in the unexposed sections—the diazonium salts. This
leads to the formation of the azo-dye and the colouring of
the unexposed sections:

ArNj + RCeH4CT — Ar—N=N-RCeHsOH

The products of the photochemical decomposition of the diazo-
nium salts do not react with phenoxide ions.

Depending on the polarity of the medium, the diazonium
salts decompose via either ionic (heterolytic decomposition in
polar matrices) or radical (homolytic decomposition in non-
polar matrices) mechanisms:

p-X—C,H4—Νί + e -* p-X-CeH; -f N2

As a result of the interaction of the aryl radicals formed in
the homolytic decomposition with Η-donors (RH), new elec-
tron-donating free radicals R*, inducing the additional decom-
position of the diazonium salt, are formed.1 6 '2 7 The forma-
tion of free radicals is used to initiate the polymerisation of
the aery lam ide introduced additionally into the layer.2 8 The
photoexcitation of Mb+ by light with λ = 665 nm in a system
containing p-aminobenzenediazonium sulphate as the acceptor,
sodium toluene-p-sulphonate as the donor, Mb+ as the sen-
sitiser, and also acrylamide results in the formation of poly-
acrylamide (molecular weight Μ = 7 χ 106) with a quantum
yield φ = 1.3 χ 104. As noted above, the photosensitive dye
Mb+ initiates the polymerisation of monomeric acrylamide
derivatives even in the absence of a diazonium salt. For
example, the transformation of acrylamide into the polymer
(M = 9 χ 105) has been found to occur2 8 with a quantum
yield of 1.7 χ 103.

Layers based on polyvinylcarbazole (PVCA) and polyepoxy-
propylcarbazole (PEPC) as donors with acceptors of different
nature, after the additional introduction of sensitising dyes,
acquire a photosensitivity over a wide spectral range,
including the absorption band of the dye. Rhodamine 6G,
coumarin 6,31* eosin,3 5 as well as cyanine dyes with electron-
accepting properties, 3 6 whose ground level lies below the
upper limit of the valence band of PVCA are effective spec-
tral sensitisers for PVCA. The effects of the sensitised
photoconductivity in these systems have been discussed in
detail. 1" 3

It is noteworthy that injection and chemical sensitisations
are widely used for PVCA layers. Injection sensitisation at
the PVCA /selenium boundary arises when aromatic molecules
are introduced and is due to the formation on the interface of
CTC between selenium and the aromatic molecule,37 which
equalise the "ceilings" of the valence bands of selenium and
PVCA and ensure the transfer to PVCA of the holest photo-
generated in selenium.

Chemical sensitisation is ensured by the introduction of
additives such as trichloroacetic acid3 8 and diazonium salts39"1*3

in a system consisting of a donor (PVCA) and a spectral sen-
sitiser or acceptor (o-dinitrobenzene, trinitrofluorenone).
The introduction of such additives increases the photocon-
ductivity of the system almost by an order of magnitude and
leads to the appearance of a "memory effect" consisting in an
increase by 3—4 orders of magnitude (up to 24 h) of the time
during which the photocurrent decreases after the illumina-
tion has been switched off. The effects are associated with
the interaction of the radical-anions (A* or S"), formed in
the phototransfer of electrons, with the additive introduced
(for example, A' + H' •> HA"), which lowers the rate con-
stants for the'bulk-phase recombination of the electron—hole
pairs. The "memory effect" is used in the recording of
information under electrophotographic conditions. A simpli-
fied scheme for the electrophotographic process on PVCA
layers consists in the following steps: the layers are nega-
tively charged uniformly with the aid of a corona discharge.
After exposure, free holes, recombining with the surface
negative charge, are generated in the section of the layer
acted upon by light. This results in the formation of poten-
tial relief on the surface, which reproduces the distribution
of illumination during exposure. The development is carried
out with the aid of charged dye species. ^ S C h . 2 -phe time
required for this process, from exposure to development, is
determined by the "retention" time of the charge on the sur-
face, which generally speaking is short (not more than
several minutes). The "memory effect" makes it possible to
simplify significantly this process and to expose the uncharged
surface of the film, i.e. to separate the charging and expo-
sure stages in time and as regards apparatus. The reten-
tion of increased electroconductivity on the exposed section
permits the visualisation of the image by charging the surface
along time after exposure.

In photovoltaic cells and in information recording process-
es, it is possible to use systems which are a combination of
thin metal layers and organic semiconductors. Layers of
pure PVCA or PVCA containing disperse ZnO ,"15 deposited on
a metallic layer, are used for the electrophotographic process.
In order to sensitise these systems with respect to visible
light, a dye is introduced at the metal/organic layer inter-
face. By employing dyes of different nature (sensitisers
for either ZnO or PVCA), it has been established1*5 that the
primary stage is the photochemical oxidation of the sensitiser
dye with electron transfer from the photoexcited dye to ZnO,
while the secondary stage is the electron transfer from PVCA
to the oxidiser sensitiser. As a result of this process, a
pair of charged species is generated, which can recombine
or move apart into space, contributing to the photoconduc-
tivity of the layer.

tHere and henceforth we shall speak of p-type (holes) and
η-type (electrons) charge carriers in those cases where there
is a possibility of the movement of electrons via the M...M*...M
and M...M'...M systems, where Μ is a neutral molecule and
M· and M,· are radical-cation and radical-anion respectively.
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The use of organic layers in photovoltaic cells for the
transformation of solar energy into electrical energy is of
special interest. The Schottky barrier, arising in the
organic layer when it comes into contact with the metal, is
usually employed for this purpose. Since the organic semi-
conductors usually exhibit ρ-type conductivity, a necessary
condition for the formation of the Schottky barrier is $>m < $sc
(<&m and 3>sc are the electron work functions for the metal
and semiconductor respectively). In this case, the organic
metallic layers are charged positively and negatively respec-
tively on contact, the height of the Schottky barrier does not
exceed the difference Vo = Φ s c - 4>m, and the electric field
in the barrier region is E^ = 2V0/d (d is the width of the
barrier).

The advantages of systems based on the Schottky barrier
are the low cost of the necessary components and the ease of
divising a technology for the preparation of the cells. Among
the numerous studies devoted to this problem, we shall be
interested in communications about the preparation of organic
layers based on phthalocyanine without a metal (Phtc) dis-
persed in a polymer matrix. l | 6~' f 8 Maximum efficiencies for
organic systems (several per cent) have been attained on
such layers sensitised by dyes. In principle, the mechanism
of the generation of charge carriers in these systems is the
same as in organic layers with a homogeneous distribution of
the dye and semiconductor in the polymer. However, there
are also specific features associated with the fact that the dye
is distributed at the disperse Phtc /metal interface. In this
case the redox processes in the solid-phase system proceed
with electron transfer across the interface. Furthermore,
for Phtc it is possible to employ the ideas of the band model
of solids. Compared with the sputtered Phtc layers, polymer
layers with dispersed Phtc particles make it possible to
obtain cells with much higher efficiencies.48 The main
element of the photovoltaic cell is a thin (-1 μπι) layer of the
polymer (PVA, PVCA, polycarbonate) in which the particles
of polycrystalline Phtc, with linear dimensions of several
hundreds of angstroms, are linearly distributed. This layer
is deposited on a conducting support forming an ohmic con-
tact with the latter (this requires the fulfillment of the condi-
tion $ s u p > Φ phtc )· A transparent layer of SnO2 on glass or
quartz and also metals (Au, Ag, Cu, Pt), are used as the
conducting supports. A semitransparent layer of metal with
a low electron work function is sputtered onto the free sur-
face of the organic layer. The most stable characteristics
of the cells have been obtained with indium ( $ i n = 4.0 eV,
Φ Phtc = 5.1 eV). When the cell is illuminated from the side
of the metallic layer (for the maximum effectiveness, it is
important that all the light is absorbed in the region of the
barrier), electron—hole pairs are generated, are separated in
the field E^, the electron passes to the metal, and the posi-
tive charge passes into the bulk phase of the semiconductor.
If the cell is in a closed electric circuit, then a short circuit
current Isc arises in the circuit on illumination. When the
circuit is broken, a potential difference is generated in the
metallic and SnO2 layers—the open-circuit photo-e.m.f. (Voc)
which cannot exceed Vo. When a load resistance R is
included in the external circuit, its value determines V and
I generated when the cell is illuminated and the useful work
is then VI.

The photo-e.m.f. and the photocurrent at which the useful
work is a maximum are designated by Vm ax and I m ax· In
order to estimate the efficiency of the cell, the so called
filling factor F is introduced:3"

I s c , Vo, and F can be calculated from the voltage-current
characteristic of the cell on illumination.

The efficiency of the photovoltaic cell can be calculated
relative to the intensity of the light incident on the cell Lo:

or relative to the intensity of the light which has passed
through the metallic electrode L j :

100%

(1)

( 2 )

The efficiency η characterises the efficiency of the cell as a
whole and η' characterises the efficiency of the transformation
of the energy at the bar r ie r .

The quantum efficiency of the photogeneration of charge
carriers can be obtained from i S c: 3 1 *

vj=1.24/sc/I7.A inc; ( 3 )

(nm)

'm ix 'max

where i s c is ^expressed in A cm 2 and L j in W cm 2;
is the wavelength of the incident radiation.

The photocurrent spectrum is correlated with the absorp-
tion spectrum of Phtc, which indicates the independence of φ
of Ajnc (φ = 0.27 and F = 0.33). For monochromic radiation,
xinc = 6 7 0 nm, Ly = 6 uW cm"2, I s c = 1.4 χ 10~6 A cm"2,
Vo = 0.86 V, η' = 6.5%, and η = 2%. However, for radiation
having the same spectral composition as sunlight, Lj =
1 mW cm"2 (0.01 of the intensity of solar radiation) and η' =
0.5%. With increase of LT to 10 mW cm"2, η' faUs to 0.07%.
The most readily understood pathways leading to an increase
of η' are associated with the increase of i s c owing to the
increase of φ and the more effective absorption of sunlight,
since the optical absorption by Phtc in the green part of the
spectrum, where the maximum energy of solar radiation is
concentrated, exhibits a break. The increase of φ on excita-
tion by light corresponding to the absorption band Phtc can
be achieved as a result of the chemical sensitisation of the
system, for example, by introducing an acceptor which forms
a CTC with Phtc. By selecting dyes having an absorption
maximum in the green gap in the absorption by Phtc, it is
possible to achieve the spectral sensitisation of the layer,
which should ultimately also lead to an increase of φ and i s c .
The mechanisms of sensitisation have been discussed in two
communications31*»35 and will be described in Section III.

Layers for the recording of information based on CTC
between donors [aromatic amines (Am)] and acceptors (car-
bon tetrabromide (CBr^) or bis(tribromomethyl) sulphone
(CBr3SO2CBr3)], which are sensitive to light in the wave-
length range below 500 nm, have been sensitised with respect
to visible light by the introduction of cyanine dyes;3· Ch. 55
"*"*' Ch.6; l»9,so> ^ g j n ^ e s j i v e r halide process, the spectral
sensitisation of these non-silver photographic systems is due
to electron phototransfer reactions.

Non-silver photographic systems based on CTC between
donors of different nature [the leuco-form of Crystal Violet,51

PVCA,52 l,l-bis(p-dimethylaminophenyl)ethylene and p-di-
ethylaminostyrylquinoline,53 and benzyldiphenylamine and
dibenzylaniline;3» Ch.5; ""*> Ch.6j a n ( j a c c e p t o r s (CBr,, and
CHI3) exhibit a high light sensitivity (S 0 2

 s 105 cm2 J " 1 3>13>
5 1 ~ 5 8 ) by virtue of the possibility of the optical intensifica-
tion of the latent image, first established by Fotland.5 1 The
possibility of the optical intensification of the latent image is
due to the fact that the coloured product formed as a result
of the photodissociation of the CTC (in the final form1 3 '5 1"5 3»
5 5 " 5 7 or intermediate form 3 ' C h · 5 ; "> C h ' 6 ; 5 0>5 8) is a sen-
sitiser (autosensitiser) of a CTC-based composition for light
in the region of the intrinsic absorption. The idea has been
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developed" that the mechanism of the optical intensifica-
tion is due to the transfer of triplet energy from the photo-
excited coloured product to the nearest CTC. A two-quan-
tum mechanism of this process in the system based on the
CTC between benzylamines and CBr^ has been established.58

111. REACTIONS WITH PARTICIPATION OF THE SENSITISER
IN ELECTRON TRANSFER

1. Energy Relations

In estimating the efficiency of electron transfer, the rela-
tive positions of the energy levels of the interacting compo-
nents are compared. Together with energy characteristics
such as the ionisation potential of the molecule i.» (Ip for the
donor) or the electron affinity of the molecule E]y (E^ for the
acceptor) in the condensed phase one uses the equilibrium
oxidation-reduction potentials. The relation between these
quantities is given by Eqns.(4) and (4a) for the ionisation
potential and (5) and (5a) for the electron affinity

= 1ft' - E*k = Eo

(4)

(4a)

(5)

(5a)

Here the superscripts ρ, liq, and gas denote the values of
Ijyj and EM in the polymer and in the liquids and gas phases
respectively, £:. or E' = (e 2 /2r ± )( l - l/κ) is the change in
the real solvation energy in the liquid phase in the transition
from the molecule to the radical-cation or radical-anion
respectively, κ the dielectric constant of the liquid in which

ox redthe potentials E1/z' have been measured,

(6)

the change in the polarisation energy of the polymer in the
transition from the molecule to the radical-cation or radical-
anion respectively, κ ρ the dielectric constant of the polymer
layer, r- the radius of the radical-cation or radical-anion
respectively, Ε^μ = E^flVI/M*) the equilibrium potential of
the oxidation of the molecule via the redox reaction

Μ £ Mt + e(S t- S· + e, D t- Dt + e), (VII)

&Χ?2 = E1izW /M) the equilibrium potential of its reduction
via the redox reaction

Mr t- Μ + e(S" Ζ S + e, A~ t- A + e), (VIII)

and Eo the position of the level of the reference electrode
relative to which the equilibrium oxidation-reduction poten-
tials Εχ^ίΜ/Μ*) and E^W /M) measured in the liquid phase
are reckoned. According to Gurevich and co-workers,59""61

£ 0 = φ + βΔΦ—reckoned from the vacuum energy of the elec-
tron in the Fermi level of the reference electrode at the equi-
librium electrode potential—is determined as the electron
work function (for the ejection of the electron into the gas
phase) of the material of the reference electrode (Φ) with
allowance for ΔΦ , where ΔΦ is the surface potential jump
due to the interaction of the reference electrode with the
oriented solvent molecule; ΔΦ depends on the nature of the
reference electrode and the solvent. 5 9 ' 6 0 Using Φ = 4.5 eV
and βΔΦ = -0.07 eV for the platinum reference electrode in
1 Ν aqueous acid solution (normal hydrogen electrode: n.h.e),
£ 0 = 4.43 eV (n.h.e) was obtained. 6 0 ' 6 1 This corresponds

to Eo = 4.67 eV (saturated calomel reference electrode:
sat .c .e) and Eo = 4.62 eV [silver chloride reference elec-
trode in the 1:1 (vol.%) methanol: water mixture: Ag/AgCl].62

It has been noted 5 9 that the potential Δ Φ is known only for
some metal-solution combinations. Apparently for this
reason Eo is frequently identified with Φ. For example, Eo

has been estimated in a review,8» P-199 as Φ = 4.5—4.7 eV
( n . h . e . ) .

It follows from the analysis of literature data that ΔΦ' =
0.53 V, i .e. the potential of the reaction at the reference
electrode

e (in Hg) + HgClsurf ^ Hg° + CP.

and not Eo = 5.07 eV (sat.c.e.), 6 3 ' 6 1* obtained on the basis
of the idea that Eo = Φ + βΔΦ' in which Φ = 4 . 5 4 eV was
adopted, has been used in investigations in recent years.

The energy Eo of the saturated calomel electrode has been
calculated65 from the measured redox potentials in aromatic
hydrocarbons (AH). Eo was obtained by adding together
Eqns.(4a) and (5a) for the same molecule:

r/AH)] .__ _ .

According to experimental data, we have

= -0.31 eV (sat.c.e.);

Thus Eo = 4.65 eV (sat .c .e . ) . According to experimental
estimates for aromatic hydrocarbons,6 5»6 6»6 7 arylazonaph-
thols, 6 8 and cyanine dyes, 6 9 Ε' ζ Ε* s 1.8-2.0 eV in media
with < > 10 [when (1 - l/κ) s i ] .

Comparison of the values of i S a s measured by different
methods and E1/2(M/M^) yielded the relation

(4b)

in which E[ = Eo + E^ = 4.65 + 1.94 = 6.59 eV (sat .c .e .) , 6 5

E'o = 6.5 eV ( sa t .c .e . ) , 7 0 ' 7 1 and E'o = 4.5 + 1.94 = 6.44 eV
( n . h . e . ) 6 6 have been quoted for aromatic hydrocarbons in
acetonitrile and E'o = 4.51 + 1.84 = 6.35 eV (Ag/AgCl) for
cyanine dyes in water (pH 10) . 6 9 ' 7 2 ' 7 3

Comparison of the values of E ^ a s measured by the_ mag-
netron method with the equilibrium potentials E1/2(A' /A) for
strong acceptors (mainly those containing cyano-groups)
yielded the relation71*

, eV, (5b)

in which Eo' = Eo - E' = 2.7 eV was obtained for solutions
in acetonitrile. Similar values of E'^ have been obtained
for cyanine 6 9 and thiazine7 5 dyes. It follows from the com-
parison of Eqns.(4b) and (5b) that (E^j + E^) = (E'Q -
E[j') = 3.89—3.8 eV for the radical-ions derived from large
molecules with conjugated bonds and that the real formation
energy is E^ s E^ a 1.95-1.9 eV. +

The polarisation energy in the solid medium P]yj or PM is
determined by comparing lK a s with the threshold value for
photoelectron emission.

The photoelectron emission from organic solids (including
polymers) has been analysed in monographs. 7 6 ' 7 7 By com-
paring i S a s 7 8 with the threshold values of the photoelec-
tron emission from compounds of different classes,7 7 it is
possible to estimate P^ s 1.5—1.9 eV from Eqns.(4) and
(4a). For molecules at an interface, P ^ differs from the
value characteristic of the molecules within the solid phase.1*7'7

At the interface between phases having the dielectric con-
stants <! and < 2 , the energy P- = (e 2 /2r ± )( l - l/κ'), where
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κ' = (<ι + <2)/2; at the air-solid interface, κ' = (1 +
< 5 Ο ^ ) / 2 . 3 6 For PVCA molecules, the polarisation energy
of the radical-cation has been determined as the difference
p i = l | v

s

C A - l £ y g ^ = 1.5 eV 7 9 on the assumption that

= jgas = 7 5 e v , where IPC = N-isopropylcarbazole.

The value fij$%r. = 6.1 eV has been obtained7 9 by comparing

the electron work function for metals in vacuo and the
threshold energy of the light quanta ensuring the photo-
emission of holes from metals, sputtered onto a PVCA layer,
into this polymer layer. The polarisation energies ~1.2 to
2.04 eV and 1.8 eV for aromatic hydrocarbons in polystyrene
and poly (methyl methacrylate) respectively have been pub-
lished in a monograph.80 These values represent the dif-
ferences between the threshold values for two-quantum
ionisation of molecules in the gas phase and in the polymer
matrix.

Taking into account the scatter of the values of Eo, Erj,
and Pj^ quoted in the above study, one can propose the
following expressions relating the ionisation potentials of the
molecule in the polymer matrix iR and the electron affinity
EJP to the equilibrium redox potentials.

,=£„ + 1.9 ) , eV, (7)

(8)

where £ 0 = 4.6 eV ( sa t .c .e . ) , 4.55 eV (Ag/AgCl in 1: 1
(vol.%) CH3OH:H2O mixture, and 4.36 ( n . h . e . ) . The follow-
ing notation has been adopted below:

eE',A(M/M+-) = + AG+

P, - AGl. (9)

2. Relative Positions of the Levels in the Electron Photo-

transfer Process

The quantum-mechanical theory of the elementary electron
transfer step has been examined in detail in a monograph.8 1 '8 2

The relation between the rate constant for the quenching of
the photoexcitation of molecules via electron transfer and the
free energy of activation for this process in liquid media has
been discussed. 8 3" 8 9 In the present review attention is con-
centrated on the analysis of the energy characteristics of the
components involved in the redox reactions and the relations
between them as factors determining the direction and mecha-
nism of the redox processes in these systems. In the
development of photochemically active polymeric media on the
basis of EDA complexes, the components D and A, forming
either weak CTC or contact complexes corresponding to the
complete electron transfer from D to A in the excited state,
are employed. The use of CTC with a low-lying level and
involving complete charge transfer would lead to the dark
accumulation of electron transfer products.

We shall consider initially reactions with participation of
the complexes D.S or S.A [compounds (I) and (II)]. Under
the conditions of the formation of electron donor—electron
acceptor complexes between S and D or A, there is a possi-
bility of the processes illustrated in Fig.l. In the case of the
CTC 1 ( D . S ) 0 , these processes can be represented by pro-
cess (I) (Fig.la):

Here δ is the degree of charge transfer in the ground state
of the complex and Η ϋ 1 " δ . S " 1 + & ) λ the lowest excited
singlet state of the CTC. For contact complexes, 6 = 0 and
1 ( D 1 - 5 . s - 1 + ^ ) 1 = 1 (D*S T ) 1 .

Next follows the formation of the collision complex with A
(with the constant k12) and electron transfer (fc23):

M ) / l 1

ι ·^ l-J ΓΤι · Δ ~ 1 4- 1 Q

i ^ ^ |_JL/ t\. JQ Τ OQ

))l —J .

( 1 D 0 + 1 A 0 )
^i

; + AD

Figure 1. Schematic illustration of the relative positions of
the oxidation-reduction potentials of the donor (D), the
acceptor (A), and the complexes D.S (a) and S.A (b) in
the ground and excited states; S = sensitiser; continuous
line—polymer matrix; dashed line—liquid phase^ 1) and
V) E^C'Do/Dt), Ei/^Do/Dt); 2) and 2') El/2(S~^S,),

i 2[ 1> 3(D iST)/.
); 6) Ελ/2.

1 8) and 8') E 1 / 2 .
. (^o/St) , Ei/^So/S*);- 9) AG£; 10)AGp; 11) X;
12) AGg ; 13) AG23 (IX); 14) AG23 (X).

V) E^C'Do/Dt), Ei/^Do/Dt); 2) and 2')
£1 / 2(ST/1SO); 3) E 1 / 2 [ 1 (D.S) 0 /(DiS)]; 4) E
.(DtS_); 5) and 5') £ 1 / 2 ( A ' / % ) , Ε'1/2(Α· ΛΑ
.[(SA')/ 1(S.A) 0; 7) E l / 2 [ ( S A - ) 1 ' 3 ( S U > ) 1 ] ;

The free energy AG23 (IX) of the electron transfer stage
of reaction (IX) represents the difference between the redox
potentials (Fig. la):

Ao) (10)

In this formula E'1/2[
 l / 3 (D i S T ) 1 /(D*S)] is the potential,

adjusted to the polymer matrix, for the oxidation of the
excited complex in the redox reaction

+ 6 .S-*)o
[or ^ .S~1+5)i^(DtS) + e],
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which can be calculated from the relation

(11)

where 1 > 3E0 0 is the distance from the ground to the excited
singlet or triplet level of the complex:

x 1A l (lla)
—the equilibrium potential, adjusted to the polymer matrix,
for the oxidation of the complex in the ground state by the
reaction

1(D.S)0

:?(DtS) + e.

In Eqn.(lla), X is the formation energy of the complex; for
contact complexes, the term X = 0 and for CTC we have

{W0l - eSoAE'y^Ool^') + Eo]}2

X~

where W01 = j φ 1 (Ο,8)Ηφ 2 (Ώ·8· )dx is the energy of the inter-
action of uncoupled states [ φ ^ Ώ , δ ) ] and states correspond-
ing to the total charge transfer between the components
[ φ 2 ( ϋ * δ τ ) ] ; WOi = 0 for contact complexes and WOi

 3 0.05 to
0.5 eV for CTC; S 0 1 = | φ 1 ( ϋ , 8 ) φ 2 ( ϋ ; ί ' 8 τ ) ΰ τ the overlap
integral of the wavefunctions of these states; S 0 1 = 0 for
contact complexes and Sai = 0.01-0.1 for CTC. Q £ a s =
ez/2r is the energy of the Coulombic attraction of the radical-
ions in the state 1 > 3 ( D ^ S ' ) 1 in the gas phase.

P — 2u (12)

Ρ is the energy of the polarisation of the polymeric medium by
the dipole 1 ) 3(D-S*)1 including the rapid electronic and also
the atomic and slow orientational components. μ = e>"r)tg~ S

2er is the dipole moment, a(=2r) the radius of the cavity of
the polarising dipole, and r = r+ — r~ the radius of the
radical-cation or radical-anion. Hence

In reaction (IX) the lifetime of the polar states 1 (D 1 δ .
g-i + Ο#Α.)Χ is >10~12 s when the formation of the collision

complex between the excited complex and the molecule A is a
result solely of the increase of the size of the complex on its
photoexcitation. During this period, only the electronic
polarisation of the medium is established (whence κρ = η 2 ,
η being the refractive index). At the same time, under the
conditions of the segmental mobility of the polymer unit, col-
lision with a molecule can occur after the relaxation of the
excited complex to a state of equilibrium (1 > 3E0 0) correspond-
ing to the polarisation energy Ρ and hence corresponding to
equilibrium in relation to the redox potential of the excited

<-X + AGp

CTC+
l>3Qe, (13)

where xQ e = X + xQ'e,
 xQe = Ji2 + Ki2> and 3Qe = J 1 2 - K12

are the interelectron repulsion energies in the singlet-excited
and triplet-excited complex. J 1 2 and K12 are the Coulombic
and exchange energies respectively.90

According to Eqns.(ll), (l la), and (13),

(15)

+ X -

Thus we obtain from Eqns.(lO) and (15) (Fig.la):

AG23(IX) = e[£%(S-/ 1S 0)-£y 2(A^/ 1A 0)]-AGP r c-
 l*Qe. (10a)

When a CTC of the type 1(S.A) 0 participates in the electron
transfer, photoprocesses (X), analogous to (IX), proceed in
accordance with Scheme (II) (with replacement of D by S and

of S by A). The free energy of electron phototransfer is
(Fig.lb)

AG23(X) = eiE^ (16)

where

After substitutions, Eqn.(16) becomes

+1-3EQQ;

+ X +

We shall now proceed to the consideration of reactions (III) to
(V) of the photoexcited sensitiser. The electron phototrans-
fer reactions involving a sensitiser which does not form com-
plexes with D or A components in the ground state are con-
sidered below. Spectral sensitisation is in this case caused
by the formation of the collision complex between the photo-
excited sensitiser and the D and A components of the system.
It is shown below that the direction of the charge transfer
process (the type of primary reaction) is determined by the
relative positions of the levels of the photoexcited sensitiser
and the equilibrium redox potential of the components of the
EDA system.

We shall now examine the primary oxidation of the donor
and the reduction of the excited sensitiser [reactions (III) to
(V)]:

S, *- [D*...Sn

*">rln +lo ^ *"] 1

I II·

Fig. 2a shows that reaction (XI) in stage 23 is determined
by the shift of the reduction potential of the sensitiser in the
excited state in the positive direction up to the value (in the
polymer composition)

eE'yS.S-l1^) = eEVl(S^/1S0)-AG-+ ι·3ΕΜ(οτ ^Ε). (17)

The potential defined by Eqn.(17) corresponds to equilibrium
if the electron transfer reaction takes place after the transi-
tions of 1 > 3 S 1 to the lowest excited singlet or triplet level

(^Eoo)·
The free energy of electron transfer (stage 23) in reac-

tion (XI) is

-j£-x*Ew, (18)

where R is the distance between D" and S' in the geminal
pair. It has been suggested that, in contrast to the excited
CTC, for example 1 '3(Di'ST)i, polarising the medium as a
single dipole [see Eqn.(12)], the geminal pair 1»3[D i'.. .S T ] 0

corresponds to the Coulombic attraction (ez/fi<) of the radi-
cal-ions having their own solvation shells.

The free energy of the secondary reaction

cr -)- lŷ  ^t 1§ + fi· (XII ^

is defined as the difference between the following equilibrium
redox potentials:

AGsec(XII) = (19)

In the primary reduction of the acceptor as a result of the
oxidation of the photoexcited sensitiser [reaction (IV)], pro-
cesses (XIII) and (XIV) (Fig.2b), analogous to processes (XI
and (XIX) (with the replacement of D by S and of S by A),
take place.
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The free energy of electron transfer via reaction (XIII) is
(Fig.2b)

for which

y 0 / 2 0 p-^~1'3E00, (20)

while that of electron transfer via reaction (XIV) is given by

]. (21)

, \

ti=
ι. 4

si-i

13

-±,
Η

?-J£--

•I
iTL

E

1_.5
red, ox

Figure 2. Schematic illustration of the relative positions of
the oxidation-reduction potentials in the primary donor
oxidation (a) and acceptor reduction (b) reactions; D and
D' = donors of different nature: 1) and V) E ^ ^ D o / D * ) ,
E I / Z ^ D Q / D * ) ; 2)_and 2') E 1 / 2 ( 1 p) l

0 /(D') j ", Ε'ιί2[ΗΌ')οΚΏ'^];
3) and 3') E 1 / 2(S " / ^ Q ) , E' l/2(S ' / ^ o ) ; 4) and 4') E l / 2 .
. ( S ^ / 1 ' ^ ) , -fii/aCS-/1·^!); 5) and 5') E x / 2(AT/ 1A 0), Ei/2.
.(A^/'Ao); 6) and 6') E1/2(1S«/S t), Ei/^So/S*); 7) and
7') E i / ^ S j / S i ) ' , E i / z i ^ ' S ^ s i ) ; S) AG23 (XI); 9) AG s e c

(XII); 10) AG23 (XIII); 11) AG s e c (XIV); 12) AG^;
13) AGp.

The dominant direction of the primary reaction is deter-
mined by the difference between free energies AG23(XI) to
AG23(XIII) and the ratio of the equilibrium concentrations
is given by the expression

_ !- = e x p i ^ ^
•3[S*A-]1 L kT J

The collision of 1»3S1 (energy 1>3EOo) with the complex
1 (D.A) 0 entails two possible reaction pathways (a or b) :

^ + A";

l + A~b

1-3[St...DAT]0-»-1'3[Dt...AT]

The dominant pathway is determined by the difference hG(a)-

Liquid-phase systems incorporating donors of different
nature (D and D'), sensitisers comprising low-molecular-
weight and high-molecular-weight derivatives Ru(bipy)|+,
xanthene dyes, and porphyrins, and acceptors comprising
the viologens (V2+) in the presence of dispersed platinum
have been investigated in detail 8" 1 1 ' 7 1 ' 9 1" 9 6 in connection
with the development of converters of solar radiation into
the chemical energy of the evolution of molecular hydrogen.
The set of reactions can be represented by two schemes:

D j r — 3S, <- % ^ % ·*-, p^V^

) * - J I ^ S^: ' I V 2 +

In reactions (XV) and (XVI) the free energy of formation
of H2 is

AG (H2) = e [EVl(V+' /V2+) - EVt (0.5H2/H+)]

where E1 / 2(0.5H2/H+) = -0.059pH V ( n . h . e . ) is the equi-
librium potential of the reduction of Η+ to 0.5H2 in the reac-
tion 0.5H2 ^ H+ + e on the platinum surface.

A high quantum yield of H2 [φ(0.5Η2) = 0.25] has been
attained in a composition where S was a complex system com-
prising a mixture of three xanthene dyes with different
regions of optical absorption which transmit the absorbed
solar energy to the "aerial"—anthracene-9-carboxylic acid.
The "aerial" in the excited triplet state participates in elec-
tron transfer from the donor [ethylenediaminetetraacetic acid
(EDTA)] to the acceptor—methylviologen.95

Fig. 2 shows that the position of the ground energy level of
the sensitiser, for example, the ruthenium complex Ru(bipy) 3

+,
is characterised by two redox potentials: 7 1

(22)

which determine the free energies of electron transfer in the
interaction with the donor. The first value characterises the
free energy, defined by Eqn.(18), of electron transfer from
D to the lowest level of the triplet-excited sensitiser [reac-
tion (XV)] and the second corresponds to the free energy,
defined by Eqn.(21), of the secondary reaction (XVI) involv-
ing electron transfer from D' to the oxidised sensitiser.

The position of the excited energy level of the sensitiser
is characterised analogously by the redox potentials71

= eEV

which determines the free energies, defined by Eqns.(20) and
(19), of electron transfer to the acceptor respectively from
the excited ruthenium complex in the primary reaction (XVI)

eEy, {Ru (bipy)J+/3[Ru (bipyjTli} =

= eEV2 {Ru (bipyjiVlRu (bipy^+lj + 3 £ M = 0.84 eV

( 3 £ 0 0 -2.1 eV)

i*} =1.27 eV (n.h.e.)·

eE%

u (bipy)no/Ru (bipy)!*} - 3 £ 0 0 = - 0.83 eV;

=»— 1.26 eV (n.h.e.).
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and from the reduced sensitiser in the secondary reaction
tion (XV). Reaction (XV) predominates when donors with a
low value of E 1 / 2 ( 1 D 0 /D t ) [0.16-0.64 V (n.h.e . ) ] are used,
such as tetramethyl-p-phenylenediamine, diphenyl-p-phen-
ylenediamine, tetramethylbenzidine, and tetrapyrenediamine,
in combination with Ru(bipy) 2 + and methylviologen (MV2+) as
the acceptor: E1/2(MVi7MV2+) = -0.44 V (n.h.e). Reac-
tion (XVI) proceeds in the presence of donors such as tri-
ethanolamine (TEOA) and EDTA, whose equilibrium oxidation
potentials are J51/2[(1D')0/(D')i] = 0.82 and 0.9 V ( n . h . e . )
•respectively and are almost identical with or more positive
than the potential defined by Eqn.(22).

The positions of the energy levels of the sensitised dyes
(azine, thiazine, and xanthene dyes) and donors (EDTA and
TEOA) depend on the acid—base properties of the medium. 76>
97-100 F o r e x a m p i e > the thiazine dyes (Dy+), thionine (TH+)

and Mb , widely used in non-silver information recording
processes, have an equilibrium reduction potential in their
protonated form which is more positive than in the non-pro-
tonated form by the amount

.OHCH2)2NCHCH2OH (TEOA*), R2N-(CH2)2-(R)N-CHCOO H +

with R Ξ CH2COO~H+ (EDTA*)] are strong donors and effect
additional electron transfer to the acceptor under dark condi-
tions, accompanied by the irreversible formation of the car-

kT kT
2.303 — (pKs - pKa), (2.303 — = 0.059, V, at 293 K),

where K s and Ka are the equilibrium constants of the reac-
tions

DyH+ <* Dy + H+ and DyH2+ & Dy+ + H+.

The quantities pK s and pK a are 10.4 and -0.4 for thionine
and 9 and 0 respectively for Methylene Blue. The equi-
librium potentials of the reduction of the triplet-excited dyes
are more positive in the protonated form than in the non-pro-
ton ated form by the amount

^ ( D y H V ^ D y H ^ J - ^ J D y ^ D y ^ ] =0.059 (pKs-pKt),

where K+ is the equilibrium constant of the reaction
Kt

3(DyH2+)i ^ 3(Dy+)! + H\

amounting to 7.0 and 7.2 respectively for TH+ and Mb + .
The decrease (shift in the positive direction) of the energy

levels of the triplet-excited dyes on protonation increases the
free energy (rate constant) for electron transfer from the
donor to the photoexcited dye.

bonyl groups -CH2—C- in PVA 3 ' 1 0 1 and also of unstable

imino-forms >N = CH-CH2OH or -N = CHCOO"H+ in TEOA 1 0 2

R
or EDTA,105 which undergo subsequent irreversible decom-
position. Thus in systems of this kind not only are the
reverse reactions suppressed but the quantum yield of the
reduced viologen is also doubled. In polymer systems the
doubling of φ(ν · ) is attained by the conversion of low-molec-
ular-weight acceptors into polymeric forms with a high local
concentration of viologen units, such as polypentamethylene-
viologen , polydecamethyleneviologen, or poly-p-xylylene-
viologen. 3 · 1 0 1 · 1 0 6

According to Ohsako et a l . 1 0 7 , the polymer based on poly-
styrene with viologen substituents in the phenyl group
[PV2 +: E ^ p y / /PV2+) = -0.135 V (n .h .e . ) ] does not enter
into a redox interaction either with the excited or the
oxidised complex Ru(bipy)i+ apparently due to steric hin-
drance. Electron phototransfer takes place after the addi-
tional introduction into the system of electron transferring
agents (ET), for example, dipropyl-4,4'—dipyridylsulphonate
[E!/2(ET'/ET) =-0.68 V ( n . h . e . ) ] . The charge transfer

3[Ru(bipy)f h + ET -> Ru(bipy)f + ET",

which takes place after electron phototransfer via the reac-
tion

ET-+PV2+->ET + PVt,

effectively competes with the reverse reaction

ETT + Ru(bipy)l+ -* ET + Ru(bipy)|+,

ensuring a PV+ lifetime of ~1.2 s and a ~50-fold increase of
φ(Ρν^) compared with φ(ΕΤ~) = 0.12 χ 10~2 in the absence
of PV2+.

In order to separate the reaction products in liquid media,
use is made of micellar solutions, two-layer membranes,9'10

and the components at the interface in the field of a nega-
tively charged dispersed SiO 2 . 1 0 8 ' 1 0 9

3. Methods of Limiting the Reverse Reactions

The suppression of the reverse reactions is one of the
central problems for the practical realisation of electron
transfer processes in systems incorporating CTC. In
photoconducting systems, the suppression of the reverse
reactions (recombination in geminal pairs) increases the
quantum efficiency of the generation of free charge carriers.
This can be achieved by applying strong electric fields or,
for example, in the case of PVCA, by increasing the initial
distance separating the charges in the geminal pair by
increasing the energy of the excited quanta.1»3

In non-silver light-sensitive systems based on CTC, halo-
gen-containing compounds (CBr^, CBr3SO2CBr3) are used as
acceptors. The reverse reaction is quenched as a result
of the dissociation of the acceptor on electron capture
(CBr4 + e ->• Br~...CBr3; CBr3SO2CBr3 + e -»• Br"...CBr 2SO 2 .
.CBr3, etc.) . In sensitised systems based on viologens as
acceptors one uses donors and conditions where the radical-
cationic forms, formed as a result of the electron transfer
reactions, are deprotonated [DH+ + D" + H+ (PVAt,3»101

TEOA*,1 0 2 '1 0 3 EDTA^ 1 0 V 0 5 ) ] . in contrast to DH+, the radi-
cals D* [-CH-CO»-(PVA·), (CH2OHCH2)2NCH2CHOH or (CH2.

4. Oxidation-Reduction Potentials and Optical Transition
Energies

The relation between the redox potentials, the electronic
transition energies, and the positions of the highest occupied
(εχ) and lowest unoccupied (ε 2 ) orbitals, calculated by quan-
tum-chemical methods (mainly the Hiickel molecular orbital
method: HMO) has been discussed in monographs6·1 1 0»1 1 1 and
in a large number of original and new communications in rela-
tion to polyenes and aromatic hydrocarbons, 1 1 0 " 1 1 3 hetero-
cyclic compounds,68>112>11't and dyes of different classes
(palmitic, thiazine, oxazine, acridine, and xanthene dyes,
aza-pigments, etc).6»7»69.72»73»112»115»116 It has been demon-
strated in monographs110»111 in relation to a large number of
polyenes and aromatic hydrocarbons that, for compounds of
the same class, there is a linear relation between the experi-
mental E'yl (or I M ) , E^?2

d (or EM), and the values of ηΐχ and
m2, characterising the coefficients of the orbitals and calcu-
lated by the HMO method:

where α and β0 are the Coulombic and resonance integrals.
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The following linear relations have been established:

or [see Eqn . (4b)]

and also

or [see Eqn. (5b)]

where c - c 3 are constants.
The following correlation has been derived: 6»V 2, 7 3, 1 1 5, 1 1 6

A linear relation has been proposed for aromatic hydrocar-
b o n s : 1 1 2

3£o o = p4(ml—m2)

where βι~3 4 are correlation parameters relating the experi-
mental and calculated quantities.

The relations between the positions of the energy levels
and the calculated values for dyes have been subjected to a
detailed analysis 6 8 ' 6 9 on the basis of correlations:111*

- m2).

(23)

(24)

(25)

According to Eqns. (23)-(25), the difference between the
redox potentials defined by Eqn. (25) can be regarded as the
experimental distance between the half-filled orbitals ε χ and
ε 2 in the absence of electron-electron interaction. The
occurrence of electronic interaction under the conditions of
the photoexcitation of the molecule (-Ji2

 + 2K12 for the
excited singlet state and - J 1 2 for the excited triplet state)
should entail the appearance of the following relations:

] - / 1 2 + 2K12, (26)

νί^]-Ι12. (27)

In related series, such as those of aromatic compounds, mono-
aza-compounds, and poly-N-heterocyclic compounds, an
increase in molecular size leads simultaneously to a decrease
of both J 1 2 and of the polarisation energy P". 1 1 0 The experi-
mental relations6 8 '1 1 2

J12 = a + be[Ey£M/M*)-£%(M"/M)], (28)

3£oo = (1 ~ b)e [£vi(M/M*) - £*(M~/M)] - a. (29)

are linked to these changes. Table 1 presents the experi-
mental constants - J 1 2 + 2K12, 1 - b, and α in Eqns. (26) and
(29) for a series of related compounds. Deviations from the
common relations (26) and (29) are characteristic of molecules
with either complex substituting groups or with variable
conformations, which requires allowance for additional intra-
molecular interactions between non-neighbouring atoms.1 1 0 '1 1 1

It has been suggested1 1 7 that the optical absorption energy
of cyanine dyes be related to the redox-potentials by means
of the formula [1 : 1 (vol.%) water—methanol mixture]:

hvmiK = O.87e[£V4(S/St)-£i4(S
T/S)], eV.

The relation (in aqueous methanolic solutions)

1£ o o = e[£y2(
1So/Si)-£^(S^/1So)] +0.37,eV, (30)

or

(31)

has been obtained69 for 100 sensitising dyes (mainly cyanine
dyes—90 compounds, and also xanthene and thiazine dyes,
and individual representatives of the groups of acridine,
oxazine, and alloxazine dyes), which have been investigated
in detail in connection with their use in the silver halide and
non-silver photographic processes and in the development of
photovoltaic cells. According to literature data, the splitting
S i - T1 is 2K12 = 0.27 eV for cyanine dyes,9 0 -0.32 eV, for
acryidine dyes,1 1 8 and -0.31 eV for xanthene dyes. 1 1 8 We
find from Eqns. (26) and (30) that the interelectron repulsion
energy is small: -J12 - +0.37 - 2K12 = 0.37 - (0.27-0.32) =
+0.1-0.05 eV. Thus, for sensitising dyes, we have

«0.1), eV; (32)

for this series of compounds, we have the coefficients b = 0
and α s -0.1 eV in Eqn. (29) (Table 1).

Table 1. The coefficients - J 1 2 + 2K12, 1 - b, and α in
Eqns. (26) and (29) for a series of related compounds
(aqueous and methanol solutions).112

Coefficient

- • Ί Ϊ + 2 / C I ,
(l-b)

a

Aromatic
hydrocarbons

0.82
0.52

Mono-iV-hetero-
cyclic com-
pounds (n ->7r*
transition)

O.SS
0.54

Poly-7V-hetero-
cyclic com-
pounds (π -• π*
transition)

0.3
0.9
0.687

Dyes*

0 . 3 7 "
1.0**

—0.1***

*Cyanine, acridine, thiazine, oxazine, xanthene, etc. dyes
(100 compounds in all).69

**Data of Loutfy and Sharp.6 9

***Calculated by the authors of the review.

Table 2. Electrochemical and spectral characteristics of the
additives and the energy characteristics of the photovoltaic
cells based on Phtc.31*

Additive

TMF*
Coumarin 6
Rubrene
Rhodamine 6G
Perylene
Phtc without additives
DPBF**
BPEA**·
Safianine

Ey,

volts (sat.c.e.)

—0.42
- 1 . 5 0
—1,55
—0.84
—1.72
- 1 . 2 4
—1.98
—1.40

—

1.5
1.16
0.86
1.30
1.06
0.90
0.73
1.22
0.5

Absorption

ληΐ3Χ> η™

370
480
525
545
440

420
470
—

emax>
dm3 mortem"*

1·10<
M O 5

1.2-105

1.2-105

3.4-101

1-104

3.4-10*

Φ

0.93
0.84
0.76
0.40
0.33
0.27
0.14
0.04
0.02

η' %

1.58
1.54
1.44
1.00
0.48
0.50
0.27
0.06
0.02

*Trinitrofluorenone. **1,4-Diphenyl- 2,3-benzof uran.
***9,10-Bi(phenylethynyl)anthracene.

5. The Mechanisms of the Spectral Sensitisation of the Photo-
electric Sensitivity in Photovoltaic Cells

In the study of the processes in photovoltaic cells based on
Phtc dispersed in a polymer matrix,3'*Λ6-1*8 the positions of
the levels of the additives adsorbed on the surfaces of the
Phtc particles were estimated from electrochemical data,
which, together with spectral and energy characteristics,

'are listed in Table 2. Polycarbonate was used as the poly-
mer matrix in the photovoltaic cell. The quantity φ was
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determined from Eqn.(3) for λ = 620 nm and L j = 0.1 mW cm 2 .
The efficiency η' [see Eqn.(2)] was measured with exposure
to sunlight; Lj· — 1 mW cm"2.

In a layer without additives, the charge carriers are
generated at the Schottky barrier in accordance with the
scheme in Fig. 3a. The electron-hole pair formed in the
region of the Schottky barrier dissociates in the barrier
electric field, the electron passing to the metal and the hole
drifting into the bulk of the Phtc. If the added substance S
has an oxidation potential satisfying the condition Ey2.
.(lS0/S*) < E ^ ^htCo/Phtc^), then it captures a hole and
functions as a densensitiser (Fig. 3b):

S + Phtc+-(hole) -> St + Phtc.

The hole does not then escape into the bulk phase but is
trapped by the additive molecule, which sharply increases
the probability of its recombination with an electron and
leads to a decrease of the photocurrent compared with the
initial layer. Among the additives listed in Table 2, safra-
nine and DPBF satisfy this condition. The densensitising
effect of BPEA may be determined by the tendency of this
substance to aggregate with formation of insulating layers
on the Phtc grains, which diminish Isc.

In a solid, the absorption of light by Phtc particles leads
to the formation of the exciton state x Phtci, which diffuses
to the Phtc/S interface and forms an exciplex with a molecule
of the additive, which can decompose into charged species,
the process intensifying in an electric field (E^):

Ed

^ h t c ! + XSO -»• HPhtc.SX - * HPhtc^S")! -* Phtc t + S",

The free holes Phtc+ escape into the bulk of the phthalo-
cyanine particle and the reduced molecule of the additive
gives up an electron to the metal (Fig. 3c). This chemical
sensitisation process constitutes an additional channel to the
formation of free separated charge carriers and to the
increase of JSc ·

In spectral sensitisation (Fig. 3d), the additive molecule
absorbs light. For effective spectral sensitisation, it is
essential that the excited additive molecule should accept
an electron from Phtc. The relation between the electro-
chemical and spectral parameters of the additive is given31*
by Eqn.(26) on the assumption that - J 1 2 + 2K12 = 0, i .e.
that the reduction potential of the excited additive molecule
is equal to the oxidation potential of the molecule in the
ground state. According to Table 2, almost all additives
in their excited states, with the exception of DPBF and

safranine, are capable of injecting holes into (of capturing
electrons in) the bulk of the semiconductor Phtc and thus
of effecting spectral sensitisation. In reality, spectral
sensitisation was a maximum for coumarin 6 or rhodamine 6G
and was weaker for rubrene and perylene, while DPBF,
BPEA, and safranine did not influence the photosensitivity
of Phtc. The agreement between experiment and the mecha-
nism considered, involving charge transfer, does not rule out
the contribution to the spectral sensitisation by processes
involving the transfer of excitation energy from the additive
to Phtc.

The study 1 1 9 of the photovoltaic effect in the cells

Al/the dye I dispersed in the polymer/SnO2 - Sb

showed that I s c is smaller by four orders of magnitude than
in the cells based on sensitised Phtc.
the structure

Here the dye I has

2+

R1 and R2 are radicals derived from anilines, indoles,
azulenes, indolizines, and methines.

6. Spectral Sensitisation of Non-silver CTC-based Photo-
graphic Systems by Cyanine Dyes

Cyanine dyes, which have a large extinction coefficient,
a small Si - Ίx splitting, and hence a short lifetime in the
excited singlet state, enter into photochemical reactions in
the excited triplet s ta te . 8 5 ' 8 7 ' 9 0

Table 3 presents the characteristics of cyanine dyes,
which, as mentioned above (Section II), have been investi-
gated as sensitisers of non-silver photographic polymeric
layers based on the CTC of benzyldiphenylamine (Am) as
the donor and acceptors (A = CBr^ or CBr3SO2CBr3).
These polymeric layers are sensitive to light at wavelengths
λ ύ 500 nm as a consequence of the optical absorption of A
and Am in the region up to ~320 nm and of the CTC in the
range 320-500 nm. The coloured product (Ami), which is
assumed to have the structure

(CeHe)iN=CH-C,H6

is formed under the influence of light.

(XVII)

Μ

:3.3.

C.B.
-0

-Ζ

Phthc

//////A

Μ Αϊ>\ Phthc Phthc

Figure 3. Schematic illustration of the generation of charge carriers (holes) at the Schottky
barrier in the Μ/Phtc (dispersed in polycarbonate) photovoltaic cell; a) no additives;
b) desensitisation by added safranine and DPBF; c) chemical sensitisation by added TNF
and coumarin 6; d) spectral sensitisation by added rhodamine 6G, coumarin 6, e tc . ;
Μ = metallic semitransparent layer; C.B. =·conductivity band; V.B. = valence band;
£ f . g . — width of the forbidden gap of Phtc.31*
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When cyanine dyes are introduced, processes of three
types take place:

(1) Dyes with E^OSQ/S*) < D.5 V (sat .c .e . ) are decol-
orised in the dark on contact with acceptors.

(2) Dyes having E°fz in the range 0.5 < E^fz < 0.9 V
(sat.c.e) are decolorised as a result of photoexcitation on
contact with A (Fig. 4a), the efficiency of the process —
increasing with decrease of E^i^Sg/S*). Such dyes are
weak spectral sensitisers of compositions incorporating the
complexes Am. A. It has been established3» Ch. 5; "*V° that
the quantum yield of the decolorisation of dyes increases
linearly with acceptor concentration: <f><jec = α[Α], where
A = CBr,, or CBr3SO2CBr3.

Table 3. The structural formulae of the dyes, the poten-
tials Ελι2 and E^/e

2 ( sat .c .e .) measured in acetonitrile1*9 and
in the 1 : 1 (vol.%) C2H5OH-H2O mixture at pH 10-12, 7 2 ' 7 3

and the values of X m a x in a CPVC film."9

No

10

Dye (S)

0.55

0.73

0.90

0.99
0.9

0.90
0.93
1.18

—1.62

-1.42

-0.94

—1.03
-1.15

—0.65
—0.58
—0.42

740

522

531

571

531

535
535
538

[491

(49]

[491

[49]

16]
(«I

[49]
[49]
[49]
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Table 3 (eontd.).

No

14

17

18

19

Dye (S)

" (CH.J.N-CH.-C.H.

CBr,

CBr,—S—CBr,
II
ο

1.0

Μ
1.35

- 0 . 5

-0.55
-0.65

—0.7'

- 0 . 6 '

630

530

540

296*

240··

238*
(shoulder
at 265)

Refs.

[120]

[120]

149]

149]

[49]

[50]

Remarks. *Calculated by Eqn.(5b) from Ep^(C&rh) =
2.0 eV and E A (CBr 3 SO 2 CBr 3 ) = 2.1 eV.5 0 **Measured in
ethanol.

The type of decolorisation of group 1 and 2 dyes described
justifies the conclusion3· Ch.5; t9,so ^ n a ^ ^ e decolorisation
is determined by electron-donating properties.

(3) Dyes with EJii^SolS*) > 0.9-1.0 V ( s a t . c . e . ) , i .e . with
fii^^So/S*) > £1/2(

1Am0/Am i') (Table 3) are not decolorised
on photoexcitation in the presence of A or simultaneously Am
and A. These dyes are effective spectral sensitisers of the
polymer composition based on Am.A.

The efficiency of the formation of Ami increases with
decrease of the concentration of agents quenching the triplet
excitation (for example, O2), which confirms the idea that
triplet-excited dye molecules participate in the sensitisation
process.

The oxidation-reduction mechanism of spectral sensitisation
has been established by EPR. The first step in the sen-
sitisation process is electron transfer from the amine to the
photoexcited sensitiser (Fig. 2a):

1 Am 0
Am1 + ST. (XVIII)

The appearance of the EPR spectrum of the radical-cations
Am* (a quartet with intensity ratios of 1:2:2:1) at the
instant of the excitation S in the absence of the acceptor
component from the layer corresponds to this stage. 1 2 0

Further reactions are as follows:

-1S0 + Br-...CBr3, (XIX)

Am* + Br...CBr3 •+ Απί[ΒΓ + CHBr3. (XX)

The absence of the EPR spectrum under the conditions of the
photoexcitation of S in the presence of only A in the layer
and the simultaneous formation of Am* and radicals formed
from AT as a result of the abstraction of the bromide ion on
photoexcitation of S in the presence of Am and A correspond
to these stages. 1 2 0
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0.5

20 15 1(Γ3/λ, cm"

υ

1.0

0.5

25 20 15 10~3/λ, cm-

Figure 4. Variation of the optical spectra under the condi-
tions of the photoexcitation of the dye (λ = 531-533 nm,
Lo = 10~3 W cm"2) in a composition containing benzyl-
diphenylamine (0.8 mol dm"3) and CBr^ (2.3 mol dm"3);
[S] = 0.03 ml dm"3; a) dye No. 7 (Table 3); illumination
time (s): J) 0 (initial spectrum); 2) 120; 3) 240; 4) 360;
b) dye No. 16 (Table 3); illumination time (s): I) 0 (initial
spectrum); 2) 15; 3) 30; 4) 45; 5) 60 . "

The quantum yield in the formation of the coloured product
Ami v * a t n e reactions (XVIII)—(XX) initially increases with
increasing concentrations of Am and A:

¥>..„, = 0.12[Am] [CBr4]. (33)

Then, after the attainment of the values [Am] = 1 and [A] =
1 mol dm"3, it assumes the constant value <j>sens = 0.12.

In conformity with the above scheme (Fig. 2a), the cyanine
dye participates in reaction (XVIII) at the oxidation-reduc-
tion potential £i/ 2 (S T / 3 Si), defined by Eqn.(17), while in the
secondary reaction (XIX) the reduced sensitiser interacts
with the acceptor at the equilibrium potential E[;2(ST/1S0).
The cyanine dyes listed in Table 3 belong to the group for
which 3E 0 0 is related to Ε?μ' r e d by Eqn.(32). Since the
value of 3 £ 0 0 are unknown for many dyes (Table 3), Eqns.(17)
and (32) were used to calculate E{/Z(ST PS}.):

e£a(S-/3Si) = eE'nCSJS*) + .«0.1) + AG*V.

The free energy of electron transfer from the Am molecule to .
3SX via reaction (XVIII) is (Fig. 2a)

AG(XVIII) =

e[£V4(
1Amo/Amt)-£V4(

1So/St)]-«O.l),eV.

0.12

0.06

0.5 1.0 1.5
E>ACS0/S+),V (sat.c.e.)

Figure 5. Dependence of the quantum yield <i>sens f ° r the
formation of AmJ" on E^^So/S*); concentrations of the com-
ponents (in CPVC): [S] = 10~3, [Am] = 0.8, [CBrJ =
1.2 mol dm' 3 . 3 -Ch.5 ; 120

Fig. 5 illustrates the dependence of <j>sens on E1/2(1S0/Si)
(Table 3). With increase of E ^ i ^ o / S i ) , there is a tenfold
increase of <i>sens in the region of E1/2(

1S0/S*) = £1/2.
.^Amo/Am*) = 0.98 V (Table 3).

Thus the rate of the process is determined by reaction
(XVIII) in the formation of AmJ [reactions (XVIII)-(XX)]
sensitised by cyanine dyes. The secondary reaction (XIX)
does not influence appreciably the quantum yield in the for-
mation of Ami.

The coloured product Ami is unstable and, as a result of
the interaction with CBr4 and amine molecules, is transformed
on heating, with an activation energy of 0.9 eV, into a dye
resistant to light and heat 5 5 and is tentatively assigned to the
triphenylmethane series. It has been established5 5 that this
dye is a sensitiser (autosensitiser) with respect to light
active in the region of intrinsic absorption. The mechanism
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of the autosensitisation apparently consists in the involvement
of the photoexcited dye in electron transfer from the donor to
the acceptor [reactions (XVIII)-(XX)].120

IV. SENSITISATION VIA ENERGY TRANSFER

1. The Role of the CTC as the Triplet Energy Donor

The sensitisation via a mechanism of type (VI) (Section I)
has been postulated in a polymer composition based on a CTC
between benzylamines (benzyldiphenylamine, dibenzylaniline)
and CBr^. 3 ' 5 1*' 5 7 ' 1 2 1 ' 1 2 2 According to the existing ideas about
the formation of complexes by aromatic amines,1 2 3 their inter-
action with CBri, entails the formation of complexes of at least
two types: a complex of the η,σ-type between the nitrogen
atom and the acceptor, responsible for the long-wavelength
optical absorption (in the range 330—500 nm) of the polymer
composition based on Am.CBri,, and the complex of the ττ,σ-
type, which is formed by the aromatic rings of the donor
(possibly the excited donor) and the acceptor.

Under the conditions of the photoexcitation of the η , σ-type
complex, the quantum yield φ(Απιί) = 0.12—0.16 and is
independent of [Am] and [CBr,,] [for an optical density
D(Ami) < 1]. The introduction of a triplet energy acceptor
(TEA), namely 1-naphthol, lowers φ(Απΐι) and leads to the
appearance of the relations121*

;) = b[Am] and l/<p[A.m\] =b^ + &2/[CBr4]. (34)

The appearance of such relations cannot be accounted for on
the basis of the idea that a coloured product is formed as a
result of the photodissociation of the η,σ-type complex itself,
since in this case <i>(AmJ") could not correspond to Eqn.(34)
and should decrease with increase in the TEA concentration.
The reactions leading to the cyclisation of amines, methyl-
phenylamine and diphenylamine (the methylcarbazole and
carbazole formation reactions), occurring as a result of
triplet energy transfer to amines from triplet energy donors
(propiophenone, acetophenone, benzaldehyde, e t c . ) photo-
excited by light with λ = 365 nm, are well known. 1 2 5 It has
been established that the effective triplet energy donors for
these amines are compounds whose triplet level lies above
the position of this level in the amines by 0.06 eV. In the
diphenylamine (A), methyldiphenylamine (B), and benzyldi-
phenylamine series, the optical absorption maxima are at
282, 292, and 296 nm. The positions of the triplet levels
in the liquid phase correspond to 3 E 0 0 = 3.14 and 3.05 eV
for (A) and (B) respect ive ly . 1 2 5 It is to be expected that
the triplet level in the benzyldiphenylamine molecule is
similar to that in compound (B) or is somewhat reduced
relative to the la t ter .

In the light-sensitive system based on Am.CBri,, the influ-
ence of TEA can be readily explained by the occurrence of
competing reactions on the basis of the idea t h a t , u n d e r the
conditions of excitation b y light with λ = 365 nm, the complex
of the η,σ-type does not dissociate itself but serves as a
triplet energy donor for benzyldiphenylamine molecules; the
coloured product Ami is formed as a result of the dissociation
of the complex of the π,σ-type:

! + Am.CBr4

A-CBr4 (η, σ)

2. Desensitisation

On photoexcitation by light with Ainc = 742 ± 3 nm in a
composition containing Am and CBri,, the cyanine dye (Table 3,
No.6) is decolorised in accordance with fy^ec = 0.0052[CBr,,]
and also sensitises the given composition with respect to red
light, ensuring the formation of Ami an^L w ^ t n Φ sens = 0.0014
for [Am] = [CBr,,] = 1 mol dm" 3 . 1 2 2 The same dye is an
effective quenching agent for the photoexcitation of the η,σ-
complex Am .CBri,. On photoexcitation of the complex Am.CBr^
by light with Xjnc = 365 nm, this dye is decolorised with the
quantum yield ^ e c = 0.15 for [Am] = [CBr,,] = 1 mol dm"3.1 2 2

There is no decolorisation under the influence of near UV
radiation if the composition contains either no donor or no
acceptor component (i.e. the CTC Am.CBri, is absent). The
value of φ ^ β 0 exceeds by a factor of -30 that of ^^ec obtained
under the conditions of the photoexcitation of the dye itself.
This difference can be due to the fact that by accepting the
triplet energy of the CTC, the dye can pass to a second
triplet state in, which the decolorisation is more effective than
in the first.

An effective quenching agent for the excited state of the
complex Am .CBri, is the coloured product Ami· As Ami
accumulates on photoexcitation of the CTC, in the quantum
yield in the formation of the coloured product Ami * s given
by the following expression when its optical density D(Am )̂ = 1
has been reached:

- 0-12fc[Am] _0.12*[Am]
fc[Am] +A:1[Ami] fcJAm'J]

This relation can be accounted for by the competition between
Am and Ami [analogously to the behaviour of TEA in reac-
tion (XXI)] for the capture of the energy of the complex
3(Am.CBr^)! (of the η,σ-type). This desensitisation process
determines the photographic characteristics of the light-
sensitive polymer layers based on the CTC Am .CBr.. 1 2 6

3. The Sensitisation Effect Associated with the Polymeric
State of the CTC

The polymer matrix exerts a sensitising influence in the
region of visible light (400—600 nm) on the light-sensitive
composition based on the complex Am.CBri,. Indeed, it has
been shown on the basis of the complex between benzyldi-
phenylamine and CBr,, 1 2 7 that the optical spectrum of the com-
plex Am.CBri, (of the η,σ-type) in the polymer matrix [chlo-
rinated poly (vinyl chloride)—CP VC or polystyrene (PS)]
and in the liquid (hexane) has the Gaussian form

D (v) = D (28,2) oxp [- ( (35)

3Am, + CBr4-» 3Anii.CBr4(7r, σ)

Am.CBr4 +
 3ΤΕΑΧ -»• XTEAO;

(XXI)
-• AmiBr + CHBr3.

where D(28.2) is the optical density at the absorption maxi-
mum at v m a x = 28.2 χ 103 cm"1, Δνχ = 28.2 - v1 ? and vx =
UfvcuT 1 .

The hexane σ2 = 7.0; in polymer layers σ2 is independent
of the nature of the polymer and amounts to 13.5 in PS and
14.5 in CPVC. Thus, in the liquid phase, the optical spec-
trum of the complex Am.CBri, is approximately twice as
narrow as in the polymer and does not extend outside the
limit of the UV region (the long-wavelength edge corresponds
to 400 nm). In the polymer matrix the optical spectrum of
the complex extends to 500—600 nm. Apparently this effect
occurs because, under the conditions of a limited free volume
in the polymer, conformations of the amine in the CTC Am.CBri,,
of the type which do not obtain under equilibrium conditions
in the liquid, are "frozen". Data have been published,127

according to which the light sensitivity in the region of the
absorption of the complex Am.CBri, has the following spectral
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in mind that Ε1ι2{Ο'2ΙΟί)
t r i l e : 1 ^

= -0.82 V (sat .c.e.) in acetoni-

According to generally accepted ideas concerning the
nature of molecular complexes,11*5 the wavefunction of the
excited oxygen complex 3(M.O2)i consists of the set of con-
tributions of the following individual states:

^ ( M - O ^ ^ ^ i M ^ D x + o ^ U 8 ^ · ^ ) +O3<P3»(1M1-
s02) (37)

The wavefunction of the singlet-excited complex 1(M.O2)i is
given by the set of the following contributions:

φ1(Μ.Ο2)1 = αί^0Μ0·
1Ο2) + α;φί(Μ^Γ)1 + α;φί(8Μ1.

8Ο2) (38)

We shall now consider Scheme 1 (Scheme I) when Ε(3Μλ) >
E[3M^O~)!] (Fig. 6a). In this case the energetically lowest
triplet state is the state with complete charge transfer
3(M*O£)i, which makes the main contribution to the con-

3(M.O2)i [it will be shown below that αϊ s 1 in
The contribution of other states, determined by

figuration
Eqn.(37)].
the multipliers (ο^/οΐχ)2 and (a.3/ai)z, is associated with the
relative positions of the energy levels ΔΕΧ = Ε ί 3 ! ^ ) -
E[3(M*OJ)1], because α2/αι = Q/AE1 and ΔΕ2 = EC1!^) -
E[ 3(M i"Of)1], since α 3 /α! = β/Δ£2. Here

.leV

is the potential energy of the transferred charge distributed
in the electrostatic field of the radical-cation M*.11*5 The col-
lision complex 3( 3M 1. 3O 2) or the state 3(1M1.

3O2) is trans-
formed into 3(M.O2)1 via the complex formation mechanism (37)
with a rate constant k = β/h s 2 χ 1012-2 χ 1013 s" 1 (h =
4.2 χ 1 0 1 5 eV s). It is possible to estimate that the contri-
bution to φ|(Μ.Ο2)! by the states 3(Μ^θΙ)χ is 9̂6% and that

by the states 3(3M1.
3O2) and 3( 1M 1. 3O 2) is 4 4% when ΔΕΧ >

0.5 eV. Hence it follows that the formation of the triplet
collision complex 3(3M1.

3O2) determines the primary electron
transfer in the oxidation reaction of the organic compound.

The energetically lowest configuration among the states
which contribute to 1(M.O 2) 1 [Eqn.(38)] is the collision com-
plex 1( 1M 0. 1O 2). The excited complex in the singlet state
1( 3M 1. 3O 2), formed on collision of 3Μλ and 3O 2, is initially
transformed, with a rate constant β/h = 1013 s~\ into the
configuration with total charge transfer 1 (M'O")i > which is
transformed in its turn into the state 1( 1M 0 . 1O 2) with a rate
constant $l/h = 1011 s~l, where

x ̂  10'2 eVβ, = C Ψ\ (M+O7)i #<pi ('Μ
J + -

is the energy of the dipole M"O2 in the potential field of the
neutral 1 O 2 molecule. The dissociation of the states 1 ( 1 M 0 .
.λΟ2 : ^g) and VMQ^OJ, : xZg) leads to the formation of XO2

in the forms xAg and 1Zg. Taking into account the statisti-
cal weights of the states with different multiplicities, formed
on collision of 3M1 and 3O2 (see Section I), it is to be expected
that in the case considered (Scheme 1) 75% of the total num-
ber of the triplet-excited molecules 3M1 } constituting the
state 3(M^"O2)1 [see Eqn.(37)], quench the energy in pro-
cesses involving electron transfer from 3M1 to 3 O 2 , while 25%
of the 3Μχ participate in the formation of 1( 3M 1 . 3O 2) [see
Eqn.(38)] and lead to the appearance of 1 O 2 . Hence it
follows that the compounds satisfying the inequality E( 3ΜΧ) >
Ε[1·3(Μ^Ο2)1] are weak sensitisers of the formation of 1O2

and may be oxidised via the mechanism involving electron
transfer to oxygen.

We shall consider_Scheme 2 (Section I) (see Fig. 2b) when
E(3MX) < E[1 '3(M*O2)1] and the main contribution to the
overall configuration of the triplet-excited state [Eqn.(37)]

Figure 6. Schematic illustration of the photoprocess with participation of O 2: a) E(3MX) >
Ε[ 1 ' 3 (Μ^θΙ) 1 ]; b) E(3M:L) < E[ 1 '3(Mi"Ol)1]; the molecules Μ are of different nature and the
levels are reckoned from Ε(λΜ0) = E-L/ZOMQ/M·); the states corresponding to the positions of
the levels: J) 3 ( 1 M 0 . i O 2 ); 2) 3l ; 3) and JJ) 1 ( 3 Μ 1 . Ό 2 ) ; 4) and 12) 3( 3M 1 . 3O 2); 5) and
13) 5( 3Μ!. 3Ο 2), S x —ΗΜίοϊ), Τ—3(M^OI); 6) E l / 2 (Ol/O 2 ); 7), 9), 14), and 16) ^Mo-'Oz);
8) and 15) x Zj; 10) and 17) ^g.3· Ch.7.
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comes from the state 3 ( 3 M!. 3 O 2 ). The contribution of the
state 3(M*O2)X in Eqn.(37) is determined by the ratio
(.a.[/az) , where αΊ/012 = β2/Δ£3, ΔΕ3 = £[ 3 (Μ ί θ1) 1 ] -
E(3Mi), and

10-1 eV lk5

is the energy of the dipole Μ·Ο2 in the potential field of the
neutral molecule 3 O 2 . l l t 5 Hence (αί/α 2 ) 2 < 2% for Δ£3 > 0.5 eV
and the charge transfer state 3 (Μ*θΙ) ! does not participate
directly in the photochemical oxidation process. In this
case, which has been considered in detail , l l f 6 ~ l l f 8 the effi-
ciency of the transformation of the energy of the triplet-
excited molecules into the energy of singlet oxygen reaches
100%.

—oOo

The above discussion of the charge transfer reactions with
participation of CTC in polymer matrices confirms the validity
of the initial postulate that the energy relations of the pro-
cess are determined mainly by dielectric parameters of the
polymer matrix, which functions as a binder for the photo-
active components and it is immaterial whether the latter are
monomeric or polymeric compounds. This should apparently
be manifested in the kinetic characteristics of the process.
However, kinetic studies of this kind have so far been clearly
insufficient.

One can also conclude that the oxidation-reduction poten-
tials measured in liquid solutions by electrochemical methods
and adjusted with respect to the polymer matrix can be
usefully employed for the analysis of charge transfer proces-
ses in polymers instead of the gas-phase values of the ionisa-
tion potential and the electron affinity. Firstly, this is con-
sistent with the essential physicochemical nature of the pro-
cesses considered and, secondly, it makes it possible to
employ the numerous data on the oxidation-reduction poten-
tials of a large number of organic compounds.

It also follows from the above analysis that measurements of
the energies of the optical transitions of the donor—acceptor
systems in the polymer matrices are necessary, since their
comparison with the energies of the analogous transitions in
liquid media, where oxidation-reduction potentials are mea-
sured, makes it possible to obtain directly the ionisation
energies and electron affinities of the molecules in polymer
matrices without using the polarisation energies in polymers
and in solutions, which are difficult to fix.
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The Surface-modified Carbon Materials for Electrocatalysis

M.R.Tarasevich and V.A.Bogdanovskaya

The principal trends and prospects in studies on the creation of carbon materials with a specified electrocatalytic activity and
stability are examined and methods for the surface modification of disperse and compact carbon materials are surveyed. It is
shown that charge transport in the electrocatalysis by surface-modified electrodes proceeds via both a mediator mechanism and
via direct electron transfer. The electrocatalytic properties of electrodes modified by simple organic complexes, polymers, and
biopolymers are discussed and the mechanisms of the acceleration of the electrochemical oxidation of organic substances, the
evolution of hydrogen, and the electrochemical reduction of oxygen are analysed.
The bibliography includes 137 references.
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I. INTRODUCTION

One of the main tasks in electrochemical science and
technology is the creation of new types of electrode mate-
rials. For this purpose, vigorous studies have been car-
ried out during the last decade on surface-modified electrodes
whose electrochemical and electrocatalytic properties can be
altered specifically by varying the surface composition. The
"construction" of the surface composition of electrodes is
achieved virtually at the molecular level and is therefore
extremely promising.

The possibilities in the employment of surface-modified
electrodes are wide. They can be used in electrocatalysis,
photoelectrocatalysis, and electroanalysis.1 '2 The attach-
ment to the surface of specific electrochemically active com-
pounds makes it possible to create selective electrode mate-
rials. The attachment to semiconductors of compounds with
a known molecular structure ensures the formation of a sur-
face having the necessary energy level and photosensitive in
the specified part of the spectrum.3 Modification of the sur-
face, especially by polymers, can ensure an increase in the
corrosion stability of electrodes and photoelectrodes.1*

The study of electrodes modified by organometallic com-
plexes makes it possible to obtain information about the influ-
ence of molecular conformation on their catalytic and oxida-
tion-reduction properties.

Surface-modified electrodes constitute a convenient system
for the elucidation of the mechanism of electron transfer.
Studies on electrodes coated by polymers can significantly
supplement the available information about the physical
chemistry of polymers and biopolymers. Electrodes modified
by enzymes are of special interest. The study of enzymes
in electrochemical systems opens up a way to the creation of
synthetic complexes with a high electrocatalytic activity and
selectivity.

Metals, oxides with semiconducting properties, and carbon
materials of various types can be used as a basis for the
creation of modified electrodes. In the present review
attention will be concentrated on electrodes based on carbon
materials. According to the authors, this type of surface-
modified materials is of greatest interest for practical use.

I I . WAYS OF CREATING SURFACE-MODIFIED CARBON
MATERIALS

Various methods based on the unique properties of carbon
substances are used at the present time to prepare modified
carbon materials. Depending on the method of preparation,
carbon materials can have compact or disperse forms with the
necessary texture of the inner surface» The possibility of
the existence of surface carbon atoms in different valence
states is responsible for the great variety of the surface
oxygen-containing groups. The above properties of carbon
materials make it possible to use for the modification of their
surfaces of virtually all the known methods for the hetero-
genisation of catalytically active compounds. They can be
divided into three main groups: (1) adsorption methods
based on the retention of the modifying agents hy physical
adsorption forces; (2) chemical attachment with fixation of
the catalyst via different groups, including groups specially
obtained on the carbon material; (3) deposition of a polymer
film with incorporation in the latter of metal ions or an
organometallic complex.

1. Crystal-Chemical Properties of Carbon Materials

The physicochemical properties of carbon materials have
been fairly completely reviewed in a monograph5 from the
standpoint of their employment in electrochemical systems.
We shall deal only with those features of carbon materials
which must be taken into account for the successful modifica-
tion of their surfaces.

(a) Relation between the electronic structure and the
physicochemical properties of carbon materials. A charac-
teristic feature of carbon materials is the variation of their
physicochemical properties as a function of structure for a
constant composition. In its turn, the possibility of the
formation of a large number of structures is determined by
the ability of the carbon atom to exist in different valence
states and to form bonds of different types. Depending on
the mixing of the s and ρ orbitals, the quadrivalent carbon
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atom can exist in three different hybrid states, a particular
structure being characteristic of each. Thus a three-dimen-
sional polymer with tetrahedral bonds between the carbon
atoms (sp 3-hybridisation) corresponds to the diamond struc-
ture. Graphite, which is a parquet type polymer with sp2-
hybridised carbon atoms, is most often used in electrochemis-
try, sp -Hybridisation is characteristic of a linear polymer
carbon chain. The peripheral carbon atoms in graphite can
also exist in the sp-hybrid state. A carbon material with the
graphite structure exhibits a marked anisotropy of its
physicochemical properties. Thus the electrical conduc-
tivities of single crystals in two directions at right angles can
differ by three orders of magnitude.

A series of carbon materials having a crystal structure are
known: they include graphite and its synthetic analogue
(pyrographite), which are characterised by a pronounced
anisotropy of their electrical conductivity and other proper-
ties. In electrochemistry, crystalline carbon materials are
used as a rule to create model electrodes with a small specific
surface.

Among the transitional forms of carbon, vitreous carbon,
carbon black, and activated carbon are most often used in
electrochemical research. Vitreous carbon is characterised
by the highest corrosion stability. In terms of their struc-
ture, carbon blacks occupy an intermediate position between
crystalline graphite and amorphous carbon. Activated
charcoals are obtained in the carbonisation and subsequent
activation of a wide variety of carbon-containing materials.
The texture of the activated charcoal depends on the method
of its activation and is characterised by a large set of pores.

The carbon materials used in electrochemical systems must
possess a high electrical conductivity, which increases on
heat treatment and graphitisation of the transitional forms as
a result of the expansion of the graphite-like regions.6

(b) Surface groups in carbon materials. The bulk-phase
and surface properties of carbon materials have been com-
pared.7 The composition of the surface can be changed
during heat treatment in atmospheres of different gases:
nitrogen, oxygen, the halogens, ammonia, etc. As a result
of such treatment, functional groups capable in many
instances of increasing the catalytic activity of the initial
material without additional modification are formed on the sur-
face.

Fig.l presents the most important surface-modifying oxy-
gen-containing groups. They are formed on the surfaces of
carbon materials both during synthesis and as a result of the
adsorption of oxygen. Among acid oxides, quinonoid, car-
boxy- and phenolic groups have been detected on carbon
blacks and charcoals.8 Basic oxides are formed under much
milder conditions compared with acid oxides. The oxygen
is weakly bound to the surface and the identification of basic
oxides is difficult.5 One should also note the possibility of
the existence on the surfaces of carbon materials of free
radicals, which arise on dissociation of a carbon—carbon
bond. An unpaired electron is then liberated and passes to
the cyclic carbon system.9 The adsorption of oxygen entails
either a reversible or irreversible decrease of the number of
free radicals.

The hydrophobic-hydrophilic properties of carbon materials
are closely related to the chemistry of their surfaces. Since
the carbon material is apolar, the degree of its oxidation does
not affect the adsorption of non-polar compounds. On the
other hand, the wettability by water is greater the greater
the number on the surface of oxygen-containing groups,
which are the primary centres for the adsorption of water.10

Detailed studies11'12 established a relation between the nature

of the surface oxides and the hydrophilic-hydrophobic prop-
erties: surfaces containing basic oxides are more hydro-
phobic; for low degrees of activation, only macropores and
partly mesopores are hydrophobic.

The possibility of the variation within wide limits of the
porous structure of carbon materials should also be noted.
This is especially important for modification by macromole-
cules such as enzymes and polymers, because the micropores
and some of the mesopores are inaccessible for their adsorp-
tion.

Figure 1. The surface groups of carbon materials: a) car-
boxy-group; b) phenolic group; c) carbonyl group of the
quinone type; d) acid carboxy-group; e) cyclic peroxy-
group; f) free σ-radical.

Thus the extensive use of carbon materials for the creation
of surface-modified electrodes can be accounted for by the
combination of a series of properties such as the presence on
their surfaces of a wide variety of groups and free radicals,
their high electrical conductivity, and the wide limits within
which their porous structures and hydrophobic-hydrophilic
properties vary.

2. Attachment by Adsorption

The method of adsorption modification of the surface is best
known and simplest. Its principal disadvantage is the
gradual desorption of the substance from the surface. The
specificity of the adsorption interaction is determined by the
type of carbon material and the chemical nature of the sub-
stance adsorbed.

Organic materials functioning as ligands for the formation
of complexes13 or metal complexes111 are immobilised on carbon
materials by the adsorption method. The degree of adsorp-
tion of organic compounds of this type increases with increase
of the number of aromatic rings in the structure. The
stronger and irreversible adsorption of Νι,-complexes takes
place both on polycrystalline pyrographite and on single
crystals.15 According to Zagal et al.1 5, the Νι,-complexes
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of iron are adsorbed on the electrode surface in a planar
fashion, while tetrasulphonated phthalocyanine complexes
of cobalt and iron are disposed on the surface edgewise.

The ability of graphite electrodes to adsorb strongly
aromatic molecules has been used 1 6 to attach the complex
[Ru(NH 3) 5L] 2 +, where L is a large aromatic ligand, for
example 4-aminomethylpyridine or N-(4-picolinyl)benzamide.
The complex [Ru(bipy)2]2L2 +2(PF6), where L is the dianion
of 1,5-dihydroxyanthraquinone, has been adsorbed on
vitreous carbon. 1 7 The adsorption of simpler phenanthroline
and bipyridyl complexes and also the Salen and corrin com-
plexes of cobalt has been investigated.1 8 The strength of
their adsorption is low. Macroheterocyclic complexes of
cobalt have been adsorbed on carbon materials from their
solutions in butanol by evaporating the organic solvent.19

The complexes are retained on the electrode surface over a
wide range of potentials.

The adsorption method for the modification of the surfaces
of carbon materials by proteins and enzymes is most widely
used in electrochemical measurements. The first studies on
the immobilisation of hydrogenase, cytochrome c, and laccase
on carbon materials already showed that they are strongly
adsorbed and that the amount of adsorbed protein is greater
the higher the degree of oxidation of the carbon material. 2 0" 2 2

Peroxidase has been immobilised on carbon black;2 3 glucose
oxidase and cytochrome b2 have been adsorbed on vitreous
carbon. 2 h ' 2 5 Cytochrome c was adsorbed on carbon fibres
after the preliminary anodic-cathodic treatment of the sur-
face in the potential range +2.5 to -2.5 V.t This made it
possible to observe oxidation-reduction reactions of cyto-
chrome c. 2 6

In all cases proteins were strongly held on the surface
and retained a high catalytic activity. The activity of the
enzyme depends on the type of carrier and its specific sur-
face. For example, in the case of laccase immobilised on
pyrographite, 2 ' 2 7 the stationary potential established in an
oxygen atmosphere does not exceed 0.9 V; on the other
hand, the equilibrium oxygen potential is observed when
laccase is adsorbed on carbon black.

An attempt has been made 2 8 ' 2 9 to investigate the influence
of the nature of carbon sorbents on their capacity with
respect to the protein and on the catalytic activity of laccase.
The activity of immobilised laccase is influenced by the degree
of coverage of the surface by the enzyme, which depends in
its turn on the degree of oxidation of the surface of the car-
bon black or on the porous structure when charcoals are
used. The dependence of the activity of the immobilised
laccase on the degree of surface coverage in both phenol
oxidase and electrochemical reactions passes through a maxi-
mum. The greatest capacity with respect to the protein has
been noted for charcoals with a large surface area of the
mesopores, such as BM-4 and T-39. On the basis of adsorp-
tion measurements and porometric data, it has been suggested
that macropores and partly mesopores are accessible to the
adsorption of protein macromolecules.

However, one should note that, despite the high capacity
with respect to the protein, activated charcoals proved to be
less convenient electrode materials for the immobilisation of
laccase, because in its presence a high anodic potential,
inducing the electrochemical corrosion of the charcoal, is
established. Carbon blacks exhibit a higher corrosion
stability and are more promising for reactions at high anodic
potentials with participation of enzymes such as laccase,
tyrosinase, and peroxidase.

The favourable and strong adsorption of proteins on car-
bon materials is determined by the crystal-chemical structure
of their surfaces. One of the factors responsible for strong
adsorption may be the formation of bonds between the surface
groups of the carbon material and the aminoacid residues on
the surface of the protein globule. Our studies have shown
that the adsorption of many aminoacids and peptides is
strong. # Thus glycine and valine cannot be desorbed from
the surfaces of carbon materials in the range of their electro-
chemical stability potentials. Hydrophilic—hydrophobic
interactions probably contribute appreciably to the adsorp-
tion interaction of the protein with the carbon surface. Their
influence on the retention of the nativity of the immobilised
proteins has been noted. 3 0

The relation between the isoelectric point of the protein,
which determines the surface charge of the protein globule,
and the structure of the electrical double layer at the carbon
material—electrolyte interface is also noteworthy.

Thus, by virtue of the exceptional properties of carbon
materials, strong attachment of the modifying substances,
with retention of their high catalytic activity, may be achieved
even by adsorption immobilisation.

3. Chemical Modification

The chemical methods for the modification of the surfaces of
carbon materials are based on various organic synthetic reac-
tions .

The most general method for the chemical attachment of
modifying agents to the surface involves its preliminary
silanisation.31 Organosilanes, such as the alkylamines (I),
the chloroacids (II), and the pyridine derivatives (III) can
be used to modify the carbon surface:

C-OSi-NH2; C-OS
I

(I)

, /
CH,

(H)

ο
II
ca-,

C-OSi (CH2)2 —

(III) ~ ~

The active centres obtained as a result of silanisation are
used for the subsequent "grafting" of various electrocata-
lytically active groups of complexes.3 2 '3 3 The ion exchange
method,31* which consists in the formation, for example, of
an insoluble compound by reaction between the surface atoms
and a ligand, can also be applied to carbon materials.

1 A very general procedure used for the modification of
carbon materials involves reaction with thionyl chloride31* or
acetyl chloride3 5 with the intermediate formation of chloride-
oxygen compounds:

"NHR

In order to increase the concentration of the oxygen-con-
taining groups, the carbon material is subjected to prelimi-
nary oxidation in air or is treated with an oxygen plasma.
The active groups are introduced by the action of amines or
alcohols. This method has been used to prepare various
modified materials with pyridine and porphyrin l igands. 3 6 " 3 8

The immobilised ligand may then be metallated with formation
of electrocatalytically active complexes.

tHere and henceforth, unless otherwise stipulated, the
potentials are quoted relative to the hydrogen electrode in
the same solution.

#L.R.Aleksandrova, V.N.Andreev, V.A.Bogdanovskaya,
and A. Yu.Safronov, Elektrokhimiya, 1987 (in the press).
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Amines have been attached 3 9 to the oxygen-containing
groups on carbon materials. This leads to the possibility,
in principle, of the subsequent grafting of any functional
group.

The intermediate chloride—oxygen compounds on the sur-
faces of carbon materials can be used for the introduction of
various heteroatoms,1*0 for example:

-Of + H,S - —of + HC1 .
X C1 X S H

Another way of creating surface-modified carbon materials
involves the use of a surface free from oxides, which can be
obtained by the mechanical cleaning of vitreous carbon in an
atmosphere of nitrogen or by its treatment with argon
plasma.1*1 In the presence of vinylpyridine or vinylferro-
cene, such a surface is modified.

The possibility of attaching the butyl cation or CO2 to
graphite by cathodic treatment in dimethylformamide has
been demonstrated.1*2

4. Deposited Films

A special and particularly rapidly developing field con-
cerned" with the creation of new electrode materials involves
modification by polymers. Here one uses the adsorption,
chemical, electrochemical, and radiation attachment methods.
The thickness of the polymer films can vary from several to
hundreds of nanometers. Depending on the type of reacting
or coordinating groups in the polymer film, there is a possi-
bility of its additional modification by metal ions or com-
plexes.

The formation of the polyvinylpyridine complex of copper
on various carbon materials by depositing a polymer film
from its solution in methanol has been studied in detail.1*3

The degree of dispersion of the carbon material influences
the activity of the complex, which can be accounted for by
the deposition of the polymer in different conformations.
The deposition of the polymer film has also been used for the
preparation of a surface modified by polystyrene with various
functional groups.1*1*

The preparation of polyacrylonitrile films on platinum,
vitreous carbon, and stainless steel and of polyvinylpyridine
films on platinum in a glow discharge at 250 °C has been
described.1*5-1*7

The γ-radiation-induced cross-linking of alkylphenol films
is used on metallic electrodes;1*8 such cross-linking is also
employed for other polymers, which are adsorbed in the
monomeric state and are then polymerised.

The methods involving the electrochemical deposition of
polymer films, which have many advantages compared with
the traditional procedures because they make it possible to
eliminate a number of intermedate stages such as the forma-
tion of the polymer, its dissolution, etc., have been
developing vigorously. In the electrochemical deposition of
films, it is possible to regulate the thickness and chemical
composition of the resulting coating. On the other hand,
electrochemical polymerisation permits the cross-linking of a
film already deposited on the electrode.1*9

Polyacrylamide films have been obtained under the condi-
tions of cathodic initiation.5 0 Polymer deposits can be
obtained electrochemically from solutions containing unsatu-
rated carboxylic acids, certain aldehydes, and alcohols.51

As a rule, polymer films are deposited electrochemically on
metallic electrodes. The uses of polymer electrodes for
various purposes, including electrocatalysis and photo-
processes, have been described in a review.51

I I I . ELECTROCHEMICAL PROPERTIES OF THE MODIFIED
SURFACES

The study of the properties of surface layers on modified
electrodes includes the study of the nature of the bonds
between the modifying agents and the surface, the orienta-
tion of the modifiers, the degree of surface coverage, the
thickness of the layer, the redox reactions of the groups
attached to the surface, and the interactions of the species
on the surface.

Among the non-electrochemical methods for the investiga-
tion of the surface groups of modified electrodes, spectros-
copy with optically transparent electrodes,5 2 mirror reflection
spectroscopy , 5 3 and also IR and X-ray photoelectron spec-
troscopy51*'55 should be mentioned. The first two methods
are used for the investigation of redox reactions of the
attached groups and the last two provide proof that particular
stages of the addition reactions have been effected.

The difficulty of measuring the spectra of the modified sur-
faces in situ arises from the necessity to obtain the spectral
characteristics of molecules whose number does not exceed
that corresponding to a monolayer. Anomalous extinction
coefficients have been observed in a series of s tudies 5 7 " 5 9 on
the adsorption of complexes with a conjugated system of
π electrons. They all involve the intensification effect due
to the roughness of the surface. In the measurement of
Raman spectra, this phenomenon has been frequently
observed and its possible causes have been considered.5 6

In electronic spectroscopy the phenomenon of the anomalous
increase of the extinction coefficients was observed for the
first time in the adsorption of chlorophyll on an amalgamated
gold electrode.5 7 Later an analogous phenomenon was noted
in the adsorption of tetrasulphonated complexes of cobalt and
iron on platinum and pyrographite 5 8 and of the bipyridyl com-
plexes of ruthenium on SnO 2 · 5 9

This apparently indicates an extremely strong chemisorp-
tion linkage between the modifying group and the electrode
surface.

1. Oxidation-Reduction Reactions of the Modifying Complexes

Potentiodynamic and differential pulsed measurements make
it possible to investigate the redox reactions of active groups
on the surface-modified electrodes and to compare them with
the oxidation-reduction properties of the complexes in solu-
tion. The possibility of redox reaction of covalently bound
groups depends on their orientation on the carbon surface. 6 0 · 6 1

Of the two isomeric 1- and 2-aminoanthraquinones, only the
former underwent pronounced redox reactions. It can be
oriented parallel to the surface, which ensures the maximum
degree of electronic interaction and facilitates electron trans-
fer. Methylaminopropylviologen, attached to the surface
via cyanuric chloride, is electrochemically active and stable
for a long time.5"* The redox potentials of various ferrocene
derivatives attached to graphite differ little from the corre-
sponding values for derivatives in solution in acetonitrile.1*0

Much attention has been devoted to the study of electrodes
modified by ruthenium complexes attached to polymers or
directly to the carbon surface. In many instances,1 3»1 6 the
redox potentials of the adsorbed or chemically attached
ruthenium complexes are close to the normal potential of the
complex in solution. On formation of metal complexes with
polymer films, redox transitions have been observed,6 0 whose
number depended on whether the metal was coordinated to one
or two pyridine rings.
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The potentiodynamic curves obtained in the presence of
adsorbed phenanthroline complexes of copper1 8 show maxima
which may be attributed to the Cu 2 +/Cu+ transition on the
electrode surface, since the redox potential of the Cu 2 +/Cu+

pair in the corresponding ligand environment is close to the
potentials of the redox reactions in solution. As the elec-
trode surface is covered by the complex, a steady increase of
the amount of electricity corresponding to the given redox
process is observed. The change in the orientation of the
complex on the surface is manifested in its adsorption from
solutions at different concentrations. A greater order of
the adsorption layer, expressed by the fact that the entire
complex is reduced and oxidised at similar potentials, is
observed in adsorption from dilute solutions. The results
of potentiodynamic measurements have shown that redox
processes with participation of cobalt and copper complexes
proceed under nearly reversible conditions. For complexes
of the phenanthroline series, limiting surface coverage
approaches the monolayer coverage.

Under the conditions of weak adsorption of the modifying
agents, 6 1 the redox potentials of copper, cobalt, and iron
complexes on the pyrographite surface also agree with the
corresponding values in solution according to the results of
potentiodynamic measurements.

Analysis of all the available data on the oxidation-reduction
potentials of various groups attached to carbon carriers leads
to the conclusion that their properties in the immobilised state
and in solution are similar. This indicates a very high rate
of electron transfer from the electrode to the modifying com-
plex.

potentiodynamic curves obtained on a pyrographite electrode
with a deposited PVP film. The I—E curves have an analo-
gous form in the presence of a polycaproamide film. It has
been noted that the cationic composition of the electrolyte has
a significant influence on its polarisation capacity. The
relative increase of the polarisation capacity then rises in
the sequence Na < Κ < Ba in the presence of a PVP film and
falls in the sequence Κ ·> Cs > Ba in the presence of poly-
caproamide .

+/, μΑ

Figure 2. Potentiodynamic I—E curves obtained at a pyro-
graphite electrode (curve 1) and a pyrographite electrode
with a deposited PVP film (curve 2) for ν = 0.05 V s" 1 at
pH 7.O.69'70

2. The Influence of the Polymer Coating on the Electrochemi-
cal Behaviour of the Carbon Material

The oxidation-reduction reactions of polymer layers on
various electrode materials have been described.62~6* The
main results can be summarised as follows. At scanning
rates <1 V s"1, the cyclic curves are close to those observed
for typical surface reactions. The curves are symmetrical
and the current at the maximum is proportional to the rate
of application of the potential. These data indicate the
absence of transport-dependent limitations. However, at
high rates of application of the potential,6 5 particularly in
the case of relatively thick films,"tl>66 a discrepancy between
the potentials of the anodic and cathodic maxima is observed.
Similar phenomena have been noted on reducing the tempera-
ture and on increasing the size of the electrolyte ions.6"1

As a rule, in the case of symmetrical maxima, their param-
eters differ from those corresponding to equilibrium elec-
tronic transitions. Thus the width of the maximum at the
level of half the height of the current peak was 0.09 V, which
corresponds to a reversible one-electron transition, only in a
few cases. 6 0 Usually this value ranged from 0.15 to 0.54 V.
The broadening of the maxima is attributed to repulsive inter-
actions61* or to a distribution of the given species with respect
to the potentials of the redox reaction caused by the exis-
tence of electrochemieally non-equivalent sites in the polymer
film.3 The asymmetric character of the potentiodynamic I—E
curves for polymer coatings can be caused by the slow
rearrangement (conformational changes) occurring in the
oxidation or reduction of the polymer complex.6 6"6 8 The
swelling of the polymers is also possible. Thus significant
differences in the behaviour of polymerised vinylferrocene in
acetonitrile and water have been noted. 6 8

The electrochemical behaviour of polyvinylpyridine (PVP),
polycaproamide, and copper polyvinylpyridinate on carbon
materials has been studied in detail. 6 9 ' 7 0 Fig.2 presents the

When copper ions from an alcoholic solution are introduced
into a PVP film, a stable complex is formed, namely Cu-poly-
4-vinylpyridine (Cu-P-4VP), which is indicated by the possi-
bility of measuring quasi-stationary potentiodynainic curves
in the potential range 1.2—0.0 V.i The potentiodynamic
curves reveal the occurrence of the Cu 2 + /Cu + redox transi-
tion. The successive changes in these curves during the
cyclic process suggested the possible conformational
rearrangement of the complex in the course of the redox
reactions and as a function of time. The stability of the
polymer coating is fairly high and is independent of the
degree of oxidation of the copper ion. In contrast to this,
cobalt complexes decompose on transition of the metal to the
bivalent state. The stability of the polymeric copper com-
plex can apparently be explained by the formation of cross-
linked structures, 7 1 as for the ruthenium complexes.60

Analysis of the potentiondynamic curves at different rates
of application of the potential and with a variable scanning
amplitude suggests the presence of at least two types of
coordination of copper as a function of the distance between
the copper ion and the electrode surface.1*3 One of these
corresponds to the redox processes at the electrode—poly-
meric complex interface (type I copper) and the other to the
processes occurring in the bulk of the polymer film (type II
copper). The redox reactions of type I copper can be
described by the following scheme on the basis of the data
obtained:

OS.B.Orlov, Μ.R.Tarasevich, V.A.Bogdanovskaya, and
V.S.Pshezhetskii, Elektrokhimiya, 1986, 22, 768.
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The surface groups of pyrographite or H2O can serve as

the ligand L. A significant feature of this scheme is the
importance of the protonation—deprotonation reaction.

The maximum current for the redox reactions of type II
copper is not a linear function of the rate of application of
the potential. The following reaction most probably corre-
sponds to this process:

Py • Py

Cu+
C

J
Py

PyPy OH p y

Py = pyridine.

It is of interest to note that anodic polarisation at Ε = 1.2 V
reduces the height of the anodic and cathodic maxima. The
mechanism of this phenomenon can be formulated on the basis
of the idea that there are different electrostatic repulsions
between neighbouring copper ions in the oxidised and
reduced forms, which leads to the contraction and expansion
of the ion-containing polymer film in the course of redox
reactions and the rate-limiting stage is the relaxation of
the polymer chain.

AE,V

0.1

0.1

105Q,C

8 10 11 pH

Figure 3. The pH dependence of the shift of the polarisation
curve for the electrochemical reduction of oxygen relative to
the background curve at I = 0.03 mA (curve I) and of the
overall amount of electricity Q under the I—E curve obtained
on pyrographite modified with Cu-P-4VP in the range of
potentials 1.2-0.0 V (curve 2).*3

Whereas in the absence of copper ions in the polymer
coating, the character of the I—E curves is influenced by
the electrolyte cations, in the case of the copper-containing
PVP the form of the potentiodynamic curves depends on the
anionic composition of the electrolyte. Thus the replacement

of the Ρθ£ ions by Cl~ yields more symmetrical potentio-
dynamic curves. In conformity with the ideas developed
by Shigehara et al . 7 z , the observed phenomenon can be
explained by the facilitation of charge transfer for the poly-
mer layer as a result of migration whose rate is determined by
the size of the diffusing counterion (in the given case Cl~,
OH", or Ρθ£-).

The dependence of the total amount of electricity under
the I—E curve on the pH, reflecting the stability of the poly-
mer complex, is illustrated in Fig. 3 (curve 2). Comparison
of this relation with literature data73'71* shows that tetra-
pyridinate complexes formed at pH 5—6 are electrochemically
active, while the dipyridinate complexes (pH 3—4) are
electrochemically inactive. The decrease of the amount of
electricity in alkaline solutions (pH > 7) is associated with the
formation of copper hydroxide.

The complex character of the kinetic parameters obtained
for the electrochemical behaviour of polymer electrodes indi-
cates the necessity to resort to other physicochemical methods
for the development of detailed ideas about the mechanism of
the redox reactions. One can only note that the redox
potentials of a whole series of polymer complexes in solution
and in the immobilised state 7 5 ' 7 6 change little in the irrevers-
ible interaction with the electrode, which indicates the
absence of strong ion pairs 7 7 and shows that the environment
of the copper ion on the electrode is close to its environment
in aqueous solution.78»79

3. The Capacity of Protein Macromolecules for Oxidation-
Reduction Reactions in the Immobilised State

The necessity to investigate the electrochemical behaviour
of protein macromolecules arises from the prospect of the use
of proteins and enzymes in electrocatalysis. The first
studies on redox reactions of proteins and enzymes were
carried out on mercury electrodes.2 '8 0»8 1 However, the
interaction of a protein with mercury leads to the partial or
complete uncoiling of the protein globule and either the
denatured protein or the protein adsorbed on the second
layer undergoes the oxidation-reduction reactions.2 Further-
more, in their interaction with mercury, sulphur-containing
proteins form compounds of the type (HgS)2 and the potentio-
dynamic curves reflect their redox reactions.8 1 It has been
established that the potential of the oxidation-reduction
reactions of these compounds is identical with the redox
potential of the transition HgS =̂  Hg2 + + S2~ observed for a
sulphur-containing aminoacid—cysteine.

In this respect, carbon materials are superior to mercury.
In the first place, it has been shown2»11*'27 that proteins and
enzymes retain their catalytic activity after adsorption on the
carbon carrier and are therefore not denatured. Some
decrease of activity may be explained by the restriction of
mobility on formation of bonds between the surface groups of
the protein globule and the corresponding groups of the
sorbent.

The redox reactions of cytochrome c on carbon fibres have
been described 2 6 ' 8 2 and it has been shown that cytochrome c
is oxidised and reduced almost reversibly. Our investiga-
tionsfl on a pyrographite electrode subjected to preliminary
anodic-cathodic activation in the potential range 2.0 to
-2.0 V showed that cytochrome c is oxidised and reduced at
potentials close to the oxidation-reduction potential of the

fV.A.Bogdanovskaya, A.M.Kuznetsov, Μ.R.Tarasevich,
E.D.German, and Ε·F.Gavrilova, Elektrokhimiya, 1987 (in
the press).
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protein. The rate of reduction of the protein in the tem-
perature range 5— 20 °C is independent of temperature.
Calculation carried out on the assumption that one electron
is consumed on the reduction of the active centre of cyto-
chrome c showed that the surface coverage of pyrographite
by the protein does not exceed a monolayer.

It has been noted8 3 that, in electrochemical systems with
electrodes made of carbon materials, the redox reactions of
the active centre may be accompanied by the oxidation of
certain aminoacids, for example, tyrosine. However, this
hypothesis is unlikely, because the oxidation of aminoacids at
a potential of +0.66 V relative to the silver, silver chloride
electrode is hardly feasible; it is contradicted by data on
the electrochemical oxidation of aminoacids.81|~86

The electrochemical reactions of enzymes on carbon mate-
rials have been investigated81»87»88 and it has been shown81

that peroxidase does not undergo redox reactions in the
experimental potential range. On the other hand, when
peroxidase is denatured, the haem liberated gives rise to
almost reversible maxima. It has been stated that laccase
is reduced on carbon black at a potential of 0.75 V.8 7 The
possibility of the oxidation-reduction of glucose oxidase has
been noted, 8 8 but systematic studies of the oxidation-reduc-
tion properties of enzymes have not so far been carried out.
One of the causes of this may be the high redox potentials of
enzymes, which require the use of special electrode materials
stable at these potentials. Mercury electrodes dissolve at
fairly low potentials and carbon materials are corroded at
potentials more positive than 1.0 V.

IV. CHARGE AND MATERIAL TRANSFER IN THE SURFACE
LAYER

An adequate description of the mechanism of charge and
material transfer in the surface layer at the interface between
the conducting support and the bulk of the electrolyte is the
main fundamental task in the problem of modified electrodes.
Only on the basis of data for the mechanism and kinetics of
transport stages can one estimate the possible limits of the
acceleration of electrochemical reactions and optimise the
electrocatalytic effect.

The main trends in the study of transport processes are the
calculation of the rate of transfer of charged species, the
search for phenomenological models for the representation
of experimental data, and direct experimental investigation
of the electron (charge) transfer stage.

In the case of monolayer coverage, the transport stages as
such are absent and the mechanism of the electron transfer
between the metal and the substrate is determined by the
character of the electronic interaction of the metal, the
catalytically active group, and the substrate. For a distrib-
uted catalytically active layer, the redox reaction of the sub-
strate can occur throughout its bulk and electron transport
is achieved via jump or mediator mechanisms, with the
simultaneous diffusion of counterions. Depending on the
morphology of the active film, account must be taken also of
the diffusion of the substrate in the pores or through the
film (Fig.4).

As shown above, the redox potentials of compounds immo-
bilised on electrodes differ little from the corresponding
values in solution, which indicates rapid electron transfer in
those cases where a direct electronic interaction of the active
group and the support is established as a result of the over-
lap of the corresponding electron orbitals. In a series of
studies,3»6 7 '8 9 the potentiodynamic I—Ε curves for surface-
modified electrodes were examined quantitatively taking into
account the interaction of neutral and charged surface
groups, the Heterogeneous properties of the surface, and
the effect associated with the rearrangement of the surface
layer as a function of time. The dependences of the poten-
tial of the maximum and of the current at the maximum on the
rate of scanning of the potential are described by fairly com-
plex equations. By means of numerical computer calcula-
tions, it is possible to "adjust" the shape of the calculated
I—E curve to agree fairly well with the experimental curve.
However, in view of the large number of initial assumptions,
this can hardly serve as proof of their validity.

The general relations governing electron jumps via the
tunnel mechanismt have been examined in a number of
s tudies . 9 0 " 9 3 The influence of the degree of interaction
of the adsorbate with the surface on the tunnel electron
transfer in the electrode/adsorbate/redox pair system has
been analysed. For a very strong interaction, a volcano-
like dependence of the exchange current on the electron work
function of the metal has been predicted.9 2 The height of the
potential barrier on the residence time of the electron in the
intermediate state determines whether electron transfer is of
the two-channel type or the multichannel type.

Tunnel electron transfer takes place in the redox reaction
of immobilised ferrocene91* at a distance of 8 X from the sur-
face of the electrode. The temperature variation of the rate
of reaction obeys the Arrhenius equation. The change in
the rate of reaction by two orders of magnitude on passing

Ί
Figure 4. Methods of carrying out the redox reactions of the substrate S on surface-modified
electrodes: a) injection of charge into the film; b) mediator transport (M = mediator);
c) diffusion through the film or in the pores. 5

t Since the number of studies devoted to tunnel transport
is small, we shall employ the available data regardless of the
type of conducting support.
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from sulpholan to acetonitrile is associated with the change
of the activation energy from 44 to 34 kJ mol"1. Using the
elastic tunnelling model, the authors9* begin with the fact
that the overall activation energy for the electronic transi-
tion in the given system is made up of the energies of the
reorganisation of the solvent and of the change in the bond
lengths. However, this assumption is arbitrary, since the
first process is adiabatic and the other is not.

6 -

1.0 0.6 O.B Ε, ν

Figure 5. Dependence of the rate of electrochemical reduc-
tion of oxygen (curve 1) and the activation energy for this
reaction (curve 2) on the potential of a carbon black electrode
with immobilised laccase.97

Tunnel electron transfer has been examined as the trans-
port stage for carbon electrodes modified by enzymes.95"97

The dependence of the rate of the cathodic reduction of
oxygen on a carbon black containing laccase on the thickness
of the lipid layer between the protein globule and the support
has been investigated.95 For a thickness of the lipid layer
in excess of 20 X, the rate of reaction falls sharply, which is
caused, according to the authors, by the decrease of the
effective tunnel electron transfer. The estimates of the
possible distance over which tunnel electron transfer takes
place95»97 were based on the hypothesis of rapid electron
transfer between the electrode and the active centre and
that the rate of the process is limited by the rate of the
enzyme reaction.

Detailed studies of the kinetic characteristics and of the
temperature variation of the rate of reaction97 deepened the
existing ideas about the mechanism of the bioelectrocatalytic
oxygen reduction reaction. In the region of relatively low
polarisations, the rate of the electrochemical reduction of
oxygen is limited by the rate of the electron transfer stage
and is described by the Tafel relation between the current
and the potential (Fig. 5). In the region of the limiting
current, the process is controlled by the stage characteristic
of enzyme catalysis.

In the region of low polarisations, the activation energy A
is low and the acceleration of the reaction is to a large extent
caused by the change in the pre-exponential factor ν in the
equation

t=vexp(—A/kT) .

Application of modern quantum theory98 permitted the con-
clusion that a collectivised state of the adsorbent—adsorbate
system arises in the immobilised laccase—carbon electrode
system. The electron density is not localised on the active
centre of the enzyme, because its interaction with the solvent
is weak. The oxygen electrochemical reduction current is

ι - |άερβ(ε)/(ε)ΐΡ(ε)~ρβ(ε·)^(ε·)ΪΓ(ε·) ,

where f(e) is the Fermi function of the distribution of the
energy of the electrons, W(e) the probability of electron
transfer from the level ε on the active centre to the sub-
strate molecule, Ρα(ε) the density of electronic states asso-
ciated with the active centre, and ε* the energy for which
the contribution to the total current is a maximum. Since
the active centre of the enzyme is at a distance of ~10 A
from the electrode their potentials are different. The depen-
dence of the pre-exponential factor on the potential is then
determined by the influence of the latter on the energy of
the electronic level of the active centre of laccase.

In the study of charge transfer# in multilayer (including
polymer) electrodes containing active centres, three possible
mechanisms are taken into account: electron jumps, exchange
of electrons between the active centres, and the diffusion of
counterions. It is usually assumed that the electron trans-
fer process through the polymer is analogous to diffusion:99

where Do characterises the actual contribution of diffusion,
k is the rate constant for electron exchange between the
redox centres in the polymer layer, c the concentration of
the species reduced at the electrode, and δ the distance
over which the electron is transferred.

In order to elucidate the mechanism of electron transfer,
one investigates the influence on the latter of temperature,
the type of solvent, the nature of the electrolyte, the degree
of cross-linking of the polymer, and the concentration of
charges. The determination of the apparent diffusion
coefficient De Xp for a polymer of the nafion type on a pyro-
graphite electrode101 showed that the charge transfer mecha-
nism depends on the type of cation incorporated. Fig.6
illustrates schematically the dependence of D e x p on the
concentration of active groups for polymers of two types
differing in the strength of attachment of the active centres.
An example of the system of type (a) is provided by a
copolymer containing ruthenium and osmium ions;102 the
system (b) obtains for a polymer containing the Ru(bipy)|+^2+

ions.101 Section 2 is described in both cases by Eqn.(l)
presented above. In region 3, the rate of transfer is deter-
mined by the mobility of the polymer lattice or polymer
chains. ~ In region 1 (a), ions are separated by a distance
greater than the characteristic diffusion distance and the
rate of transfer diminishes. Region 1 (b) corresponds to
simple diffusion of ions. Comparison of the diffusion coeffi-
cient and of the rate of quenching of the luminescence of
Ru(bipy)f+ 1 0 3 leads to the conclusion that the slow stage is
the movement of counterions. The diffusion mechanism is

#The electronic properties of the polymers themselves,
including those which have been doped electrochemically,
have been examined in a review100 and a monograph.101
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most important for thick films and when there is a significant
difference between the potentials of the substrate and the
attached mediator.

Figure 6. Schematic illustration of the dependence of De

on the concentration of active groups for polymers with
chemically attached (a) and electrostatically bound (b) ions;
for the characteristics of sections 1—3, see text . 1 0 1

A series of experimental facts outside the framework of the
ideas formulated above have been described in the literature.
Thus it has been observed 1 0 4 that, when copper ions are
incorporated in polyphenol oxidase films at Cu 2 + concentra-
tions above the critical value, there is an avalanche-like
increase of the rate of electron transfer. A phenomenon,
previously unknown, involving an increase in the polarisation
capacity in the pyrographite—polymer—electrolyte system has
been described.6 9»7 0 The magnitude of the effect depends on
the nature of the cation and decreases with decrease of the
radius of the hydrated cation. It has been suggested that
this is associated with the shielding by the cationic charge
of the free electrons of the support, entering the polymer
layer, and not with the doping of the polymer by electrolyte
cations.

The ideas about the mechanism of charge transport are used
to solve two main problems: the analysis and quantitative
description of the redox reactions in the surface layer and
the estimation of electrocatalytic effects which can be
attained using electrodes of the type considered. In the
interpretation of the form of the I—E curves, one begins with
the idea of slow heterogeneous electron transfer and data on
the kinetics of the reorganisation of the film and the inter-
action within the film.6 7 '1 0 5

An attempt has been made to estimate the efficiency of
electrocatalysis on the surfaces of modified electrodes com-
pared with homogeneous catalysis. It has been shown89

that, for the same activation energy, homogeneous catalysis
is more effective than electrocatalysis under conditions where
the concentration of the active centres corresponds to mono-
layer coverage. Bearing in mind the influence of binary
and ternary collisions and also the electrostatic work of the
double layer and the reflection layer, large effects cannot be
expected in the case of an outer-sphere mechanism of electro-
catalysis. This is confirmed by calculations for a surface-
modified disc electrode. 8 9

In estimating the electrocatalysis effect for electrodes with
a distributed active layer, one must take into account the
rate of transfer of both electrons and of the substrate to the

active centre. Various instances of electrocatalysis on
polymer electrodes with redox centres have been investigated
theoretically and experimentally. 1 0 6 ' 1 0 7 If the electron trans-
fer stage is rapid (on the electrochemical scale), then poly-
mer or multilayer coatings are useful when the transport
stage is relatively slow and the films are readily permeable.
However, this conclusion is hardly valid if the polymer
exhibits electronic conductivity1 0 8 or when a conducting
filler, for example, carbon particles, has been introduced
into the film.

The stationary diffusion equations for a disc electrode
coated by an electrochemically active polymer film have been
examined.8 9 '1 0 9 In this case the thickness of the diffusion
layer δ is replaced by the quantity δ' = I + (Df/D s)g, where
Df and D s are the diffusion coefficients in the film and in the
free solution. If the rate of diffusion in solution is much
smaller than in the film (D s /5 «Df/δ) , then the usual
voltage—current curves are obtained. For the opposite
relation, the system becomes more reversible than on the
"clean" electrode. However, this is manifested by the
approach of the half-wave potential to the reversible value
and not by the ̂ increase of the overall current.

V. NON-ELECTROCATALYTIC REACTIONS ON MODIFIED
ELECTRODES

In simple oxidation-reduction reactions unaccompanied by
a redistribution of the bonds or strong coordination of the
molecules, the modifying groups serve as mediators in elec-
tron transfer processes. The rates of reaction of this type
are independent of the nature of the electrode material after
the application of corrections for changes in the structure of
the double layer, but data for their kinetics yield much
information necessary for the understanding of the mecha-
nisms of electrocatalytic reactions.

Three types of non-catalytic reactions on surface-modified
electrodes are possible. If the substance is oxidised more
readily than the mediator modifying the surface and the film
of the modifying agent is poorly permeable to the reacting
substance, the process proceeds on the outer boundary at
the redox potential of the mediator. If the redox potentials
of the mediator and the reactant are equal, the reaction
proceeds in the same way as on an unmodified surface.
The third case, where the mediator is oxidised more readily
than the substrate and its transfer becomes dominant, is of
greater interest. This mechanism has in fact been observed.110

The complex Ki,Mo(CN)8, introduced into a PVP film on pyro-
graphite, can act both as an oxidant and as a reductant.
The processes occurring in the system are illustrated
schematically in Fig. 7. The redox potential of the
Mo(CN)J)~/Mo(CN)!~ transition for the complex incorporated
in the film is +0.52 V, while for the Fe 2 + /Fe 3 + system it is
+0.49 V. The closeness of these redox potentials makes it
possible to accelerate both the oxidation of Fe 2 + and the
reduction of Fe 3 + . The above hypotheses are confirmed by
the curves (Fig.7) obtained for electrodes of three types:
unmodified, modified with PVP, and modified with PVP con-
taining the complex Κ^Μο(ϋΝ)8.

The second cause of the interest in non-catalytic reactions
on modified electrodes is the possibility of investigating the
redox reactions of proteins on such electrodes. Studies of
the electrochemical reactions of their active centres are of
special interest. In such systems, the modifying agents
play the role of mediators and at the same time serve as
enzyme substrates, which makes it possible to achieve the
redox transformations of the active centres. As a rule the
redox reactions of proteins are investigated on modified
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metallic electrodes. Thus the immobilisation of methyl- or
benzyl-viologen on gold makes it possible to carry out the
oxidation-reduction reactions of myoglobin,111 while the
immobilisation of polyvinylviologen permits the reduction of
cytochrome c . 1 1 2 Cytochrome c can be oxidised and reduced
electrochemically on gold and platinum electrodes with
adsorbed 4,4'-bipyridyl.1 1 3

mA

0.5 1.0

Figure 7. Polarisation curves for the oxidation of Fe 2 + (at a
concentration of 4 mM) at pH 1.5 and ν = 0.0075 V s" 1 at a
rotating pyrographite electrode (curve 1) and a pyrographite
electrode modified with PVP (curve 2) and the PVP-Mo(CN)^"
complex (curve 3). 1 1 0

On a carbon surface, the redox reactions of proteins have
been observed both after the modification of the electrode
and after the preliminary electrochemical treatment of the
surface. Cytochrome c is reduced on pyrographite modified
by polymeric methylviologen111* and peroxidase, glucose
oxidase, and xanthine oxidase, as well as certain other
enzymes are reduced on vitreous carbon. 1 1 5» 1 1 6 The electro-
chemical reactions of laccase occur in the presence of a whole
series of modifying agents and the positions of the potential
maxima depend on their nature. On modification of 2,9-
dimethylphenanthroline, the maximum is at 0.64 V, while on
modification with 4,4'-bipyridyl it is at +0.74 V ( n . h . e . ) . 1 1 5 ' 1 1 7 '

The anodic-cathodic treatment of the surface can result in
the appearance of a large number of oxygen-containing
groups which function as modifying agents. The redox
reactions of cytochrome c have been observed on electro-
chemically treated carbon materials.2 6 It is most likely that
oxygen-containing groups, including quinone-hydroquinone
groups, effect the oxidation-reduction reactions of the active
centres of the proteins via the mediator mechanism.

V I . THE MECHANISMS OF ELECTROCATALYTIC REACTIONS

By virtue of the possibility of the specific creation of an
active layer, surface-modified electrodes have been finding
increasing application in a whole series of electrocatalytic
reactions, because they exhibit an increased selectivity and
a high catalytic activity.

1. The Activation of Organic Molecules

The oxidation reactions of organic molecules proceed as a
rule at high anodic potentials on platinum group metal elec-
trodes. The use of surface-modified electrodes permits in
many cases the elimination of noble metals or it is even pos-
sible to achieve reactions which cannot occur on other elec-
trodes.

Using modified pyrographite, sulphoxide has been syn-
thesised 1 1 8 and anisole and toluene have been chlorinated.1 1 9

The yield of the target products, namely carbinol and pinacol,
on a graphite electrode modified with amine depended on the
nature of the surface oxides.1 1 9 In the presence of basic
oxides, pinacol was synthesised preferentially, while on a
surface coated with acid groups, carbinol was the main
product. Presumably the strength of the bond between
the modifying amine and the electrode surface plays an
important role.

Data have been published5 5 on the acceleration of the
oxidation of ascorbic acid on pyrographite electrodes with
chemically bound benzidine. It is noteworthy that prelimi-
nary treatment with plasma leads to an increase of the true
surface area of the pyrographite electrode and the true
acceleration effect is therefore not unduly great. Graphite
electrodes modified with vinylferrocene are the most effective
in this reaction. 1 2 0 The electrocatalytic current is limited
by the rate of diffusion of ascorbic acid in the polymer film.
The graphite electrode modified with quinone5"1 accelerates
the electrochemical oxidation of NADH to NAD+. The
oxidation of NADH is accelerated to an even greater extent
in the presence of polymer films of dopamine (DP), phenazine
methanesulphonate (PPMS), and phenazine ethanesulphonate
(PPES). 1 2 1 [The latter two films are not mentioned in
Ref.121 (Ed.of Translation)]. Data concerning the
acceleration of the reaction in the presence of the above
compounds are compared in the Table. It is noteworthy that
the half-wave potentials (£χ/2) and current maxima (£*) for
the oxidation of NADH (see Table) are remote from the redox
potential of the NADH/NAD+ pair, which is -0.56 V ( s . c . e . ) .

The half-wave potentials (Ελ/Ζ) and the potentials at the
maximum (£*) for the oxidation of NADH on electrodes
modified by different compounds at pH 7.0.1 2 1

Type of modifying
agent

Ey2,V

E*,V

Quinone

+0.16
+0.26

PD

+0.12
+0.21

PPMS

—0.16
—0.05

PPES

—0.21
—0.10

The high catalytic activity of pyrographite modified with
tetrasulphonated water-soluble phthalocyanine complexes of
iron and cobalt in the oxidation of certain organic molecules
has been noted. 1 ' 2 The phthalocyanine complex of cobalt
accelerates the oxidation of cysteine to cystine. In both
acid and alkaline solutions, the slope of the Tafel curve is
close to 2 χ 2.3RT/F. In the region pH < 8.5, we have
9 lgi/3 pH s l , whereas at higher pH the corresponding
function is close to zero. These kinetic parameters corre-
spond to the following possible reaction mechanisms:

R — ,
RS--H-RS- + e,

2RS -̂->R—S—S—R .
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The use of carbon electrodes modified by enzymes for the
oxidation of various organic substrates has been examined
fairly fully.96 Enzymes of the oxidase class—cytochrome b 2 ,
peroxidase, glucose oxidase, xanthine oxidase, and galactose
oxidase—effect the reaction of their substrates in the
immobilised state on the electrode. Two reactions take place
consecutively on two-enzyme electrodes based on glucose
oxidase and peroxidase:

gluc°se °xid"e > δ-gluconolactone + H2O2;glucose + O2

HaO, + 2Fe (CN)r + 2H
+ p e r o x i d a < e Γ + 2H a O .

Xanthine oxidase or uricase may be used in two-enzyme elec-
trodes. Analysis of the experimental data shows that the
rate-limiting stage in the overall process is the first reac-
t ion, 1 2 3 i .e. the oxidation of glucose, hypoxanthine, or uric
acid. The efficiency of such electrodes is extremely low
and the creation of electrochemical sensors for the detection
of various substrates is a more realistic application of such
devices.

Immobilised enzymes belonging to the class of dehydro-
genases can be used for the oxidation of organic substrates.
As a rule, the regeneration of coenzymes, which can be
achieved with the aid of enzymes, is essential for their
functioning. NAD was regenerated in the presence of
alcohol dehydrogenase and lactate dehydrogenase.121* How-
ever, such a system is unduly complex and its employment
is hardly promising.

Enzyme electrodes based on hydrolases immobilised on a
graphite paste electrode or vitreous carbon have been
examined.96 The enzymes are retained in the vicinity of
the electrode surface with the aid of membranes. The
operation of such electrodes is based on the fact that the
hydrolase, for example, cholinesterase, effects the reaction
which is typical for such enzymes, involving the cleavage of
a covalent bond in the substrate, while the product of the
enzyme reaction participates in the electrochemical reaction.
Catechol mono-orthophosphate, indoxyl acetate, and other
substrates have been oxidised in this way.96

The mechanisms of the electrochemical oxidation reactions
on electrodes whose surfaces have been modified by enzymes
have been studied little. As a rule, the authors confine
themselves to comparing the enzyme and electrocatalytic
activities and to the calculation of the Michaelis constant.
On the basis of these data, it is concluded that the nature
of the rate-limiting stage is kinetic or diffusional.96 Systems
in which the electrochemical and enzyme reactions are coupled
with the aid of mediators have been studied in greater detail.
In essence, such systems do not belong to the class of sur-
face-modified electrodes, because the enzyme immobilised on
the electrode effects the enzyme reaction and the acceleration
of the electrode reaction is due to the overall effect of all the
processing occurring in the system.

Our studies on the oxidation of model compounds derived
from lignin (hydroquinone, guaiacol, syringol, and veratrole)
on a carbon black electrode modified with laccase demon-
strated the possibility, in principle, of the oxidation of these
compounds .§ According to the results of chromatographic
analysis, the products of electrochemical oxidation on the
unmodified and laccase-modified carbon black electrodes are
different.

uV.A.Bogdanovskaya, M.R.Tarasev ich, and V.G.Vorob 'ev,
in "Novosti Elektrokhimii Organicheskikh Soedinenii" (New
Aspects of the Electrochemistry of Organic Compounds),
Moscow—Lvov, 1986, p.65.

2. Acceleration of the Hydrogen Evolution Reaction

Carbon materials modified b y titanium compounds, namely
C - O T i C l ( O C 2 H 5 ) 2 or C-OTiCl(OH) 2 , have been used to
act ivate t h e hydrogen r e a c t i o n . 3 9 The potentiodynamic
c u r v e s obtained for such e lectrodes show an anodic maximum
in the potential r a n g e between - 0 . 3 and -0.4 V after cathodic
polarisation to Ε = -0.6 V. After prolonged cycl ing, the
shape of the c u r v e s does not c h a n g e , which indicates fairly
s t r o n g b i n d i n g of t h e titanium compounds. With increase of
t h e amount of a t tached compound, the ra te of h y d r o g e n
evolution also i n c r e a s e s . The reaction on t h e unmodified
carbon material may be r e p r e s e n t e d as follows:

2TiIVJ5.2Ti11 • 2Ti l v-f H 2 .

The r e v e r s e reaction involving the anodic oxidation of molec-
ular hydrogen is not accelerated in t h e given system, which
a g r e e s with the r e s u l t s of a s t u d y 1 2 5 where it was shown t h a t
carbon modified b y titanium compounds does not catalyse the
hydrogenat ion of aromatic compounds b y molecular h y d r o g e n .

Carbon materials with an immobilised hydrogenase have
been u s e d 2 ' 1 2 6 t o accelerate t h e electrochemical oxidation of
h y d r o g e n . Methylviologen (MV) was used as the mediator in
t h i s system. The redox potential of the MV2+/MV+ pair is
+0.011 V, i . e . is extremely close to the equilibrium h y d r o g e n
potent ia l . The overall re su l t of the set of react ions i s the
oxidation of molecular h y d r o g e n :

EH" + MV2+ ^ MV* + Ε + H+ + e,

MV* -> MV2+ + e,
Ε = enzyme.

The activity of t h e immobilised hydrogenase and the r a t e of
react ion a r e h i g h e r the g r e a t e r t h e amount of enzyme
adsorbed on the carbon black, which may be due to t h e fact
that at low coverages t h e r e is a s t r o n g interact ion of t h e
enzyme with the car r ie r leading to part ia l denatura t ion of
the p r o t e i n . With increase of the surface coverage, the
interact ion of the enzyme with the support weakens, the mole-
cules a re or iented in the most favourable manner , and the
activi ty of t h e enzyme approaches that of t h e native form.

Kinetic s tudies have been made of the hydrogen react ion
u n d e r t h e conditions of the direct electron t r a n s f e r from the
active c e n t r e of the enzyme to the e l e c t r o d e . 1 2 7 However,
analysis of the electrochemical data refers to t h e range of
potentia ls where the process is concentrat ion dependent and
the observed stoichiornetric number yields no information
about the mechanism of t h e kinet ic s t a g e .

The use of e lectrodes modified by polymers and complexes
based on them for the activation of the h y d r o g e n reaction has
not as yet been d e s c r i b e d .

3. The Oxygen Reaction

The majority of studies of the use of surface-modified elec-
trodes in electrocatalysis are associated with the reduction of
molecular oxygen. At the present time several ways of
making modified electrodes for this purpose have been
developed: the binding of quinones and phenanthroline and
bipyridyl complexes and Ν ̂ -complexes, the "assembly" on the
electrode surface of polymer systems of various types, and
finally the modification of the electrode surfaces by enzymes.

Fig. 8 presents the group of quinones which have been used
to accelerate the reduction of oxygen in neutral electrolytes.39

When the quinones R3 and R1* with asymmetric substituents
are adsorbed, steric hindrance obtains, and they exhibit only
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a weak catalytic activity. On the other hand, the molecules
of R2 and Rs, which each contain two NH2 groups, apparently
assume a planar disposition on the surface and in their
presence the highest stationary potential Ε = 1.02—1.05 V is
established on the charcoal. At a current of 0.25 mA g"1,
the shift of the electrochemical reduction potential of oxygen
in the positive direction is more than 0.3 V.

A large group of relatively simple copper, cobalt, manga-
nese, and iron complexes of JVN'-disalicylidene-ethylene-
diamine, adsorbed on a pyrographite electrode, have been
investigated. αα'-Bipyridyl and o-phenanthroline are known
as ligands with a polyfunctional activity which can participate
in the resonance transfer of electrons via systems of con-
jugated bonds. Furthermore, they are effective catalysts of
the oxidation of various substrates by molecular oxygen in
homogeneous systems.128'129 Pig. 9 illustrates the polarisa-
tion curves obtained at disc and ring electrodes for an
approximately monolayer coverage of the disc electrode sur-
face by the complex investigated. In the presence of cobalt
complexes (curves 2, 2', 3, and 3*) the half-wave potential
shifts in the positive direction, but oxygen is reduced solely
via the formation of hydrogen peroxide. When copper com-
plexes are deposited (curves 4 and 4'), the reaction proceeds
both via the intermediate formation of hydrogen peroxide and
with direct reduction to water, the ratio of the constants
K1/Kz = 0.23 for [Cu(5N02phen)]Cl2. The activity of the
copper complexes depends on the degree of surface coverage
by the latter and on the type of substituents. The activity
is a maximum for a low coverage and falls when the coverage
increases. This type of dependence can be explained if it is
assumed, by analogy with homogeneous catalysis,129 that the
substrate (O2) and the electrode surface are in the cis-con-
formation relative to the central ion of the adsorbed complex.
The synchronous transfer of two electrons to the oxygen
molecule is possible under these conditions. With increase
of the degree of surface coverage, the possibility that such
a conformation occurs diminishes, and the activity falls.
Thus, in the case of phenanthroline complexes of copper, the
role of the support (the carbon material) is manifested
directly. The study of Vol'pin et al.18 is the first in which
it was possible to achieve the electrocatalysis of the oxygen
reaction by organic copper complexes.

The tetrasulphonated phthalocyanine complexes of cobalt,15'
1 3 0 haemin and the chlorin ee complex of iron,21 and the por-
phyrin complexes of iron and cobalt131 exhibit a notable elec-
trocatalytic activity in the cathodic reduction of oxygen.

-/ d , mA +/ r, mA

-0.2

-o.t

0.80.6 O.V 0.2 0.0 -0.2 -OM -0.6 E, V

Figure 9. Polarisation curves for the electrochemical
reduction of oxygen on a platinum disc electrode (curves 1—4)
and for the oxidation of hydrogen peroxide on a platinum ring
electrode (curves l'-4') in the absence (curve 1) and pres-
ence of the complex adsorbed on the disc electrode:
2) cobalt—salen; 3) cobalt—decamethyloctadehydrocorrin;
4) [Cu(5N02phen)]Cl2.

18

The mechanism of the reduction of oxygen by these sub-
stances differs little from that which obtains on carbon mate-
rials coated by a thick layer of the Ni^-complexes.130 The
adsorbed phthalocyaninecobalt complex accelerates only the
two-electron reaction and the phthalocyanineiron complex
promotes the occurrence of the direct reduction to water.130
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In the region of high polarisation the slope of the -Igl—E
plots is close to 2 χ 2.3 RT/F, which corresponds to slow
addition of the first electron. For low polarisations,
3£/3 lgl ranges from 2.3 RT/2F to 2.3 RT/F. According to
the authors,130»131 this is due to the approach to the O2/HO2
equilibrium in alkaline electrolytes at low polarisations.
According to Zagal et al. 1 3 0, such slow slopes can be
accounted for also by the operation of different versions of
the redox mechanism:

—07 ,

Μ Π Ι -07 + Η20 + e -> Μ"1—Η,Ο, + OH" .

Unfortunately, lack of data for the surface coverage of the
electrode by Νι,-complexes hinders the quantitative compari-
son of the electrocatalytic properties of the complexes at a
molecular level and the elucidation of the role of the carbon
support.

Dinuclear complexes—covalently bound ("face to face")
porphyrins—have been used recently 1 3 2 to modify the carbon
surface. The activation of oxygen by these complexes can
be represented schematically as follows:

LCom—ConiL+2fr->LCon—Co"L ,
LCo"—ConL+O:-*-LCon—O—O—Co"L ,

LCo11—O—O— Cc^L+H^LLCo11—OH—0—Co"L]+,
[LCo11—OH—O— Co"L]++2e+3H+-HLCoin—CoI"L+2HIO .

The 4-atom connecting chain between the ligands apparently
corresponds to the optimum conditions for the coordination
of the oxygen molecule between two cobalt atoms. When the
monomer and the dinuclear cobalt dimer with the connecting
fixed atom chain are adsorbed on pyrographite, the oxygen
reduction reaction in an acid medium (0.5 Μ HCIO^ or CF 3 .
.COOH) is accelerated compared with pure pyrographite, but
proceeds via the intermediate formation of hydrogen peroxide.
The quantity 9E/9 l g i = 2.3 χ 2RT/F agrees with the concept
of the slow transition of the first electron.

The use in electrocatalysis of carbon electrodes modified
by polymers constitutes an exceptionally promising trend.
Polyfunctional electrocatalysts ensuring the simultaneous
transfer of more than one electron in the slow stage, the
optimum hydrophobic—hydrophilic environment in the active
centres, and the reversibility of the protonation reaction can
be created on their basis. However, despite the fact that an
enormous number of studies on the electrochemical properties
of polymer electrodes have been carried out, at the present
time there have been only isolated studies devoted to electro-
catalysis on such electrodes. The properties of polymeric
acrylonitrile films on vitreous carbon and platinum have been
investigated in the oxygen reaction. 1 3 3 Some acceleration of
the electrochemical reduction of oxygen has been observed on
the pyrographite electrode in the presence of a polymer
coating made up of polyxylylviologen with a molecular weight

/ cr cv \
of 11000: l _ C H _ y ^ \ _ C H _ + N y ^ ~ \ _ y ~ \ N + _ l · The

possibility of constructing more complex systems by attaching
two active groups fulfilling different functions was reported
in the same communication. The ruthenium (III) complex of
the polymer is a highly active catalyst of the electrochemical
reduction of hydrogen peroxide:

CH,

(-CHCH,-),,

COOCH,

(-C-CH,-),,,,

COOH

CH,
I

·(—C—CH,—

C=O

N H ,

Ι
C H J C H J

The complex is soluble in water but becomes insoluble at an
electrolyte concentration in excess of 0.1 M. This makes it
possible to obtain a stable polymer coating on the pyrograph-
ite surface. The complex [Cu(o-phen)2(ClOtf)2], which is
a highly effective catalyst of the two-electron reaction, is
added to the immobilised polymer. Thus the simultaneous
attachment to the pyrographite electrode of two active groups
permits the creation of an electrocatalyst of the reduction of
oxygen to water.

The PVP complex of copper shows a high catalytic activity
in the cathodic reduction of oxygen.1*3 However, its activity
falls rapidly. Thus in the absence of current a potential of
1.15 V was recorded in the initial instance. The potential
then shifts in the cathodic direction and is stabilised near
0.9 V. The stationary potential, established for charcoals
modified by the complex, is higher than for pyrographite
electrodes and reaches 1.2 V.

There is a correlation between the degree of saturation
of the polymer by copper ions and the electrocatalytic
activity, whose measure is the shift of the polarisation
curve relative to the background curve. The extremum
in the relation between the activity of the modified electrode
and the pH (Fig. 3, curve J) can be explained by taking into
account data on the stability of the polymer complex. It has
been shown73'71* that copper mono- and di-pyridinate com-
plexes are formed at pH 3—4 and are converted into the
tetrapyridinate complexes at pH 5-6. One may therefore
conclude that copper tetrapyridinate complexes exhibit cata-
lytic activity. The pH dependence of the total amount of
electricity corresponding to the redox transitions for the
modified electrode (Fig.3, curve 2) also passes through an
extremum, which confirms the hypothesis that copper
tetrapyridinate complexes are electrochemically active. The
decrease of the amount of the active complex with alkaline pH
can be explained by the decomposition of the catalytic complex
with formation of copper hydroxide.

As the particle size of the highly disperse carbon materials
increases, the catalytic activity of the complex also rises for
low polarisations.1*3 Having compared this result with data
showing that the high-molecular-weight polymer (molecular
weight 160000) is 2.5—4 times less active than the polymer
having a lower molecular weight (50000), one may suppose
that, depending on the ratio of the sizes of the polymer glob-
ule and the carrier particles, the character of the adsorption
varies.1*3 The difference between catalytic activities can be
caused by the different macrokinetic characteristics of the
highly disperse carbon catalysts and the polymers with dif-
ferent molecular weights deposited on them.

The most stable equilibrium oxygen potentials have been
obtained using enzymes as modifying agents for the carbon
surface.2·22»23.27"29'135

The mediator mechanism of the acceleration of the electro-
chemical reduction of oxygen, i.e.

Η
Γ " N \

J ! — N _ R U (NH,)4 Q) a ,
Η

HQ

has been achieved using a whole series of enzymes immobi-
lised on carbon materials: peroxidase,136 cytochrome c
oxidase,137 tyrosinase,135 and laecase.26

In the case of the electron-transport protein cytochrome c 2 1

and also the enzymes tyrosinase 1 3 5 and laecase,22>26 it has
been possible to achieve a non-mediator mechanism of
acceleration of this process in neutral solutions. The most
reproducible data have been obtained with laecase. The
adsorption of the enzyme on carbon black electrodes is almost
irreversible. The parameters 3£/9pH and 9E/3 lgp_ for

°2
this electrode correspond to the coefficients of the Nernst
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equation for the O2/H2O pair. The small deviation from the
theoretical equilibrium potential is apparently caused by the
local increase of the pH in the layer of the adsorbed protein
relative to the pH in the bulk of the solution.

The mechanism of the electrocatalytic reduction of molecular
oxygen by immobilised laccase has been studied in detail.9 7

The observed variation of the rate of reaction with the pH,
the oxygen pressure (Fig. 10), the concentration of laccase
inhibitors (Fig. 11), and temperature suggested the following
mechanism of the activation of molecular oxygen in the elec-
trode /laccase /oxygen system:

EO,

ΕΟ,Η + 2e + H+

EOH-

103/, A

(Δ£ = 0.2—0.6V),

( Δ £ = 1.15—1.10 V),
EO" + HSO (Δ£ = 1.20 - 1.15 V),

t.Z 1.0 a. B 0.6
Er,V

Figure 10. Polarisation curves for the electrochemical reduc-
tion of oxygen on an electrode with immobilised laccase at
pH 4.5 and different oxygen partial pressures (atm):
1) 1; 2) 0.3; 3) 0.25; 4) 0.12.97

On the basis of the entire set of data, one may regard as
entirely justified the claim that, in the region of low polarisa-
tions , the rate of electrochemical reduction of oxygen is
limited by the rate of electron transfer stage, while in the
region of the limiting current it is limited by the stage
characteristic of enzyme catalysis. In the latter case, the
dependences of the rate of the electrochemical reaction on the
pH, the oxygen pressure, and the concentration of the
inhibitors should be analogous to the experimentally observed
dependences for the enzyme reaction9 7 (Figs. 10 and 11). In
the region of low polarisations, the Tafel relation between the
rate of reaction and the potential is observed, which shows
that the electron transfer stage is slow.
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The temperature variation is important for the elucidation of
the mechanism of the cathodic reduction of oxygen on the
enzyme electrode. In the first place, one should note that,
over the entire potential range, the Arrhenius relation
between the rate of reaction and temperature holds. The
activation energy in the experimental potential range varies
from 14.0 to 9.0 kJ mol"1 as the potential shifts in the cathodic
direction (Fig.5). 9 7 Within the framework of the proposed
mechanism of the electrocatalysis of the reduction of oxygen
on the electrode with immobilised laccase, the rate-determin-
ing stage in the region of high polarisations is that charac-
teristic of the enzyme reaction—this may be the binding
(adsorption) of molecular oxygen to the active centre of
laccase. The activation energy found in this range of
potentials is virtually identical with the activation energy
for the phenol oxidase reaction of the solubilised enzyme
(10 kJ mol"1). The activation energy for the solubilised
enzyme was determined from the rate of oxidation of hydro-
quinone by atmospheric oxygen in the same temperature
range as in the electrochemical reaction. Thus the conclu-
sion that the slow stages in the enzyme reaction and in the
biocatalytic reduction of oxygen are the same in the range of
potentials more negative than 0.8 V has been confirmed.

-lgZ[A

- 4 -Ζ lgc [M]

Figure 11. The influence of the concentration of inhibitors
on the electrocatalytic activity of the electrode with immobi-
lised laccase in the reduction of oxygen at pH 4.5; curves 1—3
were obtained for Ε = 0.8 V and curves V-31 for Ε = 1.15 V
in the presence of different ions: 1) and 1') iodide; 2) and
2') chloride; 3) and 3') fluoride.9 7

In the region of low polarisations, the activation energy is
likewise low. As shown above (Section IV), the rate-limiting
stage is electron transfer from the active centre of the
enzyme to the oxygen molecule.

Other examples of electrocatalysis on carbon electrodes
modified by enzymes have also been described. In the pres-
ence of per oxidase adsorbed on pyrographite or carbon
black,2 3 a stationary potential ranging from 1.05 to 1.24 V
is established in a hydrogen peroxide solution. Since the
active centre of peroxidase (haemin) accelerates the reaction
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f of H2O2 to an insignificant extent, peroxidase functions as
the electrocatalyst, retaining its integrity and catalytic
activity on immobilisation.

Comparison of data for the application of chemically modi-
fied carbon electrodes in electrocatalysis shows that the most
important results have been achieved for enzyme electrodes.
In the immediate future, one can probably expect the creation
of active surface-modified electrodes on the basis of synthetic
polymer systems. However, the lack of methods for the
creation of such electrodes with an adequate chemical and
electrochemical stability and activity in the anodic oxygen
evolution reaction and other anodic reactions of electrochemi-
cal synthesis at high anodic potentials constitutes a serious
gap. This problem is one of the most urgent in electro-
chemistry.

Analysis of the available data shows that the creation of
electrodes on the basis of polymer systems closest to macro-
molecular biological systems is likely to be most useful.
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The Role of Peroxide Derivatives of the Elements in the Selective
Catalytic Oxidation of Organic Substances

I.V.Spirina, V.P.Maslennikov, and Yu.A.AIeksandrov

Various mechanisms of the selective action of catalysts in the liquid-phase oxidation of organic substances are discussed. It is
shown that the high selectivity of the autoxidation of organic substances catalysed by compounds of transition and non-
transition elements is due to the interaction of the substrate being oxidised with the peroxide derivative of the element formed
via the reaction between oxygen or the hydroperoxide product and the catalyst.
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I. INTRODUCTION

The oxidation of hydrocarbons and other organic substances
by molecular oxygen is one of the principal ways of synthe-
sising oxygen-containing chain compounds: aliphatic acids
and alcohols, phenols, ketones, epoxides, etc. According to
the ideas which have developed, this process is assigned to
the class of degenerate-branched chain reactions; it leads to
the formation of a large number of intermediates and final
products . 1 " 3 The development of methods for the selective
conversion of the petroleum raw material into oxygen-con-
taining compounds under mild conditions is at present one of
the most important tasks in chemical science.1* As a rule, in
order to increase the selectivity, the oxidation process is
carried out in the presence of catalysts such as the salts of
constant- and variable-valence elements, metal complexes,
Lewis acids, etc. The study of the detailed mechanisms and
kinetics of the above catalytic processes is therefore espe-
cially important for the solution of the problem of increasing
selectivity.

The autoxidation of hydrocarbons in the presence of vari-
ous catalysts has been the subject of numerous investigations
and has been discussed in detail in a series of reviews and
monographs.2 '3 '5""1 1 Various mechanisms have been proposed
in the literature for the action of catalysts in the liquid-phase
oxidation of hydrocarbons. The increase of process selec-
tivity in the presence of the catalyst is usually explained
either by the milder reaction conditions, which is caused by
the formation of a complex between oxygen or the hydroper-
oxide and the catalytic additive, and the subsequent decom-
position of this complex with generation of free radicals, or
by the appearance of new non-radical stages in the reaction
of oxygen or the hydroperoxide activated in a complex with
the catalyst . 5 " 1 1

One of the mechanisms of the catalysis of oxidation reac-
tions of organic compounds by derivatives of various elements,
which ensures a high selectivity, involves the interaction of
the substrate being oxidised with the peroxide derivative of
the element formed via the reaction between oxygen or the
hydroperoxide product and the catalyst. 1 2 ' 1 3

I I . CATALYSIS OF FREE-RADICAL CHAIN OXIDATION
REACTIONS OF HYDROCARBONS

The catalytic action of variable-valence metal compounds in
chain oxidation reactions of hydrocarbons has been investi-
gated in detail and is widely u s e d . 2 ' 3 ' 5 " 1 0 The most important

details of the mechanism of these reactions have been
reliably demonstrated. Thus it is generally recognised that
metal compounds can participate in any stage of a degenerate-
branched chain oxidation reaction of a hydrocarbon: initiation,
chain propagation, or chain b r a n c h i n g . 2 ' 3 ' 6 ' 7 ' 1 1

The principal radical formation reaction in the oxidation
chain initiation stage in the presence of a catalyst is the acti-
vation of oxygen and the interaction of the resulting oxygen-
containing metal (M) complex with the hydrocarbon: 3 ' 6 ' 7 ' 1 1

Μη+ + Ο2^Μ(η+1)+ΟΓ -,

Μ(Π+1)+ΟΓ -f- RH - * Mn+ + HOI -f R·.

The free-radical chain oxidation of hydrocarbons is cata-
lysed via this mechanism by low-valence complexes of iridium,
rhodium, ruthenium, osmium, platinum, etc . 1 "*" 1 6 . The occur-
rence of this type of initiation has been demonstrated using
inhibitors in relation to the oxidation of ethylbenzene in the
presence of nickel bis(acetylacetonate) 1 7 and has been con-
firmed in a study of the oxidation of curaene catalysed by
o-phenanthroline complexes of copper. 1 8

The commonest method for chain branching in oxidation by
compounds of various elements presupposes catalysis of the
homolytic decomposition of the primary hydrocarbon oxidation
products, namely hydroperoxides. 2

The catalysis by variable-valence metals is based on one-
electron oxidation-reduction reactions between metals ions
and the hydroperoxide: 2 ' 3 ' 6 ' 1 1

ROOH+ M(n+1)+-> ROi + Mn+ + H* .

It has been shown1 0 ' 1 9 ~ 2 2 that Lewis acids and compounds
of alkali and alkaline earth metals can also induce the radical
decomposition of hydroperoxides. The mechanism of the
catalytic action of Lewis acids and constant-valence metal
salts in the autoxidation reactions of hydrocarbons has been
inadequately investigated. The existence of two alternative
pathways has been postulated: the homolysis of the hydro-
peroxide bound in a complex with the catalyst and the bimo-
lecular interaction of this adduct with a second hydroperoxide
molecule: 1 0 ' 1 9" 2 2

ROOH · Ct -* RO* + HOCt;
ROOH · Ct + ROOH -> RO' + HaO· Ct + ROJ .

where Ct is a Lewis acid or a constant valence metal ion.
Furthermore, radicals may be generated in the interaction of
the complex with the substitute being oxidised, for example
styrene: 1 9

ROOH-Ct + H1C=CHCeHs — ROCHfCHC,He + HQCt'.
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The ability of boron compounds to increase the yield of
secondary alcohols in the liquid-phase autoxidation of paraf-
fins has been known for a long t ime. 2 3 However, the mech-
anism of this process has not been treated unambiguously.
According to some inves t iga tor s , 2 4 " 2 6 , the complex formation
reaction between the catalyst and the hydroperoxide acceler-
ates the reaction of ROOH with formation of free radicals ini-
tiating new chains:

I
ROOH + B— ••

RO·

HO ] ROO-..B-
RO- + ΌΗ + B -

(I)

The preferential formation of alcohols in the oxidation of
alkanes catalysed by boron compounds takes place, according
to Wolf et al., 2 7 as a result of the decomposition of the hydro-
peroxide coordinated to the catalyst induced by solvent radi-
cals:

RO· (HO") -f R' Η -• ROH ̂ Η2

! . I
(I) _|_ R-_• ROH + B—.. .OR -* R'OH + B— + OR .

Thus the primary step in the catalytic initiation and branch-
ing of oxidation chains is complex formation between the cata-
lyst and oxygen or the hydroperoxide product, which leads
to the activation of the oxidant. The catalyst makes it pos-
sible to carry out the oxidation at high rates under milder
conditions. However, there is no significant increase in the
selectivity of the process as a result of its being achieved via
a free-radical mechanism.3 The mixture of oxidised products
contains in this case various oxygen-containing substances.

I I I . MOLECULAR SELECTIVE CATALYTIC OXIDATION
REACTIONS OF HYDROCARBONS

presence of variable valence metal stearates and acetylaceto-
nates is formed as a result of radical processes:

-00" ,

\_/-0H + O2 .

However, it has been shown36 that the oxidation of nonane
and cyclohexane by t-butyl hydroperoxide, catalysed by
transition metal compounds and involving the formation of
ketones and cyclohexanol, proceeds without the participation
of free t-butoxy-radicals.

According to Pek Lak Von et al.,3 9 only a small proportion
of the radicals (10—15%) formed in the decomposition of the
hydroperoxide bound in a complex with borate are released
into the surrounding space and ensure the initiation of the
oxidation process. The preferential accumulation of alcohols
in this instance takes place as a result of the non-radical
decomposition of the complex of the hydroperoxide with the
catalyst in its bimolecular interaction with the paraffin:

^-B. ROOH -f R'H -> ROH + R'OH + B— (1)

It has been suggested1*0 that the catalysis of the oxidation
of hydrocarbons by boron trioxide proceeds via an electro-
philic substitution mechanism:

ο ο
II II

B 2 0 3 + ROOH + R H-«-B Β
Ό λ
V 0—R

Η—Ο

\
V '

(2)

ROBO + HBO, + R'OH.

1. The Mechanisms of the Selective Catalytic Oxidation of
Hydrocarbons with Participation of the Catalyst—Hydroper-
oxide Complex

In the autoxidation reactions of hydrocarbons, catalysts not
only influence the rate of oxidation but also change the ratios
of the products formed in the reaction, increasing the pro-
cess selectivity. Thus the catalytic acceleration of the
decomposition of organic hydroperoxides by copper, cobalt,
nickel, chromium, molybdenum, and vanadium compounds
increases the content of ketones in the reaction mixture.28"31*
In this case the radical decomposition is accompanied also by
the molecular decomposition of the hydroperoxides, whose
contribution can reach 90%. Both pathways in the catalytic
decomposition of hydroperoxides involve the formation of the
same catalyst—hydroperoxide complex.29'32"31* The molecular
decomposition is an example of the manifestation of the "cage
effect": some of the radicals formed in the solvent cage
interact with the metal ions affording molecular products,
while others are released into the surrounding space:3 Λ1 '31*

—>M n + OH-f RO· ;

Mn+ + ROOH =** [Mn+ · ROOH] -• {M"+OH, RO) —

— • molecular products.

In the study of the decomposition of organic hydroperoxides
catalysed by cobalt, chromium, vanadium, boron, molybdenum,
titanium, etc. compounds the oxidation of the hydrocarbon
used as the solvent has been observed, which leads to an
increased content of alcohols or ketones in the reaction mix-
ture. 3 5 "" 1 According to Sheldon and Van Doom,35 up to 50%
of cyclohexanol and cyclohexanone in the products of the
decomposition of t-butyl hydroperoxide in cyclohexane in the

According to Eqns.(l) and (2), the increased yield of alcohols
is caused by the formation of two alkanol molecules—one from
the hydroperoxide and the other directly from the paraffin.

The participation of hydrocarbons with a labile C—Η bond in
the decomposition of cumenyl hydroperoxide catalysed by
cobalt acetylacetonate has been described.1*1 A mechanism
has been proposed according to which the hydroperoxide
forms a coordinate bond with the catalyst and there is simul-
taneous activation of the hydrocarbon forming part of the
composition of the solvate shell of the adduct. The ternary
complexes formed decompose via a non-radical mechanism:

Η
I

(acac), Co . . · Ο · · · Η -
I I

RO---R'

(acac)aCo - t - H a O + R O R '

(acac), Co·

Η

•Ο··

(3)

•R' -» (acac), Co + ROH + R'OH
I I

RO---H

The contribution of molecular decomposition to the overall
reaction of the hydroperoxide depends on the nature of the
solvent and increases with decrease of the strength of the
C—Η bonds in the hydrocarbon. Thus cumenyl hydroper-
oxide reacts to the extent of 40% via the molecular pathway
in ethylbenzene. l*1 Since methylphenylmethanol was not
detected among the reaction products, the authors'*1 believe
that the process proceeds via the mechanism (3).

Thus the significant increase of the selectivity of the autoxi-
dation of hydrocarbons occurs when, together with the homo-
lytic decomposition of the hydroperoxide bound in a complex
with the catalyst, there is a possibility of its reaction via the
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molecular mechanism. The molecular pathway in many
instances is an example of the "cage effect". Certain cata-
lysts are capable of involving the hydroperoxide in an oxida-
tion reaction via the C—Η bonds of the hydrocarbon, which
leads to an increased yield of oxygen-containing products.
It has been suggested1*1 that this process represents molecular
interaction of the catalyst—hydroperoxide complex with the
solvent.

The high selectivity of the catalytic epoxidation of olefins
by hydroperoxides is also caused by the molecular character
of the process. This is indicated by the lack of influence by
oxygen on the rate of epoxidation, the passivity in this reac-
tion of catalysts reacting with hydroperoxides to form free
radicals, and the stereospecificity of the catalytic epoxidation.
The absence of a single point of view on the mechanism of
this process is noteworthy; only the involvement in it of the
metal in the highest oxidation state is not open to doubt.9'1*2''*3''*6

According to some investigators,9»35Λ2~1*8 the catalytically
active species in these processes is the complex of the cata-
lyst with a hydroperoxide molecule, with the aid of which
oxygen is transferred to the olefin. Thus a mechanism has
been proposed for the epoxidation of cyclohexene by t-butyl
hydroperoxide in the presence of vanadyl acetylacetonate,"*1*
according to which the first stage involves the rapid activa-
tion of the metal by the hydroperoxide, i .e. the transition of
the metal to the highest valence state. This is then followed
by the rapid and reversible formation of an active complex of
the catalyst with a hydroperoxide molecule. The complex
formation reaction induces the heterolysis of the 0—0 bond
with transfer of the hydronium cation to the substrate. The
elimination of a proton and its transfer to the alkoxide anion,
bound to the complex, lead to the formation of the olefin
oxide and the catalyst—alcohol complex. The interaction of
this complex with the hydroperoxide entails ligand exchange
and the regeneration of the active species:1*1*

ο
11/

VO (acac)j + ROOH -» V—
\

Ο Ο
11/ ΜΙ >
V 1- ROOH τ* _ν···Ο<

\ / Χ |
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Μ Ι
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ΜΙ

\ / χ

Ο Ο
ΜΙ Ά ' Ml /R
—V· · ·θς + ROOH ==* —V· · ·0<

/ ^Η / NDH

ROH

An analogous mechanism has been proposed3 5 for the epoxi-
dation of cyclohexene by t-butyl hydroperoxide catalysed by
Mo(CO)6. According to Sheldon,1*3 catalysts based on tung-
sten(VI), vanadium(V), and titanium(IV), act in the same
way.

From the parallel variation of the electron-accepting prop-
erties of the catalytic additive and the rate constants for the
epoxidation reaction, it has been suggested27'35'1*7'1*8 that the
function of the catalyst is to withdraw electron density from
the oxygen atoms of the peroxide bridge, i .e . the catalyst
acts in this instance as a Lewis acid. Two probable mecha-
nisms have been proposed for the reaction of the catalyst-
hydroperoxide complex with the olefin.35 For compounds
containing the M=O fragment, the process proceeds via a
cyclic transition state:

0 ΟΗ ο

Ο — Ο - Ν

OR

The second mechanism has been proposed for compounds con-
taining the M—OX (X = H, R) group, which acts as a proton
acceptor: 3 5

XOH M • A

OR

The epoxidation of olefins by alkyl hydroperoxides in the
presence of metaborates has been explained analogously:27'1*7"1*9

RO OR RO

I I
0 0

Β +

\θ' r"OR'

"< V
Η—0-Κr

OR

V
RO^ X O R '

Η

* Λ

Consequently the molecular conversion of the hydroperoxide
coordinated to the catalyst in the reaction with the saturated
or unsaturated compound to form oxygen-containing products
can be the cause of the high selectivity of the catalytic autoxi-
dation of hydrocarbons and the epoxidation of olefins. The
formation of complexes of the hydroperoxide with the compounds
of transition and non-transition elements used as catalytic
additives has been demonstrated by kinetic and physicochem-
ical methods. 3 ' 1 1 ' 2 2 ' 2 6 ' 3 2 However, the numerous experimental
data obtained do not conflict with the hypothesis that per-
oxide derivatives of the elements participate in selective cata-
lytic processes.

2. The Involvement of Peroxide Derivatives of the Elements
in Selective Catalytic Processes

(a) The formation of intermediate alkyl peroxide derivatives
of the elements in the liquid-phase catalytic oxidation of
hydrocarbons.

According to Mimoun12 and Spirina et al., 1 3 organoelemental
peroxides play an active role in the hydroperoxide epoxidation
of olefins and their conversion into ketones, catalysed by
added compounds of non-transition and transition elements.

Thus in the middle 1970s, it was suggested 5 0 ' 5 1 that, in the
epoxidation of olefins in the presence of molybdenum and vana-
dium compounds, the accumulation of the peroxides of these
elements may be a result of the reactions of the correspond-
ing molybdenyl and vanadyl derivatives with the alkyl hydro-
peroxide:

Ο Ο

M + ROOH,
M=Mo, V .

—COR

The higher reactivity of allyl alcohols compared with olefins
and their high sy η-selectivity indicate the participation of the
peroxides of transition elements in the catalytic epoxidation
of unsaturated compounds.1*2»52"55 In this case one of the
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ligands in the organo-metallic peroxides is substituted by the
allyloxy-fragment and the epoxidation takes place intramolec-
ularly, the disposition of the reacting fragments favouring
the formation of the syn-epoxyalcohol:

V OR

/ Ν /

(4)

I
-V— OR

I

0

0
II

—V—OR

The high stereoselectivity of the epoxidation of aryl-alco-
hols by t-butyl hydroperoxide in the presence of tri(t-but-
oxy)aluminium is caused also by the participation of organo-
elemental peroxides in this process, whose mechanism is
assumed to be analogous to Scheme (4). 5 6

From the results obtained in a number of studies,5 7"6 0 the
catalytic cycle illustrated in Scheme I has been proposed to
explain the epoxidation of olefins and allyl alcohols by hydro-
peroxides , catalysed by molybdenum, vanadium, and boron
compounds.12 It is suggested that the active species in the
reaction are the organometallic peroxides (A). The process
involves the formation of a complex of the unsaturated com-
pound with the peroxide of the given element (B), which is
accompanied by the peroxymetallation of the substrate. This
reaction proceeds via the formation of a five-membered per-
oxometallocyclic intermediate (C), which decomposes to the
epoxy-compound and the alkoxy-derivative of the metal (D).
The interaction of the alkyl hydroperoxide with compound (D)
leads to the regeneration of the initial organoelemental per-
oxide (A).

However, the occurrence of the stage involving the forma-
tion of compound (B) in catalysis by boron compounds is in
our view extremely unlikely, since, according to Nesmeyanov
and Sokolik,61 the addition of an alkene to an organoboron
compound is possible only at the boron—carbon bond at tem-
peratures in excess of 100 °C. The olefin is not inserted in
the boron—oxygen bond.

The possibility of the formation of intermediate peroxide
derivatives of vanadium and cobalt in catalytic liquid-phase
oxidation reactions of hydrocarbons has been postulated62'63

from kinetic data obtained in the study of the reactions of
t-butyl and cumenyl hydroperoxides in the presence of cobalt
and vanadium acetylacetonates.

According to Makin et al.,61f the interaction of borates with
hydroperoxides leads to the establishment of the equilibrium

ROOH + BCOR'h^BiOORHOROz+ROH ( 5 )

Direct proof of the formation of alkyl peroxide derivatives of
boron, vanadium, molybdenum, and tungsten in the reactions
of alkyl peroxides with the derivatives of these elements and
their participation in selective oxidation reactions has been
obtained.6 5"7 2

The study of the interaction of a mixture of t-butyl hydro-
peroxide with the organoborane RmB(OR')3_m, where m = 0 - 2,
R = C3H7, C5HU > or C6H5, and R' = ChJis

 6 5 ~ 8 8 or with deri-
vatives of quadrivalent or quinquevalent vanadium [ViOC^.
.H 9 ) 4 and VO(OC^H9-t)3]

69'70 by IR and 2Η NMR spectroscopy
demonstrated that the alkoxy-group is exchanged for the
alkylperoxy-fragment in the system. It is preceded by com-
plex formation between the reactants. Depending on the
nature of the organo-elemental compound, the process takes
place during a fraction of a second or over a period of several
minutes. The,yield of the alkyl peroxide derivative of the
element for the equimolar reactant ratio at 20 °C is between
10 and 90%. 6 5 ~ 7 0 Organoelemental peroxide derivatives of
boron, aluminium, silicon, vanadium(V), and cobalt(III) have
been obtained by a reaction analogous to reaction (5).13>69>73-75

The study of the oxidation of alkanes by t-butyl hydroper-
oxide catalysed by boron, aluminium, silicon, titanium, vana-
dium, and palladium compounds1 3 '6 9 '7 6"8 0 demonstrated that at
50-160 °C paraffins are converted into oxygen-containing
products—aliphatic alcohols and ketones, in nearly quantita-
tive yields (Table 1).

Table 1. The yields of the products of the oxidation of
paraffins by the system t-butyl hydroperoxide—derivative of
the element (in moles per mole of the peroxide which has
reacted).

Paraffin

Dodecane

Octane
Pentane
Nonane
Nonane
Octane
Octane
Octane

Μ

0.10
0.10
0.10
0.10
0.10
0.10
0.12
0 1 0

Element-containing additive

(C,HeO)-,B

(t-C4H9O)3Al
( C J H J O I J S I

(C|HiO).jTi
(t-C4HqO)3VO
(CF3COO)jPd

M'

0.10
0.10
0.01
0.10
0.05
0.005
0.02
0.01

150
130

50
160
140

60
50
60

Yield

alka-
nols

0.48
0.98

—
0.84
0.42
0.02

—
—

aika-

nones

_

—
0.49

—
0.11
0.29
0.30
0.40

Refs.

[76]
[80]
[77]
[80]

[79]
[G9, 78]

179]

M=Mo,V,B

Notation: cnp is the concentration of t-butyl hydroperoxide
and c a the concentration of the additive.

The oxidation of hydrocarbons by alkyl hydroperoxides in
the presence of catalysts—alkoxy— or acyloxy-derivatives of
the elements—can be achieved in, the catalytic cycles illustra-
ted in Scheme II. The boron and silicon compounds in cycle
α catalyse mainly the conversion of paraffins into secondary
alcohols. Cycle b operates in the catalysis of the oxidation
of hydrocarbons by derivatives of aluminium, titanium, vana-
dium , and palladium, which leads to aliphatic ketones. The
oxidising agents in this process are the organoelemental per-
oxide (A), which interacts with the C—Η bonds of the sub-
strate to form organoelemental compounds containing a fragment
of the hydrocarbon oxidised (B), and the alcohol corresponding
to the hydroperoxide. The element-containing derivative (B)
gives rise to the oxidation product (the alcohol or ketone)
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under the influence of the excess hydroperoxide and the ini-
tial organoelemental peroxide is regenerated. The operation
of Scheme II has been confirmed also by the fact that the
products of the oxidation of paraffins by the alkyl hydroper-
oxides—organoelemental compound system (with the equimolar
reactant ratio) contain no free alcohols or ketones, with the
hydrocarbon skeleton corresponding to the initial alkane.7 9 '8 0

These compounds are formed either when an excess of the
hydroperoxide is used or as a result of the hydrolysis of the
reaction mixture.

Scheme II

a

+ ROOH - R ' O H

EOR1 ^ " ^

E=B,Si;

R1 = alkyl,
acyl

-2R00H -2R'0H

E(O.R')5

Ε =Ai,Ti,v, Pd; B ' = alkyl, acyl.

In order to confirm the participation of organoelemental
peroxides in catalytic oxidation processes, a detailed study
has been made 1 3 ' 6 9 ' 7 6 " 8 0 of one of the stages in the catalytic
autoxidation of hydrocarbons—the thermal decomposition of a
series of alkyl peroxide derivatives of boron, aluminium, sili-
con, vanadium, and palladium in solutions in paraffin. It
was found that the peroxides of these elements interact with
hydrocarbons to produce in the hydrolysed reaction mixture
high yields of the oxidation products identical with the oxy-
gen-containing compounds obtained in the hydroperoxide oxi-
dation of alkanes catalysed by non-peroxide derivatives of
the elements (Tables 1 and 2).

The character and structure of the peroxide derivative and
also its state in solution determine the composition of the
hydrocarbon reaction products. Thus boron and silicon
monoperoxides oxidise paraffins with a high selectivity to
organoelemental compounds, which affords secondary aliphatic
alcohols after hydrolysis. 8 0 ' 8 1 The introduction into the mol-
ecule of the peroxide of the given element of one or two addi-
tional alkylperoxy-groups leads to the accumulation of aliphatic
ketones together with alcohols in the hydrolysed reaction

mixture. 7 6> 7 9- 3 1 The oxidation of alkanes by aluminium,
vanadium, or palladium peroxide leads to the preferential
formation, under mild conditions, of element-oxyderivatives,
which hydrolyse to the isomeric ketone. 7 7 ~ 8 0

Table 2. The yields of the products of the oxidation of
paraffins by element peroxides (in moles per mole of the
peroxide which has reacted, after the hydrolysis of the reac-
tion mass).

Paraffin

Dodecane

Octane
Nonane
Octane
Octane
Nonane
Nonane
Octane
Octane

Peroxide*

(C,H,0),BOOR
(C,H3F4O)2BOOR
Q H ^ O O R ) ,
(CHSO),A1OOR
(t-C4H9O)2AlOOR
(C,H,O),SiOOR
(C,H,O),Si(OOR),
(t-C4H9U)2V(O)OOR
CF3C(0)OPdOOR

c» **

0.10
0.10
0.05
0.02
0.04
0.08
0.05
0.03
0.002

/, °C

150
130
140

70
70

160
140

20
80

Yield

s-alkyl-
alcohols

0.48
0.08
1.66

0.84
0.83

—

alka-
nones

—
0.15
0.01
0.15

—
0.22
0.42
0.50

Refs.

[791
[801
1811
[77Γ
[771
[80]
[80]
[691
[79]

*R = t-
**Initial peroxide concentration.

The peroxides of elements are capable of more than the oxi-
dation of saturated hydrocarbons at the C-H bond. They
interact with alkenes to form olefin oxides and methyl
ketones , 1 2 ' 7 1 · 7 2 ' 8 2 " 8 7 they oxidise ethers to acetals8 8 and
alcohols to aldehydes and ketones; 5 6 ' 7 5 they hydroxylate
aromatic and unsaturated compounds 8 0 ' 8 9 ' 9 0 and they lead to
the ring expansion in cyclic acetals, converting them into diol
monoethers91 (Table 3).

Table 3. The yields of the products of the oxidation of
organic substances by element peroxides (in moles per mole
of the peroxide which has reacted, after the hydrolysis of
the reaction mass).

Peroxide*

(C4H,O),BOOR

(C4H,O),B0OR

(C4H,O),BOOR

(C4H,O),BOOR
(C4HeO),BOOR
(C|H,0),BOOR
(CjH,F4O),BOOR
(C4H,O),SiOOR
(C 4 H,0)^iOOR

CFsC(O)OPdOOR

(PPha),Pt(CH,)OOR

(CHjJjGaOOR

Substrate
oxidised

Dibutyl ether

Anisole

Butyl phenyl
ether

Toluene
Mesitylene
Oct-1-ene
Mesitylene
Mesitylene
Oct-1-ene

Oct-1-ene

Oct-1-ene

Hex-1-ene

t. °C

90

90

90

90
90

120
80

150
150

20

80

120

Product

Acetals of butyr-
aldehyde

o- and p-methoxy-

phenols
io- and p-butoxy-
i phenols
io- and p-cresols
|Mesitol
11,2-Epoxyoctane
Mesitol
Mesitol
1,2-Epoxyoctane
and s-octenyl
alcohols

Hexyl methyl

ketone
Hexyl methyl

ketone
1,2-Epoxy-
hexane

Yield

0.56

0.99

0.97

0.80
0.85
0.97
0.99
0.06
0.08
0.46

0.90

0.80

0.80

Refs.

[881

[901

[88[

[90]
[90]
[82]
1901
[80[

[80]

[84—861

[87]

[83]

*R = t-CuHc

The data described above make it possible to explain fairly
reliably the decrease of the rate of reaction observed in the
autoxidation of alkanes in the presence of boron-containing
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additives, with simultaneous increase of the yield of second-
ary alcohols.2 3 The alkyl hydroperoxide accumulated in the
autoxidation of the paraffin reacts with the catalyst to form
an organoboron peroxide. The probability of chain branch-
ing in the oxidation process then diminishes, because the
homolytic decomposition of the boron peroxide proceeds at
higher temperatures than the decomposition of the corre-
sponding alkyl hydroperoxide. The molecular reaction of
the organoboron peroxide with the initial alkane is accompa-
nied by the formation of secondary alcohols, which increases
the selectivity of the oxidation reaction.

(b) The mechanisms of the oxidation of organic compounds
at the C—H bond by alkyl peroxides and peroxo-complexes of
the' elements.

In the study of the interaction of organoelemental peroxides
(Table 2) with organic compounds it has been observed that
the oxidation of the substrate is accompanied by the disap-
pearance of peroxide oxygen. 1 3 ' 6 9 ' 7 6 " 8 1 Analysis of the com-
position of the products of the decomposition of the element
peroxides in various organic solvents and also the character
of their accumulation show that the element peroxides react
via two parallel pathways in solutions in organic compounds:

1) via the oxidation of the solvent:

EOOR + HR' -> EOR' + ROH;

2) homolytically with dissociation of the peroxide bond:

EOOR-^EO' +OR.

The interaction of an organoelemental peroxide with the
hydrocarbon used as the solvent was observed for the first
time in the thermal decomposition of t-butylperoxytriethyl-
stannane in n-dodecane. 9 2

The kinetic parameters of the oxidation of organic sub-
stances by organoelemental peroxides and of the homolytic
decomposition of peroxide compounds have been deter-
m i n e d . 8 0 " 8 2 ' 8 8 ' 9 0 The activation energy for the homolytic
cleavage of the peroxide bond is significantly higher (by 10 to
20 keal mol"1) than the activation energy for the interaction
of element-containing peroxides with organic compounds.
The decrease of the yield of the oxidation products with
increase of the process temperature is consistent with this
finding.13

It has been demonstrated by a thermochemical method that
the reaction of organoelemental peroxides in solutions in
ethers and in unsaturated and aromatic compounds proceeds
via the preliminary formation of a complex of the peroxide
with a solvent molecule. The constants for the complex for-
mation reactions of t-butylperoxydi(butoxy)borane with
organic substances, calculated by the method of Becker et
al., 9 3 range from 0.16 to 0.35 litre mol"1 (at 20 °C). 8 0 ' 9 1 t The
1: 1 complex formed then decomposes as a result of the oxi-
dation of the organic substrate or homolytically, generating
two hydroxy-radicals . 1 3 ' 8 0 ' 8 8 · 9 0

As stated above, organoelemental peroxides interact with
the organic substances being oxidised to form element alk-
oxide derivatives of the substrate. When the reactions pro-
ceed via a free-radical mechanism, these compounds can
accumulate only on decomposition of the organoelemental per-
oxide compound induced by solvent radicals R' *:

EOOR + R'" -+ EOR' + RO'.

However, the reaction rate constant is independent of the
initial peroxide concentration and remains unchanged when
inhibitors of free-radical reactions (galvinoxyl, ionol) are
introduced into the sys tem. 8 0 ' 8 2 ' 8 8 ' 9 0 Furthermore, as the
process temperature is reduced, the yield of oxidation prod-
ucts increases. Consequently, hydroxy-derivatives of the

elements, containing the substrate radical, appear in reac-
tions involving the oxidation of organic compounds by organo-
elemental peroxides in the absence of the induced decomposi-
tion of alkyl peroxide derivatives of the elements. They are
formed via the molecular mechanism (6) or the crypto radical
mechanism (7):

ΓΕΟ—OR]
EOOR -r HR' -> | ! i I -»EOR + ROH[ U J (6)

—EOR' + ROH
(7)EOOR + HR' -* {EO'+ R" + ROH}-

I—»EO" + R" + ROH .
The rate of release of radicals from the solvent cage is then

correlated with the variation of the viscosity of the medium.10

The study of the influence of the viscosity of the medium on
the interaction of t-butylperoxydi(butoxy)borane with a
series of hydrocarbons ranging from hexane to hexadeeane at
150 °c 8 0 revealed that a change in solvent viscosity from
0.168 to 0.532 cP does not affect the kinetic parameters and
the yield of the products of this reaction (Table 4). The
data in Table 4 support the molecular mechanism, but they
can also arise^/rom a cryptoradical process when the cage
effect is manifested in this reaction to an inadequate extent.

Table 4. The influence of the viscosity of the medium η on
the oxidation of alkanes by t-butylperoxydi(butoxy)borane at
150 °C and an initial peroxide concentration of 0.10 M.8 0

Hydrocarbon

Octane
Decane
Dodecane
Tridecane
Hexadeeane

1150. c P

1.168
0.249
d.339
0.380
0 532

105fceff, s"1

3.0
3.1
3.2
3.1
3 3

W, mol mol"1

0.48
0.4ϋ
0.48
0.45
0.47

!07*ox.
litre mol" V-

3.0
3.3
3 1
3.3
3.2

Notation: W is the yield of s-alkyl alcohols, fceff the effective
rate constant for the disappearance of the peroxide oxygen,
and kox the rate constant for the oxidation of alkanes.

In the study of the oxidation of mesitylene by t-butylper-
oxydi-(l,l,3-trihydrotetrafluoropropoxy)borane in magnetic
fields with an induction of 0.05-0.4 T, it was observed that
the yield of mesitol diminishes by 5—15% compared with the
yield in the Earth's magnetic field.9 5 This effect can be
explained as follows. The peroxide investigated reacts via
two parallel pathways in solutions in organic substances: via
the oxidation of the substrate and homolytically with formation
of two hydroxy-radicals. The magnetic field acts on the
liquid-phase radical reactions at the stage involving the
recombination of two radicals in the cage. The rate of tran-
sition of the radical pairs from the singlet to the triplet state
and the fraction of these states and ultimately also the yield
of the product of the recombination within the cage depend or
the induction of the magnetic field. In the oxidation of
mesitylene by an organoboron peroxide, which proceeds via
a cryptoradical or molecular mechanism, the yield of mesitol
is independent of the induction of the magnetic field. On
the other hand, the rate of the parallel process in which radi-
cals are released from the cage (via the triplet state) varies
with the induction, which leads to the observed magnetic
effect.

Thus the results obtained in the study of the influence of
the viscosity of the medium and of the magnetic field on the
oxidation of organic substances by element peroxides indicate
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the molecular character of the interaction of organoelemental
peroxides with organic substrates.

The molecular mechanism of this process has also been
confirmed by data for the oxidation of aromatic compounds
by element peroxides. In the study of the hydroxylation
of toluene and mesitylene by organoelemental peroxides at
90 °C 8 0»9 0 '9 5 no products of the interaction of the radicals EO*
and RO' with the CH3 groups of the aromatic compounds were
detected in the reaction mixtures. The mechanism of the
action of element-containing peroxides in the reaction with
aromatic derivatives is analogous to the mechanism of the
hydroxylation of the latter by organic hydroperoxide (or
hydrogen peroxide)—Lewis acid systems, i .e . an electrophilic
substitution reaction obtains in the given i n s t a n c e : 1 3 ' 9 0 ' 9 5

EOOR +

o—o

C—Η

if

Ε = Β, Si; R = t- C,H9 ; SC=CH3 , OCH3, OC4HB.

Consequently, in many cases the active oxidising agents in
the catalytic autoxidation of organic substances are organo-
elemental peroxides formed as a result of exchange between
the intermediate in the oxidation of hydrocarbons (a hydro-
peroxide) and the catalytic additive. Alkyl peroxide deri-
vatives of the elements oxidise organic compounds with forma-
tion of products whose composition is identical to that obtained
using peroxide forms of these elements as the catalyst.13 > 7 6~ 8 2 ' 9 0

The high selectivity of the catalytic oxidation is caused by
the interaction of the element peroxides with organic com-
pounds via a molecular mechanism.

The compounds of certain transition elements, used as cata-
lysts of the autoxidation of hydrocarbons, are capable of
binding molecular oxygen with formation of peroxo-complexes
of the metals. 5 ' 1 2 ' 9 6 The peroxide character of the oxygen
coordinated to the metal is indicated by IR spectroscopic data
for these compounds5'96 and also by the finding that the per-
oxo-complexes can be obtained both by the reaction of hydro-
gen peroxide with derivatives of elements containing the M=O
bond 1 2 ' 9 7 " 9 9 and as a result of the direct interaction of molec-
ular O2 with the metal complex.5 '1 2 Furthermore, hydrogen
peroxide was evolved in the hydrolysis by strong acids of the
adducts of molecular oxygen and palladium and platinum com-
plexes . 1 2

l ike the alkyl peroxide derivatives of the elements, the
peroxo-complexes of metals participate in the catalytic oxidation
of saturated hydrocarbons 5 ' 6 ' 1 1 ' 1 6 " 1 8 ' " - 1 0 1 and arenes.1*'9 9 '1 0 1

The mechanism of the interaction of the oxygen complex of
the metal with the hydrocarbon depends on the nature of the
metal complex and the substrate being oxidised; it can be of
the free-radical, cryptoradical, or molecular type. The
involvement of the peroxo-complexes of metals in the radical-
chain oxidation of hydrocarbons, described above (Section
II) , does not lead to a significant increase of the process
selectivity.

The covalent and anionic oxoperoxo-complexes of vana-
dium(V) of the type VO(O2)(O-N)L rL2 or [VO(O2)(Pic)2FA*L
(where Ο - Ν = pyridine-2-carboxylate, Pic = picoline-2-
carboxylate, L l f L2 = H2O, MeOH, or hexamethylphosphor-
amide, and A+ = H+ or PPh"£) in aprotic media under mild
conditions, epoxidise olefins and hydroxylate aromatic hydro-
carbons to form phenols and hydroxylate alkanes to form

alcohols and ketones in yields up to 50, 60, and 25% respec-
tively.9 9 The peroxo-complexes of vanadium(V) differ
sharply in their reactivities from the analogous molybdenum(VI)
compounds. 5 7 ' 5 8 ' 8 6 The vanadium complexes are active only
in aprotic solvents, epoxidise olefins non-stereospecifically,
and behave as hydroxylating agents. From experimental
data, the authors 9 9 suggested that peroxovanadium(V) com-
plexes are homolytically converted into the reactive V̂ V O"

species in aprotic media. This distinguishes them from the
peroxo-complexes of rhodium and molybdenum, investigated
elsewhere, 5 7" 6 0 which interact with olefins via the 1,3-dipolar
addition of the fragment M+ O~.

A cryptoradical mechanism has been suggested9 9 for the
reaction of peroxovanadium(V) complexes with hydrocarbons:

(8)

—o—on

The peroxochromium complex Ph3POCrO(O2)2 in the mixed
alkane—methylene chloride—t-butyl alcohol solvent oxidises
saturated hydrocarbons to alcohols and carbonyl compounds
at room temperature. It has been suggested that the mech-
anism of this reaction is described by an equation analogous
to that for pathway (c) in Scheme ( 8 ) . 1 0 1 A characteristic
feature of the mechanism proposed 9 9 ' 1 0 1 is the combination of
the stages involving the reduction of the metal in the peroxo-
complex to M(n"1)+OO* and the formation of a new radical
species as a result of the interaction of this radical with the
olefin or arene [see formula (8), pathways (a) and (b) . In
its interaction with the paraffin, M^'^+OO" is converted
into the metal hydroperoxide M^n~1^+OOH and an alkyl radical
[see formula (8), pathway ( c ) ] . These intermediate com-
pounds are then oxidised to vanadium(V) or chromium(VI)
derivatives and oxygen-containing organic products.

The one-electron oxidation-reduction reactions with parti-
cipation of the transition metal ion and the hydroperoxide in
the catalytic oxidation of hydrocarbons are well known. Fur-
thermore, it has been shown70 that derivatives of quadrivalent
vanadium and t-butyl hydroperoxide, taken in 1: 1 propor-
tions , react with one another at room temperature to form
vanadium(V) compounds. The re-reduction of the latter to
vanadium(IV) derivatives under these conditions takes place
to an extent not greater than 5%. Consequently, in the oxi-
dation of organic substances by peroxo-complexes of vana-
dium and chromium, the occurrence of oxidation-reduction
reactions of the type M n + ->- M ^ " " 1 ^ ->• Mn+ is unlikely.

In our view the oxidation of hydrocarbons by peroxo-com-
plexes of vanadium and chromium with formation of olefin
oxides as well as alcohols and phenols probably proceeds
without the participation of radicals.

Thus the high selectivity of the catalytic liquid-phase oxi-
dation of organic substances is due to the interaction via a
molecular mechanism of the peroxide derivatives of the ele-
ments with the C-H bonds of the substrate being oxidised.
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(c) The mechanisms of the interaction of peroxide deriva-
tives of the elements with olefins. According to Aleksandrov
et al., 7 1 ' 7 2 t-butyl hydroperoxide epoxidises olefins at a high
rate and with a quantitative yield in the presence of com-
pounds of the type Cp2MX2 (where Cp = cyclopentadiene,
Μ = Mo or W, and X = Cl, Br, or I) . The epoxidising agent
in this process is the metal peroxide formed on oxidation of
the initial molybdenum or tungsten compound. The process
is described by the scheme:

(M)+(OOR)~ ;

(M)+(OOR)-+ > =

(M)+(OOR)"

Alkyl peroxide derivatives of molybdenum of the type [Cp2.
.MoX2]

+ (OOR)~.ROOH have been synthesised by the reac-
tion of biscylopentadienylmolybdenum halides with t-butyl
hydroperoxide and their high reactivity in the epoxidation of
cyclohexene has been demonstrated.71

As stated above (Table 3), the alkyl peroxide derivatives
of boron, silicon, and gallium interact with alkenes to form
olefin oxides. The alkyl peroxide derivative of the element
reacts with the olefin bimolecularly and the epoxidation takes
place as a result of the interaction of the electrohpilic per-
oxide oxygen atom with the ττ electrons of the double bond in
the alkene.13 The reaction is preceded by the formation of
a complex between the reactants:80'91*

EOOR + )= χ

Ε =B,Si,Ga,Mo, W .

, ' 0
E . I

^ • 1
-EOR+

period shorter than 10 min (the olefin: peroxide ratio is 50)
in 90% yield. 81*~8G Aldehydes or other ketones are not
formed. β-Olefins are oxidised very slowly or not at all,
forming a stable π-allyl complex on substitution of the t-butyl-
peroxy-group at the metal by the olefin:

/CH3

RCOjM—00C4H9-t+ A / V — R C O , -X +t-C4H,0H ·
R .y

\ R '

Platinum(II) t-butyl peroxides of the type irans-(PR3)Pt(R1)-
OOC,,H9-t (where Rx = CH3, CF3, or an arene) are also effec-
tive in the oxidation of oct-1-ene to 2-octanone (80 °C, 16 h,
yield of ketone 80%).87

The mechanism of the conversion of α-olefins into ketones
by organic peroxide derivatives of palladium and platinum can
be represented, according to the authors,81*"87 by a cycle
analogous to the catalytic cycle in the hydroperoxide epoxi-
dation of unsaturated compounds in the presence of molyb-
denum and vanadium derivatives12 (Scheme III).

Scheme III

+ R'CH=CHJ

M=Pt,Pd;

R = t-C4H

The possibility of the formation of transition states of this
type has been confirmed by quantum-chemical calculations.102'103

The reactivity of the peroxides of different elements in the
epoxidation reaction is determined by the electrophilic char-
acter of the peroxide oxygen atoms, which is in its turn
related to the acid properties of the heteroatom of the organo-
elemental compound. The heteroatom, which has an occupied
ρ or d orbital, interacts with the unshared electron pairs of
the peroxide oxygen atoms, which renders the latter more
electrophilic and hence more reactive in relation to olefins.
There is no information about the electrophilicity of organo-
elemental peroxides in the literature, but one can postulate
that it is correlated with the variation of the acidity of the
full oxides of these elements. According to Sheldon and
Van Doorn3 5 and Tanabe,101* the properties of the oxides of
the elements as Lewis acids weaken in the sequence MoO3 »
Ga2O3 > V2O5 > B2O3 > SnO2 » SiO2. The above data for the
reactivities of molybdenum, gallium , and boron peroxides in
the epoxidation of olefins are consistent with this series.
Among the oxides of the elements enumerated, the weakest
Lewis acid is SiO2. Consequently silicon peroxide should not
epoxidise olefins effectively. Indeed, on interaction with
oct-1-ene, t-butylperoxytributoxysilane forms not more than
0.1 of a mole of octene α-oxide per mole of the peroxide which
has reacted, while t-butyl-peroxydibutoxyborane epoxidises
oct-1-ene quantitatively under analogous conditions (Table 3).80

The peroxide derivatives of Group VIIIB elements, whose
electrophilic character is weak, convert ot-olefins into methyl
ketones (Table 3). Thus palladium(II) and platinum(II)
t-butylperoxycarboxylates oxidise α-olefins to the corre-
sponding methyl ketones at 20 °C in dry benzene over a

The key stage in this mechanism is the peroxymetallation
process, which is preceded by the coordination of the olefin
to the metal (B). The intermediate five-membered adduct
(C) formed decomposes with cleavage of the 0 - 0 bond, which
is followed by the β-hydride transfer with formation of methyl
ketone and the t-butoxy-derivative of the metal (D). In the
presence of an excess of the hydroperoxide, the t-butoxy
group is substituted by the t-butylperoxy-group and the ini-
tial metal peroxide is regenerated.

The peroxymetallation process in the epoxidation of olefins
and their conversion into ketones by metal peroxo-complexes
has been justified in d e t a i l . 1 2 ' 5 8 " 6 0 ' 1 0 5 - 1 0 8 The peroxo-com-
plexes of molybdenum and tungsten of the type L2MoO(O2)3

(where L are organic ligands with very pronounced electron-
donating properties) epoxidise olefins in organic solvents with
a high selectivity (the yield of the epoxide can reach 50-90%
relative to active oxygen). 5 8 The reaction takes place in two
stages: the reversible coordination of the olefin to the metal
is followed by the irreversible transfer of oxygen to the ole-
fin. It is assumed12 that the oxygen transfer takes place via
a cyclic mechanism involving the 1,3-dipolar addition of the
peroxo-complex to the olefin with formation of a five-membered
metallocyclic compound, which is converted into the epoxide
and the dioxo-complex of the metal:

\«κο

Μ

υ ii .0

σγ ι ο
L L



678 Russian Chemical Reviews, 56 (7), 1987

Μ } / Ο

ο

II
,1=0 + (9)

/\ Γ

The exchange of the ligand for the olefin in complexes of
this type has been confirmed by analysis of the NMR spectra.1 0 7

Kinetic measurements105 have shown that the rate of the pro-
cess is determined by the stage in which the olefin is coordi-
nated to the metal. The results of experiments using the
[ 18O]-labelled peroxomolybdenum complex have shown106 that
exclusively peroxo-oxygen, and not oxo-oxygen atoms as
suggested previously,1*3 are transferred to the olefin.

A mechanism of the epoxidation of olefins by peroxo-com-
plexes of metals, involving a three-membered transition state,
has been proposed1 0 6 as an alternative to Scheme (9):

Αϊ
0 / ιθ

u
ι! L

It has been observed5 9 that, in the presence of copper per-
chlorate or nitrate, rhodium complexes in alcoholic solutions
at room temperature catalyse the selective conversion of ole-
fins containing the double bond at the end of the carbon chain
into methyl ketones on treatment with molecular oxygen. The
active species in the reaction, whose mechanism is illustrated
in Scheme (10), are olefinic cationic complexes of rhodium (A),
capable of activating molecular oxygen with formation of the
peroxide complex (B). This compound is converted into the
peroxometallocycle (C), which decomposes to the ketone and a
rhodium compound containing the Rh=O bond after the migra-
tion of the proton to the neighbouring carbon atom:

ΟΗΛ-CHH; CH3CH,OH; CuX,

(A)

(B)
(10)

To demonstrate the validity of this mechanism, Igersheim
and Mimoun60 synthesised the peroxorhodium complexes [RhCAs.
.Ph3)1 |O2]

+A~, where A~ = CIOZ or PF7, and investigated
their interaction with unsaturated compounds. It was found
that these complexes react with α-olefins at room temperature
in methylene chloride in an atmosphere of argon with forma-
tion of methyl ketone, whose yield reached 85%. When the
[18Ο]-labelled peroxorhodium complex is used, methyl ketones
containing the labelled oxygen atom in the carbonyl group are
formed.60

The mechanism represented by Eqns.(9) and (10) requires
the coordination of the substrate and an oxygen molecule to
one metallic centre. The necessity for the coordination of
the olefin is confirmed by the fact that the peroxorhodium
complex {RhO^PhzPiCH^PPhJ^ClO^, containing two phos-
phine ligands and not having a free coordination site, is
inactive in the reactions with α-olefins.1 0 7 It has been
shown 1 0 9 ' 1 1 0 that the rhodium complex RhCl(C8H l l t)2 with two

unsaturated ligands absorbs one mole of oxygen with forma-
tion of the peroxo-complex. The coordinated oxygen of the
latter oxidises quantitatively the coordinated cyclo-octa-1,5-
diene to a ketone at 150 °C in cyclohexene. Furthermore, it
has been observed 1 0 8 ' 1 1 1 ' 1 1 2 that oxygen adducts of the type
(Ph 3 P) 2 MO2, where Μ = Ni, Pd, or Pt, in solutions in
methylene chloride readily combine with electrophilic olefins.
This results in the formation of stable peroxometallocycles in
a high yield. It has been demonstrated by NMR and IR
spectroscopy that these products are analogous to those
formed in accordance with Scheme ( ίο) . 6 1 » 1 0 5 ' 1 0 7

It has been suggested that dioxirans are reactive inter-
mediates in the oxidative reactions of olefins on treatment
with oxygen, ozone, and hydroperoxides with participation of
catalysts (compounds of different elements and also peroxy-
acids) . 1 1 2 The formation of dioxiran, present in the form of
a stable zwitterion in the case of peroxyacids, has been con-
firmed by indirect data : 1 1 2

"\,
c=o+

0_

The transfer of oxygen to organic substrates takes place in
two stages. A charge-transfer complex between the nucleo-
philic substrate (for example, the olefin) and the electro-
philic carbon atom of the dioxiran or the metal of the peroxo-
complex is formed initially in the slow reversible stage. In
the second stage, the coordinated substrate adds to the
nucleophilic terminal oxygen atom and a cyclic peroxide is
formed and then decomposes to the corresponding products:

χ4=γ> Χ— Υ

ο products;

A = carbon, metal.

Thus the catalytic reactions involving the oxidation of
unsaturated compounds by oxygen and hydroperoxides take
place via a non-radical mechanism and with a high selectivity.
The peroxide derivatives of the elements—alkyl peroxides and
peroxo-complexes—play an active role in these reactions. The
interaction of the peroxide derivative of the element with the
olefin takes place via intermolecular nucleophilic attack by the
peroxide oxygen atom, coordinated to the organoelemental
compound of the alkene. There is no unanimous view con-
cerning the structures of the transition states in this process.
The nature and yield of the products of the oxidation of the
unsaturated compound and also the activity of the peroxide
derivative of the element in its reaction with the olefin are
determined by the electron-accepting properties of the heter-
oatom in the organoelemental compound.

IV. CONCLUSION

An increase in the selectivity of the liquid-phase oxidation
of organic compounds by molecular oxygen can be achieved
by employing compounds of different elements as catalysts.
The multiplicity of the catalytic system is responsible for the
absence of a single mechanism of the catalytic oxidation of
hydrocarbons. However, it has been established firmly
that the selectivity of the oxidation of organic compounds
increases when the process proceeds without the participation
of free radicals and the obligatory activation of the oxidant.
The oxidant is in many cases activated as a result of the for-
mation of peroxides of different types, which accumulate in
the reaction mixture as a consequence of the addition of oxy-
gen to the metal complex or the exchange between the primary
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oxidation product (hydroperoxide) and the ligands of the cat-
alytic additive. The peroxo-complex or the alkyl peroxide
derivative of the element interact with the organic substance
by a molecular mechanism, effecting with a high selectivity
the direct transfer of oxygen to the hydrocarbon.

The activation of the substrate as a consequence of its
coordination to the catalyst in selective catalytic oxidation
reactions of organic substances has been reliably demonstrated
for unsaturated and aromatic hydrocarbons. However, the
necessity for the activation of the C—Η bonds of alkanes in
their selective oxidation needs experimental confirmation.
According to Shilov and Shteinman, 1 1 3» l l l f in homogeneous
systems alkanes can be activated by their oxidative addition
to a transition metal complex.

Since the discovery of the activation of alkanes in aqueous
solutions of platinum (II) complexes by Shilov and co-workers,115

numerous examples of the activation of the C—Η bonds of par-
affins by iridium, rhodium, ruthenium , and rhenium com-
p o u n d s 1 1 6 " 1 1 9 and also by complexes of the type of the Ziegler—
Natta catalyst 1 2 0 have been discovered. However, hitherto
such activation has not been observed in autoxidation pro-
cesses. On the contrary, there exist data which permit the
claim that the activation of the alkane via its oxidative addi-
tion to the transition metal complex is not an essential condi-
tion for the selective conversion of the substrate into an oxy-
gen-containing product.

Thus it is known that iridium compounds of the type IrX.
.(CO)PPh3, where X = Cl or Br, activate the O2 molecule with
formation of the peroxocomplex and catalyse the autoxidation
of ethylbenzene to acetophenone and of p-xylene to p-toluic
aldehyde.1* It has been shown recently that the iridium com-
plex n5-C5(CH3)5tP(CH3)3]Ir(H2) activates alkanes and arenes
with formation of hydridoaryl and hydridoalkyl derivatives of
iridium. 1 1 9 However, treatment of the compounds obtained
with oxygen or hydrogen peroxide leads only to the reductive
elimination of the unchanged hydrocarbon molecule:

T|*-C,(CHJ,[P(CHe),]Ir/

R=CH3) CH3C(CH3)3, C,HU. C,H5 .

Furthermore, in the selective oxidation of hydrocarbons by
the alkyl peroxide derivatives of non-transition elements
(boron, aluminium, silicon, e t c . ) , it is difficult to imagine
that the alkanes are activated as a result of oxidative addi-
tion.

Consequently, the decisive factor in this process is the
activation of the oxidant. The high selectivity of the oxida-
tion of organic substances with participation of peroxide deri-
vatives of the elements is caused, from our point of view, by
the special state of the peroxide bond in the alkyl peroxide
or peroxo-complex molecule "activated" by the heteroelement.
Thus the activation of the Ο—Ο bond can lead to the formation
of the oxiran ring, which facilitates the electrophilic attack
by the peroxide oxygen on the nucleophilic organic substrate 1 1 2

or promotes the molecular interaction of the peroxide with the
C-H bonds of the substance oxidised, which proceeds in a
cyclic activated s t a t e . 1 1 3
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Arenechromium Tricarbonyls in Organic Synthesis

V.N.Kalinin

The characteristic features of the chemical properties of arenechromium tricarbonyls, caused by the change in the reactivity of
the aromatic groups and the organic substituents linked to them on passing from ArH to ArHCr(CO)3, are examined and data
concerning the application of arenechromium tricarbonyls in organic synthesis are surveyed.
The bibliography includes 167 references.
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I. INTRODUCTION

The present stage in the development of organic synthesis
is characterised by the wide-scale application of organo-
elemental and organometallic reagents in order to effect
chemoselective, regioselective, and stereoselective processes,
which are frequently impossible within the framework of the
usual "organic" scheme. During the last 15—20 years, transi-
tion metal complexes (TMC) have been vigorously employed
in organic synthesis together with traditional derivatives of
non-transition metals (Grignard reagents, lithium alkyls),
etc.), It is possible to differentiate two main aspects of the
application of TMC in synthesis—catalytic reactions and
reactions in stoichiometric proportions. The latter pre-
suppose the existence of three stages: (a) the formation of
a complex between the organic substrate and the transition
metal (TM); (b) the use of the characteristic features intro-
duced by the TM for the chemical modification of the organic
residue; (c) decomposition of the complex and isolation of
the altered organic molecule. For the effective employment
of TMC in synthesis, these stages must proceed with high
yields and the complex itself must be cheap and readily avail-
able. These requirements are to a large extent satisfied by
derivatives of benzenechromiumtricarbonyl (benchrotrene), t
which are readily obtained from organic derivatives and
Cr(CO)6 or L3Cr(CO)3 (L = Py, MeCN, or NH 3).

The synthesis of BCT has been examined in detail in
various chapters of existing monographs. 1 - 3 The preparative
method has been described specifically in two communica-
tions . "*'5 The physicochemical properties of BCT, the nature
of the bonding in these compounds, and the principal factors
influencing the orientation of the ChTC relative to the arene
ligand have been discussed in a review.6 The reactivity of
BCT and their applications in organic synthesis in individual

t The following notation has been adopted in the text of
this review: BCT = benchrotrene (PhH)Cr(CO3) and its
ring-substituted derivatives (Arene)Cr(CO)3 also the
benchrotrenyl residues (CO) 3Cr(Ph"); ChTC or [Cr] =
Cr(CO)3 group.

stages have been described in monographs, 7 ' 8 and in greater
detail in reviews. 9~ l l f Striking examples of the employment of
BCT in synthesis have been published recently.

The present review deals both with studies having a bear-
ing on specific applications in organic synthesis and studies
of the reactivity of BCT which may find applications in the
future. The ligand exchange reactions of BCT and the
met allotropic rearrangements in a series of condensed sys-
tems containing ChTC will not be discussed. Earlier studies
included in previous reviews6 '1 2 are quoted whenever neces-
sary and in a more concise form.

reduced
electron
density

increased
rate of
solvolysis

steric
influence

increased
acidity

CO

The influence of the formation of a complex with ChTC on the
reactivity of the arene ligand. 1 0

The formation of a complex between the arene ligand and
ChTC imposes characteristic features on the reactivity of the
ligand. The changes in the properties of the ligand and the
groups linked to it are illustrated in the Figure . 1 0 The
introduction of ChTC leads to strong withdrawal of electron
density from the arene ligand (the electron-accepting effect
of- ChTC is comparable to the influence of the nitro-group),
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which is manifested by the high acidity of the ChTC deriva-
tives of benzoic acids, 1 5 ' 1 6 phenols, 1 7 and anilinium ions1 8

compared with the corresponding benzene compounds.
The ability of the aromatic system to transmit the electronic

effect of the substituent is significantly reduced in B C T . i e

The correlation of the thermodynamic dissociation constants of
38 substituted ChTC-benzoic acids in 50% aqueous ethanol
at 25 °C within the framework of the Yukawa—Tsuno equation
showed that the reaction constant (p = 0.8) is significantly
lower than for benzoic acids (p = 1.4).

The complex formation reaction between the arene and
ChTC promotes the stabilisation of α-carbenium ions and to
some extent also β-carbenium ions, increases the acidity of
the C—Η bonds in the arene ligand and in the α-position in
an alkyl substituent, and facilitates nucleophilic addition and
substitution reactions. ChTC exerts an appreciable steric
influence on the reactions of BCT. These effects are used
in synthesis.

Arenes are usually isolated from BCT by oxidation with
iodine1 5 or cerium(IV) sa l ts , 1 9 exposure to light, 2 0 or dis-
placement with η-donor ligands: amines21 and phosphines.2 2

I I . REACTIONS PROCEEDING VIA α-CARBENIUM IONS

A characteristic feature of the BCT substituent, and in
general of metallocenyl substituents, 2 3 is its great ability to
stabilise the carbenium centres in the α-position relative to
the aromatic ligand. This is indicated by the high rates of
solvolysis of (PhCH2Cl)ChTC and (Ph2CHCl)ChTC in 80%
aqueous acetone, amounting to 2.2 χ 10~"* s"1 and T.OxlO^s"1,
which is respectively 105 and 103 times higher than the rate
of solvolysis of benzyl chloride and diphenylmethyl chloride.21*
These kinetic results are in good agreement with the thermo-
dynamic stability constants of the carbenium ions: 2 5 pKR + =
-11.8 for (iT-PhCH2)ChTC. pKR+ < -17.3 for PhCl+, and
pK R + = -13.4 for Ph2CH+.

The formation of complexes with ChTC appreciably increases
the rate of isomerisation of benzyl thiocyanate to benzyl
isothiocyanate [(PhCH2SCN)ChTC •> (PhCH2NCS)ChTC] ; 2 6

the rate-determining stage of the process is ionisation.
The formation of complexes by benzyl alcohols with ChTC

and the subsequent generation of carbenium ions lead to
extensive possibilities for the synthesis of N- and O-benzyl
derivatives. The reactions of ChTC-containing carbenium
ions with NH3, amines, and alcohols provide convenient
methods of synthesis of the corresponding derivatives: 2 7

Rl HPF. Rl Rl

Y—
• \ _ / "

[Cr][Cr]
X=ORS. NH i f NHMe, NMe,
Y=H, OMe
R1, R»=H, Me, Ph
R»=Me, Et

This approach greatly expanded the range of alcohols used
in the Ritter reaction. Tertiary alcohols usually afford satis-
factory yields of amides in this reaction, while the use of
primary and secondary alcohols leads to unsatisfactory results.

The primary BCT-carbinols react smoothly with various
nitriles, forming Ν-benzylamide complexes: 2 8 ' 2 9

-CH,OH + RCN - τ

[Cr] Κ »
Y=H, OMe
R=Me, Pr, Ph. o-MeC,H«, PhCH,, C1CH,, CH,=CH

The formation of complexes with ChTC imparts character-
istic features to the stereochemical course of the reactions of
the intermediate carbenium ions. This is clearly illustrated

by the total stereospecificity of the reactions of the car-
benium ions generated from (endo-l-indanol)ChTC (I) and
(endo-1-tetralinol)ChTC ( I I ) : the reactions with H2O,
MeOH, and RCN are accompanied by the complete inversion
of configuration and the formation of exo-products: 2 9~ 3 1

B-H.Me; *»} fl), 2 (II)

The racemisation of optically active complexes is not observed
in these reactions and the photochemical decomposition of the
complexes also proceeds with almost 100% retention of con-
figuration.

Even in the acyclic series the reaction of BCT-carbinols
via carbenium ions proceeds with an appreciably stereoselec-
tivity. 29»32 The high degree of retention of optical purity in
the products formed has been demonstrated in relation to the
reactions of optically active S-(+)-(a-hydroxyethylbenzene)-
ChTC, for example:

TJHCOMe

Ε. Ε. = enantiomeric excess.

The retention of configuration in acyclic systems can be
explained by exo-attack in the formation of the carbenium
ion and in its subsequent reactions, i .e . of the two poten-
tially feasible carbenium ions (A) and (B), namely

(B)

the ion (A) is formed and the interconversions (A) **= (B)
are hindered by the high energy barrier to the rotation about
the C(l)-C(ct) bond. 3 3

The stable α-carbenium ions with two ChTC, isolated in
the solid crystalline state, are of special interest. 3 < t ' 3 5 They
are formed in the reaction of doubly complexed diphenyl-
methanol in propionic anhydride with 55% HPF6. On treat-
ment with alcohols, these complexes give rise to esters,
while their reactions with primary and secondary amines
afford secondary and tertiary amines respectively. Reactive
aromatic substrates, namely dimethylaniline, pyrrole, and
Ν-methylpyrrole are alkylated by carbenium ions but anisole
and less nucleophilic aromatic derivatives do not react with
them. 3'*'''5 The reaction with tetrabutylammonium fluoride
yielded the corresponding π-complex of diphenylmethyl fluo-
ride : 2 7
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The ChTC-derivatives of endo-benzyl alcohols and their
acetates are convenient sources of alkyl derivatives, which
are obtained by reaction with Me3Al or Et2Zn in the presence
of 3 S

' -Η, Ae; R ;=H, Me; R3»Me, Et ""

Depending on the conditions, when the substrate contains
two types of benzyl hydroxy-groups, it is possible to intro-
duce stepwise different alkyl groups:

Me
lie Me

The BCT-carbenium ion, formed in situ, reacts rapidly with
aromatic derivatives containing electron-donating groups and
with β-dicarbonyl compounds, forming exo-substituted com-
plexes: 3 7

The acetates of α-BCT-carbinols are active alkylating
agents and produce ketones smoothly in reactions with silyl
ehol e ther s , 3 β for example:

ICr]

The reaction of a distereoisomeric mixture of indanyl
acetates, bound in a complex, with l-t-butyl-l-trimethyl-
siloxyethylene leads to a single exo-substituted complex via
an intermediate carbonium ion with planar chirality:

The alkylation of enol ethers by the acetates of α-BCT-
carbinols provides a convenient preparative method for the
stereospecifie formation of a C—C bond.

It is noteworthy that it has been suggested that BCT with
t-hydroxy-groups in the ligand, which exhibit an increased
tendency towards the formation of carbenium ions, be
employed for the transfer of ChTC to other arenes. 3 9 > l t 0

The reaction is used for the synthesis of BCT with func-
tional-group substituents:

Me

I I I. NUCLEOPHILIC SUBSTITUTION AND ADDITION

The strong electron-accepting effect of ChTC facilitates
reactions involving nucleophilic substitution in (ri6-halogeno-
arene)ChTC. The fluorine and chlorine atoms in BCT are
readily substituted by 0-, S-, and N-nucleophiles, the
fluorobenzene complex (III) exhibiting the highest reac-
tivity: « * «

- F
HX (or NaX)

—X

[Cr]
(HI)

[Cr]

X=RO, RS, RNH,

The relative ease of substitution of the halogen by the MeO
group in halogenobenzenes activated by complex formation
increases in the following sequence for different π-linked
organometallic residues: l*5>It6

(OC),Cc< (OC)sMo< (t]5-C4H5)Fe+< (0C),Mn+

Difluoro-BCT readily exchanges both fluorine atoms for
methoxy-groups.*·7

The halogen in (halogenbenzene)ChTC is readily exchanged
for the mercapto-group under the condition of phase-transfer
catalysis. l t 8

In (dichlorobenzene)ChTC, the substitution of the halogens
can be carried out consecutively. l f 9 '5 0

The possibility of the stepwise substitution of chlorine
atoms in (l,2-dichlorobenzene)ChTC permitted its use in the
synthesis of dibenzo-18-crown-6 ether by reaction with the
sodium salt of diethylene glycol via the complexes (IV) and
( V ) : 5 1

\CI\ C
i C r l [

(V)

CtCOO
The yield of the crown ether is 27%.

Under the conditions of phase-transfer catalysis, BCT reacts
smoothly with acetone oxime, forming 0-aryloximes: 5 2

№=CMe,

75*95*

R = H, o-Me, m-Me, p-Ue; X = Cl, F.
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wnen (chloroarene)ChTC is heated with non-solvated MeOK in
benzene or acetonitrile in the presence of 18-crown-6 ether,
(methoxyarene)TC is formed in high yields: 5 3

K+/18-crown-6 ether

Intramolecular nucleophilic substitution in the series of BCT
is an effective method of synthesis of benzocyclic systems,
for example, chromans: 5 l > '5 5

[Cr]

t-BuOK, DMSO
20 °C, lOmin
or
iso-PrONa, iso-PrOH
20 °C, 15 h
12

. \ / - \ 0 /

75%

Table 1. The coupling of carbanions to BCT [Eqn.(la)] . :

Caibanion

LiCM>esCN
LiCHjCN

Li-/ y

.. /C N
Ll~\ \/

XOR x /

,CN .
Li-/ /

x 0 R x

LiCH(SPh),
LiBu-t

L i - < Z > - M e

LiCHMeCO2Bu-t

Product

PhCMe,CN
PhCH,CN

PhCO(CHj)2Me

PhCOPr-iso

PhCH(SPh),
PhBu-t

Ph-/^\-Me

PhCH2CO2Bu-t
PhCHMeC02Bu-t
PhCMe2CO2Bu-t

Yield, %

94
GS

93

90*

88*

84
97

71

87
88
88

*R = CHMeOEt; the products were isolated by successive
acid and base hydrolysis.

A notable property of C-nucleophiles is their ability to add
to BCT with formation of η5-cyclohexadieny 1 complexes, which
are formal analogues of Meisenheimer complexes.56 The reac-
tion takes place rapidly at 0 °C. It has been shown from the
products of the addition of the lithiodithiane complex to BCT
that the entering substituent occupies the exo-position in the
structure, where one of the ring carbon atoms is deflected in
the opposite direction relative to ChTC. 5 7 Anionic complexes
are capable of two types of reactions:

(1)

[Cr] [Or]" L:

(VI)

The oxidation of the complex leads to the formal substitution
of the hydride ion by the carbanion (pathway a) and the
formation of a substituted benzene. The process has come

to be called "addition/oxidation". 5 6 ' 5 8 The protonation of
the complex by strong acid liberates alkylcyclohexa-1,3-
diene ("addition/protonation", pathway b).S 6»5 9>6 0 "Addi-
tion/oxidation" has potentially many applications in organic
synthesis for the phenylation of organic compounds (Table
1) 1 0>5 6

Reactive organolithium compounds are effectively pheny-
lated by BCT under mild conditions in tetrahydrofuran (THF).

Table 2. The mode of addition of carbanions to BCT. 6 1 ' 6 2

0°C, 15min

Me
Me
Me

Me

OMe
Cl
Cl
Cl
Cl
Cl

Cl

SiMe,
CF3

NMe,
El
iso-Pr
t-Bu
CH(Bu-t)2

LiCH2CO2Bu-t

LiCMe,CN

LiCH2CO2Bu-t
LiCH2CO2Bu-t
LiCHMeCO2Bu-t
LiCMe2CO2Bu-t
LiCH2COBu-t
LiCMesCN

LiCMe,CN
LiC(CN)(OR)Me
LiCMe,CN
LiC(CN)(OR)Me
LiC(CN)(OR)Me
LiC(CN)(OR)Me
LiC(CN)(OR)Me

Product ratios
o:m:p

28:72:0
3:97:0
1:97:2

51:47:2

4:96:0
54:45:1
53:46:1

5:95:1
76:24:0
10:89:1

46:53:1

0:2:98
0:30:70
1:99:0
0:94:6
0:80:20
0:35:65
0:0:100

In substituted BCT the nature of the substituent has a
decisive influence on the regioselectivity of the addition of
nucleophiles (Table 2 ) . 6 1 ' 6 2 To a lesser extent the ratio of
the isomers is influenced by the nature of the nucleophiles.
The direction of attack by the reactants on BCT is qualita-
tively correlated with the coefficients of the lowest unoccupied
molecular orbital of the free arene, which is associated with
the distribution of charge density, and attack by the nucleo-
philes Nu is directed preferentially to the carbon atom
eclipsed by the CO group, while that of the electrophile Ε
is directed to neighbouring atoms. S 3~ 6 6 Despite the low
energy barrier between the hindered (C) and eclipsed (D)
conformations (~0.3 kcal moF1), BCT's with an electron-
donating substituent exist preferentially in the syn-eclipsed
conformation (E), while those with an electron-accepting
substituent exist in the anti-eclipsed conformation (F) :

(C) (D)

Nucleophilic substitution takes place in the m-position in
complexes with R = OMe or NMe2 and in the ρ-position in
those with R = CF3 or SiMe3. Alkyl-BCT are an exception.6 7

With increase of the bulk of the alkyl group, p-attack become
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preferred to m-attack. The attempts to obtain the complex
(VII) by the selective oxidation of the adduct (IX), obtained
by the reaction of the BCT with 2-lithio-2-methylpropio-
nitrile (VIII) on treatment with I 2 , FeCl3, benzoquinone,
CuCl2/DMF,# and cerium(IV), led only to the formation of
2-methyl-2-phenylpropionitrile. When electrophiles are used
as hydride ion acceptors, the initial arene complex is regen-
erated as a consequence of the abstraction of the carb-
anion: 5 6 ' 5 7

(VII)

E = Ph 2 CO. Mel, PI13C"1"

The intermediate (IX) reacts rapidly with proton donors
(H2O, AcOH, CF3CH2OH) to regenerate the initial BCT in
70-90% yield, while on treatment with CF3COOH (5 equiv.) and
subsequent oxidation a mixture of isomeric cyclohexadienes is
formed and can be readily aromatised: 5 7

I) CFiCOOH

(IX)

Me
CN

\ /

\

Me

In the case of the adduct of (n6-anisole)ChTC and com-
pound (VIII), proton transfer results in the formation of
dienol ethers, whose hydrolysis affords 3- and 5-substituted
cyclohexenones; the ratio of the latter depends on the dura-
tion of stirring with acid:

If the adducts of nucleophiles with BCT are treated with
CF3COOH in an atmosphere of CO, then Cr(CO)6 is readily
regenerated together with dienes or arenes . 6 8

The reaction involving nucleophilic substitution of chlorine
in (n6-chlorobenzene)ChTC by stabilised carbanions, which
can be regarded as a preparative phenylation method, has
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been discovered: 6 9 ' 7 0

[Cr] (X) [Cr]

R=CMe2CN, CMe,CO,Et, CMejCO^, CH(CO,Ef)2,

C (Ph) (CN) (OCHMeOEO

The lithio-derivatives of 1,3-dithiane, 2-methyl-l,3-dithi-
ane, t-butyl acetate, acetophenone, 5,6-dihydro-2,4,4,6-
tetramethyl-4H-l,3-oxazine, and acetonitrile are not phenyl-
ated under these conditions. Primary and secondary
carbanions are apparently relatively ineffective in this reac-
tion owing to the presence of an active hydrogen atom. The
diethylmalonate anion, which reacts slowly with the complex
(X), is an exception.

It has been shown that the fluorine-containing complex (III)
reacts rapidly with the carbanion (XI), giving rise to methyl
a-(t-butylthio)-ot-phenylpropionate in 94% yield after the
decomposition of the complex:

SBu-t SBu-t

• -C—CO2Me

Me (XI)[Cr]

(III)

The rate of nucleophilic substitution of the halogen in
(n6-halogenobenzene)ChTC depends on the character of the
leaving group and diminishes in the sequence F > Cl > 1. 7 0

The mechanism of the nucleophilic substitution of the ~Ί

halogen in halogeno-BCT is complex. For example, when
(chlorobenzene)ChTC (X) is treated with 2-lithio-2-methyl-
proprionitrile (VIII) at —78 °C and is then oxidised, a 1,3-
disubstituted benzene is formed. However, at 20 °C the
intermediate (XII) slowly isomerises to the complex (XIII),
which loses Cl~ and gives rise to an unco -substitution
product: 5 6

(X) + (VIII)

Nucleophilic substitution and addition reactions have found
applications in fine organic synthesis. Thus substitution of
the fluorine atom in (PhF)ChTC (III) by the carbanion
derived from 4-ethoxycarbonyl-l-methylpiperidine leads to
the analgesic demirol in 85% yield: 5 6

CO,Et

The regioselectivity of the nucleophilic attack has been used
in the synthesis of polysubstituted benzenes. The role of
the MeO and Me3Si groups as m- and p-directing groups
respectively is a decisive factor in the synthesis of 1,2,3-
and 1,2,4-trisubstituted benzenes: 6 2

/OMe OMe

# DMF = dimethylformamide.
ICrl

R=CH,CN,
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ycti
1) -C—Me /Me

^OR O = C X

It has been shown7 1 that (diphenylether)ChTC reacts with
stabilised carbanions to form m-substituted diphenyl ethers
after oxidation. If the anionic complex (XIV) is treated with
CF3COOH at -78 °C or is heated to room temperature, then
the product of the substitution of the PhO group by the
nucleophile is formed:

OPh —

(XIV)

[Jo
Nu = CH2CN,CHMeCN.CMe2CN, CHMeCO2Bu-t . C(Pb)—S—(CH2)3—S

The high regioselectivity of the substitution of the phenoxy-
group has been established for the reaction of (o-phenoxy-
toluene)ChTC with compound (VIII): treatment with CF3COOH
leads to a p-disubstituted complex, while heating to room tem-
perature affords the o-disubstituted complex:

C:F3COOI[,

-Ϊ8'ΐ

CMe.,CN
Me,CN

The nature of the product formed has been investigated as
a function of the number of methylene units separating the
aromatic ligand and the CN group for systems capable of
intramolecular addition. 7 2 1-Cyanotetralin is formed from the
complex (XV, η = 3);

<ς5
[Cr]

CHCN

R

(XV)

X — <

2) [Ο]

,(CH,)n

NC R

When η = 4, the position where the nucleophile adds
depends on the reaction time and temperature:

/(CH,),

p
[Cr]

(XVI)

i) ^ NLi, THF/HMP = Vz

a [Q]

0.5»,-78° C

NC Η

79%

With increase of temperature and of the reaction time, the
fraction of high-molecular-weight products also increases.

High yields of monomeric products are retained under
protonation conditions, but their ratio also depends on the
reaction time and temperature. For example, the amounts of

condensed and spiro-products at 0 °C are 25 and 75% after
4 h and 3 and 97% respectively after 24 h:

(XVI)

The most rational explanation involves the initial formation of
compound (XVII) as the kinetically controlling product; a
1, 2-carbon shift converts this adduct into the thermodynam-
ically more favourable complex (XVIII):

(XVII)

For low homologues (XIX, η = 2), the formation of both
spirocyclic and condensed products is favourable, so that
dimeric compounds are formed:

tv iso-Pr2NLi

p
[Cr] (XIX)

The characteristic features of the addition of nucleophiles
have been used in the synthesis of spiro[4.5]decane sys-
tem—acorenone (XX) and acorenone Β (XXI): l l*

(XX) (XXI)

The strategy used in the synthesis is based on the m-direct-
ing effect of the methoxy-group in the nucleophilic addition
to the anisole complex; exo-attack is then controlled by the
configuration of the spiro-carbon:

l)LI-C(CN)(OK)Pr-isoi

2)1,
3)H+
4)HCT

= \ /<CH2)3CN i )H 2 N L i

Me—<\ Λ— CH 2) CFJSOJH — "

3) ΝΗ,ΟΗ

(XXIII)

The diastereoisomeric mixture of the complexes (XXII) and
(XXIII) was separated by preparative liquid chromatography;
the low efficiency of the spirocyclisation complexes vitiates
the prepartive importance of this synthesis.
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Complex formation with ChTC has been a convenient method
of preparation of synthons on the way from frenolicin to
deoxyfrenolicin—antibiotics based on the isochromanquinone
skeleton. 7h The fundamental factor is the use in the initial
stages of the p-directing effect of the Me3Si group and the
m-directing effect of the MeO group in the nucleophilic addi-
tion of the complex (XXIV); this results in the selective
formation of compound (XXV), from which the Me3Si group
can be readily removed. It is noteworthy that the lithio-
derivative of the complex (XXIV) does not react directly with
2-hexenyl bromide and was therefore converted into an
organocopper derivative:

OMe

Me,Si

[Cr]
(XXIV)

II) BuLI
2)CuI

|3) PrCH=.CHCH,Br

OMe

OMe

I
Pr

[CrJ

Pr

L1CH(CN)CH.CH,CH=CH,

Me>sl\A_r'
\/\

CN

(XXV)

The overall yield of deoxyfrenolicin is 4% after a 15-stage
synthesis.

The decisive role of the conformation of ChTC in the mode
of nucleophilic attack on the BCT has been confirmed. 7 5 The
reaction of 2-lithio-2-methylpropionitrile with the complex
(XXVI), for which the syn-eclipsed conformation is character-
istic, and subsequent oxidation yielded a mixture of mono-
substituted diphenylmethanols with the ratio m/p = 9/1:

(XXVI)

The addition of nucleophiles to polycyclic aromatic com-
plexes is of considerable interest. In this case the steric
requirements of the arene substituent and the nucleophile
have a marked influence on the regioselectivity of the nucleo-
philic attack together with the conformational effect and the
nature of the substituent in the nucleus. 7 6 The reaction of
the small LiCH2CN molecule with the complex (XXVII) affords
mainly the α-substitution product, while the more bulky com-
pound (VIII) gives rise to the β-substitution product:

OMe OMeR

I I

-[Cr]

OMe
Ι

OMe OMe

Depending on the reaction time and temperature, different
ratios of the a- and (3-products are observed and the β-addi-
tion product rearranges via dissociation with elimination of a
carbanion to the thermodynamically favourable α-addition
product.

In the case of 2-lithio-2-methyl-l,3-dithiane, the £-addi-
tion is irreversible and this reaction has been used to syn-
thesise 6-acetyl-1,4-dimethoxy- 5,6-dihydronaphthalene—the
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synthon in the synthesis of daunomycin:

(XXVII)

1) LlC(Mc)S(CHi)«S
THF/HMP, 0 °C

2) Ce(NH,).(NO.).

OMe S S OMe

Me

Ν/ 1

OMe OMe

However, carbanions add to (naphthalene)ChTC in the
α -position:

/ \

[Cr]
R=CMe,CN, CH.CN, CHS(CH,),S

The ability^of S-stabilised carbanions to add irreversibly to
BCT with formation of anionic complexes, which react with
electrophiles (Mel), is the basis of a general method of syn-
thesis of disubstituted dihydronaphthalenes and cyclohexa-
dienes: 7 8

(xxvu)

So
(VI) (XXVIII)

R = C(H)S(CH2)3S. C(Me)S(CH2)3S. Ph, t-Bu.

The insertion of CO has been observed when the reaction was
carried out both in an atmosphere of carbon monoxide and in
its absence. Other electrophiles also proved to be effective
in the synthesis of 5,6-disubstituted cyclohexa-l,3-dienes.9

The ability of nucleophiles to add preferentially to the
eclipsed carbon atoms of the arene liquid is manifested strik-
ingly in the reactions of 1,1-disubstituted indan complexes.66'80

The reactions of cyano-stabilised carbanions with the com-
plexes (XXIX) and (XXX) and subsequent oxidation lead to
5-substituted indans:

(XXX) (XXXI)
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Hydrolysis of compound (XXXI) affords the pharmacolog-
ically valuable 5-substituted acid (XXXII). According to the
results of X-ray diffraction analysis of the complex (XXX),80

the CO groups are in the eclipsed conformation relative to the
3a, 5-, and 7-positions in the arene ligand.

The method involving the addition/oxidation of reactive
C-nucleophiles to BCT has been extended to complexes of
N-substituted indoles, N-methylindoline, and benzofuran.8 1 '8 2

The attack by the nucleophiles is then directed to C(4) and
C(7) and the product ratio is regulated by electronic and
steric factors determined by the size of the substituents at
the nitrogen atom and C(3) and also by the nature of the
nucleophile:

Compound (VIII) adds to the C(4) atom in the complexes
with Υ = Η and X = NMe (XXXIII), NCH2Ph (XXXIV),
NSiPh2Bu-t (XXXV), and NCO2Bu-t (XXXVI) with a selec-
tivity in excess of 90%. In the reaction of the complex
(XXXIII), the less bulky anion LiCH2CN exhibits a lower
selectivity [C(4)/C(7) = 75/25]. On the other hand, 2-lithio-
1,3-dithiane and l-lithio-3-dimethylsilylprop-2-ene reacts
with the complex (XXXIII) preferentially at the C(7) atom,
forming a mixture of substitution products [C(7)/C(4) =6/1].
In contrast to the N-methylindole complex (XXXIII), the
dithiane anion acts only on the C(4) atom in the N-methyl-
indoline complex (XXXVII), which, bearing in mind the ease
with which the indoline system can be converted into the
indole system,

[Cr]

(XXXVII) (XXXVIII)

I
Me [Cr] Me

leads to the possibility of the selective synthesis of 4- and
7-substituted indoles. The addition of nucleophiles to the
benzofuran complex is directed mainly to the C(4) position
[C(4)/C(7) is 73/27 for R = CMe2CN, 63/37 for R = CH2CN,

when the reaction is carried out in THF indicating the thermo-
dynamic control of the reaction, while the more highly substi-
tuted anion (XLII) is converted into the sterically more
favourable anion (XLIII):

(XLIII)

In the presence of added hexamethylphosphoramide (HMP),
which strongly solvates the lithium cation, a constant ratio of
the regioisomers, reflecting the kinetic control of the nucleo-
philic addition, is retained and in this instance there is no
isomerisation. The combination of these results constitutes
convincing evidence for the reversibility of the addition of
nucleophiles to BCT.

IV. REACTIONS OF LITHIO-DERIVATIVES

One of the most important properties of BCT is the increased
acidity of the ring hydrogen atoms, which is the reason for
their ability to be substituted by a metal on treatment with
metallating agents. The nature of the metallating agent has
a decisive influence on the direction of the process—soft
nucleophiles add to the complex, while hard nucleophiles
substitute a hydrogen atom.

The metallation of BCT was first achieved, by Nesmeyanov
and co-workers, on treatment with BuLi; the yield of the
acid after carboxylation was 19%:81*

i-Li —COOH

[Cr]
(XLIV)

[Cr]

It has been shown 1 9 ' 8 5" 8 7 that BCT reacts with BuLi to form
the complex (XLIV) almost quantitatively at -20 °C in THF
but heating of the solution to 0 °C or the addition of BuLi to
the BCT solution at 0 °C leads to butylbenzene in a yield
greater than 80%:

and 86/14 for R = The introduction of substitu- BuLi/THF. 0» C

ents at the C(3) atom in the indole system reduces the yield
of the 4-substituted product and, in the case of the complex
(XXXVIII), for example, C(4)/C(7) = 17/83 for R = CMe2CN.
The opposite effect is produced by bulky substituents at the
nitrogen atom [the complexes (XXXV) and (XXXVI)].

An elegant study of the reaction of (n6-methyl-l,2,3,4-
tetrahydroquinoline)ChTC with compound (VIII) revealed the
influence of kinetic and thermodynamic control on the ratio
of the regioisomers: 8 3

CN
Me\ /

Me

+ Me

iX
NC Me

/ \

Me

1 +

/ \Me

Me
Me

CN

(XLI)(XXXIX) (XL)

The isomer (XLI) is formed in small amounts (1—2%) and the
ratio of the isomers (XXXIX) and (XL) depends on the reac-
tion time and temperature and also on the nature of the sol-
vent, the increase of the relative content of the isomer (XL)

>—Bu

The oxidation stage is not then required. The mechanism of
the formation of butylbenzene is obscure but it is undoubtedly
different from the mechanism of the coupling of soft nucleo-
philes to BCT.

The lithio-BCT (XLIV) is readily obtained by the trans-
metallation reaction between dibenchrotrenylmercury and
butyl-lithium and readily reacts with chlorophosphines,
chlorosilanes, and pyridine: 8 8

^ f—rWlj

lirt
£ - (XLIV)—

C.H.N Ο Ό
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In relation to the metallation of (p-fluorotoluene)ChTC, it
has been shown that the monomeric compounds of type (XLIV)
formed at a low temperature are in equilibrium with the
dimeric complexes (XLV) and (XLVI). This is manifested in
reactions with electrophiles having more than one potential
leaving group, for example, methyl chlorocarbonate, where-
upon derivatives of benzophenone and carbonate are formed:89

A characteristic property of lithio-BCT is their anomalously
low nucleophilicity compared with their basicity and the set
of electrophiles which react with them is therefore limited.87'90

Lithio-BCT do not react with propyl iodide and alkanesulpho-
nates, giving rise to low yields of products even in reactions
with active electrophiles such as MeCOCl and CH2CHCH2Br.
It has been found9 0 that the addition of the complex CuBr.
.SMe2 to compound (XLIV) leads to copper-BCT, which react
successfully with a large set of electrophiles, affording sub-
stitution products. The application of palladium catalysis
made it possible to extend the scope of the reaction to include
the products of cross-coupling with vinyl bromide and iodo-
benzene:

- L i?
[Cr]

(XLIV)

[Cr] [Cr]

The reaction of (o-fluorophenyl-lithio)ChTC with the com-
plex CuBr.SMe2 and the subsequent coupling of the Cu-deriv-
ative with 2-bromoallyltrimethylsilyl ether give rise to the
complex (XLVII), which undergoes intramolecular cyclisation,
after desilylation, to the 3-methylene-2,3-dihydrobenzofuran
complex: 9 1

.Cu · SMe,

NF \ y

CH,

p OSiMe,

CH,

BujNF

icii

A characteristic feature of the latter is the lack of a tendency
towards isomerisation to the 3-methylbenzofuran isomer,
which is the product of the aromatisation of 3-methylene-2,3-
dihydrobenzofuran not bound in a complex.

Metallation of (veratrole)ChTC by BuLi with subsequent
silylation leads to a mixture of the mono- and di-silylated
complexes in approximately equal amounts: 9 2

3Me 1) BuLi/THF, -78 °C
2) Me,SICl

SiMe,

" OMe

SiMe,

[Cr] SiMe,
(XLVIII)

According to XH NMR and X-ray diffraction data, the com-
plex (XLVIII) in solution and in the solid state has the con-
formation in which the bulky Me3Si group is eclipsed by the
CO group. 9 3

Protection of the hydroxy-group in (phenol)ChTC leads to
marked shielding of the o-positions and the metallation takes
place in the m-position to the extent of 90%. 9I* The yield of
the o-substituted product does not exceed 3%:

OSi (uao-Pr),
1 ) t . B u U T H F

-78 °C, 1.5 h
2) Mel

OSi (iso-Pr)3

OH

Si(iso-Pr)

[Cr]
OSi (iso-Pr)3

ICr]

The methylation of (N-butyldimethylsilyl-N-methylaniline)-
ChTC proceeds with a high regioselectivity in the m-position;
m-substituted aniline can be obtained by subsequent reactions
of the electrophile and the removal of C h T C . 9 5 The complete
absence of o-substitution is noteworthy:

Me. .SiMe2Bu-t
DBuLi, THF
2) Ε
3) I,
4) Ac,O,Py

E+=PhCHO, MeCHO, HCONMe,, Mel, MeSSMe, PhCN;

X=CH (OR) Ph, CH (OH) Me, CHO, Me, SMe, COPh

The substitution of resorcinol and m-aminophenol by lithium
takes place exclusively in the 5-position, so that the 1,3,5-
trisubstituted complexes (XLIX) and (L) are formed after
reactions with electrophiles:

OSi (iso-Pr)3 OSi (iso-Pr)3

I

(iso-Pr)3

[Cr]
(XLIX)

X=Me, SiMe3, COjMe

[Cr]

(L)

The metallation of tri-isopropylsilyl derivatives of p-fluoro-
phenol and ρ -fluoroaniline, where the hydrogen atoms in the
o-position relative to the fluorine atom are substituted, is
especially noteworthy:

1) BuLi /•
2)E /

/ I / I R

[Cr] F [Cr] F

R=N (Me) Si.iso-Pr)3, OSi (iso-Pr)3;

R'=Me, SiMe,, ΟΟ,Μβ

These results are the opposite to those of the metallation of
sterically unhindered arenes and arenes not bound in a com-
plex, for example, p-fluoroanisole and p-fluorodimethylaniline,
where the metal always enters the o-position relative to the
heteroatom.

The change in the regioselectivity of the metallation of the
benzene ring after coordination to ChTC can be traced dis-
tinctly in relation to benzyl alcohols. 9 6 > 9 7 (3-Hydroxymethyl-
l-methoxybenzene)ChTC reacts with two equivalents of BuLi
to form the benzofuranone (LI) and the benzoic acid ester
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(LII) in proportions of 23 : 77 after carboxylation and methyla-
tion, while the analogous sequence of reactions with the arene
not bound in a complex yields the ratio 9 : 1 . With increase
of the bulk of the metallating agent, the content of the
5-methylated product (LII) increases (85% for s-BuLi and 95%
for t-BuLi):

« 2 B u L i , TMED
2) CO,
3)Av/O,
4)CH.N,

[Cr] OMe
I I!

MeO Ο
(LI)

.1 I
/

MeO.C/\s
MeO
(LII)

The coordination of a hard system, such as, for example,
7-methoxy- 1-tetralinol, to ChTC leads to metallation exclu-
sively in the 6-position, while the substitution of free tetra-
linol by lithium yields the 8-substituted product:

MeO/
[Cr]

1) BuLi
/ \ ϊ) Ε
' . «\ Jnt/fV

\ /

OH

OH Ε = CO,, Me,SiCl, ArCHO
R=CO2H, Me,Si, ArCH (OH)

OMe

Alkyl benzyl ethers and the acetals of benzaldehydes are
not o-metallated owing to the tendency towards deprotonation
in the benzyl position with subsequent Wittig rearrangement
or cleavage of the acetal linkage. The formation of a complex
with ΤC makes it possible to metallate successfully the aro-
matic ring containing the above substituents with the pre-
dominant formation of 1,2,3-trisubstituted-products:

MeO,C>
OMe OMe

|
OMe

15%

The reaction of m-di-isopropylbenchrotrenyl-lithium with
CO and subsequent methylation with trimethyloxonium tetra-
fluoroborate lead to a dinuclear complex in 15% yield: 9 8

iso-Pr iso-Pr
1)CO, 2h

-78» C
»)Me,OBF, OMe

[Cr]

iso-Pry
ICr]

A
[Cr]

MeO

iso-Pr

iso-Pr

A novel application of the characteristic features of ben-
chrotrenyl systems in synthesis has been achieved by Chav-
show and Widdowson, " who showed that the metallation of
the complex (III) results in the formation of (o-fluorolithio-
benzene)ChTC (LIII), which react smoothly with various
electrophiles; depending on the ratio of the substrate and
the reactant, substitution products [Eqn.(2)] or cyclisation
products [resulting from the simultaneous nucleophilic sub-
stitution of the fluorine atom—Eqn.(3)] are obtained:

ICr]

—F
t-BuLi, THF/TMED

-7«'C ( 2 )

[ o r
(III)

E=ClCO,Et. PhNCO, o
(LIH)

, Pta,C=C=O.

ο
II

Pr
ι

Me
CO,Et, CONHPh, CONHC10H7, COCHPh,,

COCMe,NHPh, COCjHiNHMe-o

(LIII) 4- product;

, PhNCO, a-Ci0H,NCO, PhNCS,

Me Me Ο
r

b

( 3 )

C10H7

I

product =

The method proposed for the synthesis of benzo-condensed
systems may find an application in the chemistry of hetero-
cyclic compounds.

The metallation of (l-methylindole)ChTC (XXXIII) occurs in
the first place in the 2-position. If this position is occupied,
then attack is directed to the aromatic ring in the 7- and
4-positions in the proportions 4̂ : 1:10°

BuLi, THF/TMED
= T F C '

Me ICr]

—Li-

Me

(XXXIII)

[Cr]

, /

Me

_. „ BuLi, THF/TMED
—SiMe s -7i» c ' —SiMe, +

Li

(LIV)

Me

-f SiMe,

Me
(LV)

The reactions of the complexes (LIV) and (LV) with ClCO2Et,
Mel, PhCHO, CH2 = CHCHO, PhSCl, and Me2C = CHCH2Br
followed by the chromatographic separation of the products,
decomposition of the complexes, and desilylation have been
recommended for the synthesis of 7-substituted indoles.

According to X-ray diffraction and XH NMR data, obtained
in solution, the structure (XXXIII) corresponds to the direc-
tion of nucleophilic attack on the 4- and 7-positions in the
ligand, 1 0 1 which is in the eclipsed conformation.

If the 1-position in (indole)ChTC contains the bulky tri-
isopropyl group, then the metallation of the complex is
directed mainly to the 4-position together with formation of
a certain amount of 5- and 6-isomers.1 0 2 Decomposition of the
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complexes and desilylation lead to 4-substituted indoles in
70% yield:

R R

iuLi, THF/TMED II I X s> BU.NF | I X

— = T F C * I I > * ! I >

Si (iso-Pr)3
 [Cr' Si (iso-Pr)3

R = Me3Si, EtO2C, MeO,C, PhS, MeaC=CHCH,

The metallation of BCT combined with nucleophilic addition
or substitution has been used to synthesise trisubstituted
benzenes: 87

1) BuLI
UPrCHO
s)MeI

OMePr

I
OMePr

OMe

ici

Favourable prospects for the employment of (lithioarene)-
ChTC in synthesis, especially for the preparation of natural
products, have become apparent. The synthesis of natural
anthraquinones, namely 3-deoxyrabelomycin (LVI) and
aclavinone (LVII),103 is illustrated in Eqns.(4) and (5):1 0 3

The metallation of the (tetralinol)ChTC complexes proceeds
regioselectively, yielding the 6-lithio-derivatives (LVIII) and
(LIX).

Temporary coordination to ChTC has been used in the syn-
thesis of cis- and trans-7-hydroxycalamenenes.10>* The com-
plex of 4-(p-methoxyphenyl)-5-methylhexanoate and Cr(CO)6
was hydrolysed to the acid and the exo-isopropyltetralinone
complex (LX) together with a small amount of the endo-isomer
(LXI) were obtained by cyclising the acid chloride with A1C13:

(LX) (LXI)

The reaction of the complex (LX) with MeLi leads to the
exo-methylated product, which was metallated with BuLi in
DMF and a benzaldehyde derivative was obtained. In the
course of ionic hydrogenation, the reduction of the aldehyde
functional group to the methyl group and hydride substitutior
in the benzyl position were observed simultaneously:

OX)
UmU

l)Av-Oj Mi

•2)H+.

1) NaH/Mel, DMF
2) L1AIH4
3) BuLi, TMED, -78 °C | ·

(LVI)

OSiMe3

I

0 4 »

OBi
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Decomposition of the complex and O-demethylation lead to
trans-7-hydroxycalamenene (LXII) in a satisfactory yield,
cis-7-Hydroxycalamenene (LXIII) was obtained from the endo-
complex (LXI) in accordance with an analogous scheme:

Me v

\ /

Me
(LXIII)

V. BENZYL ACTIVATION OF ALKYL-SUBSTITUTED
DERIVATIVES

The reduced electron density on the arene ligand in BCT is
responsible for the considerable increase of the acidity of the
benzyl hydrogen atoms. According to an approximate estimate,
their acidity in BCT derivatives is greater by two orders of
magnitude than the acidity of the corresponding hydrogen
atoms in the substrate not bound in the complex. 1 0 5 ' 1 0 6

The acidifying effect of ChTC was estimated by measuring
the rate of abstraction of a proton by the methoxide ion from
the complexes (LXIV)-(LXVI) in the MeOH-Me2SO system:

(LXIV) (LXV) (LXVI)

Actually their kinetic acidities are similar, which has been
explained by the unfavourable steric influence of the second
ChTC group in diphenylmethane on the rate of ionisation of
the exocyclic CH bond. However, their thermodynamic acid-
ities increase in proportions of 1 : 2.6 : 7.4, which reflects
the greater stability of the carbanion formed following the
introduction of electron-accepting groups . 1 0 7

The α-hydrogen atoms of alkyl-BCT are involved in fairly
rapid protophilic deuterium exchange; for example, (η6-1,4-
diphenylbutane)ChTC can be involved in the exchange with
0.5 Μ t-BuOK in DMSO-d6 and after the decomposition of the
complex affords 1, l-dideuterio-l,4-diphenylbutane:1 0 8

1>O.5M t-BuOK,
DMSO-d6

—CH,CH,CH,CH,—ζ ^CDtCHjCHjCH,

ICr]

It is striking that (indan)ChTC exchanges only two of the
benzyl protons, which constitutes convincing proof of the
exo-attack by the base on the complex:

O.5M t-BuOK

The effect of the formation of a complex with ChTC is strik-
ingly manifested in the alkylation of phenylacetic acid esters
and acetophenones. 2 0 ' 1 0 9 Whereas methyl phenylacetate is
not alkylated by Mel/NaH in DMF, its ChTC complex forms the

dialkylated derivative almost quantitatively under these condi-
tions and the reaction with 1,3-dibromopropene affords
cyclobutane :

CO,Me -CO,Me

~6
87%

The complexes of the esters (LXVII)-(LXIX) are alkylated
smoothly by the active alkyl halides RX (Mel, PhCH2Br, CH2 =
CHCH2Br, and HC = CCH2Br) not only in the NaH/DMF system
but also under the conditions of phase-transfer catalysis
using cetyltrimethylammonium iodide: 1 1 0~ 1 1 2

(LXVII) (LXVttl) (LXDC)

The stereochemistry of the reactions is virtually the same, the
electrophile attacking from the side opposite to that of ChTC.

The reaction of alkyl-BCT with formaldehyde and benz-
aldehyde in the presence of t-BuOK in DMSO has been used
to obtain 3-hydroxy-compounds, but in many instances the
preparative value of the method is low owing to the low yield
of products: 1 1 3 ' 1 ] Λ

>-CH+R*CHO-
I

R1

ICrJ

R1 R»
I I

;-C—CH (OH)

R 1

If the carbonyl compound is capable of giving rise to the
enolic form, the arene complex enters only into the proton
exchange reaction with formation of the corresponding alcohol:

ζ V-CH.CH,

[Cr]
j

ICr]
55%

The attack by the acyclic carbanion is stereospecific and
gives rise to the exo-product only.

It has been shown 1 1 5 that, in the presence of an alkoxy-
group in the benzene ring, there is a possibility of the selec-
tive formation of α-carbanions in the m-position, while
ρ-alkyl groups are inert:

+HCHO-

Me

[Cr]

βθ

[Cr] 8% [Cr] CH.OH
53%

These features are responsible for the successful regio- ar
stereo-specific addition of formaldehyde and alkyl halides to
alicyclic compounds, especially oestrogens. 1 1 5 » U 6

The interaction of [ 6-0-t-butyl(dimethyl)silylcodeine]ChT<
and {3,6-bis[t-butyl(dimethyl)silyl]morphine}ChTC with
(Me3Si)2NNa and Mel leads to 10(S)-methyl derivatives. On
subsequent decomposition of the complex with pyridine and
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desilylation, 10(S)-methylcodeine and 10(S)-methylmorphine
are formed smoothly respectively: 1 1 7

[Cr] ' σ 0 R ' H °

R = R2 = Me, R1 = t-BuMe2Si; R = R1 = t-BuMe2Si, R2 = H.

The presence of a strong electron-accepting1 group in the
aromatic rings of the complexes alters the regioselectivity of
the attack by the aldehyde in the presence of t-BuOK and
activates the alkyl groups. For example, the diol, triol, and
alkenol complexes (LXXIII)-(LXXVI) are formed from the
complexes (LXX)—(LXXII) on reaction with formaldehyde:1 1 8

t-BuO2

t-BuO2C

t-BuO2C t-BuO2C

(JUCXI) (LZXIU

Γ/ffl),

t-BuO2C

(LXXJII)

a) R = CH2OH
b) R = Me

t-BuO2C t-BuO2C

CH(CH2OH)2

CWCXV) (LXXVQ

The reaction of (toluene)ChTC with t-BuOK in the presence
of diethyl oxalate leads to a stable enol, derived from phenyl-
pyruvic acid, whose structure has been demonstrated by
X-ray diffraction: 1 1 9 ' 1 2 0

/'^"V-Me-MCO.Et),

[Cr]

—CH=C (OH) CO,Et

[Cr]

The α-protons in alkyl-BCT are readily abstracted in the
reaction with t-BuOK in THF and the carbanions formed react
with Mel, 1 2 1 > 1 2 2 diethyl oxalate and benzaldehyde, 1 2 3 and
PhCOCl, m for example:

ICr]

\ .

COPh

(LXV) 56%

The α-metallation of alkyl-BCT by the KH/18-crown-6
ether system has been described.12<*

The α-metallation of certain BCT derivatives is achieved
effectively with the aid of butyl-lithium and in this respect
the ChTC derivatives of alkyl benzyl ethers and alkyl benzyl
sulphides exhibit interesting features. 1 2 5 The a-carbanions
derived from alkyl benzyl ethers and sulphides readily
undergo the Wittig rearrangement, while coordination with
ChTC leads to the possibility of achieving smoothly alkylation
by various agents with formation, after the decomposition of
the complex, of α-substituted benzyl ethers:

[Cr]

The formation of the transient complex between the aromatic
ring and ChTC proved to be useful in the selective synthesis
of 4-substituted 1,2,3,4-tetrahydroisoquinolines, which
exhibit a selective pharmacological activity. 1 2 6 Metallation of
the complex (LXXVII) leads to the substitution of the exo-
hydrogen in the 4-position and the formation of a lithio-
derivative, which is alkylated smoothly by alkyl halides, is
phenylated by (fluorobenzene)ChTC, and reacts with oxodi-
peroxomolybdenumhexamethylphosphoramide (MoOPH) to form
a 4-exo-hydroxylated product:

(LXXVII)

CD3OD

NMe

The coordination of NN-dimethylamphetamine to ChTC sta-
bilises the corresponding benzyl carbanion in relation to the
elimination of the amino-group and makes it possible to carry
out smoothly stereospecific benzyl substitution. 1 2 7

Metallation of the complex (LXXVIII) by n-BuLi at -40 °C
and above leads to the elimination of Me2NH and the formation
of (£-g-methylstyrene)ChTC. However, at -78 °C the anion
formed initially is stable and readily reacts with electrophiles
(Mel, MoOPH, CD3OD) to form derivatives of the complex
(LXXVIII), from which free radicals are readily produced:

OH

1) MoOPH / \ / \ ' M e

is—·Π Υ
κ\

Me Me

iCr] Me Me

(LXXVIII)

1) Mel
2)0,

Me

I

(Tr
,Me

κ\
Me Me

κ%κν: U Aκ κ\
[Cr] Me Me

Me

•Me

l)BoU
2)MeOH

C&OD

,Me

^ Ν

κ\
Me Me

υ A
Me Me

= O,S

A notable feature of the above substitution reactions is their
high stereospecificity.
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The increased acidity of the α-hydrogen atoms in BCT con-
stitutes the basis of the synthesis of certain condensed sys-
tems, modelling natural products, from indanone and tetra-
linone complexes. 1 2 8 ' 1 2 9 Thus the diastereoisomers (LXXIX)
and (LXXX), which exist in equilibrium in acid and basic
media, readily undergo the Michael reaction with methyl vinyl
ketone in the presence of l,5-diazabicyclo[4.3.0]non-5-ene to
form two adducts—the exo-adduct (LXXXI) and the endo-
adduct (LXXXII) in proportions of 13 : 87. The complexes are
able to undergo a base-catalysed cyclisation and compound
(LXXXII) affords mainly (>90%) the products of cyclisation at
the benzyl position, the unsaturated tricyclic system
(LXXXIII) being obtained after dehydration:

The system (LXXXIV) has been obtained analogously from
tetralinone complexes:

Me

[Cr] ο

(LXXXI V)

The, at first sight, anomalous exo-attack by the ketone on
the benzyl position becomes readily explicable from the stand-
point of the activating effect of ChTC on the hydrogen atom in
the α-position. In view of the regioselective activation of
the benzyl CH bond, the stereochemical control of the annela-
tion reaction, and the ease of the regeneration of the arene
ligand from its TC complex, the method is exceptionally use-
ful for the synthesis of various optically active compounds.

V I . STEREOCHEMICAL FEATURES OF ARENECHROMIUM
TRICARBONYLS

The coordination of an arene to ChTC leads to the steric
shielding of one of the sides of the aromatic ligand, which is
the reason for the exo-attack by various agents on this ligand
and for the direct binding of the functional groups with it.

The hydride reduction of (indanone)ChTC, (tetralinone)-
ChTC, 1 3 0 and various (alkylindanone)ChTC (exo and endo-,
a- and β-) 1 3 1~1 3 I f proceeds stereoselectively and leads to the
formation of endo-alcohols. The amount of exo-alcohols did
not exceed 10% in any one instance, amounting to 3% as a rule.
Together with the quantitative decomposition of the complexes,
this property provides an effective pathway to cis- and trans-
indanols, for example:

OH

The reduction with di-isobutylaluminium hydride of the
ketoalcohol (LXXXV), obtained by the reaction of the complex
(LXXXVI) with diethyl-N-trimethylsilylamine in the presence
of toluene-p-sulphonic acid and subsequent cross-aldol con-
densation with paraldehyde, affords only the trans-diol: 1 3 5

[Cr]

/ \
MeO

1) EI.NSIMe,
2) (MeCHO),

TIC],

\/

Ο

(LXXXVI)

[Cr]- | |

MeO

/ \ / \ iso-BujAJH

CHMe

• [ C r ] -

MeO
OH OH

In the absence of the ChTC group, a mixture of the trans-
and cis-diols is formed in proportions of 12 : 88.

When the a- and β-alkyl-substituted benchrotrenylpropionic
acids are cyclised, a definite: regular behaviour is observed—
the amount of exo-isomer increases with increase of the bulk
of the substifuent. The 2-indanone complexes formed can
undergo the exo ^ endo transitions via the intermediate
enolic form: 1 3 1 ' 1 3 2

R

M·
Et

iso-Pr

exo/endo

65/35

SO/20

35/5

I PPA
!2CHCOOH -^-^

R

Me

Et

iso-Pr

t-Bu

exo/endo

48/32

60/40

75/25

95/5

PPA = polyphosphoric acid.

Chiral BCT with functional-group substituents, character-
ised by both planar and central chirality, are of special
interest for asymmetric synthesis. BCT with two different
substituents in the o- or m-positions are chiral and can be

resolved into optical isomers. For example, the resolu-
tion of the racemates of aldehydes has been achieved with a
high yield via their reaction with (S)-(—)-5-(ct-phenylethyl)-
semioxamazide with subsequent chromatography. Acid
hydrolysis results in the quantitative regeneration of the
optically pure aldehydes: 11*1>

CCHNHC0C0NHNH2 •
>

The aldehydes (LXXXVI)-(XC) have been resolved into the
optically pure isomers by this method:

(Y
OMe

[Cr] [Cr]
(LXXXV1I) (LXXXVIII)

OMe

ι Τ
^ Χ Ο Η Ο

[LXXXIX]

MeO
OMe

|

ι ι
[Cr]

(XQ
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The reaction of the optically active aldehyde (LXXXVII)
with ethylmagnesium bromide of perfluoroethyl-lithium gives
rise to alcohols with an enantiomeric excess of 100 and 88%
respectively: lhs

yQH
EtMjB)
*Et,0

E.E. 100%

[Cr]

(+)15-(LXXXVII)

The chiral alcohols obtained were used in the Prelog type
synthesis:

H ? '*'
i

>

o-c

-\-/̂ v. • W%'

5,Me, PrC=C,.Ph

The asymmetric synthesis proceeds with a high enantio-
meric excess (between 85 and 100%); for example, (+)-S-
atrolactonic acid has been obtained by the addition of MeMgl
to the optically pure ketoester and subsequent hydrolysis:

Me,

HOOC/ \ ,

OH

The reduction of a chiral α-ketoester by various reductants
to α-hydroxyesters has been investigated:11*6

^

0s
•Et

'Me

\
Η

A high percentage of asymmetric induction is observed when
"L-selectide" LiBH(Bu-s)3 is used as the reductant (E.E. =
84—90%). Just as high a degree of asymmetric induction has
been obtained in reactions of Grignard reagents with com-
plexes of aromatic Schiff bases (XCI): " 7

/= i-R1 -R1

\
CH—NH

, - R s

+ RMgBr-

R = Me, PhCHj;
R1 = H, Me, OMe, Cl;
R» = H, Me, Et, Ph;
R» = H, Me

When an asymmetric Grignard reagent was allowed to react
with (benzophenone)ChTC and (fluorenone)ChTC, partly
resolved tertiary alcohols were obtained. l l f 8

The formation of complexes with ChTC had led to a simple
and universal method of the synthesis of optically active
benzospirans with a specific chirality from optically active
(l-indanone)ChTC. l l t 9 ' 1 5 0

The condensation of the complex with phthalic monoaldehyde
[o-formylbenzoic acid?] produced a benzylidene complex from
which the endo-benzyl derivative (XCII) was obtained after
esterification and hydrogenation. On alkaline hydrolysis of
the latter, epimerisation at the C(2) atom of the indanone was
observed. Cyclisation of the complexes with polyphosphoric
acid leads to a readily resolvable mixture of diastereoisomeric
spiroindanone complexes—the cis- and trans-isomers of com-
pound (XCIII). Optically active 2,2'-spirobi-indans (XCIV)
were obtained by the decomposition of the complexes to 2,2'-
spirobi-indan-l.l'-diones and subsequent catalytic hydrogen-
ation :
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A cycle of reactions with the optically active complexes (I)
and (II) has been carried out by Jaouen and Meyer. 1 5 1 ' 1 5 2

The racemic compounds (I) and (II) were resolved into their
enantiomers by the fractional crystallisation of the cinchonid-
inium salts of their acid succinates. Optically active indanone
and tetralinone complexes are obtained by oxidising the cor-
responding alcohols with MnO2 and the decomposition of the
complexes of the enantiomers leads to optically active alcohols.

The exo-alkylation of the complexes in the 2-position leads
to the formation of a new asymmetric centre in the system and
creates a convenient preparative method of synthesis of
optically active 2-methylindanones, 2-methyltetralinones, and
the trans-alcohols. The possibility of obtaining the cis-alco-
hols from 2-methyl-endo-ketone complexes has been demon-
strated in principle, although the separation of the exo- and
endo-isomers requires a special technique. The reactions
involved (indanone)ChTC, but all the characteristics are
valid also for (tetralinone)ChTC: 1 5 1 ' 1 5 2

Taking into account the stereospecificity of the exo-attack
by Grignard reagents on (indanone)ChTC and (tetralinone )-
ChTC, 1 5 3 this method was used successfully to obtain opti-
cally active tertiary alcohols of the indan and tetralin series:

VII. OTHER REACTIONS

The reaction of vinyl-BCT with carbanions opens up wide
prospects for organic synthesis. 1 5 1 t It has been shown that a
fairly large set of nucleophiles add to the β-position of the
H6-styrene ligand with formation of benzyl anions capable of
being protonated or of reacting with electrophiles.151* Decom-
position of the complex leads to the formation of benzyl anions
capable of being protonated or of reacting with electrophiles.151*
Decomposition of the complex leads to the formation of arenes
with functional-group substituents:

R 1

R1 = H, Me, SEt; R = CMe2CN, CMe2CO2Bu-t, Bu, Ph, Me, etc;
Ε - Η + M«!l, MeCOCl, PhSSHh; H 2 -H,Me, M.CO. PIS

•Me [o]

E - H * Mel, PhCOCi: R » H , Me, PhCO

The application of BCT to the synthesis of 11-deoxyanthra-
cyclinones, exhibiting an anti-cancer activity, has been
described. 1 5 5 The method is based on the characteristic fea-
tures of the addition of the carbanion to alkenyl-BCT and on
the re gioselectivity of the metallation of the coordinated
methoxyarene:

Among the practical aspects of the application of the BCT,
mention should be made of their use as catalysts of the
hydrogenation of dienes and polyenes 1 5 6 ' 1 5 7 and as a label in
molecular biology. 1 5 8" 1 6 0

On reaction with aldehydes and ketones, benchrotrenyl-
sulphonium ylides form mixtures of an oxiran and an olefin,
while purely organic sulphonium ylides produce only oxirans
in this reaction: 1 6 1

/ V-S
I

(Cr]

t-BuOK,
DMSO
20° C

• Ar2C=CHj+Ar,C—-CHj
\ /

Ο

Preliminary results on the activating effect of the formation
of complexes with ChTC on the oxidation of diphenylmethane
to benzophenone have been published. 1 6 2 Whereas diphenyl-
methane is not oxidised by KO2 in dimethyl sulphoxide, the
complexes (Ph2CH2)Cr(CO)3 and (Ph 2CH 2)[Cr(CO) 3] 2 are con-
verted into benzophenone in 59 and 63% yields respectively.

A general method has been proposed for the oxidation of
benchrotrenylcarbinols to aldehydes without the removal of
ChTC, in 55-75% yield: 1 6 3

CHjOH
Ac2O/DMSO
25° C, 1 — 2 h"1

CHO

[Cr] [Cr]

Mono- and bis-(trimethylsilyl)-BCT readily enter into
reactions with aldehydes and ketones catalysed by t-BuOK or
CsF, forming products of addition to the C=O groups:1 6 < f

The electrochemical reduction of (benzophenone)ChTC,
(benzophenone)(ChTC)2, and (fluorenone)ChTC in the
presence of 1,3-dibromopropane165 and acetic or benzoic
anhydride 1 6 6 has been recommended for the synthesis of
diphenylmethyl derivatives.



698 Russian Chemical Reviews, 56 (7), 1987 •

The reaction involving ring expansion in the aromatic ligand
in alkylbenchrotrenes on treatment with PhCH2Cl and lithium
di-isopropylamide is of in teres t : 1 6 7

According to X-ray diffraction data, the phenyl group has
the endo-orientation. The reaction has been extended to
Ph2CHCl and CH2=CHCH2C1.
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I . INTRODUCTION

Many compounds with anisotropic layered structures (typi-
cal representatives of which are graphite and transition metal
dichalcogenides), in which the bonding forces between the
species within the layer are much stronger than between the
layers, are able to form compounds of a new type as a result
of the insertion of various substances in the interlayer space.
Among compounds of this kind, those of graphite occupy the
principal place, which is in many respects due to the possi-
bility of their extensive application in various fields.

Many substances (metals, alloys, metal halides, oxides,
acids, etc.) capable of being inserted in the graphite lattice
with formation of new compounds are now known. However,
despite the fact that the synthesis of such compounds was
described as early as the first half of the past century, their
systematic investigation began only about 40 years ago and
such research has developed on a wide scale only in the last
25 years.

We may note that hitherto there has been no single termi-
nology in the naming of compounds of this kind. Thus in
the Soviet literature they are usually referred to as layered
compounds of graphite, graphite interstitial compounds,
graphite occlusion compounds, graphite clathrate compounds,
graphite intercalation compounds, intercalated graphites, or
simply graphitides. In foreign literature they are called
"graphite intercalation compounds", "graphite lamellar com-
pounds", intercalated graphites", and "graphitides", although
according to the recommendations of the latest International
Conference on these compounds1 it is recommended that the
term "graphite intercalation compounds" (abbreviated to
GICs) be used.

We shall henceforth employ mainly the term "graphite lay-
ered compounds" (GLC), because in our view it emphasises
the layered character of the structure of these compounds.
The term "graphite interstitial compound" (GISC) appears to
be less apt, since the term "interstitial phases" is usually
employed, for example in the metallurgical literature, for the
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designation of completely different substances. The term
"graphitides" can be applied only to compounds of graphite
with metals or alloys, because it emphasises the difference
between compounds of this class and the carbides and acety-
lides of the corresponding metals.

As mentioned above, the growing interest in GLC is in
many respects due to the constantly expanding fields of their
practical application. Thus GLC catalyse various processes
(for example, the synthesis of ammonia, artificial diamonds,
e t c . 2 ' 3 ) ; they are good conductors of electricity and can be
used as cathodic materials in chemical current generators.1*
The use of GLC in systems designed for the storage of
"thermal" energy, 5 as additives for the improvement of the
physicomechanical properties of certain types of abrasive
materials and powdered alloyed steels, and also as the raw
material for the preparation of a new variety of carbon mate-
rials with regulated physicochemical properties, the so-called
thermally cleaved graphite, 6 is promising. The increasing
interest in GLC is indicated by the establishment in the USA
of the Intercal Company specialising in the practical applica-
tion of these compounds.

In order to be able to predict the behaviour of GLC under
operating conditions and for the optimisation of their prepara-
tion processes, it is essential to have information about their
physicochemical properties. Such information also makes it
possible to understand the nature and characteristic features
of the interspecies interaction in GLC, which is of consider-
able practical interest. However, hitherto there have been
comparatively few data in the literature on the thermodynamic
properties, compressibilities, thermal expansion, and thermal
stability of GLC; 7 " 2 7 some of the individual properties of the
GLC listed above have been subjected to a critical examination
in early review publications. 2 8" 3 5

In recent years there has been a sharp growth of studies
of the properties of GLC (see, for example, Refs.36—42).
Regular international conferences on GLC are being held and
the international scientific journal "Synthetic Metals", spe-
cialising to a large extent in the publication of data on GLC,
has been organised. Numerous papers presenting the results
of studies on certain physicochemical properties of GLC have
been published.

The aim of the present review is to give a systematic criti-
cal account and a survey of the literature data of recent
years obtained in studies of the heat capacities enthalpies of
formation, the influence of high pressure on the properties,
thermal expansion, and thermal stabilities of GLC.

I I . THERMODYNAMIC PROPERTIES

Hitherto there have been few systematic studies designed to
determine experimentally the thermodynamic properties of
GLCt (see, for example, Refs.7-13), although in recent
years several attempts have been made to carry out such
investigations by a calorimetric method.

The heat capacity Cp of the lithium graphitide C6Li has
been investigated1*3 in the range 4-300 Κ and a small anomaly
was observed in the heat capacity at ~200 Κ which, according

tDepending on how many carbon layers separate two near-
est layers of the intercalant, GLC are subdivided into com-
pounds with stage 1, stage 2, etc. intercalation.1 Depending
on the degree of filling of the intercalant, GLC are subdivi-
ded into saturated (with the limiting content of the adduct)
and unsaturated (for which the content of the adduct is less
than the limiting value).

to the authors,1*3 can be related to a structural phase trans-
formation of the compound. The heat capacities of GLC with
bromine, containing 0.5, 2.2, and 9.6 at.% of bromine, have
been measured in the temperature range 1.5-6 Κ and the
electronic component of the heat capacity as well as the Debye
temperatures were calculated ,1*1* It was shown that the bro-
mine atoms are insignificantly ionised (~1%) in all the GLC.

With the aid of differential scanning calorimetry (DSC), Wu
and Vogel1*5 investigated stage 1 GLC with antimony penta-
fluoride in the range 4.2-300 K; a phase transformation of
the "order—disorder" type was observed near 185 K. Unfor-
tunately the above authors'*5 do not quote either the composi-
tion of the GLC investigated or any numerical values of its
thermodynamic functions. The heat capacities Cp and mag-
netic susceptibilities of the GLC C6.2FeCl3, C1 7FeCl3, and
C11>3NiCl2 have been measured.1*6 An anomalous behaviour of
the heat capacities of the compounds was observed in the
vicinity of 4, 1.7, and 20 Κ respectively and the authors'*6

attributed them to the occurrence in the compounds investi-
gated of transitions to states of the "spin glass" type. In
the study of stage 2 GLC with NiCl2, Suzuki et al.1*7 observed
two regions of anomalous behaviour of the magnetic suscepti-
bility at 18.0 and 21.3 K. However, heat capacity measure-
ments revealed an anomaly only in the vicinity of the second
temperature but no appreciable changes in heat capacity were
observed at the first temperature. Murakami et a l . 5 1 inves-
tigated stage 2 GLC with CoCl2 and observed two magnetic
transitions at 8.0 and 9.1 K. The temperature variation of
the heat capacity of this compound revealed an anomaly only
at the second temperature.

A low-temperature DSC study of GLC with titanium(IV)1*8

and tin(IV)1*9 chlorides showed* that the decomposition of the
compound with TiCl4 is observed at 247 ± 1 Κ (the melting
point of TiCl4 is T m = 249 K1*8) and that of the compound with
SnCl,, occurs at 237 + 1 Κ (T m = 240 Κ for SnCl4 "*9) regard-
less of the stage of the compound, i.e. the GLC decompose at
temperatures close to the melting points of the intercalants.
A DSC study of the products of the reduction of GLC with
SnCli, by potassium showed50 that the enthalpy of decomposi-
tion of the compounds (with fusion of the intercalated tin) is
close to the enthalpy of fusion of pure tin, which indicates a
weak interaction of the latter with the graphite lattice.
Unfortunately none of the past studies'*8"5 0 quote numerical
values of Cp for the GLC.

A DSC investigation of the Cp of the unsaturated stage 1
GLC C32SbCl lf<7

 5 2 revealed a phase transition to the vitreous
state at 210 Κ; on the other hand, the transition did not
occur for the saturated stage 1 compound. In a DSC study
of the stage 1 GLC C8Cs, Ubbelohde and Drummond53 observed
a phase transformation at ~250 Κ whose form depended to a
large extent on the type of graphite used for the synthesis.
They also estimated the enthalpy and entropy of the observed
phase transformation, amounting to ~111.7 J g-atom"1 and
0.4 J g-atom"1 K"1 respectively.

Suematsu et al.51* investigated the heat capacity of the
graphitide C2^Rb below room temperature and observed four
anomalies in the heat capacity at 48, 103, 162, and 210-220 K,
which are associated with phase (including structural) trans-
formations. However, no numerical values of the corre-
sponding thermodynamic functions are quoted in the above
study.51* The heat capacity of the stage 1 compound C1OA1.
.Cl3 # 3 has been investigated by DSC in the range 120-300 K55

and an anomaly has been found in Cp near 226 Κ, associated
with a transformation of the "order—disorder" type, whose
enthalpy was 900 + 50 J mol"1, which is within the same limits
as for other GLC; the entropy of this transformation has
been estimated as 4.0 + 0.5 J mol"1 K"1 (Fig . l ) . However,
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no anomalies have been observed in the experimental temper-
ature range for stage 4 GLC with A1C13 of the type C5OA1.
π s s

•C i3.3-

intercalated component are sterically unhindered. Account
should also be taken of the different methods of synthesis of
the compounds by Skoropanov and co-workers 5 8 ' 5 9 and
Solozhenko et a l . 5 6 and also of the differences in the type of
graphite matrix.

LO

0.5

• t» «··**·

WO 200 300 7, Κ

Figure 1. Temperature variation of the heat capacity of the
compound C 1 0 A l C l 3 i 3 . 5 5

The heat capacities of the compound C 6FeCl 3 (stage 1) and
C 1 2 FeCl 3 (stage 2) have been measured 5 6 by the DSC method
in the range 298-570 Κ with an e r r o r of ±2.8%; the temper-
ature dependence of the heat capacity (J mol" 1 K" 1 ) of the
compounds investigated is described by the equations

= 141.7+0.037Γ

C,(C12FeCI3) = 176.0+0.2777".

We may note t h a t , according to a number of d a t a , 2 7 ' 5 7 6 1 the
decomposition of the GLC with FeCl3 begins at -573 Κ to which
should correspond an anomalous change in Cp near 573 K.
However, the a u t h o r s 5 6 observed no anomalies in the Cp(T)
relation. Such discrepancy between the data of different
investigations can be explained, in part icular, by the differ-
ent methods of synthesis of the compounds and the different
composition and type of graphite used in the synthesis .

The heat capacities of GLC with certain 3d metal chlorides,
namely C ^ C u C ^ (stage 1), C 6 . 3 5 CuCl 2 (stage 1) , C 7 > 7 3 CuCl 2

(stage 1 with an admixture of stage 2 ) , 6 2 ' 6 3 C6.97CoCl2

(stage 1) , C 1 6 # 8CoCl 2 (stage 2 ) , 6 3 C 7 . 7FeCl 3 (stage l ) , 5 8 · 5 9

Cn.eaFeClj (stage 2 ) , 5 8 C 1 6 . 2 NiCl 2 (stage 2 ) , and C 5 . 5 - 6 . 5 .
.MnCl2 (stage I ) , 6 1 * have been i n v e s t i g a t e d 5 8 ' 5 9 ' 6 2 " 6 4 by the
triple thermal bridge method (with an error i 3%). The
experimental results are presented in Figs.2 and 3. Least
squares treatment of the results yielded the coefficients a,
b, and c in the equations relating the heat capacities of the
GLC investigated to temperature (Table 1) . For the com-
pounds C 7 . 7 FeCl 3 , Cllme3FeCl3, and C 5 < 5 _ 6 . 5 -MnCl 2 , the
authors 5 8 > 5 9 > 6 1 f observed anomalies in the heat capacity with
maxima at 455 ± 5, 445 + 5, and 450 + 2 Κ respectively, asso-
ciated with reversible solid-phase transformations of the
GLC. The enthalpies of the above transformations were
found to be 0.13 + 0.03 kJ mol" 1 , 2.78 + 0.41 kJ mol" 1 , and
1.33 J g " 1 .

We may note that no anomalies in the heat capacities of the
saturated GLC with F e C l 3 , having the compositions C 6FeCl 3

and C 1 2 FeCl 3 > have been o b s e r v e d . 5 6 One of the causes of
the discrepancy between the result of the studies of
Skoropanov and co-workers 5 8 ' 5 9 and Solozhenko et a l . 5 6 for
the GLC C 7 . 7 FeCl 3 and C 6FeCl 3 may be the fact t h a t , as in
the case of the GLC with S b C l 5 , 5 2 in the unsaturated com-
pound, in contrast to saturated compounds, the transition
within the layer involving a change in the s t r u c t u r e of the

360

Ϊ* 300
ο

180
J50 too V50 500 550

7IK

Figure 2. Temperature variation of the heat capacity of the
GLC with FeCl 3 : 5 8 ' 5 9 ' 6 2 ~ 6 1 f 1) stage 1; 2) stage 2.

0.90

0.80

070

350 U50 500 550 600

Figure 3. Temperature variation of the heat capacity of the
compound C5,5_6.5MnCl2.

6lt

The enthalpy of the reaction

16Cgraphite(cryst.) + Br2(liq) £ Ci6±0.3Br2(cryst.)

has been determined at 308.0 ± 0.5 K65 and the enthalpy of
formation of the compound C 1 6 ± 0 - 3 Br 2 has been calculated as
-16.43 + 0.76 kJ mol"1.

On the basis of isobaric-thermoanalytical studies,
Solozhenko et a l . 5 6 calculated the standard enthalpies of for-*
mation of stage 1 and stage 2 GLC with FeCl3:

AHj,nt (C,FeCl,) = - (491 ± 13) kJ mor1;

Δ/tf», (QjFeCl,) = — (456 ±10) kJ mo!'1.
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I I I . THE INFLUENCE OF HIGH PRESSURES

The study of GLC at high pressures is of considerable theo-
retical and practical interest, especially in connection with the
possibility of employing GLC in the synthesis of artifician dia-
monds.3 However, the majority of studies have been devoted
to the investigation of the influence of pressure on the elec-
tronic or electrical properties of GLC and also on their struc-
ture. At the same time data on the compressibilities and
phase transformations of GLC under the influence of high
pressures are of significant interest.

Table 1. The coefficients a, b , and c in the equation for the
temperature variation of the heat capacity: C p (kJ mol"1 K"1) =
α + l(T 3 bT + ιο 6

0 Γ~ 2 . 5 8 ' 5 9 > 6 2 ~ 6 1 *

Compound

C4>..CuCl,
C, ,,CuCl,
C7 7,CuCU
C,,,,CoCl,
«VeCoCl,
C7 , FeCl,
Cx,.,NiCl,·

a

104.729
72.9829

190.694
130.236
244.854

—157.539
0.721254

—0.323501
0.969003

b

95.1342
121.622

—37.0157
97.2574

209.482
815.818

0.561208
2,18667
0.0680034

e

-2.01471
1.00163

-5.68839
—2.23586
-8.54369

7.94588
-0.0226657

0.0315135
-00426992

T,K··

350—550
370—520
370—500
350—600
350—600
350—410
350—600
350—400
480-600

•For C 1 6 2 N i C l 2 and C5.5-6 # 5lVInCl2, Cp w a s e x p r e s s e d in J

g-i if-i. for Cs^-ksMnC^, the coefficients a, b , and c were
calculated by ourselves from the data of Petrov et al.61*
••Temperature range.

Table 2, The compressibilities of the GLC with HNO3 and
SbCU. 6 6 ' 6 7

Compound

Graphite
GLC with HNO3
GLC with SbCl5

Stage

2.9£0.3
5,0±0.7
2.0±0.5

0,l±0.3
0.0±0.3
0.0±0.5

Notation: Kc = ( d / d ) / c and Ka = (da/dp)a, where a and
c are the unit cell parameters and ρ is the pressure.

Thus the influence of hydrostatic pressure up to 0.8 GPa
on the properties of GLC with HNO3 (stage 3) and SbCl5

(stage 2) has been investigated.6 6*6 7 Table 2 presents the
compressibilities along the c and α axes for the test com-
pounds as well as the graphite from which the GLC have been
synthesised. It is seen from the Table that the compressi-
bility along the c axis for the GLC with HNO3 is greater by a
factor of -1.7 than for the initial graphite, while the com-
pressibility along the α axis is much smaller in both cases
than along the c axis. At the same time, the pressure
dependence of the electrical resistance of the GLC with HNO3

shows an anomaly at 0.5 GPa, which can be related, according
to the authors,6 6»6 7 to a structural transition of the compound
(however, the nature of this transition is not explained 6 6 ' 6 7).

Unfortunately the exact compositions of the compounds inves-
tigated are not given in the two studies. 6 6 · 6 7

The compounds C8Cs and C36Cs have been investigated by
X-ray diffraction at a high hydrostatic pressure (up to 1.2
GPa) and room temperature. 6 8 The compressibility of C8Cs
along the c axis was determined as Kc = (dc/dp) p = 0 /c =
(1.57 + 0.05) x 10~12 cm2 dyn" 1 , which is much less than the
corresponding values for the compounds C8K (2.1 χ 10~12 cm2

dyn" 1 ) and C8Rb (2.25 χ 10"1 2 cm2 d y n " 1 ) . The greater
"rigidity" of the caesium compound compared with the analo-
gous potassium and rubidium compounds implies, according to
the authors, 6 8 that in this GLC there is marked overlapping
of the wavefunctions of the 6S electrons of caesium and the π
electrons of graphite along the c axis. No pressure-initiated
structural transformation was observed for the compound
C8Cs. A reversible phase transformation (with formation of
a stage 4GLC), i .e. a transformation with a change in the stage
index of the GLC, was observed6 8 in the compound C 3 6 C S .

The potassium graphitide C8K (stage 3) has been studied by
neutron diffraction69 at hydrostatic pressures up to 2 GPa.
A reversible phase transition was observed in the pressure
range 1.5—1.9 GPa, which leads to the formation of GLC with
a non-integral stage index (3/2).

The behaviour of the graphitides C8M and C12nM (M = Rb
or Cs; η = 2, 3, 4) has been investigated with the aid of
X-ray diffraction and changes in Raman spectra at hydro-
static pressures up to 1 GPa. 7 0 Pressure-initiated phase
transformations with a change in stage index, characterised
by reversibility, hysteresis, and a dependence on the nature
of the specimen, were observed for all the GLC with η £ 2.
The following transitions were noted: GLC (stage 2) -»• GLC
(stage 3); GLC (stage 3) -»• GLC (stage 4) +GLC (stage 5);
GLC (stage 4) -»• GLC (stage 4) + GLC (stage 5) -»• GLC
(stage 6). It was also observed that the pressure of the
transition involving a change in stage index is higher for
C21|Cs than for C2IfK and C21>Rb, which implies, according to
the authors, 7 0 that the repulsive intralamellar interactions
are more intense for caesium than for potassium and rubidium
(possibly as a consequence of the greater size of the caesium
ions). In addition, the compressibilities Κ4 = (9d/9p)p=o/do
where d is the packing thickness at a pressure ρ and d0 the
packing thickness at ρ = 0) of the compounds C8Cs and CeRb
were measured as (1.56 + 0.05) χ 10"12 and (2.42 + 0.12) χ 10"1 2

cm2 dyn" 1 respectively [Kd = (2.73 + 0.09) χ 10~12 cm2 dyn" 1 for
the initial graphite and Krf = (2.13 + 0.09) χ 10"12 cm2 dyn"1 for
the analogous potassium compound C 8K].

The compressibility of the stage 1 graphitide C^KHg has
been measured along the c axis 7 1 and has been found to be
(4.4 ± 0.1) χ 10"1 2 ctnMyn"1, which is approximately twice as
large as for the analogous stage 1 GLC C8K, i .e. the com-
pound CuKHg is much "softer" in the direction of the c axis
than C8K. According to Kim et al., 7 1 the ternary compound
can therefore allow a significant decrease of volume without
the formation of ultradense islands of the intercalant and also
"corridors", which is the driving force of the pressure-ini-
tiated transformations with change of stage index in the com-
pound C8K.

The stage 1 GLC C6Li has been investigated by NMR at
232 and 293 Κ and external pressures ρ £ 0.5 GPa. 7 2 It was
shown that the quadrupole interaction constant for the
graphitide is independent of temperature, but increases lin-
early (at a rate of 1.5 kHz bar" 1 ) with increase of pressure.
The degree of charge transfer to each carbon atom estimated
by the authors 7 2 was -e/12, which agrees with the results of
band calculations. The compressibility of the compound
C6Li along the c axis, estimated in the above s tudy, 7 2 was
Kc = 1.7 χ 10" 1 2 cm2 dyn" 1 , which agrees with the analogous
values for the graphitides C8M (M = K, Rb, or Cs).
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A thermodynamic model permitting a satisfactory explana-
tion of, in particular, transitions involving a change in stage
index under the influence of high pressure by the formation
of GLC with a non-integral stage index at high pressures,
and also certain other experimental effects in alkali metal
graphitides has been proposed. 7 S

A phase transition with a change (non-multiple) in the
stage index from two to three has been observed by studying
the Shubnikov-de Haas effect for the stage 2 GLC C16ICI at
room temperature and a hydrostatic pressure of -1.2 GPa.71*
A characteristic feature of this transition was a monotonic (in
all probability non-threshold as regards pressure) increase
of the content of stage 3 regions (having the composition
C21(ICI) and a decrease of the content of the stage 2 regions
(having the composition C1 6ICI) with retention of the single
crystal nature of the corresponding regions. This transition
was explained71* on the basis of the domain model of the GLC.

The influence of high hydrostatic pressures (up to 2.2 GPa)
on the electrical properties of the graphitides C^KHg (stage 1)
and also C9KHg and C8RbHg (stage 2) has been investigated.75"77

Transitions to the superconducting state were observed at
atmospheric pressure and temperatures of 1.88 and 1.41 Κ for
the stage 2 GLC C8KHg and C8RbHg respectively. The
application of hydrostatic pressure lowers the temperature of
the transition to the superconducting state at rates of-6.3 χ
10~5 and -5.3 χ 10"5 Κ bar" 1 for the potassium and rubidium
compounds respectively.7 7

Results of measurements of the pressure dependence of the
temperatures of the transition to the superconducting state
for the graphitides CMHg and CgMHg (Μ = Κ or Rb) as well
as the compounds C^KCl lt5, C8K, and C2i,K have been sur-
veyed and discussed. 7 8 " 8 0 It was shown that the electrons
in the intercalant zone and not those in the graphite zone
play the main role in the superconductivity of materials of
the given class and that the two-dimensional anisotropy of
the properties of the GLC investigated is important under
these conditions.

The influence (at room temperature) of solid-phase pres-
sures (up to 8.5 GPa) on a series of GLC with d elements and
their chlorides has been investigated8 1 and it has been shown
that the structures of the compounds investigated do not
undergo appreciable changes after their treatment at a pres-
sure up to 8.5 GPa.

We may note that in all the studies discussed above, the
influence of high pressures on the properties of various GLC
was investigated at room temperature or below room tempera-
ture, while the behaviour of the GLC at high pressures and
temperatures was not considered, although such data are
extremely important and necessary, in particular, in con-
sidering the possibilities of the synthesis of artificial dia-
monds from GLC. The behaviour of a stage 1 GLC with
FeCl3 has been investigated under the conditions of quasi-
hydrostatic pressures (2-8 GPa) and high temperatures (up
to 2000 K) in only one study. 8 2 It was shown that at Τ <
700 Κ the test compound undergoes no changes over the
entire experimental pressure range, but it does decompose as
the temperature rises with formation of a mixture of higher
stage GLC and iron(II) and iron(III) chlorides. On the
other hand, the formation of diamonds from the GLC investi-
gated was not observed under the experimental conditions.82

IV. THERMAL EXPANSION

The coefficients of thermal expansion (CTE), whose knowl-
edge is especially necessary when the possibility of obtaining
artificial diamonds from the corresponding GLC is considered,
have been determined in recent years for certain GLC.

The CTE have been measured along the α and c axes in
certain alkali metal graphitides by X-ray diffraction in the
temperature range 10-300 κ.8 3 '8 1* It was shown that the
thermal expansion along the c axis depends greatly on the
density of the arrangement of alkali metal atoms in the inter-
planar spaces within the GLC and also on the stage index of
the compound, being greatest ίν,χ- the potassium graphitide
C8K. It has also been observed that the thermal expansion
along the a axis of the potassium compounds C8K and ϋ2ι,Κ
and also of the highly oriented pyrolytic graphite is negative
in the experimental temperature range. The results obtained8 3 'm

are listed in Table 3.

Table 3. The coefficients of thermal expansion along the α
(α, ) and c (αχ) axes of graphite and the GLC with alkali
metals.83'81*

Compound

Graphite

C,K
CMK
Ο,,κ
C,Rb
C«Rb
C,Cs

α ι; · №. №-'

0.20
0.40
0.40

—
—
—

τ, κ

200-280
170—285
165—280

—
—
—
—

Ο ι ·10\ Κ"1

2.4+0.4
4.5+0.8
3.6±0.4
3.0±0.6
3.0+0.7
3.3+0.5
2.a-t-0.6

τ. Κ

200-300
250-3^0
250-300
230-300
250—300
240-300
240-300

Table 4. The coefficients of thermal expansion of the GLC
with sulphuric acid and of graphite. 6 5

Stage index*

1
2
3
4
Graphite

106α, K 1

83-173 Κ

48.1+.1.1
37.8+.0.2
30.7±0.8
27,6±1.4

19.14

223-303 Κ

64,7+jl. 1
72.3 ±2.9
55.3+0.8
47.7+1.4

25.6

*Only the stage indices of the compounds are indicated in the
original communication, but their chemical compositions are
not given.

The temperature variation of the repeat period of the GLC
with sulphuric acid having four stage indices (from 1 to 4)
has been measured by X-ray diffraction in the temperature
range 83-303 K.8 5 For all the compounds, an anomalous
thermal expansion was observed at temperatures from 173 to
213 K, its value gradually diminishing (from 0.097 A for the
stage 1 compound to 0.040 λ for the stage 4 compound). The
coefficients of linear thermal expansion α for all the GLC
investigated, which proved to be 1.5—3 times greater than
the corresponding values for the initial graphite, have been
published8 5 for two temperature ranges (83-173 and 223 to
303 K). Some of the data obtained8 5 are compiled in Table 4
(we may note that, unfortunately, the above communication85

contains no information about the chemical composition of the
test compounds, which to some extent hinders the interpreta-
tion of the results).

Vangelisti et al.8 8 determined by X-ray diffraction the value
of o^ for the stage 1 GLC with A1C13 and GaCl3 and highly
oriented pyrolytic graphite and obtained a x (K"1) = 38.0 χ 10~6
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(in the range -0-300 K), 29.4 χ 10~6 in the range -0-100 Κ),
and 26.5 χ 10"6 (in the range -100-300 K).

The structure of the stage 2 GLC C1 1 # 3NiCl2 m l 3 has been
investigated by neutron diffraction and it was found that,
when the temperature is raised from 5 to 300 K, the repeat
period along the c axis increases by 0.078 A compared with
the analogous value (0.071 λ) for the stage 1 GLC with FeCl3.
The authors 8 7 found that at room temperature the CTE of the
compound C u . 3 NiCl 2 . 1 3 is -4 χ 10~5 Κ"1.

ΔΙ/. .w

3

50

uoo 600 800 Τ, Κ

Figure 4. Temperature variation of the relative elongation in
the axial direction (Δ1/Ιο) of pressed cylindrical specimens of
the graphite from the Zaval'evsk deposit (curve 1), cobalt
(curve 2) and (curve 3) dichlorides, and the compounds
C9.5CuCl (curve 4), C6,97CoCl2 (curve 5), C6 # 3 5CuCl2 (curve 6),
C1 6.8CoCl2 (curve 7), and C7#7FeCl3 (curve 8) on heating
(curves 1-8) and cooling (curve 9). 58>59.63,8β,β9

Table 5. The coefficients of thermal expansion (a) of cer-
tain GLC with metal chlor ids . 5 8 ' 5 9 ' 6 3 ' 8 8 · 8 9

Compound

C,,MCuCl,
ditto

>
»

C4.,,CoCl,
ditto

ο,,,,α,α,
ditto

C,_sCuC!
ditto

C7j7FeCl,
ditto

Stage

1
1
1
1

1
1
1

2
2

1
1
1

1
1

e l » , K-1

9.9
13.5
70,0
19,7

11.7
26.5
8.0

10.2
31.1

7.2
14.0
1.5

20.7
66.7

Τ. Κ

290—440
450-520
530—590
600-820

290-540
550-590
600-800

300—580
590—820

300-370
380-715
725—820

310-540
560-640

We may note that the above studies 8 3 " 8 7 were performed
below room temperature and that CTE data in the range above
room temperature appeared for the GLC only recently. The
results of studies of the characteristic features of the thermal

expansion at temperatures up to 820 Κ for pressed cylindrical
specimens of certain GLC (obtained using graphite from the
Zaval'evsk deposit) with cobalt(II), copper(II), copper(I),
and iron(III) chlorides have been published 5 8 ' 5 9 · 6 3 ' 8 8 ' 8 9 and
are summariesed in Fig. 4 and Table 5. It is shown that the
CTE of the GLC are significantly greater than for the corre-
sponding graphite—salt mixtures, depend on the type of
intercalated salt and the stage index of the GLC and are
characterised by anisotropy and the possibility of hysteresis.
It has been shown63 that the application of cyclic cold pres-
sing (up to 0.2 GPa) in the formation of cylindrical specimens
of the GLC with Co(Cu)Cl2 leads to an increase of the linear
CTE and that the influence of such pressing on the stage 1
and 2 GLC is tentative (Fig.5). With increase of the number
of the "heating to 523 K-cooling to 300 K-pressing of the
specimen until attainment of the initial dimensions" cycle, the
linear CTE of the stage 1 GLC diminishes and that of the
stage 2 compound increases.

U00 BOD T,K

Figure 5. The influence of the previous thermal and baric
history on the thermal expansion of the GLC with CoCl2:6 3

1), 2), 4), and 6) heating; 3), 5), 7), and 8) cooling; 1),
3), 6), and 7) C6.97CoCl2; 2), 4), 5), and 8) C16,8CoCl2;
"heating—cooling": 6) and 7), 4) and 6) the second and sub-
sequent cycles; "heating-cooling-pressing": 1) and 3), 2)
and 8) the fourth cycle.

It has also been established that the process involving the
removal from the test compounds of the intercalated compo-
nents is superimposed on their thermal expansion proper,
which in the case of the stage 1 GLC with FeCl3 at a tempera-
ture in excess of 660 Κ leads to the complete breakdown of
the initial form of the test specimen.58*59 It has been sug-
gested that the marked increase in the size of the specimen
on heating to 820 Κ for the stage 2 GLC with CoCl2 compared
with the stage 1 compound is probably caused by the prefer-
ential alteration of the distances between the carbon networks
of the graphite skeleton (in the regions where there is no
intercalated component) in the stage 2 GLC as a consequence
of the decrease of the electron density caused by the donor-
acceptor interaction between the carbon layers and the cobalt
chloride (the carbon layers function as electron donors),
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while the distance between the carbon layers and the salt in
the GLC with CoCl2 corresponding to both stage indices
increases to a lesser extent.

V. THERMAL STABILITY

Despite the great practical value of data on the thermal
stability of GLC, for the majority of them (even for the com-
pounds with FeCl3 which have been most thoroughly char-
acterised from this s tandpoint 2 0 " 2 7 ) , the question of their
behaviour on heating has not been finally solved.

The behaviour of GLC with homogeneous (1) and mixed
(1 + 2) stage indices having the composition graphite +
FeCl3_y (where 0 uy £ 1) on heating has been investigated
by Raman spectroscopy9 0 and it was found that after the
compounds had been kept at 648 Κ, a fraction of the stage 3
compound appeared. The increase of y (i .e. of the fraction
of intercalated FeCl2) after heating was also confirmed by
measuring the Mossbauer effects.

An isobaric thermoanalytical investigation of the decomposition
processes in nitrogen, helium, and argon atmospheres of GLC
with FeCl3 corresponding to stage 1 (C6FeCl3) and 2 (C12FeCl3)
has been carried out in the temperature range 298-750 Κ and in
the pressure range 10-700 mmHg.56 It was shown that the ther-
mal decomposition of these compounds takes place in steps.
Thus at a low pressure the stage 1 compound decomposed in
two steps:

GLC (stage 1) -* GLC (stage 2);
GLC (stage 2) -> graphite + FeCl3.

At higher pressures the thermograms showed a single peak
which the authors assigned5 6 to the process

GLC (stage 1) -»• graphite + FeCl3.

We may note that the formation of GLC with FeCl2 or FeCl2

was not observed5 6 in the decomposition of the compounds
investigated, which conflicts with the results of other
s t u d i e s . 2 2 ' 2 " ' 5 7 - 6 0 · 9 0

In a DSC study of GLC with titanium(IV) and tin(IV)
chlorides corresponding to different stage indices showed
that, regardless of composition, these compounds decompose
below room temperature—near the melting point of the corre-
sponding pure intercalated component (249 Κ for TiCl,, and
240 Κ for SnCLJ." 8 '" 9

The behaviour of the stage 2 GLC with aluminium bromide,
having the composition C20>8AlBr3 5 , has been investigated by
differential thermogravimetric analysis (heating to 1173 Κ at a
rate of 10 Κ min"1 in an atmosphere of dry nitrogen and a
pressure of 105 Pa) (Fig.6). 9 1 The specimen lost mass in
three stages: 1) initially (at 343—473 K) the excess bromine
was probably lost (weight loss 7%); 2) next there was a
stepwise transition from the stage 2 compound to one corre-
sponding in terms of its composition to stage 6 (at 693 Κ the
weight loss was 38.5% and the rate of decomposition slowed
down sharply); 3) on further heating to 1173 K, the weight
loss reached 43—47% (on the other hand in the case of the
complete decomposition of the substance, the weight loss of
the specimen should be 55%). The authors explained this 9 1

by the low rate of desorption of the GLC decomposition prod-
ucts, the relatively short decomposition time, and also the
formation of a residual graphite compound.

The thermal behaviour of the graphitides Ci,KHg and
C,KT11#5 has been studied 9 2 and proved to be significantly
different for the two compounds. Thus the melting points
of the pure alloys and the alloys intercalated in graphite and
having the same composition were found to be 449 for KHg,
-673 Κ for KHg in C ^ H g , -593 Κ for Κ Τ Ι ^ , and -603 Κ for
KT11#5 in C^KT11#5. This enabled the authors 9 2 to assume, in

conformity with crystallographic data, that the interaction
between the layers of the intercalated "alloy" and the neigh-
bouring layers of the graphite is much weaker for thallium
compounds than for mercury compounds.

am/at

Figure 6.
• AlBr3.5:
DTA.9 1

Thermal analysis curves for the compound C2 0.
1) weight loss by the specimens; 2) DTA; 3)

The results of an investigation of GLC with metal fluorides
having the compositions C9F(MgF2) 0 - O e , C 1 1F(MgF 2) o a^, and
C11F(A1F3)O.O9 and also of the graphite fluoride (C 2 F) n by
differential'thermal analysis in air have been published.9 3

Starting from 463 K, a broad exothermic peak was observed
for the compounds Cx(MgF2)y (the decrease of the weight of
the specimen began at the same temperatures). For the com-
pound C11F(A1F3)O-O9, the broad exothermic peak began at
503 K. The authors did not elucidate the nature of these
peaks. 9 3 The peaks near 1103 K, which were observed for
all three compounds, were assigned to the oxidation reaction
of the graphite residue. For the graphite fluoride, two
exothermic peaks were noted at 846 and 970 K, the first cor-
responding to the decomposition of the compound and the
second to the oxidation of the residual carbon.

The decomposition in air of mixed GLC with uranium hexa-
fluoride and Freon 113, having the composition C n [UF 6 .
. (Freon 113)], has been investigated by thermogravimetric
analysis.91* It was found that the ternary compound decom-
posed in four stages: (1) at 313-473 K; (2) at 448-523 K;
(3) at 473-723 K; (4) at 703-988 K. The graphite fluorina-
tion products with intercalated UF6 molecules are obtained in
the first three decomposition stages (analogous products are
formed on thermal decomposition of the GLC with UF6) and
uranium is not removed from the compound. During the
fourth (exothermic) stage, the residual Freon is evolved with
simultaneous loss of carbon, which is proportional to the
uranium content. The amount of Freon in the initial GLC
and the intermediate products of their decomposition is not
correlated with the uranium content but is proportional to the
amount of graphite. In the most stable intermediates, formed
after the third decomposition stage, there are approximately
12 carbon atoms per Freon 113 molecule.

The removal of ammonia from the ternary GLC C12M(NH3)2

(where Μ = lithium, sodium , potassium , rubidium , caesium ,
calcium, strontium or barium) has been investigated by
chemical analysis and X-ray diffraction.9 5 In terms of their
behaviour as regards the elimination of ammonia, the GLC
were classified95 in three groups: (1) GLC with caesium and
rubidium, from which the entire ammonia is removed; (2)
GLC with sodium and potassium, which also evolve most of the
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ammonia and are themselves converted into new GLC; (3)
GLC with lithium and alkaline earth metals, which give rise
to amides on decomposition and the decomposition process
itself is extremely complex.

It has been shown96 that the graphite compounds C2F.yEFn.
. zR of a new type, which have the cage structure (the mole-
cules of the fluoride in them are, as it were, located in cages
formed by the carbon layers and fluorine atoms), exhibit a
fairly high (in our view) thermal stability (up to 573-673 K).
It has been established by differential thermal analysis (DTA)
that the compound C2F.0.35BrF3.0.17SnF l t decomposes at
553-623 Κ in several stages (although the stages themselves
have not been described). It has been shown98 that the
GLC C10>3MoF6 is stable up to 523 Κ and the compound C 5 3 i 7 .
.WF6 is stable up to 503 K, both GLC decomposing on heating
to 823 Κ with formation of pure graphite.

Studies on the graphite compounds (CF 0 9 7 .0.05HSO 3F) n and
(CF1,23_125)m showed99 that their thermal stability depends
both on the type of the initial graphite and on the conditions
under which the compounds are obtained, varying in the
range from 533 to 733 K. It has been shown with the aid of
DTA1 0 0 that, on heating to 373 K, hydrogen fluoride is
evolved endothermically from the compound CjjF.yNO5.zHF,
while in the temperature range 623—673 Κ the complete exo-
thermic decomposition of the compound takes place. The
thermal stability of the compounds [ C x F v ( N H 2 ) z ] n and C^F^..
.CLy.zN2Olf has been investigated1 0 1 ana it has been shown
that the graphite aminofluorides are thermally stable up to
373 K, and that their decomposition involves the formation of
carbon, nitrogen, and hydrogen fluoride. When the com-
pound Ca.FyCly.zN2Olt is heated to temperatures in the region
of ~473 K, NO2 is evolved into the gas phase (but the compo-
sition of the solid residue was not indicated). A definite
correlation has been observed1 0 2 between the thermal stability
of graphite fluorides (according to DTA data) and the inter-
planar spacing in these compounds: the temperatures of the
onset of decomposition are higher for compounds with a smaller
interplanar spacing.

In a study of the thermal stability of the graphite oxide
fluoride C8O 0 8 F 3 > 6 , 1 0 3 two exothermic effects were observed
on the derivatogram: at 453 Κ (this peak is characteristic of
oxygen—containing graphite compounds) and at 673 Κ (graph-
ite fluorides normally decompose in this temperature range).
The mass spectrum of the gaseous decomposition products of
the compound revealed the presence of the ion CF+, CF 2 ,
CFij, COF^, CO + , and CO 2. The thermal stability of GLC
with metal fluorides having the composition C8MoF5, C 2 2 . 9 .
.NbF 5, and C 1 3 # 6TaF 5 has been investigated101* and it has been
shown that the compound C8MoF5 decomposes in the tempera-
ture range 443-608 K. The decomposition is accompanied by
a large number of superimposed exothermic and endothermic
effects, which can be explained, according to the authors,10"
by the disproportionation of the intercalated M0F5. In the
decomposition of other GLC, a smooth weight loss was
observed in the temperature ranges 673-763 Κ (for C22.9.
.NbF5) and 563-683 Κ (for C 1 3 . 6 TaF 5 ); in this case there
was apparently no disproportionation of NbF5 and TaF 5 .

Lisitsa et a l . 1 0 5 investigated the amino-derivatives of
graphite C 3O(NH 2) 1. 3 and C3(NH)i.3 and found that the for-
mer compound is almost fully converted into volatile products
in the region of 673 Κ in an inert atmosphere. According to
mass-spectrometric data, the compound C 8(NH) 1 # 3 is stable
up to 573 K, decomposing in the region of 773 Κ with evolu-
tion of gaseous hydrogen cyanide, ammonia, and hydrogen.
It has been demonstrated by 1 9 F NMR106 that reversible dis-
proportionation of CIF3 with formation of C1F and C1F5 takes
place within the crystal structure of the compound C3 % 6 5.

carbon fluorides (CF^.^, it has been shown1 0 7 that, depend-
ing on the fluorine content and the conditions in the prelimi-
nary treatment of the specimens, the temperature of the
onset of their decomposition is in the range 543—653 Κ and
the maximum rate of decomposition is attained at temperatures
in the range 753-833 K. A relation between the structure of
the initial carbon material and the thermal stability of fluoro-
carbon materials has also been noted in another investiga-
t ion; 1 0 8 fluorination of materials with a more ideal structure
yielded specimens with a lower thermal stability.

700 7, Κ

ifOO 500

Figure 7. DTA (I), DTG (II) , and TG (III) curves for
C7%7FeCl3 (curves 1, 3, and 5a) and C11#83FeCl3 (curves 2, 4,

•F2.17Clo.it2· With the aid of derivatographic studies of the

and 5b) in vacua (curves 1 and 2), in air (curves 3a and 4a),
in argon (curves 3b and 4b), and in a sealed tube (curve 5),
the specimens (30 mg) having particle sizes £0.25 mm curves 1,
2a, and 2b) and 0.25—0.5 mm (curves lb and 2b), at heating
rates of 1 Κ min"1 (curves 2b and 2c) and 5 Κ min"1

(curves 1, 2a, and 3—5) α is the degree of conversion of
the specimen).58»59
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The thermal decomposition of the compound C 1 6 # 1BrF 9 # 3 has
been studied1 0 9 with heating at a rate of 10 Κ min"1 in argon and
with the specimen kept for 1 h in nitrogen at 513, 573, and
713 K. It was shown that the decomposition takes place
stepwise. Processes involving the oxidative fluorination of
the graphite skeleton and leading to the expansion of the lat-
tice in the direction of the c axis take place in the first stage.
The new phase is formed in the second stage (at 713 Κ and
above) and decomposes destructively at 833-863 Κ and above
with formation of gaseous fluoro-derivatives of carbon having
unsaturated and saturated compositions110 and also an amor-
phous carbon residue.

Table 6. The energy characteristics (the apparent activa-
tion energies Ea, the enthalpies AH, and the entropies AS) of
the solid-phase transformations and the enthalpies of thermal
decomposition along the section E—F (Δ//*) in the thermo-
stimulated processes in GLC. 5 7 " 6 0 ' 1 1 1 " 1 1 1 »

Compound

(stage 1)

C,i7FeCl,
(stage 1)

C.i.«FeCl.
(stage 2)

-C..S.CUC1,

(stage 1)

•C,.nCuClt

(stage 1
and 2)

Medium

sealed tube
air (argon)
vacuum

sealed tube
vacuum

sealed tube
air (argon)
vacuum

vacuum

sealed tube
air (argon)
vacuum

Ea, kJ mol"1

section
C-D

4,4±0.7

12.2±1.8

-

-

section
E-F

26±4

32.4±4.2

23±1

29±2

Solid phase transformations

ΔΗ, kJ mol"1

0.13±0.03

2,7S±0.41

-

-

AS,
1 mol-1 K"1

-

0.3±0.1

6.1±1.2

-

-

AH*
kJ mol"1

14.4
85
93

. -

19.5
94

106

-

75
115
170

Note. The sections are indicated in Fig. 8 and have been
assigned to definite thermoinitiated processes.

found that the stage 2 GLC have a somewhat higher thermal
stability than the stage 1 compounds, but that their main
thermal degradation occurs approximately within the same
temperature limits as for the pure salts, which indicates a
low strength of the bond between the layers of the graphite
matrix and the intercalated component. On passing from
GLC to LCCF, the thermal stability of the compounds falls
somewhat, being lower for the LCCF based on a cellulose
hydrate than for the LCCF based on PAN (cf.Figs.9 and 11).
It was established that, when the GLC with FeCl3 is heated to
800 K, FeCl3 ... # from them at Γ > 370 Κ (section C-D in
Fig. 8), while at higher temperatures FeCl3 dissociates in the
interplanar space within the graphite skeleton into FeCl2 and
in Cl2 with formation of a GLC with FeCl2 and the removal of
Cl2 (section E—F in Fig. 8). This conclusion agrees with
other data 2 2 ' 2 1 *' 9 0 ' 1 1 6 ' 1 1 7 but conflicts with the results of
Solozhenko et al . 5 6 The possible causes of the discrepancies
between the two sets of data in Refs.57-60 and 56 may be, in
particular, different experimental conditions, different type
and degree of dispersion of the initial graphite, etc.

V.fl

15.0

16 Π

17.0

',3

Fa

-

-

7.0 2.9

ι I

\

\ A

Figure 8. A typical form of the dependence of In α - 21η Τ
on 1/Γ for the linear pyrolysis in vacuo of the GLC with
FeCl3 used 5 8 ' 5 9 to estimate the apparent activation energies.

A number of studies 5 7 " 6 0 ' 1 1 1 " 1 1 "* have been devoted to the
investigation of the kinetics, thermodynamics, and mechanism
of the pyrolysis of GLC and layered compounds of carbon
fibres (LCCF) with iron(III), copper(II), and other metal
chlorides by dynamic thermogravimetric measurements (TG),
quantitative DTA combined with X-ray diffraction and chemi-
cal analysis, time of flight mass spectrometry, and Mossbauer
spectroscopy. It was shown that the GLC with CuCl2 (FeCl3)
begin to undergo thermal decomposition at relatively low tem-
peratures (460-500 and 320-350 Κ respectively) and that the
physicochemical parameters of the linear pyrolysis depend on
a number of experimental factors: the degree of dispersion
of the GLC particles, the mass of the sample, the rate of
heating of the specimens, the gaseous environment (vacuum,
inert gas, air), the external pressure, and the nature of the
carbon matrix [Zaval'evsk graphite, carbon fibres based on
cellulose hydrate, polyacrylonitrile (PAN), etc.] (Figs.7—11
and Table 6). When the GLC are heated, hydrogen chloride
and water, present in the materials (at the defects in the
graphite skeleton and at the edge molecules of the intercalated
chlorides) by virtue of the methodological features of the
synthesis, 1 1 5 are removed initially (section A—B in Fig.8 cor-
responds to this process for the GLC with FeCl3). It was

Several studies of the properties of LCCF have been pub-
lished in recent years. Oshima et a l . 1 1 8 obtained LCCF with
CuCl2, consisting of a mixture of stage 1 and 2 compounds,
and demonstrated by electrical resistivity measurements that
the LCCF with CuCl2 are stable in air up to 450 K.

The compounds formed on interaction of gaseous fluorine
and lithium fluoride with graphite materials of different nature
(natural and pyrolytic graphite as well as carbon fibres) and
having the composition CxF(IAF)y (where χ and y are 9-13
and 0.1—0.002 respectively for graphite) have been investi-
gated by X-ray diffraction, 1 9 F NMR, thermogravimetric
analysis (TGA), and conductimetric measurements. n 9 The
thermal stability in air was a maximum for the compounds
obtained from carbon fibres: the LCCF decomposed at 680 Κ
(a decrease in mass and an endothermic reaction were recorded
at this temperature), while the compounds based on natural
graphite decomposed at 537 K. We may note that, after

#Misprint in Russian text (Translator).
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prolonged exposure to air at room temperature, the specimens
obtained from carbon fibres underwent reversible changes
(manifested, in particular, by a decrease of their resistivity).

uoo

Figure 9. TGE curves for CuCl2 (curve 1) and LCCF with
CuCl2 based on viscose (curves 2 and 5) and PAN (curves
3^6) and the compound C6.35CuCl2 (curve 4) in vacuo (curves
1—4) and in air (curves 5 and 6); α is the degree of decom-
position of the test specimen; heating rate 5 Κ min~ 2 . 1 1 2

-ΔΤ

U00 600 BOO WOO T,K

Figure 10. DTA curve for CuCl2 (curves 1 and 2), the com-
pound C6,35CuCl2 (curves 3 and 4), and the LCCF with CuCl2

[based on viscose (curves 5 and 7) and PAN (curve β):] in
vacuo (curves 2, 4, and 5), in argon (curves 1, 3, and 6),
and in air (curve 7); heating rate 5 Κ min" 1 . 1 1 2

By measuring the temperature variation of the resistivity of
LCCF with FeCl3 and CuCl2 (4 < Τ < 600 Κ), Endo et al . 1 2 0

showed that the desorption of the intercalated component from
the compound is not observed up to ~513 Κ (for CuCl2) and
613 Κ (for FeCl3). It was also found that both LCCF are
stable in air. A LCCF with potassium has been synthesised121

and its electrical properties have been investigated. The

authors 1 2 1 established the formation of compounds with dif-
ferent stage indices in the case of the LCCF and also found
that the LCCF with potassium undergo the same phase trans-
formations as the layered compouds of potassium with syn-
thetic graphite, although the transition temperature and the
rate of transformation can differ for different materials.

Οί, %

150
time, min

Figure 11. Dependence of the degree of decomposition (a, %)
of specimens of the LCCF with CuCl2 based on viscose (curves
1, 2, 5, and 6) and the compound C6.35CuCl2 (curves 3 and 4)
on the duration of their heat treament in vacuo at different
temperature (K): 1) 523; 2) 548; 3) and 5) 573; 4) and 6)
623. 1 1 2

The intercalation of certain strong acceptors (AsF5, SbF5,
SO 3, and HSO3F) and their mixtures in carbon fibres and the
electrical properties of the resulting LCCF have been stud-
ied. 1 2 2 It was shown that the LCCF with AsF5, enclosed in a
Teflon envelope, retained their thermal stability up to 373 K.
Natarajan et a l . 1 2 3 investigated the electrical properties of
LCCF with IC1, Br 2, and CuCl2 and showed that the LCCF
with CuCl2, which are stable in air, retain their themal sta-
bility up to 373 K. Dziemianowicz and Forman121f investigated
the properties of LCCF with certain acceptors (nitric acid,
A1C13, and FeCl3). It was noted that both chlorides form
LCCF with different stage indices. In contrast to the data
of Endo et al., 1 2 0 Dziemianowicz and Forman12If noted that the
LCCF with AICI3 and FeCl3 are extremely unstable in air (they
are rapidly and irreversibly hydrated and drying of the
hydrated product does not lead to the reformation of the ini-
tial LCCF).

In the above studies the compounds were investigated under
the usual pressure. Solozhenko and Kalashnikov82 investi-
gated the behaviour of GLC with FeCl3 at high pressures (2 to
8 GPa) and temperatures (300-2000 K) showed that the
observed decomposition reactions of the stage 1 compound
can be described by means of the scheme

GLC with FeCl3 (stage 1) -> GLC with FeCl3 (higher stages) + FeCl3

1 IT
FeCl3 + C(graphite) FeCl2 + O.5C12.

As was in fact suggested by the authors, 8 2 the decomposition
of the GLC with FeCl3 at high static pressures and tempera-
tures then proceeds via a qualitatively different mechanism
than in the case of high dynamic pressures.
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We may note that, according to a number of data, 6 1 ' 1 2 5 ' 1 2 6

the removal of the intercalated components of the GLC does
not necessarily require heating and has been observed for a
number of compounds even at room temperature. Thus
Hwang et a l . 1 2 5 investigated the behaviour of the stage 1
compound C8Cs, whilst it was maintained in vacua (10~9mmHg,
room temperature) for a week. It was shown that caesium is
removed from the GLC, which leads to the appearance of a
multiphase structure in which the size of the domains is ~1 μπι.
By measuring the Mossbauer effect, it was demonstrated1 2 6

that, after prolonged (up to 1 year) exposure to air of the
specimens of the GLC with FeCl3 corresponding to stage
indices, the following phenomena were observed: an appre-
ciable decrease of the iron content [and hence of iron(III)
chloride] in the specimens; in the case of the specimens con-
taining a certain number of vacancies, FeCl3 was converted
into the FeCl^ ions; after the formation of the FeCl^ ions,
the GLC specimens with individual stage indices were con-
verted into disordered substances.

60

ifO

20

η

_

-

ι ι '
373 573 773 973 1173 T,K

Figure 12. TGA curves for the GLC with FeCl3: a) freshly
prepared; b) after storage in air; c) after storage (the
maximum weight loss for the stage 1 GLC is 65%).61

An extensive study of the behaviour of the GLC with FeCl2

and FeCl3 under different conditions (in particular, during
storage, heating, and treatment with water and various sol-
vents) has been carried out 6 1 by the gravimetric, X-ray dif-
fraction, electron microscope, and Mossbauer spectroscopic
methods61 (Fig. 12). Two main types of processes were
observed: a gradual conversion of the initial compound into
GLC with higher stage indices or direct removal of the com-
ponent intercalated in the graphite skeleton. A mechanism
of the possible reactions occurring when the GLC are kept in
air for a long time (up to 40 days) was put forward61 and it
was shown that the products of the decomposition of the com-
pound are iron(II) and iron(III) chloride hydrates and oxide
hydrates, disordered graphite, etc.

—oOo—

It is seen from the results presented above that, despite
the apparently large number of data on the physicochemical
properties of GLC which have been published in recent years,
there are no systematic data of this kind for the majority of
the compounds.

A future systematic study of the physicochemical properties
of GLC over a wide range of temperatures and pressures will
be necessary and it will be desirable to carry out a simulta-
neous combined study of various properties on identical
specimens, since it has been demonstrated that many proper-
ties of GLC depend on the previous history of the specimens
(in particular, on the duration and conditions of their stor-
age). The latter factor makes it necessary to approach the
comparison of data obtained by different investigators with
much caution and makes it essential to take into account the
form of the graphite matrix in the compound.

Unfortunately, there are very few data on the thermophys-
ical and thermodynamic properties of GLC, the need for which
(especially for accurate data) is great. It is desirable that
the relevant communications should present the results of the
chemical analysis of the compounds (and should not simply
indicate the stage index of the GLC, as is being done at the
present time in many investigations), because certain prop-
erties of GLC depend on whether the given compound is satu-
rated or unsaturated. The lack of information about the for-
mula composition of the test substances frequently makes it
difficult to both interpret the data obtained and to compare
the results of different investigations with one another. The
accumulation of reliable data on the physicochemical proper-
ties of GLC will permit further progress in the elucidation of
the relation between their structure and properties.
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Nitroxy-radicals in the Liquid-phase Oxidation Reactions of Organic
Compounds

S.A.Maslov and G.E.Zaikov

The review is devoted to the mechanism of the action of stable nitroxy-radicals in liquid-phase oxidation reactions of organic
compounds. The chemical reactions which take place with participation of nitroxy-radicals are examined and their kinetic
parameters are presented. The causes of the high inhibition coefficients and the possible ways of regenerating the nitroxy-
radicals from their reaction products are discussed. The phenomenon of the selective inhibition of polymerisation processes
accompanying oxidation is described and the conditions necessary for selective inhibition and the possibility of using nitroxy-
radicals for this purpose are discussed.
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I . INTRODUCTION

Stable nitroxy-groups are nowadays finding increasing
application in various branches of scientific research and
in industrial practice. In particular, they are used as sta-
bilisers in the storage of organic substances, as spin labels
and paramagnetic probes in molecular biophysics, and as
acceptors and counters of free radicals in the study of the
mechanisms of chemical reactions. Numerous data concerning
the ways of preparation, properties, and applications of
nitroxy-radicals have been published.1-7 The principal
characteristic of nitroxy-radicals, which distinguishes them
from other stable organic radicals, is the absence of delocal-
isation of the unpaired electron. l j8

One of the causes of the great interest shown in nitroxy-
radicals is that they are effective stabilisers of the oxidative
degradation and photodegradation of polymers, in the first
place polyolefins. 9~20 The characteristic features of the
action of nitroxy-radicals as UV-stabilisers of polymeric
materials have been examined in detail,11'1'* but much less
attention has been devoted to problems of their antioxidant
stabilisation. It is known that many processes occurring in
polymers can be successfully investigated using simpler
reactions with participation of low-molecular-weight sub-
stances, for example, monomers, as models. The study of
the mechanism of the action of nitroxy-radicals in the
oxidation of monomers is of interest also from this point of
view. The criteria of the applicability of such monomeric
models to the solution of problems in the field of the degrada-
tion and stabilisation of polymers have been formulated.9'21"23

This review is devoted to the action of nitroxy-radicals in
the liquid-phase oxidation reactions of monomeric organic
compounds which make it possible to obtain many important
products of organic synthesis. Fairly numerous interesting
results exist in this field but hitherto they have not been
surveyed or described systematically. The review deals with
the principal experimental data obtained in the study of the
reactions of nitroxy-radicals in chain oxidation processes
during the last 20—25 years, i .e. virtually since the incep-
tion of this field of research. This led to a number of
generalisations and certain mathematical relations describing
the action of nitroxy-radicals in oxidation systems are given.

I I . CHEMICAL REACTIONS WITH PARTICIPATION OF
NITROXY-RADICALS Itf OXIDATION REACTIONS OF
ORGANIC COMPOUNDS

Stable nitroxy-radicals are able to inhibit radical chain pro-
cesses. The inhibiting effect of nitroxy-radicals is due to
the fact that they are able to enter into reactions, involving
the saturation of the valence, with other species having an
unpaired electron, in particular with free organic radicals
propagating the oxidation chain.

For an oxidative chain reaction, it is possible to determine
even from concentration relations which of the radicals, the
alkyl radical R' or the peroxy-radical RO2, participates in
chain termination ( i .e . in recombination by adding to the
nitroxy-radical). If the chain of oxidation depends on the
partial pressure of O2 in the system, this means that the
radicals R" are responsible for the chain termination. When
the rate of reaction is independent of the oxygen content, the
RO2 radicals are responsible for chain termination. Another
way of determining the nature of the termination consists in
the identification of the termination product by chemical and
spectroscopic methods.

It has been established unambiguously that heterocyclic and
aliphatict nitroxy-radicals, in particular radicals of the
piperidine series having the general formula ( I ) , react solely
with the alkyl radicals R* and do not interact with the peroxy-
radicals RO2.

2,2,6,6-Tetramethylpiperidin-
1-yloxy-radical

(11)

Diphenylnitroxy-radical

t All these non-aromatic radicals will henceforth be
referred to for brevity simply as heterocyclic radicals.
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4-Methyl-2-spirocyclohexyl-
3,4,2' ,3 '-tetrahy drofurano-
1,2,3,4-tetrahydroquinolin-l-xyloxy-radical

i·
(IV)

3-Carbamoyl-2,2,5,5-tetra-
methylpyrrolidin-1 -yloxy-radical

>ςχ
(v)

2,2,5,5-Tetramethylpyrrolin-
1-yloxy-radical

2,2,5,5-Tetramethyl-4-phenyl-
3-oxoimidazolin-1 -yloxy-radical

This was demonstrated in the oxidation of ethylbenzene, 21*'25

polyethylene and polypropylene,2 6 and cumene and cyclohexyl
methyl ether, 2 7 in the radiolysis of organic compounds, 2 8 ' 2 9

and in the decomposition of azoisobutyrodinitrile.3 0 It has
been established that, in the radiolysis of water, 3 1 the
nitroxy-radicals (VI) of the imidazoline series react with Η
atoms and with a hydrated electron but do not react with the
HO"2 radical. Fig. l illustrates the reactivity of heterocyclic
nitroxy-radicals. It is seen that, in an atmosphere of oxygen,
where the RO2 radicals propagate the oxidation chain, the
nitroxy-radical (I) is not consumed in the oxidation of ethyl-
benzene. The stationary concentration of the RO2 radicals,
characterised by the chemiluminescence intensity ( i/I 0 ) , then
also remains unchanged.

In the oxidation of many compounds, especially aromatic
hydrocarbons, the stationary concentration of peroxy-radicals
is much higher than the concentration of the alkyl radicals R',
as a result of which the heterocyclic nitroxy-radicals cannot
be effective inhibitors of such reactions. On the other hand,
in the oxidation of olefins characterised by relatively high
concentrations of the radical R', the inhibition of the reaction
by heterocyclic nitroxy-radicals has been observed. As an
illustration, Fig.2 presents the kinetic curves for the liquid-
phase oxidation of hex-1-ene inhibited by a nitroxy-radical
of type ( I ) . 3 2 An analogous picture has been observed in
the oxidation of β-carotene (a polyene). 3 3

The interaction of heterocyclic nitroxy-radicals with alkyl
radicals results in the formation of the corresponding
hydroxylamine ethers: 29'31*~36

- + R'

The disproportionation reaction is also possible:

hydrogen atoms in the a-position, a decomposition reaction
can occur, 3 7 ' 3 8 for example:

^NO-CH-R

CH,

+ R-CH=CH, .

In an acid aqueous medium, hydroxylamine ethers are capable
of being deprotonated and of dissociating: 2 9

^>NOR + H + -» - N H O R ;

-SjHOR ^ ^>NOR 4- H^, .

The pKQ for the equilibrium depends on the nature of the
radical R and the nitroxy-radical.

BO 60 100
t, min

Figure 1. The time (t) variation of the concentration of type
(I) nitroxy-radicals (c) in ethylbenzene at 60 °C with the
solution bubbled with air (line 1) and helium (line 2) and
variation of the relative intensity of chemiluminescence (line
3) under the same conditions for the solution bubbled with
a i r . 2 5

c,U

0 2 1 6 8 12 13 t,h

Figure 2. Kinetic curves for the consumption of hex-1-ene
during its oxidation with air in acetone (145 °C, 50 a t m ) : 3 2

1) without inhibitor; 2) in the presence of 3 χ 10~3 Μ
4-hydroxy derivative of the radical ( I) ; 3) in the presence
of 5.2 χ 10"1* Μ 4-hydroxy derivative of the radical ( I ) .

-f /* + olefin.

According to Berger et a l . , 3 0 the ratio kjt>/ka = 0.21 for the
nitroxy-radical (I) and the radicals (C 6H 5) 20(CH 3) and does
not change over the range 60—80 °C. In the presence of

Aromatic nitroxy-radicals, for example, the radicals (II) of the
diphenylamine series, can react not only with the radicals
R" but also with ROj. Nitroxy-radicals of type (II) can
exist in two forms: 3 9 ·" 0
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/-\_N=</=~Y and f~\
- \ _ / \ H ' y

O"
(Ha)

to
0"
(lib)

The radicals RO2 are destroyed with participation of the
mesomeric form (Ha), which can be represented as follows:21*'39

I

ο- o-
This reaction is accompanied by the irreversible consumption
of the nitroxy-radical via the mechanism:

1
o-

OOR

= 0 + RO·. (1)

o·
/ \—NO2

It has been suggested1*1 that the nitroxy-radical (II) inter-
acts with the ROO radical as follows:

\ NO· + C n H 2 n + 1 O ; + Ο, ( 2 )

When cumene is heated in the absence of oxygen but in the
presence of an initiator, namely azobisisobutyrodinitrile
(AIBN), the aromatic nitroxy-radical (II) reacts with the
radicals R', forming a hydroxylamine ether, as in the reac-
tion involving heterocyclic nitroxy-radicals.

According to Lobanova and co-workers, 1*2>1*3 the spiran
nitroxy-radical (III) also interacts not only with alkyl but
also with peroxy-radicals. The quinone-nitrone formed in
the latter case does not react further with RO2» but functions
as an acceptor of alkyl radicals:

The nitroxy-radical (III) is capable of reacting also with
alkoxy-radicals RO", but the product formed has not been
identified. On the other hand, it does not react with
phenoxy-radicals.

The reactions of nitroxy-radicals with other free radicals,
formed in the oxidation of alcohols and amines, are distin-
guished by certain characteristic features. Both "alkyl" and
peroxy-radicals derived from alcohols and amines can be
destroyed by any nitroxy-radicals1*1"1*5 and the reaction
product is not an ether but the corresponding hydroxylamine
itself:

NNOH
(3)

While the alcohol is converted into a carbonyl compound, the
amine is converted into a Schiff base:

( 4 )

Reactions of types (3) and (4) have been observed in an inert
atmosphere for different heterocyclic nitroxy-radicals and
the nitroxy-radical (II). The interaction of heterocyclic
nitroxy-radicals with the peroxy-radicals formed in the
oxidation of secondary and tertiary aliphatic amines has been
described.1*5'1*6 The peroxy-radicals are destroyed via the
reaction:

—NH—COO' +
I

O2

717

( 5 )

The inhibition of the oxidation reactions can be achieved not
only by the addition of complete nitroxy-radicals but also as
a result of the introduction into the oxidation system of
primary and secondary amines, which are capable of being
converted into nitroxy-radicals under these conditions. lt7~'*9

Thus in the presence of diphenylamine the following reactions
take place:

(C,H5),NH +

(CeH5)2 N· +

-f ROOH

1, NO' + RO" .

( 6 )

( 7 )

Nitroxy-radicals are usually not formed in the oxidation of
tertiary amines.1*7 The oxidation reactions of tertiary amines
derived from indoline are an exception. 5 0

In the oxidation of cumene, k^ = 6 χ 103 litre mol""1 s"1 at
57 °C " 1 and kc = 4 χ 101* litre mor 1 s"1 at 65 °C. 3 0 At the
same temperature, k^ > kc according to Berger et al. 3 0

According to the data of Howard and Wiles, 5 1 the abstraction
of a hydrogen atom from secondary aliphatic amines is much
slower than the abstraction from aromatic amines.

Nitroxy-biradicals exhibit fundamentally the same inhibiting
properties as the monoradicals. According to Brownlie and
Ingold5 2and Ruban et al., 5 3the inhibition reaction is preceded
by the decomposition of the biradical into the two correspond-
ing monoradicals. The question of the reactivity of the
nitroxy-biradicals and njtroxy-polyradicals has been dis-
cussed in detail. 2 Nitroxy-radicals can be introduced into
the reaction also in an immobilised form. Thus polystyrene
containing t-butylnitroxy-groups (one^>NO' group per 250 to

300 monomer units) is an effective inhibitor of radical reac-
tions .51*

Taking into account the ability of nitroxy-radicals to
interact with alkyl radicals, it is to be expected that they
inhibit not only oxidation reactions but also other radical
processes. Indeed they behave as inhibitors of polymerisa-
tion, especially of chloroprene, acrylates and methacrylates,
vinyl monomers, styrene,' etc. 1 ' 5 1 *' 5 5

I I I . KINETIC CHARACTERISTICS OF NITROXY-RADICALS
AS ANTIOXIDANTS

In order to be able to discuss the kinetic parameters char-
acterising the inhibiting capacity of nitroxy-radicals, we shall
make use of the general mechanism of the oxidation processes
accompanied by polymerisation in the presence of nitroxy-
radicals. This scheme is based on the available published
experimental data:

Scheme 1

R· + o, -4- RO; ,

RO' + R H 4 - ROOH + R' ,

ROOH X RO·. OH, RO; ,

R· + R· X molecular products ,

R* + ROJ -t- molecular products,

ROJ + RÔ  ̂  molecular products,

RO; + ̂ >N

O\ + ^NOR^ N

X ROOR + ̂

molecular products

NO] or̂ Ο, ,

+ RH

(0)

(1)
(2)
(3)
(4)
(5)
(6)
(7)

(8)

(9)

(10)

(11)
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When the compound being oxidised contains C=C double bonds
or when an unsaturated compound Μ is added to a saturated
substance undergoing oxidation, the mechanism must be sup-
plemented by the following reactions:

NNO* + Μ' -5· molecular products,

>̂ΝΟ· + Μ ^ - Μ· ,

Μ· + Ο,̂ ί-MOJ ,

MOg "τ* Μ -^- Μ*

ΜΟ* + Άθ\ 5̂- molecular products.

(12)

(13)

(14)

(15)

(16)

Here R' is an alkyl radical,^ NO' the nitroxy-radical, and

Μ the olefin molecule.
Apart from the usual reactions characteristic of the non-

inhibited chain oxidation process, 5 8 the scheme includes
stages involving the destruction of free radicals by the
nitroxy-radical [reactions (7), (9), (10), and (12)] and the
regeneration of the nitroxy-radicals from their reaction prod-
ucts [reaction (8 )] . Reactions (11) and (13) refer to the
initiation of free radical chains by the nitroxy-radicals as a result
of their addition to the double bond or the abstraction of a
hydrogen atom from the molecule of the organic substrate.
All these reactions will be discussed in greater detail below.

The efficiency of nitroxy-radicals as oxidation inhibitors
can be characterised very approximately by measuring the
induction period. Naturally, when different nitroxy-radicals
are compared, the determination must be carried out with
identical amounts of the inhibitor and under the same experi-
mental conditions. In particular, by measuring the induction
periods, it has been established that nitroxy-radicals derived
from quinoline and carboline are less effective inhibitors of
the oxidation of polypropylene and of the oxidative degrada-
tion of polyformaldehyde than the nitroxy-radicals of type
( I ) . 5 7 The antioxidant efficiencies of 15 nitroxy-radicals
having different structures have been characterised55 from
the induction periods in the oxidation of polypropylene. It
is of interest that the induction period in the oxidation of
polypropylene55'58 continues even after the apparent con-
sumption of the nitroxy-radicals , i.e. after the disappearance
of the corresponding EPR signal. One can therefore assume
that in certain systems the nitroxy-radical behaves as an
inhibitor even at very low stationary concentrations in the
system—below the sensitivity limit of the EPR method.

The inhibiting capacity of nitroxy-radicals is characterised
much more accurately by the rate constants for the elementary
stages of the inhibition process. When alkyl radicals are
destroyed by a nitroxy-radical, the rate constant k7 or the
ratio ki/k7 is usually determined.25'27'51 The rate constants
k10 for type (II) nitroxy-radicals have been measured in the
oxidation of ethylbenzene and styrene. The study of the
inhibited oxidation of alcohols and amines yielded the com-
binations of rate constants kio/k\l2 for nitroxy-radicals of
different structure. The rate constant k10 refers in this
instance to a disproportionation reaction of type (5) and not
to the recombination of radicals.

A novel method of characterising nitroxy-radicals as
inhibitors has been proposed.5 9 In contrast to the traditional
approach requiring the comparison of the rates of chain
propagation [reaction (1)] and chain termination by the
nitroxy-radical [reaction (7)] in Scheme 1, here the rates
of chain termination were compared in the presence and
absence of the nitroxy-radical. An expression was then
obtained for the minimum concentration of the nitroxy-radical
necessary for the inhibition of the oxidation of the organic
compound RH:

I \ N n l >. * ' r WtRt '"t1 .
(8)

where Wo is the rate of chain initiation in reaction (0) in
Scheme 1.

Table 1. Kinetic parameters of the reactions of nitroxy-
radicals with organic free radicals (the designations corre-
spond to the numbering of the reactions in Scheme 1 and to
the numbering of the nitroxy-radicals—see the beginning of
the review).

Source of hydrocarbon
radicals Nitroxy-radical

Value of
parameter

Styrene

Polystyrene
Styrene

"

Methylacrylate
Methyl methacrylate
Ditto

I so butyl methacrylate
Methanol

Ethanol

Isopropyl alcohol
Ditto
Methane

Cyclopentane

Reaction with
e~
e "
e"
H
Η
Η
OH
OH
OH

Ethylbenzene
**

Cyclohexyl methyl ether
Cumene
Styrene
Cyclohexylamine
Di(n-butyl)amine
Cyclohexanol
Dimethylaminoethylmethacrylate

Ditto
Dimethylaminoethyl propionate
Dimethylbutylamine

Cumene

Polypropylene
Cyclohexyl methyl ether
Styrene
Ethylbenzene
n-Octane**

**

Cyclohexylamine* * *

Di-n-butylamine

Cyclohexanol

Azobisisobutyrodi-

nitrile

k·), litre mol"* s

4-Hydroxy-(I) and 4,4'-dimethoxy- 5 "

(II)
2,2',6,6'-Tetramethyl-4,4'-

dimethoxy-(II)
2,2'4,4'-Tetramethoxy-(II)
4-Oxo-(I)
4,4'-Diethoxy-(II)
4,4'-DiisopropyHII)
4-Hydroxy-(I)
4,4'-Dimethoxy-(II)
(I)
(I)
3-Cyano-(V)
4-Hydroxy-(I)
(I)
4-Oxo-<I)
3-Carbamoyl-(V)
(VI)
4-Oxo-(I)
(VI)
4-Oxo-U)
(VI)
3-Carbamoyl-(V)
(VI)
3-Carbamoyl-(V)
(VI)

4-Oxo-(I)
3-Carbamoyl-(V)
(VI)
4-Oxo-(I)
3-CarbamoyHV)
(VI)
4-Oxo-(I)
3-Carbamoyl-(V)
(VI)

k\Q, litre mol'l s"'

4,4'-Dimethoxy-(II)

(II)
4,4'-Dimethoxy-(II)
4-Hydroxy-(I)

»

(I)
4-Hydroxy-(I)

"
(I)
4-Oxo-(l)

"

4-Hydroxy-(I)

k10lk6 > litre1* mol"^ s^*

(I)
(VI)
4,4'-Dimethoxy-(n)
(I)
(VI)
4,4-Dimethoxy-(II)
4-Hydroxy-{I)
(VI)
4,4'-dimethoxy-(H)

k'b, litre mol"1 s"1

Quinone-nitrone obtained from
the nitroxy-radical (HI)

50

50
65
70
60
60
60
50
50
50
50
50

25·
25
25
25
25
25
25
25
25
25
25

25
25
25
25
25
25
25
25
25

70
60
75
68
65
75
75
75

30-60

50
50
50

60
60
85
75
65
60

0
100
100

75
75
75
75
75
75
75
75
75

50

2.1-10*

2,8-10*

3.2-10*
10'

2.7-105

1.410 s

2.0-10»
i.7-105

3.0-10'
1.210'
2.0-10'
8.0-10»
9,010»
7.2-10'
4.6-10'
3.5-10'
6.4-10»
6 2-10»
3.9-10»
3.6-10»
7.5-10»
7.8-10»
3.5-10»
3.6-10»

2,2-10*
9.0-10'
1.9-1010

5.7-10'
5.3-10·
6.9-10'

3.7-10»
5,4-10·

[53

[53j

(53
02
88
89
89
89
90
90
90

[901
90]
28
29]
29
28
29
28]
29;
29j
29]
29|
29]

28]
29]
29]
28]
29]
29]
28
29

129]

1.2-10·
6.0-10*
2.4-103

2.5-103

5.0-10*
2.7-10'
1.5-10*
2.2-10»
lO^xp

(-2700/ΛΤ)
8.2-108

3.0-103

5.6-10*

12)
1251
271
41]
52
92
92
92
90

90]
90
90]

18 271
29,5

0,4
3.1

10
26

0.6
7.7
6.2

93
93
27
52|
25]
941
94
941

5.4
1.5

18
21
10
32

125
34
48

]451
145]

145]
45]
45

1451
[45]
451

810» [431

•During pulsed radiolysis.

**Radiation-chemical oxidation ( 6 0 Co γ-radiation).
***E 1 0-JE 6 = 3.0 kcal mol"1 at 65-85 °C.
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Eqn.(8), which relates the minimum concentration of
nitroxy-radicals necessary for the complete arrest of the
reaction to the principal kinetic parameters of the system,
can be used to determine the constant k7 by measuring

t/N O 'W
The available literature data for the kinetic parameters of

the interaction of nitroxy-radicals with free radicals are
presented in Table 1.

When nitroxy-radicals are used as inhibitors, one must
bear in mind that they can participate in free radical forma-
tion reactions. Nitroxy-radicals are hardly involved in chain
branching via interaction with the hydroperoxide formed in
the oxidation process, which has been demonstrated, for
example, in the study of the decomposition of propene
hydroperoxide. z>* However, in the presence of certain cata-
lysts, nitroxy-radicals can accelerate the decomposition of
hydroperoxides. Thus the promoting effect of the nitroxy-
radical (I) in the decomposition of tetralinyl and cyclohexyl
hydroperoxides in the presence of copper-containing cata-
lysts has been established. 6 0 ' 6 1 The effect of nitroxy-rad-
icals can be attributed to the formation of a complex with the
catalyst. In particular, it is known that they are capable of
forming complexes with univalent and bivalent copper. 6 2 An
interesting observation has been made in the study of the
kinetics of the decomposition of peroxide initiators—benzoyl
peroxide6 3 and dicyclohexyl peroxydicarbonate6I*—in the
presence of nitroxy-radicals. It was established that, in the
absence of catalysts, nitroxy-radicals are able to accelerate
the decomposition of peroxide compounds, provided that the
concentration of the nitroxy-radical in the system is com-
parable to that of the peroxide.

On the other hand, nitroxy-radicals can generate free rad-
icals by abstracting a hydrogen atom from the molecule of
the organic compound [reaction (11)] or by adding to the
double bond [reaction (13) in Scheme 1]. The importance
of the latter reaction also lies in the fact that nitroxy-radicals
have found a practical application as inhibitors of the poly-
merisation of unsaturated compounds. Reaction (11) has been
investigated in ethylbenzene, 6 5 toluene, 6 6 phenylhydrazones,67

di-t-butylphenol,6 6 hydrazobenzene,6 9 and mercaptans. 7 0

Reaction (13) has been investigated only for styrene and
heterocyclic nitroxy-radicals. 7 1~7 3 In the case of a-methyl-
styrene, where the reaction involved the participation of
monoradicals, addition to the double bond was not observed
even at 180 °C. However, under the same conditions, the
nitroxy-biradical adds »eadily to α-methylstyrene. This dif-
ference between reactivities can be accounted for by the
greater probability for the biradieal of the adiabatic reaction
pathway characterised by a low activation energy. 2 The rate
constants for reactions (11) and (13) are presented in
Table 2.

Taking into account the possibility of the initiation by free
radicals via reaction (13) in Scheme 1, we shall estimate the
optimum amounts of the nitroxy-radical necessary for the
inhibition of the oxidation of hydrocarbons via Scheme (1)
presented above. If the compound oxidised RH has no double
bond, it is assumed that an unsaturated compound, which is
a source of additional initiation, constitutes a second compo-
nent of the oxidation system. An increase in the induction
period with increased concentration of the nitroxy-radical
has been observed experimentally, but at sufficiently high
concentrations it ceases to change. This can be explained
by the fact that the rate of initiation by the nitroxy-radical

Table 2. The rate constants for the reactions of nitroxy-radicals leading to the formation of free radicals.

Substrate

Sthylbenzene

Styrene
"

a-Methylstyrene
Hydrazobenzene

"

Styrene

4-Methyl-2,6-di-t-butyl-
methylenequinone

Raw rubber
Non-1-ene
0-Carotene
Cetane

Silane****

Nitroxy-radical

4-Oxo-(I)
4,4'-Dimethoxy-(II)
4,4'-Dinitro-(II)
(ID
(I)
4-Oxo-(I)
Biradieal*

4-Oxo-(I)
(I)
4-Hydroxy-4-ethyl-(I)
3-FormyHV)
4-Benzoyl-(I)
(I)
4-Hydroxy-(I)

(I)
4-Benzoyl-(I)
(I)
4-Oxo-(I)
(III)
4-Oxo-(I)
(HI)
4,4'-Dimethoxy-(II)

T. °C

100—200
100—200
100-200
100—200
105—120

105
105

20—72·*
20-72
20—72
20—72

60
80

20—60

90-130
120
50

190—220
160—194
150—182
110-145
85-115

Value of constant, litre mol s"1

—
—.
—

6-104exp(—17 000/#7")
7-10"4

10"*
6·10*βχρ(-15 0Ο0//?Γ)

—
—
—
—

3.7-10-·
10-'; 2.2-10-»·*·
1.6-10«exp(—29000/ΛΓ)

—
<io-*
4.0-10"4

—
_
—
—
—

1.2-103exp(—15400/Λ71)
1.1·10»βχρ(-14500/Λ7·)
9.6-10«exp(—24 800//?7)
7.810sexp(—19100//?T)

—
—
—
—

7.2-10»exp(—5000/JW)
4.1·1Ο*βχρ(-5ΟΟ0/Λ7·)
2.3-10»exp(—5000/ΛΓ)
58 exp (5 miRT)

—
—
—

10*exp(—18000//ΪΓ)
—
—

δ ^ - Ι Ο ^ χ ρ (—36 000/RT)
1.7·105βχρ(—23 000/RT)
6.0-10"exp (—34000/ΛΓ)
9.6·10·βχρ(—215ΟΟ//?Γ)
4.5-10»exp(—23 500/W)

Rcfs.

[651
I65J
65]
65]
71]
71]
71]
71]
69 |
69]
69]
69]
72]
73]
95]

[80]
[91]
331

[96]
(96]
196]
[961
961

*The biradieal ROOC(CH2)ltCOOR, where R is the radical residue from the nitroxy-radical (I).
**The activation energies are almost identical for all the nitroxy-radicals.

***At a pressure of 2000 atm.
****The silane is
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becomes higher than the rate of thermal initiation. The
induction period is given by

___£_ 7 [/ I

where ρ is the fraction of the substrate which has reacted at
the instant when the induction period ends. At the nitroxy-
radical concentration corresponding to the start of the
region of constant τ, we have

whence

The rate of the oxidation process is then given by

(9)

Eqn.(9) describes the- region where the induction period is
independent of the concentration of the nitroxy-radical. The
optimum concentration of the nitroxy-radical, corresponding
to the region of the independence of the induction period, is

An increase in the concentration of the nitroxy-radical above

[/NO°] o p t is undesirable, since it does not lead to a further

increase of the induction period. Calculation of the quantity

[^N0']Opt may be of practical value when nitroxy-radicals

are used for the antioxidant stabilisation of materials contain-
ing double bonds. The parameter characterising the inhibit-
ing efficiency of nitroxy-radicals under the conditions of
significant additional initiation can be deduced from Eqn.(9):

IV. THE INHIBITION COEFFICIENT AND REGENERATION OF
NITROXY-RADICALS

One of the most important characteristics of the inhibitors
of radical processes, including nitroxy-radicals, is the stoi-
chiometric inhibition coefficient f. The integral definition,
according to which f is equal to the number of free radicals
destroyed by one inhibitor molecule, is widely used in the
chemical literature:

where [InH]0 is the initial inhibitor concentration. A method
of determining f in the case of weak inhibitors which do not
give rise to a distinct induction period has been described.39

However, in the integral definition no account is taken of the
fact that f depends on the ratio of the rates of the individual
elementary stages of the inhibition process. The role of this
ratio is evident from the following simple example. In a sys-
tem containing the free radicals R' to which the inhibitor InH
has been introduced, two radical destruction reactions can
take place:

' + InH—RH + In ,

R" + In-»-RIn .

(10)

(11)

Even in this caee the quantity f depends on the ratio of the
rates of reactions (10) and (11). If the rate of reaction (11)
greatly exceeds that of reaction (10), then f = 2. In the
opposite case f = 1 and for comparable rates of the two reac-
tions we have 1 < f < 2.

A differential, i . e . "rate" treatment of the quantities f for
the reactions involving inhibition by nitroxy-radicals has been
described. 5 9 In this case the expression for f represents the
ratio of the sum of the rates of the elementary stages in which
the chain propagating free radicals are destroyed to the sum
of the rates of the elementary stages in which the inhibitor
is consumed. According to Scheme 1,

I + P[)NOR]/[)NO·]

where

ι - {*./(*. + *·)} · f»· [/ N O R ]/[/ N o ' ]

[0,1

(12)

MR'] *A[RH]

The rate of change of the concentration of y NOR—the prod-
uct of the reaction of the initial nitroxy-radical—in the course
of the oxidation process is described by the expression

d [)NOR]/df = MR'l [/NO"] - (ks + k9) IRO,! [/NOR] ,

The rearrangement of this equation and integration using the
approximation [RO'2] = [RO"2], i.e. for the average concen-
tration of the radicals RO'2 in the course of the entire process,
lead to the expression

>NOR

(13)

The time during which the rates of formation and consumption

of the product/NOR become equal is

Comparison of Eons.(13) and (12) shows that, when t=tc,
the ratio [^>NOR]/[\jO"] is close to l/β. During the reac-
tion, the quantity f changes from 1 at the beginning of the
oxidation to 2[1 + (k 8/k 9)]. Estimation of the parameters $
and t c using the known rate constant k7, k^,1*8 k8,

 2I>'32 and
.'c15

 lh leads to β = 10~3-10~2 and t c = lOMO5 s. For short
reaction times (up to 3—4 h), the condition t = t c is not
attained and f continuously increases during the reaction
without reaching, however, its maximum value.

According to Vardanyan et al., 7 5 the inhibition coefficient
in oxidation inhibited by amines is defined by the equation

(14)

This expression is a special case of Eqn.(12) and is valid for
systems where k8 » k7, i.e. the time required for the attain-
ment of a stationary concentration of the inhibitor reaction
product is much shorter than the duration of the oxidation
reaction. In studies of the oxidation of polypropylene,26'76

it has been stated that f increases with increase of oxygen
concentration in the system. Indeed an increase in the O2

concentration increases the efficiency of the inhibition by the
nitroxy-radical as a result of the decrease of t c . On the
other hand, the maximum value of f, defined by Eqn.(14), is
independent of the oxygen concentration.

The high absolute values of f under conditions where
nitroxy-radicals are used in oxidation processes are caused
by the inhibitor regeneration reaction [reaction (8) in Scheme
(1)] and the increase of f during the process is associated
with the increase of its rate as the primary product of the
interaction of the nitroxy-radical with the alkyl radical R'
accumulates. The increase of f naturally leads to a decrease
of the apparent rate of consumption of the nitroxv-radical
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during the oxidation process. The inhibition coefficients in
different systems are listed in Table 3.

Table 3. The inhibition coefficients (/) of nitroxy-radicals.

Nitroxy-radica!

p-Ethoxy-(K)
4,4'-Dinitro-(II)
(Π
4-Oxo-U)
Di-t-butylnitroxy-radical
4-Benzoyl-(l)

"

(I)

(I)

4-Oxo-(I)
(I)
4-Oxo-(I)
4-Hydroxy-(I)

Substrate oxidised

Liquid paraffin
Ditto

"

n-Hexylbenzene
(3/J-Dideuterio-n-hexylbenzene
Liquid paraffin + 10 wt.% of

diphenylmethane
Liquid paraffin +10 wt.% of

1, i -dipheny le thane
n-Hexylbenzene
Cyclohexa-l,3-diene
Tri-n-butylamine
Benzaldehyde
Acetaldehyde + styrene

/

2Θ
15

510
410
225
630

3900
1100

190

580

720
90
40

100
20

Refs.

(39]
39|

[39
(39
39
39 |
30]
30
30

[30]

[30]
[77]
[46|
[78]
59

observed in the interaction of nitroxy-radicals and nitroxy-
biradicals with the products of the radiation-chemical reac-
tions of η-octane 3 5 and the photochemical reactions of rubber7 5

and also in the decomposition of the initiator AIBN in poly-
propylene, 7 6 aliphatic alcohols, and amines. **5

A detailed study has been made of the kinetics of certain
reactions which can, in principle, lead to the generation of
nitroxy-radicals. 2 7 Apart from the primary reaction (8) in
Scheme 1 already mentioned, the following reactions were
also investigated:

NOR -*- R"

>NOR + O2 / NO" + products.

(15)

(16)

The rate constants for different regeneration reactions are
listed in Table 4. The data presented confirm the conclusion
that reaction (8) is the main process responsible for the
regeneration of nitroxy-radicals from their reaction products.

In particular, it follows from Table 3, that in the oxidation
of higher paraffins, f = 15-35 for aromatic nitroxy-radicals,
225 for the aliphatic t-butylnitroxy-radical, and 500-600 for
heterocyclic nitroxy-radicals. The observed difference
between the values of f is apparently associated with the fact
that aromatic nitroxy-radicals readily enter into side reac-
tions, which lead to their irreversible consumption [reaction
(1)].

Table 4. The rate constants for the regeneration of nitroxy-
radicals from hydroxyiamine ethers.

10J

m
1.2

1.0
0.8

0.6
0.1
0.2

0

c, mol kg

\

"V- \- \- \\- /\
1 ft

25 75 125 175 Mnin

Figure 3. Kinetic curves for the consumption of the
4-hydroxy-derivatives of the nitroxy-radical (I) in an
atmosphere of argon (curve 1) and for the accumulation
of the nitroxy-radical after the admission of oxygen
(curve 2) in isotactic polypropylene at 114 °C. 2 7

The idea that the regeneration reaction (8) is in fact
responsible for the high values of f is nowadays generally
accepted. The occurrence of this reaction is convincingly
indicated by the available experimental data. In an inert
atmosphere, nitroxy-radicals interact with organic free rad-
icals generated in the system, which results in the complete
consumption of the nitroxy-radicals. When oxygen is passed
subsequently through the reaction mixture, nitroxy-radicals
reappear and their concentration increases to a stationary
value (Fig.3). In particular, such regeneration has been

Ether ^NOR

0-l,l-Diphenylethyl-4-oxo-(I)

O-Methyl-(I)
O-Cyclohexyl-(I)
CM-butyl-(I)
O-Dimethylcyanomethyl-(I)

AWO-Tri-t-butylhydroxyl-
amine

O-t-butyl-(I)
O-methyl-(I)

Bi-[O-cyclohexyl-(I)] (from
the biradical)

O-Phenyl-(I)
O-Ethyl-(I)
O-Cyclohexyl-(I)
O-t-Butyl-(I)
AWO-tri-t-butylhdyroxyl-

amine

T. °C

ke, s

20—50
50

100
100
100

6 5 - 8 7
100

60—100

100

Value of parameter

10u-»exp (—24 500/RT)
1.6-10-»
ίο-»
ίο-»
1.5-10-*
1012-'exp(—25000//?T)
1.6-10-»*
1.2-10'exp (—22 900/RT)

5.8-10"5

kf, litre mol'1 s"1

110
110

A:g, litre mo

100

65
65
65
65

100

5.0-10"4

5.010-*
"is"1

3.0-10»*·

1.0***
8.0***

26.0···
4.0**·

44*..·

Refs.

(37J
[37]
[27J
[27]
[27]
[27]

[30]

[30]

[27]
[27]

[35J

[27]
[27]
[27]
[27]
[30]

•Obtained by extrapolation.

= n-C 8H 1 7OO\
= (CH3)2CNOO .
= (CH3)2CHC6H l t-p-C(CH3)2-OO'.

The regeneration of nitroxy-radicals can apparently pro-
ceed not only with participation of the peroxy-radicals RO2

but also in the interaction with the oxy-radicals RO'. How-
ever in real oxidation systems the RO2 concentration usually
exceeds by two orders of magnitude the RO' concentration, as
a result of which the main regenerating agent is in fact the
peroxy-radical. In the styrene—acetaldehyde binary system,
the type (I) nitroxy-radical is consumed at the same rate as
in the oxidation of styrene alone, 5 9 which shows that the
regeneration is effected by the peroxy-radicals derived from
styrene, whose concentration is much higher than the concen-
tration of acetyl peroxy-radicals. According to Vardanyan
and Denisov,7 7 the radicals HO2 are also capable of regenerat-
ing nitroxy-radicals.
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It has been suggested1*8 that the regeneration is caused by
the hydroperoxide:

ROOH + .RO·+ }NO+HtO .

However, the available experimental data do not allow one to
rule out the possibility that the nitroxy-radical is regener-
ated by the free radicals which can be formed from the
hydroperoxide. The regeneration of nitroxy-radicals in an
inert atmosphere under the influence of polymers subjected
to prior oxidation has been investigated.26 The oxidised
polymer contains hydroperoxy-groups, which the authors26

believe decompose with formation of the radicals RO' respon-
sible for the regeneration of the nitroxy-radical.

The peroxy-radicals R0'2 are capable of regenerating the
nitroxy-radical not only from the ethers but also from the
hydroxylamine itself: 80

^ * ^ N O + R O O H .

15 30 VS 60 Mnin

Figure 4. Kinetic curves for the consumption of styrene
(curve 1) and the accumulation of benzaldehyde (curve 2),
styrene oxide (curve 3), and a polymeric product (curve 4)
in the coupled oxidation of styrene and acetaldehyde by air
in benzene (70 °C, 50 atm); the primed numbers designate
the corresponding curves in the presence of 2.2 χ 10~3 Μ
4-hydroxy-derivative of the nitroxy-radical ( I ) . 5 9

The formation of hydroxylamines and the above regeneration
mechanism have been observed mainly for chain termination
resulting from the interaction with nitroxy-radicals having
labile hydrogen atoms (for example, in the oxidation of alco-
hols or amines). In this cast too, the regeneration by the
radicals RO*2 takes place at a higher rate than in the inter-
action with O2 or with the hydroperoxide. It is noteworthy
that the rate of regeneration of the nitroxy-radical from
hydroxylamines is higher than from their ethers. The regen-
eration of nitroxy-radicals from hydroxylamine ethers as a
result of the abstraction of a hydrogen atom in the β-position
is also possible:

R1CH,CH,ON/' +

V
· + R»CH=CHt + ROOH

The regeneration phenomenon must also be taken into account
in those cases where the nitroxy-radicals are used to deter-
mine the rate of chain initiation Wo. In order to obtain the
true values of Wo, it is essential to have accurate information
about the inhibition coefficient in each specific case. On the
other hand, the measurement of the rate of consumption of
nitroxy-radicals in an inert atmosphere constitutes an
extremely convenient method for the study of the kinetics
of the decomposition of radical process initiators,1*1'1*'"76 in
particular the study of solvent cage effects in the decomposi-
tion process.81 Nitroxy-radicals can be used as radical
counters, for example in radiolytic processes82 and in the
determination of sulphur-containing radicals.83

In a study81* of the oxidation of β-carotene (a polyunsatu-
rated hydrocarbon) in the presence of the nitroxy-radical
(III), it was shown that the observed high inhibition coeffi-
cients are related to an unusual type of regeneration—a relay
process. In this instance, the regeneration effect is due to
the "relay" radical reaction of the nitroxy-radical and its
reaction products, which interact alternately with peroxy-
and alkyl radicals derived from the substrate. An essential
condition for such relay chain termination by the nitroxy-
radical is a definite ratio of the concentrations of the alkyl
and peroxy-radicals in the system:

10"» - 10"»< lR]/[ROil < 10"1 .

However, one should note that the nitroxy-radicals cannot
evidently be regenerated in all cases from the reaction prod-
ucts. This is indicated by the finding that f = 1 is observed
also for nitroxy-radicals in a number of instances, for
example, in the oxidation of cumene.1*1

V. CHEMICAL REGULATION OF OXIDATION PROCESSES
WITH THE AID OF NITROXY-RADICALS

In our investigations under the supervision of Emanuel' and
with participation of Blyumberg and Tavadyan, it was estab-
lished that nitroxy-radicals can be used to regulate the com-
position of the products in the oxidation of organic compounds.
This possibility is associated with the phenomenon of the
selective inhibition of many-centre chain processes, first
described by Maslov and co-workers.85'86 When the nitroxy-
radical (I) was introduced into the coupled oxidation reac-
tion of acetaldehyde and styrene85 or of acetaldehyde and
allyl chloride,86 an appreciable increase in selectivity of the
formation of monomeric oxygen-containing products was
observed. In the absence of the nitroxy-radical, most of the
initial unsaturated compound was converted into a polymeric
product. Thus, in the case of styrene, an increase of selec-
tivity with respect to monomeric products from 50 to 95 mole %
and in the case of allyl chloride from 35 to 70 mole % was
achieved.

The acetaldehyde—styrene binary oxidation system was
selected for the detailed investigation of the mechanism of
the selective inhibition by nitroxy-radicals. The conditions
for selective inhibition, which will be briefly discussed below,
were selected in relation to this system.59 The kinetic curves
for the coupled oxidation of styrene and acetaldehyde are
illustrated in Fig.4. Examination of the experimental data
permits the conclusion that in the system investigated there
are two reaction chain carriers—the acetylperoxy-radicals
RCOOO' and the polyperoxy-radicals MO*2 (M = styrene mole-
cules), which propagate two independent process pathways—
monomeric and polymeric respectively. This claim is sup-
ported in particular by the absence of dependence of the rate
of accumulation of the monomeric products on the presence of
nitroxy-radicals in the system. The existence of a definite
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nitroxy-radical concentration at which the radicals do not
inhibit the oxidation of the aldehyde but fully inhibit the
formation of polymeric products, indicates the independence
of the concentration of the radicals RCOOO' or the concentra-
tion of the radicals MO2, i.e. a negligibly low rate of the
radical "exchange" reaction

MOi+ RCHO^ RCOOO· -f MOOH .

In this case the addition of the radicals RCOOO' to the double
bond of the monomer is in essence a reaction involving the
destruction of the chain in the monomeric reaction pathway:

kg
RCOOO' -f- Μ -*-ΛΓ (17)

Taking into account the simultaneous occurrence in the sys-
tem of two independent processes, one may conclude that, as
a result of reaction (12) (see Scheme 1), the nitroxy-radical
reduces the concentration of the radicals MO2 without affect-
ing the stationary concentration of RCOOO'. The appreciable
change in the ratio of the concentrations of the radicals
propagating different process pathways in favour of RCOOO'
leads to the observed increase of the selectivity of the reac-
tion with respect to monomeric products.

The presence of the induction period caused by the intro-
duction of the nitroxy-radical indicates the fulfillment of the
condition W7 » W17: on the other hand, at the end of the
induction period W17 > W7. The rate of reaction (12) should
then exceed the rate of reaction (16) (in Scheme 1), which is
a condition for the inhibition of the polymeric process pathway,
K e ' *,[ RCO·] [/NO1] <kg [RCOOO] [Μ] ,

Bearing in mind that, during the occurrence of the chain
propagation reactions

we have

RCOOO+M^

RCOOO+M-

[RCOOOJ

- H,C CH-C e H 6 + RCOO1,

^CeH5CHO + RCOO-+HCHO ,

A, [O,J [MOJ kjf (o,J

(18)

(19)

fRCO·] (kh + k,)[MY [M·]

kg [RCOOO] [M] = k12IM'J [/NO'] = Wo ,

the following equation is obtained:

• • " • [ > ] > 4 S S (20)

Condition (20) defines the limits of the nitroxy-radical con-
centration range in which selective inhibition of polymerisa-
tion processes, accompanying the oxidation in the acetalde-
hyde-styrene system, should be observed. The boundary
condition for other systems can be derived analogously.

The phenomenon of selective inhibition can be observed in
the oxidation of not only binary systems but also of individual
compounds having several functional groups with different
reactivities, for example, unsaturated aldehydes. This has
been used, in particular, in the development of an effective
method for the preparation of methacrylic acid87 by the
liquid-phase catalytic oxidation of methacrolein in the pres-
ence of the nitroxy-radicals (I) or their 4-hydroxy-deriva-
tives. It is distinguished by simplicity and economy compared
with the industrial method of synthesis of methacrolein from
acetone via the cyanohydrin. Fig. 5 illustrates kinetic curves
for the liquid-phase oxidation of methacrolein to methacrylic
acid. The use of nitroxy-radicals makes it possible to
increase the selectivity in the formation of methacrylic acid
to 75—80 mole %. Acetic acid, which also has many applica-
tions , is mainly formed as a side product. 9 7

In conclusion we shall formulate the necessary and sufficient
conditions for selective inhibition:

(1) the existence in the system of two types of free radicals
each of which is responsible for the formation of a specific
product or group of products; (2) the independence of the
concentration of radicals of one type from that of the radicals
of the other type; (3) the presence in the system of a
definite amount of inhibitor satisfying condition (20); (4) the
maintenance of the required inhibitor concentration for a
period sufficiently long to ensure the occurrence of a chemical
reaction; when nitroxy-radicals are used, this condition is
usually fulfilled by means of effective regeneration.
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Figure 5. Kinetic curves for the consumption of methacrolein
(curves I and 2) and the accumulation of methacrylic acid
(curves V and 2') and the sums of the side products (curves
1" and 2") in the liquid-phase oxidation of methacrolein by
air in benzene (70 °C, 25 atm, 2.5 g litre'1 of the TiB2 cata-
lyst: 1) without inhibitor; 2) in the presence of 1.2 χ 10~5 Μ
4-hydroxy-derivative of the nitroxy-radical (I). 9 7

The possibilities in the application of nitroxy-radicals in
chemistry are not limited to those already known, the most
important of which at the present time are the photostabilisa-
tion and inhibition of the oxidative degradation of polymers,
the stabilisation of monomers, and also the detection and
determination of the active chemical species. Under condi-
tions where the petrochemical raw material resources are
diminishing, the ability of nitroxy-radicals to increase the
selectivity of the oxidative conversion of hydrocarbons into
the required products is very important from both theoretical
and practical points of view. The possibility of increasing the
efficiency of such processes is associated with the search for
new, more effective and at the same time cheap nitroxy-radi-
cals and also with the development of economical methods of
synthesis of nitroxy-radicals which are likely to satisfy the
future requirements of the chemical industry.
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Compounds of the Halogen Cations

B.D.Stepin

The conditions for the synthesis, the thermodynamics of the formation and decomposition, the structure, and the nature of the
chemical bond in the halogen cations are examined. The electronic, vibrational, nuclear quadrupole resonance, and nuclear
magnetic resonance spectra are analysed and questions concerning the practical application of the halogen cations as some of
the most powerful oxidants, are discussed.
The bibliography includes 216 references.
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I. INTRODUCTION

The compounds of halogen cations are complexes with a
singly charged cation [HaKHal^Hal^)]*, where Hal is the
complex forming halogen (Cl, Br, I, or At) in the +3, +5, or
+7 oxidation states, while Hal' and Hal" are halogen ligands
(ranging from F to At). The ligands can also be numerous
interhalogen compounds and apparently pseudohalogens.
Fluorine is the commonest ligand.

The term "halogen cations" was introduced by Arotsky and
Symons1 and has come to be widely used. 2 " 5 The first review
of the chemistry of the halogen cations was published in 19621

and was followed by others. "* >6~9 During the period since
the publication of the last review, the number of studies on
the chemistry of the halogen cations has doubled and it
became necessary to give a systematic account of the accu-
mulated data and to describe more fully the studies by Soviet
workers.

There is now no doubt that the complex forming agent in
the cation [HaKHalVHal" ) ] + is always the most electro-
positive of the halogens. With increase of its electropositiv-
ity and also with increase of the strength of the Lewis acids
from which the anions have been derived (BF3 < PF 5 < PtF 5 <
SbF5 < AsF 5). the stability of the halogen cation compounds
increases. The compounds of halogen cations are mainly
ionic species with a certain amount of covalent character in
the chemical bonds, which is manifested by the formation of
halide bridge bonds between the cation and the anion.
Extremely electrophilic cations, namely [I 3] + , [IC12]

 + , [IF6]
 + ,

[C1F2]
 + , etc., can exist only in media with very weak basic

properties (superacids, SO2, SbF5, IF 5 , etc). With weakly
basic anions, such as [SbF 6 ]", [Aid*]"", [SbCl6]~, etc.,
cations of this kind form crystalline phases.

The synthesis of the halogen cation compounds is based
on the interaction of interhalogen compounds, halogens, or
their mixtures with strong Lewis acids (acceptors of halogen
atoms), for example in accordance with the mechanism

BrFs+AsF5=[BrF2][AsF,] .

On the other hand, if a strong Lewis base (a halogen atom
donor) is introduced into the reaction instead of the Lewis
acid, then representatives of another group of complexes,
namely compounds of halogenate anions, 10~n are formed from
the solution, for example:

BrF,+CsF=Cs[BrFt] .
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For this reason in solutions of interhalogen compounds, com-
pounds of halogen cations and the halogenate anions interact
as Lewis acids and bases:6'13'11*

[BrF2][AuFt]+Ag[BrFt]=Ag[AuF4]+2BrF, .

The chemistry of the halogen cation compounds is so far
in the initial stage of its development. In this review, which
is the first in the Soviet literature, an attempt is made to
identify the most promising research trends and to describe
the principal properties and reactions of the halogen cation
compounds and the methods of their synthesis.

95

Ο
Figure 1. Schematic illustration of the structure of [BrF 2],

1 7 > 1 8 (the interatomic distances are indicated in pm).

II. THE STRUCTURE AND NATURE OF THE CHEMICAL BOND

All the triatomic halogen cations, namely [I(I>2l +» [BrF2] + ,
[C1F2]

 + , and similar species, have a bent structure (Fig . l ) ,
in which the angle between the bonds is 91—103° ( C 2 v sym-
metry). 1 5" 2 1 We may note that the triatomic halogenate
anions, i .e. [I 3 ]~, [BrF 2 ]" , [IC12]", etc, are linear and
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symmetrical.10 With increase of the electronegativity of the
central atom, its effective positive charge diminishes {δ =
1.48 for [BrF 2 ] + and 0.98 for [C1F2]

 + } and at the same time
the effective charge of the ligands changes (from δ = -0.24
to δ = 0.01 for the same cations). 1 6 ' 2 2" 2 7 The effective
charges on the central atom and the ligands in the cation
[C1(C1F)]+ are respectively 0.324 and 0.338.23"29 The values
of 6 quoted in the literature differ and depend on the methods
of calculation. In particular, δ for Hal = I in the [ I 3 ] +

cation varies over the range 0.55-0.79.15»30'31

As in the triatomic halogenate anions, in the triatomic halo-
gen cations only the ρ orbitals of the central atom and the
ligands participate in the formation of the bond.3 2 The
population of the d orbitals in the [13]"*" and [13]" ions is
insignificant and their involvement in bond formation is not
obligatory. When an electron pair is removed from the [13]"
anion with formation of the [I3]+ cation, the valence state
of the central atom remains unchanged and only the degree
of its oxidation increases.3 2 An increase in the overall
f-electron density on the complex-forming agent (iodine)
compared with the free I~ ion has been noted but the complex-
forming agent—ligand interatomic distance in the [I3]+ ion is
the same as in gaseous iodine.

Under certain conditions, iodine atoms can produce the
diamagnetic cation [I i J 2 + , which has no complex-forming
agent31*"36 and the chain cations [ I i 5 ] 3 + (Fig. 2). The latter
cation consists of three [Is]+ ions linked to one another with
the central atoms E ( l ) , 1(1), and E(2). The bond lengths
in the ligands and in the gaseous iodine molecule are com-
parable, the smallest distance between the iodine atoms in
neighbouring chains being 390.6 pm. v According to Chung
and Cady,3 8 the existence of the cation [I?]+ is doubtful.

Figure 2. The configuration of the ion [ I 1 5 ] 3 + 37 (the inter-
atomic distances are given in pm): E ( l ) , E(2), and 1(1)
are central atoms.

The angular structure of the cations [C1F2]
+ and [BrF2]

 +

(Fig.l) corresponds best to the model comprising localised
ρ orbitals with two covalent ρ σ bonds. 16»22~26»39 The ligands
of the cations together with the cis-bridging halogen atoms
of the anion [F(l) and F(2), see Fig. l] form a deformed
square. The sterically active unshared electron pairs of
the complex-forming agent are in the trans-positions above
and below the plane of the square (Fig.3b) and the cations
are therefore classified as pseudohexacoordinated.1 5 '2 0·2 6 '2 7

If the cation is regarded as a planar square, then the
chemical bonds can be represented by two mutually perpen-
dicular asymmetric four-electron semi-ionic ρ σ bonds formed
by the ηρχ and npy orbitals of the central atom. The
involvement of the nd orbitals is in this case insignificant
and they are regarded23>ΙΛ merely as having polarisation
functions. For example, the population of the 3d orbital of
the chlorine atom in the cation [C1F2]

+ is only 0.05e."°

Fig. 3 presents models of the valence bonds in the triatomic
cations. When Ε = Cl or Br and X = Υ = F, the inter-
atomic X-X, Y-Y, and X-Y distances are 340, 230-250, and
270-280 pm respectively.1 6 The E-X bond length increases,
for the same complex-forming agent, on passing from X = Cl
to X = I. 1 7 · 1 · 1 The E-Y bond order is 0.42-0.47.* The
bond length ratio (Ε—Χ)/(Ε—Υ) in the cations considered is
1.04—1.05 and diminishes with increase of the E-Y bond
strength on passing from Ε = Cl to Ε = 1. 8

R-Y

R-Y

Figure 3. The planar ionic (a) and bridged (b) structures
of the halogen cation compounds with an angular cation;15»26

Ε = complex forming agent, X = ligands, and Υ = bridging
ligands of the anions.

With decrease of the bond angle in the cation, the degree
of covalence of the bond between the complex-forming agent
and the bridging ligand increases. 2 6 If the bridging ligands
of the anions form strong bonds with the complex-forming
agent in the cation, then all the electron pairs occupy octa-
hedral sites with the angle between the bonds approximately
90°.39»"3 It is believed27 that the strength of the covalent
bond between the cation [BrF 2 ] + (Fig.l) and the anions
increases from [SbF6]~ to [GeF6]~ £ [Sb 2 F u ]~. 2 3 ~ 2 5 > 2 7 Owing
to the strong solvation of [BrF 2 ] + in liquid BrF 3 , the Br-F
bond length increases, which induces a shift of the Vj. band
in the Raman spectrum from 705—707 cm"1 to 625 cm"1. ** In
the crystals of [ICl2][SbCl6], the iodine atoms of the two
ligands of the cation and the two bridging ligands are dis-
posed virtually in the same plane, as in the structure of the
anion [ICM". 19'3°'lt5

The interhalogen compounds [I(IC1)2]+ (Fig.4) l |6~'t8 and
[I(IBr)] + lt8 can also serve as ligands in the cations. In the
coordinated IC1 and IBr molecules the bonds are shorter than
in the single molecules. The anion [SbCl6]~ converts the
cation [I(IC1)]+ into a symmetrical ion, while the anion
[A1CU]~ converts it into an asymmetric ion.1*8 The anion
[AlCl*]" alters also the interatomic distances in the IC1
ligand: I(2)-C1(1) * I(3)-C1(2). Nevertheless the cation
remains planar (Fig. 4).

The attempts1*9'50 to represent the cation [C1(C1F)]+ as
having a symmetrical structure in which the central atom
is fluorine failed. Analysis of the vibrational spectra and
quantum-mechanical calculations showed that this cation is
asymmetric.8>22

Among the penta-atomic cations [(Hal(Hal' )i,] + , only com-
pounds of the type [HalFi,] + (Hal = Cl, Br, or I) are so far
known. They have a trigonal-bipyramidal structure ( C 2 v

symmetry) with the unshared electron pair in the equatorial
plane. a ~ 5 3 This structure has been confirmed by X-ray
diffraction and NMR. Quantum-mechanical calculations lead
to the C 2 v symmetry only when the d orbital of the central
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atom is used.*» 5 5 The hepta-atomic cations [HaKHal' ) 6] +

are also known only with fluoride ligands. The octahedral
structure of the cations [C1F6]

 + , [BrF6] + , and [ I F 6 ] + has
been explained either by the sp 3 d 2 hybridisation of the
atomic orbitals of the central atom or by the involvement of
all of its three delocalised pairs of ρ electrons in the forma-
tion of three polar three-centre four-electron σ-bonds of the
ρ—ρ type. 5 6 > 5 7 The high symmetry of the environment of the
complex-forming agent has been confirmed by the analysis
of ""i Mossbauer,58»59 NMR,60'61 and vibrational spectra. 6 2

all the anions, except [AlCli»]~ and [BF^] , have a somewhat
distorted octahedral symmetry, ranging from 0^ to D ^ ,
owing to the presence of bridging ligands. 1 ? The octahedral
structure of the cations and anions increases the symmetry
of the crystal lattice of the halogen cations to the symmetry
corresponding to the cubic system (space group P a 3). In
particular, [IF 6][AuF 6], [IF 6 ][SbF 6 ], [IF 6][AsF 6], [BrF 6 ].
.[AsF 6], and [ClF6][PtF6] crystallise in the cubic system
with the parameter α equal to respectively (pm) 957.3,8 > 6 5

606.9,8 '6 6 949.S,5 6 '6 5 939.4,8·6 7 and 939.№ Only the crystal
lattice of [IF 6][RuF 6] has different parameters (space group
P2 x / n ; α = 981, b = 761, and c = 580 pm; β = 107.8°). 6E

Table 1. Crystallographic characteristics of certain halogen
cation compounds.

Cl(2)

Figure 4. Fragments of the structures of [I(ICl)2][SbCl6]
(a) and [I(IC1)2][A1CU] (to)1*8 (the interatomic distances are
given in pm ) .

The effective charges on Cl(VII) and Br(VII) in the
cations [C1F6]

+ and [BrF 6 ] + are respectively +2.998 and
+2.859, while those on the ligands are -0.332 and -0.310.23"25

Most of the halogen cations investigated form crystals belong-
ine to the triclinic and monoclinic systems (Table 1). Almost

Compounds

!I3][AsFe]

[I6][SbF6]

[ClF2][SbF6]

[ClF2][AsFe]
lBrF2][SbF,]

[BrF2][NbF,]

IBrF^fGeF,]

fICUlISbCl,]
1IC12][A1C14]

lia,][SbF,l

[KICDJISbCl,]

[I(IC1)][A1C14]
IIBr,][Sb,Fu]

{I(lBr)2][SbCl.)

[!(BrCl)][SbCl,]

{BrF4][Sb2Fu]
[IFiHSbF,]
(IFiHSbjFn]

Crystal
system*

Tr

Tr

Tr

Μ
Or

Or

Μ

Τ
Μ
Or

Tr

Μ
Or

Tr

Tr

Μ
Τ
Μ

Space
group

ΡΪ

Pi

ΡΪ

Α2Ια

Pcca
Ρ

1 cca

P4j
P2\
Cmca

ΡΪ

C2/ c

Ptca

Pfi

ΡΪ

—
P 4 / n m n

P2'l/C

(

a,pm

805.4

829

560

1067.6
1012

1006
507
698
692

1075.1

709

2753
1444.5

713

708.4

1419
589.2
852

Crystal lattice parameters

b, pm

594.0

1561

1055

767,3

581

596

1382
698

1102
1208.7

1159

712
1403.4

722

629.9

1450

1482

c,pm

1050.3

839

530

806.4
1095

1070
645

2420
611

1298.2

713

1419
1272.5

775

1351.1

527
1025.5

998

angles, °

103.1 (a) ;
88.9 (β);
100.3 (ν)

81.5 (a);
110.0 (β);
85.5 (γ)

92.1 (a);
91.8(β);
91.5 (γ)

113,4 (β)

116.6(β)

99.1 (β)

122.3 (α);
98.0 (β);
115.9 (ν)

110,4 (β)
—

88(α);83(β);
81 (Μ)
οι \yj

94,5(α);
100.3 (β);
92.6 (γ)90.6(β)

112.7 (β)

Refs.

[45]

[37]

[16]

[26]
[17, 18]

[47]

[27, 63]

[19)
[19]
[42]

[46—48]

[48]
[411

[48]

[41]

[52]
[64]
[51]

* Abbreviations for crystal systems: Tr = triclinic, Μ =
monoclinic, Or = orthorhombic, and Τ = tetragonal.

It is noteworthy that the cation [BrF 2 ] + forms with many
singly charged anions crystals having almost identical crystal
lattices (Table 1). The crystal lattices of [I(IBr 2)][SbCl 6]
and [KBrCl)][SbCl6] are also very similar despite the dif-
ferent nature of the ligands in the cations. The replacement
of the ligands in the anions for the same cation alters
sharply the crystal system—cf [ICl2][SbCl6] and [ICl2][SbF6]
in Table 1.

The crystal lattices of the halogen cation compounds con-
sist of infinite chains of cations and anions linked by halide
bridges. The compounds are therefore regarded as partly
covalent cis-bridged polymers. ^ The most important optical
constants of the crystals of the halogen cation compounds are
still to be determined, but one can already say that the vast
majority of the crystals must be optically anisotropic and
biaxial.
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I I I . THE ELECTRONIC, VIBRATIONAL, NQR, and NMR
SPECTRA

The electronic spectra (Table 2) are mainly used for the
identification of the cations from the values of ε, the wave-
lengths of the absorption band maxima, and the shape of the
latter. The bathochromic and hypsochromic effects and the
presence of isosbestic points, which might yield information
about the number of different cations in solution, have not
been investigated. It follows from Table 2 that, for a
number of halogen cation compounds, the absorption band in
the range 435—470 nm apparently corresponds to the Π0 •*· Π*
transitions which should have a low value of ε (Ig ε < 3.30).

Table 2. Electronic spectra of halogen cation compounds in
various solvents (298 K).

Cation

[ΒΓ,Γ

[I(IBr)r

[ΙΒΓ,Γ

[I(IC1)]+

[ICJ.J+

HSO.F

λ, nm

292—300
375—380*

300-305
470—472

260
300·

414—420

232
361
455*

230
300
461

275*
395
486

lea

3.7
3.2

3.6
3.3
2.9

3.7
2.7

~2.2

3.1
2.7

2.7
1.8
1.7

HSO.CF,

λ, nm

295
462

260*
300·
418

260
360
453·

235
315
450

310
374
471

Ige

3.8
3.4

3.7
3.4
3.0

3.1
2.8
2.3

3.1
2.8

2.2
1.8
1.7

HtSO, (90%)

λ, nm

290
459

255-270*
300*

408—490

260
355

540—535

295—300
435

318
355*
448

lee

3.8
3.3

3.8
3.4
3.1

3.2
2.8

3.3
2.9

2.1
1.9
1.7

Refs.

[4,69-72]

[7, 30. 36,
73-78]

[77, 78]

(8, 77-79]

[30, 46, 77, 78.
80]

[8, 76-79]

•There is a low-slope shoulder on the absorption curve.

The electronic spectra of solutions of certain halogen
cation compounds have been little investigated. The cation
[Is] + in solution in HSO3F is characterised by absorption
bands at 240, 270, 345, and 450 nm, while in solution in 96%
H2SOii it is characterised by bands at 330 and 450 nm.8

Absorption bands at 270 nm (^ε = 3.0), 340 nm (lg ε = 2.5),
and 488 nm (lg ε = 1.9) correspond to the cation [I(BrCl)] +

in solution in 96% H2SOi». 77>7B The reddish-brown colour of
the solution and the appearance of absorption bands at 305
and 470 nm are characteristic of the cation [I3] + . The
absorption band at 440 nm (solution in SO2 **) corresponds
to the cation [I(IC1)2]

 + , while the bands at 248-252 and
305 nm (solution in SbF5) correspond to the cations [BrCl2] +

and [Br(BrCl)] + . n

The main information about the vibrational spectra of poly-
crystalline halogen cation compounds are presented in
Tables 3—5. They have been fairly completely analysed by
Shamir.8 It is noteworthy that the assignment of many
bands is still obscure. According to Gillespie and Morton**
and Surles and Quarterman,88 the band at 384—387 cm"1 in
the Raman spectrum of the cation [C1F2]

+ corresponds to v2

vibrations, while according to Christe and co-workers39'89

the band at 544 cm"1 corresponds to these vibrations. The
same discrepancy has been observed also in the assignment
of the 537 cm"1 band in the IR spectrum of the same cation.
The identification of the bands in the vibrational spectra of
the cations [IBr2]

+ and [IC12]
+ is also uncertain.

The angular structure of the triatomic cations has been
confirmed not only by the activity of the three normal vibra-
tions (2Ai + Bi) in the IR and Raman spectra but also by the
similarity of the Vi and υ3 frequencies. Furthermore, the
virtual identity (to within ±10 cm"1) of the vibration fre-
quencies of the halogen cation compounds dissolved in HF
and of the crystals of their compounds indicates the presence
in the liquid and solid phases of the same discrete ions
[Hal(Hal')2]

 + .
The frequencies of all nine species of the normal vibrations

of the cations [HaKHal' K]+ (4AX + A2 + 2BX + 2B2) have
been found in the Raman and IR spectra (Table 4). The
most intense band in the range 720—820 cm"1 corresponds to
the symmetrical (vi) and antisymmetric (Vg) equatorial
vibrations of the Hal—Hal' bond. The frequencies of the
antisymmetric (V6, Bi) axial vibrations are apparently identi-
cal with the frequencies of the type Vi vibrations.

Table 5 shows that Vi < v2 for the cations [BrFe]+ and
[IF6]

 + , in contrast to [C1F6]
 + . This has also been confirmed

by quantum-mechanical calculations.104 In the octahedral
ions with heavy complex-forming agents, the fully symmetri-
cal vibration leads to the appearance of polarised lines in

Table 3. Vibrational spectra of triatomic halogen cations.

Cation

[C1(C1F)]+

fCl(CIF)J+

[IC1J+

nci,r

[I(IC1)1+

[Kicor

ici,r
[ci,r

ICIFt]
+

[C1FJ+

Type of
spectrum

IR

R

IR

R

IR

R

IR

R

IR

R

Frequency, cm''

V,

530

744

368—370

366—371

354—359

490

490

789—805

809—811

Vi V,

290

535—540

143—149

124—126

225

225

381—387

384

590

293-299

350—364

184

508

508

815

808-830

Refs.

[4, 5, 28,
50, 70]

[70, 77, 78,
80—83]

[46, 70, 77,
84J

[4, 28, 70,
77, 85)

[5, 39, 44,
70, 86-91

Cation

[Br s]
+

[Br,l+

[BrF,l+

[BrF,]+

Π.Γ

!«•
[IBr,]+

[IBr,]+

[I(BrCI)]*

[I(BrCl)]+

Type of
spectrum

IR

R

IR

R

IR

R

IR

R

IR

R

Frequency, cm''

Vi

290

705—713

704

207

207

248

232

242 (I-Br);
362 (I-Cl)

v«

140

308

362

114

114

123—127

129

V |

288

695

702

233

233

258

257

250 (I—Br);
356 (I—Cl)

Refs.

[8, 69, 70]

(5, 44, 70, 87,
88, 92-94]

[8, 701

[41, 77,78,82]

[41, 77,80,84]

R = Raman spectrum (Editor of Translation).
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2~) band, is involved in Fermi
d t 688 " 1 (Table 5).

90,

the Raman spectrum (Vi), while lower symmetry vibrations
give rise to depolarised scattered radiation (v 2 ) and causes
the reversal of the frequencies v x and v2.

101*
The vibrational spectrum of the cation [C1F6]

+ resembles
the spectrum of the isoelectronic SF6 molecule and the iso-
topic splitting (35C1-37C1) of the v 3 band (890 cm" 1), amount-
ing to 13 cm"1, agrees well with the calculated value (12.5 cm"1)
for the octahedral s t r u c t u r e . " In the Raman spectrum of
the cation [C1F6]

 + , the weak band at 706 cm"1, identified62

as the 2v6(AXg + Eq + F l f f + F 2

resonance with the'vi(Aig) band at 688 cm
For the series of cations [C1F6]

 + , [BrF6] + , and [IF6]
 + ,

the stretching force constants fr are respectively 4.98, 4.
and 5.42 mdyn A" 1 . 6 7 These values are highest for the
Cl—F, Br—F, and I—F bonds owing to the high oxidation
states of the complex-forming agent.

Extensive investigations of the NQR spectra of the ligand
and central atom nuclei established the non-equivalence of
the halogen atoms in the cations and the presence of bridge
bonds between the cation and anion. 8 ' 1 0 5 In particular,
analysis of the n7l NQR spectrum of the compound [I3][A1CL,]
confirmed that one of the iodine atoms in the cation is the
complex-forming agent,30»31 and the cation [ I 3 ] + should
therefore be described by the formula [ICI)2]"1"· Further-
more, the dimorphism of [I3][A1CU] has been observed. The
frequency 400 ± 5 MHz in the n7l NQR spectrum characterises
the complex forming agent in the cation [Is] + = [I(12)2]*· 30

The frequency of the 35C1 signal in the NQR spectra (at
-195 °C) of the halogen cations [C1F2]

+ and [C1F^]+ is deter-
mined, according to the authors, 1 0 6 ' 1 0 7 by the electron-
accepting capacity of the anion. The signal is more intense,
the higher the electron-accepting capacity of the anions,
which can be arranged in the following sequence in terms of
the increase of this capacity: [TaF6]~ < [NbF6]~ < [SbF6]~ <
[AsF6]" < [Sb2Fu]~. The asymmetry parameter η of the

electric field gradient of the complex forming atoms of the
cations [ClFi,] + and [IF,,]+ is 48-50%.108 After the appear-
ance in the halogen cations of the tns-configuration of the
Cl-F and I-F bridge bonds with the two SbF6 octahedra of
the [Sb 2 F u ]~ anions, the values of η and the quadrupole
interaction constants diminish somewhat.108

Many halogen cation compounds have been investigated by
NMR. Two equally intense signals (δ =-256 and-274 p.p.m.),
measured relative to CFC13 at a temperature below -60 °C,
in the 1 9F NMR spectrum of the cation [ClFi,]+ indicate the
non-equivalence of the positions of the two fluorine atoms.53'
109,110 , ^ ΰ , ^ corresponds to a trigonal-bipyramidal structure
of the cation and the presence of bridging F atoms. Anal-
ysis of the 35C1 and 1 2 7I NMR spectra of the cation [I(IC1)] +

established30'31 that one of the iodine atoms is the complex-
forming agent, while the other is the ligand. The angular
structure of the cations [C1F2]

+ and [BrF 2 ] + 109~112 and the
octahedral structure of the cations [C1F6]

+ and [BrF 6 ] + 61>99>

109,113 ftave D e e n confirmed.

The ^ I Mossbauer spectrum of the cation [IFe]+ consists
of a single signal with the isomeric shift δ = -4.68 mm s"1,
which is characteristic of highly symmetrical cations.8 5 5 9

IV. THERMODYNAMICS OF FORMATION AND DECOMPOSITION

The appearance in solution of the cations [Hal(Hal' ) n ] +

is not associated with the usual complex-forming reactions
and the problem of consecutive equilibria. However, such
cations are complex species and enter the ligand substitution,
addition, and redistribution reactions characteristic of
complex compounds. For example, the following reactions
take place in solution in HSO3F: 7 7 ' 7 8

+ [ICl2]
+=f*2[I(BrCl) ] + ;

r**[I(IBr)](SO,F).

Table 4. Vibrational spectra of penta-atomic halogen cations.

Cation

[C1F4]+
[CIF4J

+

[BiF«l*
[BrFJ*

I F 4 ] +

IF4P

Type of
spectrum

IR
R

IR
R

IR
R

Frequency (cm"1) and band assignment

ν>(Λ) ν,μ,)

799—802
79C—803

724

728
729-732

568
568

606
604

614—621

ν, (Λ,) ν, (Λ,)

515-519
511

383

345
342

236

214-219

241

ν. {Α.)

474

690»
703*

655*

VT ( Β Ι > V, (Β,)

53Β
53ϋ

419
416-424

388
385—434

822-830
820

730
736

719
720

ν , (Β,)

395

309
365-371

311
316

Refs.

153, 8Β, 95, 9ti]

[61, 78, 95, 97]

153, 94, 981

*The data refer to the ν 6 (Β χ ) vibrations.

Table 5. Vibrational spectra of hepta-atomic halogen cations.

Cation

[C1F.]+
IC1F,1+

KF

Κ

Type of
spectrum

IR
R

IR
R

IR
R

Frequency (cm'1) and band assignments

679—689

658

708

V.tEj)

580—630

668

732

ν· {Pm)

890

775

793

v« V l u )

540—590

430

343

v. (FJJ)

515

405

340

v· (*V

706 (2v.)

-

250

Refs

[61, 62, 68, 86, 95, 99, 100J

[60, 61, 67, 101]

[4, 58, 57, 65, 60, 102, 1031
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When the anion is replaced, some of these reactions become
impossible under previous conditions. In particular, the
reaction

takes place only with participation of Hal2 = Br 2; this is
due to the low solubility of I(SO3CF3) and its polymeric
structure. 7 7 ' 7 8

In the reactions presented above, the more electropositive
ligand is always substituted by a more electronegative one
and the less electropositive complex-forming agent is
replaced by a more electropositive one. Reactions are
known111* in which two ligands are substituted at once:

[Cl(C1F) ][AsFJ + SOF2**[C1 (SOF,) J[AsFJ + GIF .

The latter reaction occurs even at -130 °C with 85% yield.
The substitution of two ligands is apparently preceded by
an elimination reaction with formation of two radical species,
C r and F ' , which then combine to form the molecule C1F.

The substitution reactions make it possible to establish
the following stability series of the cations:1 1 5 '1 1 6

[IF 2]+>[BrFJ+>[ClF 2]+; [IClJ+>[BrCl2]
+>[Cl(CI)2J

+.

The mechanism of the formation of halogen cation compounds
has not been ultimately elucidated. It has been suggested
that 6 ' 8 ' 9 ' 1 1 7 interhalogen compounds or halogens initially
dissociate:

2BrF3^[BrF2]
++[BrF t]-; 3IBr**[I(IBr)]++ [IBr.J-;

4IC1^[I(IC1)2]
++[IC12]-; 3 I 2 ^ [ I J + + [I,]- etc.,

According to the data of Surles and Hyman,9 3 '1 1 8 on dis-
sociation of BrF 3 (at 30 °C), the concentration of the ions
formed is 0.9 ± 0.1 M. The equilibrium constant for the
reaction

BrF3 + ClF3**[ClF2]
 + + [BrFJ-

at 25 °C and for a BrF3 mole fraction of 0.22-0.85 is
1 χ 10" \ n 8 . u 9 The introduction of electrophiles and
nucleophiles (AsFs, SbCls, A1C13, etc.) shifts the equilibrium
towards the formation of halogen cation compounds:

[BrFJ-+SbF i3*BrF3+lSbFe]-; IC1 + [A1C1J- etc.,

In the intermediate stages of the formation of the cations,
there is a possibility of the appearance of radical-anions.
For example, it has been assumed120 that the abstraction of
electrons from CI2 can induce the formation of the planar
radical cation Cl^ from Cl 2 and Cl2 (weak π-π* interaction).

In our view, another mechanism for the formation of halo-
gen cation compounds is also possible:

BrF3+SbF5^BrFJ-SbF5=t*[BrF2][SbF(l] .

According to this scheme, an adduct without a rigid
nuclear configuration is formed initially and then bridge
bonds arise between BrF3 and SbF5 as a result of the migra-
tion of the nuclei and the redistribution of electron density
by virtue of the low activation energy. After this, the
fluoride ion is transferred.

The calorimetric method has not so far come to be widely
used in the study of the formation reactions of halogen
cation compounds. Systematic investigations in this field
are only just beginning. In particular, the enthalpies of
solution (at 25 °C) of SbF 5, SnFi», and TaF5 in BrF 3 , which
represent the overall energies of the dissolution process and
the chemical reaction, are respectively -92.3 ± 0 . 3 , -58.8 ±
0.7, and -45.2 ± 0.8 kJ per mole of the dissolved fluoride.119

On the other hand, the enthalpies of formation (-Af/jlge) o i

[BrF 2 ][SbF 6 ], [BrF 2 ] 2 [SnF 6 ], and [BrF 2][TaF 6] are respec-
tively 1773, 1505, and 2251 kJ mol"1. The last quantity
includes Δ Η $& for the formation of BrF 3 and TaF 5 . On the

other hand, the enthalpies of solution of the same halogen
cation compounds in BrF 3 at 25 °C are respectively -4.94,
-2.00, and -1.40 kJ mol" 1. 1 1 9 For the reaction

j + fBrF2]lSbF.]=K[SbF.]

in BrF 3, ΔΗ298 = -19.1 ± 1.0 kJ mol"1. With increase of
the degree of solvolysis of the interacting substances, this
quantity diminishes and amounts to -15.3 ± 0.8 kJ mol"1 for
the same reaction involving [BrF 2 ] [TaF 6 ] . 1 1 9

The thermal stabilities of the halogen cation compounds are
different. Whereas the compounds containing the cation
[C13]

+ decompose fully at 25 °C, [Br 3][AsF 6] dissociates
only above 70 °C with evolution of Br 2 , while in an atmo-
sphere of nitrogen it sublimes without decomposition at SO-
SO °C.n The halogen cation compounds [I3][A1CU] and
[I3](SO3F) melt congruently at 45° + 1 °C3 0 '3 1 and at 92-
101 °C38'71t respectively.

Table 6 presents certain thermodynamic characteristics of
the thermal decomposition reactions.

The enthalpies of the thermal dissociation reactions AHg,
listed in Table 6, were found from the slopes of the lg ρ =
f(l/T) curves subject to the condition that the enthalpies
of sublimation of the test substances are zero.

Table 6. Certain thermodynamic characteristics of the
thermal dissociation of halogen cation compounds.

IC1F,][BF,]

IC1(C1F)J[ASF 0 ]
[BrF2][SbFe]
I O F ^ A F ]

lgp (mmHg)

—25704-16
+(12.00+.0f>G)

-1798/T +10.53
—2391.0/7"+ 11.71
—3030/7"-t-7.66
—2763.6/7"+ 12.2
—4800/7"+ 16.42

Τ, Κ

243—293

200-255
498—623
242-283

98.7

68.6
137.2
116.3
105.6
183.7

29
kJ mol-1

1394.5

1827.1
1487
1773*
1576.5
2251

|14, 89, 121]

| 8 . 14, 89]
150]
(12. 119, 122]
[123]
[50]

Notation: ρ is the thermal dissociation pressure and ΔΗ°
the enthalpy of thermal dissociation.
* Found from calorimetric measurements.1 1 9

The complex [ClF2][BFiJ dissociates fully into C1F3 and
BF3 in the gas phase at temperatures above 30 °C, while
[Cl(ClF)][BFif] decomposes already at temperatures above
-112 °C and in the liquid state this substance is unknown.5 0

The products of the thermal decomposition of the complex
[Cl(ClF)][AsF6] are gaseous C1F and AsF5. AGj- = 9 . 0 kJ
mol"1 and ASy = 491.2 J mol"1 K"1 for this reaction.5 0 The
enthalpy of the thermal dissociation of [BrF2][SbF 6] in the
range 130—350 °C, calculated from vapour pressure data,
is 116.3 kJ mol"1, while the calorimetric value is 186 kJmol"1.119

The thermal dissociation pressure of [BrF2][BFi,] at -31 °C
is 4 mmHg, while at 23 °C the halogen cation compound
decomposes fully. ^

The stability of the complexes with the cation [IF 2 ]
increases in the series of anions [BF^]" < [AsF6]~ < [SbF6]~.
Whereas the compound [IF2][BFiJ is stable only in solution
of acetonitrile, the compound [IF 2][SbF 6] withstands heating
to 45 o C < 125,126 A G,o = 2.9 kJ mol"1 and LSJ. = 344.3 J
mo!"1 K"1 have been found123 for the reaction

[C1F4] [AsF6](cryst.) = ClFs(gas) + AsF5(gas)
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The products of the dissociation of [ClFJlPtFe] above 25 °C
(the vapour pressure at 23 °C is 2 mmHg) are C1F5, PtFi»,
and P t F 6 . 9 1

The thermal decomposition of substances containing the
cation [C1F6]

+ is accompanied by the evolution of fluorine.62»100

The complex [ClF6][PtF6] dissociates above 140-180 °C,&>

while [IF6][AsF6] sublimes at 120-140 °C with decomposi-
tion into IF 7 and AsF5 (LGT = 32.6 kJ mol"1 and ASf =
506.3 J mol"1 K" 1 ) . 5 6 ' 1 2 7

Among the known compounds of the hexafluoride (VII),
the complex [IF6][BFiJ is the least stable, the vapour pres-
sure amounting to 10 mmHg at -60 ^ , 1 2 7

V. SYNTHESIS OF HALOGEN CATION COMPOUNDS

The methods of synthesis of halogen cation compounds are
based mainly on reactions between interhalogen compounds
and halogens and the halides of Group IIIA—VA elements
in their highest oxidation states. The halogen cation com-
pounds obtained by one or other preparative method but
having the same compositions can exhibit appreciably differ-
ent melting points8 and other physical characteristics, which
is due to the presence of admixtures of the initial reactants
and side products of the reaction. The degree of con-
tamination is reduced only after carrying out the synthesis
within the limits of the region of crystallisation of the" target
products, determined from the phase diagrams of the corre-
sponding systems.

The cation [Cl(Cl)z]
 + · The apoearance of a phase con-

taining [Cl3]+ has been observed in the systems CI2— C1F—
AsF5 (SbF 5, SbCls, HF) at -76 °C and below,1*'7'28'70 in the
system [Cl(ClF)][AsF6]-Cl2 at -78 °C, 2 8 and in the system
Cl2-SbCl3 at -51 °C.V2S The formation of the cation [C13]

 +

has not been observed in the systems HSO3F—SO3-CI2—SbCl5

(25 °C, 3 atm) 8 5 and C1F-C12-BF3 (at temperatures from
130° to 25 ° Ο . " ' 7

The cation [Br(Br)z]
 + . When BrF 5 and Br 2 are condensed

in a quartz reactor containing a 30% excess of AsF5(SbF5) at
-196 °C, brown crystals are formed71 via the reaction

7Br2+BrF5+5AsF5=5lBrs][AsFe] .

The reaction, 7 1 ' 1 2 9

2O2[AsF,] + 3BrJ=2[Brs][AsFeJ + 2OJ .

leads to the same result. In order to avoid the formation
of the cation [Br 2] + , the molar ratio Br 2/BrF 5 in the first
reaction should not exceed 4.5. 7l

The appearance of the cation [Br 3 ] + , noticed in a number
of investigations"'7 '2 9·7 0 '1 3 0·1 3 1 in the systems Br 2 -S 2 O 6 F 2

(SbF 5, HSO3F, SO3) is caused by reactions of the type

3Br2+Si!OeF2=f£2[Br,]++2SOaF- .

The cations [I(I)z]+ and fI(i 2) 2J + . The formation of new
phases with the cations [I 3 ] + , [I 5] + , and [I?]+ has been
postulated in the systems I 2 -S 2 O 6 F 2

 x and I2-IC1-A1C13.
 3 0 ' 3 1

These phases could not be isolated from the melt. Spectro-
scopic analysis (1 9F NMR, IR) of the liquid phases failed to
confirm the formation of the cations [I 3] + and [ I 7 ] + in the
first system. The results of cryoscopic measurements for
the same system are contradictory and do not lead to unambi-
guous conclusions.3 8 '7 5 '1 3 2

The black-brown powder of [I3](SO3F) was obtained71* only
after prolonged treatment of an excess of I 2 with pure
S2O6F2 at 20 °C with subsequent heating of the mixture to

85 °C and cooling to -180 °C. The possibility of the syn-
thesis of the complex has been pointed out in several
investigations.1*»36·133 At a low temperature the interaction
of I 2 and S2OeF2 leads to formation of the diamagnetic cation
[ U ] 2 + together with [I 3] + , S35»36»131* while according to a
number of other data 7 · 2 9 · 7 5 the cation [ I 5 ] + is also formed.

The compounds [I 3 ][AsF 6 ] , 1 5 ' 1 3 5 [I 5][SbF 6] , 3 7 and [ Ι 7 ] .
.[SO 3 F) 3 8 have been obtained in a crystalline state by purely
preparative methods. The composition of the last phase
requires confirmation.

The results of the study of the systems I 2-HIO 3 (KI,
ICI, I2O s)-H2SO l f(HSClO3, K2S2O8) by conductimetric
titration methods, the reddish-brown colour of the solutions,
and the electronic spectra indicate the formation of the
cation [i^V·7 3»7 6·1 3 3»1 3 6 It has been suggested that the
cation [I 3 ] + should also be formed in the systems I2—H2S2.
.O 7, 1 3 7 I2-HSO3F, 1 3 8 I 2 -SO 2 -SbF 5 , 70 ICl-H2SOi,, I 2 -HC1-
BC13-K2S2O8, I2-CF3COOH-BF3-K2S2O8, and ICI-BF3-
CF3COOH.136 The cation [ I 5 ] + has been detected in the
systems I2-HIO3-H2SOi, with a molar ratio I2/HIO3 > 7,7 3 '1 3 3

and also in the systems Ir-^SO^-SOs 139 and I 2 - S b F 5 -
AsF,.3 7 '1"0

HO 60
mole %

80 100
SbF5

Figure 5. Phase diagram for the system ClF3-SbF5:
1 '*1

D1 = ctr[ClF2][SbF6]; D 2 = ClF3.2SbF5; D3 = ClF3.4SbF5;
G = B-[ClF2][SbF6]; Ρ = 3ClF3.2SbF5; A = 3ClF3.2SbF5 +
L; Β = 3ClF3.2SbF5 + O^C1F3; C = 3ClF3.2SbF5 + B-C1F3;
L = liquid phase; Κ = 3ClF3.2SbF5 + B-[ClF2][SbF6].

The cation (CIF2)
 + . A thorough study1"1 of the system

ClF 3-SbF 5 (Fig. 5) showed that the interaction of its com-
ponents can result in the formation of not only [ClF2][SbF6]
and [ClF2][Sb2Fu] but also of two new phases: 3C1F3.
.2SbF5 (P) and ClF3.4SbF5 (D 3 ) . The coordinates of the
eutectic points are Ex = 98 mol% C1F3, m.p. -72 °C; E2 =
37.95 mol%, 2 °C; E3 = 27.50 mol%, 0 °C; Ει, = 1.2 mol%,
+7 °C. The compound [ClF2][SbF6] is dimorphic with a
phase transition temperature of 55 °C. The congruent
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melting points of the phases D2 and D 3 are respectively 11°
and 25 °C.

Compounds with the cation [C1F2]
+ are synlhesised either

by condensing C1F3 on AsF s {SbF5, BF3, PtF 6 , O 2[PtF 6]}
at -196 °C with subsequent removal of the excess CIF3 in
a stream of nitrogen or by the direct reaction of CIF3 with
AsF3 (SbF3, BF 3), which proceeds vigorously even at -70 °C.
The excess C1F3 can convert the chlorides or fluorides of
the elements in the lowest oxidation state initially into Lewis
acids and then into compounds with the cation [C1F2]

 + . J27'1>&

The compounds [C!F 2][SbF 6], " [ciF2][AsF6] , 2 6 ' 8 9 · 1 2 7 · 1 " 3

[ClFzHBFe],12.1"·.89.121 and [ClF2][PtF6] *>,**-v* were obtained
in this way in the crystalline state. The individuality of
some of these compounds is open to doubt, in particular the
melting point data 1 2 7 · 1" 2 for [ClF2][SbF6] (75-78 °C) differ
by 207-210 °C from those in another study1 I f l (Fig.5).

The synthesis of [ClF 2][IrF 6] and [C1F2][PF6] has been

reported. The system C1F6-HF is of the eutectic type
(44% CIF3, m.p. -110.7 °C), 'S12,88.11·7 although the cations
[C1F2]

+ have also been detected in solution. 88>1'18 The com-
ponents of the C1F3—UF6 system do not interact either. 9>11|θ

The cation [Cl(ClF)] + . Using the synthetic methods
described above, the compound [Cl(ClF)][AsF6], which is
stable below -70 °C, was obtained. 50 In solution in the
HF~SbF5 mixture, the cation decomposes even at -76 °C. k>2B

The cation [BrF2]
 + . The formation of not only [BrF 2 ] .

.[SbF 6] (m.p. 129 °C) but also of a series of other new
phases, namely BrF3.3SbF5 (m.p. 33.5 °C), 3BrF3.2SbF5,
and 3BrF3.SbF5 has been established in the system BrF3—
SbF5 (Fig. 6). The incongruent melting points of the last
two phases are respectively 30.8° and -16.3 °C.1 5 0

0 ~

60 80
6r»Fj mole% 5b Fj

Figure 6. Phase diagram for the system B r F 3 - S b F 5 ; 1 5 0

D-L = [BrF 2 ] [SbF 6 ] ; D 2 = BrF 3 . 3SbF5; A - BrF 3 ; B =
3BrF 3 .SbF 5 ; C = 3BrF 3 .2SbF 5; Κ = SbF 5 . Coordinates
of the eutectic points: Ex = 83.0 mole%BrF3, m.p. 33.1 °C;
Ez = 33.5 mole% BrF 3 , m.p. 15 °C.

The formation of the compound [BrF 2 ] 2 [SnF 6 ], melting
incongruently at 93° ± 1 °C, has been observed1 5 1 in the
system BrF3—SnF^, which has been only partly investigated
owing to the high viscosity of the melt. The formation of
two incongruently melting phases has been established in
the BrFa-PtF* system:152 [BrF 2 ] 2 [PtF 6 ] and 7BrF3.PtF^.

A whole series of compounds with the [BrF 2 ] + cations have
been obtained, incorporating the following anions apart from
those indicated above: [AsF6]~, 92 [BFU", 6 3 ' 1 2" ' 1 5 3 [NbF 6 ]",
[ T a F 6 r , [BiF 6], 1 7 · 1 5*' 1 5 5 [GeF6]

 2~, 2 7 ' 6 3 ' 9 2 [PdFiJ-, r R u F 6 r ,
[AuF,,r, and [RhF 6 ]~. 1 № ' 1 5 6 - 1 5 9 The data concerning the
synthesis1 5 3 of [BrF2][BFiJ, allegedly stable at room tem-
perature, were not confirmed.121' The interaction of BrF3

and BF3 affords the compounds [BrF2][BFiJ (stable below
-80 °C) and [BrF 2][B 2F 7] (stable below -120 °C).63>12h The
separation of these compounds without the preliminary study
of the system BrF 3 -BF 3 is very difficult.

The above halogen cation compounds are synthesised by
the methods involving the direct interaction of the fluorides,
chlorides, and oxides of the elements with an excess of BrF 3 .
The residual BrF 3 is then removed in vacuo. 92>160~162 The
reaction with the oxides proceeds vigorously and is accom-
panied by the evolution of O 2, Br2 being introduced into
the reactor to slow it down.

The method involving the direct interaction of BrF 3 with
powdered metals at temperatures ranging from 190 °C and
above has also been recommended.1 5 5 '1 5 6 '1 5 8 '1 5 9 '1 6 1 '1 6 3 For
platinum metals, a mixture of BrF 5 and Br2 is used instead
of BrF 3 . 16" The reactions of BrF3 with SO3, Br(SO 3F) 3,
and F(SO3F), and of BrF 5 with SO3 result in the formation of
the same compound [BrF2](SO3F) . n 1 , 1 6 5

The cations [BrClz]
+ and [Br(BrCl)] + . They exist only

in liquid phases of the systems Cl 2-Br(SO 3F)-SbF 5 and
Cl-Br 2 (Sb 3 F 1 6 ). 72

The cation [IFZ]
 + . It is formed in the systems I F 3 - B F 3 -

CH3CN (at -45 °C) and I(SO 3F)-SO 3F 2 . 12' * The inter-
action of IF 3 with AsF5(SbF5), cooled to -78 °C, results in
the formation in the solid state of [IF2][AsF6] (decomposes
at -22 °C) and [IF 2 ][SbF 6 ], which can withstand heating to
45 oc . 1 2 5 ' 1 2 6

The cation [IC12]
 + . It forms red and orange-red crystals

with the anion SO3F~ when I(SO3F) is acted upon by liquid
chlorine (at -70 °C) with subsequent increase of temperature
to 20 oC7\77,82 o r w n e n a suspension of I2C16 in CCU (below
-10 °C) is mixed with a limited amount of SO3.

 1 6 6 ' 1 6 7 The
compounds of dichloroiodine (III) have been obtained with the
following anions: [SbF6]~-by adding I2C16 to a solution of
SbF5 in SO2C1F with subsequent removal of the excess SO2C1F
by slow distillation; "2 [Sb2Fu]~—by the reaction of I2C16

with SbF5;
 n [SbCl6]"~by the reaction of I2C16 with an

excess of SbCl5 at 100 oci9,ei,83,i68 o r o n m i x i n g I z > sbCl5,
and an excess of liquid chlorine (at -196 °C) with subsequent
raising of the temperature to -80 °C; 80>81(>169 [AlCli,]"—by
heating equimolar amounts of I2C16 and A1C13 in CCU or
CHC13

 1 9,8 1.1 6 8.1 6 9 and also by the reaction of I2C16 with A1C13

in a sealed tube at 100 °C.8 3

The cation [I(ICl)] + . It follows from the phase diagram
for the system IC1-A1C13

 30>170 that the reaction of IC1 with
A1C13 leads to the formation of the compound 2IC1.A1C13 =
[ I ( I C 1 ) ] [ A 1 C 1 I J , melting incongruently at 53 °C, in which the
ligands are the I~ and Cl~ ions. Signs of the appearance of
an analogous compound have been observed1 7 1 '1 7 2 also in the
system IC1-A1C13-C6H5NO2. According to Pohl and Saak, w

only the compound [I(ICl)2][AlCliJ is formed in the reaction
of IC1 with A1C13. The reaction

I,+2SbCMI(ICI) ] [SbClJ + SbCl, .

is apparently possible in the system I 2 -SbCl 5 . 1 W> 1 7 3- 1 7 6 The
dark-brown crystals of [I(ICl)][SbCl6] have been obtained
by the interaction of ICI and SbCl5 and of I 2 , SbCl5, and
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Cl2 (at -196 o C ) «.7,70,80,». I t h a s b e e n s u ggested 8 · 8 0 that
the last reaction is followed by the side process

equimolar amounts of [IBr2](SO3F) and [IC12](SO3F) at
95 °C. n It is believed33'1*1 that this entails the formation of
a disordered mixture of the cations [IBr2]

 + , [IC12]
 + , and

[I(BrCl)]+ which are in equilibrium
which initiates the reaction

ICl + Cli+SbCls=[ICla][SbCl(] .

It is believed8 that the nl2 + IC1 + SbCls interaction (n = 1-3)
always entails the formation of the cation [I(IC1)]+ in the
first stage regardless of the ratio of the initial components,
pressure, and temperature.

The formation of two compounds, namely [I(ICl)][SbCl6]
and [I(ICl)2][SbCl6], melting congruently at almost the
same temperature (62.5 °C), has been established in the
system ICl-SbCl5.

177 Whereas the compound [I(IC1)].
. [GaCli,], melting incongruently at 28.5 °C, is formed in the
system ICl-GaGl,173 the only product in the system IC1-
SbCl3 is the adduct SbCl3.5ICl 178 (ICl.SbCl3 is formed
according to other data173'179 ). No interaction has been
observed between IC1 and AsCl3.

180 Similarly only the
adduct ICl.TaCl5, melting incongruently at approximately
102 °C, is formed in the system ICl-TaCl5, while the system
ICl-NbCl5 is of the purely eutectic type.1 8 1

The reactions of I(SO3F) and IC1 (at 50 °C) and of [I 3 ].
.(SO3F) and [IC12](SO2F) in a stream of dry nitrogen77'78

lead to the formation of [I(IC1)](SO3F).

The cation [I(ICl)2]
 + . The mechanism of reactions in

which the IC1 molecules become the ligands while iodine
acquires the +1 oxidation state has not been ultimately
elucidated. Thus the reaction of IC1 with SbCl5 or A1C13

entails the formation, together with the cation [I(IC1)] + ,
also of the cation [I(IC1)2]

 + . "••«M»."» According to
other data,"6'"7 the compound [I(ICl)2][SbCl6] can also
cyrstallise from a solution of I2C16 and SbCl3 in SO2.

The cation [IBr2]
 + . Compounds with this cation cannot

be obtained by the direct interaction of Lewis acids (SbF5,
AsF5, AlCln, etc.) with IBr3 or I2Br6, since the latter have
not so far been obtained. For this reason, [IBr2][Sb2Fn]
is synthesised in the following manner. A solution of
SbF5 in SO2 is mixed initially with IBr until the appearance
of a precipitate of SbF5, which is filtered off and SO2 is
removed; the final product is extracted from the paste-like
residue with SO2C1F. ltl The same compound can be obtained
in the exchange reaction of [IBr2](SO3F) with a large excess
of SbF5 on heating to 70 °C.7B Compounds with the anions
SO3F~ and SO3CFI are formed on heating to 50 °C a mixture
of I(SO3F) or I(SO3CF3) with Br2.

 77>78'82

The cation [IBr2]
+ has been detected in the system I2—Br2—

HIO3-H2SOH at 25 °C with the molar ratio I2/HIO3 = 2.0.
The formation of the cations [IBr2]

+ has not been estab-
lished in the systems IBr-AlBr3,

 m IBr-GaBr3,
173 IBr-

SbBr3,
178 and IBr-AlBr3(SbBr3)-C6H5NO2.

182'185 The adduct
IBr.AlBr3 was isolated in the first system.

The cations [I(IBr)]+ and [I(IBr)2]
 + . When I(SO3F)

and IBr interact (at 50-75 °C), the compound [I(IBr)](SO3F),
melting incongruently at 70 °C, crystallises,"" while the
almost black crystals of [I(IBr)2][SbCl6] can be obtained by
the reaction of IC1, IBr, and SbCls. ** Both cations appa-
rently exist in the same systems and their crystallisation
regions are determined by the ratio of the components, as
in the systems of the cations [I(IC1)]+ and [I(IC1)2]

 + .

The cation [I(BrCl)] + . It enters into the composition of
two compounds: [I(BrCl)][SbCl6] and [I(BrCl)](SO3F).
The first was obtained"1»80 by the interaction of IBr, Cl2,
and SbCl5 in SO2 (at -78 °C) and the second by mixing

The cation [ClFk]
 + . The study of the system C1F5-

SbF5 (Fig. 7) led to the observation186 of three new congru-
ently melting phases containing the cation [ClFi,] + : [ClFiJ.
.[SbF6] (m.p. 120 °C), [ClFJtSbzFu] (m.p. 64 °C), and
[ClFiJtSbi^u] (m.p. 62 °C), the last two compounds having
very small crystallisation regions. The first compound has
two polymorphic modifications (a and β) with a phase transi-
tion temperature of approximately 40 °C. The melting point
data,52'123 for the compound [ClFiJISbFe], obtained by
preparative synthesis, disagree with the more accurate
data.186 It has been established that HF cannot be used as
the solvent for the synthesis of this compound.186 The
system C1F5—HF is distinguished by the complete absence of
the miscibility of the components in both liquid and solid
states.187

10 HO 60 80 100
mole%CIF5

Figure 7. Phase diagram for the system ClF5-SbF5:
186

A = ct-[ClF.»][SbF6] + [ClFi,][Sb2Fii]; Β =
O-C1F5; C = β-tClFUtSbFe] + B-C1F5;

Κ = ct-[ClFi,][SbF6] + L; Μ = B-[ClFi,][SbF6] + L.

The synthesis of [ClFiJtAsFs] and [ClFiJtPtFe] is based
on the repeated heating and cooling of a mixture of C1F5

and AsF5(PtF6) in the temperature range between -196° and
+20 oc.91»123 The system C1F5—BF3 is characterised by the
absence of miscibility of the components in both liquid and
solid states over the entire concentration range.188

The cation [BrF^] + . In contrast to the previous system,
the interaction of BrF5 and SbF5 leads to the formation of
five new phases (Fig.8), among which only one, [BrFi»].
[Sb 2Fu], melts congruently (at 81 °C).189 The low melting
point (60-61 °C) observed for this phase elsewhere113'190

is caused by the presence of impurities.
A general method of synthesis of compounds of halogen

cations, incorporating the ion [BrFi»]+, involves the con-
densation of BrF5 at -196 °C in a reactor containing the
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fluorides or oxides of the elements in the highest oxidation
states with subsequent alternate heating and cooling of the
reactor. In the last stage of the synthesis, the excess
BrF 5 is removed in vacua. The cation halogen compound
of tetrafluoiObromine (III) with the anions [Sb 2 Fu]~, 5 3 ' 6 1 ' 9 7

[AsF 6]~, 5 3 [SnFE] 2~, 9>1S1 and [RuFg]" n (all in the crystalline
state) and also with the anions SO3F~ 19° and [PtF 6 ]" 90>91 (in
the form of viscous liquids which do not crystallise at low tem-
peratures) were obtained in this way.

-HO -

-80

0 20 MO 60 80 WO

BPF 5 mole% 5 b Fj

Figure 8. Phase diagram for the system BrF 5 -SbF 5 : 1 8 9

D x = dystectic composition [BrFi,] [Sb2Fu] (m.p. 81 °C);
m.p. of peritectic phases (°C): Ρχ = -8 ; P 2 = 0; P 3 =
+50; P^ = +40; Elt Ez = eutectic points; A = 3BrF5.
.2SbF5; Β = BrF 5 .SbF 5 ; C = BrF 5.3SbF 5; Κ = BrF 5 .
.7SbF5.

The formation of the cation [BrFiJ+ has not been esta-
blished in the systems BrF5-BF3(NbF5, BiF5), 8.9 7>1 8 8 B r F 5 -

, U 3 BrF 5 -UF 6 )

 9>llt9 and BrF 5 -HF. V2.22.88

The cation [IFJ + . When IF 5 and SbF5 interact, three new
phases appear (Fig.9): 1 9 2 the congruently melting [IFiJ.
. [SbF 6 ] , the incongruently melting [ I F i J f S b ^ u ] , and the
IF 5 .6SbF 5 phase whose nature has not been elucidated.

The method of synthesis of the majority of the cation halo-
gen compounds with the cation [IF^]"1" is analogous to that
used for [BrF,,] + . The compound [IF.JfCrF^.Sbi.Fu] has
been synthesised9 8 by the reaction in liquid IF 5 at 60 °C
(yield 100%):

The compound decomposes at 153 °C. Compounds with the
anions [SbFe]",53'61*»108'115'192'193 [Sb 2Fn]~, a [PtF6]~, l l | l f» l l t 5

and [CrFi j .Sb^u]" 8»98 have been obtained in the crystalline
state. The compound [IFiJ(SO3F) is formed in the liquid.1 9 3

The system IF 5 -HF is the eutectic t y p e , 1 * the cations [IFiJ +

being detected only in the liquid phase. 9»191*

The cation [CIF6]
+. The synthesis of the cation halogen

compounds with the cation [C1F6]
+ proved to be possible

only6 2 when a powerful oxidant, such as KrF 2 , is used under
the conditions of cyclic heating from -196° to +20 °C and
cooling:

ClFs+KrF2+AsF6=[CIF,][AsF.] + Kr .

The excess C1F5 used as a solvent increases the yield of the
complex, which crystallises without an admixture of the
cations [ClFitJ

 + . The compound [ClF6][SbF6] was obtained
analogously. The synthesis of [ClF6][BFi,] is possible
only via the exchange reaction of [ClF6][AsF6] and CsfBFJ
in HF on raising the temperature from -196° to +25 °C and
subsequent cooling of the mixture to -78 °C.1 0 0 The
Cs[AsF6] residue is separated and [ClFeHBFi,] is crystal-
lised from the filtrate in 55% yield. The synthesis of
[ClF6][AuF6] is believed to be possible.1 9 5 According to
a series of data,6 8 '8 6»9 9

-O..

take place when mixtures of the reactants are heated slowly
from -196° to +25 °C with simultaneous UV irradiation (water-
Pyrex filter) for several days. The reaction products could
not be fully separated.

, = [ClF.][PtF
6ClO2F+6PtFe=[ClF6][PtF

Figure 9. Phase diagram for the system IFs-SbF 5 : 1 9 2 Dx

dystectic composition [IF,J[SbF6] (m.p. I l l °C); P x and
P 2 = the peritectic phases [IF4][Sb2Fix] (m.p. 72 °C) and
IF5.6SbF5 (m.p. 27 °C) respectively; A = IF 5 + [IF,,].
. [SbFg]; Β = mixture of the solid phases Dx and Ρχ;
C = [ IF 4 ] [Sb 2 F u ] + L; Μ = IF s .6SbF 5 + L; Κ = mixture
of the solid phases Ρ χ and P 2 .

The interaction of the components in the systems C1F5-
F 2 -SbF s (AsF 5 ) and C1F 5-F 2-BF 3 was not observed at pres-
sures in the range 30-40 atm and temperatures in the range
100-225 °C. № Instead of the oxidation of C1F5 to C1F7, the
former decomposes to C1F3 and Cl2 with formation of com-
pounds having the cation [C1F2]

 + .

The cation [BrF6]+. The attempts to synthesise com-
pounds with the above cation by mixing BrF 5 , F 2 , and
AsF5(SbF5) were unsuccessful despite the use of increased
pressures (125-200 atm) and temperatures (200-250 °C) and
varying the molar ratios of the components. Only when a
new powerful oxidant KrF2 was employed, was it possible60'61»67

to synthesise [BrF 6][AsF 6] and a mixture of [BrF 6 ] [Sb 2 F u ]
with [BrF^][Sb 2Fu]. The latter compound is removed from
the mixture in vacuo at 50 °C. However, after this opera-
tion, the composition of the residual cation halogen compounds
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becomes indefinite:6 7 [BrF6][SbF6].a:SbF5 (x < 1). The
reaction involving KrF2 proceeds in BrFs at -196 °C. The
excess BrFs and KrF2 are removed by evacuation. The
yield of the halogen cation compounds with the ion [BrF6]

 +

does not exceed 20%. The reasons for the formation of
[BrF 6 ][Sb 2 F u ] instead of [BrF 6][SbF 6] remain obscure.

The cation [IF^] + . Cation halogen compounds containing
theanions [ A sF 6 ]- , 6 · 9 ' 1 2 . 5 6 . 1 2 7 . 1 9 6 - 1 9 8 [SbF6]~, № tSbaF^]-, 1 2 . 1 2 7 '
197,198 [BF^]-, 6 · 1 2 7 [BF(TeOF5) 3 r, 1 9 9 and [AuF6]" 65 have
been obtained with this cation.

A general method of synthesis of the compounds is joint
condensation in a single reactor at -196 °C of the initial
reactants with subsequent increase of temperature to 0 °C;
the remaining reactants are removed by evacuation. 56.59

>

127»
200,201 I f o n e o f t h e r e a c t a n t s [IF7) boils before the other
(SbFs) becomes liquid, then the reaction is carried out by
passing gaseous IF 7 through a melt of SbF5 at 20 °C. U 7 The
structure of [IF6][Sb3Fi6] has not been ultimately elucidated.

A reaction which takes place even at 20 °C but leads to the
formation of a mixture of two solid phases has been proposed
for the synthesis of the compound with the anion [AuF 6]~: 6 5

3IF» + 4Os[AuFf] =3[IF.] [AuF.] + 4O2+AuF, .

VI. APPLICATIONS

The cation halogen compounds have a multiplicity of novel
physical and chemical properties which lead to a wide
variety of possibilities in their practical use. In the first
place, being strong oxidants, they have been recommended
as components of rocket fuels and in the technology of the
processing of nuclear materials.9

The compounds [Cl(ClF)][AsF6], [ClF.,][SbF6], and
[BrF2][SbF 6] proved to be excellent fluorinating agents at
comparatively low temperatures in closed reactors and at
low pressures developed in the process; 1 2 2 ) l i f 1 ' 1 5 0 ' 1 6 2 [BrF 6 ].
. [AsF6] is more effective than F 2 under the usual conditions,
oxidising, for example Xe and O2:

[BrFe][AsFt]-Xe=(XeF) [AsF6

lBrF,][AsF,]-O2=OI[AsF,] + Br
The effectiveness of the halogen cation compounds in

organic synthesis has been mentioned frequently.2 0 2 '2 0 3 In
particular, it is technologically convenient to synthesise flu-
orinated aromatic derivatives of iodine(VII) with the aid of
[IF^tSbFg]. 203 The authors believe203 that the halogen
cation compounds lead to new possibilities for the synthesis
of compounds containing Ar—Hal (Hal = I, Br, or Cl). The
halogen cation compounds [Cl(ClF)][AsF6], [ClF2][AsF6],
[ClFiJtSbFe], and similar compounds can be used as solid
sources of chlorine fluorides and devices for their storage.
When necessary, these fluorides can be regenerated in a pure
form.11»1

The most promising application of the halogen cation com-
pounds is the synthesis of new substances by mixing solutions
containing the corresponding halogen cation compound (Lewis
acid) and the halogenate anion (Lewis base). The solvent
in this instance is the interhalogen compound whose auto-
ionisation leads to the formation of the cation and anion of the
reactant. An example is provided by the reaction

[BrF,][PF.] + Ag[BrF4] =Ag[PF.] + 2BrF, .

Numerous complexes, whose synthesis had been regarded as
impossible previously, have been obtained by this method.1 2 '
113,115,155,156,160,162,163 T h e r e v e r s ib i l i ty of some of the reac-
tions and the solvolysis of the product are complications in
synthesis of this kind.

The exchange reactions involving the complex cations may
be used for synthesis:12»201'

[BrF2] [ AuF.] + SeF,= (SeFs) [AuF4] + BrF, .

These reactions can be employed also for the purification of
chemical fluorides.205

The determination of chemically combined oxygen in
minerals, raw materials (ores), and metal oxides and phos-
phates is a difficult analytical problem whose solution has
become possible after the appearance of the halogen cation
compounds. In particular, when thermostable oxides
(ThO2, A12O3, ZrO2, etc.) and phosphates are heated with
[BrF2][SbF 6] to temperatures above 330 °C, oxygen is
evolved quantitatively.1 2 > 1 2 2 The same reagent has been
proposed2 0 6 for the direct quantitative determination of
chemically combined oxygen in alcohols and aliphatic and
aromatic acids.

The reaction

Rn+ [IF.] ISbF.] = (RnF) [SbFj + IF5

has been recommended66'207 for the separation of a mixture
of Rn, Xe, and Kr, for the determination of Rn in air, and
for the removal of the radioactive radon impurity in air.
The use of halogen cation compounds makes it possible to
eliminate radon and other carcinogenic substances ( ^ P o ,
211*Po, a i*Pb, and ^Bi) almost completely from air in uranium
mines.2 0 7 The xenon evolved on dissolution of spent radio-
active fuel may be utilised by means of reactions involving
the formation of the adducts 2IF5.XeF2

 208>209 and I F 5 .
.XeF,. a o ' 2 1 1

VII. CONCLUSIONS

It follows from the data presented above that, in the direct
synthesis of halogen cation compounds with halide ligands,
halogens and diatomic interhalogen compounds should be
used only together with powerful oxidants. Otherwise
molecular ligands appear in the inner sphere with the com-
plex-forming agent in the +1 oxidation state, for example,
[Id2)2]+ and [I(IC1)2]

 + . a 2" 2 1 ' t The halogen cation com-
pounds with the cations [ICU]+ and [IBri,]+ have not so far
been obtained owing to the extreme instability of IC15 and
IBrs. 2 1 5

The halogen cation compounds examined in this review
are not distinguished by a wide variety of anions. The
anions are mainly [AsF6]~, [SbF6]~, [SbCl6]~, [ B F J - ,
[A1CU]~, and a few others. The properties of powerful
halide ion acceptors can also be manifested by the fluorides
and chlorides of elements capable of being converted into
acido-complexes.

The dependence of the stability of the halogen cation com-
pounds on the nature of the anions has not so far been
accounted for. For example, BF3 exhibits an appreciable
accepting capacity in relation to fluoride ions, but it does not
interact with either C1F5 or with BrF 5 to form the cations
[ClFi*]+ and [BrF l t]

 + . 1 8 8 The most stable halogen cation com-
pounds contain almost always the anion [AsF6]~. The
appearance in the anion of bromide or iodide ligands, which
are readily oxidised, precludes the synthesis of the halogen
cation compounds. Such ligands destabilise the cations,
reconverting them into halogens or interhalogen compounds.

The more exothermic the formation reactions of anions of
the type,

the more stable should apparently be the resulting halogen
cation compounds. Thus their stabilisation is also promoted
by the electrolytic dissociation of interhalogen compounds213
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and by the ready solubility of the latter in Lewis acids func-
tioning as halide ion acceptors. It has been established that
the energy of abstraction of fluoride ions from halogen fluor-
ides diminishes from C1F5 to IF5. The stability of the halogen
cations associated with the same anion increases in the same
direction:

<[BrFJ+<[IF,]\

The interaction of halogen fluorides and Lewis acids in the
liquid phase is as a rule rapid and proceeds with a high yield.

Little is known about the mechanism of the formation reac-
tions of the halogen cation compounds. The conditions
governing the equilibria in solutions between the ions [I2] +

and [133"*" and between [I3]+ and [IiJ2+ or the causes prevent-
ing the appearance of the cations [Is]+ in the system I2—
S2O6F2 or the cation [I3]+ in the system I2-AlCl3-NaCl ai>

and favouring their formation in the system I2—IC1-A1C13

have not been elucidated. The possibility of reactions of the
type

3ICl**[I(ICI)] + +[ICI,]- or 3ClF^[C!(C!F) J++[C1FJ-

is open to doubt. The dismutation

CIF3 + C12 or 3IC1=*IC],+1,

followed by other reactions is more likely. It may be that in
this process one of the stages involves an elimination reaction
with formation of radicals. The appearance of the latter,
for example Cl3, C1F2,

 m o r Cl^,120 has been frequently
mentioned.

A fundamentally new method of synthesis of halogen cation
compounds is that involving the explosive interaction between
two different halides of the same metal. Single crystals of
[ClF6][CuFi»], for example, have been obtained by this
method from a mixture of CuF2 and CuCl2.

 a 6

In conclusion, it should be noted that the study of the
chemistry of the halogen cation compounds is only just
beginning and much still remains to be done before it occu-
pies its due place in modern inorganic chemistry.
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Reactions of Unsaturated Systems with Hexavalent Chromium

Sh.O.Badanyan, T.T.Minasyan, and S.K.Vardapetyan

The literature data on the interaction of unsaturated compounds with hexavalent chromium reagents are surveyed. Attention
is concentrated on reactions with coordination complexes of hexavalent chromium and also methods suitable for the
chemospecific, regiospecific, and stereospecific oxidative generation of functional groups in highly unsaturated systems. The
advances in the application of chromium(VI) in the synthesis of natural structures are described.
The bibliography includes 389 references.
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!. INTRODUCTION

The oxo-derivatives of manganese, chromium, ruthenium,
and osmium have been applied to an increasing extent in recent
times for the generation of functional groups in organic
molecules. Among the selectively acting oxo-derivatives of
variable-valence metals, chromium compounds play the most
important role, because the oxidative reactions based on
them can be readily carried out and the reagents themselves
are readily available and cheap. The oxidation of carbon-
carbon multiple bonds by chromium (VI)—containing reagents
leads to the formation of epoxides, glycols, aldehydes,
ketones, and carboxylic acids. 1" 9 Furthermore, if we add
to this that coordination complexes of chromium can be used
successfully for the conversion of hydroxy into the carbonyl
groups in unsaturated systems, the prospects for their appli-
cation in the chemistry of unsaturated compounds become
evident.1 0"1 9 For these purposes, one uses chromic acid
(in water or in acetic or sulphuric acids), the dichromate
ion (in water or in acetic acid), chromyl acetate (in acetic
anhydride or in its mixture with acetic acid), t-butyl
chromate, chromyl nitrate, coordination complexes of chromium
dioxide, and chromyl chloride (in inert solvents).

The literature data on the application of chromium com-
pounds as oxidising agents for organic substrates available
in foreign literature have been partly considered and sur-
veyed.2 0"2 7 Despite the enormous importance of the above
reagents, there have been no Soviet reviews, which led us
to compile and arrange systematically the data on the inter-
action of hexavalent chromium compounds with unsaturated
compounds. The reactions of chromium derivatives with
unsaturated systems can be arbitrarily divided into the
following groups: (1) oxidation of hydroxy-groups and
other functional groups; (2) oxidation of multiple bonds;
(3) allylic oxidation.

I I . REACTIONS OF UNSATURATED ALCOHOLS

The search for readily available and selectively active
reagents for the oxidation of alcohols to carbonyl compounds
has been for a long time the object of numerous investiga-
tions. An enormous number of reagents containing chro-
mium (VI) were tested but the majority of them did not
exhibit an adequate activity and selectivity and as a result

proved to be unsuitable for use in modern organic syn-
thesis. 2 8 However, the series of reagents considered in
this review had been used successfully in reactions with
unsaturated alcohols.

1. Oxidation by Chromic Acid, the Dichromate Ion, and
t-Butyl Chromate

Chromic acid (H2CrOt,) was first used as an oxidant in the
conversion of derivatives of cyclopentenol into cyclopen-
tenones and it was recommended that the reaction be carried
out in acetic acid (Fieser's reagent) or in sulphuric acid.2 9 '3 0

A major advance in the oxidation of the hydroxy-group to the
carbonyl group in unsaturated alcohols and in particular in
acetylenic systems by chromium trioxide in sulphuric acid
has been the successful employment of acetone as the solvent
(Jones' reagent), which ensured high yields of carbonyl
compounds: 31~38

OH
HO Ο Ι

>"—*'- >—*'
R R

R = alkyl, aryl; R' = H, alkyl.

^— sa —R' S__ — π/

It has been reported that various primary allyl alcohols give
rise to aldehydes in moderate yields on oxidation by the chro-
mate ion in sulphuric acid:39"1*3

= \_—OH ~*

R = alkyl, alkenyl.

According to the results of a number of investigators ,30»31»
1Λ~1'8 when concentrated sulphuric acid is used, reactions
with unsaturated primary alcohols do not stop at the aldehyde
formation stage but continue until the formation of the corre-
sponding acid. This fact has been used in the synthesis of
the pheromone of the black carpet beetle—megatomoic acid.1*7

Other literature data exists concerning the oxidation of
unsaturated alcohols to aldehydes with the aid of the Jones
reagent. M9~51 Among them the use of chromic acid in the
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synthesis of cis-jasmone, in accordance with the scheme52

Ο ι) (CH,)i CHNHLI
2) CH.COCH.

place. In the presence of a large excess of the alcohol,
manganese(II) ions decrease the rate of oxidation by a
factor of two:

is of great interest.
The synthesis of a series of α-acetylenic carbonyl com-

pounds is also of interest. 53~60

The above methods have been used successfully in the
conversion of polycyclic unsaturated carbinols into ketones.61"61*

The dichromate ion [Cr2O7]2~ in acetic or sulphuric acid has
been used to oxidise various allyl alcohols. 65 The above
reagent has been used successfully also to convert cholesterol
into cholestanone66 and also for the oxidation of propargyl
alcohols.67

t-Butyl chromate (t-Bu2CrOi») has been used on a com-
paratively wide scale for the oxidation of the hydroxy-
group in unsaturated systems, which demonstrates its
advantage over other reagents. Studies in this field have
been examined and surveyed by Matsuura and Suga.6 8

Chromium trioxide in t-butyl alcohol was first used as the
reagent for the oxidation of hydroxy-groups in unsaturated
alcohols in the conversion of geraniol into geranial in 85%
yield: 69

Subsequently this reagent was applied successfully for the
conversion of various allyl alcohols into unsaturated carbonyl
compounds70"72 and also for the oxidation of octa-3,5-diene-
2,7-diol into the corresponding diketone.7 3

In the 1970's oxidising agents based on chromium trioxide
began to be used in the presence of carriers. When chro-
mium trioxide is added to a solution of an alcohol in a 1: 3
mixture of diethyl ether with dichloromethane in the presence
of celite, carbonyl compounds are formed.71t There are data
concerning the oxidation of unsaturated alcohols by chromic
acid deposited on a polymeric carrier7 5 and adsorbed on silica
gel, * by the graphite chelate of chromium trioxide,7 7 by
chromium trioxide in hexamethylphosphoramide78"80 deposited
on wood charcoal81 or on a polymer,82 and by the dichromate
of polyvinylpyridine.83

The mechanism of the oxidation of alcohols on polymers
of saturated compounds has been the subject of investiga-
tions by many workers. It follows from these studies that
the rate of oxidation depends on the concentration of the
acid ester of chromic acid; №~97 this dependence and the iso-
tope effect98 show that the slow stage involves the rupture
of a C—Η bond at the carbon atom linked to the hydroxy-
group. The fact that the reaction is faster in deuterium
oxide than in water is no less important.9 9 These data agree
with the hypotheses of both one- and two-electron transfer
in the rate-limiting stage. According to Watanabe and
Westheimer, 10° these two alternatives can be distinguished
by employing the unusual ability of manganese(II) ions to
induce the reaction. Thus, in the oxidation of isopropyl
alcohol in the presence of a large excess of manganese(II)
ions, half a mole of manganese dioxide is formed for each
mole of acetone in accordance with the equations

(CHJ)2CHOH+CrVI-»-(CH3)1C=O + CrIV ;

2CrIV+MnxWMn02+2Crnl .
In the absence of the alcohol, the reaction between hexa-
valent chromium and bivalent manganese does not take

->(CHs)2C =
CrVI+CrVI-v2Crv

2[Crv+(CH3)2CHOH-v(CH3)2C =
It is seen from the equations presented that the oxidation
is only one-third induced by hexavalent chromium and is
two-thirds induced by quinquevalent chromium. The above
examples of the induced oxidation demonstrate that chro-
mium (IV) and chromium (V) complexes are formed as inter-
mediates in the oxidation by chromium (VI). We may note
that the latter are in fact effective oxidants which convert
unsaturated alcohols into the corresponding carbonyl com-
pounds. 1 0 1 In the rate-limiting stage, the intermediate
chromic acid esters of primary and secondary alcohols are
decomposed.102'103 It has been suggested that the reaction
proceeds via the formation of acid chromates,1№>105 which
agrees best not only with the observed kinetics and the
isotope effect but also with the presence of acid esters in the
reaction medium.106 Some workers assume that the reaction
proceeds via the direct elimination of the hydride ion,87»107'108

while others claim that chromic acid esters are formed ini-
tially.1 0 3'1 0 9 However, despite the numerous data avail-
able,8 2"8 6 '1 0 5 '1 1 0"1 2 3 it is difficult to make a final choice between
the proposed mechanisms. Furthermore, since the rate of
oxidation is independent of the oxidant concentration and
corresponds to the rate of the acid-catalysed dehydration of
alcohols to alkenes, some investigators have concluded that
the initial stage involves the formation of an alkene, which
is then oxidised by chromic acid. 121*~126

2. Oxidation by Coordination Complexes of Chromium Trioxide

First Sarett and co-workers127 and then Collins et al . 1 2 8

demonstrated that the complex of chromium trioxide with
pyridine129 can be used successfully for the oxidation of
alcohols to carbonyl compounds. Subsequently pyridine
chromate (PC) (C 5 H 5 .CrO 3 ), the reagent of Sarett and
Collins, was used to oxidise allyl and benzyl alcohols m~131 —
geraniol, nerol, citronellol, and cinnamyl alcohol131 and
bicyclic and tricyclic unsaturated carbinols,1 3 2 '1 3 3 including
cholesterol131* and cholesteryl acetate, 1 3 5 also in the synthesis
of prostaglandins.1 3 6

The oxidation of tertiary and secondary allyl alcohols by
the Collins reagent involves an oxidative rearrangement with
formation of αβ-unsaturated aldehydes.1 6 Under the reac-
tion conditions, the latter are mainly converted into epoxy-
derivatives :

There have been several communications in the literature
about the formation of epoxy-derivatives as a result of oxi-
dation by other chromium reagents, 137~11(6 but none has been
synthetically useful. In this sense the example presented
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below is valuable in biogenetic syntheses: 1 6

However, following the publication of the interesting report
by Corey and Suggs,1 0 who proposed pyridinium chloro-
chromate (PCC) {C5H5NH[CrO3Cl]~} as a safe and readily
available reagent, PC began to be used to a lesser extent.

In contrast to the Sarett and Collins oxidant, the Corey
complex is non-hygroscopic, is safe, and there is no need
to employ it in a fivefold and sixfold excess.10'11*7 Hitherto,
the Corey reagent has been used in somewhat modified forms;
it is employed in a buffer mixture,1 0 and in the forms where
it is deposited on celite,11*8 alumina,11*9 poly (vinyl alcohol),1 5 0

and molecular sieves.1 5 1

The Corey reagent is an effective oxidant for the conver-
sion of many allyl10'11*9·150 and homoallyl151»152 alcohols into
the corresponding carbonyl compound. With its aid,
citronellal can be obtained in satisfactory yields from citro-
nellol.10'11*9 The reaction of a hydroxyacid ester presented
below is of interest: 1 5 3

ThpO

Thp==1 I
\Q/\

Isopulegone can be obtained in a quantitative yield in accor-
dance with the following scheme:11*9

When alkenyl alcohols with a specific configuration of the
double bond are oxidised, cis-trans isomerisation is
observed.1 0 In steroids containing several hydroxy-groups,
including some of the allyl type, it is possible to oxidise the
required hydroxy-group by varying the conditions. 1Sk~lS7

On interaction with PCC, tertiary and certain secondary
allyl alcohols undergo an oxidative rearrangement, forming
exclusively an unsaturated aldehyde and ketones in almost
quantitative yields:1 5 '1 6 '1 5 8

Such oxidation with a rearrangement is caused, according
to the authors, by the weakly acid character of PCC, under
the influence of which tertiary alcohols rearrange to primary
alcohols and the oxidation of the latter leads to unsaturated
aldehydes.1 6 '1 5 8

Another promising synthetic application of the Corey
reagent is in the oxidative cyclisation of unsaturated alcohols.
Thus (-)-citronellol can be readily converted into (-)-pulegol
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by treatment with PCC: 1 3

-S-(-)-pulegone.

The acid properties of PCC, which induces the annelation of
a number of other linear and cyclic unsaturated alcohols or
aldehydes to form cyclohexanone derivatives, also promote
this course of the reaction.11* The above reaction is suitable
for the asymmetric synthesis of prostaglandins.1 5 9 '1 6 0

Pyridine chlorochromate has been used successfully also
for the oxidation of certain propargyl alcohols;10'161'162 it is
exceptionally suitable for the synthesis of vinylacetylenic
aldehydes and ketones: 163~165

OH 0
\ _ = —£. — V_=._/
/ \ / "~ \ ;

R R' R R'
R = H, alkyl, aryl; R' = H, CH3.

It is noteworthy that reactions of primary and secondary
allylacetylenic carbinols with PCC are accompanied by a
prototropic rearrangement with formation of mixtures of
allyl- and propenyl-propargyl aldehydes and ketones: 1 6 6

\OH

R

/ -̂

R

0

R'

H, alkyl.

0
1 V

R

This reagent has also been used successfully for the oxi-
dation of propenyl-acetylenic166 and vinylallenic alcohols,166

for the synthesis of cis-tagetone167 and ocimenone,168 and for
reactions in the series of gibberellins.5 1 The oxidation of
unsaturated alcohols to butanolide derivatives is also of
interest. 1 6 9

The mechanism of the oxidation of alcohols by pyridinium
chlorochromate has been investigated by a number of
workers.1 7 0"1 7 7 Two main pathways whereby alcohols are
converted into carbonyl compounds have been suggested:
via the intermediate formation of the carbonium ion or via a
chromic acid ester chloride:1 7 0"1 7 2

/
X

The authors believe that in both cases three electrons are
transferred and that the oxidation state of chromium changes
from +6 to +3 during the reaction. However, it has been
noted that 1 7 7 two electrons are transferred in the above
reaction in accordance with the mechanism

9" <S\ //'
R / + Γ J [ C r O 3 C l ] ^ R—^ +

Γ.Γ + CrO., + 11,0 .

Pyridinium dichromate (PDC) (CsHsNHhCrzO2 in dimethyl-
formamide (DMF) was suggested in 1979 as the oxidant for
the selective conversion of the hydroxy-group into the
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carbonyl group. 1 2 The reagent oxidises rapidly 2-cyclo-
hexanol, cinnamyi alcohol, and geraniol to 2-cyclohexenone,
cinnamaldehyde, and geranial respectively in quantitative
yields. In many instances the formation of the correspond-
ing acids from the alcohols has been observed, for example:

CH3O

-OH

corresponding aldehyde also proceeds smoothly:

V X OH

PDC in methylene chloride proved to be an even milder
oxidant.1 2 Regardless of the nature of the substrate, the
reaction proceeds in this instance only as far as the formation
of aldehydes. For example, citronellol gives rise to citro-
nellal in 92% yield. It has also been noted that allyl alcohols
are oxidised faster than their saturated analogues (2-cyclo-
hexenol 10 times faster than cyclohexanol). Pyridinium
dichromate in methylene chloride has been used to synthesise
a series of αβ-unsaturated carbonyl compounds containing
both double and triple bonds. Here it is noteworthy that
the oxidation of geraniol to geranial involves partial inver-
sion (9%). This E/Z isomerisation takes place before oxi-
dation to geranial in the stage involving the formation of the
intermediate chromate ester as a consequence of a reversible
allyl rearrangement. PDC has been used successfully in
the syntheses of pheromones.1 7 8 '1 7 9 In the presence of iodine
in methylene chloride, this reagent converts smoothly tertiary
acetylenic carbinols into αΒ-unsaturated ot-iodoaldehydes:le0

=o

R'

2,2'-Bipyridyl chlorochromate (BPCC) and the correspond-
ing chromate (BPC)1 8 1"1 8 3 as well as 4-(dimethylamino)-
pyridinium chlorochromate (DMAPCC),1№'185 have been
proposed as oxidants for the oxidation of the hydroxy-group
to the carbonyl group:

CrO3Cr

H

oo3cr

BPCC BPC DMAPCC

2,2 '-Bipyr idyl chlorochromate containing an interna l buffer
( t h e 2 ,2 ' -b ipyr idy l system) has been recommended for the
oxidation of alcohols containing acid-sensit ive g r o u p s , of
t h e t y p e p r e s e n t e d below:

^—OH

As regards BPC, one should note, on the one hand, certain
difficulties in its use, which are also characteristic of the
Collins reagent (increase of the reaction time and the
necessity to use an appreciable excess of the reagent and,
on the other hand, the special selectivity in the oxidation
of allyl and benzyl alcohols). The authors note that
DMAPCC combines the selectivity of BPC and the advantages
of BPCC. DMAPCC has been used successfully for the
selective oxidation of polyols.18lf This reagent converts
geraniol into geranial in a quantitative yield. The oxidation
of the exceptionally sensitive vitamin A synthone into the

/ \

However, when DMAPCC is used in certain cases , t h e com-
plete inversion of the configuration of the initial Z-alcohols
is observed toge ther with oxidation, and Ε-aldehydes a r e
obtained. 1 8 1* Despite i t s limited applicability compared with
i ts chlorine analogue, pyridinium fluorochromate has a less
pronounced acidity and is an effective agent for the oxidation
of a number of polycyclic organic s u b s t r a t e s . 186~188

Ammonium dichromate (NH l t) 2Cr2O7, which has been used
to convert pr imary allyl alcohols, including geraniol and
nerol , into a ldehydes , manifested oxidising p r o p e r t i e s . 1 3 1

Among ni trogen complexes of chromium tr iox ide, mention
should also be made of naphthyridinium chlorochromate
( C e H 6 N 2 H . C r 0 3 c r ) , 1 8 9 pyrazinium chlorochromate (C^Hi».
. N 2 H . C r O 3 C r ) , 1 8 9 tetrabutylammonium chlorochromate
( B u i » N . C r O 3 C r ) , 1 9 0 dimethylpyrazole chromate (C 5 H 8 N2.
. C r O 3 ) , 1 6 > 1 9 1 ' 1 9 2 tetrabutylammonium dichromate ( B u i ^ C r ^
. O f " ) , 1 9 3 the pyr id ine complex of oxodiperoxochromium
( C 5 H s N . C r 0 5 ) , 1 9 l f and the dipyr idine complex of chromium
trioxide ( 2 C 5 H 5 N . C r O 3 ) in acetic acid. 195 Poly(4-vinyl-
pyridinium dichromate) (PVPDC) P - C = C H C H = N H ( C r 2 .
.07)o.sCH=CH 2 —the polymeric analogue of pyridinium chloro-
chromate—has been proposed r e c e n t l y . 1 9 6 I t has been noted
that the main advantage of the polymeric reagent is the ease
of the purification of t h e final p r o d u c t , because both t h e
initial polymer, used in excess to complete t h e react ion, and
the reaction product a r e insoluble in t h e reaction medium
and can be removed by simple f i l tration.

I I I . REACTIONS OF CARBON-CARBON MULTIPLE BONDS

There are literature data on the oxidation of double bonds
both with decomposition of the unsaturated systems and
without change in the carbon chain. The latter are of great
interest and will be the subject of further discussion.

1. Oxidation by Chromic Acid, Chromyl Acetate, and
Chromyl Nitrate

The oxidation of tetraphenylethylene by chromium trioxide
(CrO3) in acetic acid leads to an epoxide.9 '1 9 7 '1 9 8 Alkenes
of various types have been introduced into the reaction but
mainly allylic oxidation was observed under these condi-
tions . 199~213 The reactions of alkenes in aqueous acid
media usually lead to products of the rearrangement of the
epoxides formed initially. 2'5'6>2X'*~218 Furthermore, on
treatment with acid, camphene oxide affords camphenaldehyde,
while the reaction of camphene with chromic acid leads to
camphor and not to camphenic acid.7 Assuming that the
acid-catalysed rearrangement of camphene hydrate to iso-
borneol is faster than the oxidation of camphene, the authors
conclude that camphor is obtained by the oxidation of iso-
borneol. In contrast to this, the reaction of 1,1-diaryl-
ethylenes with chromic acid affords only the cleavage product
but not the epoxides, which were shown to be unreactive
under the conditions u s e d . m >220 It has therefore been
suggested that epoxides cannot be intermediates in the oxi-
dation of the multiple bonds by chromic acid. It is also of
interest that the very electrophilic addition of chromic acid
is disproved by the fact that the carbonium ion formed in
this process should have given rise to a large amount of a
rearranged product. 2 2 1 ' 2 2 2
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The reactions of alkenes with chromyl acetate (Ac2CrOi,)
proceed more successfully. They have been studied in
detail in a number of investigations. Μ Λ192»219»220 Here the
main products of the interaction are epoxides, whose yield
is higher the greater the degree of substitution at the
double bond:

R

R'

Η"

Rr"

Ac,CrO,
Ac,O -»

R

R/ X°

R*

) / sv
It is noteworthy that both the products of the rearrange-

ment of the postulated epoxides3)1*·6'223"225 and acetates2 2 6

and pinacol carbonates8 are then isolated. Conjugated dienes
also react successfully with chromic acid, which leads to the
formation of enediones: 2 0 6 ' 2 0 8 ' 2 2 7

Chromyl nitrate O2Cr(NC>3)2 has been proposed recently as
a reagent for the epoxidation of olefins.2 2 8 It has been
shown that different alkenes react stereospecifically at -78 °C
in aprotic media (pyridine, DMF, or methylene chloride)
with chromyl nitrate to form epoxides:

V,
A high degree of retention of configuration has also been

observed in the oxidation of olefins by chromyl acetate. 2 2 9 ' 2 3 0

The products of the oxidation in acetone were ketals.2 2 8

2,3-Dimethylbutadiene enters smoothly into this reaction:

The authors believe that oxochromium(V), formed from
chromium (VI) as a result of the preliminary one-electron
oxidation of the solvent (Solv), is the active species in
epoxidation by chromyl nitrate: 2 2 e

o NV I (NO,), + Solv« -» > C r v (NO3)2 + Solv+ .
CK

The reaction then proceeds in accordance with the equation

The active involvement of the intermediate chromium(V) has
been confirmed by comparison with the ability of "macro-
cyclic oxochromium(V)" to convert alkenes effectively with
a high degree of stereospecificity:231

(Cr)

The corresponding intermediates have been detected by
EPR. 229 Despite the inadequacy of data concerning the
role of chromium(IV) and chromium(V), the influence of
substituents and stoichiometry, etc., it is believed that
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electrophilic attack on the double bond takes place:2 1 9 '2 2 0 '2 3 2 '2 3 3

R R" R R"

\ / HaCrô  N^

Ct(OH)2

0"

HO: R' \

Cr(OH),

Cycloaddition, by analogy with oxidation by permanganate,
is not ruled out either: 2 2 1 ' 2 2 2

The non-stereospecific epoxidation of tetraarylethylenes
by chromyl acetate indicates indirectly that the reaction
proceeds via a carbonium ion, in contrast to the oxidation of
alkenes by permanganate,23l+~236 where process stereo-
specificity is observed. The hypothesis of the intermediate
formation of carbonium ions in the oxidation of alkenes by
chromium trioxide in acetic anhydride to oxirans has been
developed in other investigations.2 1 9 '2 2 0 '2 3 7 '2 3 8 These condi-
tions ensure satisfactory yields of oxirans, while in the
presence of hydrogen in the allyl position, the competing
allylic oxidation is observed.2 3 9

Kinetic data have shown that the rate of oxidation by
chromic acid increases with increase of the degree of branch-
ing of the olefin chain. It has been established that the
rate depends on the number of alkyl substituents to a
greater extent than on the configuration of the olefin.2W The
acceleration of the reaction by the substituent at the double
bond has also been noted in the oxidation of chalcones (phenyl
styryl ketones); it was shown that electron-donating groups
in the para-position in the benzene ring increase the rate,
while electron-accepting groups diminish it.21*1 In terms of
their influence on the activity, the groups can be arranged
in a sequence indicating the electrophilic character of the
process:

4-OCHJ>3-OCHJ>2-OCHJ>4-Cl>3-Cl>H>3-NO2>4-NO2 .

The reaction is thought to proceed via a three-membered
cyclic activated complex.21*1>21*2 Analogous complexes have
been postulated in the oxidation of alkenes by chromyl
chloride.21*'21*

2. Oxidation by Coordination Complexes of Chromium Trioxide

The oxidation of multiple bonds by chromium trioxide
complexes proceeds via the preliminary conversion of alkenes
into organoelemental derivatives.2**5"21*7 A promising variant
involves their interaction with hydroborating agents and
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subsequent oxidation with PCC:21*8'2"9

R'

Numerous alkenes, including some with functional-group sub-
stituents, have been converted into aldehydes and ketones
by this method. 250~252 A series of unsaturated carbonyl
compounds have been synthesised in an analogous way via
the dissociation of the C—Sn bond in organotin compounds by
the pyridine complex of chromium trioxide.2 5 3

As already mentioned, direct oxidation of multiple bonds by
pyridinium chlorochromate is difficult and, furthermore,
its inertness with respect to double10 and triple 1 0 ' 2 * bonds
has been reported. Nevertheless, it has been established
that vinyl ethers interact smoothly with PCC: 2 5 5

\ = .
R'

(CH,)n

= \
OR

OR

In the presence of iodine, trisubstituted olefins are con-
verted by PDC regiospecifically and stereospecifically into
iodohydrins and epoxides.256 Certain natural polyenes,
subjected to an analogous treatment, have been converted
selectively into iodohydrins and then into epoxides:256

Substituted furans are also fairly sensitive to PCC:257 261

OH

In the case of bromofurylcarbinol, ring expansion is not
observed and the reaction leads to the formation of γ-hydr-
oxybutenolides:262"268

OH OH

\R

Under analogous conditions, nitrofurylcarbinol is converted
into a ketone:269

OiN-«

Among these reactions, the oxidative opening of the rings of
arylfurans to form linear diketones is no less important: 27°

It is believed that the mechanism of the oxidation of furans
by PCC includes the initial electrophilic 1,4-addition with
subsequent ring opening.270'272»273

Ring opening has been observed also in the conversion of
cyclop ropy lcarbinols into unsaturated ketones:271

OH

R" \

R'

3. Oxidation by Chromyl Chloride

The oxidation of alkenes by chromyl chloride was already
known at the beginning of the century.271*""281 However, the
products thus obtained were first identified only in 1950.282

It was found that the oxidation entails the preferential forma-
tion of chlorohydrins with a primary-hydroxy-group:282'283

α

OH R Cl

' + >-/
HO

When cycyoalkenes are used in this reaction, mixtures of
cis- and frans-chlorohydrins are formed. It is remarkable
that the trans- and cis-isomers predominate respectively
for cyclohexene and cyclopentene.283 The formation of car-
bonyl compounds has also been noted under these condi-
tions.2 8 2 '2 8 3 Other workers obtained mainly aldehydes from
disubstituted terminal olefins;279 the reaction involving
phenylmethylethylene produces benzyl methyl ketone.№>*
However, a more detailed study of the reaction279' 282»283>285

showed that the reductive hydrolytic stage is mainly respon-
sible for the reaction pathway and the yields of products.
When zinc dust was used as the reductant instead of sulphur
dioxide,286 it was possible to obtain carbonyl compounds in
high yields:285

> . _ CrO,Cl, r 1:1 ι
ladductj >

This reaction is of practical interest and has been used in the
synthesis of chrysomelidial and gastrolactone.287

Among substituted olefins used in the reaction with chromyl
chloride, styrenes are of great interest. A particular
reason for this is that the familiar Etard reaction (oxidation
of arylalkanes) proceeds according to many investigators
via the intermediate formation of arylalkenes. W3>286> 288~290

The interaction of chromyl chloride with trans- 1-phenyl-
propene yielded at least seven compounds, including
l-phenyl-2-propanol.288 However, other workers isolated
only l-phenyl-2-propanol. 28V91 Satisfactory results have
been achieved in the oxidation of both 1,1- and 1,2-disub-
stituted styrenes (1-methyl-l-phenylethylene, 1,2-diphenyl-
ethylene, trans- 1-phenyl-l-propene) by chromyl chloride
at a low temperature where the reductive hydrolysis of the
intermediate was carried out with the aid of zinc dust:2 9 1

Ph

Ph R

R = C H 3 > Ph

Ph Ο

Ph
/

Ph

The oxidation of alkenes,2 8 2 '2 8 5 '2 9 2 cycloalkenes,281*-293 and
styrenes2 9 1 '2 9 3 by chromyl chloride has been the subject of
controversy. It has been reported that treatment with an
excess of chromyl chloride results in the formation of chloro-
hydrins in low yields,2 8 2 '2 9 2 while the reaction involving the
use of equimolar ratios of the reactants produces carbonyl
compounds.2"3'285

It has been established quite recently that various enynes
interact selectively with chromyl chloride via the double
bond with formation of alkyne chlorohydrins: 291f

\,•R'

OH

„_>-*
Cl R'

A whole series of different enyne ethers, esters, and ketones
have been introduced into this reaction.29k
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The interaction of chromyl chloride with multiple bonds
is usually represented as proceeding via cyclic inter-
mediates282'283'291»295'296 in accordance with the scheme21*3 »285

However, this hypothesis required confirmation with the aid
of kinetic studies. Freeman and Yamachika297 attempted to
investigate the kinetics of the oxidation of cyclopentene,
cyclohexene, and norbornene by chromyl chloride.2 9 7

The influence of ring size on the nature of the activated
complex and on the rate of epoxidation,298 oxidation with
chromic acid, 2 W and the addition of dibromocarbene and
phenyl and picryl azides299"301 had been investigated earlier.
For example, in 1,3-dipolar cycloaddition reactions (via a
five-membered cyclic activated complex), norbornene reacts
ΙΟ3— ΙΟ1* times faster than cyclohexene,297 while the difference
between the rates of epoxidation, addition of dibromocar-
bene to cyclopentene and cyclohexene or their epoxidation
(which proceed via a three-membered ring) is very
small.299~301 Measurements of the rate constants for the
oxidation of the above compounds by chromyl chloride and
of the thermodynamic parameters under the conditions of
a large excess of the cycloalkene and their comparison led
the authors to the conclusion that the activated complexes
in the case of cyclopentene and cyclohexene may be three-
and five-membered cyclic compounds,297 while in the case
of norbornene only a five-membered transition state is
produced. The same workers believe that, in the inter-
action of norbornene with chromyl chloride, an intermediate
should be formed with a structure such that it can be con-
verted into a cis-glycol or an epoxide rearrangement
product. 2M2 However, it was soon established that, in the
oxidation of norbornene and many of its substituted ana-
logues at -80 °C, 74% of the isolated products are due to the
initial formation of an exo-cis-chlorohydrin302 and only 5%
correspond to those predicted by Freeman. In contrast to
the reaction of chromyl chloride with alkenes,2 8 3 a mixture of
cis- and trans-isomers is not formed in this instance—the
interaction is stereospecific in the eoco-position.302

In the early communications on the oxidation of styrene
and its derivatives with chromyl chloride,2 8 3»2 8 5 '2 9 1 '2 9 7 '3 0 3·3 0 7

kinetic data were not quoted. However, styrenes2 8 3 and
cycloalkenes296 were postulated as intermediates in the oxi-
dation of cycloalkanes and arylalkanes respectively,291»303'308

so that the overall process mechanism was represented as
follows:

OCr(OH)Cl2

Fh y \ hydrolysis

Cl2(0H)Cr0 V

[Etard complex]

Cro2ci2|(a=H)

OCr(OH)Cl2 Ph

R ^ — \ ^ ^ * / \ ~ *

A \ A V

Ph
Τ Cl"
CrOCI

[1:1 adduct]

reductive
hydrolysis

[1:1 adduct] °

Subsequently, in the study of the kinetics of the reaction
of chromyl chloride with styrenes, it was concluded2111* that
it is of first order (first order with respect to each reactant)
and that there is a correlation between the σ+ constants of
the substituents and the rate constants. These data as well
as the thermodynamic parameters of the reaction agree with
the mechanism involving electrophilic attack by chromyl
chloride on the multiple bond with formation of resonance-
stabilised partially bridged five-membered or three-membered
activated complexes. From the value p+ = 1.99, it was
assumed in other investigations309"312 that these complexes
are hardly likely to be products of cis-addition, although
this type of mechanism with an unbalanced charge in the
transition state in cycloaddition has in fact been postu-
lated.313»311* However, since values of p+ ranging from -3
to -5 were noted in reactions with a high degree of carbonium
ion character of the transition state, the relatively low value
p+ = -1.99 conflicts with the idea that there is a full positive
charge on the benzyl carbon.2Mt Spectrophotometric data
for the interaction of alkenes with chromyl chloride agree
best with the idea that a three-membered cyclic intermediate
complex is formed in the rate-determining stage.21*3»291 The
data obtained in the oxidation of bicyclic systems suggested
that here too three-membered cyclic transition states are
produced. 2 9 1 Next, the study of the kinetics of the addition
of chromyl chloride to substituted styrenes showed that the
rate of reaction increases after the introduction of electron-
donating substituents. α-Methylstyrene is more reactive
than cis-β-methylstyrene. The latter is oxidised at a lower
rate than trans- β-methylstyrene, while cis-stilbene reacts
twice as fast as trans-stilbene and 1,1-diphenylethylene is
almost twice as reactive as ct-methylstyrene and is superior
to styrene by a factor of 13.21*2 However, the question of the
relative reactivities of the cis- and trans-isomers is not
always susceptible to interpretations; for example, the
higher reactivity of cis-stilbene compared with trans-
stilbene has been observed in bromination reactions315"317

and in oxidation with peracetic acid.3 1 8 '3 1 9 In contrast to
this, trans-stilbene reacts faster than the cis-isomer in oxi-
dation with chromic acid2lf0 and in cis-1,3-dipolar cycloaddi-
tion . 32° It is also essential to emphasise that neither cis-
nor trans-stilbene afforded the expected carbonyl product
on oxidation with chromyl chloride under the experimental
conditions employed285»291»321'322 and that they were success-
fully oxidised by chromyl chloride to carbonyl compounds
only by varying the conditions.323

In the study of the kinetics of the oxidation of a number
of alkenes, the first order of the reaction with respect to
each reactant was observed.21*3 The reaction is little influ-
enced by steric factors and is characterised by low enthalpies
of activation (ΔΗ* = 5.4—7.2 kcal mol"1) and high negative
entropies of activation (AS* = -27.4—40.7). Excellent
correlations have been obtained between the rate constants
and Taft σ+ constants as well as a good correlation based on
the Hammett equation.21*3 Comparison of the relative reac-
tivities in the oxidation with chromyl chloride and in other
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electrophilic reactions of alkenes (the addition of bromine
and chlorine, oxidation with chromic acid, and epoxidation)
suggested that the rate limiting stage involves a partially
positively charged three-membered activated complex: 2ike
the activated complex in the epoxidation of alkenes by
peracids32" or in the oxidation of alkenes with chromic acid.2¥1

From these data, the authors rule out the concerted cis-1,3-
dipolar addition of chromyl chloride to the multiple bond in
the rate determining stage, since this does not agree with
kinetic data obtained for ring- or chain-substituted sty-
renes. 2M»>282 On this basis,2"3 using the principle of the rela-
tive reactivities in solvolytic reactions,3 2 5 oxidation with
chromic acid,2 3 9 epoxidation,298»32" chlorination, ffi6 bromina-
tion, 3 2 7 and the addition of carbenes,2 9 0 '*2 8 Freeman et al.2"3

elucidated the nature of the activated complex in the oxidation
of alkenes with chromyl chloride. The relative reactivities
of alkenes in relation to chromyl chloride were obtained:2"3

pent-1-ene
hex-1-ene
oct-1-ene
dec-1-ene
2-methylpent-l-ene
3,3-dimethylbut-1 -ene
4,4-dimethyl-2-neopentylpent-l-ene 7.54
cyclopentene
cyclohexene

It is noteworthy that the mechanism of the oxidation of
single and multiple carbon—carbon bonds with chromyl
chloride still remains controversial.292'293'30"'305'329""335 Never-
theless, for the intermediate complex the rate of formation
of which determines the rate of the entire reaction, a three-
membered structure was adopted in the case of alkenes2 8 2 '2 9 3 '
2%,297,329 a n d t n r e e _ and five-membered asymmetric structures
in the case of styrenes.2l |2>2¥f>335 In an attempt to elucidate
further the nature of the oxidation of cycloalkenes by
chromyl chloride,3 3 S the kinetic data and thermodynamic
parameters obtained were compared with data for the
rearrangement of the epoxides;218'219>2i<2·33"'336·337 the authors
concluded that the process proceeds via the formation of
epoxides, but the possibility of the intermediate formation of
a carbonium ion was not ruled out:

1.22
1.00
0.77
0.88
8.00
5.36
7.54
4.9
1,0

2,3,3-tnmethylbut-1 -ene
2,4,4-trimethylpent-l-ene
cw-pent-2-ene
trans-pent-2-ene
2-τηεΐ1ΐ7ϋΗΐί-2-6η6
2,3-dimethylbut-2-ene
2,4,4-trimethylpent-2-ene
norbornene
styrene

10.5
23.6
14.8
15.1

202.0
3910
1380
312
366

CrCl,

. reaction
products.

In their view, the fact that the rate of oxidation increases
with increase of the number of methyl groups at the double
bond agrees with the hypothesis. The involvement of a
positively charged asymmetric three-membered activated com-
plex in the rate limiting stage is indicated also by the fact
that almost identical mixtures of final products are obtained
from the following pairs of compounds in their reactions
with chromyl chloride: 1-methylcyclopentene and methylene-
cyclopentane, 1-methylcyclohexene and methylene cyclo-
hexane, and 1-methylenecycloheptene and methylenecyclo-
heptane. 3 3 S

The mechanism of the oxidation of multiple bonds has been
formulated in a different way by Sharpless et al.,2 3 0 who
believe that reactions involving oxidation by metal oxo-
compounds in general and by chromyl chloride in particular,
begin with attack by the organic reductant on the metallic
centre.293 They believe that the mechanism proposed in a
number of studies,21t2.2it3

>

282»283.291»292.335'338'339 involving the

formation of a three-membered intermediate, obtained by the
electrophilic interaction of [CrO2Cl]+ with the olefin, followed
by the attack on the latter from the rear by a chloride ion,
is based on data showing that cyclohexene gives rise to
trans -chlorohydrin, while the terminal olefins are products
of the addition of the elements of the addend contrary to
the Markovnikov rule. However, the authors note that this
picture disagrees with the result of a study2 8 3 where both
cis- and trans-chlorohydrins were obtained from cyclohexene
and cyclopentene. It was therefore necessary to assume that
the reaction proceeds via a carbonium ion intermediate and
that the latter is responsible for the formation of the cis-
and trans-products.

It has been shown that the oxidation of E-t-butylmethyl-
ethylene with chromyl chloride in acetone results in the for-
mation of mainly a ketone and the product of the Wagner—
Meerwein rearrangement:31*0

Μ

Ύ
α
54%

CI
+ XA

II

ο
6%

The authors believe that this result conflicts with the possi-
bility of the existence of the intermediate structures pre-
sented above. On the other hand, it is known that the
oxidation of olefins with chromyl chloride leads mainly to
complex mixtures of compounds.2 8 2 '2 8 3 '3 3 9 However, it has
been reported recentlym>^2 that epoxides are formed at a
low temperature, although it has in fact been stated3 0 2 that
exo-c/s-chlorohydrin is the main product in the reaction of
chromyl chloride with norbornene. Sharpless et al. estab-
lished unexpectedly that cis-addition is a common feature of
the reactions of chromyl chloride with olefins.230 On com-
paring the results of the oxidation of different alkenes with
chromyl chloride at low temperatures and of the addition of
the elements of HOC1 to the same olefin, the authors con-
cluded that the epoxides and chlorohydrin are the results
of cis-addition and are the primary oxidation products, while
the isomeric chlorohydrin (the product of trans-addition)
is a secondary product obtained as a consequence of the
opening of the epoxide ring:

R\/ V'H \ /

I (primary product)

c/ V
(secondary product)

It has been found that, analogously to other chromium
reagents,3"3 chromyl chloride is stereospecific and that
epoxides with the geometry of the initial olefin are formed
when it is used.

It has been shown230 that the oxidation yields also a certain
amount of dichloro-derivatives, which are likewise formed as
a result of cis-addition. In their view, this can be in no
way accounted for by the mechanisms proposed previously.
On the basis of these data and also the fact that carbonyl
compounds (aldehydes and ketones) give rise to nucleo-
philic reactions involving exclusively the carbon of the
carbonyl group despite being less polarised than metal
oxides, the authors assume that the oxidation of alkenes
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with chromyl chloride proceeds via the formation of organo-
metallic intermediates:2 3 0

γ \ /
Civ

It has been suggested that the complex (A) is formed
initially from the olefin and chromyl chloride. In the case
of ligands more basic than olefins, stable type (A) complexes
are known (chromium trioxide—bipyridyl, osmium tetroxide-
pyridine). In a transition metal complex of type (A), the
displacement of the coordinated olefin with formation of
a metal-ligand either π- or σ-bond is a likely process. For
this reason, the authors proposed two reaction pathways,
(a) and (b), for chromyl chloride, which lead to organo-
metallic intermediate complexes of chromium (VI). Via
pathway (a), the olefin is inserted in the chromium—carbon
bond (cis-chlorometallation), forming the alkylchromium
intermediate complex (C), which is converted into the
dichloride, pathway (a' ), involves reductive elimination or
[conversion?]t into the chromium derivative of chlorohydrin,
and pathway (a") involves migration of the alkyl group from
chromium to oxygen. Both these processes take place with
retention of the configuration of the carbon centre and
result in cis-addition. Reductive elimination with formation
of a chlorine—carbon bond (pathway a' ) is well known in
organic chemistry and takes place with retention of the con-
figuration at the carbon atom. 3Mt~3lt6 The migration of
1,2-shift via pathway (£>' ) can take place, by analogy with
the Stevens rearrangement, only with retention of the con-
figuration at the carbon atom.3W The earlier hypothesis of
high-valence organometallic compounds such as the com-
pounds (A), (B), and (C) would seem to be unrealistic.
However, the literature, starting from as early as 1970's has
been saturated by examples of organometallic derivatives
of vanadium,31t8'3*9 tantalum, 35° chromium, 351>352 tungsten, 3 5 3

and rhenium.33*·355 A tungsten complex (CH3WO2C1), whose
structure is very similar to that of organometallic type (C)
intermediates, has been isolated and characterised.3 5 3

The mechanism presented actually involves [2 + 2] addition.
The competing pathways (a) and (b) are especially sensitive
to the nature of the medium, as expected. When the reac-
tion is carried out in acetone or in the presence of a nucleo-
phile (the chloride ion), the yield of chlorides increases.341»356

Next it was established that, in oxidation with chromyl chlor-
ide in the presence of lithium bromide, only bromohydrins and
bromoketones are obtained, because the bromide ion is more
nucleophilic than the chloride ion:

CrO,Cl2 CrO,Br, + 2C1"

The cis-addition of chromyl bromide leads to the final
product. 2 3 0

Sharpless and co-workers also did not rule out a mechanism
involving direct attack on the heteroatom in accordance with
the following schemes:

v

They had already established that different internal olefins
can be converted into ar-chlorohydrins by oxidation with
chromyl chloride in acetone. 3"*° cis-Olefins react more slowly
and with lower yields;3 5 7 when the reaction mixture is
treated with zinc dust, ketones are isolated. 3I*° In certain
cases, for example with E-methylphenylethylene, a mixture
of isomeric chloroketones in proportions of 3: 1 is produced:

_ /

Ph Ph 0 Ph Cl

Thus new aspects of the oxidation of alkenes with chromyl
chloride (via the initial formation of a high valence complex
of the transition metal with a chromium—carbon σ-bond) have
been examined and it has been shown that the primary oxida-
tion products are epoxides and chlorohydrins.

IV. ALLYLIC OXIDATION

Treibs and Schmidt358 showed for the first time that chro-
mium trioxide in acetic anhydride is able to oxidise cyclo-
hexene, α-pinene, tetralin, and other unsaturated compounds
with formation of unsaturated ketones. It was later estab-
lished359 that this entails allylic oxidation:

It was subsequently demonstrated that a more convenient
reagent for allylic oxidation is di(t-butyl) chromate:7 7

Λο ο^\/\ ο

Cholesteryl acetate also gives rise to quantitative yields of
the ketone;7 7 the reaction was carried out in a non-polar
solvent with added acetic anhydride. The latter reagent has
been used successfully for the oxidation of various terpenoids
in the ally 1 position. 360~373 Cyclohexadiene and cyclopropene
also react with hexavalent chromium at the allyl carbon-
hydrogen bond.371*

The reaction of dienes with PCC is of interest: 3 7 5

tWord(s) missing in Russian text. (Editor of Translation).
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The 1,4-diene ester shown below is oxidised analogously
in the allyl position:3 7 6

The oxidation of polynuclear aromatic hydrocarbons to
quinones by chromium trioxide in acetic acid merits atten-
tion . 3 7 7 Alkylethynyl-substituted aromatic hydrocarbons
are converted into quinones under similar conditions: 37B

It is noteworthy that, in contrast to the manganese com-
pounds which react rapidly with alkenes and alkynes379»380

to form 1,2-diols and 1,2-diketones, chromium compounds
(chromyl acetate,3 5 8 chromic acid,3 5 9 t-butyl chromate,69

and the pyridine complex of chromium trioxide3 8 1), which are
readily available and cheap oxidants,3 8 2"3 8 5 interact slowly
to form ot-oxidation products.

When substituted cyclohexenes and steroids interact with
the dipyridine complex of chromium trioxide in methylene
chloride, the allyllic methylene groups are oxidised slowly.381

If there is more than one methylene group in the conforma-
tionally flexible molecule, then enones are obtained as a
result of attack directed to a series of possible positions,
while in a conformationally rigid system a rigorous selectivity
of the oxidation reaction is observed; attack at the methine
position (wherever this is possible) leads to the formation
of the isomeric enone:

in \ /

An analogous picture has been observed also in a sterically
shielded methylene system, for example:381

/\
0

These reactions are characteristic also of substituted
cyclopentenones.386 The hexavalent chromium ion has been
used also for the allylic oxidation of acyclic alkenes:2 0 5

The allylic oxidation of alkynes has been demonstrated in
two investigations.2*'3 8 7 Various internal alkynes react with
chromium(VI) compounds to form ot-diketones and allylic oxi-
dation products, high yields of the latter being attained in
the presence of the bipyridyl complex of chromium trioxide.3 8 7

When ct-steryl acetate is made to react with chromic acid
in acetic acid, allylic oxidation takes place together with
epoxidation.m a-Cholestenyl acetate, *" α-spinosterol ,202»203

and other polycyclic alkenes20*'205 react analogously.

The reaction of steroid dienes, where allylic oxidation
takes place with formation of diketones, is of special
interest. 2 0 6 ' 2 0 9

•v-

Uo
+ •-

ο
On the other hand, it has been estaalished that in the

oxidation of a multiple bond in steroids the formation of
ketols is also observed.2 1 0"2 1 2 Cyclohexadiene reacts at
room temperature with chromium trioxide in acetic acid with
formation of benzene.3 6 5 Under analogous conditions, tri-
(t-butyl)cyclopropene affords the tri(t-butyl)cyclopro-
penylium cation:3 8 9

It has been suggested that allylic oxidation does not involve
the initial attack on the multiple bond and proceeds either
via the allyl radical or via a carbonium ion, which may lead
to the isomerisation of the double bond, as is in fact observed
in reality:1 9 9

The initial oxidation of the multiple bond via epoxides to
the corresponding hydroxyketones, which subsequently
afford αβ-unsaturated ketones after eliminating water, has
been suggested as an alternative: 21C

Since isomeric products are formed on oxidation, it has
been postulated that the process proceeds via the first of
the mechanisms postulated. Indeed, it has been established
by the tracer atom method (at the multiple bonds) that both
the methylene and methylidyne groups are oxidised in the
reaction of cyclohexene with chromic acid:1 9 9

If the reaction proceeded via a hydroxyketone, then only one
isomer would have been formed:

nr
It is believed that an intermediate in which chromium is in the
+4 oxidation state is obtained in allylic oxidation.337>361*

—oOo—

The data presented in this review demonstrate the exten-
sive synthetic possibilities of the application of hexavalent
chromium compounds as reagents in the chemistry of unsatur-
ated compounds. Many oxidants, which are quite usual in
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organic chemistry, are unsuitable for alkenes, alkynes,
alkadienes, enynes, etc. with functional groups as sub-
stituents. As regards chromium reagents, the most promis-
ing proved to be the coordination complexes of hexavalent
chromium, in particular, the pyridine complexes. Pyridinium
chlorochromate, which is irreplaceable in the generation of
functional groups in highly unsaturated carbinols and polyols,
is comparatively universal. However, one should note the
impossibility of using it in the synthesis of compounds which
are exceptionally sensitive to increased acidity and which
can readily undergo prototropic transformations. The
growing interest in chromium (VI) coordination complexes
has led to the discovery of reagents with a less pronounced
acidity: pyridinium dichromate, 2,2'-bipyridyl chloro-
chromate, and 4-(dimethylamino)pyridinium chlorochromate,
as well as reagents on carriers and polymeric supports. For
example, the possibility of the selective oxidation of diene
carbinols by 4-dimethylaminopyridinium chlorochromate has
been demonstrated. Chromyl nitrate proved to be irreplace-
able in the stereospecific epoxidation of dienes. An interest-
ing approach to the formation of acetylenic epoxides involving
the chemoselective oxidation of enynes by chromyl chloride
has been discovered.

The main bulk of studies on the oxidation of unsaturated
systems having functional groups as substituents by chro-
mium reagents are not only of theoretical but also of practical
importance and can find further applications in the construc-
tion of natural structures and in the synthesis of hormones,
pheromones, prostaglandins, and their synthones. In the
future, the studies in this field will in all probability be
directed to finding new oxidising systems, which will permit
smooth regiospecific, chemospecific, and stereospecific
syntheses.

REFERENCES

1. W.J.Hickinbottom, D.R.Hogg, D.Peters, and
D.G.M.Wood, J.Chem.Soc, 1954, 4400.

2. Zh.Butlerov, Zhur.Russ.Fiz.Khim. Obshch., 1879, 12,
1482.

3. A.Byers and W.J.Hickinbottom, J.Chem.Soc, 1948,
1334.

4. W.J.Hickinbottom and D.G.M.Wood, J.Chem.Soc, 1951,
1600.

5. F.C.Whitmore and J.D.Surmatis, J.Amer.Chem.Soc,
1941, 63, 2200.

6. P.D.Bartlett, G.L.Fraser, and R.B.Woodward,
J.Amer.Chem.Soc, 1941, 63, 495.

7. W.J.Hickinbottom and D.G.M.Wood, J.Chem.Soc, 1953,
1906.

8. W.A.Mosher, F.W.Steffgen, and P.T.Lansbury,
J.Org.Chem., 1961, 26, 670.

9. W.Bockemuler and R.Janssen, Annalen, 1939, 542,
166.

10. E.J.Corey and J.W.Suggs, Tetrahedron Lett., 1975,
2647.

11. W.M.Coates and J.R.Corrigan, Chem.Ind., 1969,
1594.

12. E.J.Corey and G.Schmidt, Tetrahedron Lett., 1979,
399.

13. E.J.Corey, H.E.Ensley, and J.W.Suggs, J.Org.
Chem., 1976, 41, 380.

14. E.J.Corey and D.L.Voger, Tetrahedron Lett., 1978,
2461.

15. W.G.Dauben and D.M.Michno, J.Org.Chem., 1977, 42,
682.

16. Ρ.Sundararaman and W.Herz, J.Org.Chem., 1977, 42,
813.

17. P.Sundararaman and W.Herz, J.Org.Chem., 1978, 43,'
5026.

18. J.R.Maloney, R.E.Lyle, J.E.Saavedra, and G.G.Lyle,
Synthesis, 1978, 212.

19. P.E.Sonnet, Org.Prep.Proceed.Int., 1978, 10, 91.
20. K.B.Wiberg, "Oxidation in Organic Chemistry",

Acad.Press, New York, 1965, Pt.A.
21. P.L.Johnson, Diss.Abstr., 1967, 27B, 2671; Chem.

Abs., 1967, 67, 36836.
22. T.Matsuura and T.Saga, Yuki Gosei.Kagaku.Shi.,

1967, 25, 214; Chem.Abs., 1967, 67, 10872.
23. J.Rocek, "Oxidation of Aldehydes by Transition

Metals. Chemistry of the Carbonyl Group", Cath.
Univ.of America, Washington, D.C. , 1966, 467;
Chem.Abs., 1969, 70, 28088.

24. W.S.Trahanovsky, in "Methods of Free-Radical
Chemistry", 1973, Vol.4, p.133.

25. B.W.Farnum, "Chromic Acid Oxidation", Univ. of
Delaware, Neward, Del. 1970, p . 136; Chem.Abs.,
1971, 75, 75800.

26. A.J.De, Sci.Ind.Res., 1982, 41, 484.
27. W.Chen, Huaxue Shiji, 1984, 6(3), 169; Chem.Abs.,

1984, 101, 170985.
28. H.G.Bosche, in "Methoden der organisehen Chemie

(Houben-Wey)", Georg Thieme Verlag, Stuttgart,
1975, Vol.4/lb, p.425.

29. E.Dane, J.Schmitt, and C.Rautenstrauch, Annalen,
1937, 532, 29.

30. G.H.Rasmussen, H.O.House, E.F.Zaweski, and
C.H.Ouy, Org.Synth., 42, 368.

31. K.Bowden, I.Μ.Heilbron, E.R.H.Jones, and
B.C.L.Weedon, J.Chem.Soc., 1946, 39.

32. E.A.Braude, E.R.H.Jones, F.Sondheimer, and
J.B.Toogood, J.Chem.Soc, 1949, 607.

33. S.Queroix-Travers and M.Gaudemar, Bull.Socchim.
France, 1967, 355.

34. F.Wille and L.Saffer, Annalen, 1950, 568, 34.
35. J.C.Sauer, Org.Synth., 1963, Coll.Vol.IV, 813.
36. J.C.Sauer, "Organic Synthesis" (Translated into

Russian), 1958, Collected Volume 8, p.46.
37. M.G.Veliev and M.Guseinov, Synthesis, 1980, p.461.
38. H.P.Figeys and M.Gelbeke, Tetrahedron Lett., 1970,

5139.
39. R.Delaby and S.Guillot-Allegre, Bull.Socchim.

France, 1933, 301.
40. C.J.Martin, A.I.Schepartz, and B.F.Daubert, J .

Amer.Chem.Soc, 1948, 70, 2601.
41. M.Jacobson, J.Amer.Chem.Soc, 1950, 72, 1489.
42. M.Stoll and A.Commarmount, Helv.Chim.Acta, 1949,

32, 1354.
43. K.E.Harding, L.M.May, and K.F.Dick, J.Org.Chem.,

1975, 40, 1664.
44. I.M.Heilbron, E.R.H.Jones, and F.Sondheimer,

J.Chem.Soc, 1947, 1586.
45. I.M.Heilbron, E.R.H.Jones, and F.Sondheimer,

J.Chem.Soc, 1949, 604.
46. J.A.Knight and J.H.Diamond, J.Org.Chem., 1959,

24, 400.
47. J.O.Rodin, M.A.Leaffer, and R.M. Silver stein,

J.Org.Chem., 1970, 35, 3152.
48. J.G.Miller, A.C.Oehlschlager, and J.W.Wong,

J.Org.Chem., 1983, 48, 4404.



Russian Chemicai Reviews, 56 (8), 1987 751

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.
63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

K.J.Soon, H.Tae Soung, and Y.Nung Min, Daehan
Hwahak Hwoejee, 1971, 15(2), 65; Chem.Abs.,
1971, 75, 76349.
C.M.Paleos and N.A.Mimicos, J.Colloid.Interface Sci.,
1978, 66, 595; Chem.Abs., 1979, 90, 22267.

M.Lischewski and A.Guenter, BRD P.135 725 (1979);
Chem.Abs., 1980, 92, 6755,
S.Torii, H.Tanaka, and J.Tomotaki, Bull.Chem.Soc.
Japan, 1977, 50, 537.
Ν.A.Favorskaya and A.A.Nikitina, Zhur.Org.Khim.,
1965, 1, 2094.

V.F.Kucherov and B.P.Gusev, Izv.Akad.Nauk SSSR,
Ser.Khim., 1963, 517.
V.Vesa and G.K.Kupetis, Trudy.Akad.Nauk Latv.SSR,
Ser.B., 1965, 41, No.4(43), 181.
B.P.Gusev and V.F.Kucherov, Izv.Akad.Nauk SSSR,
Ser.Khim., 1964, 1318.

L. Ρ. Kirillova,
11, 531.

L. P. Kirillova,

and S.R.Buzilova,

and S.I.Demina,

A. V. Rechkina, and

L.I. Vereshchagin,
Zhur.Org.Khim., 1975,
L.I. Vereshchagin,
Zhur.Org.Khim., 1973, 9, 300.
L.I.Vereshchagin, L.Ρ.Kirillova,
N.M.Kuimova, Zhur.Org.Khim., 1971, 7, 907.
N.M.Libman and S.G.Kucherov, Zhur.Org.Khim.,
1968, 4, 20.
M.Davis and V.Petrov, J.Chem.Soc, 1949, 2536.
M.Davis and V.Petrov, J.Chem.Soc, 1949, 2973.
J.Iriarte, J.N.Shoolery, and C.Djerassi, J.Org.
Chem., 1962, 27, 1139.
P.A.Mayor and G.D.Meakins, J.Chem.Soc, 1960,
2792.
M.I.Bowman, C.E.Moore, H.R.Deutsch, and J.L.Hart-
man, Trans.Kentucky Acad.Sci., 1953, 14, 33; Chem.
Abs., 1954, 48, 1250.
L.F.Fieser, J.Amer.Chem.Soc, 1953, 75, 4386.
M.Alguero, J.Bosch, J.Castaner, J.Castella, J.Cas-
tells, R.Mestres, J.Pascual, and F.Serratosa,
Tetrahedron, 1962, 18, 1381.
T.Matsuura and T.Suga, Koryo, 1961, 62, 13;
Chem.Abs., 1963, 58, 2330.
R.V.Oppenauer and H.Oberrauch, Anales Asco.Quim
Arg., 1949, 37, 246; Chem.Abs., 1950, 44, 3871.
T.Suga, K.Kihara, and T.Matsuura, Bull.Chem.Soc.
Japan, 1965, 38, 893.
T.Suga, K.Kihara, and T.Matsuura, Bull.Chem.Soc.
Japan, 1965, 38, 1141.
T.Suga and T.Matsuura, Bull.Chem.Soc.Japan,
1966, 39, 326.
H.H.Inhoffen, H.Pommer, K.Winkelmann, and
H.J.Aldag, Chem.Ber., 1951, 84, 87.
S.J.Flatt, G.W.J.Fleet, and B.J.Taylor, Synthesis,
1979, 815.
G.Cainelli, G.Cardillo, M.Orena, and S.Sandri, J.
Amer.Chem.Soc, 1976, 98, 6737.
E.Santaniello, F.Poti, and A.Manzocchi, Synthesis,
1978, 534.
J.M.La Lencette, BRD P.2322 105 (1974); Chem.
Abs., 1974, 80, 82403.
R.Beugelmans and M.T.Le Goff, Bull.Soc.chim.France,
1969, 335.
G.Cardillo, M.Orena, and S.Sandri, Synthesis, 1976,
394.
Y.Trudelle and J.Neel, Compt.rend., 1964, 258,
4542.
M.K.Yeh, Hua Hsueh, 1982, 40(4), 109; Chem.Abs.,
1984, 101, 21005.
T.Brunelet and G.Gelbard, Nouv.J.Chem., 1983, 7,
483; Chem.Abs., 1984, 100, 52121.

83.

84.

85.

86.

87.
88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.
103.

104.

105.
106.
107.
108.
109.

110.

111.
112.

113.

114.
115.

116.
117.

118.

Ν. Venkatasubramanian,
20B, 385; Chem.Abs.,
Ν. Venkatasubramanian,
A53, 80; Chem.Abs.,

J.M.J.Frechet, P.Darling, and M.J.Farrall, Polym.
Prepr., Amer.Chem.Soc, Div.Polym.Chem., 1980, 21,
272; Chem.Abs., 1982, 97, 22868.
V.Antony and A.K.Chatterji, Z.anorg.Chem., 1955,
280, 110.
H.Kwart and P.S.Fransis, J.Amer.Chem.Soc, 1955,
77, 4907.
J.Screiber and A.Eschenmoser, Helv.Chim.Acta, 1955,
38, 1529.
S.Rocek and J.Krupicka, Chem.Ind., 1957, 1668.
S.V.Anantakrishnan and N.Venkatasukbramanian,
Current Sci. (India), 1958, 27, 438.
J.Rocek and J.Krupicka, Coll.Czech.Chem.Comm.,
1958, 23, 2068.
K.B.Wiberg and W.H.Richardson, J.Amer.Chem.Soc,
1962, 84, 2800.
S.V.Anantakrishnan and N.Venkatasubramanian,
Current Sci. (India), 1959, 28, 325; Chem.Abs.,

1960, 54, 21955.
A.C.Chatterji and V.V.Antony, Z.Phys.Chem.
(Leipzig), 1959, 210, 1037; Chem.Abs., 1959, 53,
11963.
N.Venkatasubramanian, Proc.Indian Acad.Sci., 1959,
A50, 156; Chem.Abs., 1960, 54, 5224.
S.V.Anantakrishan and N.Venkatasubranian, Proc
Indian Acad.Sci., 1960, 51A, 310; Chem.Abs., 1961,
55, 2249.

J.Sci.Ind.Res. (India), 1961,
1962, 56, 7153.
Proc.Ind.Acad.Sci.Sect., 1961,

1961, 55, 17573.
A.C.Chatterji and V.Antony, Z.phys.Chem. (Leipzig),
1959, 210, 50.
M.Cohen and F.H.Westheimer, J.Amer.Chem.Soc,
1952, 74, 4387.
R.Brownell, A.Leo, Y.W.Chang, and F.H.Westheimer,
J.Amer.Chem.Soc, 1960, 82, 406.
W.Watanabe and F.H.Westheimer, J.Chem.Phys.,
1949, 17, 61.
Τ. Κ. Chakraborty and S. Chandrasekaran, Tetrahedron
Lett., 1980, 21, 1583.
H.L.Krauss, Z.Naturforsch., 1958, 13b, 199.
F.H.Westheimer and Y.W.Chang, J.Phys.Chem., 1959,
63, 438.
D.G.Lee and R.Stewart, J.Amer.Chem.Soc, 1964,
86, 305.
F.H.Westheimer, Chem.Rev., 1950, 45, 419.
U.Klaning, Acta Chem.Scand., 1958, 12, 576.
J.Rocek and J.Krupicka, Chem.Listy, 1958, 52, 1735.
J.Rocek, Coll.Czech.Chem.Comm., 1960, 25, 1052.

J.Rocek, F.H.Westheimer, A.Eschermoser, L.Moldo-
vanyi, and J.Schreiber, Helv.Chim.Acta, 1962, 45,
2554.
R.Stewart and D.G.Lee, Canad.J.Chem., 1949, 42,
439.
R.Slack and W.A.Water, J.Chem.Soc, 1949, 594.
S.Winstein and N.J.Holness, J.Amer.Chem.Soc, 1955,
77, 5562.
H.Kwart and P.S.Francis, J.Amer.Chem.Soc, 1959,
81, 2116.
H.Favre and J.C.Richer, Canad.J.Chem., 1959, 37, 4]
J.C.Richer, L.A.Pilato, and E.L.Elial, Chem.Ind.,
1961, 2007.
H.Kwart, Chem.Ind., 1962, 610.
F.Sipos, J.Krupicka, M.Tichy, and J.Sicher, Coll.
Czech.Chem.Comm., 1962, 27, 2079.
P.T.Landsbury, V.A.Pattison, and J.W.Dieht,
Chem.Ind., 1962, 653.



752 Russian Chemical Reviews, 56 (8), 1987

119. A.K.Chatterji and S.K.Mukherjee, Z.phys.Chem. 155.
(Leipzig), 1957, 207, 372.

120. A.K.Chatterji and S.K.Mukherjee, Z.phys.Chem. 156.
(Leipzig), 1958, 208, 281.

121. A.K.Chatterji and S.K.Mukherjee, Z.phys.Chem. 157.
(Leipzig), 1959, 210, 166.

122. A.K.Chatterji and S.K.Mukherjee, Z.phys.Chem. 158.
(Leipzig), 1959, 210, 255.

123. G.A.Russel, J.Org.Chem., 1958, 23, 1407. 159.
124. W.F.Sager, J.Amer.Soc, 1956, 78, 4970.
125. J.Rocek, Coll.Czech.Chem.Comm., 1958, 23, 833. 160.
126. J.Rocek, Coll.Czech.Chem.Comm., 1960, 25, 375.
127. G.I.Poos, G.E.Arth, R.E.Beyler, and L.H.Sarett, 161.

J.Amer.Chem.Soc, 1953, 75, 422.
128. J.C.Collins, W.W.Hess, and F.S.Frant, Tetrahedron 162.

Lett., 1968, 3363.
129. H.H.Sisler, J.D.Bush, and O.E.Accountius, J.Amer. 163.

Chem.Soc, 1948, 70, 3827.
130. Μ.Charpentier-Morize and J.Sansoviet, Bull.Soc.chim. 164.

France, 1977, 331.
131. J.R.Holum, J.Org.Chem., 1961, 26, 4814. 165.
132. J.A.Zderic, E.Batrers, D.C.Limon, H.Carpio, J.Lisci,

G.Monroy, E.Necoechea, and H.J.Ringold, J.Amer. 166.
Chem.Soc, 1060, 82, 3404.

133. P.Sundararaman and W.Herz, J.Org.Chem., 1977, 42, 167.
806.

134. E.Piers and P.M.Worster, Canad.J.Chem., 1977, 55,
733. · 168.

135. D.S.Fullerton and Chen Chi-Ming, Synth.Comm., 1976,
6, 217. 169.

136. E.J.Corey, H.Shirahama, H.Yamamoto, S.Terastima,
A.Ventateswarlu, and T.K.Schaaf, J.Amer.Chem.Soc, 170.
1971, 93, 1490. 171.

137. O.Rosenheim and H.King, Nature, 1937, 139(11), 172.
1015. 173.

138. S.Lielerman and D.K.Fukushima, J.Amer.Chem.Soc.,
1950, 72, 5211. 174.

139. E.Glotter, S.Greenfield, and D.Lavie, J.Chem.Soc., C,
1968, 1646. 175.

140. E.Glotter, Y.Rabinsohn, and Y.Ozari, J.Chem.Soc,
Perkin Trans.I, 1975, 2104. 176.

141. B.Ellis and V.Petrow, J.Chem.Soc, 1956, 4417.
142. R.N.Waroner, T.S.Lee, R.A.Russell, and M.N.Rad-

don-Row, Austral.J.Chem., 1978, 31, 1113. 177.
143. P.S.Kalsi, K.S.Kumar, and M.S.Eadia, Chem.Ind.,

1971, 3. 178.
144. P.N.Rao and P.Kurath, J.Amer.Chem.Soc, 1956, 78,

566. 179.
145. M.Mailloux, J.Weinman, and S.Weinman, Bull.Soc.

chim.France, 1970, 3627. 180.
146. C.W.Marshall, R.E.Ray, I.Laos, and B.Riegel, J .

Amer.Chem.Soc, 1957, 79, 6308. 181.
147. R.L.Augustine, in "Oxidation", Dekker, New York, 182.

1969, Vol.1, p.50.
148. K.E.Harding and S.R.Burks, J.Org.Chem., 1984, 49, 183.

40. 184.
149. Y.S.Cheng, W.L.Liu, and S.H.Chen, Synthesis,

1980, 223. 185.
150. J.M.J.Frechet, J.Warnock, and M.J.Farrall, J .Org.

Chem., 1978, 43, 2618. 186.
151. J.Herscovici, M.J.Egron, and K.Antonakis, J.Chem.

Soc, Perkin Trans.I, 1982, 1967. 187.
152. T.T.Minasyan, F.S.Konoyan, and Sh.O.Badanyan,

Arm.Khim.Zhur., 1982, 35, 579. 188.
153. G.Melvyn and W.R.Rodney, J.Chem.Soc, Perkin

Trans.I, 1981, 599. 189.
154. E.J.Parish and G.J.Schroepfer, J.Org.Chem., 1980,

45, 4034.

G.J.Schroepfer, E.J.Parish, H.W.Chen, and
A.A.Kandutsch, J.Biol.Chem., 1977, 252, 8975.
E.J.Parish and G.J.Schroepfer, Chem.Phys.Lipids,
1979, 25, 381.
E.J.Parish and G.J.Schroepfer, Chem.Phys.Lipids,
1980, 27, 281.
J.H.Babler and M.J.Coghlan, Synth.Comm., 1976,
6, 469.
E.J.Corey and H.E.Ensley, J.Amer.Chem.Soc, 1975,
97, 6908.
E.J.Corey, S.M.Albonico, U.Koelliker, J.K.Shaaf,
and R.V.Varma, J.Amer.Chem.Soc, 1971, 93, 1490.
R.S.Vartanyan, R.S.Shaginyan, and S.A.Vartanyan,
Arm.Khim.Zhur., 1982, 35, 671.
Jong Ting-Ting, P.G.Williard, and J.P.Porwoll, J .
Org.Chem., 1984, 49, 735.
Sh.O.Badanyan and T.T.Minasyan, USSR P.789 495
(1980); Byul.Izobret., 1980(47), 97.
Sh.O.Badanyan, T.T.Minasyan, and Zh.A.Chobanyan,
USSR P.703 522 (1979); Byul.Izobret., 1979(46), 105.
Sh.O.Badanyan and T.T.Minasyan, Arm.Khim.Zhur.,
1978, 31, 452.

T.T.Minasyan, F.S.Kinoyan, and Sh.O.Badanyan,
Arm.Khim.Zhur., 1982, 35, 448.
Sh.O.Badanyan, S.A.Vorskanyan, and Zh.A.Cho-
banyan, USSR P. 1133 256 (1983); Byul.Izobret.,
1985(1).
S.A.Vorskanyan, Zh.A.Chobanyan, and Sh.O.Badan-
yan, Arm.Khim.Zhur., 1985, 38, 424.
A.S.Pratt and E.J.Thomas, J.Chem.Soc, Chem.
Comm., 1982, 1115.
K.K.Banerji, Bull.Chem.Soc.Japan, 1978, 51, 2732.
K.K.Banerji, J.Chem.Soc, Perkin Trans.II, 1978, 639.
K.K.Banerji, Indian J.Chem.Sect.A, 1979, 17, 300.
G.Ρ.Panigrahi and D.D.Mahapatro, Indian J.Chem.
Sect.A, 1980, 19, 579; Chem.Abs., 1980, 93, 203718.
G.P.Panigrahi and D.D.Mahapatro, Int.J.Chem.Kinet.,
1981, 13, 85; Chem.Abs., 1981, 94, 12057.
G.P.Panigrahi and D.D.Mahapatro, Bull.Soc.chim.
Belg., 1981, 90, 927; Chem.Abs., 1981, 95, 203001.
G.P.Panigrahi and D.D.Mahapatro, Int.J.Chem.
Kinet., 1982, 14, 977; Chem.Abs., 1982, 97,
144043.
H.G.Brown, C.G.Rao, and S.U.Kulkarni, J.Org.
Chem., 1979, 44, 2809.
E.Wenkert, V.F.Ferreira, and E.J.Mickelotti, J.Org.
Chem., 1985, 50, 719.
C.S.Subhash, L.R.Wendell, and M.Jerrold, J.Org.
Chem., 1983, 48, 2274.
R.Antonioletti, M.D'Auria, G.Piacatelli, and A.Scettri,
Tetrahedron Lett., 1981, 22, 1041.
F.S.Guziec and F.Luzzio, Synthesis, 1980, 691.
F.S.Guziec, US P.4 399 281 (1984); Chem.Abs., 1984,
100, 5363.
F.S.Guziec, J.Amer.Chem.Soc, 1981, 103, 5629.
F.S.Guziec and F.A.Luzzio, J.Org.Chem., 1982,
47, 1787.
F.S.Guziec, US P.4 438 269 (1984); Chem.Abs., 1984,
101, 7047.
Μ.Ν.Bhattacharjee, M.K.Chaudri, H.S .Dasgupta, and
N.Roy, Synthesis, 1982, 588.
Μ.Ν.Bhattacharjee, M.K.Chaudri, and H.S.Dasgupta,
Bull. Chem. Soc Japan, 1984, 57, 258.
T.Nonaka, S.Kanemoto, K.Oshima, and H.Nozaki,
Bull.Chem.Soc.Japan, 1984, 57, 2019.
H.B.Davis, R.M.Sheets, J.M.Brannfors, and
W.W.Paudler, Heterocycles, 1983, 20, 2029; Chem.
Abs., 1984, 100, 6453.



Russian Chemical Reviews, 56 (8), 1987 753

J . Amer. Chem. Soc.,

J . Amer. Chem .Soc,

1940,

190. E.Santaniello, F.Milani, and B.Casati, Synthesis,
1983, 749.

191. E.J.Corey and G.W.J.Fleet, Tetrahedron Lett.,
1973, 4499.

192. S.Trofimenko, Chem,Rev., 19V2. 72, 497.
193. E.Santanieilo and Ρ.Ferraboschi, Synth. Comm., 1980,

10, 75; Chem.Abs., 1980, 92, 180774.
194. G.W.J.Fleet and W.Little, Tetrahedron Lett., 1977,

3742.
195. S.Karl-Erland, Acta Chem.Scand., 1971, 25, 1125.
196. J.M.S.Frechet, D.Pauline, and J.Farad, J.Org.Chem.,

1981, 46, 1728.
197. A.Behr, Chem.Ber., 1872, 5, 277.
198. H.Blitz, Annalen, 1897, 296, 219.
199. K.B.Wiberg and S.Nielson, J.Org.Chem., 1964, 29,

3353.
200. H.E.Stavely and G.Ν.Bollenback, J.Amer.Chem.Soc,

1943, 65, 1285.
201. O.Wintersteiner and M.Moors, J.Amer.Chem.Soc.,

1943, 65, 1513.
202. H.E.Savely and G.N.Bollenback,

1943, 65, 1290.
203. H.E.Savely and G.N.Bollenback,

1943, 65, 1600.
204. V.A.Petrow and W.W.Starling, J.Chem.Soc,

60.
205. L.F.Fieser, K.Nakanishi, and W.-Y.Huang, J.Amer.

Chem.Soc, 1953, 75, 4719.
206. L.F.Fieser, J.E.Herz, and W.-Y.Huang, J.Amer.

Chem.Soc, 1951, 73, 2397.
207. L.F.Fieser, W.-Y.Huang, and J.C.Babcock, J.Amer.

Chem.Soc, 1953, 75, 118.
208. L.F.Fieser and J.F.Herz, J.Amer.Chem.Soc, 1953,

75, 121.
209. J.Elks, R.M.Evans, A.G.Long, and G.H.Thomas,

J.Chem.Soc, 1954, 451.
210. L.F.Fieser and M.Fieser, in "Natural Products Related

to Phenanthrene", Reinhold, New York, 1949, p.227.
211. L.Ruzicka and W.Bosshard, Helv.Chim.Acta, 1937,

20, 244.
212. W.C.J.Ross, J.Chem.Soc, 1946, 737.
213. V.A.Petrow, J.Chem.Soc, 1939, 199.
214. A.A.Berlin, A.B.Davankov, and L.Ε.Kalliopin,

Zhur.Prikl.Khim., 1945, 18, 217.
215. W.J.Hickinbottom, D.R.Hogg, D.Peters, and

D.G.M.Wood, Nature, 1951, 168, 33.
216. J.B.Conant and G.W.Wheland, J.Amer.Chem.Soc,

1933, 55, 2499.
217. F.C.Whitmore and K.C.Laughlin, J.Amer.Chem.Soc,

1934, 56, 1128.
218. F.C.Whitmore and C.D.Wilson, J.Amer.Chem.Soc,

1934, 56, 1397.
219. W.J.Hickinbottom and G.E.M.Moussa, J.Chem.Soc,

1957, 4195.
220. G.E.M.Moussa, J.Appl.Chem., 1962, 12, 385.
221. H.H.Zeiss and R.F.Zwanzig, J.Amer.Chem.Soc, 1957,

79, 1733.

222. H.H.Zeiss and F.R.Zwanzig, Chem.Ind., 1956, 545.

223. W.J.Hickinbottom, D.Peters, and D.G.M.Wood, J .
Chem.Soc, 1955, 1360.

224. W.Schlenk and E.Bergmann, Annalen, 1930, 479, 42.
225. H.Schildknecht and W.Forttinger, Annalen, 1962,

656, 20.
226. G.E.M.Moussa and S.O.Abdalla, J.Appl.Chem., 1970,

20(8), 256.
227. A.Windaus, Ber., 1906, 39, 2249.
228. N.Miyaura and J.K.Kochi, J.Amer.Chem.Soc, 1983,

105, 2368.

229. W.Kruse, J.Chem.Soc, Chem.Comm., 1968, 1610.
230. K.B.Sharpless, A.Y.Teranishi, and J.E.Backvall,

J.Amer.Chem.Soc, 1977, 99, 3120.
231. J.T.Groves and J.Kruper, J.Amer.Chem.Soc, 1979,

101, 7613.
232. M.A.Davis and W.J.Hickinbottom, J.Chem.Soc, 1958,

220.
233. P.B.D.de la Mare, Quart.Rev., 1940, 3, 126.
234. J.Boeseken, Rec.Trav.chim., 1921, 40, 553.
235. J.Boeseken, Rec.Trav.chim., 1928, 47, 683.
236. K.B.Wiberg and K.A.Saegebarth, J.Amer.Chem.Soc,

1957, 79, 2822.
237. G.E.M.Moussa, J.Appl.Chem., 1963, 13, 470.
238. G.E.M.Moussa and N.F.Eweiss, J.Appl.Chem., 1969,

19, 313.
239. L.F.Fieser and M.Fieser, in "Steroids", Reinhold,

New York, 1959, p.202.
240. A.K.Awasthy and J.Pocek, J.Amer.Chem.Soc, 1969,

91, 911.
241. N.C.Khaudual, K.K.Satpathy, and P.L.Nayak,

J.Chem.Soc, Perkin Trans.II, 1974, 328.
242. F.Freeman and N.J.Namachika, J.Amer.Chem.Soc,

1972, 94, 1214.
243. F.Freeman, P.D.McCart, and N.J.Yamachika, J.Amer.

Chem.Soc, 1970, 92, 4621.
244. F.Freeman and N.J.Yamachika, J.Amer.Chem.Soc,

1970, 92, 3730.
245. P.T.Lansbury and E.J.Neinhouse, Chem.Comm., 1966,

273.
246. H.Minato, C.Ware, and T.G.Traylor, J.Amer.Chem.

Soc, 1963, 85, 3024.
247. J.C.Ware and T.G.Traylor, J.Amer.Chem.Soc,

1963, 85, 3026.
248. V.V.Romana Rao, D.Devaprabhakara, and S.Chandra-

sekaran, J.Organomet.Chem., 1978, 162, C9.
249. C.G.Rao, S.U.Kulkarni, and H.C.Brown, J.Organo-

met.Chem., 1979, 172, C20.
250. H.C.Brown, S.U.Kulkarni, and C.G.Rao,

1980, 151.
251. H.C. Brown,

1979, 702.
252. H.C. Brown,

1979, 704.
253. W.C.Still, J.Amer.Chem.Soc, 1977, 99, 4836.
254. W.B.Sheats, L.K.Olli, R.Stout, J.T.Lundeen,

R.Justus, and W.G.Nigh, J.Org.Chem., 1979, 44,
4075.

255. G.Piancatelli, A.Scettri, and M.D'Auria, Tetrahedron
Lett., 1977, 3483.

256. R.Antonioletti, M.D'Auria, A.De Mico, G.Piancatelli,
and A.Scettri, Tetrahedron, 1983, 39, 1765.

257. G.Piancatelli, A.Scettri, and M.D'Auria, Tetrahedron
Lett., 1977, 2199.

258. Y.Lefebre, US P.3 547 912; Chem.Abs., 1970, 72,
32133.

259. Y.Lefebre, Tetrahedron Lett., 1972, 133.
260. R.Lalibert, US P.3 707 482 (1972); Chem.Abs., 1973,

79, 5248.
261. G.Ν.Khlebova, V.R.Denisov, Z.A.Shevchenko, and

I.A.Favorskaya, Zhur.Org.Khim., 1985, 21, 998.
262. G .Piancatelli, A.Scettri, and M.D'Auria, Tetrahedron

Lett., 1979, 1507.
263. K.Iwai, H.Kosugi, H.Uda, and M.Kowai, Bull.Chem.

Soc.Japan, 1977, 50, 242.
264. J.L.Herrmann, N.H.Berger, and R.H.Schlessinger,

J.Amer.Chem.Soc, 1973, 95, 7923.
265. R.C.Larock and B.Riefling, Tetrahedron Lett., 1976,

4661.

S.U.Kulkarni, and C.G.Rao,

Synthesis,

Synthesis,

C.G.Rao, and S.U.Kulkarni, Synthesis,



754 Russian Chemical Reviews, 56 (8), 1987

266. M.T.Edger, G.R.Pettit, and T.H.Smith, J.Org.
Chem., 1978, 43, 4115.

267. P.G.Marshall, in "Rodd's Chemistry of Carbon Com-
pounds" (Edited by B.Scoffey), Vol.2D, Elsevier Publ.
Co., 1977, p.369.

268. F.Korte and M.Goto, in "Steroids, Terpenes and
Alkaloids", Acad.Press, New York, 1978, Vol.67,
p.14.

269. M.D'Auria, G.Piancatelli, and A.Scettri, Tetrahedron,
1980, 36, 1877.

270. G.Piancatelli, A.Scettri, and M.D'Auria, Tetrahedron,
1980, 36, 661.

271. E.Wada, M.Okawara, and T.Nakai, J.Org.Chem.,
1979, 44, 2952.

272. R.D'Ascoli, M.D'Auria, A.De Mico, G.Piancatelli,
and A.Scettri, J.Org.Chem., 1980, 4500.

273. M.D'Auria, M.Okawara, and T.Nakai, J.Org.Chem.,
1979, 44, 2952.

274. A.Etard, Compt.rend., 1893, 116, 434.
275. G.G.Henderson and R.W.Smith, J.Chem.Soc, 1889,

55, 45.
276. G.G.Henderson and T.Gray, J.Chem.Soc, 1903, 83,

1299.
277. G.G.Henderson and I.M.Heilbron, J.Chem.Soc, 1908,

93, 288.
278. G.G.Henderson, J.M.Robertson, and D.C.Brown,

J.Chem.Soc., 1922, 121, 2717.
279. J.Bredt and W.Jagelki, Annalen, 310, 112.
280. J.Sword, Chem.News, 1926, 133, 1; Chem.Abs., 1926,

20, 2997.
281. G.G.Henderson and D.Chisholm, J.Chem.Soc, 1924,

125, 107; Chem.Abs., 1924, 18, 981.
282. S.J.Cristol and K.R.Eilar, J.Amer.Chem.Soc, 1950,

72, 4353.
283. R.A.Stairs, D.M.Diaper, and A.L.Gatzke, Canad.

J.Chem., 1963, 41, 1059.
284. K.B.Wiberg, B.Marshall, and G.Fester, Tetrahedron

Lett., 1962, 345.
285. F.Freeman, P.J.Cameron, and R.H.Dubois, J.Org.

Chem., 1968, 33, 3970.
286. K.B.Wiberg and R.Eisenthal, Tetrahedron Lett., 1964,

20, 1151.
287. T.H.Jones and M.S.Blum, Tetrahedron Lett., 1980,

21, 1701.
288. M.V.Miller and G.Rohde, Chem.Ber., 1891, 24, 1354.
289. W.V.Miller and G.Rohde, Chem.Ber., 1890, 23, 1070.
290. O.H.Wheeler, Canad.J.Chem., 1960, 38, 2137.
291. F.Freeman, R.H.Dubois, and N.J.Yamachika, Tetra-

hedron, 1969, 25, 3441.
292. W.H.Hartford and M.Darren, Chem.Rev., 1958, 58, 1.
293. C.N.Rentea, I.Nescoiu, M.Rentea, A.Chenciulesca,

and C.D.Nenitzescu, Tetrahedron 1966, 22, 3501.
294. Sh.O.Badanyan, T.T.Minasyan, F.S.Kinoyan, and

G.A.Panosyan, Arm.Khim.Zhur., 1984, 37, 224.
295. K.B.Wiberg, in "Oxidation in Organic Chemistry",

Acad.Press, New York, 1965, Pt.A, p.141.
296. C.D.Nenitzescu, Bull.Soc.chim.France, 1968, 1349.
297. F.Freeman and N.J.Yamachika, Tetrahedron Lett.,

1969, 3615.
298. K.D.Bingham, G.D.Meakins, and G.H.Whitham,

Chem.Comm., 1966, 445.
299. P.S.Skell and A.Y.Garner, J.Amer.Chem.Soc, 1956,

78, 5430.
300. R.Huisgen, R.Grashey, and J.Sauer, in "The

Chemistry of Alkenes" (Edited by S.Patai), Izd.
Khimiya, Leningrad, 1969, Chapter X, p.497.

301. A.S.Barley and J.E.White, J.Chem.Soc, B, 1966,
p.819.

302. F.W.Bachelor and U.O.Cheriyan, Tetrahedron Lett.,
1973, 3291.

303. C.N.Rentea, M.Rentea, and C.D.Nenitzescu,
Tetrahedron, 1968, 24, 4667.

304. C.N.Rentea, M.Rentea, I.Necsoiu, and C.D.Nenit-
zescu, Rev.Roum.Chim., 1967, 12, 1495.

305. I.Necsoiu, A.Gheciulescu, M.Rentea, C.Rentea, and
C.D.Nenitzescu, Rev.Roum.Chim., 1967, 12, 1503.

306. I.Necsoiu, V.Przemetchi, A.Ghenciulescu, C.N.Rentea,
and C.D.Nenitzescu, Tetrahedron, 1966, 22, 3037.

307. W.Dollfus, Chem.Ber., 1893, 26, 1970.
308. C.N.Rentea, Stud.Cereet.Chim., 1966, 14, 627;

Chem.Abs., 1967, 66, 75422.
309. F.Freeman and A.Yeramyan, J.Org.Chem., 1970, 35,

2061.
310. F.Freeman and D.K.Lin, J.Org.Chem., 1971, 36, 1335.
311. K.B.Wiberg and R.D.Geer, J.Amer.Chem.Soc, 1966,

88, 5825.
312. R.Huisgen, R.Grashey, and J.Sauer, in "The

Chemistry of Alkenes" (Edited by S.Patai), Izd.
Khimiya, Leningrad, 1969, Chapter X, p.525.

313. P.Beltrame and C.Vintani, J.Chem.Soc.B, 1970, 873.
314. R.Huisgen, Angew.Chem.Int.Ed.Engl., 1963, 2, 633.
315. J.H.Rolston and K.Yates, J.Amer.Chem.Soc, 1969,

91, 1483.
316. J.E.Dubois and A.Schwarcz, Tetrahedron Lett., 1964,

31, 2167.
317. J.A.Ojncock and K.Yates, Canad.J.Chem., 1970, 48,

2944.
318. D.Swern, J.Amer.Chem.Soc, 1947, 69, 1692.
319. J.Boescken and J.S.P.Blumberger, Rec.Trav.chim.,

1925, 44, 90.
320. R.Huisgen, R.Grashey, and J.Sauer, in "The

Chemistry of Alkenes" (Edited by S.Patai), Izd.
Khimiya, Leningrad, 1969, Chapter X, p.530.

321. F.Freeman, R.H.Dubois, and Τ.G.McLaughlin, Org.
Synth., 1971, 51, 4.

322. A.L.Gatzke, R.A.Sairs, and D.G.M.Diaper, Canad.
J.Chem., 1968, 46, 39.

323. A.Chenciulescu, I.Necsoiu, M.Rentea, and C.D.Nenit-
zescu, Rev.chim. (Bucharest), 1969, 14, 1543.

324. B.M.Lynch and K.H.Pausacher, J.Chem.Soc, 1955,
1525.

325. P.D.Bartlett and G.D.Sargant, J.Amer.Chem.Soc,
1965, 87, 1297.

326. M.L.Poutsma, J.Amer.Chem.Soc, 1965, 87, 4285.
327. J.E.Dubois and G.Mouver, Tetrahedron Lett., 1963,

1325.
328. W.V.Doering and W.A.Henderson, J.Amer.Chem.

Soc, 1958, 80, 5274.
329. V.Psemetchi, I.Nescoiu, M.Penten, and C.D.Nenit-

zescu, Rev. chim. (Bucharest), 1969, 14, 1567.
330. G.G.Henderson and T.Gray, J.Chem.Soc, 1904,

85, 1041.
331. D.H.R.Barton, P.J.L.Daniels, J.F.McGhie, and

P.J.Palmer, J.Chem.Soc, 1963, 3675.
332. H.C.Duffin and R.B.Tucher, Tetrahedron, 1968,

24, 389.
333. O.H.Wheeler, Canad.J.Chem., 1958, 36, 667.
334. M.A.Davis and W.J.Hickinbottom, J.Chem.Soc,

1958, 2205.
335. F.Freeman and K.W.Arledge, J.Org.Chem., 1972,

37, 2656.
336. P.S.Kalsi, K.S.Kumur, and M.S.Wadia, Chem.Ind.,

1971, 31.
337. J.Rocek and J.C.Drozd, J.Amer.Chem.Soc, 1970,

92, 6668.
338. R.A.Stair, Canad.J.Chem., 1960, 38, 2028.



Russian Chemical Reviews, 56 (8), 1987 755

339. F.Freeman, Rev.React.Species Chem.React., 1973,
1, 37.

340. K.B.Sharpless and A.Y.Teranishi, J.Org.Chem.,
1973, 38, 185.

341. F.W.Bachelor and U.O.Cheriyan, Chem.Comm., 1973,
195.

342. F.W.Bachelor and U.O.Cheriyan, Canad.J.Chem.,
1976, 54, 3383.

343. K.B.Sharpless and T.C.Flood, J.Amer.Chem.Soc,
1971, 93, 2316.

344. D.R.Coulson, J.Amer.Chem.Soc., 1969, 91, 200.
345. R.W.Johnson, R.W.Pearson, and R.G.Pearson,

Chem.Comm., 1970, 986.
346. R.G.Pearson and W.R.Muir, J.Amer.Chem.Soc., 1970,

92, 551.
347. A.R.Lepley and A.G.Guimanini, in "Mechanisms of

Molecular Migrations" (Edited by B.S.Thyagarian),
Wiley-Intersci., New York, 1971, Vol.3, p . 297.

348. W.J.Reichle and W.L.Carfich, J.Org.Chem., 1970,
24, 419.

349. K.H.Thiele, B.Adler, H.Grahlert, and A.Lachowicz,
Z.anorg.Chem., 1974, 403, 279.

350. C.Santini-Scampussi and J.G.Riess, J.Chem.Soc,
Dalton Trans., 1974, 1433.

351. J.Miller and W.Holzinger, Angew.Chem.Int.Ed., 1975,
14, 760.

352. W.Mowat and G.Wilkinson, J.Organomet.Chem., 1972,
38, C35.

353. C.Santini-Scampussi and J.G.Riess, J.Org.Chem.,
1974, 73, 13.

354. L.Galyer, K.Mertis, and G.Wilkinson, J.Organomet.
Chem., 1975, 85, C38.

355. K.Mertis, D.H.Williamson, and G.Wilkinson, J.Chem.
Soc, Dalton Trans., 1975, 607.

356. A.Y.Teranishi, Ph.D. Thesis, Massachusetts Inst.
of Technology, Aug., 1973.

357. K.B.Sharpless, R.E.Lauer, and R.Oljan, J.Amer.
Chem.Soc, 1971, 93, 3303.

358. W.Treibs and H.Schmidt, Chem.Ber., 1928, 61, 459.
359. F.C.Whitmore and G.W.Pedlow, J.Amer.Chem.Soc,

1941, 63, 758.
360. T.Matsuura and K.Fujita, J.Sci.Hiroshima Univ.,

1952, 16A, 173; Chem.Abs., 1954, 48, 3307.
361. G.Dupont, R.Dulon, and O.Mondou, Bull.Soc.chim.

France, 1952, 433.
362. K.Fujita and T.Matsuura, J.Sci.Hiroshima Univ.,

1955, 18A, 455; Chem.Abs., 1956, 50, 10682.
363. K.Fujita, Nippon Kagaku Zasahi, 1960, 81, 676;

Chem.Abs., 1961, 55, 6616.
364. K.Fujita, Nipon Kagaku Zasahi, 1957, 78, 1112;

Chem.Abs., 1960, 54, 613.
365. T.Mansuura and T.Suga, Nipon Kagaku Zasahi, 1957,

78, 1117; Chem.Abs., 1960, 54, 613.
366. T.Mansuura and K.V.Suga, Nipon Kagaku Zasahi,

1957, 78, 1122; Chem.Abs., 1969, 54, 613.
367. T.Suga, Bull. Chem. Soc Japan, 1958, 31, 569; Chem.

Abs., 1959, 53, 9268.

368.

369.

370.

371.

372.

373.

374.

375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

389.

Y.Watanabe,
Chem.Abs·,
Y.Watanabe,
Chem.Abs.,
Y.Watanabe,
Chem.Abs.,

1959, 80, 310;

1959, 80, 1187;

2196.
J.Org.Chem., 1977,

T.Mansuura, K.Saito, and Y.Shimakawa, Bull.Chem.
Soc.Japan, 1960, 33, 1151; Chem.Abs., 1961, 55,
9554.
K.Fujita, Bull. Chem. Soc Japan, 1961, 34, 968; Chem.
Abs., 1961, 55, 27397.
T.Kuraoka, Nippon Kagaku Zasshi, 1961, 82, 50;
Chem.Abs., 1962, 56, 10013.

Nippon Kagaku Zasshi,
1961, 55, 4359.
Nippon Kagaku Zasshi,

1961, 55, 4359.
J.Sci.Hiroshima Univ., 1960, A24, 453;
1961, 55, 1199.

J.Ciabattoni and E.C.Nathan, J.Amer.Chem.Soc,
1969, 91, 4766.
P.A.Wender, M.A.Fissenstat, and M.P.Filosa,
J.Amer.Chem.Soc, 1979, 101,
J.A.Marshall and P.G.M.Wutz,
42, 1794.
S.Patai, in "The Chemistry of the Quinonoids Com-
pounds", Wiley, New York—Sydney-Toronto, 1974.
M.S.Shvartsberg, A.A.Moroz, O.D.Kiseleva, and
A.V.Piskunov, Izv.Akad.Nauk SSSR, Ser.Khim.,
1979, 2154.
N.A.Khan and M.S.Newman, J.Org.Chem., 1952,
17, 1063.
L.I.Simandi and J.Jaki, J.Chem.Soc, Perkin Trans.
I, 1977, 630.
W.G.Dauben, M.Lorber, and D.S.Fullerton, J .Org.
Chem., 1969, 34, 3587.
R.Stewart, in "Oxidation Mechanisms: Applications
to Organic Chemistry", W.A.Benjamin, New York,
1964.
L.J.Chinn, in "Selection of Oxidation in Synthesis",
Marcel Dekker, New York 1971.
D.G.Lee, in "Oxidation" (Edited by P.L.Augustine
and D.J.Trecker), Marcel Dekker, New York, 1971,
Vol.1, Chapter 2.
L.F.Fieser and M.Fieser, "Reagents for Organic
Synthesis" (Translated into Russian) (Edited by
I.L.Knunyants), Izd.Mir, Moscow, 1970.
W.G.Dauben, M.Lorber, and D.S.Fullerton, J .Org.
Chem., 1969, 3587.
J.E.Show and J .J .Sherry, Tetrahedron Letters, 1971,
4379.
H.G.Kuivila and W.J.Becker, J.Amer.Chem.Soc,
1952, 74, 5329.
P.Miiler and T.K.Truong, Tetrahedron Letters,
1977, 1939.

Institute of Organic
Chemistry,
Academy of Sciences of the
Armenian SSR,
Erevan



756 Russian Chemical Reviews, 56 (8), 1987

Translated from Uspekhi Khimii, 56, 1324-1338 (1987) U.D.C. 541.427: (547.235.2 + 547.556)

The Interaction of Carbenes and Nitrenes with Azo-compounds

A.A.Suvorov and M.A.Kuznetsov

A critical analysis of the literature on the interaction of carbenes and nitrenes with azo-compounds is presented, attention being
concentrated on the reactions of aminonitrenes.
The bibliography includes 83 references.

CONTENTS

I. Introduction
II. The addition of carbenes to azo-compounds

III. The addition of nitrenes to azo-compounds

756
756
758

I. INTRODUCTION

The study of the reactions of unstable intermediate species
is one of the most fruitful "growth points" in modern organic
chemistry. Its branches, such as the chemistry of car-
bonium ions, carbanions, and free radicals, have already
become classical but at the same time it continues to develop
vigorously. During the last decades, very much attention
has been devoted to the study of the reactions of carbenes,
nitrenes, and their analogues—neutral intermediates incor-
porating an atom with an incomplete six-electron (sextet)
electron shell. Owing to the exceptional wide variety of
reactions of such compounds, which has stimulated both
applied, synthetic development and numerous studies by
theoreticians (see, for example, the corresponding chapters
in the annual reviews "Organic Reaction Mechanisms" or
"Annual Reports on the Progress in Chemistry").

The most important trend in this field concerns the study
of the interaction of carbenes and nitrenes with unsaturated
groups. Their addition to the C=C, C H C , and C=X (X is
a heteroatom) bonds constitutes an effective general method
of synthesis of three-membered rings, strained polycyclic
systems, and a very great variety of products of further
reactions. This is why thousands of papers and tens of
reviews and monographs have been devoted to the above
branch of chemistry of carbenes and their analogues and
their number continues to grow.

Azo-compounds have been one of the few exceptions in this
field and the interaction of carbenes and nitrenes with com-
pounds containing the N=N group has not been investigated
systematically until recently. However, since the beginning
of the 1970s, a whole series of studies have been carried out
in which it has been demonstrated that the usually fairly
inert azo-group reacts smoothly with these sextet species to
form new classes of unusual polynitrogen compounds. So
far, fairly extensive data have accumulated in this field
requiring a survey, which has been the reason why this
review, in which we have tried to cover the literature until
the beginning of 1985, has been written.

I I . THE ADDITION OF CARBENES TO AZO-COMPOUNDS

In contrast to the majority of other reactions, the reaction
with azo-compounds has been investigated in less detail for
carbenes than for nitrenes. Furthermore, it has been found
that certain reactions, assigned to this type, in reality pro-
ceed without the participation of carbenes. Thus inves-
tigation of the kinetics of the reactions of diazo-compounds
with a series of azo-compounds, in the first place with azodi-
carbonyl compounds, showed that the initial diazo-compound

itself usually reacts with the azo-group and that only then is
the nitrogen molecule split off1 (among the later studies in
this field see, for example, Korobitsyna and co-workers2»3

and the literature quoted therein).
Nevertheless, it has been suggested that in many instances

it is precisely carbenes that react with azo-compounds. This
entails the formation, as a rule, of the corresponding 1: 1
adducts to which the structure of diaziridines or the isomeric
1,3-dipolar compounds—azomethineimines (I)—was attributed
in early studies. Later it was demonstrated that in reality
the reaction products have a different structure and can be
usually formally regarded as a result of the 1,4-addition of
the carbene to the N=N-C=X fragment (X = O, N, or C)
of the initial conjugated azo-compound. However, although
the azomethineimines (I) are not in fact the final products in
any of the reactions of carbenes with azo-compounds known
at the present time, their involvement as intermediates has
been suggested:

c: Ζ,' " > Ν - —

(1)

reaction products.

The reactions of carbenes with azo-compounds can be
divided into several types: interaction of dihalogeneocarbenes
with azo-compounds; the addition of methylene and its aroma-
tic derivatives to 2,2'-azopyridine and its analogues; the
addition of alkylidenecarbenes to aromatic azo-compounds and
the reaction of alkoxyalkylcarbenes with oxadiazolines.

1. The Reactions of Dihalogenocarbenes with Azo-Compounds

In reactions with various azo-compounds dihalogeneocar-
benes were usually generated by the thermal decomposition
of trihalogenomethylphenylmercury1*"8 or sodium trichloro-
acetate.'*·5 '9 The addition of dihalogeneocarbenes to azodi-
carbonyl compounds has been studied in greatest detail:

PhHgCX.Br
X,=C1,, ClBr, Br,

CX s CO a Na

3?C-N=N-CR
II II

ο ο

RC—Ν—Ν—.CX,

( Π ) J

Ο
II

N - N / C R

lR=OAlk)~v (RCO)S Ν—N=CX,

(IV)

-ϊΗΧ (R=OEi)
^Ο R"

Ο
II

, C R

\γ

..N-Nv

-RCOX(R=Ph) R '

(VI) (ΠΙ) (V)
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At room temperature, the products in this instance are
oxadiazolines (III), which are apparently formed as a result
of the cyclisation of the intermediate azomethineimines (II).1 |~£

If the reaction is carried out with heating, then, depending
on the nature of the substituent, the oxadiazolines (III) are
either rearranged to the hydrazones (IV), probably again
via the azomethineimines ( I I ) , 1 " 5 or they split off the RCOX
molecule with formation of the oxadiazoles (V); 6 ' 7 in the
presence of water, the main reaction products are the oxa-
diazolinones (VI) . 9

The addition of dichlorocarbene to methyl ethylazocarboxyl-
ate (in the presence of water)9 and to bis(trimethylsilyl)-
diimide10 and also the addition of dicyanocarbene, generated
by the decomposition of dicyanodiazomethane, to azodicar-
boxylic ester 1 1 proceed analogously:

MeOaC-N=NEt

Me3SiN=NSiM3

EtOaCN=NCO2Et

'\</"
b cci,] (Me,Si)2N-N=CCI, ;

Dichlorocarbene reacts significantly differently with azo-
arenes. In this case, the phosgeneimines (VIII) and the
products of the further addition of the carbene (IX) are
formed in this reaction: V

PhHgCCl2Br

(VII)

ArN=CCl,
f:CCI;] ^

α
(VIII) (IX)

Ar = Ph,p-Tol,p-ClC6H4.

When dichlorocarbene was generated by the phase transfer
method, the formation of phosgeneimine in the reaction with
azobenzene was not noted, but 2-hydroxy-l-phenylbenz-
imidazole (I) was islated as an additional product: 1 2

Ph
Cl

CHClj [: CCIJ Ph—X

CI

+ i-OH

CI

(X)

It has been suggested that the azomethineimines (VII) 8 (or
the isomeric diaziridines8 '1 2) are formed initially in this
instance and then lose an arylnitrene8 or rearrange to benz-
imidazole derivatives (cf. the Section below). The mecha-
nism of the elimination of the arylnitrene was not discussed. ε

It may be that the intermediate azomethineimines (VII) react
with a second molecule of dichlorocarbene to form two phos-
geneimine molecules.

The same products are obtained also in the reaction of
dichlorocarbene with azoxyarenes, probably as a result of
the intermediate formation of azo-compounds.8 '1 2

2. The Addition of Methylene and Arylcarbenes to 2,2'-Azo-

pyridine and Its Analogues

The reactions of methylene and its aryl-substituted deriva-
tives with 2,2'-azopyridine, 2-phenylazopyridine, and
2,2'-azoquinoline involve the formation, like the reactions of
dihalogeneocarbenes with azodicarbonyl compounds, of
(formally) the products of the 1,4-addition of the carbene
to the N=C-N=N fragment, namely the triazolopyridines

(XII). 1 3 ' 1 1* The carbenes were generated by the thermolysis
of the corresponding diazo-compounds or pyridinium ylides :

R,C=N

(XI) (XII)

R = H. Ph: R2C = PhCH, 9-fluorenylidene;
Ar = Ph, 2-pyridyl, 2-quinolinyl.

The authors of the first studies of this reaction i 5 > l b assumed
that carbenes are not formed in the course of the reaction.
However, it was shown later1 3 that the interaction of diazo-
compounds with 2,2'-azopyridine and its analogues proceeds
only under these conditions when the diazo-compounds are
unstable and decompose with formation of carbenes. The
rate of reaction then varies with temperature, like the rate of
decomposition of the initial diazo-compound in the absence of
substrates, which indicates the carbene mechanism of this
reaction. 1 3 However, it is noteworthy that, apart from the
azo-group, the molecules of 2,2'-azopyridine and its analogues
contain yet another potential reaction centre—the nitrogen
atom of the pyridine ring and it is not known whether the
initial attack is in fact directed to the azo-group or whether
an alternative mechanism with formation of the intermediates
(XI) operates. 1 3

3. The Addition of Alkylidenecarbenes to Azoarenes

The reaction of 2-propylidenecarbene with a number of azo-
arenes and t-butylazobenzene results in the formation of,
formally, the products of the 1,4-addition of the carbene to
the N=N-C=C system, probably via the intermediate azo-
methineimines ( X I I I ) : 1 7 " 2 0

(xn)
3; R = T-Bu, n = YC6H4; Χ,Υ-Η,Μβ, OMe.F.Cl .

The reactions with asymmetric substrates yield comparable
amounts of both possible isomeric benzopyrazoles (XIV).1 8 > 1 9

In the reactions with azoarenes containing strong electron-
accepting substituents, the 2:1 adducts (XVI) or (XVII),
regarded as the results of the 1,3-dipolar addition of the
intermediate azomethineimines (XV) to the initial azo-com-
pound, were isolated in low yields: 19>2°
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Ar

\ Ar

(XV)

Ar
1

ν ,N—NHAr
or >=-/

' \N-NHAr '
I

Ar

(XVII)

Ar

Ar
(XVI)

Ar=4-GFaCH4,

The initial adducts of dimethylvinylidenecarbene with azo-
benzene rearrange with dissociation of the nitrogen—nitrogen
bond: 2 1

Ph

Me,C-C =
I

CI

= CH—- 0—]
The reaction of fluorenylidenecarbene with azobenzene leads
to the formation of a small amount of a 1:1 adduct, whose
structure has not, however, been established. 2 2

H. The Reaction of Alkoxycarbenes with 1,3,4-Oxadiazol-3-
ines

The thermal decomposition of a series of 2-alkoxy-l,3,4-oxa-
diazol-3-ines (XVIII) results in the formation of dialkyl- and
alkylalkoxy-carbenes, which react with the initial com-
pounds : 2 3

TXVIII)

(XX)
R=Me,Kt, cu2r.v3, cirxcij; B.'=Me,Et, iso-Pr; RR'= (cir2)3.

The main reaction pathway involves the intermediate forma-
tion of alkoxycarbenes and the subsequent addition to the
nitrogen atom in the 3-position in the oxadiazoline ring,
which ultimately leads to the asymmetric azines (XIX). 2 3

However, the reaction mixtures usually contain also the
azine (XX) and dimethylketazine, which the authors 2 3 regard
as a result of the participation in the reaction of not only
the alkoxycarbene but also of dimethylcarbene.

I I I . THE ADDITION OF NITRENES TO AZO-COMPOUNDS

A fairly large range of examples of the interaction of
nitrenes with azo-compounds has now been investigated. It
has been found that the addition takes place only in those

cases where the substituents in the nitrene and in the azo-
compound differ greatly in their electronic nature. On the
other hand reactions with participation of many nitrenes such
as aryl-, perfluoroalkyl-, amino-, and imido-nitrenes as well
as others frequently result in the formation of their formal
dimers—azo-compounds24—in high yields, but there have
been no communications about the products of further addition
of nitrenes to these compounds. This indicates most prob-
ably the inertness or low reactivity of nitrenes in relation to
azo-compounds having the same substituents (although one
cannot rule out also the possibility that nitrenes do never-
theless add in this instance by the resulting adducts are
unstable and decompose with formation of the initial azo-com-
pound).

In our view, this type of dependence of the reactivity of
nitrenes in relation to azo-compounds on the electronic nature
of the substituents justifies the assumption that, when the
nitrene molecule contains electron-donating substituents and
the azo-compound molecule contains electron-accepting sub-
stituents (as in the reactions of dialkylamino- and diaryl-
amino-nitrenes with azodicarboxylic acid derivatives), the
addition of the nitrene to the azo-group is nucleophilic, while
in the opposite case (the addition of phthalimidonitrene and
alkoxycarbonylnitrenes to azoalkanes and azoarenes) this
interaction is electrophilic.

In contrast to the addition of carbenes, where the forma-
tion of azomethineimines as intermediates is usually postu-
lated, almost all the known reactions of nitrenes with azo-
compounds lead to stable 1,3-dipolar compounds—the azimines
(XXI):

Γχ—N:

(XXI)

Ε,Ζ-isomerism is possible in relation to both partially double
nitrogen-nitrogen bonds and the azimines containing differ-
ent substituents at the terminal nitrogen atoms can exist in
principle in the form of four stereoisomers:

'•̂W A

A non-empirical calculation of the relative stabilities of the
isomers of the simplest azimine N3H3

 2 5 showed that the
Ζ,Ζ-isomer is the most stable, that the energy of the E,Z-con-
figuration is slightly higher, and that the Ε,Ε-structure is
energetically extremely unfavourable. Taking into account
steric factors, one may expect that the E,Z- and Z,E-isomers
will be the most stable for the substituted azimines and that
in all the known acyclic azimines the two nitrogen—nitrogen
bonds do indeed have the opposite configurations.

1. The Addition of C-Nitrenes to the Azo-Croup

As mentioned above, arylnitrenes and a series of other
C-nitrenes apparently do not react with azo-compounds con-
taining the same substituents as those in the nitrene molecule.
In particular, the reaction of azocycarbonylnitrene with
diethyl azodicarboxylate could not be achieved. 2 6 ' 2 7

On the other hand, alkoxycarbonylnitrenes add to nitro-
gen-containing compounds without electron-accepting sub-
stituents—azoalkanes and azoarenes—with formation of the
esters of the corresponding azimine-1-carboxylie acids (XXII)
or (XXIII): 2 8 ' 2 9
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R'ObCNH-X -=Ef
Et,N

[R'OjC-N:]

iso-Pr,

iso-Pr
pr-iso
Pr-iso

*!*""* -» R'O,C~N—N—N-R ;

(XXII) (22); (XXIII) (2E)

--» (XXIIa) ;

— (XXIIIa)

X = OSO2C6H4NOr/?; R' = Me, Et; R = iso-Pr (a), Ph (b), p-Tol (c);
R2 — 1,3-cycIopentylene (d).

The alkoxycarbonylnitrenes were generated under mild con-
ditions by the α-elimination of p-nitrobenzenesulphonic acid
from the corresponding sulphonyloxycarbamates in the
presnece of an equimolar amount or an excess of the azo-
compound.

The reaction with E- and Z-2,2'-azopropanes proceed with
retention of the configuration of the azo-group and lead
respectively to 2Z- and 2£-azimines (XXIIa) and (XXIIIa).2 8 '2 9

On the other hand, the same product, whose geometry has
not been established, is formed from the isomeric E- and
Z-azoarenes.2 9

The adducts of alkoxycarbonylnitrenes with azobenzene
rearrange on heating with migration of the alkoxycarbonyl-
imino-group to the ortho-position in the benzene ring and the
formation of the products (XXIV).29 The same substances
are formed on thermolysis of ethoxycarbonyl azide in the
presence of azobenzene: 3 0 > 3 1

Ph

R'O2C-N—Ν—Ν

„ „, Phlfe NPh
R'O,C-N3 a. R.= Et

PhN=N—f
/

R'O,CNH

(XXIV)

Probably ethoxycarbonylnitrene adds in this instance to
azobenzene with subsequent thermal rearrangement of the
adduct (XXIIb) or (XXIIIb). 3 0 > 3 1

It is of interest to note that derivatives of a three-mem-
bered ring with three nitrogen atoms, namely triaziridines
(XXV), were obtained for the first time by the cyclisation
of the azimines (XXIIa) and (XXIIId). 2 8>3 2 These com-
pounds are comparatively unstable and gradually recyclise
to the initial azimines even at room temperature: 2 8 ' 3 2

I
R'O2C-N—Nrrrr R ' O 2 C - N- N < I

(XXIIa), (XXHIg)

In contrast to carbonylnitrenes, alkyl- and aryl-nitrenes
have been much more rarely introduced into intermolecular
reactions21* and there are no examples in the literature of
their interaction with azo-compounds. However, a series
of reactions which can be formally treated as intermolecular
addition of arylnitrenes to the azo-group, usually located in
the ortho-position, have already been known for more than
100 years:

«An
(XXVI)

The oxidation of o-aminoazo-compounds by various oxi-
dants, 3 3 ~ 3 9 the reduction of o-nitroazo-compounds, t*°~'*'* and
the thermolysis and photolysis of the corresponding azides 3 1 '
31,1*5-50 belong to these reactions. Their products are
2W-benzotriazoles (XXVI), related to azimines, or the initial
heterocyclic compounds containing the azimine chain in their
structure.

However, in the majority of cases the reactions enumerated
above apparently proceed via intermediate species other
than nitrenes 3 8 and also as concerted processes. **5 The
involvement of nitrenes is assumed in this instance by
analogy with other reactions, *fl~1*3 is regarded as one of the
possible variants, and as a rule has not been reliably
demonstrated (cf. for example, Butler3 8 and Dyall,3 9

Spagnolo et al., " 7 Spagnolo et al.,1*8 e tc .) ; at the same time
even formally very similar compounds can have different
mechanisms. As an illustration, one may quote a series of
syntheses of tetraazapentalene systems of type (XXVIII) , 5 1 " 5 5

where it has been demonstrated, in relation to the thermoly-
sis of oo'-diazidoazobenzene (XXVII), that the elimination
of the first nitrogen molecule is a concerted process and that
the nitrene mechanism is possible only for the second stage
(but has not been demonstrated):

(XXVII)

2. The Interaction of Dialkylamino- and Diarylamino-nitrenes
with Derivatives of Azodicarboxylic Acid

The first communication about the reaction of aminonitrenes
and nitrenes in general with nitrogen-containing compounds
was published in 1970.56 In this and in a series of later
studies it was shown that dialkylamino- and diarylamino-
nitrenes add to 4-phenyl-l,2,4-triazoline-3,5-dione (XXIX),
a cyclic derivative of azodicarboxylic acid, with formation
of the stable adducts (XXX),5 6 '5 7 the azimine structure of
which has been confirmed by XH NMR, IR, and UV spectra,
as well as mass spectra and, in the case of the adduct of
diphenylaminonitrene (XXXa), also by X-ray diffraction. 5 8

On heating, the aminoazimines (XXX) rearrange with the
opening of the five-membered ring: 5 6 > 5 9

Ph Ph

[Π.Λ-Ν:J

w
(XXIX)

(XXX)

R = Ph (a), CH2Ph (b), Me (c), Et (d); R 2N- = MePhN- (e), (CH2)sN-(f).

The reaction of the same aminonitrenes with diethyl azodi-
carboxylate (XXXI) leads in each instance to a mixture of
the corresponding urethane with ethoxycarbonyl azide, but
the full analogy of this set of substances with the products
of the thermolysis of the azimines (XXX) makes it possible
to postulate also the intermediate formation of the amino-
azimines (XXXII): 56»60»61

Γ CO,Et 1
EtO,Cv . N . |

X N ^ N:O,Et -» L R . N - N — N — N - C O , E t J - RaNCO,Et -f N,CO,Et.

(XXXI) (XXXII)

[R,N-N:J -f-

The high thermal stability of the cyclic aminoazimines (XXX)
has been explained by the fact that the migration of the
carbonyl group to the amino-nitrogen atom is hindered in this
instance by steric factors . B 0

The aminonitrenes were generated in these reactions by
oxidising the corresponding 1,1-disubstituted hydrazines
using azodicarbonyl compounds as oxidants; 56>6u»61 in addi-
tion, dibenzylaminonitrene was obtained by decomposing
dibenzylamino-N-azide: 5 7
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R.N-NH,-

The involvement of aminonitrenes in the reaction is
indicated by the following data. Firstly, the same amino-
azimine (XXXb) is formed from both 1,1-dibenzylhydrazine
and from dibenzylaminoazide in the reaction with triazoline-
dione (XXIX) and in the latter case the rate of decomposition
of the azide (the rate of evolution of nitrogen) is independent
of the presence of the azo-compound (XXIX) in the mixture. 5 6

Secondly, in the reaction of 1,1-disubstituted hydrazines with
azodicarboxylic ester (XXXI) the formation of a small amount
of tetrazenes—typical products of the interaction of amino-
nitrenes with the initial hydrazines—was observed and the
yield of the tetrazenes increased greatly (sometimes by a
factor of hundreds) when the azo-compound was added to
hydrazine instead of vice versa. 5 6 f 6 0»6 1

3. The Interaction of Phthalimidonitrene with Azo-Com-
pounds

Among all the sextet species, phthalimidonitrene (XXXIII)
has been studied in greatest detail in its reaction with azo-
compounds. Its addition to the azo-group was first reported
in 1971 6 2 and since then many studies have been devoted to
this reaction and its products. 6 2" 8 1

In all cases, phthalimidonitrene (XXXIII) was generated
by oxidising N-aminophthalimide with lead tetraacetate in the
presence of an equimolar amount of an azo-compound:

PN—NH, - [PN—Ν:]

(XXXIII)
^PN-NH,

[ P N — N H — N H - N P I - 2PNH ;

<— here and henceforth.

Phthalimidonitrene (XXXIII) adds readily and with high
yields (up to 95%) to substrates containing hydrocarbon
substituents at the azo-group with formation of 2,3-disub-
stituted 1-phthalimidoazimines (XXXIV), but it does not react
with the azodicarbonyl compounds (XXXI) and (XXXV).30·31

m
V/\/N

II
ο

(XXXV)

Phthalamide, formed apparently as a result of the interaction
of the nitrene (XXXIII) with the initial N-aminophthalimide,
is usually a side product of the reaction. 8 2 The structure
of the reaction products has been established by spectro-

1 3

scopic methods and 13C NMR, UV, etc.) and also by
X-ray diffraction for IE, 2Z- and 1Z, 2£-2,3-dimethyl-1-
phthalimidoazimines (XXXVIIa) and (XXXIXa). 6 " ' 6 S

The addition of phthalimidonitrene (XXXIII) to E-azoalkanes
(XXXVI) proceeds stereospecifically with retention of the
configuration of the azo-group and fully stereoselectively , 6 7 · 6 8

leading to IE, 2Z-2,3-dialkyl-1-phthalimidoazimines (XXXVIIa)
and (XXVIIIa):6 2 '6 3 '6 6"6 8

(XXXVI)

(XXXVII) (XXXVIII)

Η

(XXXIX)

R = R' = Me (a), Et (b), iso-Pr (c), CHMePh (d);
R = Me, R' = Et (e), iso-Pr (0, t-Bu (g), CH2CH2CH = CH2 (h);
R' = iso-Pr, R = Et (i), CH2CH2CH = CH2 (j), CHMeCH2CH = CH2 (k).

The asymmetric E-azoalkanes (XXXVI, e—g and I) give
rise to mixtures of the regioisomeric 2,3-dialkyl-1-phthal-
imidoazimines (XXXVII) and (XXXVIII) with predominance
of the isomer (XXXVII) containing a smaller substituent at
the central nitrogen atom of the azimine system. 67»68 The
regioselectivity of the reaction increases on passing from
E-methylazoethane (XXXVIe) to the more asymmetric sub-
strates (XXXVI, f and g).6 7>6 8

The reaction of phthalimidonitrene with γδ-unsaturated
analogues of E-azoalkanes (XXXVI, h, j , and k) proceeds
fully analogously. 6 9 The addition of the nitrene to the azo-
group only is then observed; the products of addition to the
C=C bond were not detected.6 9 However, af$-unsaturated
azo-compounds—E-2-alkylazopropenes (XL)—proved to be
extremely inert in relation to phthalimidonitrene. 6 9 The
reasons for this are obscure.

\ n ^ \ X \ N ^ \cMe2CH,CH=CH,

Me

(XL) (XLI)

R = Me, iso-Pr.

When a tertiary substituent is introduced at the azo-group,
the reactivity of E-azoalkanes diminishes sharply.6 7"6 9 The
addition of phthalimidonitrene to E-2~methyl-2-methylazopro-
pane (XXXVIg) can be achieved only by employing a special
method whereupon the side reaction involving the formation
of phthalimide is suppressed [even in this case most of the
azo-compound (XXXVIg) is preserved in the course of the
reaction6 7 '6 8] and the reaction with unsaturated tertiary
azo-compounds (XLI) could not be carried out at all. 6 9 The
main product of the addition of phthalimidonitrene to
E-2-methyl-2-methylazopropane (XXXVIg) is IE, 2Z-3-t-
butyl-2-methyl-l-phthalimidoazimine (XXXVIIg), but the
reaction is overall more complex than that with the sterically
unhindered E-azoalkanes (XXXVI, a—f and i) and small
amounts of unstable products, whose structure has not been
established, are formed. e7»68

The reaction of phthalimidonitrene with Z-2,2'-azopropane
(XLII) affords a high yield of 1Z, 2E-2,3-diisopropyl-l-phthal-
imidoazimine (XXXIXc), which, however, is configurationally
extremely unstable and is readily converted into the IE, 2Z-
isomer (XXXVIIc):66

iso-Pr. yPr-iso.

(XLII)

(XXXIXc) -* (XXXVIIc).

The addition of phthalimidonitrene to cyclic analogues of
azoalkanes with a fixed Z-configuration of the azo-group,
namely 1-pyrazolines (XLIII, a-d)67»69»70 and 2,3-diaza-
bicyclo]2.2.1]hept-2-ene (XLIIIe),6 6 leads to the corresond-
ing 2,3-trimethylene- 1-phthalimidoazimines (XLIV) and (XLV).
The reaction with asymmetric 1-pyrazolines (XLIII, b-d)
leads to the formation of two regioisomeric adducts (XLIV)
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and (XLV), in each case with the sterically less hindered
isomer (XLIV) predominating, 6 7 ' 6 9 ' 7 0 i .e. the influence of
the bulk of the substituents on the mode of reaction is in this
case qualitatively the same as in the series of acyclic E-azo-
compounds. At the same time, the yields of the adducts
with the cyclic azo-compounds (XLIII) are higher than for
the adducts with the E-azoalkanes (XXXVI);66'67'70 even for
the adducts with 1-pyrazolines (XLIII, c and d ) , formally
containing a tertiary substituent at the azo-group, the reac-
tion proceeds without complications and leads to both regio-
isomeric adducts (XLIV, c and d) and (XLV, c and d ) . 6 7>7 0

This can apparently be accounted for by the greater steric
accessibility of the azo-group when it has the Z-configuration

£pN—*NY]

(XLIII)

(XLIV) (XLV)

R = R' = H, R" = Η (a), Me (b); R' = R" = Me, R = Η (c), Me (d);
RR' = 1,3-cyclopentylene, R" = Η (e).

On the other h a n d , 3H-diazirines (XLVI), both mono- and
d i - s u b s t i t u t e d , proved be be almost inert in relation to phtha l-
imidonitrene, 6 7 > b 9 which is evidently associated with the
relatively deep position of the highest occupied molecular
orbital in t h e s e compounds: 8 3

R Ν
\ / | | R = H, R' = t-Bu, Ph; R = Me. R' = Et; RR' = (CHj)s

(XLVI)

The reaction of phthalimidonitrene with the markedly asym-
metric £-alkylazobenzenes (XLVII) 6 7 > 7 1 - 7 6 takes place s tereo-
specifically with re tent ion of the configuration of the azo-
group and usually fully regioselectively and stereoselectivity
with formation of 1Z, 2Z-2-alkyl-3-phenyl-1-phthalimido-
azimines (XLVIII). 6 W 6 With the exception of the t -buty l
derivative (XLVIIIe), the lat ter a re unstable at temperatures
above approximately 0 °C and rapidly equil ibrate in solution
with 1Z, 2E-azimines (XLIX) and much more slowly with the
I E , 2Z-isomers ( L ) . The principal components of the equi-
librium mixtures of stereoisomers are 1Z, 2E-azimines
( X L I X ) . 6 7 ' 7 5 » 7 6 Their rapid formation from the intermediate
1Z, 2Z-isomers (XLVIII) leads to the apparent inversion of
the configuration of the azo-group in the reaction of phtha l-
imidonitrene with E-alkylazobenzenes ( X L V I I ) : 6 7 ' 7 6

JLy
Ν- *ΓΓ

PN

N A N J (XLIX, a-d)
PN Ph

(XLVIII, a-e)
(XLVII, a-e)

(L, a-d)

R = Me (a), Et (b), Pr (c), iso-Pr (d), t-Bu (e).

With increase of the bulk of the alkyl substituent, the
relative stability of the 1Z, 2Z-isomers (XLVIII) and hence
their equilibrium content increase sharply. 6 7>7 5 As a result,
1Z, 2Z-2-t-butyl-3-phenyl-l-phthalimidoazimine (XLVIIIe) is
configurationally completely stable and is the first example of
a stable acyclic 1Z, 2Z-azimine. 6 7 . 7 V 5

The kinetically controlled formation of 1Z, 2Z-azimines
(XLVIII) in the reaction of phthalimidonitrene with E-alkyl-
azobenzenes (XLVII) can probably be accounted for by
secondary orbital interactions stabilising the cis-disposition

of the phthalimide group of the nitrene and of the phenyl
substituent of the azo-compound in the transition state. 6 7 ) / 6

One cannot rule out that the same interactions determine also
the regioselectivity of the reaction.

The possible breakdown of regioselectivity in the addition
process has been noted only for £-isopropylazobenzene
(XLVIId). In this case, the regioisomeric IE, 2Z-3-isopro-
pyl-2-phenyl-l-phthalimidoazimine (LI) (25% of the overall
amount of adducts) is apparently formed together with the
adducts (XLVIIId), (XLIXd), and ( L d ) : 6 7 ' 7 5

(XLVIId) (XLVIIId) + (XLIXd) + (Ld) +
Pr-iso

(LI)

The reaction of phthalimidonitrene with E-azoarenes (LII)
yielded mixtures of 1Z, 2E- and IE, 2Z-2,3-diaryl- 1-phthal-
imidoazimines (LIII) and (LIV), 3 1 ' 6 2 ' 6 3 ' 7 7 " 8 1 between which
equilibrium is gradually established at room temperature.
Here the main reaction products are 1Z, 2E-azimines (LIII)
and their content in the mixtures of isomers isolated exceeds
somewhat the equilibrium value: 63>8°

O - N : ] I At

(MI)
(LIII) (LIV)

*N*fj
(ΠΙΙ) (LIV)

(LV)

Ar = Ph (a), ρ-ΎοΙ (b).
The mechanism of the addition has not been investigated in
detail, but, by analogy with £-alkylazobenzenes (XLVII),
presumably the preferential inversion of the configuration of
the azo-group can be explained in this case too by the rapid
stereoisomerisation of the intermediate 1Z, 2Z-2,3-diary 1-1-
phthalimidoazimines. 6 7 > 7 6

The addition of phthalimidonitrene to Z-azoarenes (LV)
leads to 1Z, 2E-2,3-diaryl-1-phthalimidoazimines (LIII) with a
small admixture of the IE, 2Z-isomers (LIV) 6 2 , 6 3 . 7 7 - 8 0 prob-
ably owing to the partial stereoisomerisation of the primary
products (LIII). As for other types of azo-compounds, the
yields of 1-phthalimidoazimines in the reaction with Z-azo-
arenes are much higher than in the reaction with the £-iso-
m e r s > 62,63,77-80

The reactions of phthalimidonitrene with both E- and
Z-4-phenylazotoluenes result in the formation of both regio-
isomeric p-tolylphenyl-1-phthalimidoazimines in similar
amounts (each in the form of a mixture of the 1Z, 2E- and
IE, 2Z-isomers). 31>80 Contrary to the initial communica-
tion , 8 1 the stereoisomerisation of these adducts is not accom-
panied by their interconversion (regioisomerisation). 8 0

The most probable mechanism of the addition of phthalimido-
nitrene to azo-compounds, which can explain almost all the
features of this reaction, involves electrophilic attack on the
sextet nitrogen atom via the highest non-bonding orbital of
the azo-group, in actual fact via the unshared electron pair
of one of the nitrogen atoms. In this single-stage process,
the azimine ττ-electron system is formed together with the
Ν—Ν σ-bond; according to experimental data, the reaction
should proceed with retention of configuration (pathway a) :

[PN-ft]
+

RN=NR

R
i

, PN—Ν—Ν—Ν—R
t
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The alternative two-stage mechanism with the intermediate
formation of triaziridine (pathway b) is significantly less
real ist ic. 6 7 · 6 8 ' 7 6

Within the framework of the single-stage mechanism, it is
possible to explain satisfactorily the influence of electronic
and steric factors on the course of the reaction of phthal-
imidonitrene with azo-compounds. 67»68»76 Furthermore, we
we are justified to expect that the principal features of the
reactant—substrate interaction will be retained also for the
electrophilic addition of other sextet species via the azo-
group, i .e. that this mechanism will prove valid for a wide
range of related objects.
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The Molecular-crystal Structure of Cellulose

O.K.Nugmanov, A.I.Pertsin, L.V.Zabelin, and G.N.Marchenko

The structural models of the principal polymorphic varieties of cellulose proposed by different workers during the last two
decades are analysed, the results obtained by the main structural methods are considered, and the reliability of a particular
structural model is estimated. The ambiguity of the solution of the structural problems for cellulose in the cases of the existing
diffraction data, even when stereochemical and packing limitations are invoked, is demonstrated. The results of semiempirical
energy calculations for the stable structure of cellulose are discussed.
The bibliography includes 106 references.
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I. INTRODUCTION

The processes occurring in the industrial processing of
cellulose are as a rule heterogeneous and take place under
diffusional conditions, which determines the dependence of
the degree and kinetics of the reactions occurring on the
structure of the solid polymer phase.

Several hierarchical levels of structural organisation can be
differentiated in cellulose. These are the supermolecular
structure with a characteristic distance ranging from several
tens of angstroms and above and two lowest levels—crystal-
line and molecular, with characteristic distance of one ang-
strom. The higher structural levels are readily susceptible
to study by electron and optical microscopic methods and low
angle X-ray diffraction and have been fairly fully investi-
gated. 1 " 8 The study of the molecular-crystal structure of
cellulose constitutes the main problem.

Cellulose was one of the first polymers subjected to struc-
tural analysis. However, despite the large number of crys-
tallographic studies of cellulose, the detailed structure of the
crystalline region still remains the subject of extensive con-
troversy. 9 " 1 1 This applies to all the known polymorphic
varieties of cellulose, including the most thoroughly investi-
gated varieties—cellulose I (CI, native) and cellulose II (CII,
regenerated and mercerised). A large number of structural
models, which conflict as regards fundamental characteristics
such as the symmetry of the crystal lattice, the relative ori-
entation of the chains, and the system of hydrogen bonds let
alone even finer structural details, have been proposed.

The present review analyses the literature data on the
molecular and crystal structures of CI and CII, the principal
results of the structural investigations are considered, and
the reliability of the existing concepts and structural models
is estimated.

1. The Symmetry and Parameters of the Unit Cell

The principal source of information about the molecular-
crystal structure of cellulose is X-ray diffraction of highly
oriented fibres. Typical X-ray diffraction patterns of cellu-
lose contain darkened regions distributed continuously along
layer lines which are caused by the one-dimensional diffrac-
tion and characterise the degree of ordering of the centres of
gravity of the scattering molecules. The discrete spots of
different intensity are due to three-dimensional diffraction.
The number of independent spots of this type does not usu-
ally exceed 30—40.

O(6)H

0(4) C(3) ψ2) Ή

O(3)H O(2)H J

O(3')H O(2')H

| 40(1)

A A /
C(6')H2

0(6')H

Figure 1. The structural formula of cellulose.

I I . GENERAL INFORMATION ABOUT THE STRUCTURE OF
CELLULOSE

Cellulose (C) consists of poly-(l -»• 4)-g-D-glucopyranose,
(C6H1 0O5)n(C6H1 2O6)2, where η (the degree of polymerisation)
varies in the range 800-8000 depending on the nature of the
specimen. 9" 1 3 The structural formula of cellulose is pre-
sented in Fig. 1, which also indicates the numbering of the
atoms adopted in the stereochemistry of sugars and carbo-
hydrates. 11*~21

The paucity of the diffraction pattern is to some extent
characteristic of the X-ray diffraction of polymers, 22~2"* but,
compared with the majority of synthetic polymers, the X-ray
diffraction patterns of cellulose exhibit a steeper decrease of
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intensit}^ with increase of the Bragg angle, which additionally
limits the region of the possible reflections.2 5 Such decrease
of intensity can be caused either by the intense thermal
movement of the structural elements of cellulose or by statisti-
cal disorder.

The only symmetry element of the crystal structure of cel-
lulose is a twofold screw axis parallel to the axis of the fibre
(space group P2-L).25 The presence of this axis is indicated
by the systematic extinction of the 00Z reflection I = 2n + 1
on the X-ray diffraction patterns of cellulose.

Among the observed reflections, the strongest are the hkO
reflections, the most intense being those for which h + k = 2n
(i .e. 200, 110, e t c . ) . This shows that the centres of the
scattering molecules are separated by a distance R(x, y, z)
with χ = α/2 and y = b/2. Consequently, two chains pass
through the unit cell of cellulose, one of which is the "angu-
lar" chain with the coordinates (0, 0, z), and the other is
the "central" chain with the coordinates (1/2, 1/2, z ) . Two
versions of the arrangement of chains are then possible. In
the first the chains occupy common positions and are linked
by a screw axis in the (1/4, 1/4, z) position. In this case
the symmetrically independent unit of the crystal and the
repeat unit of the polymer chain consists of a cellobiose frag-
ment, the chains have the same direction (are parallel), and
are displaced relative to one another by half the translation
along the c axis. In the second version, the chain struc-
tures are located on the 2Χ screw axes, are crystallographi-
cally non-equivalent, and can be both parallel and anti-par-
allel. The symmetrically independent unit of the crystal
consists of a pair of glucose residues (one in each chain);
the repeat unit is also a glucose residue.

The choice between the above two versions of the structure
is made on the basis of the intensity of the meridional 002 and
004 reflections. In the first version of the packing, the
centres of the glucose units are displaced by c/2 along the 2
axis. For this version, the 002 reflection should be more
intense than the 004 reflection, which conflicts with experi-
ment. In the second version of the structure, the displace-
ment of the glucose rings of the neighbouring chains is arbi-
trary and there are no limitations as regards the ratio of the
intensities of the 002 and 004 reflections.

Thus the unit cell of cellulose, constructed on the basis of
X-ray diffraction data, has the space group P2X (monoclinic
system) and contains two crystallographically non-equivalent
chains intersecting the ab plane at the origin of coordinates
and at the centre. The symmetrically independent unit of
each cell is the glucopyranose residue. In order to account
for the observed intensity ratio of the even meridional reflec-
tions, it is usually assumed that the central chain in the two-
chain unit cell is displaced by approximately c/4 relative to
the angular chain.

The repeat period along the axis of the cellulose fibre, cal-
culated from the distance between the meridional reflections
on the X-ray diffraction pattern, is approximately 10.3 %..
The remaining unit cell parameters are found by indexing
the diffraction patterns. Wellard26'27 first drew attention to
the fact that, even within the framework of a single polymor-
phic modification of cellulose, the unit cell parameters are
within a fairly wide range. For example, the parameter α
in CI varies within the limits 8.17-8.35 λ, the parameter b
within the limits 7.78—7.90 A* , and the monoclinic angle γ in
the range 96.0-96.5°. In CII the ranges of variation of the
parameters are even greater: 7.83-8.14 A for a, 8.99-9.38 λ
for b , and 116.6-118° for γ . It is believed3 that celluloses of
different origin do indeed have different unit cells. The
unit cell parameters depend on the content of impurities, the
defectiveness of the crystallites, the heterounit nature of the
polymer chain, and other factors, which can be determined to

a large extent by the methods used to isolate and purify cel-
lulose .

The model of the cellulose unit cell described above has
been frequently criticised. Thus a number of workers 2 8 " 3 0

observed weak odd meridional 00Z reflections, which cast
doubt on the presence of the 2X axis in the structure. Special
studies have shown, however, that these reflections are very
weak and may be accounted for by the overlapping of neigh-
bouring reflections.3 1 '3 2

Norman32 and Kitaigorodskii3I* drew attention to the fact
that the appearance of odd meridional reflections may be a
consequence of one-dimensional diffraction. However, one-
dimensional diffraction calculations for the third layer line
yielded an appreciably smaller intensity (by approximately
30%) than its observed value. According to Kitaigorodskii
and Tsvankin,33>3<f cellulose nevertheless possesses a screw
axis symmetry and the differences between the calculated and
observed intensities can be associated with structural defects.

A simple model of the defects in the crystal structure of
cellulose has been examined by Stipanovic and Sarko, 3 5 who
suggested, as regards the calculation of the theoretical inten-
sities, that the hydroxymethyl groups of the neighbouring
residues in the chain are in different positions linked to one
another by 120° rotation. However, the theoretical intensi-
ties of the 001 and 003 reflections, calculated for the given
disordered model, proved to be much higher than the
observed values, which permitted the conclusion that, even
if orientational disorder of this kind is present in the cellu-
lose structure, it involves only very few chains, for example,
the chains located on the surfaces of crystallites.

Apart from diffraction data, NMR and IR spectroscopic
data have been invoked for the discussion of the model of
the cellulose unit cell described at the beginning of this Sec-
tion. Thus the splitting of the signals due to the C(l) and
C(4) atoms has been observed in the high resolution NMR
spectrum of solid cellulose.36»37 These two well resolved
doublets indicated the presence in cellulose of symmetrically
different pairs of C(l) and C(4) atoms and were interpreted
as proof of the absence of the 2X screw axis from cellulose.
An analogous situation obtained also in the study of the IR
spectra, 3 8 where the bands with parallel dichroism at 3448
and 3488 cm"1 were attributed to two non-equivalent
O(3)H...O(5') hydrogen bonds alternating along the axis of
the cellulose macromolecule.

The use of the above experimental facts as proof that the
cellulose chain is not a helix with 2X symmetry constitutes in
our view a misunderstanding. As noted above, the cellulose
unit cell, constructed using the X-ray diffraction data,
includes two crystallographically non-equivalent chains. In
these chains the C(l) and C(4) atoms can have different local
environments just as the O(3)H...O(5') hydrogen bonds can
have different structures. These differences are fully cap-
able of giving rise to the difference in the NMR and IR spec-
tra, so that their interpretation does not in any way make it
necessary to "deprive" the cellulose chain of 2l symmetry.

In discussing the two-chain model of the cellulose unit cell
with P2X symmetry, it is necessary to mention separately the
structural studies of certain specific varieties of natural cel-
lulose. Thus the X-ray diffraction patterns of seaweed2 8 '3 9

(Valonia ventricosa, Chaetomorpha) were found to contain
three weak reflections (d = 8.61 and 4.42 A* along the first
layer line and d = 3.29 λ along the third), which are absent
from the X-ray diffraction patterns of cotton, ramie, flax,
and wood cellulose. These reflections cannot be indexed on
the basis of a two-chain unit cell model and require the
doubling of the parameters a and b , which formally leads to
models with eight crystallographically non-equivalent chains
per unit cell. It may be that such non-equivalence of the
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chains in the increased cell reduces to a simple shift of the
neighbouring chains relative to one another by c/4 along the
axis of the fibre.1*0'"1

Yet another feature of the cellulose from seaweed was
observed in an electron diffraction study of specimens with
biaxial surface orientation^29»30 It was found that the inten-
sities of certain hkl and hkl reflections do not coincide, which
requires the reduction of this symmetry to triclinic.

Despite the fact that the electron diffraction data 2 9 ' 3 0 are
not entirely convincing (owing to the strong dependence of
the intensity of the reflections on the orientation of the
reflecting planes), it should probably be recognised that cel-
lulose from seaweed can indeed have an "individual" unit cell.

2. Conformation of the Monomer Unit

Whereas the symmetry and size of the cellulose unit cell
have been determined by direct experimental studies, unfor-
tunately only indirect data are available as regards the con-
formation of the monomer unit of cellulose. These are in the
first place X-ray diffraction data for crystals of low-molecu-
lar-weight sugars and carbohydrates and also the results of
theoretical conformational analysis.

It has been established experimentally and theoreti-
cally18"21'1*2"1*7 that β-D-glucose, which is the elementary unit
of the cellulose helix, has the "chair" form and is in the Cl
conformation in terms of Reeves' nomenclature.1*8"50 Three
independent X-ray diffraction studies of β-cellobiose51"53

showed that the conformation of its monomer units corre-
sponds to the Cl form. Arnott and Scott51* analysed the
X-ray diffraction studies of the single crystals of low-molecu-
lar-weight sugars and carbohydrates. Statistical analysis of
27 model compounds, whose monomer unit is a pyranose ring
(among these, 17 compounds contained a glucopyranose ring),
showed that they all have the Cl conformation. The standard
deviations of the geometrical parameters of the ring from the
corresponding average values are extremely insignificant,
which indicates a high conformational rigidity of the pyranose
rings.

Conformational analysis of D-aldopyranoses, carried out by
Rao and co-workers5 5 '5 6 and then in other investigations,18'1*5"117

showed that, whatever the spatial disposition of the side
groups, the Cl form is preferable on energy grounds and
the ring geometry depends only slightly on the perturbing
influence of the side groups. The valence angles at the car-
bon atoms remain close to the tetrahedral value and the angle
at the oxygen ring atom is 112—114°. We may note that the
ring conformation remains unaltered even in the presence of
bulky substituents such as the nitrate groups. 5 7

3. The Conformation of the Cellulose Helix

Bearing in mind the high conformational rigidity of the
glucopyranose ring and also the constancy of the valence
bonds and angles in the side groups, one may assume that
the model of the cellulose chain which permits the variation of
only the orientations of the side groups and of the parameters
of the junction of the monomer units is fully acceptable. The
valence angle β of the glucosidic oxygen atom (Fig.2) and
also the torsional angles φ and ψ for the rotation of the mono-
mer units about the C ( l ) - O ( l ) and O(4)-C(4') bonds are
usually employed to describe the geometry of the junction of
the monomer units. The angles φ and ψ are determined by
the sets of four atoms H ( l ) - C ( l ) - O ( l ) - C ( 4 ' ) and C ( l ) -
O(4)-C(4')-H(4') respectively.

The angles β, φ, and ψ are extremely convenient for the
description of the geometry of the junction, since they make
it possible to use standard computer programs for conforma-
tional analysis in order to generate the fragments of the cel-
lulose macromolecule. At the same time, the parameters φ,
ψ, and β suffer from a significant disadvantage, namely the
cellulose chain does not meet the symmetry requirements for
their arbitrary values. In other words, in generating the
model of the cellulose chain with the aid of the above param-
eters , one cannot make use of the experimental fact that the
cellulose chain is a helix with 2X symmetry.

Yet another experimental result, which cannot be used to
describe the junction of the monomer units in terms of the
angles φ, ψ, and β is the fact that the repeat period of the
cellulose chain is approximately 10.3 A and remains the same
in all the polymorphic modifications of cellulose.7"1 1

It is easy to show that, for the specified conformation of
the monomer unit and symmetry of the helix (2X), only two
parameters are needed to describe the conformation of the
main chains. It has been suggested that the angle δ , deter-
mining the rotation of the monomer unit about the virtual
O(4)...O(4') bond, and the angle ε, determining the slope of
this virtual bond relative to the axis of the helix (Fig.2), be
used as such parameters. 5 8 ' 5 9 The idea of switching to
parameters describing the junction of not real but virtual
bonds was developed in the so called variable virtual bond
method. 6 0 ' 6 1 The independent conformational parameters of
the main chain are the angle δ and the half-period c/2 (or h),
while the conformational parameters of the junction (φ, ψ,
and β) are dependent variables. This algorithm is applicable
to molecules with any structure of the main chain provided
that its symmetry is known.

Passing now to the determination of the parameters speci-
fying the orientation of the side groups in the cellulose chain,
we may note immediately that in the vast majority of structural

Figure 2. The structural parameters used to describe the conformation of the main chain of the
macromolecule.
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studies on cellulose hydrogen atoms are disregarded.2 8 '3 5 '6 2 6I*
In this case it is sufficient to introduce only one angle,
describing the rotation of the hydroxyrnethyl group about
the C(5)—C(6) bond. The following designations have been
adopted for the description of the position of the hydroxy-
methyl group: 6 5

(a) gt—gauche-position of the C(6)~O(6) bond relative to
the C(5)—O(5) bond and irons-position relative to the C(4)-
C{5) bond;

(b) ifir-irans-position of the C(6)—O(6) bond relative to the
C(5)—O(5) bond and grauche-position relative to the C(4)—
C(5) bond;

(c) gg—grauche-position relative to both bonds.
A number of investigators believe36 that the gt -orientation

of the CH2OH group is most probable for cellulose chains,
because this conformation is typical of crystalline monosac-
charides1*6'1*7'66 and certain oligosaccharides. 5 1 ~ 5 3 ' 6 7 ' 6 8 How-
ever, experimental data for cellotetraose6 9 '7 0 agree best with
the hypothesis of the tgr-conformation of the hydroxymethyl
group.

In the entire set of parameters describing the conformation
of the cellulose chain, the angle β at the glucosidic oxygen
atom has been most reliably determined. According to the
statistics of Arnott and Scott,51* β varies in the range 115.7 to
117.6° in model compounds whose monomer unit is the gluco-
pyranose ring. This range can be adopted as the most
probable range of variation of the angle β.

In the early structural models of cellulose, proposed by
Meyer and co-workers,7 1 '7 2 the angle β was assumed to be
109° and the torsional angles φ and ψ were assumed to be
zero. (The conformation of the chain with φ=ψ=0° is usually
referred to as the "straight" conformation, in which the
plane of the glucosidic bonds is perpendicular to the plane
of the glucopyranose r ing). The hydroxymethyl group is
close to the igr-position. For this set of parameters, there
are no intermolecular hydrogen bonds in the system. The
straight conformation can hardly be regarded as acceptable
owing to the presence of certain short non-valence contacts
between successive units [in particular the distance between
the H(l) and H(4) atoms is 1.7 A].

The so called "bent" conformation of Hermans et a l . 7 3 is
more realistic. This conformation can be obtained from the
straight conformation by the rotation of the monomer units
about the C ( l ) - O ( l ) and O(4)-C(4) bonds by angles of
approximately 25°. In the bent conformation there are no
shortened non-valence contacts and the distance between the
0(3) and C(5') atoms in successive units is close to 2.7 X,
which indicates the possibility of the formation of the
O(3)H...O(5') intramolecular hydrogen bond. We may note
that in crystalline cellobiose5 1"5 3 the relative positions of the
glucopyranose rings correspond precisely to the "bent" con-
formation with its characteristic O(3)H...O(5') hydrogen bond.

In the structural studies mentioned above, 5 8 ) 5 9 the optimum
conformation of the β-ϋ-(1 •*• 4)-linked residues is also close
to the bent conformation. It has been shown that reasonable
values of δ (which do not lead to short non-valence contacts
on either side of the oxygen bridge) are in a narrow range,
where there is a possibility of the formation of the 0(3)...0(5')
hydrogen bond.

Conformational analysis of the β-D-glucose residues linked
in different ways to give a dimeric fragment (linkages of the
1 -»• 2, 1 ->• 3, and 1 -*• 4 types) has been carried out 5 6 within
the framework of the semiempirical model of molecular mech-
anics. 2 1 The potential energy of the system, including the
energy of the non-valence interactions and the energy of the
hydrogen bonds, was calculated as a function of two angles,
φ and ψ, for the fixed angle β = 117.5°. The calculations
showed that the global minimum of the potential energy of the

(1 ->• 4)-linked dimer is close to the conformation corre-
sponding to the 21 symmetry. Furthermore, it has been
established that only 4% of the space of the changing vari-
ables does not lead to short covalent contacts between the
atoms in successive units. This agreed qualitatively with
the results of the calculations by Jones 5 8 and confirmed the
view of Rees and co-workers71*'75 that cellulose chains are
highly rigid.

In the analogous conformation calculations by Sarko and
Muggli,28 the potential energy of the system was recorded as
the sum of the squares of the deviations of the geometrical
parameters of the structure from standard values. Analysis
of the φ-ψ map showed that the conformation of the chain with
the tg- and gt -orientations of the Ο (6) atom, corresponding
to the 22 conformation and a repeat unit of 10.3 A, is close to
the potential energy minimum. In the case of the igr-orienta-
tion, there is a possibility of the formation of the O(2)H...O(6')
bond on the other side of the oxygen bridge in addition to
the O(3)H...O(5') hydrogen bond.

Panov et a l . 7 6 included the energies of the non-valence and
electrostatic interactions, the torsional potentials, and the
energy of the hydrogen bonds in the conformational energy
of the dimeric cellulose chain fragment. The angle β was
assumed to be 116.0°. The conformation with the igr-orien-
tation of the hydroxymethyl group and the parameters φ and
ψ corresponding to the 2X symmetry proved to be most pre-
ferred as regards energy. Two hydrogen bonds, O(3)H...O(5')
and O(2)H...O(5'), were present in the system and according
to the authors only these bonds can be formed simultaneously.
The conformations with hydrogen bonds of the type O(6)H...O(2')
and Ο(6)...0(1' ) are less favourable as regards energy.

A more detailed analysis of the conformational possibilities
in the cellulose macromolecule has been carried out recently.6 1

The method of the variable virtual bond is used in construct-
ing the main chain, since the search for the optimum chain
conformation was restricted α priori by the subset of confor-
mations satisfying the helical 2X symmetry. The conforma-
tional energy included the energy of the atom-atom non-valence
interactions, the torsional contributions, the deformation
energy of the angle β, and the potentials of the hydrogen
bonds. In order to discover the regions of the permissible
conformations of the main chain, a preliminary calculation was
carried out in which the pitch of the helix was assumed to be
constant and the angle δ was varied from -180° to 180°. It is
seen from Fig. 3 that two comparatively narrow regions corre-
spond to reasonable values of the angle β (114 ύ β ύ 118°):
44° < δ < 58° and -70° < δ ύ -56°. The same Figure pre-
sents the dependence of the O(2)...C(6') distance on the
angle δ . Evidently the range -70° ύ δ ύ -56° can be elimi-
nated from consideration with full justification owing to the
presence of unduly short O(2)...C(6') contacts. Subsequent
calculations by Pertsin et a l . 6 1 consisted in minimising the
conformational energy in the space of six changing variables.
The variables included four tortional angles τχ{ϊ = 1,..., 4),
confirming the orientation of the side groups, the angle δ ,
and the pitch of the helix h. The calculations revealed the
six stable conformations of the isolated cellulose helix. These
conformers are designated in Figs.4-6 by Al, A2, Bl, B2,
Cl, and C2. Their conformational energies were -4.8, 3.1,
0.3, -0.5, -0 .1 , and 2.6 kcal mol"1 respectively.

Evidently all the stable conformers of the isolated helix are
characterised by the presence of the O(3)H...O(5') bond. As
mentioned above, the presence of bonds of this kind has been
confirmed by numerous experimental findings. In the con-
former Al, which is most preferred as regards energy, there
is also the O(4)...O(6)H...O(2') hydrogen bond, which
includes one donor and two acceptor oxygen atoms. The
possibility of the formation of such bonds has been recently
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demonstrated by a non-empirical quantum-chemical calcula-
t ion 7 7 ' 7 8 and by a neutron diffraction study of carbohydrate
crystals. 7 9 ' 8 0 (Bonds of this type will henceforth be referred
to as a biacceptor in contrast to the bidonor bonds of the
type OH...O...HO).
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Figure 3. The permissible ranges of variation of the angles
δ : 6 1 1) dependence of β on <S ; 2) dependence of the inter-
atomic O(2)...C(6') distance on δ .

proton at the 0(2) atom, which becomes the donor, and the
0(6) atom—the proton acceptor. The situation described is
characteristic of conformers of type Β (Fig.5), which consti-
tutes their principal difference from type A conformers. As
for type A conformers, there is a possibility of two different
positions of the hydroxymethyl group leading to the formation
of the O(2)H...O(6r) bond. In the conformer Bl, the orien-
tation of the 0(6) atom is close to the tg-position, while in
the conformer B2 it is close to the gg-position.

BZ

Figure 5. Type Β conformers of the isolated cellulose helix.

Al
A2

Figure 6. Type C conformers of the isolated cellulose helix.

Figure 4. Type A conformers of the isolated cellulose helix.
(Here and henceforth the hydrogen bonds are shown by
dashed lines; for clarity, the ring hydrogen atoms are not
shown). 6 1

The hydroxymethyl group of the conformer Al is close to
the tg-position (τλ = 60°). The rotation of this group by
approximately 83° brings the hydroxymethyl group closer to
the gg-position (τ χ = -60°) and affords the new stable con-
former A2 (Fig.4). The bond O(6)H...O(4) is then broken
and only the usual O(6)H...O(2') hydrogen bond remains.
The O(6)...O(2') hydrogen bond can be formed also via the

It is seen from Fig.6 that there are also two stable Cl and
C2 conformers whose hydroxymethyl groups are close to the
gt-position (yx = 180°). The biacceptor O(3')...O(6)H...O(5')
bond and the bidonor O(6)H...O(5)...HO(3') bond are present
in the conformer Cl. In the conformer C2, whose energy is
smaller than that of the conformer Cl by approximately 2.7 kcal
mol"1, only the biacceptor bond of the type O(5')...O(3)H...O(6')
is present.

All six stable conformers of the isolated cellulose helix have
an equilibrium period close to the observed repeat period
(approximately 10.3 X). The equilibrium values of the angle
ϋ are also close to those in carbohydrates and polysaccharides
(115.7—117.6°). Furthermore in all the conformers there are
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vacant sites for the formation of intermolecular hydrogen
bonds. For this reason, each of the conformers found can
in principle exist in the crystal.

The results of the conformational analysis reveal extremely
extensive conformational possibilities in the cellulose macro-
molecule, indicating· thereby the impossibility of an unambigu-
ous prediction of its crystal structure from the consideration
of an isolated chain. Evidently the packing of the macro-
molecules in the crystal and, in particular, the formation of
intermolecular hydrogen bonds can affect significantly the
relative stabilities of particular conformers.

I I I . STRUCTURAL MODELS OF THE MAIN POLYMORPHIC
VARIETIES OF CELLULOSE

In describing the crystal structure of cellulose, the follow-
ing packing parameters are usually employed: two angles of
rotation of the chains about their bonds, the shift of the
chains relative to one another, and two parameters specifying
the direction of the chains. Here and henceforth we shall
adhere to the following notation: the angles of rotation φ^ of
the angular (/c = 1) and central (k = 2) chains, the shift S
of the 0(4) atom of the central chain relative to the Ο(4)
atom of the angular chain along the c axis (in fractions of the
period c ) , and the directional parameter p^ = +1 (pk = ±1 if
• 0̂(5) < ^C(s) f° r t n e fcth chain).

1. Cellulose I

As already mentioned, natural celluloses of different origin,
for example, from cotton, flax, hemp, ramie, wood, etc.,
belong to this polymorphic modification.

The first X-ray diffraction studies on flax and hemp cellu-
loses were carried out ten years before it was established that
cellulose is a glucose polymer. At the end of the 1920's and
1930's, the familiar structural studies by Meyer and Mark,7 1

Meyer and Misch,72 Pierce,83'8"* etc. were published. These
have played a decisive role in the development of ideas about
the structure of crystalline regions of cellulose. Among the
early structural investigations, we may also include the stud-
ies by Frey-Wyssling,85 Marrinan and Maan, 8 6 ' 8 7 Liang and
Marehessault,8 8 '8 9 etc. carried out during the period between
the 1940's and 1960's.

At the present time most of the early studies are of purely
historical interest, because the structural models proposed in
them conflict with later experimental data.

Thus it was assumed in Pierce's model83'81* that the gluco-
pyranose ring is in a planar conformation, which conflicts
with experimental data considered in Section II. In Frey-
Wyssling's model,85 there is a free hydroxyl at C(2), which
conflicts with IR spectroscopic data, 9 ' 1 5 ' l f 5 ' 9 0 according to
which all the hydroxy-groups of cellulose are involved in
hydrogen bonds. Many early structural models, in particu-
lar the well known model of Meyer and Misch,72 to not agree
with data for the IR dichroism of the stretching vibrations of
the OH groups. According to these data, in the region of
such stretching vibrations 9 ' 1 5 ' 9 0 there are five bands, of
which two exhibit perpendicular dichroism while the remaining
exhibit parallel dichroism. This shows that there should be
at least two OH groups in solid cellulose with preferential
perpendicular orientation relative to the axis of the fibre and
at least three OH groups with preferred parallel orientation.
In Meyer and Misch's model mentioned above,7 2 there are only
intermolecular hydrogen bonds with preferential perpendicu-
lar orientation, i .e. the existence of three bands with parallel
dichroism could not be accounted for in terms of this model.

Of the structural models belonging to the end of the 1960's,
mention should be made of those of Maan and Marrinan86 and
Liang and Marehessault.8 8 Maan and Marrinan's models were
based mainly on the IR dichroism data mentioned above.
X-Ray diffraction data were scarcely taken into account in
these models (with the exception of the unit cell parameters).
In the analysis of the structure of cellulose, Liang and
Marehessault8 8 '8 9 combined spectroscopic data with the inten-
sities of well resolved reflections. All the models proposed
by the authors agreed satisfactorily only with the IR dichro-
ism of the OH groups but conflicted with X-ray diffraction
data . 5 8 ' 5 9

The first serious attempt to reconcile the stereochemical,
IR spectroscopic, and X-ray diffraction data was undertaken
by Jones . 5 8 ' 5 9 Seven alternative CI models, differing in the
relative polarities of the chains, the rotation of the monomer
unit about the virtual 0(4). . .0(4 ') bond, and the orientation
of the hydroxymethyl group and the chains in the unit cell
were considered. All the models considered satisfied the
stereochemical criteria and agreed with IR spectroscopic data.
The best agreement could be observed in X-ray reflection
intensities (among the models examined) obtained for the
antiparallel model, whose parameters are close to those of the
modern structural models of CI.

The Jones model includes two intramolecular bonds, O(3)...O(5')
and 0(2).. .0(6') [The orientation of the O(6) atom is close to
tg] and the intermolecular Ο(6)...0(3") bond located in the
(200) plane. The chains are uncoiled around their axes in
such a way that the planes of the glucopyranose rings are
arranged almost parallel to the ac plane, forming a layered
structure. The 0(6) ...0(3") bond forms translationally iden-
tical chains, i .e. is located within the layer. The main dif-
ference between the Jones model described and the earlier
structural models is the absence of interlamellar hydrogen
bonds (between the angular and central chains).

As regards the structural model proposed by Jones for CI,58

mention should be made that it has not been optimised in the
sense that it does not correspond to the optimum of any spe-
cific criterion in the space of the changing variables. In
essence, the Jones model is only the best among the seven
discrete models examined by the author.

The search for the structural models of cellulose was first
reduced to the optimisation problem in a study by Gardner
and Blackwell.91 The crystallographic divergence factor (R
factor) was adopted as the target optimisation function:

Μ Μ

R=% &.FJ2, l̂ m(obS) I (1)
m=i m=i

where AFm = | F m ( o b s ) - F m ( c a i c . ) | and the Fm are struc-
tural amplitudes. The summation in Eqn.( l ) is carried out
with respect to Μ observed reflections. The calculated
structural amplitudes were obtained from the formula

m (ca.c) Κ 5f (calc) βΧ Ρ ( - ( 2 )

where Κ is the scaling factor, Bj the average isotropic tem-
perature factor, and dm the interplanar distance in the
inverse lattice. The summation in Eqn.(2) is carried out
with respect to all the hkl planes contributing to the mth
reflection.

By comparing alternative models, Gardner and Blackwell91

also calculated weighted R factors:

R" wmF2

m{obs)

(3)

(4)
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where wm are the weighting factors:

In contrast to Eqn.(2), the summation in Eqns.(3) and (4)
is carried out not only with respect to the observed reflec-
tions but also with respect to the postulated refelctions. The
postulated reflections are included in the calculation of the R
factor in order to avoid the appearance of intense theoretical
reflections for planes which are not observed experimentally.
The experimental set of values of |fm(obs) I w a s obtained on
fibres from Vallonia ventricosa. The meridional 001 reflec-
tions were not included in the calculation of the R factor
because of certain difficulties associated with the measurement
of their intensities and the introduction of the Lorentz and
polarisation corrections.

In the search for the most preferred structure of CI, the
following initial trial models were employed;91

(1) P^paral le l chains (p 1 = p 2 = 1), S = V*;
(2) P2—parallel chains (p 1 = p 2 = - 1 ) , S = 1/n;
(3) dj—antiparallel chains (p 1 = 1, p 2 = -1) , S = - 1 /t;
(4) a2—antiparallel chains, S = 1h.
In constructing the cellulose helix, the bond lengths and

valence angles were set equal to their standard values.51φ

The conformation of the main chain was assumed beforehand
to be that corresponding to the helical symmetry 21 and the
repeat period 10.38 Ά and was not varied in the course of the
calculations. The parameters of the junction of the monomer
units were assumed to be equal to the values for which the
Ο(3)...Ο(5') hydrogen bond may be formed between the Ο(3)
and 0(5') atoms (φ = 23°, ψ = -27.7°, β = 144.8°).56

The optimum model was sought in the space of six changing
variables.9 1 These included the angle τλ, describing the
rotation of the hydroxymethyl groups (in both chains simul-
taneously), the three packing parameters φ 1, φ 2, and S, and
also the parameters Bj and Κ which occur in the formulae for
the calculation of the structural amplitudes [Eqns.(2)].

The model obtained from the Ρλ approximation (R = 0.254,
R' = 0.233, R" = 0.215, and Bj = 2 . 5 A2) was found to be
best. The shift in the optimised P x model was S = 0.266. In
these models the intermolecular O(6)...O(3") hydrogen bond
is located in the (020) plane. In addition to the 0(3)...Ο(5')
intramolecular bond, whose presence is predetermined by the
initial chain conformation, the O(2)H...O(6') bonds arises on
the other side of the oxygen bridge. This bond is formed
when the Ο (6) atom is located in a position differing from tg
by 20°. The values of τχ corresponding exactly to tg, gt,
and gg are found to be stereochemically unsuitable in the
crystal and give rise to high values of the R" factor (0.24,
0.29, and 0.35 respectively). 9 1

The assumption by Gardner and Blackwell of the absolute
rigidity of the main chain of the macromolecule can apparently
be regarded as the main disadvantage of their treatment, 9 1

because the monomer units of cellulose exhibit a definite free-
dom of rotation about the virtual bonds. The neglect of this
rotation can significantly impair the "packing possibilities" of
the cellulose chains. In particular, the packing of rigid
chains can lead to shortened contacts, which might have been
avoided by means of small changes in the conformation of the
main chain.

Among the disadvantages of the treatment of Gardner and
Blackwell,91 one should include also the fact that, in selecting
the initial approximations, the authors, considered only two
discrete values of the parameter S(±Vt), leaving uninvesti-
gated most of the range of variation of this parameter. Here
it is appropriate to mention that the values S = ±1/f arise
from the intensity of the 002 and 004 reflections only if we
assume that the scattering centres of the cellulose chain are
concentrated at the centres of the glucopyranose rings. The

above approximation is fairly rough and, as will be shown
below, the observed intensity ratios of the four meridional
reflections can be obtained for values of S extremely remote
from +1/*.

A .more complex method for the refinement and selection of
the optimum cellulose model was adopted by Sarko and
co-workers. 2 8 ' 9 3 The optimum model was determined by mini-
mising a target function Φ of the following type:

<D=100//?"+(l-f)y (5)

where f = 0.8 is the weighting factor and Υ is the sum of the
standard deviation functions taking into account the deviation
of the geometrical parameters of the model from their standard
values. 9 3 In the calculation of the R" factor, the authors
used in Eqn.(5) the X-ray diffraction data obtained using
ramie fibres.

In order to test the hypothesis that the 2λ axis is present
in the crystal structure of cellulose, the authors 2 8 ' 9 3 elimi-
nated the limitations associated with the Ρ2λ symmetry and
varied all the geometrical parameters of the model with the
exception of their bond lengths (23 parameters in all). Apart
from the geometrical parameters, the average temperature
multiplier was also varied, being assumed to be anisotropic in
the given instance and having three dependent components.

Two structural models were found to be most suitable as
regards the value of Φ. These are a model with parallel
packing of the chains (R" = 0.193) and the antiparallel model
(R" = 0.246). In both cases the deviations from the sym-
metry of the 2X screw axis were found to be insignificant and
did not exceed 1—2° for the valence and torsional angles in
the ring and in the junction of the monomer units. In order
to discover the best models, the authors resorted to
Hamilton's statistical tes ts . 9 2 If a one-dimensional hypothe-
sis is assumed (i .e. that either the parallel or the antiparallel
model is possible), then the differences in the R' factor for
the fifty observed reflections supporting the parallel model
are found to be significant at a level of significance of 99.5%.

In terms of its structural parameters and especially the
system of hydrogen bonds, the model proposed by Sarko and
co-workers93 proved to be close to the Px model of Gardner
and Blackwell.91 In assessing the method used by Sarko and
co-workers 2 8 ' 3 5 ' 6 0 ' 6 2 ' 9 3 for the elucidation of the cellulose
structure, it is necessary to note the following points.
Firstly, the inclusion in the optimisation of "rigid" variables
such as the valence angles and bond lengths has little justi-
fication.3 5 '6 2 The variation of these variables usually sharply
impairs the convergence of the optimisation process, so that
the target function becomes sensitive mainly to the "rigid"
variables. The search for the optimum values of the "sensi-
tive" parameters (torsional angles, the rotations of the
chains, etc.) becomes greatly hindered owing to the oscilla-
tions in the "rigid" variables about their equilibrium values.

Yet another disadvantage of the method of Sarko and
co-workers93 is the absence, in an explicit form, of terms
describing hydrogen bonds in the target function (5). For
this reason, the endeavour by the system to achieve the max-
imum saturation by hydrogen bonds is not reflected in the
optimisation of the target function.

Finally, it is essential to note also the serious error which
Woodcock and Sarko9 3 made in applying Hamilton's tests to the
comparison of the best parallel (P) and antiparallel (a) models.
As already stated, in determining the significance of the dif-
ferences in the R" factors between the α and Ρ models, the
authors assumed a one-dimensional hypothesis. This would
evidently be correct if the α and Ρ models differed only by
the relative chain polarities. In reality the α and Ρ models
differ also by all the remaining parameters, whose number
(23) actually determines the dimensions of the hypothesis. If
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the dimensions of the hypothesis are assumed to be 23, then
the α and Ρ models are found to be statistically indistinguish-
able whatever the level of significance.

The insolubility of the problem of the relative chain polari-
ties in CI was yet again demonstrated in French's study.91*
This was the best founded and interesting crystallographic
investigation of CI based on thoroughly analysed and corrected
experimental data (obtained from ramie cellulose) and a well
balanced computational model.

As regards the experimental part of the study, the author
was able to determine for the first time the intensities of the
meridional 002 and 004 reflections, which proved to be
extremely significant in finding the orientation of the hydroxy-
methyl group. From the standpoint of the selection of the
changing variables, French's computational model occupies an
intermediate position between the model of Gardner and
Blackwell and the model of Sarko and co-workers. On the
one hand, French's model is free from the defects of Gardner
and Blackwell's model, since it assumes the deformation of the
main macromolecular chain (as a result of the rotation of the
monomer units about the virtual bond). On the other hand,
in contrast to the model of Sarko and co-workers, in French's
model there are no "rigid" parameters, since all the bond
lengths and valence angles are assumed to be constant in the
course of the solution of the structural problems (with the
exception of the valence angle at the glucosidic oxygen atom).

Altogether French's computational model included nine
changing variables, among which were the angles τ ^ , φ^,
and δ*0 as well as the parameters pk and S described previ-
ously. Initially French9"* assumed different values of τ · ^
and 6 ̂  in the angular and central chains and also in two
successive monomer residues, but this proved to be super-
fluous; neither the abandonment of the 2λ symmetry nor the
introduction of conformational differences between the angular
and central chains entailed an appreciable improvement of the
R" factor.

The antiparallel model (R" = 0.158), designated by the
author91* as the ax model, proved to be most suitable as
regards the R" factor. In this model, the macromolecules
are linked into layers by intermolecular O(6)...O(3") hydro-
gen bonds. Apart from the O(3)...Q(5') intramolecular
bond, when the position of the Ο(6) atom is close to tg, there
is a possibility of the formation of two hydrogen bonds of the
type O(2)...O(6') and O(6)...O(4). The existence of the
latter bond is extremely doubtful according to French,91*
since it differs markedly from the linear bond and in addition
the bridging Ο(4) oxygen atom is a weak proton acceptor.

The best "parallel" models found by French (the P 2 and
P2 models) differed very insignificantly from the a1 model as
regards the value of the R" factor (R"p1 = 0.185 and R"p2 =
0.175). This made it impossible for the author91* to reach the
unambiguous conclusion that the packing of the chains in CI
is antiparallel. Application of Hamilton's test 9 2 shows that
the hypothesis of the parallel disposition of the chains in CI
can be rejected only for an extremely low level of significance
(95.0%).

The difficulties arising in the interpretation of the diffrac-
tion data for cellulose made it necessary to resort to non-
crystallographic criteria, in particular to the energy crite-
rion. Thus Nugmanov and co-workers9 5 '9 6 sought the structure
of CI by optimising a target function of the type

φ=£/+ω/?" (6)

where U is the potential energy of the system and ω the
weighting factor chosen to ensure that the maximum statisti-
cally insignificant changes in U and R" make identical contri-
butions to Φ(ω = 15 kcal mol" 1). The potential U was calcu-
lated by the method of atom-atom potentials ; 2 0 ' 9 6 ' 9 7 ' 9 8 it

included both intramolecular and intermolecular components.
The optimum structure was sought in the space of 16 variable
parameters: τ ^ , ό^, φ^, S, p ^ , and Βγ.

A considerable number of local minima in the target function
were discovered in the course of the calculations.9 5 The
characteristics of the deepest of these are presented in Table
1. The fact that the values of the R" factor for the best
structural model lie within the comparatively narrow range
0.24-0.16 is striking when Table 1 is analysed. Application
of Hamilton's statistical test 9 2 shows that, for the usual 99%
level of significance, the vast majority of the models consid-
ered (with the exception of the a3 and a,, models) are statis-
tically equivalent. This illustrates clearly yet again the
ambiguity of the solution of the structural problem for CI on
the basis of the available diffraction data even when stereo-
chemical packing limitations are introduced.

Table 1. Certain characteristics of the most probably struc-
tural models of C I . 9 5 ' 9 6

Model*

Pi
P,
P3

Pi

R'

0.165
0.187
0.182
0.167

U, kcal mol"'

—19.9
—19.7
—17.9
- 1 7 . 5

Φ, kcal mol"'

—17.4
—16.9
—15.2
—14.6

Model*

°1
" !
a3

"t

R"

0.213
0 155
0.240
0.240

U, kcal mol'1

19.7
—18.6
—19.7
-19.7

Φ, kcal mol"'

—16.5
—16.1
—16.0
—16.0

*The parallel models, designated by Pj and Pj, correspond to
the "average" polarity ρ = (ρ 1 + ρ2)/2 = +1, while the anti-
parallel ai models correspond to the polarity ρ = 0.

It is significant that, in the course of the search for a
global minimum in the target function Φ, 9 5 many structural
models proposed previously for CI were discovered. Thus
the models designated in Table 1 by P x and a 3 respectively
are analogues of the Gardner—Blackwell—Sarko61*'93 and
French91* models just considered above. Here the analogy is
manifested both by the similarity of the geometrical param-
eters of the models and by the complete identity of the
hydrogen bond systems. Evidently the P x and az models are
not best as regards either the energetic standpoint or as
regards the value of the R" factor.

The global minimum in the target function was found within
the framework of a parallel arrangement of the chains whose
direction was opposite to that in the Px model (the Px minimum
in Table 1). The best "antiparallel" model a1 was found to
have similar energy to the P x model and was statistically
equivalent to the latter as regards the R" factor. Projec-
tions of the P x and ax models onto the a*c plane are illustrated
in Figs. 7 and 8.

Despite the differences^ between the directions and polarities
of the chains in the Plt Plt and ax models, the chain confor-
mations and the hydrogen bond systems are virtually similar
in all three models. In each of the symmetrically indepen-
dent layers, the chains are in a conformation close to 51 with
the system of intramolecular hydrogen bonds O(3)H...O(5')
and O(2)H...O(6') characteristic of B l . The macromolecules
within the layer are linked via the intermolecular O(6)H...O(3")
hydrogen bonds, while the interlamellar hydrogen bonds are
absent from the system.
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An interesting feature of the P x model is its ability to be
converted into the next model (P2) as a result of the jump of
the proton at the O(6) atom in the central chain, while the
positions of all the remaining atoms remain virtually unchanged.
The Ρ χ •*• P 2 transition is accompanied by the rupture of the
O(6)H...O(3") intermolecular bond and the formation of the
O(4 t ()...O(6)H...O(5") interlamellar biacceptor bond. The
similarity of the P x and P2 models as regards structure and
energy and also the small barrier to the transition make it
possible to regard these two models as a single structural
model with a labile system of hydrogen bonds.

Figure 7. The Px structural model corresponding to the
global minimum in the target function Φ [Eqn.(7)] within the
framework of the parallel version of the packing of the
chains. 9 5 ' 9 6

Figure 8. The ax structural model for CI corresponding to
the global minimum in the target function Φ [Eqn.(7)] within
the framework of the antiparallel version of the packing of
the chains. 9 5 ' 9 6

A small energy barrier (<1 kcal mol l) is observed also for
the ax -*• a3 and αχ -> αμ transitions. However, in these cases
the probability of the transition is very insignificant owing to
the large differences in the relative shift of the layers (~0.7 A)
between the models indicated. Clearly, such a shift requires
the concerted collective displacement of the atoms within the
limits of the target layer, which is an extremely improbable
event. (Formally this implies that the pre-exponential factor
in the expressions for the probabilities of the ax ->• ah transi-
tions is very small).

2. Cellulose II

The CII structural modification is formed when cellulose is
regenerated from its derivatives or on reprecipitation from
solutions [regenerated cellulose (RC)] and also when cellulose
preparations are treated with concentrated solutions of alkali
metal hydroxides [mercerised cellulose (IMC)].9"11 The
regenerated and mercerised celluloses are characterised by
virtually identical X-ray diffraction patterns and IR spectra
and on this basis they are regarded as a single polymorphic
modification.

Whereas well-resolved X-ray diffraction patterns typical of
CII can be obtained on mercerising cotton, ramie, and wood
cellulose, the attempts to obtain CII by mercerising the Valo-
nia ventricosa fibres were not successful. 2 8 ' 8 9 > 9 l f This con-
firms yet again the above hypothesis that cellulose from sea-
weed apparently possesses an individual crystal structure
different from that of ramie, cotton, and wood cellulose.

It is important to note that the polymorphic transition from
CI to CII is monotropic. The claim that CII is the more
stable polymorphic modification of cellulose is based on pre-
cisely this experimental fact.

Analysis of the equatorial reflections in the X-ray diffrac-
tion patterns of CII shows that the CII unit cell is analogous
to that in CI. One macromolecule intersects the ab face at
the beginning of the crystallographic coordinate system,
while the other makes an intersection of the centre of the
face. It follows from the analysis of the intensities of the
(110) and (020) reflections that the average plane of the
glucopyranose rings in CII should be rotated by a somewhat
greater angle relative to the etc plane than in CI.

The polymorphic transition from CI to CII is accompanied
by significant changes in the IR spectra. Thus, whereas
three bands with parallel dichroism (at 3275, 3350, and
3375 cm"1) and two bands with perpendicular dichroism (at
3305 and 3405 cm"1) are observed in the CI spectrum in the
region corresponding to the vibrations of the OH groups, in
the CII spectrum two bands with parallel dichroism (at 3407
and 3488 cm"1) and three bands with perpendicular dichroism
(at 3175, 3305, and 3350 cm"1) are observed. 9 ' 9 0 The above
differences (both in the stretching vibration frequency of
the OH groups and in the dichroism) indicate a significant
rearrangement of the hydrogen bond system on passing from
CI to CII. X-Ray diffraction patterns of CII were first
obtained and indexed by Andress9 9 within the framework of a
monoclinic unit cell for the P2X space group. The unit cell
parameters were α = 8.14 A, b = 9.19 A, c = 10.3 A (fibre
axis), and γ = 118°. Thus CII has lattice periods similar to
those in CI but a significantly different monoclinic angle γ.

Crystallographic studies on CII were carried out simultane-
ously with such studies on CI using the same method and
frequently the same workers were involved. 7 2 > 8 1 f > 8 7 ' 8 9 ' 1 0 0 ' 1 0 1

This obviates the need for .... structural CII models with
parallel and antiparallel .... the CII models proper. t

As for CI, it is best to begin a detailed examination of
structural models with the model put forward by Jones, 5 8 ' 5 9

who examined structural CII models with parallel and anti-
parallel packing of the chains. A satisfactory agreement
with IR spectroscopic and X-ray diffraction data was achieved
for the model with the opposite direction of the chains and
the shift S = 0.29. The positions of the Ο(6) atom in the
angular and central chains were close to the ig-conformation

tParts of the Russian text appear to be missing (Trans-
lator).
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and firi-conformation respectively. The angular chain was sta-
bilised by the two intramolecular hydrogen bonds O(3)H...O(5')
and 0(2). . .0(6') and the single central bond O(3)H...O(5').
The intermolecular bonds were in the (110) plane. These are
two symmetrically non-equivalent hydrogen bonds of the
0(6). . .0(3") type and the O(2)...O(2") bond.

In the analysis of the structure of CII, Kolpak and
Blackwell63'102 used the approach proposed by Gardner and
Blackwell6"* for the elucidation of the structure of CI. The
same four trial models Plt Pz, alt and a2 were used as the
initial approximation as in the analysis of the packing of CI.
Both regenerated and mercerised celluloses were examined.

The optimised a2 model, which is also free from short con-
tacts, was found to be most suitable as regards the R" factor.
Application of Hamilton's test showed that, in terms of the R"
factor, the models obtained from alt Plt and P 2 can be
rejected for a level of significance higher than 99%. Com-
parison of the az models optimised with respect to X-ray dif-
fraction data for RC on the one hand, and MC, on the other
showed that they are fairly similar but not identical. The
main difference is in the value of the parameter S, which is
0.216 for RC and 0.227 for MC. Significant differences are
observed also in the optimised values of the average isotropic
temperature factor Bj, which are 20 A2 for RC and 32 Ά2 for
MC.

The system of hydrogen bonds in the a2 model resembles
the system of such bonds in the Jones model.59 The 0(6)...0(3")
bond is located in the plane of the central chains, while the
O(6)...O(2") bond is in the plane of the angular chains. The
0(2).. .0(2") bond is located in the (110) plane. According
to the authors, 6 3» 1 0 2 the presence of the last bond is in fact
the main and fundamental difference between the structures
of CI and CII and is the main cause of the increased stability
of the CII polymorphic modification.

The structure of CII was also examined by Stipanovic and
Sarko. 3 5 The optimum structural model of CII was selected
from the condition for the minimum in the target function (5)
with all the geometrical variables, including the bond lengths
and the valence and torsional angles, varied. The average
isotropic temperature multiplier was likewise varied. The
model with the antiparallel disposition of the chains, which is
close in terms of its parameters to the structural models of
RC and MC proposed by Kolpak and co-workers, 6 3 ' 1 0 2 was
found to be most suitable. However, according to the
author's calculations,35 apart from the O(2)...O(2") bond in
the (110) plane there is also a possibility of the formation of
the interlamellar 0(6).. .0(3") bond.

A structural model of CII with a parallel arrangement of the
chains has been proposed recently. 1 0 3 The unit cell in this
model is made up of the diagonals of the Wellard cell and
includes one symmetrically independent chain. This study 1 0 3

was based on the existing definite similarities between the
X-ray diffraction patterns and IR spectra of CII and cello-
tetraose, whose unit cell contains one crystallographically
non-equivalent molecule.101t However, the above model103

had an inadmissibly high value of the R factor (R = 0.50)
and in addition conflicted with data for the IR dichroism of
the stretching vibrations of the OH groups. This attempt
demonstrates perhaps the error of the "mechanical" transfer
of data obtained solely on the basis of a single model com-
pound (cellotetraose) to the structure of a complex polymer
such as cellulose.

The energy criteria have been resorted to in order to
determine the structure of c i l . 9 8 ' 1 0 5 ' 1 0 6 The optimum struc-
tural model was sought in a manner fully analogous to the
method described above in the discussion of the studies by
Nugmanov and co-workers. 6 1 ' 9 5 ' 9 6 The characteristics of the
most probable structural models of CII are presented in Table

2. The following factors are striking in the analysis of Table
2. Firstly, it is evident that in the case of CI the available
diffraction data are too few for an unambiguous solution of
the structural problem (for a 99% level of significance, all the
models presented are statistically equivalent). Secondly,
comparison of the data in Tables 1 and 2 shows that the opti-
mum models of CII are more favourable on energy grounds
than the optimum models of CI by approximately 1—2 kcal
mol"1, which agrees with the view that CII is a more stable
polymorphic modification of cellulose. Finally, it is seen
from Table 2 that, among the models most suitable as regards
energy, there are no models with a parallel arrangement of
the chains. The difference of approximately 2 kcal mol"1

obtained between the best parallel model (Ρλ) and the best
antiparallel models is sufficiently convincing to reject the
hypothesis of a parallel arrangement of the chains in C I I . 1 0 3

Among the antiparallel models in Table 2, mention should be
made of the a6 model, which is in essence a structural ana-
logue of the familiar model of Stipanovic and Sarko3 5 and also
of Kolpak and co-workers. 6 3 ' 1 0 2 Evidently the a6 model is
appreciably inferior to the best antiparallel models as regards
energy and the value of the target function.

Table 2. Certain characteristics of the most probable struc-
tural models of C I I . 9 8 ' 1 0 5 ' 1 0 6

Model*

"ι
a,
°3

R-

0.179
0.178
0.183
0!l64

U, kcal mol'1

—21.4
—21.2
—21.2
—20.1

Φ, cal mol"1

—18.7
—18.5
—18.5
—17.6

Model*

p\

R"

0.186
0.124
0.167
0.164

U, kcal mol"1

-20.4
-19,4
-19.4
-17.5

Φ, cal mol'1

-17.6
—17.5
—16.9
—15.1

*The same notation is used as in Table 1.

Figure 9. The optimum structural model ax for c i l . 9 8 ' 1 0 5 ' 1 0 6

The ax model, whose projection on to the a'c plane is illu-
strated in Fig. 9, is best in terms of the value of the target
function. Evidently the ax model represents alternating
layers parallel to the ac plane. The (020) layer in the αλ

model is constructed analogously to the layers in the struc-
tural αλ and P1 models for CI described above in the discus-
sion of the studies of Nugmanov and co-workers. 9 5 ' 9 6 In the
(020) layer there are the intramolecular hydrogen bonds
0(3)...O(5') and O(2)H...O(6') and the intermolecular bond
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O(6)H...O(3"). The conformation of the macromolecules in
the (010) layer of angular chains is close to the Al conforma-
tion with its typical O(4)...O(6)H...O(2) biacceptor bond.
There are no intermolecular hydrogen bonds in the (010)
plane. The neighbouring layers in the ax model are linked
by intermolecular bonds: the strong O(2)H...O(2") bond and
the weak O(3)H...O(6") bond. The proton at O(3) is then
found to be involved in the O(5') ...O(3)H...O(6") biacceptor
bond.

The az structural model can be obtained from a x by chang-
ing the orientation of the O(6)H and O(2)H hydroxyls of the
angular chain and the a 3 model can be obtained by altering
the orientation of the O(6)H hydroxyl in the central chain.
The rearrangement of the hydrogen bond system in the tran-
sition from the ax model to the a2 model is illustrated sche-
matically below (for clarity, only the hydroxyls involved in
the rearrangement are shown); the OH groups of the angular
chain are differentiated by a dashed line):

(angular chain

—0(5')l 0(4)

: l i ,
0(3)—Η ---1-0(6)—Η —0(2')

~ 0 ( 2 ) " L I L _

I angular chain

H---O(o) 0(4)

0(3) - -I-H —0(6)- - -H—0(2')

—0(2)

1 kcal mol"1. Bearing in mind that the error in the calcula-
tion of the lattice energy by the method of atom—atom poten-
tials is usually systematic and is to a large extent compensated
when different versions of packing of the same molecules are
compared, one may expect that the ~1 kcal mol"1 energy dif-
ference is entirely significant. An interesting feature of
the most probable model of CII is the lability of its hydrogen
bond system, i.e. the capacity for ready rearrangements as
a result of the thermal movement of individual protons.

In the case of CI the best models are distributed more or
less uniformly with respect to energy and the best parallel
and the best antiparallel models (Px and ax in Table 1) are
almost equivalent as regards energy and are statistically
indistinguishable with respect to the R" factor. An important
argument in support of the antiparallel version of the struc-
ture is the finding that the fibres swell only slightly on
mercerisation leading to the transition of CI into CII. An
appreciable structural rearrangement (in particular in the
change of the arrangement of the chains) cannot then occur,
which entails a different similarity of the structures of CI
and CII. Comparison of the ax models for CI and CII does
indeed reveal a similarity of significant parameters such as
the orientation of the hydroxymethyl groups and the relative
shift of the chains.

The hydrogen bond system remains uninvolved in the ax •*• a3

transition and only the position of the proton at the 0(6)
atom changes relative to the line connecting the donor and
acceptor oxygen atoms.

It is seen from Table 2 that the a l f a2, and a3 structures
have similar energies and in addition the barriers to the
transitions between them are low (0.9 and 0.2 kcal mol"1 for
the ax ->- a 2 and ax •* a3 transitions respectively). As for
the ΡΎ and P 2 models of CI, this factor suggests that all
three structures can exist simultaneously in CII and can be
inter con verted as a result of the thermal migration of pro-
tons.

IV. CONCLUSION

Analysis of the data presented shows that the problem of
the determination of the molecular-crystal structure of cellu-
lose is still far from its final solution. In fact only the data
for the symmetry and size of the unit cell as well as the con-
formation of the glucopyranose residue in the main macro-
molecular chain can now be regarded as fully non-controver-
sial information about the structure of cellulose. The data
enumerated do not, however, allow the complete reproduction
of the architecture of the crystal owing to the extensive con-
formational possibilities associated with the side groups and
the wide variety of different versions of the disposition of
the cellulose chains in the crystal arising from this. The
available diffraction data are too limited to make an unambig-
uous choice between several alternative versions of the struc-
ture.

The semiempirical energy calculations, which apparently
possess a greater "resolving capacity" than crystallographic
criteria such as the R factor and the principle of close pack-
ing , can apparently help significantly in solving the struc-
tural problem. However, even in this case calculation yields
several possible versions of the structure which have
extremely similar energies.

In our view, a more well defined situation obtains for the
stable CII polymorphic modification of cellulose where the
most suitable model is separated from the remaining possible
versions of the structure by an "energy gap" of approximately
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Problems concerning the synthesis and reactions of macromolecular monomers (macromonomers) -polymeric molecules
containing at least one polymerisable, usually unsaturated, end group or a fragment capable of polycondensation reactions—are
considered. They are usually obtained by a radical or ionic polymerisation method in which the use of special chain initiating
or terminating agents as well as intense chain transfer ensures the introduction of the reactive group. Studies on the
polymerisation and copolymerisation of macromonomers are surveyed and the characteristic features of these processes,
determined by the low concentration of the reacting group and the presence of a polymeric substituent, are analysed. The
applications of macromonomers in polymer engineering, mainly in the synthesis of cone, star, graft, and other hybrid polymers,
are examined.
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I. INTRODUCTION

Reactive oligomers constitute a large family of polymers
having at least one functional end group capable of further
reactions. Macromolecular monomers or macromonomers (MM)
are reactive monofunctional oligomers capable of participating
in chain propagation reactions via these groups. The term
macromonomer (or even more briefly "macromer") was intro-
duced by Milkovich1 as the trade name for a group of poly-
styrene oligomers with a wide variety of polymerisable end
groups. According to a later definition,2 macromers are
short-chain polymers coupled quantitatively at one of the
ends of the chain to polymerisable unsaturated groups. The
unsaturation is naturally not the only possible source of the
polymerisability of MM, since the end group can be cyclic
or of another type, although the number of examples of such
groups is small. These groups can be introduced into the
MM molecule in the stage involving the initiation or limitation
of the growth of the chain (chain transfer and termination)
and also as a result of the conversion of one set of end
groups into another.

In reality MM were known long before the time when this
term appeared. Thus siloxane MM with styrene groups
(polysiloxanestyrene MM) were synthesised as early as 1962
and were used to obtain polystyrene with grafted polysiloxane
side chains. 3 All these features resemble the history of
"living" polymers, which existed long before they came to be
referred to by this term, but the introduction of the latter
was extremely useful for the purposes of classification and
the elucidation of preparative possibilities.

Thus a MM can be represented schematically as a polymer
chain having one end group X capable of entering into chain
propagation reactions:

although in a number of studies bifunctional and even poly-
functional oligomers of different type have also been classi-
fied as MM, which is incorrect.

When preparative aspects associated with MM are consi-
dered, then MM are usually regarded as intermediates in
the synthesis of graft copolymers with a vigorously defined
structure, in particular as regards the length of the grafted
chains:

(1)

where Υ is a low-molecule-weight comonomer.
The homopolymerisation of the MM itself affords a regular

comb polymer (I) , while in the case of very low degrees of
polymerisation the same reaction leads actually to a star
polymer (II):

λ χ χ

(Π)

Together with other familiar methods of preparative polymer
chemistry, the procedures based on MM give rise to the
prospect of obtaining polymeric products of the types indi-
cated, whose nature is extremely varied. The possibility
of combining in a single macromolecule units of the kind that
cannot be joined together by direct or successive copoly-
merisation and other similar methods is of special interest.
Thus macromonomers give rise to the possibility of overcom-
ing the inability of certain monomers to polymerise via a
single mechanism.

MM are identified by the usual methods, characterising
mainly thejnolecular weight (M ) and the average func-
tionality (fn) with respect to the groups X:

fn —'

where g is the mass of the sample analysed and Νχ the
number of functional groups found in the specimen. It is
noteworthy that, in contrast to the telechelic polymers used
in the synthesis of polymer networks, in the case of MM
there is no need to attain a high functionality, although
naturally in most synthetic studies the authors endeavoured
to obtain compounds with a functionality close to unity. The
deficiency of polyfunctional reactive oligomers as regards
functionality usually has serious consequences when they are
employed in the synthesis of polymeric materials. **
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II. METHODS OF SYNTHESIS OF MACROMONOMERS

Polymerisable groups can be introduced into the macro-
molecule in virtually any stage of its formation process. In
polymerisation such groups can be a direct result of a specific
mechanism of chain initiation, destruction, or transfer and
also of the introduction into the reactive mixture of special
substances (chain initiating, terminating, or transferring
agents). Finally, groups capable of subsequent polymerisa-
tion can be formed during the reaction of some other end
groups which were present in the initial oligomers and in this
case polycondensation oligomers can also be employed for
the synthesis of MM.

1. Polymerisation Methods

(a) Initiation

Initiation with subsequent "living" polymerisation is one
of the most direct methods of synthesis of MM. It is neces-
sary that the initiation under the influence of the initiator
introduced should be the only reaction leading to the appear-
ance of growing polymer chains and that side processes,
including the polymerisation of the end group formed, should
not occur. We shall consider certain examples of such syn-
theses.

Cationic polymerisation. Only a few monomers polymerise
via the "living" mechanism under the conditions of cationic
initiation. Some of them are used to synthesise MM.

The polymerisation of tetrahydrofuran under the influence
of the unsaturated acylium salt (III), i .e.

H2C=C-CO* + (n + I) O I - H,C=C-C0-[-0 (CH2),-]-+o''
ι \ 1 ι n <·

.Me

(III)

leads to a polymer the first of the end groups of which is the
methacrylate group, while the second is available for the
generation of any kind of functional group. 5 This method
is suitable for the "living" cationic polymerisation of various
monomers, because the oxocarbenium ions (III) can initiate
the polymerisation of heterocycles such as acetals, sulphides,
and amines.

A study, 6 whose authors were the first to synthesise poly-
isobutylene MM using as the initiator the p-vinylbenzyl
chloride—Me3A1—water system under conditions ruling out
chain transfer, may serve as an example of the employment
of the cationic polymerisation of vinyl monomers:

The number of styryl groups per chain in the MM synthesised
was close to 1.0 according to UV spectrophotometric data
(255 nm, ε = 1.68 χ 101* litre mol"1 cm" 1), but the authors6

noted some decrease of functionality with respect to these
groups when the synthesis was carried out at low monomer
concentrations or with high degrees of conversion. In a
modified method,7 the initiator employed was therefore
p-(6-bromoethyl)cumenyl chloride, which, after its incor-
poration in the chain, was converted into the styryl group
by treatment with potassium t-butoxide.

Certain characteristics of the MM based on isobutylene
obtained by these procedures are presented in Table 1,
which also includes information about isobutylene MM syn-
thesised by other methods.

The polymerisation of vinyl ethers on treatment with the
HI—12 system takes place without chain termination and
transfer and leads to monodisperse polymers. This fact was
used to synthesise MM from ethyl vinyl e t h e r : n

H S C = C - C O O (CH,)SOCH=CH2 -f nEtOCH=CH 2 ",'-*' ,

Me

-» H,C=C-COO ( C H J ) J O C H (CH2CH)n OMe
I I i

Me Me Et

Table 1. Characteristics of MM based on polyisobutylene.

End group

~ C H , — ζ ^ - C H = CH2

~ ^ ~ " ~ ) - C H = C H t

~CH 2-C=XH 2

Me

~CHaOCOC = CH,

Me

Ό
~CH,OCOCH=CH 2

Method*

A

A

Β

Β

C

Β

10"3Λί

10—30

4.2-34.2

1.6-3.2

1.6-13.9

27.0

3.6

"7

_

0.9-1.1

0.95—104

0.98-1.05

1.0

1.95*·

Rets.

16]

17]

[8]

[8]

[9]

[10]

•Methods for the introduction of end groups: A-initiation;

B-reactions via end groups; C—method employing a combined
agent—initiator and chain transfer agent ("inifer" 9).
**A bifunctional derivative.

The polymerisation was carried out at -40 °C in toluene;
chain termination was achieved by introducing methanol.
The degree of polymerisation was varied by varying the
ratio of the monomer and the initiator in the range 5—100.
A study of the MM obtained by gel-permeation chromato-
graphic (GPC) and NMR methods confirmed the proposed
structure.

Recently, in the development of methods for the prepara-
tion of oligomers having a specified structure on cationic
initiation, much hope was associated with the so called
"activated monomer" mechanism, which makes it possible to
avoid many typical complications, in particular macrocyclisa-
tion. This procedure, in which a proton-containing initiator
"specifies" the polymer end group, has been used recently
to obtain MM based on epichlorohydrin:n

H..C=C-CH2CH2OH -f nH2C—CHCH2C1 -

COOMe Ο
-+ HSC=C (CH2)2O(CH2CHO)nH

catalyst

I
COOMe

I
CH2C1

It is entirely possible that this approach is fairly universal.

Anionic polymerisation. The range of monomers polymeris-
ing via the "living" mechanism under the conditions of anionic
initiation is much wider than in the cationic processes.
Anionic polymerisation reactions of styrene and its deriva-
tives, dienes (buta-l,3-diene, isoprene), 2- and 4-vinyl-
pyridines, methacrylates (under conditions ruling out chain
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transfer), certain cyclic ethers (tisually epoxyethane), three-
and four-membered cyclic sulphides, lactones, cyclosilox-
anes. t and other less readily available groups of monomers
can be used virtually without limitations for the synthesis
of MM by the direct initiation procedure. The formation of
living polymers is not the only precondition for the success-
ful synthesis of MM: it is necessary that the initiation
mechanism should ensure the incorporation of the future
poxyrnerisable group in the polymer chain.

For example, alkoxides derived from p-isopropenylbenzyl
alcohol have been used to synthesise polyoxyethylene MM:13

>, - V 7

(2)

^ C (Me) —

The MM, formed in 75—85% yield, had molecular weights in
the range 2000—4500. They were characterised by different
methods; it has been shown that the calculated and observed
characteristics agree satisfactorily. The molecular weights
of two specimens based on the data of Masson et al. 1 3 are
presented below:

From the ratio of the monomer and initiator concentrations 2000 4500
From the titration of unsaturated groups 1850 5200
From *H NMR data—the ratio of the signals of the protons

in the aromatic end groups and oxyethylene units 1700 4700
From the UV spectrum (250 nm, e = 12700 litre mol"1 cm~')2000 4200
From light scattering data 2100 4500

The results of the study of Masson et al13 show that the
process does indeed proceed via mechanism (2), but a high
functionality is hardly guaranteed in this instance, because
any proton-containing admixture participates in this process
as a coinitiator (see, for example, Sepulchre et al. l l f ) ,
generating chains without specified functional groups.

Polyoxyethylene MM with 2-oxazoline end groups, suitable
for subsequent cationic polymerisation, were synthesised
in- an analogous way. 1 5 When the reactions are carried out
in accordance with the scheme

\o/

the MM (IV) and (V) are obtained, their degrees of poly-
merisation amounting to "20 and 40 respectively according
to gas-phase osometric data; a chain length of ~20 can also
be obtained from the ratio of the peak areas of the methylene
and aromatic protons in the NMR spectrum of compound (IV);
compounds (IV) and (V) homopolymerise and copolymerise
on treatment with BF3 etherate.

Here mention should also be made of the synthesis of reac-
tive oligomers of epoxyethane and propene on treatment with
alkoxides derived from allyl alcohol,16 but in this case there
is even less guarantee of the formation of MM homogeneous
as regards functionality since intense chain transfer to the
monomer is characteristic of the polymerisation of epoxy-
propane.

tMacrocyclisation at high degrees of conversion is charac-
teristic of the last two groups of monomers.

It is known that the polymerisation of the W-carboxy-
anhydrides of ot-aminoacids on treatment with primary amines
proceeds in many instances with quantitative initiation via
addition to the monomer. This has been used1 7 for the syn-
thesis of polyaminoacid MM, which are of great interest from
the standpoint of their subsequent use for the preparation of
biomedical materials. Amino-derivatives of styrene, for
example compound (VI), were used as the initiators, while
the monomer was the Af-carboxyanhydride of γ-benzyl-L-
glutamic acid (VII):

Ο

-(CH,)4N (CHJ.NH,

Me

(VI)

O-CH.COO ( C H , ) a C H - ( \
I / O

NH—CS

(VII)

N H - C
II
ο

The polymerisation reaction via mechanism (3) leads to MM
with a styrene end group:

(VI) + η (VII) -f HsC=CH-i

R =-= •

/—(CH,),N (CH,1SNH (COCHNH)n_,COCHNH,

Me R R

>-CH 2 COO ( C H , ) a -

(3)

Salts of various weak acids, which are effective only in the
presence of activators such as crown ethers, are known to
be suitable for the initiation of the polymerisation of 6-pro-
piolactone. The use for this purpose of the potassium
methacrylate—dibenzo-18-crown-6 ether made it possible to
obtain the corresponding MM:18

H 2 C = C - C O O (CH2CHXOO)n R ;
I

Me

R = H, CH2Ph .

with a molecular weight of 1000—15 000 and with a quantitative
functionality. An analogous approach is applicable also to
epoxyethane.

b) Reactions Involving the Deactivation or Destruction of
Active Centres

Cationic polymerisation. "Living" cationic polymerisation
mechanisms, which constitute an essential condition for the
quantitative introduction of the required end groups at the
deactivation stage, has been established most reliably for
heterocycles. It has been correctly stated recently,1 9 in the
analysis of the problem of the introduction of functional end
groups under the conditions of cationic polymerisation with
ring opening, that the main obstacle in this instance is
chain transfer to the polymer, which should be eliminated
or negligible. Macrocyclisation gives rise to analogous
difficulties.

There are virtually no complications in the preparation of
MM from tetrahydrofuran, cyclic sulphides, or aziridines if
the process is carried out up to low degrees of conversion.
At later stages of the process, chain transfer to the polymer
complicates the synthesis of MM in these and similar systems
and the problem is not limited to macrocyclisation, the broad-
ening of the molecular weight distribution (MWD), and the
impossibility of achieving total conversion. An even more
serious obstacle is the disproportionation of living polymers,
in which they are partly converted into a mixture of inactive
and bifunctional growing macromolecules:

AAA* + AAA* -> AA + 'AAAA*

which completely rules out the possibility of obtaining MM
homogeneous as regards functionality during their subse-
quent deactivation.
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The use of sterically hindered monomers partly or fully
suppresses the undesirable chain transfer to the polymer;
one of the examples of this is provided by the successful
synthesis of methacrylate MM from Ν-t-butylaziridine: 2 0

i κ
H,C=C (Me) COOH ; Me (NCH2CH2)n OCOC=CH2 ;

R Me

R = t-Bu.

Gas-phase osmometric and *Η NMR data confirm the structure
of the MM obtained, whose finite functionality was not deter-
mined in the above study.

Many different MM have been obtained from tetrahydrofuran,
which is perhaps the most typical monomer polymerising via
the cationic "living" mechanism.

MM have been synthesised2 1"2 3 from tetrahydrofuran with
methacrylate and styrene end groups via mechanism (4), the
polymerisation being interrupted by introducing the appro-
priate reagents at a low degree of conversion:

Et,O+BF; + η θ ' ~ | -> Et [O (CH,),] ,^ * c / ~ | BF4 -»

li),]n OCOC=CH4 ;

Me

- ^ ^ - C
(4)

) - C H = C H 2

^—CH,O№
Et [Ο (CH2)4]

Table 2. Characteristics of MM based on polytetrahydro-
furan obtained by cationic polymerisation methods.

End group

- O C H , - ^ y~ CH =--CH,

* = * Me

1
Me

~CO-C=CHj
1

Me

H,C=C(R)-CO~OCO—C(R)=CH 2

Method*

Λ

A

A

A

Β

C

10"3M

2.7-9.7

2.3-8.0

4.5-9.9

8.0

1.6-3.4

17.0—55.4

'In

0.93—1 07

0.90—1.12

0.98—1.00

0.S3—1.08

1.71—1.96·*

Refs.

(21)

[2*1

[23|

[22]

(51

[25]

•Methods for the introduction of end groups: A-deactiva-
tion; B-initiation; C-the method of "inifers" (see the
footnote to Table 1).
**Bifunctional derivative (R—Η or Me).

Other functional groups have been introduced into polymers
via procedures similar to scheme (4). Certain characteristics
of MM based on tetrahydrofuran, obtained by the deactivation
of living polymers and also by other ionic polymerisation
methods, are listed in Table 2. Evidently in most cases,
where th« reaction is continued only up to a low degree of
conversion, the target functionality is nearly obtained.
There is no doubt that a wider assortment of polymerisable
end groups is also possible.

Anionic polymerisation. The synthesis of MM by the
method involving the directed deactivation of living anionic
polymers was achieved for the first time in relation to poly-
styrene. 1»26>27 A multiplicity of different functional groups,
capable of polymerisation via a multiple bond or with ring
opening and also of polycondensation or polyaddition, were
introduced.

The deactivation of macroanions leads to much more exten-
sive possibilities than in the case of the analogous cations,
because, as already mentioned, a much greater number of
monomers polymerise in this instance with formation of living
polymers. The realisation of these possibilities is illustrated
in Table 3, where the majority of the MM obtained by this
procedure at the present time are listed. The method for the
introduction of functional groups in the synthesis of all the
MM investigated is in principle the same and consists in the
reaction of the nucleophilic living macroanion (usually in the
state of an ion pair) with an electrophilic deactivator. #

Table 3. Characteristics of MM obtained by the deactivation
of "living" anionic polymers.

Polymer chain

Polystyrene

Polyoxyethylene

Poly(methyl methacrylate)

Polyamide**

Polyvinylpyridine

Polydimethylsiloxane

Polymerisable group

~ C H , - ^ ^>-CH=CH*

~OCO-C(Me)=CH2

~ C H , - ^ ^-C(Me)=CH2

~CH2CH^CH2

~ C H 2 - ^ ^—CH=CH 2

~(CH2)2OCCK-C(Me)=CH2

~ C H . - ^ ^—C(Me)=CH2

- ^ ^ — CH=CH,

~(CHi)6OCOC(Me)=CHi

3.8-6.0

2.0-4.5

1.9-7.0

1.3—1.4

3.7-3.8

3.5—6.2

1.1—4.3

3.1-7.4

3.2-7.7

In

0.95—1.10

0.87-1.10

0.87—1.00

-

0.93-1.07

0.70-0.94

0.70—0.93

0.90-1.02

0.92-1.05

Refs.

[28]

I « ]

[29,30]

(29,30]

131)

[32]

[321

[331

[331

*MM based on polystyrene with the groups ~CH=CH2,

~C(Me)=CH2, OCH=CH 2, ~<~>-CH=CH 2 , ~CH-CH2,

Ο
~OCOC(Me)=CH2, ~OCOCH=CH-COOH, ~CH2COOCH=CH2,
and ~CH(OH)=CH2OH have been obtained, 1 · 2 6 ' 2 7 but have
not been characterised quantitatively.
**Polymer of 8-oxa-6-azabieyclo[3.2.1]octan-7-one.

The probability of side reactions, i .e . the non-selectivity
of the reaction involving the introduction of the functional
group, increases with increasing reactivity of the anion.
Its conversion into a less active form yields in many instances
positive results, of the kind achieved, for example, by the
preliminary conversion of the polyvinylpyridine carbanion
into an oxa-anion by reaction with epoxyethane.3 2

# The polymerisation of a bicyclic oxalactam, which proceeds
via the activated monomer mechanism, is an exception;3 1 in
this instance the anion of the deactivator attacks the growing
end of the chain.
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Radical polymerisation. One of the possible mechanisms of
chain termination in radical polymerisation is disproportiona-
tion of the macroradicals in accordance with the scheme

2~CH2CHX ->· ~GH=CHX -f- ~ CHJCHJX .

This reaction leads to a polymeric product, half of the macro-
molecules of which contain an unsaturated end group. This
termination mechanism predominates in the polymerisation of
methyl acrylate, methyl methacrylate, and other monomers.31*
We may note that, owing to the higher activation energy
than in the recombination reaction, the contribution of the
disproportionation to the destruction of macroradicals
increases with increasing temperature. However, the
tendency towards the formation of symmetrically substituted
double bonds does not give rise to prospects for the use of
such MM owing ίο their low reactivity.

(c) Chain Transfer

The synthetic applications of the chain transfer reaction as
a method for the introduction of functional groups require
that it should proceed effectively, predominating among
other reactions limiting the length of the polymer chain. It
is desirable that the chain transfer agent should not influence
the polymerisation kinetics, i .e. that the new species arising
in the chain transfer step should initiate the next chain.
In essence, this is merely the definition of true chain trans-
fer. Chain transfer systems and agents acting according to
this principle have long been known, especially in radical
polymerisation.

There are several radical and ionic polymerisation processes
in which MM are formed via a mechanism natural for these
processes, i .e. without the introduction of any special chain
transfer agents. The most obvious variant of this method
of synthesis of MM is polymerisation with intense chain
transfer to the monomer. Generally speaking, two cases
are possible, for example, for vinyl monomers:

~CH2CHX -f H2C=CHX -
• ~ CH2CH2X -f H4O-CX

•~CH=CHX + MeCHX .
( 5 )

If there are no other initiation and termination processes in
the given system, the double bond is fixed in the initial
(pathway a) or terminal (pathway b) fragment of the chain.
Chain transfer of type (5) in processes of different chemical
nature proceeds with transfer of a hydrogen atom, proton,
hydride ion or, more rarely, a larger species.

Cationic polymerisation. Two types of chain transfer
reactions lead to MM in cationic polymerisation—chain transfer
to the monomer and elimination of a proton from the active
fragment of the growing macromolecule.

Chain transfer to the monomer is characteristic of the
cationic polymerisation of certain unsaturated compounds.
It has long been known, for example, that the cationic
polymerisation of isobutene results in the formation of a
macromolecule containing unsaturated groups at the end of
the chain. 3 5 · 3 6 A more detailed analysis demonstrated that
the number of such groups in the polymer is equal to the
total number of macromolecules to within 5% (in the range of
molecular weights 700— 2000), v i .e. intense chain transfer
takes place via the mechanism:

Me

• Ale (CH2CAle2)n_ 1CH sC=CH2 ;

Me
(VIII)

• Me (CH2CMe !)n_1CH=CMe2 .

(IX)

NMR data have shown37 that, together with groups (VIII) and
(IX), other isomeric structures are formed in the MM via a
reaction involving mechanism (6) but the entire wide variety
of the different kinds of terminal unsaturation reduces
exclusively to groups of type (VIII) when di-t-butylpyridine
is used in the reaction as a cationic trapping agent. 3 8

The cationic polymerisation of styrene3 9 and a-methylsty-
rene w also leads to polymers with unsaturated end groups.
They are formed in high yields in the polymerisation of
styrene by CF3SO3H in non-polar media. l*1 It has been
established1*2 that the yield of double bonds in acenaphthy-
lene polymers formed via the cationic mechanism is quantita-
tive. ·*

Reactions involving chain transfer to the monomer with
formation of polymers having unsaturated end groups pro-
ceeds also in the polymerisation of certain heterocycles—
ε-cap rolactone, "*3 oxepan,1* and 2, 2-dimethyloxetan. w

Transfer to the chain transfer agent, specially introduced
into the system, has been used to obtain bifunctional MM.
It has long been established ^ that acid anhydrides, for
example, acetic anhydride, act as effective chain transfer
agents in the polymerisation of tetrahydrofuran, which makes
it possible to regulate the chain length and the composition
of the end groups. This same procedure has been used
recently to obtain bifunctional acrylate and methacrylate
MM: 2 5 · - 7 .

(H,C = C (R) COJjO -f - C H j c / ->· ~ CH2O (CH2)4 COC (R) = CH2 -j- H2C=C (R) COr-r

+H,C=C(R)CO++«O • HSC=C (R) CO [(0Η2)4Ο]π_,

R = H, Me .

( 7 )

There is a purely formal analogy between reaction (7) and
polymerisation under the influence of "inifers"—substances
which act simultaneously as initiators and chain transfer
agents and introduced into polymer practice by Kennedy. w

In the studies already quoted8"1 0 this method has been used
to synthesise various polyisobutylene MM (see Table 1).

The use of effective proton trapping agents—the so called
"proton sponges", especially di-t-butylpyridine which gives
rise to effective proton transport—is also promising in this
instance.

Anionic polymerisation. The best known instance of the
direct formation of MM in ionic polymerisation is provided
by processes involving substituted oxirans. **9 The increased
acidity of the hydrogen atoms in the molecules of these mono-
mers, on the one hand, and the presence of the highly
nucleophilic alkoxide anions, on the other, increase sharply
the rate of the processes involving chain transfer to the
monomer:

-CH.,CH(R)CT -f H2C—CHR — ~CH2CH(R)OH + H,C=C(R)Cr

O ( 8 )

H2C=C(R)CT • H2C=CH(R)O~ . . . ~CH2CH(R)O- ,

( 6 )

Me

whose contribution is extremely significant for the anionic
polymerisation of the majority of substituted epoxides. We
may recall that their oligomerisation processes are usually
employed to generate hydroxylated telechelate polymers for
the synthesis of polyurethanes and in this sense reaction (8)
prevents the attainment of the required functionality.
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These reactions have been studied in greatest detail in
relation to epoxypropane, where two variants of terminal
double bonds are possible:

H2C=CH-CH2O~
(X)

Me-CH=CH-O-
(XI)

Under the polymerisation conditions, the allyl groups (X)
isomerise to the cis-propenyl groups (XI).5 0 The maximum
number of unsaturated groups does not, however, exceed
50—55% and their content depends on the temperature of the
synthesis, the radius of the alkali metal counter-ion, which
has been omitted in scheme (8), and also on the concentra-
tion of alcohol in the polymerisation system.51»52 Reactions
(8) have been observed also in the polymerisation of sub-
stituted glycidyl ethers: up to 87% of unsaturated macro-
molecules are formed in the polymerisation of, for example,
o-chlorophenyl glycidyl ether and up to 79% in copolymerisa-
tion with epoxypropane. ffi

Since the introduction of polyether fragments into the
macromolecules is of practical interest, the set of problems
associated with chain transfer as a method of synthesis
of MM requires a more serious analysis.

Chain transfer to the monomer is characteristic under
certain conditions of the polymerisation of ethylene under
the influence of Ziegler type catalysts,53>51* which creates
the possibility of the controlled conversion of ethylene into
C6—C20 ot-olefins, which can then be used as MM. Mainly
vinyl end groups are then formed and these then partially
isomerise to internal double bonds. The fractions of vinyl
groups β in ethylene oligomers are listed below: *

η β 8 10 12 14 16 18
β, mole % 90.4 ί»Λ 86.4 85.5 84.8 84.1 82.5

Variation of the monomer pressure, of the nature of the
solvent, and other conditions makes it possible to increase
the functionality with respect to these groups almost to
100%. The possibility of the quantitative epoxidation of
α-olefins obtained by this method is of great interest,55

because the subsequent copolymerisation of such MM opens
a way to polyethers with hydrocarbon side chains.

Radical polymerisation. The formation of reactive oligomers
(introduction of functional groups) with the aid of the chain
transfer reaction has been the object of many investigations.
The successful insertion of reactive groups into macromole-
cules via a chain transfer agent specially introduced into the
system depends on the reactivity of the monomer (M) and the
corresponding macroradical and also on the reactivity of the
chain transfer agent (SH) in chain transfer and reinitiation
processes:

SMnM· + SH -» SMn + lH + S·

t "M „... Μ | (9)

Thus the effectiveness of the reinitiation is low for inactive
monomers, which give rise instead to reactive macroradicals,
which are more reactive than the radical S in Scheme (9).

One of the most thoroughly investigated transfer processes
having a practical application is the telomerisation of ethylene
b y CC1.»: x

CCU + nH2C=CH2 ^ Ο
(XII)

A wide variety of reactions of the telomer (XII) are possible
and it can be regarded as the intermediate in the synthesis
of MM. There are examples of the use of the telomerisation
of various monomers for the direct synthesis of MM. 5?~62

The radical polymerisation of styrene and methyl metha-
crylate in the presence of iodoacetic or thioglycolic acids
leads to a monocarboxylate polymer, into which functional
groups have been introduced.57f5e For example, styrene

has been telomerised by treatment with azobisisobutyro-
nitrile (AIBN) with subsequent introduction of functional
groups by means of glycidyl methacrylate (GMA) in accor-
dance with the scheme:

AIBN
ICH2COOH + « H 2 C = C H - ? . I (CHCH.)nCH,COOH

I

. I (CHCH2).CH2COOCHaCHCH3OCOC=CHa

! I I
OH Me

The reaction leads to the corresponding MM (with molecular
weights of 4300-7700) in yields up to 90%. x

The use of thiomalic acid as the telogen makes it possible
to introduce into the macromolecule a telechelic fragment
with two carboxy-groups: B

Me
I

HOCO—CHCH,COOH + /iHjC=C
I I

SH COOMe

/
• Η CCHj I SCHCOOH

\COO.We· n CHjCOOH

The authors59 emphasise that this is the first synthesis of
MM for subsequent poly condensation with diols, diamines,
etc.

MM containing the diol group at one end of the poly (methyl
methacrylate) chain have been obtained analogously using
thioglycerol: M

H(CCH,)nSCHCH2OH
I

CH.OH

These MM can also be used in polycondensation or poly-
addition reactions, for example, for the synthesis of modified
polyurethanes. ^

Radical telomerisation with subsequent introduction of
unsaturated groups has been used recently to synthesise
vinyl chloride and vinylidene chloride MM.a>G2 In the case
of vinyl chloride, two different telogens were used and
correspondingly two agents for the introduction of functional

group S: H2C=C (Me) OCOCH2CH (OH) CH,OCOCH,S (CH2CHCl)nH

< x m > fGMA

H,C=CHC1

• HO (CHJ)JS (CH2CHCl)nH -f

|H:C=C(Me)COCl

H 2 C=C (Me) OCO (CH,),S (CH2CHCl)nH.
(XIV)

The p r o d u c t s (XIII) and (XIV) have been comprehensively
character i sed—they have molecular weights in the range
1000—2400 and copolymerise with s t a n d a r d monomers.

We shall now r e t u r n to chain t r a n s f e r to t h e monomer. By
itself, th i s reaction is unable to e n s u r e the requi red func-
tionality u n d e r the usual condit ions. In fact, for example,
in the usual polymerisation of methyl methacrylate (in bulk
at initial concentrat ion 1 Μ, 50 °C, and r a t e s of initiation
in the range 10~8-10~6 mol l i t r e " 1 s " 1 ) , fn with respect to
u n s a t u r a t e d end g r o u p s does not exceed 0 . 3 - 0 . 4 , which
can be shown by estimates based on kinetic parameters . 3 1 1

A s h a r p acceleration of chain t r a n s f e r by catalysts has
been observed and studied in detail r e c e n t l y . 6 3 It has
been shown, for example, that in t h e presence of cobalt
complexes of p o r p h y r i n C o 2 + P , a hydrogen atom is t r a n s -
ferred with a high efficiency from the radical to the monomer
in t h e polymerisation of methyl methacrylate :

Me
I

~ C H 2 C + Ο
I

COOMe
Me

•HCo!+n + H a C=C -

~CH,C=CH, + -HCo5+P;
I

COOMe

*P + Me,C
I I

COOMe COOMe



Russian Chemical Reviews, 56 (8), 1987 783

There are a number of pieces of evidence (obtained by NMR,
electrochemical, etc. methods) for this mechanism, which
results in the formation of a substituted methyl methacryiate
group in each maeromolecule.

(d) Other Polymerisation Methods

The polymerisation of acrylamide is initiated by lithium
alkyis via a mechanism involving the abstraction of a proton
with retention of the vinyl group: №

H 2C=CHCONH 2 + RLi - RH -f H,C=CHCONH-Li* .

(XV)

The latter is then introduced into the chain of the poly-β-
alanine (nylon-3) formed:

(XV) + /iH sC=CHCONH, - H,C=CHCONH (ChJCHXDNH);Li* .

The highest functionality (fn = 0.95-1.10) with respect to
these groups has been shown to be attained61* on initiation with
t-butyl-lithium. The MM formed polymerises under the
influence of radical and ionic initiators.6 S

The polymerisation of N~earboxyanhydrides on treatment
with amines, which proceeds with retention of the initial
group of the initiator at the end of the maeromolecule, was
examined previously. In the case of a number of monomers
(for example, β-propiolactone, epoxyethane, etc.) and ter-
tiary amines, the polymerisation is complicated by the
instability of the primary zwitter-ionic active centres:

R 3 N + ,—Ο -* R3NCH2CH2COO- -11 R3NCH,CHj (OCOCH,CH2)nCOCr -

-* H 8 C = C H (OCOCHsCH2)nCOO-HNRa .

This instability leads to the appearance of unsaturated end
groups in the macromolecules, which is analogous to the
method of synthesis of olefins via the Hofmann rearrangement.
In the polymers of β-propiolactone, № epoxethane, 6 7 and
glycidyl phenyl ether, № there is a double bond in each
maeromolecule. It is essential to note that only the acrylate
end groups of poly- β-propiolactone formed via this mechanism
are of real interest from the standpoint of the possibility of
the subsequent employment of MM.

A novel method for the generation of double bonds has
been devised in a study of the photochemical decomposition
of living poly-p-bromostyrene: 69

-CH2CHCH2CH-
I I

-CH2CHCH2CH - ~CH a CHCH=CH a

y \

I
Br

I
Br (XVI)

~ C H 2 C C H = C H

i
Br

Ml\/ ^
I

Br

=C-CH=CH

(10)

\.

/ \

Br

Under certain conditions, the reaction leads to the forma-
tion of polymers with l,3-diphenylbuta-l,3-diene end groups
in quantitative yield and it has been shown that the MM
formed (molecular weight 50 000) are readily converted into
high-molecular-weight comb polymers with anionic initiators.
The photochemical reaction (10) can also proceed further,
leading ultimately to polyphenylacetylene.

The relatively easy rupture of the poly(methyl metha-
crylate) chain on mechanical treatment has also been used to
synthesise products resembling MM. n ultrasonic treatment
in benzene in the presence of p-divinylbenzene and subse-
quent deactivation of the system with methanol result in the

formation of MM with molecular weights in the range 130 000—
230 000 and functionalities of 2.2-12.0. They possess a
broad molecular weight distribution and are highly inhomogen-
eous as regards functionality. Copolymers with styrene and
methyl methacrylate have been obtained from them.7 0

2. Polyaddition and Polycondensation

There is a very limited number of examples of the applica-
tion of the polyaddition and polycondensation reactions for
the synthesis of MM. The point is that in the majority of
processes of this type, the lengthening of the polymer chain
is achieved by employing bifunctional monomers and the
nature of the end groups is determined by statistical factors
and the reactant ratio. The excess of one of the reactants
or the use of a monofunctional terminating agent makes it
possible to guarantee with a high degree of accuracy the
nature of only the two end groups. These methods are
hardly used in the synthesis of monofunctional MM.

An apt example, which indicates the new possibilities
which have appeared in this field, is provided by the cata-
lytic polyaddition with participation of secondary diamines
and divinylbenzene: 71>72

C = C H -

(XVII)

=CHi + n.N'H (R)-X—Ν (R) Η

(XVIII)

H 2 C = C H - < ^ / — ( C H 2 ) , — ( H )

(12)

- [ N (R)-X-N (R) (CR,), - ^ ^>-(CH2)2] Ν (R)-X-N (R) Η .
(XIX)

The first stage in scheme (11) is rapid and quantitative.
The residual vinyl group is then highly passivated, as a
result of which it is possible to achieve the preliminary syn-
thesis of the stoichiometric adduct (XX) and its subsequent
poly-addition:

(XVII) !- (XVIII) -» H 2 C = C H - t ^ ^ - ( C H , ) , N ( R ) - X - N (R) Η - (XIX)

^ (XX)

Analysis of the resulting polyamine MM by gas—liquid
chromatography and 13C NMR n indicates molecular weights
in the range 1800—6600, which corresponds to degrees of
conversion of 0.84—0.93 in reaction (11).

Reactions of types (11) and (12) can be used also for the
introduction of various groups, for example, crown ethers,
into the maeromolecule, which has been used successfully
in one investigation.73

Polycondensation has not so far provided examples of the
synthesis of MM.

3. The Reactions of the Functional Groups of Macromolecules

It is possible to obtain MM by the quantitative replacement
of any end group by one capable of polymerisation. Such a
reaction requires the activation of the group to be substituted
by the use of a reactive agent for the introduction of func-
tional groups, so that the method involving the deactivation
of living polymers is in this sense more natural. On the
other hand, in the methods based on the modification of the
end groups, it is possible to use a much greater range of
reactions. The main requirement which they must meet is
complete conversion.

Historically, the first example of the synthesis of MM refers
to precisely this field. In 1962 Greber and Reese3 achieved
the reaction

>-CH=CH2 + MgCl,

e3Si (OSiMe,)4CI

• MejSi (OSiMe2)4—f
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and obtained polydimethylsiloxane MM in ~50% yield, which
were then copolymerised with styrene.

Subsequently a number of communications concerning the
introduction of a wide variety of polymerised fragments by
the reaction of end groups with the corresponding agents
for the introduction of functional groups were published.
One of the convenient methods for the introduction of such
functional groups is the use of poly(ethylene glycols) (PEG)
and its monofunctional analogues, whose hydroxy-groups
are readily activated. In particular, the synthesis of oli-
goacrylate esters, widely used for the synthesis of three-
dimensional polymers, is based on these react ions. n

There is no doubt that the attempt to obtain monofunctional
MM by the same methods as a result of the selection of the
corresponding stoichiometry should lead to a mixture of
products. This remark applies fully, for example, to a
study7 5 where a number of glycols were esterified via the
scheme

H(OC,H4)nOH + HOC0CH=CH, ^t H(OQH4)nCX:OCH=CH, ,

but the monofunctionality of the final product was not reliably
established.

The only real possibility of the synthesis of MM involves
therefore the use of the initial monofunctional polymers and
the factors which determine the choice of method for the
direct introduction of functional groups in the polymerisation
stage of the replacement of groups in the finished polymer
is the stability of the polymer chain as regards the action
of the corresponding reagents and the attainment of the
required functionality.

We shall consider several of the latest examples of the
synthesis of MM using these reactions. Mono- and divinyl-
ethers of PEG have been synthesised with high degrees of
conversion:7 6 '7 7

H(OC2H4)nOH + HCsCH •
» H2C=CH !OC2H4)nOCH=CH2 .

(13)

These are of interest from the standpoint of the subsequent
synthesis of macromolecules with crown ether rings in the
chain. Reaction (13) is accompanied by the degradation
of the main chain, as shown by the results of the chromato-
graphic analysis, presented below, of a mixture of bifunc-
tional oligomers with different chain lengths η according to
the data of Mathias et al. : π

Initial PEG

n = 3

n=5

n=2 n=3
43% 57%
23% 33%

- 27%

n = 5

44%
64%

In this connection an assortment of milder conditions is
necessary, in particular, the use of phase transfer cata-
lysts . ^ The same approach can be applied to monofunctional
polymers.

Monofunctional allyl78 and acrylate79 derivatives of oligo-
ethers, i .e.

Ar (OCH2CHj)nONa + HOCOCH=CH2 -^ Ar (OCH,CH s)nOC(?CH=CH !. , ( 1 4 )

Ar = C 9 H l s C e Hi. Ph

as well as their styrene derivatives,7 9 i .e.

Me (OCHjCHj^ONa

- M e

have been obtained by analogous methods, i .e . by the activa-
tion of hydroxy-groups with alkali metals.

Detailed analysis of the acrylate MM formed by capillary
gas chromatographic and high performance liquid chromatog-
raphy yields the distribution of the MM with respect to chain

lengths but at the same time an appreciable amount of the
initial school is detected, which shows that reaction (14)
does not go to completion.

Fundamentally new types of MM have been obtained recently
by the introduction of functional groups into polyethersul-
phone (XXI) and poly(2,6-dimethyl-l,4-phenylene oxide)
(XXII):8 0

(XXI)

Br—ί

(XXII)

-OH

The method of synthesis of the polymers ensured in both
cases the presence of one phenolic end group, which was
then converted into methacrylate or styrene groups in
accordance with the schemes:

ClCOCMe=CHt

> - O H -

- OCOCMe=CH 2 ;
(15)

(16)

Reaction (15) was carried out in the presence of 4-NN'-
dimethylaminopyridine and triethylamine and reaction (16)
was carried out under phase transfer conditions.

The initial polymers (XXI) and (XXII) as well as the MM
based on them have been investigated in detail by IR
spectroscopy and XH and 13C NMR. The equality of the
signal intensities of the halogenophenyl and phenolic groups
or the unsaturated groups demonstrates the presence of the
planned MM structure. The complete absence of absorption
due to the OH groups in the terminal phenolic fragments in
the IR spectra demonstrates additionally that the introduc-
tion of functional groups is complete.80

One may quote the example of the synthesis of poly-
(methyl methacrylate) optically active MM81 as an example
of the wide variety of the possibilities and prospects for the
synthesis of MM. Such MM are of undoubted interest as
the starting materials for the creation of chiral sorbents and
chromatographic phases. The polymerisation of racemic
triphenylmethyl methacrylate on treatment with lithium initia-
tors in the presence of chiral diamines leads to polymers
having high optical activities with different signs— [a]D

ranges from -354° to +194°. The end groups of the polymers
are determined by the initial lithium amide initiator, for
example, in the following scheme:

>—NH (CH2)j NH-<

Ph,COCOCMe=CH,
/ ) - N H (CH 2) 2-N (CH2C)nH

COOMe

(XXIII), π = 45

The subsequent reaction of compound (XXIII) via the Ν—Η
bond with methacryloyl chloride leads to a MM whose acryl-
amide end groups have been clearly identified by IR spec-
troscopy. These MM copolymerise with methyl methacrylate
via a radical mechanism.

In a number of instances the specific synthesis of MM
presupposes special regulation of the nature of the end
group already in the stage involving the formation of the
polymer in order to be able to replace it subsequently. One
of the illustrations of this approach may be provided by the
synthesis of the MM from ε-caprolactone: κ
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jCHsUOH + Ο (CHysCO — £ ? ν ' Ρ . ' * Bu(OCH3CH,)2O {CO (CHt),OJ,,H

NCO

-{ >-NCO /
is^ > ΒυΚΧΙΗΧΗΛΟ [CO (CH^jOlnCONH—^ ^—Me -*

_J?i52Hii2™=u Bu(OCH2CHa)sO [CO (CH,)6O]BCONH- (^ ^>-Me ΟΗ-,ΟΗ

XNHCONHC-Me

CH,OH

The MM obtained can enter into polyaddition reactions via
the two hydroxy-groups in the terminal fragment. They
are used to synthesise modified polyurethanes.

Having completed the consideration of the problems of
the synthesis of MM, we may note that in recent years a set
of methods have been devised for the introduction of poly-
merisable groups (mainly styrene and acrylate groups) into
macromolecules of different types both directly in the stage
of their synthesis and via secondary reactions. The
methods involving the deactivation of living polymers lead
to MM with the highest functionalities. In those cases where
this procedure is impossible, good results can be achieved
with the aid of reactions via the end groups but here too
the feasibility of the quantitative introduction of the corre-
sponding group (or groups) must be inherent in the pre-
cursor polymer.

I I I . POLYMERISATION OF MACROMONOMERS

It has been assumed α priori that the capacity of MM for
polymerisation and copolymerisation with other monomers
must be complicated by a number of factors. The impossi-
bility of achieving high MM concentrations in the reaction
medium as a result of their high molecular weight should be
regarded as the first although the most trivial of these.
The low MM concentrations can in the first place give rise
to thermodynamic prohibitions of polymerisation, particularly
in those cases where the polymeric substituent is attached
directly to the double bond, which as a rule decreases
sharply the heat of polymerisation. Under homopolymerisa-
tion conditions, this factor should reduce the rates and
average degrees of polymerisation of MM and the MM copoly-
merisation processes always proceed for this reason under
conditions where there is an excess of the "small" comonomer.
The second factor is diffusion-dependent limitations, which
in the given instance extend also to chain propagation via the
reaction between the macromolecules.

The polymeric substituent can naturally exert a strong
steric and polar influence on the reactivity of the double
bond. In this sense the MM with styrene and acrylate
groups are most preferred especially if the polymer chain
is on the periphery, i .e. in the benzene ring or in the ester
fragment respectively.

Finally, one must reckon with the possible instability of
the polymer chains of the MM in relation to the active centres
propagating the polymerisation. For example, polyoxy-
ethylene is known to exhibit a tendency to be cleaved by
radical, cationic, and even anionic agents. The polymer
chains of MM based on lactones and siloxanes, in which chain
dissociation and macrocyclisation reactions take place readily,
cannot be regarded as fully stable in relation to ionic initia-
tors . Because of these causes, the tendency to introduce
into the MM groups capable of polymerisation via a radical
mechanism predominates.

Purely polymeric effects, such as, for example, the matrix
influence of the MM chain on the growth of new macromole-
cules (the orientation of the monomers and their polymerisa-
tion in the bound state, the formation of stereocomplexes,

and other matrix growth mechanisms) as well as the thermo-
dynamic incompatibility of the initial and final chains, which
may be manifested both by the segregation into separate
phases and by purely kinetic effects, are also possible.

All these complications occur to some extent in processes
involving MM. For example, the MM formed via the chain
transfer mechanism in the radical polymerisation of methyl
methacrylate63 does not copolymerise directly with the initial
monomer apparently owing to steric hindrance and thermo-
dynamic prohibition. The characteristic features of the
kinetics of the polymerisation of poly(tetrahydrofuran-
styrene) MM and the low chain lengths of the polymers
obtained can be accounted for by the low concentration of
the MM.83 The copolymerisation of acrylic acid with poly-
oxyethylene-methacrylate proceeds in a significantly differ-
ent manner in the pH ranges corresponding to the comonomers
bound in a complex or in a free s tate . №

The kinetics and thermodynamics of the homopolymerisation
of MM have, however, been so far investigated to an extremely
insignificant extent, which precludes a more detailed analysis
of the above features of these processes. Much more atten-
tion has been devoted to the copolymerisation of MM, because
it is the main pathway to polymers of practical interest.

1. Copolymerisation With Participation of Macromonomers

Copolymerisation is the main procedure in the synthesis of
polymers based on MM. Radical initiation is regarded as the
most preferred in view of its universality. The usual equa-
tion for the composition of the copolymer of a "small" monomer
(Mx) with a macromonomer (M2) has to be modified because
of the low concentration of the MM:85

d[Mi) _ [MJ
d [M,J [Ma]

1M.
[M2]

which corresponds to the case of the so called "ideal" copoly-
merisation (f^2 = 1) and leads to a simple kinetic equation:

r,=ln(l—o, (17)

where αϊ and a 2 are the degrees of conversion of the mono-
mers Μχ and M2 respectively. This evidently simplifies the
determination of the reactivity of the monomer Mi, but hinders
and frequently altogether precludes the determination of the
reactivity of the MM. The copolymerisation of MM has beeen
analysed by gas—liquid chromatography.8 6

It is also easy to show that only single MM units should be
incorporated in the chain during copolymerisation. Indeed,
the probability of the formation of the diad M2M2 and hence
its fraction in the comonomer

r [ M S n " Z r [Mil

are very small and the following probabilities can be obtained
for the average block lengths:

In other words, the copolymerisation considered is as a rule
close to statistical copolymerisation and the variation of the
constants r-i and r 2 rarely alters this situation, because the
aim of the tactics employed is usually to make sure that the
polymerisable groups of the MM have structures identical
to that of the "small" eomonomer.

Table 4 presents the copolymerisation constants for system.·
with participation of MM. In the main, they refer to the
"small" comonomer and in this case we obtain information
about the reactivity of the MM, because
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l/r,=fe12/fcM (18)

is the ratio of the rate constants for the addition of the MM
and the "small" comonomer to the radical of the latter. The
quantities r 2 are of great interest from the standpoint of the
analysis of the complications caused by the macromolecular
nature of the MM, but they are known only in rare cases.

Table 4. The reactivities of monomers in radical copoly-
merisation processes with participation of MM.

MM (M.) ·

Poly(ethylene oxide)-styrene

Poly(ethylene oxide)-
methacrylate

Poly styrene-methacry late

Polyisobutylene-styrene

Polyvinylpyridinemeth-
acrylate

Polydimethylsiloxane-
styrene

Comonomer (Mj)

Styrene
Butyl actylate
Styrene

Styrene
Butyl acrylate
Styrene
Methyl methacrylate
Butyl acrylate

Styrene

Methyl methacrylate

Ί'

1.04(1.00)
0.60(0,48)
0.46(0.46)

r l

1.18(1.00)
0.11 (0.15)
0.41(0.52)

0.61 (0.66)
0.82(0.35)

1.2—6.6***
0.48—0.58**·*

8 3

1.1(1.0)

0.60(0.52)

Refs.

[871
87

[88]

[89]
189]
[90]
[90]
[911

192]

[921

*The first part of the name of the MM refers to the chain
structure and the second to that of the end group.

**The values for low-molecular-weight models are given
in brackets.

***When the MM chain length is varied.
****When the solvent is varied.

The data in Table 4 demonstrate in the first place the
absence of any appreciable polymeric effects in copolymerisa-
tion , because in most cases the constants r1 are close to
those characteristic of the same pairs of low-molecular-weight
monomers (indicated in brackets in Table 4) and the same
applies to the few values of r 2 in Table 4. Systems where
microphase separation occurs in consequence of the incom-
patability of the MM macromolecules and the polymer obtained
are an exception. This applies to a considerable extent to,
for example, copolymerisation of the polyisobutylene-styrene
MM with styrene and methyl methacrylate.9 0 A particularly
marked effect is exerted by the increase of the molecular
weight of the MM (from 4200 to 48 000), which leads to an
increase of r x from 1.2 to 6.6 in the copolymerisation with
styrene; in the latter case the reaction mixture is appre-
ciably opalescent. Similar phenomena have been observed
also in other systems.2 7 '8 8

The incompatibility of the polymers may play an even
greater role in emulsion copolymerisation, because in this
case there is a possibility of the formation of several phases
and the rate of diffusion of the MM may prove to be the
decisive factor. In particular, it has been shown that the
emulsion copolymerisation of styrene with the polyisobutyl-
ene-styrene MM takes place with formation of the graft
copolymer only in monomer drops, while the usual variant
leads to polystyrene and the MM which failed to react. 9 3

In the absence of explicit phase separation, the antagonism
between the macromolecules of the growing polymer (consist-
ing mainly of Μχ) and the MM may be manifested by certain
kinetic effects. Ito et al., 8 8 who investigated in detail the
dependence of the reactivity of poly(ethylene oxide) MM on
the chain length (see Figure) tend towards this view. It
can be seen from Fig.α that, in the region of short chains,

there is virtually no dependence of Πχ on chain length, which
indicates an insignificant inductive and steric influence of
the substituent on the reactivity of the polymerisable group
in the MM. In the region of great chain lengths (up to 102)
(Fig.b), a monotonic decrease of l/r-ι is observed, which
most probably indicates the corresponding decrease of the
reactivity of the MM in relation to the growing macromolecule,
i.e. a decrease of k^ in Eqn.(18). These changes are
attributed to the kinetic effect of the excluded volume in
intermacromolecular reactions. However, quantitative agree-
ment with the theory of this effect has not been obtained and
the idea of macromolecular antagonism has been formulated.88

150 η

The reactivities of poly(ethylene oxide) MM of different
lengths (n) in the radical copolymerisation with styrene
(M!); 8 8 MM with methacrylate (curves 1) and p-vinylbenzyl
(curves 2) end groups.

It is essential to note that, overall, the approach to the
study of the problem of the reactivity of the end groups in
polymers via the investigation of the copolymerisation of MM
is perhaps more correct than analysis of the processes involv-
ing the conversion of telechelate polymers into network poly-
mers . ** The theory of copolymerisation has been developed
in detail, which makes the first approach even more justified.

On passing to the ionic copolymerisation of MM, which has
not so far been touched upon, solvation interactions,
matrix effects, etc. should be manifested to a considerable
extent.

IV. APPLICATIONS OF MACROMONOMERS IN POLYMER
ENGINEERING

The synthesis of graft copolymers clearly predominates in
the preparative applications of MM. Strictly speaking, this
field as a whole arose owing to the need to combine in a single
macromolecular system at least two different frequently oppo-
site properties, which cannot always be achieved by methods
involving the successive copolymerisation of different mono-
mers and block or graft copolymerisation. In graft polymers,
there is a possibility of significantly different ratios of the
main and grafted chains. The relatively greater freedom
of the latter compared with the corresponding fragments in
block copolymers leads in many instances to more favourable
conditions for microphase separation, which results in quali-
tatively new mechanical properties of the material.
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Virtually all the MM whose synthesis and polymerisation
were examined in previous sections have been used to
obtain graft copolymers with different "small" comonomers.
The homopolymerisation of MM, leading to strictly regular
comb polymers, has attracted significantly smaller and purely
theoretical interest, although it is evident that in this sense
the MM method is promising for the formation of liquid crystal
materials.

We shall now consider the principal trends in the synthesis
of graft copolymers based on MM.

It is known that the introduction of a rubber-like phase
into plastics (polystyrene, materials based on epoxy-resins)
increase their impact strength. A fundamentally new pro-
cedure has been proposed by Kennedy and Lo,9 3 who achieved
an increase by a factor of 2.5 of the impact strength of poly-
styrene by introducing into the latter, in the formation
stage, approximately 10% of grafted polyisobutylene frag-
ments, using the appropriate MM. The microphase separation
and the enhancement effect were observed only for MM with
relatively high molecular weights (Mn = 5 χ 101*). According
to the authors, 9 3 an advantage of this method over the tradi-
tional introduction of rubbers (usually poly butadiene) is the
high stability of the properties of the material as a function
of time, including its stability in relation to the action of
natural factors, for example, UV irradiation. The results
of this study can hardly be regarded as final and it leads to
new prospects for the solution of problems of this kind.

Another physicomechanical modification procedure, which is
the direct opposite as regards the results achieved, involves
the introduction of crystallisable fragments into elastomers.
Microphase separation leads in this case to the formation of
thermally reversible cross-links and to materials of the type
of thermoelastoplastics. Polymeric fragments based on
lactones, which are highly crystalline and give rise to a high
rate of formation of the given phase, are of great interest in
this connection. Their use in block copolymers is known.%>9S

The graft copolymers of poly-β-propiolactone with butyl
acrylate were first synthesised recently1 8 via MM using the
scheme

Me
I

H 2C=CH + H 3 C = C

C = O
I
Ο (CH,)4H

I

c=o
Ο ( C H J C H J C O O ^ R

Ate

~ ( C H , C H ) m CH,C~
i I

c=o c=o
I I

O(CHs)iH Ο (CHjCH,COO)rtR

They do indeed have the properties of unfilled acrylate
rubbers. The copolymers obtained by treatment with AIBN
have molecular weights in the range 30 000—60 000 and con-
tain 46—80 wt.% of the ester fragments of poly-β-propio-
lactone, which corresponds on average to 1.7—3.5 grafted
chains per macromolecule. In terms of their mechanical
properties—strength and elongation on rupture (12 MPa and
380% respectively)—these materials approach filled rubbers
based on butyl acrylate (12 MPa and 250% respectively). The
properties of thermoelastoplastics based on the above MM are
fully restored after the "fusion—crystallisation" cycle and
have attracted evident interest.

A number of examples of the directed modification of tradi-
tional polymeric materials by means of the macromonomer
techniques have been described in a recent communication
by Milkovich,1'27 who is undoubtedly a pioneer in this field.
He employed polystyrene MM with methacrylate groups having
molecular weights ranging from 11 000 to 16 000. The copoly-
mers of such MM with ethyl and butyl acrylates, obtained in
solution or in suspension, exhibit markedly the properties of
reinforced rubbers with microphase separation, in which the
rigid polystyrene domains simulate a solid filler. The
majority of the copolymers are thermoplastic and their mech-
anical properties improve significantly when subjected to

shearing influences, for example, extrusion, apparently as
a result of the creation of a more homogeneous physical net-
work. The principal mechanical characteristics of a series
of ternary MM copolymers (molecular weight 16 χ 103) with a
1: 1 mixture of ethyl and butyl acrylates according to Milko-
vich's data 1 are given below:

MM content, wt.%
Yield point, MPa
Tensile strength, MPa
Limiting elongation, %

25
—

9.0
730

30
1.9

11.7
550

40
8.3

15.2
400

45
12.4
17.2

350

50
18.0
20.7

240

With increase of the content of MM, the copolymers undergo
a change in a set of properties, being converted from thermo-
plastic elastomers capable of effective recovery of properties
(20—30% MM) to flexible thermoplastic materials with high
yield points and tensile strengths (35—45%) and finally to
thermoplastic materials capable of being moulded and having
a high tensile strength (45—55%).

The introduction of polystyrene MM into polyacrylonitrile
(10 and 50 wt.% of the MM) makes it possible to improve sig-
nificantly the conditions for the formation of films by casting
methods at 150 °C. Positive effects following the introduc-
tion of MM have been observed also in the properties of
poly (vinyl chloride). 2 7

Other types of studies involving graft copolymers are
associated with imparting various specific properties to
materials. Many heterochain polymers are known to exhibit
a high solvating power in relation to cations9 6·9 7 and they
are therefore used widely, together with crown ethers, as
sorbents, solubilising additives, phase transfer catalysts,
etc. Polyoxyethylene is perhaps of greatest interest and
there have been a number of studies designed to produce
the appropriate materials on the basis of its MM.98*99

Cross-linked polymeric sorbents based on network styrene—
divinylbenzene copolymers, containing free suspended poly-
oxyethylene chains, have been obtained using MM.98 It is
possible to overcome in this way the low mechanical stability
of the cross-linked polyoxyethylene, which precludes its
direct employment as a chromatographic sorbent. The sol-
vating power of network graft copolymers, containing differ-
ent amounts of MM, have been studied in relation to the
Williamson reaction

-Ο-Κ+ + RBr -»

(XXIV)
R = n-Bu, C

( 1 9 )

This reaction is extremely sensitive to the solvation of the
cation and the ion pair (XXIV) and this is why it has become
the traditional kinetic test for the solvating power of the
medium.9 6 '1 0 0·1 0 1

The pattern in the activation of reaction (19) by a cross-
linked polymeric catalyst and also by analogous graft copoly-
mers proved to be extremely complex. In the case of net-
works, the activation effect depends on the content of the
MM, the degree of cross-linking, the porosity, and also the
degree of swelling of the polymer and its thermodynamic
compatibility with the medium and the alkyl bromide. In
particular, the maximum in the dependence of the rate of
reaction on the content of the MM in the network, which
occurs at 5 mole %, has been attributed9 8 to the character
of the distribution of the reactants in the network polymer-
liquid phase system. Overall, this interesting study9 8

merely leads to a new approach to the synthesis of phase
transfer catalysts based on polyoxyethylene, without solving
the many other problems in this field.

The ability of systems of this kind to immobilise the corre-
sponding reagents has been demonstrated in relation to gels
obtained from MM of type (XXV) and methyl methacrylate
with addition of 3-5% of cross-linking agents: "
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MeO (CHiCH,O)nCOC=CH, ,

Me
(XXV)
n = 4 — 7 .

In the swollen state, such gels are optically transparent,
which permits a spectrophotometric study of the degree of
binding by the latter of alkali metal picrates as a convenient
model (see, for example, Arkhipovich et a l . 1 0 2 ) , and also of
the state of the latter in a polymeric solvating medium.
Experiments have shown that the equilibria

gel + PiNa <- Gel.PiNa,

gel.PiNa + glyme «- gel + glyme.PiNa
in dioxan and chloroform are strongly displaced towards
sodium picrate (PiNa) immobilised in the network. The
constants Kx and K2 proved to be ~300 litre mol"1 and 0. Ι -
Ο. 4 for networks based on MM of type (XXV) and glymes of
similar length; the constants change somewhat as the chain
length is altered.

These data indicate the higher solvating power of glymes
in the polymer than in solution, although this is hardly
likely to be achieved owing to cooperative effects, because
glymes with this chain length are themselves fairly effective
solvating agents. 1 0 3. 1 №

Spectroscopic studies9 9 of the state of picrates in gel films
have also confirmed the high level of solvation, because the
spectra obtained correspond to solvate-separated ion pairs;
the wavelengths of the absorption maxima are 368, 374, 377,
and 378 nm for Li+, Na+, K+ and Cl+ respectively after the
removal of the solvent. It has been suggested that the gels
obtained and other analogous gels are promising for the
study of the reactions of the reagents with the state solvated
by macromolecules.

One of the important applications involves the creation
of effective surfactants using MM. Comb polymers with
a hydrophilic base and hydrophobic grafted chains (and
conversely) have been used fruitfully for a long time for the
steric (antropic) stabilisation of various dispersions, emulsi-
fications, etc. (see, for example, Barrett 1 0 5 ), but the
approach using MM greatly simplifies the formation of such
substances and extends the range of the possible structural
variants. Polymers of this type are also of interest for the
modification of the surfaces of polymeric materials and the
solution of the problem of their compatibility. There have
been several studies illustrating these possibilities.9 2 '1 0 6"1 0 9

Using polyoxyethylene MM of types (IV) and (V), Koba-
yashi et al.1(16 synthesised graft copolymers with the struc-
ture (XXVI):

Owing to the presence of hydrophilic (polyoxyethylene) and
hydrophobic (polyphenyloxazoline) fragments, these copoly-
mers exhibit a high surface activity at the air—water interface.
The surface tensions (γ, dn cm"1) of water and 1% solutions
at 28.5 °C are given below:

Water 71.4
MM 56.9
MM homopolymer ( p = 3) 54.8
The copolymer (XXVI) (p/q = 1 :8.5) 28.8

It has been suggested that these non-ionogenic surface-
active graft copolymers would prove to be effective stabilisers
of dispersions and also antistatic agents when they are intro-
duced into plastics, like the analogous block copolymers.107

Extremely interesting and very promising surface effects
have been observed after the introduction into polystyrene
or poly (methyl methacrylate) films of small amounts of the
corresponding graft copolymers containing hydrophilic
polyamide108 or, conversely, hydrophobic polydimethylsiloxane
fragments.9 2 '1 0 9 Measurement of the wetting angles in water
for polystyrene films obtained by casting onto glass plates
has shown, for example, that the polyamide (see the footnote
to Table 3) blocks are concentrated on the surface adjoining
glass even when their content in the film is -0.2%. This has
been confirmed also by IR total internal reflection Fourier
spectroscopic data. The surface of the film turned towards
air does not differ in any way from that of the usual poly-
styrene .

The opposite picture has been observed for the system
comprising poly(methyl methacrylate) and the graft copolymer
of methyl methacrylate with polydimethylsiloxane-methacryl-
ate. u 0 In this case the siloxane blocks are concentrated on
the "air" surface of the film, rendering it markedly hydro-
phobic; cos Θ, where θ is the wetting angle, changes from
0.5 to -0.2 when not more than 0.5 wt.% of the siloxane
component is introduced. The other surface of the film
is also somewhat enriched in the graft copolymer and its
distribution with respect to the thickness of the film follows
clearly from IR reflectance speetroscopy. This effect,
caused by the macroscopic separation of the copolymer in
the bulk phase, is extremely stable and is almost fully
retained after prolonged washing of the surface with n-hex-
ane—an effective solvent for polydimethylsiloxane. In
the case of similar modification of surfaces by static or
block siloxane copolymers and also siloxane homopolymers,
such washing eliminates the hydrophobic effect almost com-
pletely .

Presumably the application of biphilic graft copolymers
constitutes a promising means of influencing the compatibility
of polymers in composites, the character and stability of the
microphase separation, and the modification of polymer films
and fibres.

The biphilic property is one of the main qualities of graft
copolymers widely used in the synthesis of biomedical
materials. By virtue of MM, a series of new approaches
have been discovered in this field also.

Plate and co-workers111"113 have been consistently develop-
ing the immobilisation of biologically active compounds
(BAC)—proteins, enzymes, etc.—on macromolecules or in
cross-linked hydrophilic gels via intermediate "macro-
monomers". The principle of the method consists in the
synthesis of MM by the acylation of BAC, i. e.

X\ Τ
-NH2 + ,C—G=CH2

(BAC)

-NH—CO—C=CH2 + HX

R

(XXVII)

and the subsequent copolymerisation of the resulting acryl-
amide MM with an appropriate comonomer in the absence or
presence of a cross-linking agent. It is possible to graft
compound (XXVII) to various materials, for example, under
the influence of γ-radiation. The functionality of the MM
(XXVII) naturally depends on the number of the initial
amino-groups in the BAC and on the degree of their sub-
stitution, which has been considered in detail in novel
studies by this group of workers (see the review of Plate
et a l . m ) .
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An important condition for the attainment of the final aim
is the retention by the BAG of its activity at all the stages
of the immobilisation process. It has been shown in relation
to human serum albumin113 and a number of other proteins
that the BAC retain their secondary structure and that their
binding centres are unaffected on modification.

The approach considered made it possible to create new
effective sorbents for biospecific chromatography and
materials with improved haemoeompatibility, which is adequate
even for making artificial veins. An important consequence
of these studies is also clear-cut correlations between the
haemoeompatibility of the polymer and the effectiveness of
its action on the clotting system of blood.

Another application concerned with the creation of bio-
medical materials, employing purely synthetic MM, has also
been developing effectively. 17>73·11Μ~116 The introduction of
polyaminoacid, polyamine, polyamide, and also polysaccharide
fragments, exhibiting "biological" affinity, into the usual
polymers, most often polystyrene, which plays the role of
an inert hydrophobie carrier, makes it possible to obtain
two-phase materials which constitute the base for the creation
of biosorbents, specific membranes, and anticlotting coatings.

The problem of the separation of B- and T-lymphocites,
which is one of the key problems in modern chemical immunol-
ogy, has attracted much interest recently.1 1 7 The materials
created on the basis of MM exhibit a high selectivity in such
separation and are being studied vigorously. The selec-
tivity coefficients Ag/Aj of the adsorption of the corre-
sponding cells on polystyrene and graft copolymers with
polyaminoacids [see Scheme (3)] and polyamine fragments
(XIX), based on the results of several studies, m ~ 1 1 6 are
presented below:

REFERENCES

Polystyrene (PS)
PS with grafted polyaminoacid
Ditto
PS with grafted polyamine
Ditto

—
(26%)
(50%)

(9%)
(15%)
(25%)
(50%)

1.18
1.54
2.15
4.47
2.89
2.45
3.16

The mass content of the graft copolymers is indicated in
brackets. Their selectivity is frequently antagonistic to
the overall absorption of lymphocites on columns of this
type. 1 1 5 However, the latest estimates have shown that the
population of T-lymphocites can be obtained in yields up to
50% and with a purity of approximately 95% (for example,
by employing the copolymer of polystyrene with a 9% content
of polyamine). For this purpose, the columns are addi-
tionally modified by proteins, for example, albumin115 or
additives regulating the hydrophilic properties of the
material.

Overall, the biomedical applications of MM have been
developing most vigorously in recent times.

— o O o —

Thus a new field, which has significantly enriched syn-
thetic polymer chemistry, has arisen among reactive oligo-
mers and has been developing vigorously. The use of
MM containing one polymerisable end group, frequently an
unsaturated group, made it possible to obtain a number of
fundamentally new comb and graft polymers. Methods for
the introduction of functional groups—initiation and deactiva-
tion in ionic polymerisation and radical telomerisation—have
been developed in detail. The first reviews of studies in
this new field have already appeared.1 1 8 '1 1 9 Presumably this
field and also the synthesis of block copolymers, developing
in parallel, will serve as sources of new polymeric materials
for various purposes.
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The latest advances in the quantitative prediction of the influence of the composition of the aqueous and organic phases, the
nature of the functional groups of the extractants and the substituents attached to these groups, and the nature of the diluent
on the position of extraction equilibria in the extraction of various metals are examined. The influence of these factors on the
selectivity in the separation of different elements as well as elements with similar properties and on the possibility of the far
reaching removal of impurities comprising weakly extractable elements from the element to be extracted is analysed and their
influence on the properties of extraction systems, as determined by the interfacial tension, is estimated. It is shown that the
corresponding quantitative prediction can be made with adequate accuracy for a wide range of systems on the basis of
equations derived from linear free energy relations and the tabulated parameters ID, ID*, AGhydr, etc., obtained by statistical
treatment of the available extensive sets of extraction data, as well as the parameters σ*, σφ, Ε$, Η, etc. known in physical
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I. INTRODUCTION

During the latest decades, extraction has come to be used
in industry as the basis for the technological schemes
whereby rare and radioactive elements as well as certain
non-ferrous metals can be obtained and separated. With an
appropriate choice of components of the organic phase
(extractants and diluents) and aqueous phase (acids and
salts), this procedure permits the selective extraction of the
required individual elements from complex mixtures.

The aim of scientific research in the field of extraction
technology is the selection of optimum conditions ensuring
the most complete extraction and separation of the elements
as far as possible with the smallest consumption of the rea-
gents and using the simplest possible and most compact
equipment. An important question in this connection is
the creation of waste free or low waste technological schemes
which require the use of extractants, diluents, and water
soluble reagents whose application would not entail the con-
tamination of the environment. In many instances ultrahigh
purification of a valuable element by a factor greater than
ΙΟ6—108 in a small number of operations is needed.

A clear example of the exceptionally effective application
of liquid extraction is its use for the extraction and separa-
tion of uranium, plutonium, and neptunium in the regenera-
tion of spent fuel from atomic power stations whereby these
valuable elements are separated from several tens of radio-
active elements treated as impurities (fission products) in a
relatively small number of operations and for a very small
consumption of reagents. Liquid extraction is also used to
extract many valuable elements from ores and other natural
mixtures with a complex composition.

The extraction schemes for the processing of atomic power
station fuel developed in the USSR, presented at a series of
International Conferences, 1~l* are greatly superior to those
described in the world literature in terms of all the param-
eters, for example, the purification coefficients for valuable
components in a single cycle (by a factor up to 10 6). The
parameters attained are to a large extent the result of the
high level of development of the physicochemical principles

of extraction technology. Soviet investigators have made
a major contribution in ensuring a high level of research
in this field.

Among the large number of problems in extraction chem-
istry which are of interest for the development of extraction
technology, the present review deals, first, with the princi-
ples for the selection of the optimum qualitative and quantita-
tive composition of the phases in extraction systems, and,
second, with the principle for the selection of the optimum
structure of the flows of aqueous and organic phases in
technological schemes based on extraction.

One of the most important conditions governing such
choice involves the estimation and comparison of numerous
possible variants. This requires the development of ideas
and models which would make it possible to predict without
experiments, or after carrying out a minimal number of
experiments, various properties of extraction systems of
interest for technology. This is particularly important for
systems incorporating radioactive elements, since experi-
ments involving such elements are laborious. This is
probably why the main advances in the field considered
were made as a result of many years' work by radiochemists,
although the results obtained may find and are finding
extensive applications in the extraction technology of the
processing of non-radioactive materials as well.

I I . PREDICTION AND OPTIMISATION OF THE PROPERTIES
OF EXTRACTION SYSTEMS

For the prediction of the partition coefficients of the
elements D, one must bear in mind that the extraction of
inorganic compounds is usually determined by the consecu-
tive or simultaneous occurrence of two processes: (a) the
reaction involving the formation of a hydrophobic compound
(solvate, hydratosolvate, chelate, or salt) as a result of the
interaction of the inorganic ion or compound extracted from
the aqueous phase with the extractant molecules;

(b) the partition of the hydrophobic compound between
the phases without the formation of new compounds and for
this reason referred to as "physical partition".
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We shall consider both these processes in succession.

The Formation of a Hydrophobic Compound

When the solvate of a metal salt (MAn) or acid (HnA) is
formed as a result of solvation by the nucleophilic extrac-
tantt (S), the process can be represented schematically by
equations of the following type respectively:

' ":M&n , ( 1 )

(2)

where the bar denotes the compound present in the organic
phase.

When a chelate of the salt of the metal extracted with a
hydrophobic acid HX is formed, a cation exchange reaction
described by equations of the type

"+ ^ ; +; M (3)

takes place. When the system contains a nucleophilic
extractant, reaction (3) may be supplemented by the forma-
tion of a chelatosolvate in accordance with the equation

Mn+ + nHX + mS £ MXnSm + nH+. (4)

When a salt incorporating the element extracted in the
form of a simple or complex anion Yn~ is formed, the extrac-
tion reaction is described by the equation

nRA + Υ"~ϋϊ^Ϋ + /ΐΑ~. ( 5 )

Eqns . ( l )-(5) describe the fundamental basis of the main
types of extraction reactions involving solvate, cation
exchange, chelatosolvate, and anion exchange mechanisms.
In reality, there is a possibility of more complex varieties of
these processes, associated, for example, with the existence
of extractants or compounds extracted in the form of asso-
ciated species6 or even micelles. 7 There is also a possi-
bility of the hydration of the extractant or compounds
extracted and of incomplete displacement by the extractant
molecules of the water hydrating the compound extracted.
For example, if the nucleophilicity of the extractant used in
extraction in accordance with Eqns.( l) and (2) is insufficient
for the displacement of water from the inner coordination
sphere of the metal cation Mn + or the proton Η , then
extraction via a mechanism referred to as the hydrate-solvate
mechanism8 and described by equations of the type

[M(H2O)p]
n+ + «A" + mS^T[M(H2O)fA!/S,]An-i,Sm-z + (p- x) HSO, (6)

n- ~ K

+ Α"" -ί- mS;£ [Η (H2O),]nASm + η (ρ - χ) Ηβ . (7)

takes place.
The incomplete displacement of water or the association of

the molecules of the compound involved can also complicate
reactions of types (3) and (5). However, regardless of
the specific composition of the hydrophobic compound
extracted, its formation via the corresponding chemical
reaction, which obeys the Law of Mass Action, is essential
for extraction to take place.

tTrialkyl phosphates, phosphine oxides, sulphoxides, car-
boxylic acid amides, the salts of amines and quaternary
ammonium bases, and other hydrophobic compounds incor-
porating functional atoms having electron-donating properties
and hence capable of forming coordinate bonds with electro-
philic metal cations or hydrogen bonds with proton donating
molecules may be classified as nucleophilic extractants. 5

Partition between Phases of the Hydrophobic Compound.»
Formed

This process does not involve the additional formation of
new compounds. For example, the partition between the
phases of the solvate formed via a type (1) reaction may be
described by the equation

(8)

If the compound present in the aqueous phase is itself
hydrophobic (without the additional incorporation in it of
extractant molecules), then the extraction reduces to one
process of type (8), frequently referred to as "physical"
partition. The quantitative description of the equilibria
(1)—(7) and (8) requires the determination of the constants
Κ and Po referred to as the extraction constant and the
partition constant respectively.

The Relative Contributions of the Influence of the Chemical
Reaction and of the "Physical" Partition on the Extraction
Equilibrium

Under conditions where the hydrophobic compound formed
via reactions of type (1)—(7) passes almost completely to the
organic phase, the partition coefficient Do may be calcula-
ted 9" 1 3 with the aid of equations derived from the Law of
Mass Action using the extraction constant K. For example,
equations of the following type can be used for reactions of

t y p e ( 1 ) : <v* r t v ) " ·

where γ are the activity coefficients of the corresponding
compound and Π is the product of all the terms of Eqn.(9)
which follow K.

Eqn.(9) is the limiting case of a more general equation (10),
which takes into account both complex formation and parti-
tion. In the general case, where the solvate extracted is
not very hydrophobic and remains partly in the aqueous
phase, the measured partition coefficient D is smaller than
the "ideal" coefficient Do calculated from Eqn.(9), and it has
been shown11* that it is related to Do in the following manner:

_L = J_ + _L = J _ + _L (10)
D Do Po Kil Po

It is readily seen that, when the solvate is very hydro-
phobic, i .e. when Ρ ο -»• °°, the term 1/PO -»• 0 and D therefore
tends to Do = KIT for finite values of Κ and D o . This makes
it possible to restrict the calculations to Eqn.(9) for the
partition in such systems. Equations of type (9) are used
to calculate the partition coefficients in the majority of
systems of practical importance. Highly hydrophobic
extractants are usually chosen for such systems (in order to
eliminate losses due to their solubility in water and to reduce
to a minimum the contamination of aqueous streams by the
extractant), which form moderately stable complexes via
reaction (1) (to facilitate both the extraction and the subse-
quent re-extraction).

The wide scale and successful application of Eqn.(9) some-
times has led investigators to lose sight of its special charac-
ter and to use it for less hydrophobic systems, obtaining
thereby results which were not fully adequate. At the
same time, in the general case where stable complexes are
formed via reaction (1) ( i .e. Κ is very high), even the use
of highly hydrophobic extractants may result in a value of
Κ so high that 1/DO is comparable to 1/PO. Account must
then evidently be taken of the contributions of both terms
of the right-hand side of Eqn.(10) to the real partition
coefficient D. The influence of physical partition on the
extraction equilibrium must be taken into account also in
extraction via reactions of types (2)-(8) .
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Thus in the general case the prediction of the extraction
capacity reduces to the prediction not only of the constants#
Κ but also of P o , to which attention has been drawn.11*'15

The Principal Approaches to the Prediction of the Quantities
Κ and P o

In the first stage of the selection of the optimum extraction
system, one is usually guided by the familiar criteria govern-
ing the capacity of the cations, anions, and molecules of
extractants for the formation of compounds via reactions
( l ) - ( 8 ) (in order to estimate K) and by the general ideas
concerning the enhancement of hydrophobic properties with
increase of the bulk of the organic part of the extractant
molecule (in order to estimate P o ) . However, at the stage
involving more accurate optimisation, and particularly when
mathematical models are used, not only qualitative but also
quantitative prediction of the influence of various factors
on Κ and P o is frequently necessary. In both instances
the approach based on the use of the principal linear free
energy relations, which has been developed in the USSR
for extraction during the last two decades,12»11*'16"29 is
more convenient for technological predictions. This
approach is widely used in physical organic chemistry.3 0"3 2

In the field of extraction, priority § as regards the employ-
ment of this approach belongs to Soviet investigators. The
principle of the linear free energy relations involves the
employment of empirical parameters which reflect quantita-
tively the overall influence of various factors of the extrac-
tion equilibrium.

It is essential to note that other approaches to the descrip-
tion of the influence of the nature and concentration of the
components of extraction systems on the extraction equi-
librium are also possible and have been widely investigated.
However, one can apply to the majority of the approaches
discovered the apt definition put forward by Belousov and
Popov,31* formulated in the words "formally rigorous"
approaches. The rigour of these approaches consists in
the fact that, in the derivation of formulae relating Κ to the
composition and nature of the components of the phases, the
influence of a large number of different details of the extrac-
tion mechanism is taken into account, for example, all the
complex formation equilibria (with allowance for the stability
constants and activity coefficients of all the complexes formed
in the aqueous and organic phases), the hydration and
association equilibria of the extractant molecules8·20'35""39 or
the molecules extracted by them,13'**0'1*1 etc. On the other
hand, the formality of the treatment consists in the fact that
the "rigorous" expressions obtained, taking into account
particular details of the interactions in the system investi-
gated , usually include at the same time a series of new
relations, whose form cannot so far be predicted theoretically
and ultimately requires an empirical determination. For
example, when account is taken of hydration, an empirical
determination of the dependence of the activity of water in
the aqueous phase on the concentrations of various com-
ponents dissolved in it is required; 8 ' 1 0 ' 3 5 when complex
formation is taken into account, one has to determine the

#The determination of the activity coefficients, which are
necessary for calculations by equations of type (5), is an
independent problem. The methods used for such cal-
culations have been surveyed in a monograph.10

§ The history of the application of the principle of the linear
free energy relations to extraction has been briefly sur-
veyed . l k

activity coefficients of all the ions present in the aqueous
phase1*0 and of the molecules of the extractant and the com-
pound extracted in the organic phase1*1 as well as the stability
constants of all the complexes formed in the system and their
activity coefficients.

Without wishing to diminish in any way the cognitive impor-
tance of the "formally rigorous" approaches for a meaningful
description and investigation of the extraction mechanism,
one should note that, when they are applied to the practical
prediction of extraction equilibria in the development of
technological processes, it is usually necessary to carry out
a larger volume of empirical investigations than is necessary
when equations based on the principle of linear free energy
relations are employed. Furthermore, the amount of experi-
mental work essential in the "formally rigorous" approach is
frequently so large that it is much simpler to measure experi-
mentally the partition coefficients instead of predicting them
theoretically. As a result of this, methods employing the
dependence of the partition coefficients on various factors (to
which equations have sometimes been fitted and which fre-
quently do not take into account the details of the process
mechanisms1*2"1*1*) and simple formulae based on the principle
of linear free energy relations, which achieve a combined
allowance for the interaction of a large number of various
details of the mechanism influencing the extraction equi-
librium , are used for the prediction of technological parameters
in most cases and not the "formally rigorous" approaches.
The "formally rigorous" approaches to the description of
extraction equilibria will probably assume ever increasing
importance in the future as the theory of solutions develops
and the contribution of relations predicted on fully theo-
retical grounds increases.

All the modern approaches to the quantitative description
of extraction equilibria have been described in a mono-
graph. 8 In the present review, devoted to the methods
for the optimisation of technological extraction processes most
widely used in practice, attention has been mostly concen-
trated on equations based on the principle of linear free
energy relations. The application of these equations makes
it possible to made predictions most simply and apparently
with least expenditure of labour, at the present time, on
experiments. The application of the principle of linear
free energy relations to the prediction of the constants of
the two principal equilibria indicated above (P o and K) is
examined successively below.

1. Equilibria in Extraction Processes Not Involving the
Formation of New Compounds ("Physical" Partition)

A partition of this type depends on the hydrophobic
properties of the substances extracted and the overall
absolute free energy of the process (and hence lg Po)
increases with decrease of the absolute free energy of hydra-
tion of the partitioned compound. The influence of the
increments characterising the structural components of the
molecules of the partitioned compounds on lg P o has been
found to be additive for such compounds. For example,
the introduction of each new CH2 unit into the extractant
molecule increases lg Po by 0.4-0.5. A detailed scale of the
increments π (Table 1),H characterising the structural ele-
ments and permitting the prediction1*6"50 of the physical par-
tition constants for members of each homologous series of
extractants in terms of the equation

lg Ρ0 = ( U )

11 A more detailed compilation of the parameters π may be
found in a monograph. **5
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has been developed. Here α and b are coefficients which
remain constants within the limits of a series of extractable
substances with different structures (the nature of the
aqueous phase and that of the organic solvent immiscible
with it remains unchanged within the limits of the series).

Together with the ID* scale, one can apparently also use
for the prediction of lg P o the "polarity-polarisability" π*
scale, developed subsequently,5 8 which is effectively corre-
lated with the ID* scale. The authors, M who developed the
π* scale, demonstrated convincingly that it is possible to
construct a scale describing the influence of non-specific
solvation alone and a wide range of different phenomena.

Table 1. The increments ττ characterising the hydrophobic
properties of the structural groups of the extractant in
relation to physical partition. l )6>l t7*

Group

—CH,

- C H ,
\

7N

CI

> = 0

HPO;

π

0.52

0.69

—2:50

—2.30

0.92

(-3.8)

(-5.2)

Group

OH
Br

I
—COOH

- C O O -

> - 0

x 1

η

—1.20

1.01
1.30

—0 93

—1.01

(-G.7)

(-3.5)

Group

JO

~°\H
—Of

x N H a

X\
-;CH
/*
—NH,
- C . H ,

7PO4

a

—1.10

—3.10

0.18

0.32

—2.25

(4.40)

(—O.SO)

*In this and other tables, the values shown in brackets
were obtained by treating limited sets of data; they may be
revised as these sets are increased.

The parameters π for a series of structural elements of the
partitioned compound, the elements in a pure state being
capable of dissolving in an aqueous phase, vary in parallel
with the variation of the free energy of hydration of these
groups and linearly as a function of the empirical parameter
A G h y d r r e l a t e d t o J t (Table 2). a»ff i For this reason, for
example for a series of amine salts having the same cation
but different anions, the quantity lgPo increases linearly
with increase of AGj![ydr for these anions. Thus the
partition of a series of tri-n-butylammonium salts with differ-
ent anions between water and chloroform9' can be described
by the equation lgP 0 = 2.28 + 0.02 A G ^ y d r . For amine
salts of different structure, incorporating both different
cations and different anions, the partition in the system
involving CHC13 can be calculated from the formula lgPo =
-3.52 + 0.48ης; + 0.02 AG^ d r , where n c is the number of
carbon atoms in the alkyl chains of the amine, AGf . the
parameter of the hydration of the anion, and the coefficient
0.48 corresponds to π for the CH2 group of the amine.

The changes in lgPo occurring on changing the nature of
the organic solvent in which extraction takes place for sys-
tems where the interaction between the diluent and the com-
pound extracted has the character of non-specific solvation
(without the formation of donor-acceptor and hydrogen
bonds) may be predicted on the basis of the principle of
linear free energy relations using the parameters ID*
("influence of the diluent") 5 5" 5 7 listed in Table 3. It has
been shown55 for a large number of examples that, within
the limits of each series of systems including the given par-
titioned compound and different diluents, lgPo increases
linearly with increase of ID* in accordance with an equation
of the type Ig P o = α + bID*.

Table 2.
anions.5 3

The average values of f ° r different

Anion

Acid phosphate (H2PO4)
Hydroxide
Fluoride
3-Hydroxybenzoate
Acetate
Bicarbonate
Iodate
Formate
Caproate (hexanoate)
Bromate
Benzoate
4-Hydroxybenzenesulphonate
Oenanthate (heptanoate)
Bromide
Tropaeolin 0 anion
Caprylate (octanoate)
Nitrate
Naphthoate
Chlorate
3 Nitrobenzoate
Phenobarbital anion
4-Nitrobenzoate
Pelargonate (nonanoate)
Benzenesulphonate
Trinitrobenzoate
p-Propoxybenzoate
Trichloroacetate
Toluene-p-sulphonate
l-Hydroxy-2-nitrosonaphthalene-
4-sulphonate

Methyl Red anion
2-Hydroxybenzoate (salicylate)
Amobarbital anion
3-Nitrophenoxide
Caprate (decanoate)
p-Butoxybenzoate
Iodide
Hexobarbital anion
Pertechnate
Thiocyanate
4-Nitrophenoxide
BiBr4

HgBr4

Tropaeolin 0 0 anion
Picrate
T1C14

2,4-Dinitro-l-naphthoate
Brilliant Red A anion
TlBr4

~* C hvdr.
J mol"1

522
393
381
365
356
351
350
349
318
317
316
308
306
303
303
295
294
292
291
288
287
287
286
285
284
280
277
277

277
275
275
273
273
272
272
267
267
266
266
265
207
206
203
197
191
183
175
154

Anion

Propionate
Butyrate (butanoate)
Chloride
Phenoxide
Valerate (pentanoate)
Phenylacetate
Bisulphate
p-Pentoxybenzoate
Fluoroborate
4-{2-Pyridylazo)resorcinol anion
3-Nitrobenzenesulphonate
4-Nitrobenzenesulphonate
Holdenate [Co(C4H7O2>2(NO2)2l
Octanesulphonate
Naphthalenesulphonate
Hgcr3

p-Hexoxybenzoate
Naphthol Orange anion
Tropaeolin OOO anion
Perchlorate
Ag(CN)2

Hg(CN)3

B1CI4
Erdmannate [Co(NH3)2(NO2)4J
p-Heptyloxybenzonate
Perrhenate
Dinitrophenoxide
3-PhenylpropyI sulphate
p-Octyloxybenzoate
Methyl Orange anion
Trinitrobenzenesulphonate
Au(CN)2

Naphthol Yellow anion
Butyl Orange anion
2-Naphthyl sulphate
Au(CN)4

Rose Bengal anion
Anthracene-2-sulphonate
Bromothymol Blue anion
Hglj
Dioctyl sulphosuccinate
AuCl4

Hexanitrodiphenylamine anion
Dipicrylamine anion
AuBr4

- * G h v d r
J mol*1

347

338
330
330
329
324
323
260
259
257
255
255
255
255
255
249
248
247
246
244
244
243
239
239
239
239
234
234
232
229
228
227
226
219
218
217
216
213
151
148
134
130
111
102
75

This is fully consistent with the treatment, published earlier,51

of the physical significance of the ID* scale and the ideas
concerning the role of non-specific and specific solvation in
extraction processes.16»51'59 The present author and his
co-workers66 also showed that, when solvents interacting
with the solute solely via the non-specific solvation mecha-
nism are chosen, then a satisfactory linear correlation of the
parameters of the π* scale with those of a number of other
scales known in organic chemistry, namely the E T , 6 0 Z , a

XR, Ά S, № θ, ̂  etc. scales obtains for all these solvents. We
have shown66 that the ID* scale is well correlated with the
parameters π* and satisfactorily correlated with the param-
eters of the other scales indicated above for solvents chosen
in this way, provided that corrections are applied for the
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differences between the molar volumes. A linear correlation
between the ID* scale and the ε° scale68 has been estab-
lished. 6 7

Table 3. The parameters ID*, π*, and lg kf of the diluents*.
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Table 3 (continued).

Decane
Octane
Isooctane(2,2,4-trimethylpentane)
Heptane
Hexane

Perfluoro-n-heptane
Perfluoiodimethyldecalin
Tetrachloroethylene
Carbon tetrachloride
1-Chlorohexane
1,1,1-Trichloroethane
rrans-Dichloroethylene
1-Chlorobutane
1-Bromobutane
Trichloroethy lene
Tiichlorobenzene
Pentachloroethane
Bromobenzene
Iodobenzene
1,2-Dibromoethane
Fluotobenzene
Bromoethane (ethyl bromide)
m-Dichlorobenzene
o-Dichlorobenzene
1,2,4-Trichlorobenzene
1,1-Dichloroethane
1,4-Dichloiobutane
ris-Dichloroethylene
1,2-Dichloroethane
1,1,2-Trichloroe thane
1,1,2,2-Tetrachloroethane
Dichloromethane (methylene chloride)
Bromoform
Dibromomethane (methylene bromide)
Chloroform
Diiodomethane (methylene iodide)

—1.1
- 0 - 9
—0.8
- 0 . 6
- 0 . 4

Halogenohydrocarbons

- 2 . 3
- 1 . 3
1.1
1.4
2.0
2.0
2.1

[2.2]
[2.2]
[23]

2.4
[2.5]
2.5
2.5
2.6

[2.61
2.7

[2,51
2.7
2.8

[3.0]
13-21
[3.2]
3.5

[3.5]
[3.7]
4.0
4.0

[4-6]

—008
-0.08

-0.39
- 0 33

0.49
0.44

(0.39)

0.53
0.71

(0.62)
0.79
0.81
0.75
0.62

0 67
0.80

0.81

0.95
0.82

(0.92)
0.58

(1-12)

Nitrogen-containing hydrocarbons

Tributylamine
Triethylamine
Benzyldimethylamine
2,6-Dimethylpyridine (mutidine)
AW-Dimethylaniline
Quinoline
4-Methylpyridine
Propionitrile
Benzonitrile
Phenylacetonitrile
Pyridine
Nitroethane
Acetonitrile
Nitrotoluene
Nitromethane
Nitropropane
Nitrobenzene

Diisopropyl ether
Dibutyl ether
Di-n-propyl ether
Trimethyl orthoacetate
Diethyl ether
Butyl acetate
Diethyl carbonate
Ethyl propionate
Diethyl malonate
Ethyl acetoacetate
Ethyl trichloroacetate
1,2-Dimethoxyethane
Diphenyl ether
Dibenzyl ether
Ethyl benzoate
2-Butanone
Cyclohexanone
Propylene carbonate
Cyclopentanone
4-Phenyl-2-butanone
Phenylpropanone
Hexane-2,5-dione
Acetophenone

[-0.5]
[0.3]
[1.41
[2.8]
[3.1
[3.3
[3.3
3.4

[3.5
[3.6
[3.7
[3.7

4 J

0 16
0.14
0.49

(0.80)
0.90

(0.92)
(0.84)
0.71
0.90
0.99
0.87

0.75

0.85

1.01

Ethers, esters, and ketones

[0.8
[1.2
[1.3
[1.5
[1.6
U-9
Γ1-9
2-0]
2.0]
2.1
1.9
2.1
2.6
2.9
3.0
3.1
3-2
3.3
3.4
3.4
3.4

0-27
0.24

(0.27)
0.3b
0.27
0.46
0 45

(0.47)
0.64
0.61
0.61
0.53
0.66
0 80
0.74
0-67
0.76

(0.83)
0.76

0.90

—5.0

—2 11

—2 3
—1.89
—1.89
—2.04
—1.15
— 1 48
—1.05
-0 .89
- 0 . 8 9

—1.62
—1.46

— 1.0

-1 .12
-0.72
—0.85
- 0 42
—0.48
-0.06
—0.55
- 0 . 5 5

—0.8»

-0.55
-0.41

-0.34
-0.33

0.04
-0.54
-0.32

- 3 . 4

-2 .92

—1.37

—1.08
—1.01
- 0 . 8

—0,66
—0.48
—0.48
—0.46
—0.38

• 8 *i

Aromatic and cyclic hydrocarbons
Cyclohexane
Cyclohexene
Triethylbenzene
Butylbenzene
Mesitylene
Isobutylbenzene
Trimethylbenzene (pseudocumene)
Isopropylbenzene (cumene)
Diethylbenzene
p-Xy!ene
m-Xylene
Ethylbenzene
o-Xylene
Toluene
Benzene
Ethoxybenzene (phenetole)
Methoxybenzene (anisole)

Carbon disulphide
Hexamethylphosphoramide
Tributyl phosphate
1.4-Dioxan
Benzaldehyde

0.5
[0.7]
0.95
1.3

114]
4 L1 ,τΐ

1.45[1-5]
Α ft
1 - Ο

1.71 8
1-8
1 9
2.0
2.3

[2.5]
2.9

Other compounds

[1.8]
[2.5]
14.0]
[2.5]
13.51

0.0
—

0.41

0.41

0.43
0.47

0.54
0.59

(0.69)
0.73

_

0.87
0.65
0.55

(0.92)

—4. IS
- 3 . 7

—2.62

-2.35

-2.26
—2.28
—2.21

—2.02
—1.74
—1.3

—1.05

- 2 . 6
—
—

—0.44

* The values of ID obtained with the aid of correlation
equations from the parameters of the ττ* and lgkj scales
are given in square brackets. 66

In comparing the different scales for the influence of
diluents, it is essential to note that the ID* scale provides
the most accurate correlation with lg Po, because it has been
derived directly from extraction data and already includes
allowance for the differences between the molar volumes of the
solvents. Furthermore, the other scales have been con-
structed for anhydrous solvents, while the ID* scale applies
to diluents in equilibrium with the aqueous phase, i .e . under
conditions closest to those which exist in real extraction
systems. Moreover, the ID scale is specially designed to
describe extraction equilibria and applies to solvents which
can be used as diluents; the other scales apply mainly to
solvents miscible with water and to a lesser extent to hydro-
phobic solvents. Nevertheless, in those cases where the
parameter ID* has not been determined for a particular
solvent, approximate estimates may be made in terms of the
ττ* or lg kj scales, whose parameters are also listed in Table
3, or on the basis of the approximate values of ID* calculated
from them and indicated in Table 3 in square brackets.

The joint influence of the nature of the diluent and of the
structure of the partitioned compound can be expressed by
a single two-parameter equation ffi of the type

where a, b, and c are constant coefficients within the limits
of a series of systems differing only in the nature of the
diluent and the structure of the extractant. Thus the
partition of trialkylamines is described by the equations
lg Po = -2.48 + 0.48nc + 0.36ID*. A similar equation has
been found56 also for trialkyl phosphates.

In order to estimate the partition of trialkylammonium salts
incorporating different anions in extraction by different
diluents, we may employ the equation69 lg P o = α + 0.48ης. +
0.02AGhydr + 0.36ID*. The optimum length of the alkyl
chain can also be selected on the basis of this equation for
the practical employment of the amine salt as a function of the
nature of this anion. It follows from the equation that, in
order to maintain a sufficiently low solubility of the salt in
the aqueous phase on passing from the anion NO"i to SO Γ
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y then diminishes by -200 kg g-ion x ) , it is necessary
to increase the length of the alkyl chains in the amine salt
by -10 CH2 groups (overall).

It follows from the data presented above that, in order to
ensure the minimum contamination of the surrounding med-
ium (the liquid waste or the solutions of the final products)
by the dissolved extractant, one can increase the length of
the alkyl chains or employ diluents with higher parameters
ID*. Examples of the employment of extractants with
lengthened alkyl chains to diminish their solubility in the
aqueous phase have been described in a number of communi-
cations7 0"7 3 dealing with studies of extractants with chains
longer than in tributyl phosphate as possible substitutes
for the latter in the extraction processing of the irradiated
fuel from atomic power stations. A preliminary quantitative
estimate of the expected decrease of the solubility was then
obtained from an equation of type (11) and the parameters
IT. If it is nevertheless necessary to employ a relatively
hydrophilic extractant, then the admixture of the latter
can be washed out of the aqueous waste by fresh solvent;
the effectiveness of the washing will then evidently increase
with increase of ID for the diluent. This makes it possible
to select a suitable diluent from Table 2.

Since one can use in principle aqueous solutions contain-
ing hydrophilic organic additives in extraction schemes
(sometimes a polar organic liquid immiscible with the non-
polar organic solvent can also play the role of the aqueous
phase), the results of studies of partition in such systems
too are of interest. The applicability to systems of this
kind of equations based on the principle of the linear free
energy relations has been demonstrated ""* and for each new
type of polar phase it is possible to set up a special scale
of parameters of type characterising the contribution to lg P o

of individual structural units of the substance passing to the
non-polar phase. With decreased polarity of the polar
phase, the quantities π diminish. We have found that in
such systems the linear relations between lg Po and the ID*
for the non-polar phase also hold, provided that the polar
phase remains unchanged within the limits of the series.

The TTf, ID*, and AG^y^ scales have been created on the
basis of a statistical treatment of large sets of extraction
equilibrium data. For the treatment of such sets with the
aid of a computer, the "OPAG" program has been developed.53

It makes it possible to calculate not only the value of each
parameter but also to obtain its statistical characteristics,
which serve for the quantitative estimation of the accuracy
of the prediction based on this parameter in each specific
extraction system for a specified fiducial probability. Studies
designed to expand and refine the scales indicated are being
continued as interest grows in new diluents, extractants,
and anions. The "OPAG" program makes it possible to
introduce into the computer memory new additional data and
to recalculate the entire set accumulated in the memory with
a small consumption of computer time.

As mentioned above, the ID* scale (as well as the ττ* scale)
describes the influence of the nature of the diluent in sys-
tems where there is no specific solvation. For systems with
specific solvation, whose influence on the extraction was
first analysed in detail by the present author and his
co-workers,1 6 '5 9 one may perhaps usefully employ an equa-
tion of type (11) including an additional term (increment)
characterising the capacity of the diluent for the formation
of donor or acceptor bonds. A scale based on such a series
of increments has been developed in relation to solvato-
chromic effects.95»96 A similar increment scale, reflecting
the influence of specific solvation on physical partition,
can probably be devised also on the basis of extraction
data. The scale of ID parameters described below can be
used for the combined allowance for the joint influence of

non-specific and specific solvation in cases where the diluent
exhibits electron-accepting properties.

Overall, the use of the tabulated values of ID*, TTJ-, and
AGJiydr * n c o m D i n a t i ° n w * t n a n equation of type (12) permits
the reliable prediction of important characteristics of extrac-
tants associated with physical partition.

2. Equilibria In Extraction Processes Involving the Formation
of Hydrophobic Compounds

Equilibrium systems of this type are most often used in
technology and were therefore investigated in the first place
(only recently has such attention been devoted to physical
partition).

The Influence of the Structure of the Extractant

A preliminary estimation of the extraction capacity of a
nucleophilic extractant (and hence of the constant K) is
usually made on the basis of the available information about
the capacity of its functional group for complex formation
via a reaction of type (1). For example, if it is necessary
to extract and separate palladium (II) from uranium (VI) in a
nitric acid medium, then evidently one can use as the
extractant a hydrophobic compound in which the functional
group consists of the atom S, which is capable of forming
coordinate bonds with the "soft" Pd 2 + cations9 7 but not with
the "hard" UO| + cations. *

In selecting the functional group of the extractant, account
must also be taken of the capacity of the cation extracted
via reaction (1) for the formation of neutral complexes.
Constants for extraction via the type (1) reactions are
known 5>9~11' to increase with increase in the ability of the
Mn + cations to coordinate the A~ anions. Therefore, for
the extraction from nitrate solutions of, for example, plu-
tonium(IV) or uranium (VI), whose cations form relatively
readily neutral complexes with nitrate ions, 9 8 it is sufficient
to employ monodentate extractants9 9 incorporating one phos-

phoryl (pP=O) or sulphoxide ( ^ S = O ) functional group,

such as tributyl phosphate or dioctyl sulphoxide. For
extraction from nitric acid solution of tervalent lanthanide
elements, which show a smaller tendency towards complex
formation with NO^ ions, one has to employ bidentate extrac-
tants, for example, diphosphine oxide, with the functional

^

or carbamoylmethylphosphine oxides with the group1 0 0"1 0 2

<\ /

>P-CH.-C

which form more stable solvates with metal salts as a result
of the formation of six-membered rings of type (I) or (II) :

H,

Μ"

(I) (ID

The extraction from nitric acid solutions of alkaline earth
or alkali metals, which show an even smaller tendency to
form complexes with NOI ions, requires the use of poly-
dentate extractants, incorporating more than two electron-
donating groups or atoms, arranged in the form of a ring
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in order to render sterically feasible the simultaneous forma-
tion of a large number of bonds with the cation extracted.
"Crown" ethers, for example dibenzylcrown-6 ether (III),
belong to extractants of this type:103'101*

H2C—0 CH,

(III)

The preliminary selection of acid extractants is made taking
into account the fact that constants for extraction via reac-
tions of type (3) increase with increase of the dissociation
constants of the extractant. After the type of functional
groups or group of the extractant has been chosen, the
structures of the substituents attached to these groups are
optimised105 in order to achieve the best extraction and
selectivity and also the greatest compatibility of the extrac-
tant and the compounds extracted with the diluent.1 6 The
most suitable diluent, into which the extractant and solvate
will be effectively extracted as a result of physical partition,
is also chosen.

As stated above, not only qualitative but also quantitative
prediction of the influence of various factors on Κ is fre-
quently needed at the optimisation stage. In both cases the
prediction can be based on the use of the principles of linear
free energy relations (LFE).

Starting from 1964-1965, the possibility of predicting the
equilibrium constants of extraction processes of type (1) with
the aid of parameters familiar from organic chemistry, namely
the Hammett (σ), Kabachnik (σψ), Taft (σ*), etc. con-
stants, i·7»71*.75 for the substituents attached to the functional
group of the extractant and included in equations of the
type lgK = a + bZa based on the LFE principle has been
established for reactions of types ( l ) - ( 3 ) . However, such
equations are inapplicable to organic series of extractants
where the steric factors governing the influence of sub-
stituents vary insignificantly. The need to take account
also of the steric factors by employing equations of the type

lg/( = a + &2o* + c S £ s , (13)

where σ* are the induction constants (Taft constants) and
Eg the steric parameters of the substituents at the functional
groups of the extractants, has been demonstrated for the
general case. 1 9 ' 7 6 In order to describe the large sets of
extraction data, it was necessary to develop the Eg scale,
differing somewhat from the familiar Taft ( E s ) scale. 1 7 '7 4 '7 5

The equation found19»76 for the extraction of nitric acid by
the nitrates of 16 tertiary amines of different structure
dissolved in xylene, namely lg KHNO =-0.20-0.28Σσ +
0.79ZEg, may serve as an example of the exact description
of a large set of values of K.

Similar analysis of the factors influencing the sensitivity
coefficients b and c in equations of type (13) using differ-
ent types of extractants and also a detailed compilation of
the correlation equations of type (13) for different systems
may be found in a review.17 ^

The equation without the term including the constants Eg
may be applicable to phosphoryl-containing extractants,
provided that the Kabachnik parameters a^ are used. The
quantitative relation between the structure and extracting
power of organoelemental extractants has been analysed
recently. r a

The approach to the quantitative description of the influ-
ence of the structure of extractants and of the nature of the
compound extracted developed in recent years is also of
interest. It is based on the use of two-parameter equations
incorporating terms which take into account the ability of the

components to form both polar and covalent bonds. The
principles of this approach have been described in detail.7 7

The Influence of the Nature of the Diluent

It has been established2" that, for the series of systems
where extraction is determined by type (1) reactions, the
LFE principle holds when the nature of the diluents is
altered. An ID scale12 (Table 4), reflecting5 5 '5 7 the joint
influence of the non-specific and specific solvation of the
nucleophilic functional groups of the extractant by diluent
molecules, has been developed on the basis of the statistical
treatment of a large set of extraction data. It has also been
shown that equations of the type

\gK=a+b\O. (14)

hold for a large series of extraction systems in which only
the nature of the diluents is varied.

Table 4. The parameters ID of the diluents.1 2

n-Octane
Cyclohexane
Butylbenzene
p-Xylene
o-Xylene
Benzene
Chloro benzene
Bromobenzene
Anisole
Bromobenzene + CCI4 (1:1)
CCI4
Bromocyclohexane
95% Benzene + 5% decanol
Cyclohexanone
80% Octane + 20% chloroform
80% Decane + 20% chloroform
80% Decane + 20% octanol
95% Benzene + 5% chloroform
90% Benzene + 10% chloroform
85% Benzene + 15% chloroform
80% Benzene + 20% chloroform
90% Octane + 10% chloroform
85% Octane + 15% chloroform
90% Decane + 10% chloroform

ID

(0.20)
0.50

(0.23)
0.10
0.10
0.0

-0.15
-0.30
(0.18)

-0.50
-0.60

(-0.45)
(-0.20)

(0.30)
-1.40
-1.47

(-2.20)
-0.40
-0.65
-0.80
-1.20
-0.77
-1.23
-0.80

Diluent

1,2-Dichloroethane
Nitrobenzene
Chloroform
Cyclohexane + benzene (1:1)
p-(C 2H 5) 2C 6H4
( C H ) C H

(3
Toluene
85% Decane + 15% chloroform
90% Tetradecane + 10% chloroform
85% Tetradecane + 15% chloroform
99% Cyclohexane
98% Cyclohexane
97% Cyclohexane
96% Cyclohexane
94% Cyclohexane
90% Cyclohexane

1% octanol
2% octanol
3% octanol
4% octanol
6% octanol
10% octanol

96% n-Hexane + 4% octanol
95% Benzene + 5% n-decane

ID

-0.16
(-0.03)
-1.52

0.20
0.12

(-0.26)
0.35
0.03

-1.12
-0.75
-1.12
(0.53)
(0.53)
(0.43)
(0.38)
(0.30)
(0.23)
(0.12)

(-0.20)

Examples of linear relations of this type for the extraction
of HNO3 by ammonium nitrates and the extraction of plu-
tonium(IV) nitrates and HNO3 by neutral phosphoryl-con-
taining extractants have been published. 5 0 · 1 0 6

In those cases where the extraction proceeds via reactions
(2) and (3), leading to appreciable changes in the polarity
of the components of the organic phase, the influence of the
diluent is determined to a large extent by the non-specific
solvation of the extractant molecules by the diluent. For
these systems, the influence of the diluent is determined by
an equation of type (14), but, instead of the parameters ID,
it is necessary to employ in this instance the parameters ID*,
i.e. those which describe the corresponding effects in physi-
cal partition.

Detailed compilations of the dependence of lg Κ on ID and
ID* have been published17 and an analysis separating the
regions in which these parameters are applicable has been
carried out. 5 5 · 5 7 The applicability of the parameters ID*
has been recently confirmed. 67»72
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The Joint Influence of the Structure of the Extractant and
of the Nature of the Diluent

It was found for the first time in 197012 that electrophilic
diluents, solvating specifically the nucleophilic group of the
extractant, have a levelling effect on the extracting power
of nucleophilic extractants of different structures. This
effect can be expressed quantitatively by a linear relation,
which makes it possible to describe80'107 the sets of data for
systems in which the structure of the extractant and the
nature of the diluent are varied simultaneously by equations
with a "cross" term of the type

+ ρΣσ + άΙΌΣσ. (15)

For example, the set of constants for the extraction of plu-
tonium(IV) nitrate by neutral organophosphorus compounds
(NOPC) is described106'107 with a high accuracy by the
equation lg Kpu = -0.18 + 3.03Σσψ + 0.30 ID-0.33 ΙΌΣΟχ.
Equations of a similar type also describe the large set of
constants for the extraction of nitric acid and uranyl nitrate
by NOPC, sulphoxides, and arsine oxides of different struc-
ture in different diluents80 and also the extraction of HNO3
by substituted ammonium salts.19»50

The use of Eqns.(13)—(15) makes it possible to predict
reliably the extracting power of extractants of different
structure in various diluents using tabulated values of ο* ,
σ*, £g, and ID, which is done for the selection of extraction
systems with optimum composition as regards extractant and
diluent. 70,82~8'· Such prediction has been adequately achieved
for a series with a constant functional group of the extrac-
tant. When the functional groups are varied, the changes
in the sensitivity coefficients in equations of types (13)-(15)
have so far been understood only qualitatively. The task
of the future development of a theory is the development
of methods for the quantitative estimation of the influence
of the replacement of the functional groups of the extractants
themselves on the coefficients of Eqns. (13)—(15).

The Influence of the Nature of the Anions and Cations
Participating in the Extraction

It has been established that the extraction by amines of
anions in the form of acids via the neutralisation reaction85

or in the form of ionic associated species when quaternary
ammonium salts or complexes of metal salts of crown ethers
are extracted depends on the parameters of the hydration
of anions AGhydr in accordance with the equation lg Κ =
α + AGfcydr. The quantities AGnycir f° r ~80 different anions
have been evaluated by the appropriate treatment of a large
set of extraction data27»53 (Table 2). Using the parameters
in Table 2, it is possible to predict the influence of the
changes in the nature of the anion on the extraction con-
stants.

When the anions A~ and X~ are exchanged, i.e. in extrac-
tion via reaction (5), the extraction constant can be expressed
by the equation

lg/C = x(AGA— AGx) (16)

The correlation equations of type (16) have been compiled
and the factors influencing the selectivity coefficient κ have
been analysed.52'53 Numerous examples of the use of equa-
tions of type (16) have been published.86"90

In order to estimate the influence of the nature of the
anionic ligands on the extraction of salts of "hard" cations
and acids via addition reactions of type (1), it has been
suggested92 that the Edwards nucleophilicity parameters
Η be used in combination with equations of the type lg Κ =
a + bH, where α and b are sensitivity coefficients which are
constant within the limits of a series of extraction systems

differing only in the nature of the anionic ligands. Examples
of such relations for the extraction of acids and uranium (VI)
salts (from solutions in identical acids) by substituted
ammonium salts and also the parameters Η have been pub-
lished in reviews.1"»17

It has also been found that the LFE principle holds for the
extraction of "hard" cations via type (1) reactions by nucleo-
philic extractants93 and the possibility of predicting in a
number of instances the extraction constants with the aid
of an equation of the type lg Κ = α + ibIE, where IE are
empirical parameters (the "influence of the element") charac-
terising the "hard" cations, has been demonstrated. This
approach agrees with the ideas developed independently in
a study№ where it was suggested that the parameters of the
empirical /jyj scale be used as parameters characterising the
cations. The possibility of this application of the param-
eters %[, calculated by Petrukhin and Borshch,108 charac-
terising "soft" cations has been recently demonstrated for
the extraction of such cations.

The Joint Influence of the Nature of the Anions and Diluents

In the absence of specific solvation, the values of lg Κ for
the extraction of acids via neutralisation reactions vary
linearly with the parameters ID . For systems of this type,
the slope of the plot of lg Κ against AGj^V(jr is almost inde-
pendent of ID*, which makes it possible to describe large
sets of data with the aid of two-parameter linear equations
without cross terms. For example, the equation

lg KH A = 16.51 + 1.196ID* + 0.181AGnydr

is valid90 for the extraction of acids incorporating different
anions by solutions of trioctylamine (TOA) in different
diluents. Equations of this type are valid in the absence
of appreciable specific solvation (ID i —0.6). When speci-
fically solvating diluents are used, the coefficient of AG^V(j r

may decrease on passing to the most electrophilic diluents-
alcohols , chloroform, etc. K

The Influence of the Quantitative Composition of the Aqueous
Phase

Such influence can be described with the aid of equations
of the type lg D = a + blAP, where α and b are coefficients
which remain constant within the limits of a series of systems
differing only in the composition indicated and IAP is a
parameter characterising the composition of the aqueous
phase.17 Examples of the employment of the parameters
IAP for the calculation of partition coefficients have been
published.109"115

All the equations examined above, which make it possible
not only to predict the extraction constants for different
systems but also to describe with the aid of a small number
of equations large sets of data, which is only important in
connection with the continuing increase in the volume of
information on extraction equilibria.

Equilibrium Partition in Extraction by Mixtures of Extractants

In order to enhance the extraction properties, synergistic
mixtures are sometimes used. Mixtures of acids and neutral
extractants are commonest. The increased extracting power
of such mixtures is explained by the formation of adducts
of the neutral extractants with the hydrophobic metal salts
formed by the acid extractant. Many investigators still
continue to carry out laborious experiments in order to
determine the influence of the nature of the diluent on
extraction constants by such mixtures disregarding the
fact that simple relations have been established whereby one



800 Russian Chemical Reviews, 56 (8), 1987

can predict the positions of such equilibria without carrying
out experiments or with a minimal number of experiments.
It has been established that lg Κ usually decreases linearly
with increase in ID for the diluent, falling more steeply than
for the individual acid extractants: 1 1 6 the fall is determined
by the sum of the effect of the diluent on lg Κ for the acid
extractant and lg Q (the formation constant of the adduct),
which also decreases linearly with increased ID . As for
acid extractants, the slope of the dependence of lg Κ on ID
diminishes as the extractant becomes more hydrophilic,
because the contribution of the changes in Ρ ο increases in
this case.

A change in the nature of the neutral extractant forming
part of the composition of the mixture influences the syner-
gism as well as the extracting power of the extractant itself,
i .e. this influence can be predicted with the aid of the
parameters a±, σ*, and Eg.

3. The Selectivity in the Separation by Extraction of Elements
Having Similar Properties

The survey of a large number of data on the practical
application of extraction shows that the factors influencing
the separation of elements with relatively similar properties
are frequently not the same as the factors influencing the
thorough elimination of poorly extractable impurities from
readily extractable elements. For this reason, in these two
cases it is desirable to carry out separately the analysis of
the factors influencing the selectivity of the extraction.

The problem of the separation of elements with similar
properties preceded historically a second problem, which
might have been solved by a simple repetition of the extrac-
tion cycles and has arisen solely because of the requirement
for economy.

On the other hand, the separation of elements with rela-
tively similar properties has engaged the attention of chemists
over several decades.

As noted above, the first step in choosing a selective system
involves the choice of the functional group of the extractant
and the composition of the aqueous phase on the basis of the
available information about the complex formation. The next
step is to optimise the structure of the extractant and the
nature of the diluent in order to increase the separation
factor, which is especially important when the elements to be
separated have similar properties. For this purpose, the
extraction equilibria are analysed with the aid of the Law of
Mass Action (LMA) and LFE.

It follows from the LMA that the partition coefficient of the
extracted element is proportional to the concentration of the
extractant raised to a power equal to the solvation number.
For this reason, as the concentration of the extractant rises,
the value of D for the element forming the higher solvate
increases faster than that for the element which forms the
lower solvate. Therefore, if the first element is extracted
no less effectively than the second, it is evident that the
separation factor will increase with increasing extractant
concentration, while in the opposite case it will fall. For
example, plutonium(IV) is extracted in the form of a disolvate
by an amine in nitrate systems, while uranium(VI) is extrac-
ted as the monosolvate, plutonium(IV) being extracted more
effectively than uranium (VI). The separation factor
Pu(IV)/U(VI) in this system can therefore be appreciably
improved by increasing the extractant concentration. This
is also characteristic of the extraction of plutonium(IV) and
uranium (VI) by acid extractants of the type of thenoyltri-
fluoroacetone with which plutinium(IV) reacts to form 1: 4
compounds, while uranium(VI) forms 1:2 compounds.

Next, for the same solvation numbers and for approximately
equal capacities for being extracted, the separation factor
can be increased by saturating the extractant with the main
element present in excess. The concentration of the free
extractant then diminishes and the degree of extraction of
the impurity element diminishes correspondingly according
to the LMA. If the excess of the main element is small, it
can be generated artificially by devising an appropriate
arrangement of flows ensuring the return of part of this
element to the cycle after purification. The effectiveness
of this procedure, referred to as the reflux process, has
been demonstrated117'119 etc. The data presented demon-
strate the fruitfulness of the application of the LMA to the
selection of the optimum conditions in extraction purification.
The use of the LMA for the analysis of extraction conditions
was initiated in our country by Fomin9 who, starting in 1955,
has used and vigorously advocated this procedure which
has been adopted by many investigators.

The employment of equations based on the LFE principle
is also very fruitful. Thus, when the structure of the
extractant is altered, it is necessary to analyse the influence
of various factors in terms of the expression

Β 1,2 = α + ί>Σσ* + cZEg,

where βχ 2 is the separation factor for the elements (1) and
(2). This expression can be obtained from Eqn.(13) bearing
in mind that lg β1 > 2 = lg Di-lg D 2 . Analysis with the aid
of this expression, for example, of conditions governing the
separation of the tervalent actinides, which have similar
properties, in extraction by substituted ammonium nitrate
has demonstrated120 a relatively high and positive value of the
coefficient of Σ σ* and a low value of the coefficient of EEg.
This led to the conclusion120 that extractants with (as far
as possible) a positive value of Σ σ* should be used and at the
same time one should have an amine with a high value of
| ΣΕ^ | in order to attain a fairly high value of D. Indeed,
among tertiary amines, methyldioctylamine is more selective
than trioctylamine, whereas for trialkylamines with a longer
chain Σ σ* = const, while diminishes and the values of
B1 ) 2 therefore differ little.

In certain systems where only one structural factor is
varied, an increase in the partition coefficient is observed
following an increase of steric hindrance. For example, the
separation factor Pu(IV)/Th(IV) increases on extraction with
trialkylamines50 in accordance with the equation

lg 3 = a-blEs.

However, this is true for identical solvation numbers. For
different solvation numbers, analysis of the data on the basis
of the LFE principle and the finding that for each compound
the slope of the dependence of lg β on the parameters σ* and
Eg increases with increasing solvation number enabled us in
1978 to formulate the following rules1 7 which determine the
influence of the structure of the extractant, the nature of the
diluent, and the nature of the anionic ligand on the selectivity
of the extraction process.

1. For a series of extraction systems differing solely in the
nature of the metals extracted but characterised by the same
solvation numbers, the same composition of the complex
extracted, and the same type of nucleophilic extractant, the
selectivity in the extraction of these metals increases follow-
ing the changes in the inductive and steric effects of the
substitutentt associated with the increase in Σ σ* or the
decrease in ΣΕ|.

tThis rule has been formulated earlier also in other
studies. 1 2 1 ' 1 2 2
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2. If the complexes of two elements extracted in the given
extraction system have different solvation numbers, then
the change in the nature of the substituent leading to an
overall decrease of the extracting power (increase of Σ σ ,
decrease of Σ Eg) entails a fall in the selectivity of the
extraction if the element whose complex has the smallest
solvation number differs also by having a smaller capacity
for being extracted and increases if the element is extracted
more effectively than the element whose complex has the
higher solvation number.

3. For systems in which the influence of the. diluent can
be expressed by the dependence on ID for identical solva-
tion numbers of the two elements extracted, the selectivity
of the extraction by the given nueleophilic extractant
increases with decrease in the parameter ID for the diluent,
i .e. with increase in the ability of the diluent to solvate the
nueleophilic functional group of the extractant.

4. If the compounds of the salts of the two metals are
characterised by different solvation numbers, then the
selectivity increases with increase in ID, provided that the
complex with the higher solvation number corresponds to the
more effectively extracted element.

5. In cation exchange reactions, the increase in ID* hinders
the reactions involving the conversion of acids into metal
salts and reduces the selectivity of the extraction of the
latter (for equal solvation numbers).

6. In an anion exchange reaction, the increase in ID*
favours to a greater extent the occurrence of reactions lead-
ing to the formation of more polar compounds in the organic
phase, i .e. the increase of ID tends to increase the selec-
tivity of the extraction of the anions of the stronger mono-
basic acids from a medium comprising weaker acids and of the
extraction of singly charged ions from a medium comprising
doubly charged and multicharged anions.

7. The selectivity of the extraction for a pair of elements
where the cation of one element is "hard" while the other
is a "soft" Lewis acid, can be increased by going over to
anions with a higher value of Η in those cases where the
"hard" element is extracted more effectively or by going
over to anions with a low Η where the "soft" element is
more readily extracted.

When the two anions to be separated are extracted by the
anion exchange mechanism, the selectivity is determined by
the anion exchange extraction constant for the given pair
of anions, which is determined by Eqn.(16). It has been
established that the coefficient κ in Eqn.(16) depends on
the nature of the extractant cation and in a non-specifically
solvating diluent is 0.235 for quaternary ammonium bases;
for tertiary amines, it amounts to 0.16—0.18. The selec-
tivity of the extraction of anions falls sharply when a speci-
fically solvating electrophilic diluent is employed, because,
as mentioned above, when highly solvating diluents such
as octyl alcohol are employed, the dependence of lg Κ or
^(?hydr is weak and the selectivity of the separation of singly
charged anions is correspondingly low.52

Using Eqn.(16), the A G h v ( j r scale, which is known for ~80
anions, and the coefficients κ determined for -80 series of
systems, it is possible to predict the selectivity in the extrac-
tion of anions for different combinations of 80 anions in 80
series, i .e. for ~7.5 χ 105 different extraction systems. It
has been shown27'53 that, with the aid of the "OPAG" pro-
gram, it is possible to determine not only the 7.5 χ 10s anion
exchange extraction constants but also the accuracy of each
prediction for a specified fiducial probability. This result5 3

is apparently the most striking example of the effectiveness
of the application of the LFE principle to the prediction of
extraction constants.

4. Properties Associated with the Interaction at the Interface
and Determining the Extensive Separation of Elements Having
Different Properties

The principles governing the prediction of the extracting
power examined above have proved applicable to the pre-
diction of the surface-active properties of extractants and
diluents at the interface1 2 3"1 2 7 and to the estimation of the
optimum conditions governing the extensive separation of
elements with different properties.

The interfacial tension is a property on which depends the
rate of separation of two phase systems into different layers
in extraction apparatus, which determines the productivity
of the extraction equipment. It has been established that
the interfacial tension γ at the water—diluent interface
decreases with increase in the parameter ID for the diluent.
For solutions of nueleophilic extractants, γ increases with
increase in the above parameter.1 2 6 '1 2 7 All the nueleophilic
extractants are surfactants. The energy of their adsorp-
tion at the interface W, which determines the interfacial
tension γ, varies linearly under these conditions with the
sum of the Kabachnik parameters for the substituents at the
nueleophilic centre, for example at the P=O group. 1 2 5 If
the extractant is a salt of an amine or a quaternary ammonium
base, W varies linearly with Σ σ* and ΣΕ§ for the substituent
and, when the nature of the anion is altered, then W varies
linearly with the parameter 4G. . for the anion of the sub-
stituted ammonium salt.1 2 8

The above findings can be understood if account is taken
of the fact that the surface activity of the nueleophilic
extractant, expressed by its adsorption at the interface, is
determined by the same factors as its extracting power, i .e.
the basicity of its functional group. Any factors which
reduce this basicity (the replacement of the substituents at
the functional group, its solvation by the diluent, and the
change in the nature of the anion of the substituted ammon-
ium salt, which is itself a functional group) reduce also the
surface activity. The binding of the nueleophilic functional
group on formation of the solvate via a type (1) reaction has
a particularly marked influence. For example, it has been
shown129"131 that the formation of the disolvates UO2(NO3)2.
.(TBP) 2 , Th(NO3) l ((TBP)2, and Pu(NO3)^(TBP)2 in the
extraction of the nitrates of these elements by tributyl phos-
phate (TBP) very greatly reduces the interfacial activity in
the corresponding extraction system.

These findings, combined with the parameters ID*, σ, Ε | ,
and AGfcydr are also used to optimise the structure of the
extractant and the nature of the diluent in order to take
into account the changes in the surface properties occurring
under these conditions.69»132 The equations based on the
LFE principle for the prediction of the interfacial activity
and the factors governing the separation of extraction
emulsions into layers have been surveyed.1 2 3 The possibility
of predicting the interfacial tension confirms the effectiveness
of the LFE concept as a means whereby the properties of
extraction systems can be predicted.

The application of external electrical and magnetic fields
influences markedly the properties of the interface. These
phenomena, which may be employed in the extraction tech-
nology of the future, are at present in the initial stage of
their investigation.133»131*

If two elements have markedly different partition coeffi-
cients then, in principle, having ensured a sufficient number
of stages in the washing of the extract under conditions
where the extraction coefficient of the valuable element is
greater than unity and that of the impurity element is much
less than unity, one can expect the attainment of separation
(purification) factors as large as may be desired. In reality,
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the purification coefficient attainable in practice is usually
limited to 105—106 even when the impurity element virtually
is unextractable under the selected condition. The explana-
tion is that, after the separation of the main bulk of the
impurity, a small proportion of the latter remaining in the
extract (ΚΓ1*—1(T5) is retained by it and cannot be washed
out.

This may be caused by the mechanical entrainment of this
part of the impurity in the form of a microemulsion of the
aqueous phase in the organic phase, in the form sorbed on
some kind of entrained solid microparticles, in the form of a
complex with a microimpurity in the extractant capable of
extracting the impurity element, and in the form of a complex
with some kind of anion present as a microimpurity in the
aqueous phase and forming an extractable compound with
the impurity element.

The probability of the formation of microemulsions as well
as the entrainment of solid microparticles increases with
decrease in the interfacial tension, i .e. with increase in the
surface activity of the component of the extraction system at
the interface. For this reason, an increased degree of
purification is promoted by any measures which reduce the
interfacial surface activity. We shall consider this postulate
in relation to extraction by trialkyl phosphates. When
account is taken of the characteristics of the influence of
the structure of the extractant on the interfacial activity,
mentioned in Section I, the parameters σ φ of the substituents
(Table 3) permit the conclusion that an increase in the length
of the alkyl chain of trialkyl phosphates (TAP) entails an
increase in the interfacial tension. This factor, together
with those examined above (Section II, 1), must be taken
into account in selecting the optimum chain length. Evi-
dently the increase in the length of the alkyl chain should
improve the conditions for extensive purification at the
extractant stage. At the same time, an unduly great
increase in the length of the alkyl chains of the TAP can
give rise to difficulties in other operations in technological
schemes, for example in the washing out of the products
of the hydrolysis of the TAP by alkaline solutions.1 3 5 The
optimum length of the alkyl chain of the TAP is chosen69 in
such a way that the best extraction conditions are ensured
simultaneously with sufficiently effective remaining operations
of the extraction cycle.

It is useful to employ a diluent with a high ID*, other
conditions being equal, because it has been shown126'127 that
this tends to reduce the interfacial activity.

Systematic investigation of the influence of various factors
on the interfacial activity has shown129"131 that the binding
of the extractant in a solvate complex with a metal salt
reduces its surface activity to that of the pure diluent and
the overall surface activity is determined by the presence of
the free extractant. From this, it follows that the satura-
tion of the extractant by the salt of the metal extracted is
essential not only for the suppression of the extraction of
impurity elements with similar properties (see above) but
also for the attainment of a high degree of elimination of
mechanically entrained non-extractable impurities (in the
form of microemulsions or solid particles). It is noteworthy
that the removal of mechanically entrained impurities—ele-
ments incapable of forming stable complexes—can increase
the degree of purification not only in the extraction stage
but also in the course of subsequent operations, provided
that the latter are based on complex formation, extraction,
or ion-exchange sorption of the impurity element.

In view of the strong influence of the formation of an
emulsion on purification during extraction, increasing atten-
tion is being devoted to this problem. Interesting results
have been obtained by Moyer and McDowell136 and Yagodin

and Tarasov.1 3 7 Ideas concerning the factors influencing
emulsification, developed initially for petrochemical processes
and the protection of the environment and surveyed in a
number of communications,138"11*0 are fully applicable to
extraction processes.

The type of emulsion has a marked influence on the emul-
sification and on the separation of the emulsion into layers.
The formation of a microemulsion is more probable in the
continuous phase and is less likely in the disperse phase.
On the other hand, if the microparticles entrained by the
organic phase or concentrated at the interface are more
effectively wetted by the aqueous solution, then they are
more effectively separated if the organic phase is the con-
tinuous phase in the extraction process. Useful data about
the factors influencing the rate of separation of the phases
into layers as a function of the type of emulsion, the hydro-
philic properties of the solid particles present in the system,
and the length and the degree of branching of the alkyl
chains of the extractant have been published.1 3 6

Microimpurities in the extractant, which, as stated above,
can be the second cause limiting a high degree of purifica-
tion, may be formed following the slight decomposition of the
extractant in the cycle and are usually removed in one of
the operations of the cycle as a result of dissolution in the
aqueous phase. In order to assess the possibility of remov-
ing the microimpurity, one can employ equations relating P o

to the structure of these compounds and the nature of the
diluent. For example, it is possible to assess in this way the
possibility of the "automatic" removal in the given cycle of
admixtures, harmful to the purification process, of acid
alkyl phosphates formed as a result of the hydrolysis of
trialkyl phosphates or salts of primary amines which are
produced on decomposition of extractants of the type of
trialkylamines. Evidently the chain length of the nucleo-
philic extractants should be optimal, i .e. such that its solu-
bility in water is sufficiently low and the solubility of the
harmful decomposition product sufficiently high for removal
from the organic phase during the operation of the extraction
cycle.

These considerations are used in selecting the optimum
structure of the extractant, the nature of the diluent, and
the extraction conditions in order to obtain especially high
purification coefficients in extraction cycles. As the tech-
nology develops, the requirements for the preparation of
ultrapure materials will probably increase and an increase in
the separation factors to 109 and above will be needed. For
this reason, further search for methods whereby the degree
of separation of elements with different properties can be
increased for a minimal number of operations should remain
of crucial importance in the future.

I I I . OPTIMISATION OF THE STRUCTURE OF EXTRACTION
SCHEMES

1. Schemes With a Countercurrent (Structure, Modelling,
and Regulation)

Schemes with a multistage countercurrent of aqueous and
organic phases satisfy most completely the requirements for
a high degree of extraction. Modern technological schemes
are frequently characterised by a complex structure of the
flows, organised in such a way that a high degree of satura-
tion of the extractant by the target element can be achieved
when necessary (as mentioned above, this is essential for the
improvement of purification) or the part of the valuable com-
ponent washed out together with the impurities during the
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washing of the extractant can be returned to the system for
re-extraction.

The boundary conditions governing the operation of any
scheme consist in the requirement that the concentration of
the metal extracted in the organic phase should not exceed
the capacity of the extractant and that the concentration in
the discarded solution should not exceed the specified losses.
Furthermore, as a rule the process should be stationary, i .e .
there should be no changes in the accumulation of the element
in any part of the countercurrent apparatus as a function of
time. To test that these conditions are maintained and that
the optimum current scheme can be selected, it is necessary
to calculate the distribution of all the components among the
different stages of the scheme in the steady-state regime;
it is frequently essential to estimate the redistribution of the
components among the stages for particular deviations from
the nominal regime (in order to develop control and regula-
tion systems). In certain instances, it is preferable to
employ semicontinuous schemes in which the valuable com-
ponent is deliberately accumulated (as a function of time) in
a particular stage of the countercurrent apparatus.11*1 It is
then also necessary to estimate the distribution of the element
or compound extracted among the stages taking into account
in addition also the process time.

All the calculations indicated are carried out with the
iterative formulation of the material balance equations at
each stage taking into account the partition coefficients
among the stages at the concentrations of the components
yielded by the calculation. The use of mathematical modelling
for calculations on countercurrent extraction processes was
initiated in the USSR approximately 25 years ago by Fomin
and Rozen and co-workers lh2' lk3 and at the present time this
field has been greatly improved as a result of the efforts of
a large number of investigators—both chemists and mathe-
maticians. 1¥t~151 When the number of stages is large, the
calculations are laborious, but nowadays they can be success-
fully performed with the aid of computers. For example,
calculation on a computer of type EC-1055 sometimes takes
several tens of minutes, a period which is acceptable for the
calculation of particular regimes in the planning or develop-
ment of the process but is much too long if the calculation
is performed in order to control the process. For this
reason, the construction of high-speed computational schemes
constitutes an urgent task for the further development of
models. An example of the creation of a high-speed algor-
ithm for calculations on countercurrent extraction is provided
by the study of Rozen and Zel'venskii.152

The first models included partition data obtained on the
basis of the LMA; they require the knowledge of a large
number of constants (the extraction constants and the
stability constants of all the complexes in the aqueous phase)
and the activity coefficients of all the compounds present
in the system. Subsequently much attention was devoted
to the creation of purely empirical models with the smallest
number of constants requiring determination. For the
distribution of microconcentrations, the model consists of the
IAP function (see above) to which the partition coefficients
D are linked (on the basis of the LFE principle) by a simple
linear relation. A characteristic feature of the IAP function
is that it is the same for a series of elements with similar
properties, for example, for the extraction of UOl+. WC«2+>
MoOf", PuO| + , and Ν ρ θ | + or for V1**, Pu*+, 'Np*+, Th" + , and
Hfl*+. In all complex cases, for example, in the case of the
simultaneous extraction of several elements at macrocon-
centrations, one can employ purely empirical formulae fitted
to the dependence of D on the contents of different com-
ponents in the solutions. These relations frequently proved
to be simpler and more accurate than those based on the LMA.

The countercurrent distribution models, constructed using
these formulae, made it possible to devise algorithms and
programs for computer calculations which are very fast to
execute.1

in systems for which there are large sets of experimental
data, the "formally rigorous" descriptions of the equilibrium,
having the form of the LMA but including a number of
assumptions based on empirical relations, are also used.
Such successfully realised models include those taking into
account the surface density of the hydration of cations,
a concept developed in a number of studies,1*0'153'151* or
including the extraction "constants" expressed by an empiri-
cally fitted function of the composition of the aqueous
phase.1*3·1*

The use of mathematical models for apparatus with discrete
stages makes it possible to determine the structure of the
control system on the basis of the measurement of the loca-
tion of the front of the extracted element in the counter-
current apparatus choosing for this point the stages between
which the concentration gradient is greatest.

The use of mathematical models for apparatus with discrete
stages permits the calculation of the concentration at each
stage under different conditions, 15*>155 including those where
the normal process conditions are infringed, and thus permits
the estimation of the results of possible infringements.

For column (non-discrete) countercurrent extractors, the
creation of a mathematical model for the distribution along
the height of the apparatus is more complicated, because
such distribution is much more subject to the influence of
both kinetic and hydrodynamic factors, such as the possible
changes in the "arrest" of the disperse phase, when the
flow rate of the solutions and the supply of external energy
for the dispersion of the phases are altered. The develop-
ment of models for such apparatus is an important task,
because column extractors, together with extractors of the
mixing-settling type, are widely used in practice. 1 > 1 5 e

An important task in the field of the modelling of counter-
current extraction is as far as possible a more accurate
quantitative description of the dependence of the distribution
of all the components of the system of interest to technology
on its composition. This requires further study and
description with the aid of suitable empirical formulae of the
experimental data obtained for the distribution of different
elements which are of interest and which are re-extracted as
the technology develops. The most detailed studies on these
lines have been carried out for the description of the dis-
tribution of actinide elements and elements which are fission
products.

2. Periodic Extraction, Membrane Extraction, and Extraction

Chromatography

Countercurrent extraction is not the only possible extrac-
tion scheme. In certain cases it may prove useful to employ
also other schemes for extraction processes. If it is neces-
sary to employ an extractant with a comparatively high solu-
bility in the aqueous phase or one which is particularly
scarce, whose losses must be reduced to a minimum, and also
in the case where it is necessary to reduce to a minimum the
access of the extractant to the aqueous solution (for example,
in extraction from biological liquids), one can employ mem-
brane extraction. 1 5 7 In this variant, the extractant is
separated from the aqueous solution by a thin semipermeable
partition. To accelerate the process, whose characteristic
features hardly differ as regards partition from those of the
usual extraction, an electrical potential difference is applied
to the system. The development of the theoretical principles
of this process is of great interest.
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A novel method, called "emulsion membrane extraction",
began to be developed during the last decade.158»159 It makes
it possible to combine extraction with re-extraction. The
method consists in incorporating initially the solution to be
re-extracted in the extractant phase in the form of a stabi-
lised emulsion of the water/oil type. The resulting mass is
then dispersed in the aqueous phase to form an emulsion
comprising drops of the extractant with smaller drops of the
re-extractant incorporated in them. As a result of this,
extraction and re-extraction take place simultaneously, which
ensures a high extraction coefficient per extraction stage.
The possibilities of this method are still being investigated159

and will probably be limited by the requirement that suffi-
ciently stable emulsions of the re-extractant in the extractant
be obtained. The choice of the appropriate emulsifying
agent is apparently the main problem. The growing interest
in emulsion membrane extraction is indicated by the appre-
ciable growth of the number of publications on this question
during recent years. 1 6 0" 1 6 3

Extraction chromatography, a method in which the extrac-
tant is deposited on a solid carrier, occupies the boundary
between extraction and sorption. 1 № Here the characteristics
of the partition are the same as in extraction. The factors
influencing the equilibrium partition quoted above are appli-
cable to this process. As regards kinetics and apparatus,
the method is closer to sorption processes.

3. The Choice of the Composition of the Aqueous and Organic
Phases for a Waste Free Technology

As noted above, a characteristic feature of extraction
methods is the almost complete absence of the consumption
of the reagent and hence of salt waste. For this purpose,
one selects extractants which possess a sufficient but
moderate extraction power so that re-extraction can be
carried out with water without using complex-forming agents
and other reagents. The extracting power must be such
that there is no need to employ a salting-out agent in the
extraction stage. For example, very weak extractants—
carboxylic acid esters—require the addition of salting-out
agents (nitrate salts) in order to extract uranyl nitrate,
although the re-extraction is carried out with water.1 6 5 On
the other hand, trioctylphosphine oxide extracts uranyl
nitrate effectively from dilute nitrate acid but the re-extrac-
tion with water is impossible; it is necessary to employ a
solution of complex-forming agents. 1 6 6 The optimum extrac-
tant is in this case TBP—the extraction is from a 2-3 Μ ΗΝΟ3
solution and the re-extraction is carried out with water.
There are no reagents other than HNO3, which can be con-
centrated (distilled) from the refined product and returned
to the cycle.

Similar approaches are necessary also in the extraction
of other elements: this is achieved by selecting extractants
of appropriate strengths. Thus the introduction of salting-
out agents is necessary to extract americium or the lanthan-
ides from nitrate solutions by tributyl phosphate. However,
stronger bidentate extractants1 0 1"1 0 5 or phosphoric triamides167

extract these elements from 2-3 Μ ΗΝΟ3 and permit re-extrac-
tion into water.

The extraction of elements such as caesium is still more
difficult. As mentioned above, a solution involves the
employment of polydentate extractants in which the simul-
taneous operation of all the functional groups is ensured by
the cyclic structure of the extractant skeleton (crown).
These extractants are able to extract caesium and strontium
from nitric acid solutions without the use of salting-out
agents in re-extraction with water. 168>169

In the specific selection of the optimum structure of
the bidentate extractant and of the diluent, one can be
guided by the rules described above (Section II ) .

A promising method for the removal of reagents involves
the use of electrochemical re-extraction methods, which are
at present in the stage of intense research, where the ele-
ment is converted into a non-extractable valence state by
passing an electric current through the solution.1 The
use (in order to change the valence of the extractable
elements or the degree of formation of their complexes) of
gaseous reagents or reagents which would decompose into
gaseous products as a result of the reactions is of interest. 170

Although extraction systems as a whole are usually almost
reagent free, a small source of salts which might then be
transferred to the waste is the operation involving the
regeneration of the extractant; this is sometimes carried
out to eliminate the microimpurities accumulated after the
prolonged use of the extractants, consisting of the products
of the decomposition of the extractants which might interfere
with the high degree of purification of the valuable elements.
A traditional procedure for the elimination of traces of
acid decomposition products from NOPC involves washing
with solutions of sodium carbonate and alkaline—salt reagents.
There has been a growth of interest in the replacement of
these operations by sorption or the use of reagents which
decompose to gaseous products. 1 7 0 In the development of
methods for the removal of such impurities, the ideas, con-
sidered above, concerning the factors influencing physical
partition and the stability of the complexes in extraction
systems are employed.

4. The Use of Kinetic Factors. Reactions in the Organic
Phase

During the last 10-15 years, the kinetics of extraction
have been the subject of numerous studies, which have been
surveyed in greatest detail in the monograph of Yagodin and
co-workers.1 Λ The main results of the research into the
kinetics has been the discovery of new characteristics of
the mechanisms of the processes. For example, it has been
shown175 that one of the causes of the formation of micro-
emulsions of water in the surface layer of the organic phase
is the faster mass transfer of the extractable compounds
from the aqueous to the organic phase than their dehydra-
tion, which then occurs in the surface layer and leads to the
liberation of water in the form of the microemulsion. The
discovery of the mechanism of the catalytic action of certain
impurities or additives on the rate of extraction, which
makes it possible to find ways for accelerating the processes,
is of great importance.171*'176 Without repeating the numerous
examples of the employment of data for the kinetics of
extraction in technological schemes, quoted by Yagodin and
co-workers,171f we may note certain additional factors stimulat-
ing the development of kinetic studies.

(a) Relatively slow processes occurring when the phases
are allowed to stand, for example, the decomposition of
reductants when extracts are allowed to stand, which lowers
the efficiency of the reductive extraction of plutonium in
the scheme designed to separate it from uranium, have been
observed.1 7 7

(b) A greater degree of decomposition of the extractant
has been found when the extract was allowed to stand in
contact with highly radioactive solutions.1 7 e

(c) The impurity element is slowly converted into an
extractable form on standing in the aqueous phase. 1 7 9
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In these cases it is useful to employ types of apparatus with
an increased rate of phase separation even if this entails
some increase in the complexity of their design or operating
costs.

It has been established that, when ρ hosphoryi-containing
extractants or substituted ammonium salts are used, the
rate of mass transfer under the conditions of vigorous
stirring of the phases is sufficiently high and the time
required to attain a degree of completion of the process of
90-95% does not usually exceed 1—2 s, i.e. the required
phase contact time is short compared with the phase separa-
tion time in the gravitional or even in a centrifugal field and
no measures are required to accelerate the mass transfer in
such systems using apparatus with discrete stages. The
kinetics of mass transfer in systems of this kind require
investigation mainly in relation to column extractors where
additional process acceleration would reduce the height of
the equivalent theoretical plate and hence the size of the
apparatus. This field of extraction kinetics has so far been
little developed and apparently requires more attention in
the future.

In a number of instances the slowness of the mass transfer
processes also in apparatus with discrete stages has been
demonstrated. For example, the extraction by acid reactants
is relatively slow. The studies on the use of added "cata-
lysts" accelerating this process, which have been initiated,
are of interest for such systems.1 8 0 Sometimes the reason
why the process is slow is the low interfacial surface activity
of the extractant. For example, the extraction of palladium-
(II) by dialkyl sulphides is a slow process, because an
extractant of this kind is hardly sorbed at the interface, as
a result of which its concentration in the reaction zone is
very low.176 In this case the catalyst may even consist of a
weak but surface-active extractant, which transfers the
palladium(II) compounds into the bulk of the organic phase,
where rapid reaction with the dialkyl sulphide can take place.

In most cases the rate of extraction depends on the ratio
of the interfacial activities of the extractant and the extrac-
table compound. Nucleophilic extractants are adsorbed
from the organic phase at the interface and such adsorption,
the extent of which increases with increase in the interfacial
activity (as noted above, this has been predicted), acceler-
ates the formation of the extractable solvate. Since metal
salts solvated by the nucleophilic extractant are usually
surface-inactive, they are readily desorbed from the inter-
face and pass into the bulk of the organic phase. This
explains the relatively high rate of extraction of metal salts
by the nucleophilic extractant already noted. If the extrac-
tant is associated in the organic phase, the degree of its
adsorption at the interface is reduced and there is a corre-
sponding decrease of the rate of extraction. Thus the
rate of extraction by associated substituted ammonium salts
is somewhat lower than the rate of extraction with, for
example, tributyl phosphate. The rate of re-extraction of
metal salts in such systems is usually somewhat lower than
the rate of extraction, probably because the concentration
of the surface-inactive solvate at the interface is very low.

The extraction of nucleophilic extractants from the
aqueous phase by surface-inactive solvents is a relatively
slow process, because, although the adsorption from the
aqueous phase at the interface is appreciable, the desorption
of the surface-active extractant molecules from the interface
to the bulk of the organic phase is hindered.

The slowness of the extraction of many elements by acid
extractants may be accounted for qualitatively by the low
degree of adsorption of these extractants at the interface
as a consequence of the formation of stable associated species
and the weak desorption of the extractable compounds from

the interface into the bulk of the extractant, because such
compounds frequently exhibit a high interfacial activity.1 2 3

Thus, to a first approximation, the influence of the inter-
facial properties predicted with the aid of the LFE principle,
can be used to explain the characteristic features of the
extraction and re-extraction in various technological systems.

The removal of the microimpurity entrained in the extract
by washing with an aqueous solution of a complex-forming
agent or a reductant is sometimes a slow process. The
process is slow because the impurity is wholly in the organic
phase, while the reagent is in the aqueous phase. The
traditional solution is to increase the phase contact time or
the number of stages and the concentration of the reagent.
We have shown181 that the employment of reactions in the
organic phase by introducing a reagent soluble in it (before
washing) is very effective in such cases. In a homogeneous
phase the process involving preparation for washing is much
faster than in a heterogeneous system, which in many
instances1 8 2 makes it possible to increase the separation
factors compared with those obtained as a result of tradi-
tional washing by 1—2 orders of magnitude without increasing
the contact time or the reagent concentration.

The use of kinetic factors to increase the degree of separa-
tion of elements in extraction when there is a significant
difference between the rates of their extraction after the
appropriate choice of conditions has also attracted the atten-
tion of investigators.3 3
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I. INTRODUCTION

Heteropolycompounds (HPC) have Dome to be widely used
as homogeneous and heterogeneous acid and oxidative cata-
lysts by virtue of their unique physicochemical properties.1"8

They are also of great interest as model systems for the
study of fundamental problems of catalysis. 1'1*'5 This is due
to the available of reliable data on the structure of the HPC,
the possibility of the specific variation of their acidity and
oxidation potentials, and the similarity of their catalytic
action in solution and in the solid state ("pseudo-liquid
phase" 1 ' 5 ) . As a results of studies carried out in the last
decade in the USSR and abroad, the scientific principles of
the selection of effective HPC catalysts have been formulated.
The high Brdnsted acidity of heteropolyacids (ΗΡΑ), greatly
surpassing in this respect the usual inorganic acids'* and
traditional acid catalysts, 5 is of fundamental importance for
catalysis. The use of HPC as catalysts of oxidation processes
is based on the reversibility of their redox reactions and
their ability to enter into many-electron oxidation-reduction

reactions. * Many new catalytic processes in which they par-
ticipate have been developed, including amongst others a wide
variety of processes involving fundamental and fine organic
synthesis, 3>l t'8 the preparation of hydrocarbons from metha-
nol, 2 > 7 the photochemical liberation of hydrogen from water. 6

Some of them have already begun to be used in industry abroad,
for example, the liquid-phase hydration of propene in the pres-
ence of tungsten ΗΡΑ 9 and the vapour-phase oxidation of meth-
acrolein to methacrylic acid on molybendum HPC. 5 In the
future the number of such processes will undoubtedly increase.
Catalysts based on HPC are characterised by a higher activ-
ity compared with their existing traditional analogues. With
their aid, it is frequently possible to achieve a higher selec-
tivity and also to solve successfully environmental problems.

This communication is devoted to the consideration of the
present state of one of the most important aspects of catalysis
by HPC—acid catalysis by ΗΡΑ. Attention is concentrated on
the discussion of the acid properties of ΗΡΑ in solutions and
in the solid state, their proton structure, and the character-
istic features of the homogeneous and heterogeneous acid

811
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catalysis. The use of HPC as oxidation catalysts has been
considered in a number of reviews. 3~6

I I . STRUCTURAL CHARACTERISTICS OF HETEROPOLY-
ACIDS IN THE SOLID STATE AND IN SOLUTION

ΗΡΑ and their salts are polyoxo-compounds incorporating
anions (heteropolyanions) having metal-oxygen ocathedra
MO6 as the basic structural units. They contain one or
several heteroatoms X, which are usually located at the centre
of the anion (central atoms). The MO6 octahedra are linked
together and form an extremely stable and compact skeleton
of the heteropolyanion (ΗΡΑΝ). The cations may be hydro-
gen, alkali metal, and other metal ions . 1 0 " 1 2 More than twenty
types of structures, incorporating from 4 to 40 metal atoms
and from 1 to 9 heteroatoms, are now known for molybdenum,
tungsten, vanadium, and niobium ΗΡΑΝ.1 2 The commonest
compounds, belonging to the saturated 12th series (M : X =
12) are of greatest importance for catalysis. They contain
ΗΡΑΝ having Keggin's structure

radius of the ΗΡΑΝ is ~0.6 nm. The anion contains 12 quasi-
linear M-O-M linkages between the octahedra forming part

A
of different M3O13 triads, 12 angular Μ Μ bonds between
the octahedra within a single triad, 4 Χ—Ο—Μ bonds whereby
the triads are joined to the central atom, and 12 terminal
M=O bonds. These bonds exhibit characteristic vibration
frequencies in the IR spectrum in the range 600-1100

cm- 1 . 1 0 " 1 2 ' 1 1 ·
Keggin's structure is fairly stable. It is preserved in HPC

hydration—dehydration and dissolution processes and also on
substitution of the metal in the ΗΡΑΝ, on replacement of the
outer-sphere cations, and in not too extensive oxidation-
reduction reactions. 1*' 5 ' 1 0" 1 2

A less common type of 12th series HPC consists of com-
X — 1 2

pounds containing the anions XM12Oi»2 , where Μ is molyb-
denum and X is cerium(IV), uranium(IV), or thorium(IV).
They have the Dexter-Silverton structure (Fig .2) . 1 0 The
central atom in these compounds is surrounded by 12 oxygen
atoms and is located at the centre of the eicosahedron. The
MO6 octahedra are located in pairs on the common face.

where X is the central atom (SilV, Q e I V , pV, AsV, etc.),
χ the degree of its oxidation, and Μ is molybdenum or tung-
sten, which can be partly replaced by other metals. ΗΡΑ
and their acid salts are mainly used in acid catalysis and the
neutral salts capable of generating strong acid centres on
interaction with the reaction medium are more rarely employed.7

The compounds considered are usually obtained by acidify-
ing an aqueous solution containing the salt of the hetero-
element and the alkali metal molybdate or tungstate with sub-
sequent isolation of the ΗΡΑ salt as the hydrate. The acids
can be obtained by extracting with ether acidified solutions
of the salts and also by ion exchange. 1 0

Figure 1. The structure of the heteropolyanion
(α-isomer). 1 3

The molecular structure of the 12th series HPC was estab-
lished by Keggin as early as 1934 by the X-ray diffraction
analysis of the hydrates of 12-tungstophosphoric acid. 1 3 This
study played the most important role in the understanding of
the laws governing the formation of the HPC structure. 1 0 ~ 1 2

Keggin's structure for the XM12O*0~
8 anion (ot-isomer) is

illustrated in Fig. l . It incorporates the central XO^ tetra-
hedron surrounded by 12 MO6 octahedra having common
vertices and edges. The MO6 octahedra are grouped in four
M3O13 triads, which are connected by common vertices. The

Figure 2. The structure of the hetropolyanion

Together with the saturated 12th series HPC, a wide
variety of derivatives of unsaturated series are known; the
11th series HPC XMU have a defective Keggin's structure,
in which one metal atom is missing, while the 9th series com-
pounds XM9 are obtained from the 12th series compounds by
removing the M3O13 fragment. They dimerise with formation
of dinuclear derivatives X2M18Of:2~16, having the Dawson
structure (Fig .3) . 1 0 The X2Mo18 structure is chiral as a
consequence of the slight shift of the Mo atoms relative to
one another in two XMo9 fragments (D3 symmetry). As a
result of this, the X2Mo18 compounds can be used as catalysts
in asymmetric synthesis (see below). In contrast to X2Mo18,
the compounds X2W18 possess no chirality and their symmetry
is higher, close to the D^ symmetry.1 0

The crystal structure of HPC consists of a three-dimen-
sional lattice made up of ΗΡΑΝ, the cations, and the molecules
of the water of crystallisation. In contrast to the rigid
molecular structure of the 12-heteropolyanions, it varies
within wide limits when their chemical composition and also
the conditions of their synthesis and heat treatment are
varied. ^

Water-soluble HPC (the acids and salts of many metals)
crystallise as hydrates containing a variable number of water
molecules (up to 30 and above). Most of the water of crys-
tallisation is readily removed on heating to 100-150 °C. 1 H
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This process is reversible, it is usually assumed that the
main bulk of the water of crystallisation is within the pores
of the HPC, as happens in zeolites.1Z The ΗΡΑΝ in the
hydrates are not linked to one another and their peeking is
achieved as a result of the formation of hydrogen bonds with
the molecules of the water of crystallisation. l f i~1 2 As a result
of this, the ΗΡΑΝ exhibits an appreciable mobility in the
crystal matrix. 1 S The water molecules in the crystal unit
Cfii.1 form clusters, because the hydrogen bonds between them
•rire stronger than those between the water molecules and the
oxygen atoms of the ΗΡΑΝ.1 2

Figure 3. The structure of the heteropolyanion X2M18O^f 1 6 . x 0

In the dehydration process Keggin's structure of the
12-heteropolyanions is retained, as has been confirmed by the
invariance of the IR spectra, but the cell parameters change
significantly. Thus, according to X-ray diffraction data, the
lattice constant of HatPWiPmjJ^SHaO is 2.33 nm, while
H3[PW12Oi»o].6H20 has a constant of 1.25 nm. ll> Thus, on
dehydration, the unit cell contracts and the distance between
neighbouring ΗΡΑΝ diminishes. Consequently, in this case
one cannot assume that the water of crystallisation is "zeolitic"
in nature. However, the removal of water from the insoluble
salts of the acid H3tPW12O lt0] hardly alters their crystal
structure and in this case the water of crystallisation can be
assumed to be "zeolitic".χι*

Like hydrates, HPC form crystalline solvates with molecules
of polar organic substances such as alcohols, ethers, ketones,
amines, etc. This property plays an important role in hetero-
geneous catalysis and is manifested in the behaviour of ΗΡΑ
as the "pseudo-liquid phase" 5 ' 7 (see below). The nature of
the solvates and the products of their thermal decomposition
have been investigated. 1 6

The thermal stability of HPC is fairly high. For acids with
Keggin's structure, it increases in the sequence Hlt[SiMo12Oit0] <
H3[PMo120,,o] < HJSiW^O^] < H3[PW12O^0], so that the last
acid decomposes at a temperature in excess of 400 °C. 1 7 The
salts are usually more stable than the acids. The thermal
stability of the HPC increases in the presence of water
vapour. 1 β

ΗΡΑ are as a rule readily soluble in water and water-con-
taining solvents. For example, the solubility of the acid
Η48ϊΜο12Ο,,0].8Η2Ο at 25 °C is 88 wt.% in water, 86 wt.% in
ethyl acetate, and 85 wt.% in diethyl ether. n The solubility

falls sharply when dehydrated ΗΡΑ and thoroughly dried non-
aqueous solvents are u s e d . 1 9 ΗΡΑ do not dissolve in solvents
such as benzene, petroleum ether, and chloroform.

The state of the HPC in solution depends on the acidity of
the medium, the composition and concentration of the com-
pound, and the nature of the solvent. 1*>10'11 Keggin's struc-
ture is retained in fairly concentrated solutions but in dilute
solutions account must be taken of the possibility of the
destruction of the ΗΡΑΝ. The ΗΡΑΝ exist in moderately
acid solutions, while in a stronger acid medium they undergo
acid hydrolysis with formation of metal oxo-cations. In an
alkaline medium hydrolysis with formation of the anions of
simple acids of the corresponding heteroatoms and metals
takes place. The resistance of the ΗΡΑΝ to hydrolysis in
aqueous solutions decreases in the series of metals W>Mo>V n

and increases in organic media."* Recently, significant pro-
gress has been achieved in the study of the state of HPC in
solutions as a result of the application of 3 1 P , 51V, 1 7O, 183W,
95Mo, etc. NMR. 1 0 The NMR method makes it possible to
identify ΗΡΑΝ of different structural types and also to detect
geometrical isomers without disturbing the equilibrium in the
system.

By virtue of their large size, ΗΡΑΝ have a low surface
charge density. For this reason, ΗΡΑ and their salts are
almost fully dissociated in aqueous solution and the ΗΡΑΝ are
weakly solvated. Nevertheless, saturated ΗΡΑΝ can func-
tion as ligands and can give rise to extremely stable com-
plexes with transition and lanthanide metal ions. Several
conveniently disposed peripheral M=O groups participate
simultaneously in the formation of such complexes. For
example, the stability constants of the complexes of anions
having the Dexter-Silverton structure, namely CeMo12o£j
and UMo^OfJ, with the cations Cu2 + and Er3 + are 105-106

litre ΐηοΓ 1 . 2 0 ' 2 1 The metal cations in these complexes are
linked to three oxygen atoms of the ΗΡΑΝ at once, and the
ΗΡΑΝ is thus a tridentate macroligand. Heteropolytungstates
having Keggin's structure form complexes with the cations
Fe 2 +, Fe 3 +, MoOf", VO2+, and VOj, characterised by a stabil-
ity constant of ~102 litre mol"1.2 2 The complexes of hetero-
polytungstates with hydrogen peroxide have been discovered
and characterised. 2 3 The complexes of metal cations with
defective anions of the type XMuand X2M1 7,

1 0 which have a
vacancy in Keggin's or Dawson's structure and exhibit a high
coordinating capacity, are well known.

The individual metal—oxygen fragments of the compact
structure of the ΗΡΑΝ are appreciably mobile and therefore
each can be regarded as a discrete ligand. The mobility of
the ligands in the ΗΡΑΝ has been established by studying
the "Mo, 185W, and 17O isotope exchange. 2H~27 It has been
demonstrated with the aid of the 3 2 P isotope that there is no
exchange of the central atom in ΡΜο12Ο^ό · 2 4 The kinetics
and mechanism of the substitution of W(VI) in the SiW12Oi*o
and PW120

3o anions by the VO2+, VOj, MoO|+, Fe2 +, and Fe 3 +

cations have been investigated. 2 2

I I I . ACID PROPERTIES OF HETEROPOLYACIDS

Heteropolyacids are strong polybasic acids, greatly sur-
passing in strength the usual inorganic acids. "* The basicity

of the heteropolyacids Β.6-χ[Χχ^(ζΟ^ύ], where Μ = Mo of W,
follows from Keggin's structure and has been demonstrated by
numerous direct measurements.1*'11'12

1. The Acidity of Solid Heteropolyacids

Two types of protons have been found in crystalline ΗΡΑ:
12,28-30 (-(j non-iocalised hydrated protons bound to one
ΗΡΑΝ as a whole and rapidly exchanging with the protons
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of the water molecules in the hydration shell of the acid;
(2) non-hydrated protons localised at the peripheral oxygen
atoms of the polyanion. When the water of crystallisation is
removed, dehydration takes place and all the protons become
localised. Thus water plays an important role in the forma-
tion of the proton structure of crystalline ΗΡΑ.12 It has
been suggested31 that the oxygen atoms of the angular

A
groups Μ Μ serve as the proton localisation centres
because the greatest electron density is concentrated on
these particular groups as a consequence of the weaker
reversed άν~ρΈ interaction. The majority of the spectro-
scopic (broad band XH NMR and IR) and structural methods
do not allow an unambiguous solution of the problem of the
site where the protons are localised in polyanions.x2 The 17O
NMR method is promising in this respect. Data2 6 '3 2 obtained
by this method confirm that the Ο atoms of the angular
bridges are protonated in solution. However, one should
note that different centres may protonated in crystalline and
dissolved ΗΡΑ.

The hydrated protons in ΗΡΑ hydrates with a high water
content exist in the form of dioxonium ions H5O2 and more
complex hydrates H+(H2O)n.

12>33'31* This has been established
by XH NMR and neutron diffraction methods in relation to
the hexahydrates of the acids PMo12 and PW12. The ion
H5O2 appears as a result of the formation of the strong
quasi-symmetrical hydrogen bond H 2O... H+ . . . OH2. In
the acid H3[PW12Oi»0] .6H2O, it has an almost planar struc-
ture. The 0—0 distance in the dioxonium ion is significantly
reduced owing to the formation of a strong hydrogen bond
and amounts to 0.237 nm. The dioxonium ion is linked by
hydrogen bonds via the protons of the water molecules to the
terminal oxygen atoms of the M=O groups in the ΗΡΑΝ.31*
We may note that, according to the available data, 3 5 in aque-
ous solutions of strong acids the simplest stable hydrate is
also the dioxonium ion and not H3O

+. The difference between
the H3O

+ and H5O2 ions is very small and is determined solely
by the degree of asymmetry of the H2O.. .H + . . .OH2 hydrogen
bond. If this bond is symmetrical, then the H5O2 complex
must be regarded as the dixonium ion and if it is assy metric
it should be regarded as the hydroxonium hydrate (H3O)+H2O.
Apparently such fine differences are not very significant for
acid catalysis.

The nature of the acid centres in solid ΗΡΑ has been estab-
lished by the method involving the adsorption of bases, mainly
pyridine.1·11*'18 Pyridine is adsorbed on strong Brdnsted acid
centres in the form of the pyridinium ion C5HSNH+, while on
the Lewis centres it is adsorbed in the form of a complex with
a donor—acceptor bond. The difference between the IR spec-
tra of these forms made it possible to establish that the entire
pyridine adsorbed on the ΗΡΑ exists in the form of the
pyridinium ion, i.e. the acidity of the ΗΡΑ is of the Brdnsted
t y p e . 1 · " · "

The following sequence of crystalline ΗΡΑ in terms of acid
strength has been established by XH NMR 3 0 and pyridine
and ammonia thermal desorption1'11*'18'36 methods (the ammonia
desorption temperatures in degrees C are indicated under
the formulae):

Quantum-chemical calculations have also shown that the
charge on the peripheral oxygen atoms increases when W is
replaced by Mo.37

Crystalline ΗΡΑ have a stronger acidity than traditional
solid acids such as aluminosilicates, H3POk/SiO2, etc. Thus
pyridine adsorbed on SiO2-Al2O3 is fully desorbed at 300 °C,
while on H3[PW12Oit0] it is strongly retained even at a
higher temperature in the form of the pyridinium ion. l h At
the same time the number of Brdnsted acid centres per unit
area of the Η^Ρνν^Οι,ο] and SiO2-Al2O3 surfaces is approx-
imately the same.1U

In many respects, crystalline ΗΡΑ behave like solutions.
This is manifested primarily by the mobility of the elements of
their structure. As already mentioned, the ΗΡΑΝ exhibits
an appreciable mobility.15 The ΗΡΑ protons exchange rapidly
with the protons of the molecules of the water of crystallisa-
tion . 2 8 · 2 9 Anhydrous ΗΡΑ exhibit proton conductivity and
water vapour accelerates the diffusion of H + . 3 0 As in solu-
tion, the oxygen atoms of crystalline ΗΡΑ exchange with the
oxygen of water. x The rate of such exchange in ΗΡΑ is much
higher than in metal oxides. Crystalline ΗΡΑ also exchange
X8O oxygen with CO2 and O2, the rate of exchange diminish-
ing in the sequence H2O » CO2 » Oz.

lh The similarity
between the molecular structures and the types of behaviour
in the crystalline state and in solution makes it possible to
treat the mechanisms of homogeneous and heterogeneous cata-
lytic reactions involving them from a single standpoint.

2. The Acidity of Heteropolyacids in Solution

In aqueous solutions there is no adequate justification for
subdividing the ΗΡΑ protons into localised and non-localised.
It is more correct to treat ΗΡΑ as the usual polybasic Brdn-
sted acids in which all the protons are hydrated and equiva-
lent and are linked to the anion as a whole and not to indi-
vidual basic centres. In solutions all the acid protons are
capable of being substituted by other cations, provided that
the ΗΡΑΝ is sufficiently stable with respect to alkaline
hydrolysis.

Table 1. The dissociation constants of heteropolyacids in
water at 25 °C.

PX

Ρ ΚΙ

ΡΑ7
p<\(

Η.ΙΡΜο,,,νρ,ο]
(Ref.39)

1.16
2.14

*At 20 °C.

HJPMo,V4040]
(Ref.39)

1.25
1.62
2.00

Η,ΙΡν,,Ο,,Ι
(Ref.38)

3.4
4.9
6.4
7.9

* (Ref.40) "

3.24
3.43
3 64
4'28
5,73

H,[CeMo12O«]*
(Ref.40)

2.12
1.98
2.99
4.16

H,[UMo l3O4J]*

(Ref.40)

2.13
3.02
4.31

H s lPW x l 0 4 o
592

4 lSiW u 0 4 o
532

3 [PM0ll04ol > H 4 [SiMols04ol .
463 423

The acidity of phosphoric acids is greater than that of silicic
acids and that of tungstic acids is greater than the acidity of
molybdic acids. This agrees with the higher negative charge
on the oxygen atoms in molybdic acids compared with tungstic
acids. The effective charges on the oxygen atoms of the ΗΡΑ
have been determined by X-ray photoelectron spectroscopy.1 2

In aqueous solution, ΗΡΑ are strong acids in which the
first three protons are fully dissociated. The stepwise char-
acter of the dissociation is not observable as a consequence
of the levelling influence of the solvent. The subsequent
dissociation proceeds stepwise as the pH of the solution is
raised. The dissociation constants, starting with Κι,, have
been measured for certain acids with the Keggin and Dexter-
Silverton structures in aqueous solution38~1*0 (Table 1).
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Non-aqueous solvents have a differentiating effect on the
dissociation of the acids. They are more suitable for the
investigation of the stepwise dissociation of polybasic acids.
It is also significant that in non-aqueous media the ΗΡΑ are
much more stable towards degradation than in aqueous solu-
tions. ** in ethanol and acetone the first proton and to a large
extent also the second proton are fully dissociated in Keggin's
structures» while the first and second protons in acids such
ac HsfPWjaOm,] and HJPWuVOi,,,] are fully dissociated and
the third proton is partly dissociated. In the less polar
acetic acid, the ΗΡΑ behave as comparatively weak 1-1 elec-
trolytes. l f'I f l' i*2 Table 2 presents the stepwise dissociation
constants of the ΗΡΑ in acetone and acetic acid and for com-
parison also the dissociation constants of the usual inorganic
acids. Evidently, the ΗΡΑ are much stronger than the usual
inorganic acids such as HaSO^, HBr, HCi, HNO3, and even
HClCv This is of fundamental importance for the application
of ΗΡΑ in acid catalysis. Attention should be drawn to the
fact that, in terms of acidity, sulphuric acid, which is a
traditional acid catalyst, is inferior to ΗΡΑ by 2-5 pK units.
The dependence of the acidity of ΗΡΑ on their composition
is strikingly weak. It is remarkable that the nature of the
central atom has almost no influence despite the fact that the
strengths of the corresponding simple acids differ appreci-
ably (thus H3PC\ and H^SiOi, have pKx = 2.12 and 9.7 respec-
tively in water1*5). Heteropolyacids are significantly stronger
than the corresponding simple acids, which are weak or
moderately strong.

Table 2. The dissociation constants of heteropolyacids in
acetone and acetic acid.

Acid

H 3 [PW l s O 4 0 l

H,4[PwiJv20°0J
HiiSiV/jjO^J
Η^ΡΜο^Ο^

H4iPMo"v04oJ 4°

HiiGeWM
H o iGeW n VO 4 0 J

HCIO4

HBr
H,SO4

HCI
HiVQ,

Acetone

p/C,

1.6
1.8
—

2.0
2.0
2.1
2.1
2.1

—

—
6.6*
4.3*
9.4*

pK,

3.0
3.2
—

3.6
3.6
3.7
3.7
3.9
—
—

—
—
—
—

PK,

4.0
4.4
—

5.3
5.3
5.5
5.6
5.9
—
—

—•
—
—
—

Acetic acid

p/c,

4.8
4.7
4.8
5.0
4.7

4.7
4.8
4,3"
4.7··
4 6**
4:"9**
5.6**
7.0**
8 . 4 "

10.1**

*From Pawlak et a l . "
**From Polotebnova et al. "**

***From Porcham and Engelbrecht. 1*6 The pK not marked
with asterisks were taken from Kozhevnikov and co-work-

The difference between the strengths of the ΗΡΑ and the
usual acids can be most simply explained within the frame-
work of the electrostatic theory taking into account the size
of the anions and the number of oxygen atoms available for
the delocalisation of the charge of the anion. h>'*1>h2 Since the
ΗΡΑΝ are much larger than the anions of the usual acids, the
energy of the proton bond in the ΗΡΑ should be lower and
their dissociation constants should be higher compared with
the usual acids. Furthermore, the greater the degree of

delocalisation of the charge of the anion, the smaller the
effective negative charge on its individual basic proton-
accepting centres, and hence the weaker the attraction of
the proton to the acid anion. The formal negative charges
of the ΗΡΑΝ PM120*o and SiM12Oi*^ are identical with the
charges on the anions of the corresponding simple acids PO^~
and SiO£~, but the charge per outer oxygen atom is 9 times
smaller in the ΗΡΑ than in the phosphate and silicate ions.
As a result of this, the acids Ε.Β^χ[ΧΜ12Ο^0] are much
stronger than Η8-χ[ΧΟ^]. An interesting analogy between
the properties of the ΗΡΑ and inorganic acids having the
general formula XO n (OH) m , where X is a group IVA-VIIA
element, is noteworthy. These acids are remarkable because
their strength increases with increase in η and depends little
on m for constant n. k7

The weak influence of the composition of the ΗΡΑ on their
acidity nevertheless obeys a definite rule, which is clearer
in polar solvents. In solvents of low polarity, for example,
in acetic acid, there is a possibility of the influence by ion
association. The series based on the acid strengths of the
ΗΡΑ in acetone is:I*'1*2

H3 [PWuQ,ol > H 4 [PWUVO«] > H 4 [SiW12O40] ^ ' H s [PMolaO40] >
> H4 [PMô 'MoVCW - H4 [PMouVO40] > H4 [SiMo12O40] .

A similar sequence has been observed from the variation of
the chemical shifts of the proton of chloral hydrate in the
presence of ΗΡΑ, obtained using nitrobenzene as the solvent.
Thus the acidity series in solutions agrees well with the
series found for solid acid hydrates. This agreement is
reasonable, because the ΗΡΑ behave in approximately the
same way in the solid state and in solution.

The acidity diminishes when the ΗΡΑ is reduced and when
Mo or W is replaced by V and also on replacement of the
central Ρ atom by Si.

In all the cases enumerated, the decrease in acidity when
the composition of the ΗΡΑ is altered is accompanied by an
increase in its basicity (the number of equivalent protons
bound to the ΗΡΑΝ). The above dependence of the dissocia-
tion constants of ΗΡΑ on their basicity agrees with the pre-
diction of the electrostatic theory. By treating the ΗΡΑΝ as
conducting spheres, with a charge equal to the basicity of
the ΗΡΑ, and the protons as positive point charges, it can
be shown that any change in composition leading to an
increase in the basicity of the ΗΡΑ entails a decrease in the
dissociation constants. h l We may note that the substitution
of Mo by W in the ΗΡΑΝ increases the dissociation constant
but does not alter the basicity of the acid. However, in this
case there is a correlation between the acidity and the effec-
tive charge on the peripheral oxygen atoms of the anion.

The splitting off of a proton from the acid can be repre-
sented as an ionisation process—dissociation with the inter-
mediate formation of an ion pair: 1*s

x, κά

ΗΡΑ ^ ΗΡΑΝ" IIH+ 2 ΗΡΑΝ' + Η+.

It has been established that the ΗΡΑ in solution are almost
fully ionised (Kj » 1) and exist in the form of solvate-sepa-
rated ion pairs. l f l > l f 2 Thus the specific features of the acid
properties of the ΗΡΑ are determined by the weak electro-
static bond between the proton and the anion in the ion pair
The fruitfulness of electrostatic ideas in the chemistry of
HPC, owing to the large amount of ionic character in the
bond between the cations and the polyanions and the weak
solvation of the HPC, must be emphasised.

Concentrated ΗΡΑ solutions are of great interest for catal-
ysis. The acidity of concentrated ^[PW^Om,] solutions is
greater than the acidity of solutions of sulphuric and per-
chloric acids having the same concentration. The difference
between the Ho is 1-1.5 units. < t 9 Presumably the values of Η
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are similar for acids of different composition, because in
dilute solutions the dissociation constants of ΗΡΑ depend only
slightly on composition.

Using the concepts of hard and soft acids and bases, one
can say that the ΗΡΑΝ are soft bases, which interact weakly
with the hard acid H + . According to Izumi et a l . , 1 3 acids can
be arranged in the following sequence in terms of their soft-
ness:

> SiMoltoj; > N O ; > P-MeC6H4so;

3. Relation between the Oxidative and Add Properties of
Heteropolycom pounds

HPC are many-electron oxidants. The addition of electrons
increases the basicity of the ΗΡΑΝ and may be accompanied
by protonation. The reduction of the Mo and W ΗΡΑΝ can
be represented by the following equation taking into account
protonation:

i№ f + mH+ £ X i i m n >

where m
ΗΡΑΝ is

η. ' ν ' 1 0 ' 5 0 Hence the oxidation potential of the

£ = £0 *L in {ΧΜΪΟ5·} {H+

where Eo is the standard redox potential, F is the Faraday,
and the formulae in braces represent the ionic activities.

Table 3. The redox potentials of Keggin's structure of
heteropolycompounds in aqueous solution.

Redox system

PVVWU/PVIVWU

PV vMou/PV l vMou

Ρν^Μοΐο/Ρν'/ΜΟιο

PV^Mo,/PVgVMo,

PV^Mo,/PVl

4

vMo,

ΡΜο^'/ΡΜο^Μο^

SiMo^'/SiMoy'Mo^

BW]'1

I/BWyi

IWv

Gc vv / Gc W W

siwyJ/siwjiV
PW V I /PWY'W V

B«

V (V) -• V (IV)

1

1

2

3

4

Mo (VI) -» Mo (V)

3

3

W (VI) -» W (V)

1

1

1

1

*o.v

0.78

0.68

0.71

0.71

0.71

0.65

0.63

—0.36

—0.02

—0.05

0.15

Refs.

[531

[541

[541

[541

[541

[55]

[551

[56]

[561

[561

[561

Co (ΙΠ) - Co (H)

CoUIWu.'Co"\V t l | 1 | 1 0 i [571

Remarks. The Ο atoms and charges have been omitted from
the formulae; n e is the number of electrons transferred
and Eo is expressed relative to the normal hydrogen electrode.

The quantities Eo

 a r e a s a vv^e unknown owing to the lack of
data on the ΗΡΑΝ equilibria in solution. One uses instead
the corresponding formal redox potentials, which depend on
the pH and the ΗΡΑΝ concentration. 5 0 It is seen from the
last equation that the oxidation potential of the ΗΡΑΝ depends
on the acidity of the medium, at least in the pH range where
the anion is protonated on reduction. Tungsten anions with

Keggin's structure may have a charge up to -6 without the
addition of protons on reduction in an acid aqueous solution
(pH £ 1) by virtue of the high acidity of the corresponding
acids . 5 1 In non-aqueous media, their charge is much smaller.

The oxidation potential of the HPC depends on the nature
of both the metals and the central atom1*'50'52 (Table 3). The
oxidation potential diminishes in the series of metals V > Mo > W.
The central atom (a constant electrovalence ion) influences
the redox potential via the change in the charge of the ΗΡΑΝ:
the higher the charge of the anion, the lower the oxidation
potential.1*'5 0 '5 2 The dependence of the redox potential on
the charge of the anion is frequencly linear and can be pre-
dicted with the aid of electrostatic theory. 5 2

It has been demonstrated by the temperature-programmed
reduction method that the ease of reduction of solid ΗΡΑ
by hydrogen diminishes in the sequence PmO10V2

 s SiMo12 £
PmO12 s PmO6W6 > PmO2W10 > PW12 = SiW12, and the ease of
reduction of salts of 12-molybdophosphoric acid diminishes
in the sequence Ag+ > Cu2 + > N i 2 + . 5 > 5 8 The process is appre-
ciably facilitated if a mixture of the acids with the Pd/C
catalyst is reduced. Thus the capacity of solid ΗΡΑ for
reduction is fairly well correlated with the redox potentials
in solution.

The question of the relation between the oxidative and
acid properties of ΗΡΑ is important for their use as acid
catalysts. Comparison of the dissociation constants and
oxidation potentials of ΗΡΑ (Tables 2 and 3) shows that there
is no correlation between them. At the same time, one must
bear in mind that the dissociation constants of ΗΡΑ diminish
when they are reduced. Thus the catalytic activity of ΗΡΑ
should depend on the reducing capacity of the reaction
medium.

Data on the kinetics of the redox reactions of ΗΡΑΝ with
various one-electron reductants and oxidants are of interest
in this connection. It has been established5 9 that the
observed kinetics agree satisfactorily with the Marcus theory.
Thus this theory can be used to predict the stability of ΗΡΑ
in a reducing medium under the conditions of acid catalysis.

IV. ACID CATALYSIS BY HETEROPOLYACIDS

Heteropolyacids have long been used in catalysis, 3 ' 1 0 ' 1 1 but
systematic studies in this field began comparatively recently.
The likely usefulness of ΗΡΑ as acid catalysts is due to their
high Brdnsted acidity, which is superior to that of the usual
catalysts. Since ΗΡΑ are readily soluble in water and oxygen-
containing solvents and their stability in the solid state is
fairly high, they are used as both homogeneous and heteroge-
geneous catalysts. The W and Mo ΗΡΑ have acceptable techno-
logical characteristics. In contrast to the usual inorganic acids,
they are non-toxic and in volatile, have no smell, and are
stable on prolonged storage. Although ΗΡΑ are much more
expensive than acids such as sulphuric and hydrochloric,
their use is frequently economically justified because of the
high efficiency of their catalytic action.

Tungstic acids are the preferred catalysts in the series of
ΗΡΑ "* because of their higher acidity, hydrolytic and thermal
stability, and lower oxidation potentials compared with the Mo
and V acids. In heterogeneous catalysis, one uses, together
with ΗΡΑ, their salts with cations such as Ag+, Cu2 +, Pd2 +,
Al3+, e t c . 7 The mechanism of the formation of acid centres in
such systems is examined below. The strength and number of
acid centres of ΗΡΑ catalysts can be regulated by selecting
the outer-sphere cation, by replacing the central atom and
the metal in the structure of the polyanion, and also by
employing carriers of different nature and by varying the
concentration of the acid on the carr ier . 5 In both homogene-
ous and heterogeneous catalysis by heteropolyacids, the



Russian Chemical Reviews, 56 (9), 1987 817

Brdnsted rule usually holds satisfactorily: the catalytic
activity is correlated with the strength of the acid centres
of the catalyst.

Table 4 presents examples of reactions catalysed by ΗΡΑ,
many of which are of practical interest. ΗΡΑ are frequently
superior to the traditional acid catalysts as regards not only

activity but also selectivity. This is because they make it
possible to carry out the process under milder conditions.
Furthermore, by virtue of the inertness of the anion, ΗΡΑ
do not enter into side reactions with organic reagents, in
the manner characteristic of the usual inorganic acids
(sulphonation, chlorination, e tc . ) . *

Reaction

Hydration -dehydration

RCH«=CH,+H,0 -• RCH(OH)CH3

C,H,C=CH+H,0 -» C,H6COCH3

CHaCH(OH)CH3 -* CH,=CHCH3+H,0

Esterification

KCH=CH,+R'COOH -» RCH(OOCR')CH3

(CH,),C=CHa-(-CH3OH -* (CH3)3COCH,
t-C4H9OH -* (t-C4H9)2O + H2O_

HOCHJCHJCHJCHJOH -* / ^> + H,0

CHjOH+HOAc - C2H6OAc + H,0
n-C4H9OAc + C2H5OH -» C2H5OAC + n^HgOH

Decomposition

CH5(CH,),COOH -• C,H5OH+CH3COCH3

HCOOH-» C O + H2O
CH,CH(CH3)COOH - CH a =CHCH 3 +CO+H 2 O

Nitration

ς,Η,-f NO, -* C,H4N0,-|-N0+H,0

Alkylation-dealkylation

C,H,+CH 3 CH=CH, -* CH6CH(CH,)a

C,H,HC(CH3), -» C.H, + CH.iCH=CH2

C,H4CH,+CH3OH -> C,H4(CH,),+H2O

OH OH
(CH3)3C | C(CHa)j | C(CH3)3

(Y - ( ) +(CH3),C=CHa

CH3 CH3

Reactions of epoxides
0

H,C CH, -» Ο 0

RR'C CH.+R'OH-» RR'C(OR")CH,OH+
-f-RR'C(OH)CH,OR'

H,C CHCH,Cl+HOAc -• AcOCH,CH(OH)CH,OAc

Acetolysis

/~~\ + HOAc -* AcOCH,CH,CH,CH,OAc+H,0

(QH,),O+HOAc -• C«H,OAc + HaO

<?~\ +Ac,O->(AcOCH,CHaCH,CH,),O
Ο

Isomerisation
But-1-ene -> but-2-ene
OT-But-2-ene ->· iranj-but-2-ene
o-Xylene -*p-xylene + m-xylene
n-Alkane -<• isoalkane

Condensation
CHJCOCHJ — 1,3,5-(CH,)3C,H,

Qilt»CII · α ΐ , | Cil.O-* C,II,—ζ Ο

nC.H»CH,OH-* - ( - C I l 4 C H , - ) n - -|-(n-1)H,0

Reactions of methanol and CO
CH3OH -» olefin + alkane

CO+H,0-»1ICOOH
CO + ROH -* RCOOH

Polymerisation and oligomerisation

η RCH=CH, -» —(—CHR—CH,—)„—

Table 4. Acid catalystis by

Catalyst

PWi2,SiW12,PMo(hom.)
PWi2,PMoi2(hom.)
PW1 2 (het.)

PW12 (hom.)

P W J ^ S I O , , P W I J / C , SiWjj/C
PW12/C, SiWi^C

S1W12, PW12, PM012 (hom.)

PW,^C, SlWit/C
PMoi2,PW)2(hom.)

PM012 (hom.)
PWi2(het.)
PWi2,SiWi2(het.)

PWJa/SiOa

PW ) 2(het.)

PW ) 2, S1W12 (hom.)

SiW)t/Si0,, SiMo,,/SiO,

PW]2,PMoI2>SiWi2(hom.)

PW12, PM012, SiW]2, GeWi2 (hom.)

PW1 2 >SiW1 2,PMoi2(hom.)

PWn.SiWn.PMonihom.)

S1W12, PW12, GeWj2 (hom.)

PW12 (het.)
PW1 2 (het.)
PW1 2 (het.)
Pd — PW,,/SiO,

PWn, PM012, SiWj2 (hom.)

PMo 1 2,PW 1 2(hom.)

PW12 (hom.)

PW12, SiWj2 (het.)***
PMOJ2, S1W12 (het.)
PMo 1 2, SiW12 (het.)

PWji/AlA

heteropolyacids.

T. *C

170-350

60
150

20—140

90
106

160

120-150

110

25-60

150
240

270

150
250
250

118

100—260

50

30

95

118

50

25—100
300
210

25

45

25

300
200—300
nf\/\ ΟΠ/1200—300

300

0.·/.

95-00
—

100

100
100

—

—

96—100

—

> 9 9
100
100

-

73

97

-

95—97

-100

—

—

89-95

87

40—55

—

-

—

A

2-4
100
100

30-90

300
—

3

> 2

4—10

>100

—
4

-

60

>100

-

-

10**·

>100*·

100*·

>10»

-

—

50

-

—
—

Refs.

[0]

3,60]
01]

62]

63, 64]
65J

[66]

[36

[67

[68]

Ν70]

1(50]

71]
Oil]
5,72]

[73]

[74]

[75]

[19]

[19]

[19]

[19]

[61
69
76

[77

[78J

[79]

[5. 80]

[2,7]
[81
|QJ[81

[82]

Notation: XM12 are the heteropolyacids Ha-^fXM^O^o] and in certain cases their salts; hom. = homogeneous catalytic
systems and het. = heterogeneous catalytic systems; Γ is the temperature; A is the ratio of the catalytic activity of
the ΗΡΑ to the activity of an inorganic acid (HaSO,,) in homogeneous reactions or of aluminosilicate in heterogeneous
reactions; α is the selectivity.

*The aluminosilicate exhibits an appreciable activity only above 400 °C. 5 ' 7 2

**The activity of the ΗΡΑ in relation to toluene-p-sulphonic acid.
***TOg ether with the acids, the Ag+, Cu2 +, and Al3+ salts are active.
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1. Homogeneous Acid Catalysis

In this Section attention is concentrated on the following
questions: (a) comparison of ΗΡΑ and the usual inorganic
acids in terms of their catalytic activity and selectivity;
(b) dependence of the activity of ΗΡΑ on their composition;
(c) relation between the activity of ΗΡΑ and their acidity;
(d) the influence of the oxidative properties of ΗΡΑ on their
catalytic action.

The hydration of lower olefins is the first example of the
practical application of ΗΡΑ in an acid catalysed process. 9

The application of ΗΡΑ on carriers as heterogeneous catalysts
of the hydration of olefins has been known for a long time.
They are more active than the industrial H3POi,/SiO2 catalyst
and are not removed by entrainment. 8 3 In the homogeneous
process developed comparatively recently, 9 olefins ranging
from ethylene to butene are converted into alcohols with a
selectivity of 95-99% at 170-350 °C and pressures in the
range 10-30 MPa in the presence of 10~5-10~3 Μ aqueous solu-
tions of H4[SiW12O l t0], H3[PW1 2O4 0], HslBW^O^], Η3[ΡΜο12Ο40])

HutSiMo^O^], and their soluble salts. In conformity with
their strength, the catalytic activity of ΗΡΑ is higher than
those of sulphuric and nitric acids . 7 9 The main advantage of
the homogeneous hydration of olefins compared with the
heterogeneous process is the attainment of higher degrees
of conversion of the olefin as a result of the increased con-
centration of water and the use of a higher pressure. Data
concerning industrial liquid-phase hydration of propene under
the influence of ΗΡΑ have been published recently. 9

The addition of carboxylic acids to olefins (esterification of
olefins) proceeds smoothly in solution in the presence of
10~"*-10"2 Μ tungsten and molybdenum ΗΡΑ at 20-140 °C with
a selectivity of -100% in relation to esters of secondary alco-
hols.1*'62 Sulphuric acid, whose acidity is lower, is less
active than ΗΡΑ by a factor of 30-90.6 2 The activity of
tungstic acid is higher by a factor of 2-2.5 than that of
molybdic acids, despite the virtual identity of their dissoci-
ation constants, which is due to the difference between the
oxidation potentials of the acids. Molybdic acids, which are
stronger oxidants, are reduced during the reaction by the
components of the reaction mixture and lose their acidity,
while tungstic acids are not reduced, because their oxidation
potentials are significantly lower.

The dealkylation of derivatives of 2,6-di-t-butylphenol to
2-t-butylphenols is a key stage in the synthesis of widely
used phenolic antioxidants. The acids PW12 and SiW12 are
highly active homogeneous and heterogeneous catalysts of
this reaction.7 3 '8 1*'8 5 The heterogeneous process proceeds
at 130-150 °C in the presence of the catalyst (less than 1%)
in the melt of the substrate. 8 1*' 8 5 Molybdic acids are raidly
deactivated as a result of their reduction by the reaction
medium. ΗΡΑ are tens of times more active than heteroge-
neous catalysts such as ion-exchange resins, alumino-
silicates, aluminium sulphate, etc. The homogeneous process
is even more effective. In solutions in acetic acid, dealkyla-
tion takes place already at 80 °C. 7 3 The catalytic activity of
ΗΡΑ is correlated with the acidity and exceeds by a factor
greater than 100 the activity of sulphuric acid.

The transesterification of butyl acetate to form ethyl acetate
takes place in solution in ethanol at 110—130 °C in the pres-
ence of 10"1*—10~2 Μ tungsten or molybdenum ΗΡΑ. 6 7 In this
reaction, the ΗΡΑ is 4-10 times more active than sulphuric
acid. Contrary to expectation, molybdic acids proved to be
more active in this instance than tungstic acids. In the
course of the reaction, the Mo acids are reduced and prob-
ably partly decompose. The true catalyst apparently consists
of alkoxide complexes of molybdenum formed on decomposition
of the ΗΡΑ. In conformity with this hypothesis, the order of
the reaction with respect to the molybdenum ΗΡΑ is less than

unity (the order with respect to tungstic acids is un i ty) . We
may note that titanium and zirconium alkoxide complexes are
known to catalyse effectively esterification r e a c t i o n s . 8 6 The
reduction and decomposition of molybdic acids have also been
observed in the acetolysis reactions of e s t e r s . 1 9

The acid decomposition of cumenyl hydroperoxide is the
basis of the commonest industrial method of synthesis of
phenol and acetone. Many homogeneous and heterogeneous
catalysts have been proposed for this reaction, but only
sulphuric acid has found practical application, although in
its presence the process is insufficiently selective and yields
phenolic waste w a t e r . 8 7 ΗΡΑ are very active and selective
homogeneous catalysts of the decomposition of cumenyl
hydroperox ide . 6 8 ' 8 8 Compared with sulphuric acid, they
reduce the yield of the phenolic resin and the amount of
waste water and increase the quality of the phenol obtained.
The reaction rate constants k is correlated with the acidity
of the ΗΡΑ (in acetone at 25 °C 6 8 ) :

Catalyst PWU

8.0
3.0

PW U V
6.4
3.2

PMo 1 2

6.3
3.6

SiW l a

5.8
3.6

PMo u V
4.2
3.7

SiMo
3.5
3.9

Sulphuric acid is less active by 2-3 orders of magnitude
than ΗΡΑ.

The most selective catalyst of the decomposition of cumenyl
hydroperoxide is 12-molybdophosphoric a c i d . 8 8 Tungstic
acids are significantly less selective. It is most probable that
this is due to the difference between the oxidative properties
of the molybdic and tungstic acids. The point is tha t , in the
presence of the hydroperoxide, which is a powerful oxidant,
the ΗΡΑ are in the oxidised state. After the completion of
the decomposition of the hydroperoxide, the reaction medium
becomes reducing and the molybdenum ΗΡΑ are rapidly
reduced in it and lose their catalytic activity. Tungsten
ΗΡΑ and the usual inorganic acids are not reduced and con-
tinue to catalyse side condensation reactions after the decom-
position of the hydroperoxide has been completed. Thus the
oxidative properties of ΗΡΑ may also play a positive role in
acid catalysis under certain conditions.

A selective semi-industrial method of synthesis of methyl
methacrylate by the homogeneous esterification of methacrylic
acid with t-butyl methyl ether (TBME) in the presence of Mo
and W heteropolyacids at 110-150 °C has been developed: 8 9

HjC=C (CH), COOH -f (CH8)8 COCH, -•

The initial stage is the decomposition of TBME to methanol
and isobutene. The isobutene dimer is formed as a side
product, but its yield can be appreciably reduced by the
continuous removal of isobutene from the reactor.

A new interesting aspect of catalysis by ΗΡΑ is asymmetric
synthesis. It has been found recently that the chiral acid
H6[P2Mo18O62] can be used as the catalyst of the asymmetric
poly condensation of benzyl alcohol.9 0 In the presence of the
l-brucine-H6[P2Mo18O62] homogeneous system, benzyl alcohol
is converted into an optically active polybenzyl:

nCeH5CH2OH~>- — (—C6H4CH*—) „—+ (n— 1) H2O.
In the presence of the non-chiral acid H 6 [P 2 W 1 8 O 6 2 ] , an opti-
ically inactive polybenzyl is formed.

The homogeneous reactions catalysed by ΗΡΑ are usually of
first order with respect to the substrate S. The order with
respect to the catalyst depends on the ionising capacity of
the solvent. Thus , in media where the degree of dissociation
of the ΗΡΑ is low, the reactions are of first order . For
example, the rates of the reactions involving the esterifica-
tion of olefins and the dealkylation of derivatives of 2,6-di-
t-butylphenol in acetic a c i d 6 2 ' 7 3 are described by the expres-
sion:

v = fc[HPA][S].
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In more polar solvents, where the degree of dissociation of
the ΗΡΑ is appreciable, the process frequently takes place
in accordance with the kinetic equation

where H+-HPAN is the acid heteropolyanion. Examples of
such reactions are the decomposition of cumenyl hydroperoxide
into phenol and acetone in acetone (H+-HPA = H2PMo12Oi0)»68

the hydration of isobutene, 3 > 7 9 and the cyclisation of butane-
1,4-diol to tetrahydrofuran 6 6 in aqueous solution (H+-HPA =
HSiW12O£o)· In this case, the reaction proceeds via two
pathways: specific catalysis by the H+ ion and general
catalysis by the ΗΡΑΝ:

SH+

product.

Thus ΗΡΑ are more active as homogeneous catalysts than
the usual acids, especially sulphuric acid. This makes it
possible to carry out the catalytic processes at a lower
catalyst concentration, which frequently increases the selec-
tivity and makes it possible to reduce the amount of waste
water in the neutralisation of the catalyst.

2. Heterogeneous Catalysis

(a) General characteristics. In heterogeneous catalysis,
ΗΡΑ and their salts are used as massive and deposited cata-
lysts. The best carriers are neutral supports—silica gel
and activated charcoal. Basic carriers, such as A12O3 and
MgO, are unsuitable, because they neutralise the ΗΡΑ. 3 6 The
properties of catalysts based on the salts depend significantly
on the nature of the metal cation, the degree of substitution
of hydrogen in the acid by the metal, and the solubility of the
salt. The temperature at which the ΗΡΑ catalysts are used
does not as a rule exceed 300-350 °C, which is within the
limits of the thermal stability of tungstic acids. Since ΗΡΑ
and the water soluble salts are highly hydrated, they are
subjected to a preliminary heat treatment in vacuo at 100° to
300 °C in order to remove the water of crystallisation. Such
heat treatment does not disrupt the structure of the ΗΡΑΝ.
Evacuation of the HPC at 130 °C for 1 h lowers the amount of
water to 1-2 molecules per ΗΡΑΝ.6 9 The insoluble salts are
hydrated to a much lesser extent. Their water is zeolitic in
character and is readily removed by evacuation at 25 °C. l k

The acids in massive form and their soluble salts are char-
acterised by a low specific surface (1-5 m2 g" 1 ), which
depends little on the heat treatment conditions. 6 9 ' 9 1 The
specific surface of insoluble caesium salts reaches 100—200
m2 g"1 The acid caesium salts Csa-jcHjcfPW^Oi,,,] (x — 0.15 to
0.5), which have a large surface area, are of interest as
insoluble acid catalysts . s ' 9 2 They are distinguished by a
higher thermal stability than the initial acids. 5

The porosity of massive specimens of the PmO12 and PW12

acids is insignificant. Thus H3[PMo12O^0] has a pore volume
of 0.026 cm3 g"1 at 25 °C and a wide distribution of the pore
sizes with respect to radius. After vacuum treatment at
110 °C, the pore volume remains unchanged but a narrow
peak, corresponding to a radius of ~2 nm, appears on the
pore size distribution curve. Such pores are formed as a
result of the change in the crystal structure of the acid on
dehydration, which leads to the appearance of cavities and
the contraction of the unit cell. After evacuation at 450 °C,
the peak vanishes; the pore distribution again becomes
broad, which can be accounted for by the further mutual
approach of the ΗΡΑΝ. 9 3

The study of the PW12 and SiW12 acids deposited on silica
gel by X-ray diffraction showed that the ΗΡΑ phase on the
carrier surface is formed when its content is "20 wt.%. 3 6

According to ammonia thermal desorption data, the strength
of the ΗΡΑ on silica gel diminishes, as for the massive acids,
on passing from PW12to SiW12, and is independent of its con-
centration on the carr ier . 3 6 ΗΡΑ on activated charcoal
exhibit high activity and are not washed off by water and
organic solvents. 6 5 Such catalysts are promising for pro-
cesses in suspension. The decomposition of tungsten ΗΡΑ
was observed when these were deposited on alumina even
when the basicity of the A12O3 had been reduced by prelim-
inary treatment with HC1. 3 6

The activity of deposited catalysts usually increases with
increase in the content of the ΗΡΑ to 15—30 wt.% (which cor-
responds to approximately monolayer coverage) and is subse-
quently independent of the latter. 3 6 ' 6 6 The activity of the
deposited catalysts calculated per acid molecule is much lower
than the activity of the massive acid specimens. This applies
to reactions such as the alkylation of benzene with ethylene,
the esterification of acetic acid with ethanol, the dehydration
of 2-propanol,3 6 the vapour-phase nitration of benzene, 6 6

etc.

(b) The "pseudo-liquid phase". The water-soluble HPC
exhibit a high affinity for the molecules of polar substances
such as alcohols, ketones, ethers, esters, amines, etc.
Large amounts of these substances are sorbed in the bulk of
the crystalline HPC with formation of solvates. This phe-
nomenon should not be confused with adsorption in the
micropores of the usual sorbents. 1 > 5 ' 7 Table 5 presents data
for the absorption and adsorption of polar and non-polar
substances by the acid H3[PW12O^0]· The total degree of
sorption of the substance at 25 °C and the amount which is
irreversibly retained after evacuation at 25 °C are indicated.
For polar molecules, the latter corresponds to the presence
of 50-100 layers of the sorbate on the ^ [ Ρ ϊ ν ^ Ο ^ ] surface.
Oxygen-containing compounds are almost fully desorbed at
100—150 °C, while nitrogen derivatives require the use of
higher temperatures. The degree of sorption of non-polar
hydrocarbons (alkanes, olefins, arenes) is insignificant.
They are adsorbed only on the ΗΡΑ surface.

Table 5. The sorption of different substances by the acid
at 25 °C. 5

Substance

Pyridine
Ammonia
Methanol
Isopropyl alcohol
Ethylene
But-1-ene
Benzene

Sorption*

irreversible

6.0
3.2
2.2
6-3
0,03
0.2
0,1

total

9
4.3

>10
>10

0.04
0.25
0.5

*The number of sorbed molecules of the given substance per
ΗΡΑ molecule.

By virtue of the rapid absorption of polar molecules, the
catalytic reactions can occur not only on the surface but also
on the bulk of the massive ΗΡΑ. In relation to polar sub-
stances, solid ΗΡΑ behave similarly to highly concentrated
solutions, i .e . all the acid protons and not only the surface
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protons participate in the catalytic reaction. This phenome-
non , which is unusual for heterogeneous acid catalysis and
is characteristic of massive ΗΡΑ, is described by the term
"pseudo-liquid phase" . 1 > s The ability of crystalline ΗΡΑ to
effect the catalytic reactions of polar substances in the bulk
of the catalyst, like the reactions in homogeneous systems,
is implied.

In contrast to polar molecules, non-polar reagents are
incapable of being absorbed in the bulk of the ΗΡΑ; they
interact only with the surface of the catalyst. Soluble salts
of ΗΡΑ also possess the property of the "pseudo-liquid
phase". Insoluble salts, which do not absorb polar mole-
cules , possess no such property.

In terms of the catalytic properties in relation to the mole-
cules of polar substances, massive ΗΡΑ resemble zeolites to
some extent. In both cases, virtually all the acid centres
of the catalyst are accessible: in the ΗΡΑ as a result of the
absorption of the substrate in the bulk phase and in zeolites
as a result of the high internal surface area. However,
whereas in the case of ΗΡΑ this is true only of polar mole-
cules , in a zeolite this is true of any molecules whose dimen-
sions do not exceed the diameter of the zeolite channels. In
contrast to zeolites, ΗΡΑ do not have sufficiently pronounced
molecular-sieve properties, because they do not have a rigo-
rously ordered porous structure.

Several studies have been devoted to the "pseudo-liquid
phase". 1 ' 5 ' 7 ' 9 1 *" 9 8 The dehydration of alcohols (ethanol,
2-propanol, 2-butanol), 69>91* the conversion of methanol into
hydrocarbons, 7 ' 9 5 the decomposition of formic acid, 6 9 and
other reactions have been included amongst pseudo-homoge-
neous reactions. The "pseudo-liquid phase" is manifested
kinetically by the fact that the rate of the reaction catalysed
by the deposited ΗΡΑ is proportional to the concentration of
the active component and not its surface area. Such rela-
tions have been found in the study of the conversion of
methanol on deposited silver and copper salts of PW1 2.

9 7 '9 8

However, in the case of the ΗΡΑ themselves, the rate, which
initially increases with increase of the amount of acid on the
carrier, subsequently reaches a plateau; thus the specific
catalytic activity calculated per ΗΡΑ molecule diminishes.
This can be explained by the fact that, on increasing the
amount of deposited acid, the absorption of the substrate in
the bulk of the catalyst becomes the rate-limiting stage of the
catalytic process. The latter is analogous to the internal dif-
fusion inhibition in the case of the usual porous catalysts.
Another possible explanation is a considerable contribution of
the surface reaction.

The correlation of the catalytic activity with the acidity of
the massive ΗΡΑ specimens may serve as evidence for pseudo-
homogeneity. Thus the rates of the above reactions decrease
almost linearly as the H+ in H3[PW12O40] is substituted by
sodium or pyridine is added, falling almost to zero after the
introduction of three pyridine molecules or three sodium ions
per PW12 anion. 7 ' 6 9 ' 9 1*' 9 5 In the case of surface reactions,
the specific surface of the catalyst plays a decisive role.
For example, in the conversion of dimethyl ether into hydro-
carbons, the insoluble salt Cs2>5H0,5[PW12C\0] (specific sur-
face 101 m2 g"1) shows a higher activity per unit mass of the
catalyst than H3[PWx2On0] (specific surface 5 m2 g " 1 ) . 9 2

By virtue of the similarity of the properties of crystalline
and dissolved ΗΡΑ, their acidities in the solid state and in
solution depend on the composition of the acid in virtually
the same way. As a result of this, the rates of pseudo-
homogeneous reactions catalysed by solid ΗΡΑ are usually
well correlated with the dissociation constants of the acids
in solution and with the strengths of the solid acids measured
by the method involving the thermal desorption of ammonia or
pyridine. Thus the activity of massive ΗΡΑ in the dehydra-
tion of 2-propanol at 100 °C diminishes in the sequence

PW12 > SiW12 > PW10P2 > PMo1 2 = PMo10V2 a SiMo12,
1>5 which

is close to the acidity series in solution (Table 2). The lower
activity of PMo12 compared with SiW12 can be explained by the
reduction of PMo12 during the reaction. 5

The absorption of 2-propanol in the bulk of the catalyst
during dehydration on Η3[·.Ρνί12Οι»ο] has been demonstrated by
the rapid replacement of 2-propanol-ci0 in the gas stream by
2-propanol-de. * In the absence of the catalyst, the d0 molecules
were rapidly (in the course of 2 min) replaced by the d8 molecules
at the outlet from the reactor. In the presence of the cata-
lyst, the exchange took a much longer time (~20 min) which
confirms the sorption of the alcohol in the bulk of the ΗΡΑ.
These data made it possible to estimate the amount of alcohol
in the catalyst, which was -7 molecules per anion, corre-
sponding to the coverage of the Η3[Ρνν12Οι,ο] surface by
approximately 100 alcohol monolayers. This demonstrates
convincingly the presence of 2-propanol in the bulk of the
catalyst. It has also been found that the rate of absorption
is 50 times higher than the rate of dehydration of propanol
and absorption does not therefore limit the rate of the cata-
lytic reaction under these conditions (80 °C).

The question of the relative contributions of the bulk and
surface reactions to the observed catalytic activity of ΗΡΑ
catalysts naturally arises. It can be answered by comparing
the activities of massive specimens of the acids and the dis-
persed acids on carriers with respect to reactions character-
ised by pseudo-homogeneity. As already mentioned, in many
reactions the catalytic activity of ΗΡΑ deposited on inert
carriers, calculated per acid molecule, is much higher than
for massive specimens of the acids. This has been observed
both in surface reactions (alkylation of benzene by ethylene,36

isomerisation of but-1-ene 9**) and in the typical bulk-phase
2-propanol dehydration reaction. 3 6 The specific catalytic
activity is independent of the concentration of deposited HPC
only in the conversion of methanol on the silver and copper
salts of PW 1 2. 9 7 ' 9 8 However, this may be associated with the
characteristic features of the formation of the acid centres in
the ΗΡΑ salts (see below). Thus the impression is created
that in pseudo-homogeneous reactions the activity of solid
ΗΡΑ catalysts is determined to a larger extent by the degree
of dispersion of the acid than by its bulk-phase properties.
This may be associated with the difference between the
strengths of the surface and bulk-phase protic centres of
the ΗΡΑ (see below) or with the slow course of absorption,
as a result of which the reaction proceeds preferentially in
the layer near the surface.

Pseudo-homogeneity apparently plays a significant role in
low-temperature reactions of polar substances, i .e. under
conditions where the degree of sorption of the substrate in
the bulk of the catalyst is high. In high-temperature reac-
tions, the contribution of the bulk-phase reaction is probably
not so great. However, the available data are still too few
to reach a final conclusion. Detailed kinetic studies of cataly-
sis fay deposited ΗΡΑ are necessary.

The practical value of the phenomenon of the "pseudo-
liquid phase" arises because it becomes possible to regulate
specifically the selectivity of the catalytic process by differ-
entiating the acid reactions of polar and non-polar substances
on coarsely dispersed soluble and finely dispersed insoluble
HPC—for example, H3[PW12C%0] and Cs 3_ a :H 0 e[PW 1 2O 4 0]. 5 5 ' 9 9

The selectivity can also be altered by employing the differ-
ence between the rate of desorption of the intermediates
from the surface of the catalyst and from its bulk phase.

An example of such regulation of selectivity is provided by
the conversion of dimethyl ether into a mixture of C^— C6

alkenes and alkanes on massive PW12 HPC at 290 °C. 9 9 The
alkenes are the primary products from which alkanes are
formed. The alkene/alkane ratio is clearly correlated with
the absorption capacity of the catalyst. Thus, in the case
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of the acid Η3[Ρνν120^ο3» which absorbs the ether in an
amount corresponding to approximately 40 monolayers (28 °C),
the propene/propane ratio is approximately unity. The salt
Cs2.5H0.5[PW12Oi,0] sorbs less than one monolayer and we have
the ratio propane/propane s 12. These data have been
explained as follows. " The alkenes formed on the surface
of the Cs2.5H0i5[PW12Oi,0] catalyst are readily desorbed. The
alkenes obtained in the bulk of the catalyst, namely the acid
H3[PW12Om>], its sodium salts, etc. undergo hydrogen trans-
fer reactions with formation of alkanes before being desorbed.
Other examples of the regulation of selectivity have been
published. 5 9

Theoretically the ΗΡΑ capable of behaving as a "pseudo-
liquid phase" are unique objects for the study of one of the
main problems of catalysis—the relation between homogeneous
and heterogeneous catalysis.

(c) The acid centres of heteropolyacid catalysts. As
already mentioned, massive ΗΡΑ exhibit purely Brdnsted
acidity. 1 > 5 ) 7 In terms of its strength, they are superior to
aluminosilicates5 and are much more active than the zeolite
HY in the dehydration of 2-propanol. 10° It is believed that
the protic centres of the ΓίΡΑ are fairly uniform, at least as
regards the bases sorbed in the bulk phase (ammonia, pyri-
dine). 9 3 These conclusions can be extended also to ΗΡΑ on
inert carriers.

Data on the crystal and proton structures of ΗΡΑ permit a
series of hypotheses about the structure of the acid centres
of the catalyst considered. The protons in the free ΗΡΑ
molecules (in solution and probably on the surface of the
inert carrier for a low coverage) are localised predominantly

A
at the oxygen atoms of the angular bridges Μ Μ. 1 2 In
massive acids, the protons participate in the formation of the
crystal structure, linking together the ΗΡΑΝ by hydrogen
bonds. 1 2 In the crystals, the positions of the protons may
be different because they are determined not only by the
negative charge on the oxygen atoms of the polyanion but
also by the character of the packing and the unit cell param-
eters. Indeed, a structural study3 1 t has shown that the
protons in the hexahydrate H3[PW1204o] enter into the com-
position of the dioxonium ions H 2 O.. .H + . . .OH2, each of which
links four neighbouring ΗΡΑΝ by forming hydrogen bonds
between the protons of the water molecules and the terminal
oxygen atoms of the W=O group. On dehydration, the size
of the unit cell diminishes. " The exact data concerning the
positions of the protons in the dehydrated acids are lacking,
but, by analogy with hydrates, one may assume that the crys-
tal structure is determined by the presence of a hydrogen
bond between the ΗΡΑΝ via the terminal oxygen atoms,
M=O.. . H + . . .O=M, where the non-hydrated proton assumes
the role of the binder.

Thus the structure of the Brdnsted acid centres in ΗΡΑ
catalysts should depend on their phase state (homogeneous,
heterogeneous, massive, or deposited) and the degree of
hydration. On the basis of the available structural data, we
shall now attempt to represent the structure of the proton
centres of the main types of catalysts of this kind (Table 6).

In homogeneous systems the ΗΡΑ molecules exist in a free
state in solution. Their acid centres are homogeneous; they
include hydrated (solvated) protons, which are most probably

Λ
localised at the oxygen atoms of the angular bridges Μ Μ,
linking the metal atoms in the M3O13 triads. The structure
of such centres can be represented as structure ( I ) , where
three equivalent bridging oxygen atoms in the six-membered
metallocycle serve as centres at which the hydrated protons
are localised. In the middle of the skeleton of the triad there

is an internal oxygen atom through which the triad is linked
to the heteroatom.

The heterogeneous catalysts include bulk-phase and surface
acid centres. Their structures may be different for the
massive and deposited forms. According to some data, 31* the
bulk-phase proton centres of the massive hexahydrate of the
PW12 acid have the structure (II) , which incorporates a
dioxonium ion linked via hydrogen bonds to the terminal
oxygen atoms of the four anions in the unit cell. In highly
hydrated acids, the H5O2 ion may be additionally hydrated
and the water molecules can also participate in the formation
of hydrogen bonds between the anions.12>31* Such protons
centres are apparently responsible for the occurrence of the
low-temperature psuedo-homogeneous reactions involving the
liberation of water, for example, the dehydration of 2-propa-
nol at 80—150 °C. In vapour-phase reactions at a higher
temperature, they are hardly retained as a consequence of
the dehydration of the acid.

Table 6. The proton centres of catalysts based on hetero-
polyacids.

No.

(Ο

„„

(III)

(IV)

Structure of proton centre*

M=O .O=M

Η * ^

M=C' O=J!

Μ=0···Η+··0=Μ

0

Type of catalyst

Homogeneous

Massive hetero-
geneous

Massive hetero-
geneous

Deposited hetero-
geneous

Characteristics of the proton
centre

Centre in isolated ΗΡΑ
molecule in solution

Bulk-phase centre in
highly hydrated ΗΡΑ

Bulk-phase centre in
dehydrated ΗΡΑ

Centre in highly
dispersed acid on a
carrier or surface
centre in the massive
acid

*M = Mo o r W.

The bulk-phase centres of the dehydrated ΗΡΑ can be
represented by the structure (III). It is natural to suppose
that the structures (II) and (III) can be reversibly inter-
converted in the course of the acid hydration-dehydration
process. The bulk-phase proton centres (III) probably play
a significant role in high-temperature pseudo-homogeneous
reactions such as the conversion of methanol and dimethyl
ether into hydrocarbons at 250—350 °C.

The structural characteristics of the deposited ΗΡΑ have
so far been inadequately investigated. The structure (IV)
may be adopted for the proton centres of highly dispersed
ΗΡΑ on the surfaces of inert carriers. It is analogous to
the structure of the ΗΡΑ centres in solution. The difference
consists only in the fact that in the deposited catalyst the
water content has been reduced to a minimum as a result of
heat treatment. If the ΗΡΑ concentration on the carrier is
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sufficient for the formation of a two-dimensional or three-
dimensional phase, the proton centres of the deposited cata-
lyst may be represented by the set of structures (II)—(IV)
depending on the degree of hydration. As regards the sur-
face proton centres of massive ΗΡΑ, the structure (IV) can
be adopted for them although one cannot rule out the addi-
tional involvement in the surface reactions of the bulk-phase
centres (II) and (III) in the layer near the surface.

The ideas about the structure of the acid centres of the
ΗΡΑ examined may be extended also to acid alkali metal salts.

The question of the realtive activities of different acid
centres is very important. Unfortunately, there are as yet
insufficient data for a detailed comparison, but certain esti-
mates are possible. It has been found that the activity of
the surface acid centres of massive H3[PW12O40] in the heter-
ogeneous dealkylation of 2,6-di-t-butyl-4-methylphenol in
the substrate melt is close to the activity of the centres in
the corresponding homogeneous process in solution in acetic
acid. 7 3 This result appears to be entirely natural, since the
structures of the centres (I) and (IV) are identical, but it
would be too early to treat it as a general rule.

There are not yet any reliable experimental data for the
comparison of the activities of the bulk-phase centres (II)
and (III), but they can be compared with the centres (IV)
in highly dispersed acids on the surface of an inert carrier.
As already mentioned, the deposited acids are a little more
active than the massive specimens per one acid molecule in
typical bulk-phase reactions such as the dehydration of
2-propanol and the esterification of acetic acid by ethanol. 3 6

This shows that the surface centres (IV) are more active
than the bulk-phase centres (II) and (III). This is evi-
dently caused by their different strengths and accessibilities.
The more accessible centres (IV), incorporating isolated
protons, undoubtedly exhibit a stronger protonating capa-
city than the centres (II) and (III) in which the protons
are bound more strongly, because they participate in the
formation of the crystal structure. The surface centres (IV)
apparently play the main role in heterogeneous catalysis in
many instances.

The structure may be refined and the strength of various
proton centres may be estimated in principle by quantum-
chemical methods. A semi-empirical calculation has been
carried out for the cluster M3O16X modelling the acid centre
(IV), within the framework of the extended Huckel method.37

The electronic structure of PMo12O^ has been calculated in
terms of the LCAO-MO approximation.101

(d) The formation of acid centres in the salts of hetero-
polyacids. Many neutral ΗΡΑ salts catalyse reactions occur-
ring on Brdnsted acid centres and the activity of the salts of
certain metals greatly exceeds the activity of the initial
acids.7 '6 1»'7 6 ' 102,103 T h e n e u t r a i s a i t s themselves do not
possess an appreciable acidity. This is evident, for example,
from the fact that, when pyridine is adsorbed on them, pyri-
dinium ions are not formed and they totally fail to catalyse
reactions such as the cracking of cumene and the isomerisa-
tion of o-xylene, which occur on proton centres, including
ΗΡΑ . 7 6 It has been established that the salts acquire a
strong Brdnsted acidity and a high catalytic activity on
interaction with the reaction medium. Depending on the
nature of the metal cation, one of two mechanisms of the
generation of acid centres operates: the hydrolytic101* or
oxidation-reduction 7 6 mechanisms.

The hydrolytic mechanism is characteristic of metal cations
with a high electronegativity (Al3+, La3+, Zn2 +, e tc . ) . The
Bronsted acid centres are formed as a result of the dissoci-
ation of water molecules in the coordination sphere of the
metal ion in accordance with the equation

Mn++H2O=P=M (HSO) n+=r*M (OH) <-»++H+.

The correlation between the catalytic activity and the electro-
negativity of the metal cation is a sign of the hydrolytic
mechanism because the acid dissociation constants of the
aquo-complexes are well correlated with the electronegativ-
i t ie s . 1 0 5 Such correlation has been found in the dehydration
of 2-propanol on PMo12 salts.1 0 1*

The oxidation-reduction mechanism predominates for salts
with metal cations having a fairly high oxidation potential
(Ag+, Cu 2 +, Pd 2 +, Pi1*", e t c . ) . 7 ' 7 6 The acid centres are
formed as a result of the reduction of the metal cations by
the components of the reaction medium. A typical example
is provided by the conversion of methanol into hydrocarbons
in the presence of the silver and copper salts of PW 1 2. 7 ' 1 0 3

The hydrogen formed as a result of the dehydrogenation of
the alcohol then plays the role of the reductant. Traces of
H2 have indeed been detected in the methanol conversion
products. The proton centres are formed in accordance with
the equations

The conversion of methanol in the presence of PW12 salts has
a long induction period, during which the acid centres are
produced. When H2 is introduced into the system, the induc-
tion period vanishes. The activity of the salts after treatmen·
with hydrogen at 300 °C exceeds the activity of the initial
acid. Small amounts of added O2 reversibly suppress the
catalytic activity of the salt, probably as a result of the
reaction:

We may note that, in the hydrolytic formation of acid centres,
the catalytic activity of the salts is independent of the
presence of H2 in the system. It is not yet clear why the
salts reduced with hydrogen are more active than the initial
acids. In our view, this may be accounted for by the activa-
tion of the substrate by metal cations or other metal species.

Active catalysts of the conversion of methanol have been
prepared by treating with hydrogen the silver salt of PW12

deposited on Pd/SiO 2 . 6 6 The mechanism of the formation of the
acid catalyst probably involves the dissociation of the hydro-
gen molecule by metallic palladium. Next, the Η atoms,
migrating on the surface as a result of spill-over, reduce the
silver salt of PW12.

After treatment with hydrogen, the silver and copper salts
of PW12 catalyse the cracking of cumene and the isomerisation
of o-xylene.7 6 The palladium salt of PW12 reduced with
hydrogen is an active catalyst of the isomerisation of alkanes. 7 7

A bifunctional catalyst, incorporating zerovalent palladium
and the ΗΡΑ, is formed in this system via the oxidation-
reduqtion mechanism. The catalytic process involves the
dehydrogenation of the alkane on the zerovalent palladium
and the subsequent acid skeletal isomerisation. An analogous
catalyst has been obtained from a platinum(IV) sal t . 6 6

(e) Certain catalytic reactions with participation of hetero-
polyacids and their salts. Recently, much attention has been
devoted to the synthesis of hydrocarbons from coal in con-
nection with the limited availability of petroleum resources.
One of the main aspects of the solution of this problem is the
synthesis of hydrocarbons from methanol. Methods have
been developed for the conversion of methanol into an
artificial liquid fuel containing paraffinic and aromatic hydro-
carbons, ranging from C 7 and above, using high-silicon
zeolites as catalysts. i U b However, the ΗΡΑ PW12 and SiW12

as well as their salts also catalyse the conversion of methanol
into hydrocarbons. 2 ' 9 5 ' 1 0 2 A mixture of olefins and alkanes rang-
ing from Cx to C7 as well as water and dimethyl ether are formed in
the reaction occurring at atmospheric pressure and 250—350°C .
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The C3—C5 compounds predominate among the hydrocarbons.
In contrast to the reaction on zeolites, the yield of compounds
above C7 and aromatic hydrocarbons is very low. This differ-
ence is probably due to the molecular sieve effect of zeolites,
as a result of which the reaction of hydrocarbons within the
zeolite pores is more extensive than on the ΗΡΑ.

The composition of the products renders ΗΡΑ unsuitable
for the synthesis of motor fuel. However, they are of inter-
est for the selective synthesis from methanol of hydrocarbons
such as ethylene and propene. The preferred catalysts for
this purpose are the insoluble PW12 salts with organic and
inorganic cations, which have a large surface area. " Vigo-
rous research is being prosecuted on these lines.

The activity of PW12 salts in the conversion of methanol
decreases in the following sequence (the yields of hydrocarbons,
expressed as percentages, at 300 °C are indicated in brackets):102

Ag,-(93)>Cu(60) sE(60)>Fe(48)>Al(36)>Pd(26)>La(24)>Znttf). An
analogous series has been obtained for the SiWi2 salts: Ag(79) >
Cu(61) > H(39) > Fe(24) > Al(15) > Zn(7) > La(2). The
proportions of different hydrocarbons in the methanol con-
version products on ΗΡΑ and their salts are the same,102

which indicates that a common mechanism of the catalytic
process operates. It has been suggested that the conversion
of methanol occurs in the bulk of the catalyst via a carbonium
ion mechanism. 2 ' 9 5

The alkylation of aromatic compounds by olefins is a large-
scale industrial process. Tungsten ΗΡΑ, which catalyse this
reaction, are much more active than the usual heterogeneous
catalysts (aluminosilicates, U3PO^/SiO2, etc.). The optimum
efficiency in the alkylation of benzene by propene has been
achieved when the ΗΡΑ was used at 150 °C and a pressure of
15 atm, while in the case of the aluminosilicate catalyst the
highest efficiency was at 300 °C and 30 atm. n

The industrial synthesis of t-butyl methyl ether, an addi-
tive which increases the octane number of motor fuel, is
carried out by the reaction of isobutene with methanol in the
liquid phase in the presence of a cation-exchange resin:1 0 7

ΗΡΑ catalyse this reaction in both liquid and vapour phases.63'
108-no ipn e activity of solid acids in the vapour-phase syn-
thesis of TBME at 90 °C decreases in the sequence
HafPWiaO ]̂ = U^SiVi^O^] > HJPMOJJO,,,)] s zeolite HY >
SiO2—A12O3 > Hit[SiMo12Oif0J· Alumina is completely inactive.110

The PW12 and SiW12 acids and their silver and copper salts,
deposited on activated charcoal (30 wt. %), ensure a process
selectivity of 100% at 50-110 °C for degrees of conversion of
isobutene in the range 30-40%.6" The activity of the salts
increases after treatment with hydrogen. The salt Ag3[PW12.
• Οι,ο]» reduced with hydrogen at 200—300 °C, is more active
than H3[PW12Om)]. The rate of reaction increases with
increase in the concentration of Ag3[PW12O40]

 o n the carrier
to 50 wt.% and then remains constant. The yield of TBME
increases with decrease of temperature as a consequence of
the displacement of the reaction equilibrium towards the
product. At 50 °C and for the volume ratio methanol/iso-
butene =1, the yield of TBME on the 30% Ag3[PW12Cv0]/C catalyst
was 76% for a selectivity of 100%. This catalyst is three times more
active than the industrial catalyst (the Amberlite 15 cation-
exchange resin) 61f and 100 times more active than alumino- i
silicates.5

Using solid ΗΡΑ, certain traditional liquid-phase processes
can be carried out in the vapour phase. An excellent example
is provided by the nitration of benzene. The industrial
process involving nitration with a mixture of concentrated
nitric and sulphuric acids was developed a very long time ago
but hitherto problems of the processing of the acid employed
and of the waste water have not been finally solved. In the

presence of the H3[PW12O 0̂]/SiO2 catalyst benzene is nitrated
with nitrogen dioxide in the vapour phase at 270 °C.6 6 The
reaction takes place in accordance with the equation

Ο,Η,+ΝΟ,—Ο,Η,ΝΟ,+ΝΟ+Η,Ο.

Dinitrobenzene is not formed. The rate of the process
increases with increase in the H3[PW12Oi»0] content to 30%
and then remains constant. The yield of nitrobenzene,
reaching 56%, increases in the presence of water vapour,
which probable stabilises the ΗΡΑ structure.

The number of examples illustrating the high efficiency of
ΗΡΑ catalysts could be greatly increased. In many instances
they are more active than the usual acid catalysts and satisfy
to a greater extent the energy and ecological requirements
which must be met by modern chemical industry.

—oOo—

Extensive information about the catalytic properties of ΗΡΑ
has now accumulated. Many new catalytic processes have
been developed and some of them have already begun to be
used in industry. However, much still remains to be done
both as regards the development of the theoretical principles
of catalysis by ΗΡΑ and as regards its practical application.

ΗΡΑ are extremely interesting as model objects for the
study of the elementary steps in heterogeneous acid catalysis.
Together with the experimental methods, quantum-chemical
calculations in terms of the cluster approximation can be used
effectively for this purpose. The behaviour of solid ΗΡΑ as
the "pseudo-liquid phase" leads to unique possibilities for the
study of the relation between homogeneous and heterogeneous
catalysis.

The synthesis and study of the catalytic properties of new
HPC, incorporating different elements as central atoms,
ligands, and outer-sphere cations, constitutes an urgent
problem. An interesting application of HPC is bifunctional
catalysis with simultaneous transfer of protons and electrons,
which has so far been little investigated. The employment of
HPC as catalysts of a wide variety of processes in fine
organic synthesis, including asymmetric synthesis, is prom-
ising. Because of the high price of the products, the gain
in selectivity in this instance as a result of the introduction
of the more effective catalyst frequently greatly exceeds the
expenditure on the catalyst.

During the preparation of the review for the press, the
VHIth Japanese—Soviet Seminar on Catalysis, "Catalysis by
New Materials", was held in Tokyo. Studies on catalysis by
ΗΡΑ, including the practical utilisation of these catalysts,
were widely represented. m ~ 1 1 6 At the present time, tung-
sten ΗΡΑ are used in Japan in the industrial manufacture of
2-propanol, 2-butanol, and t-butyl alcohol by the liquid-
phase hydration of the corresponding olefins. A process
leading to the polymerisation of tetrahydrofuran in the pres-
ence of H3PW12C%0 has been developed:115

η ζ^> + Η2Ο -* HO-[-(CH2)4-O-]B-H .

The construction of a factory in Japan for the application of
this process is being completed.

The vapour-phase oxidation of methacrolein to methacrylic
acid in the presence of a heterogeneous catalyst based on
PMo12 is used on a large scale (80 000 tonnes annually).1 U

Thus the industrial application of ΗΡΑ catalysts abroad is
increasing at a high rate, which confirms the urgent need
to develop this field in our country.
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Organic Compounds of Polyvalent Iodine-Derivatives of lodosobenzene

E.B.Merkushev (deceased)

The review describes the latest advances in the chemistry of aliphatic and aromatic iodoso-compounds, iodosohalides,
iodosocarboxylates, and the derivatives of μ-οχο^^ϋγΙοχγ^γΠ^ΐηε. A separate section is devoted to polymers with
tervalent iodine.
The bibliography includes 300 references.
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I. INTRODUCTION

Having passed chlorine through a solution of iodobenzene
in chloroform in 1886, Willgerodt1»2 obtained, instead of the
expected substitution product, the addition product PhICI2»
which was called phenyl iodosochloride in accordance with one
of the then current nomenclatures. During the period which
has elapsed since then, a wide variety of organic compounds
containing iodine in the tervalent or quinquevalent state have
been synthesised and their chemical properties have been
investigated.

During the 1950's—1960's extensive studies were carried
out on iodonium salts by Beringer in the USA and Nes-
meyanov, Vanags, and Neilands in the USSR. Since the
1970's , the chemistry of aryl iodosocarboxylates has been
developing successfully as a result of the efforts of scientists
from many countries.

Despite the fact that the number of publications on the
chemistry of organic compounds of polyvalent iodine is rela-
tively small, nevertheless they have been covered in chrono-
logical order by fairly large numbers of periodically published
reviews. The studies up to 1914 have been described in
Willgerodt's monograph,3 those published up to 1942 are dealt
with in Sandin's review2 already mentioned, and the studies
up to 1965 are surveyed in Banks's review ."* The data on
all organic compounds of polyvalent iodine known up to 1955
are presented in the form of Tables in the review by Beringer
and Gindler.5 At the present time this field of chemistry has
developed so widely that it is not possible to describe its
present state in a single journal publication. There exists a
brief review on iodonium salts6 and one of the chapters cf a
monograph7 is devoted to organic compounds of polyvalent
iodine—mainly iodonium salts. The chemistry of aryl iodoso-
carboxylates is dealt with in a recently published review8

and their application as oxidants is described in a mono-
graph. 9 A review10 is devoted to the use of polyvalent
iodine compounds (mainly organic compounds) in organic
chemistry. Interesting data on the chemistry of iodonium
salts can be found also in other communications11'12 and
information about the chemistry of aryl iodosocarboxylates
is available in books. 13>1't

The majority of organic compounds of polyvalent iodine
belong to one of three large groups: the iodonium salts
R2I

+X~, the iodonium ylides R-I-E (E = C or N), and
derivatives of iodosobenzene PIY2 (Y2 = Ο or Υ = Cl, F,
or RCO2).t The present review is devoted to the last group
of compounds. The relation between various organic com-
pounds of polyvalent iodine is illustrated in Scheme 1 for
phenyl derivatives.

I I . IODOSO-COMPOUNDS

1. Synthesis

Usually only the iodoso-derivatives of aromatic and hetero-
aromatic compounds and to a lesser extent vinyliodoso-com-
pounds are relatively stable.2 Among derivatives containing
an iodine atom linked to an sp 3-carbon atom, only perfluoro-
alkyliodoso-derivatives are stable.

The iodoso-group can be introduced into ceitain arenes
with electron-accepting substituents using the reaction of the
latter with iodosyl sulphate: 1 6 ' 1 7

ArH

Among the methods based on the hydrolysis of phenyl
iodosochloride or phenyl iodosoacetate,18»19 preference should
be given to the latter because it is less laborious and the
initial compound is stable on storage. Iodosobenzene can be
prepared by the reaction of phenyl iodosochloride with silver
oxalate, carbonate, or nitrate in acetonitrile.2 0

A number of specific methods for the synthesis of per-
fluoroalkyliodoso-derivatives have been proposed—for
example the ozonolysis of perfluoroiodoalkanes,21 the hydro-
lysis of the trifluoroacetates of iodosoperfluoroalkanes,22 or

tThe existence of iodosobenzene in the polymeric form
(PhIO)n has been reported, 1 5
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Scheme 1

, CH,COOH
(PhUlO+OH" : *- (PliUOfOCOCH,)

the interaction of perfluoroalkyl iodosofluorides with silicon
dioxide.21

The stability of the iodoso-compounds of all classes is low;
they disproportionate on storage:'*'21

2R—IO-*-R—I + R—ΙΟ, ,

2. Properties

Iodoso-compounds have been used mainly as oxidants.
Scant information about the early studies may be found in
reviews.2'" Λ number of new reactions involving oxidation
by iodosobenzene have been described in a series of com-
munications . 2 3 ~2 5

Fruitful researches into the oxidation of compounds of a
wide variety of classes by iodosobenzene in an alkaline
medium were initiated in the 1980's. Ketens give rise to
unstable α-lactones, which polymerise at the instant of
formation:26

nCR,=C=O-

Γ Ο Ο 1 r R O R Ί
\ / \ / \ ί II I

LCR,—c J -* — I —o-c—c—o—c—o— I —

L R R Λ32-90%R = n-C4F9, OF,, Rh, PhCH, ·
Acetophenones (I) are oxidised to ω-hydroxyacetophe-
nones ( I I ) : 2 7

ο
f^^C— CH,

Ο
II

/C-CH&H

(I) (II), 45-71%
R=H, CHf, OCH,, F, Cl, Br, I, NO, .

2,6-Diacetylpyridine is oxidised by phenyl iodosoacetate
(PIA) in an alkaline medium to 2,6-di(hydroxyacetyl)pyridine
in 63% yield.2 7

The acetyl group can be converted to the hydroxy-acetyl
group via the following scheme:2 8 '2 9

o-
» OH*- ι

- C - C H a ~ ^ o - - C = C H 2

PhIO

- C CH2
I

OCH,

Ο OH

- C — C H , — I - P h -*

OCH3 Ο
I H + If

-C-CH,OH » -C-CI^OH .
OCH,

The reaction discovered made it possible to transform the
steriod derivative (III) into the derivative (IV) with a high
yield:29-30

(HI)

Iodosobenzene converts tetracyanoethylene into the corre
sponding epoxide in 74% yield.2 6

Iodosoarenes can be readily converted into organic com-
pounds of polyvalent iodine belonging to different classes :"*•

(Ref.4) ArlCl,

(Ref.31)ArIF,

Arl (OCOR),
(Ref.4)

ArlO—

ArI(OOCOR)2 (Ref.32)

^i^-^Ar lO, (Ref.33)
Ο Ο

CF.COOH^ C F s C _ O _ I ( p h ) O I ( p h ) _ o _ C C F s

(Ref.4)
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(a) Oxidation Reactions of Alkyl Iodides#, §

Alkyl iodides are resistant to the action of KMnOi,, H2O2, or
Ο 3 but under the influence of certain oxidants, usually
peracids, they are converted into esters or ethers, vicinal
diesters, α-iodoesters, alcohols, ketones, or oxirans.37"1*0

The mechanisms of these reactions have not so far been
ultimately elucidated but the intermediate formation of ali-
phatic iodoso-derivatives is usually postulated.

The reaction involving the conversion of the bicyclic
iodide (V) under the influence of m-chloroperbenzoic acid
(m-CPBA) to the lactone (VIII) was described in 1977. The
lactone is probably formed via the iodoso-derivative (VI)
which is converted into the unsaturated bicyclic lactone (VII)
by splitting off HIO:1*1

•2CH3

(VII)

CO2CH3

(VIII), 81%

Many details of the reaction of alkyl iodides with peracid
were elucidated by Reich and Peake ."*2 In a neutral medium ,
primary alkyl iodides are oxidised by m-CPBA to alcohols with
a satisfactory yield. Alkyl iodides having electron-accepting
groups in the α-position converted into alkenes:

Russian Chemical Reviews, 56 (9), 1987

to an alcohol is also possible:

Alk-

I r- 10 -, I

Alk-C-C-H ^ Alk-C-C-H \-\

i i L ι ι J
2RCOOH

-H.0 "

^OCOR-,

"•OCOR

Alk-C-C-H
I I
(IX)

O-I

Alk-C-C-H
I I

(X)

On oxidation with m-CPBA, the bicyclic sulphide (XI)
gives rise to the unsaturated sulphones (XII) or (XIII)
depending on the reaction conditions:1*3

(XII), 62% (XI)

Allyl iodides are oxidised by peracids to allyl alcohol via
the intermediate formation of derivatives of tervalent and
quinquevalent iodine {the reaction involves a [2,3]sigmatropic
rearrangement}:1*1*

Ο CH,

I! I
PhS—C—CH 3 -

I! I
Ο I

CjHsOC-CH (CHj)7 CH,—'

Ο CH,
II I

P h S — C = C H , ,

Ο 87o/o

Ο
!l

C,H5OC-CH=CH (CHal,CH3

In all cases the initial oxidation products are iodoso-com-
pounds whose subsequent fate depends on the structure of
the alkyl iodide. The iodoso-compound can split off
hypoiodous acid (syn-elimination) or can react with the
organic acid to form the iodosocarboxylate (IX), which is
not isolated and is converted further into an ester. A
rearrangement of the iodoso-compound via a radical or ion
pair into the alkyl hypoiodite (X) with subsequent hydrolysis

#See Zefirov and co-workers. 3"*~36

§ In certain studies such reactions are referred to by the
term "oxidative deiodination". It cannot be regarded as apt
since the reaction RI •*• RH is usually associated with the term
"deiodination". It is probably better to call these reactions
"oxidative substitution of an iodine atom".

nco3n

Alkyl iodides are converted into alkyl fluorosulphates under
the influence of peroxydisulphuryl difluoride:1*5

Alkl (OSOtF),

Alk=CH3, CF3, n-C 3 F 7 .

AlkOSO,F ;

5 2 - 8 4 %

The reactions of alkyl iodide with phenyl iodosocarboxylates
or phenyl iodosohydroxytosylate lead to esters:1*6»1*7

Alkl
PhKOCOR),!

-Phi. —1RCOOI]
AlkOCR (AlkOTs) .

3 2 - 8 0 %

Esters are also formed when alkyl iodides are oxidised by
derivatives of u-oxobisacyloxy(aryl)iodine.33>1*7
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When alkyl iodides are oxidised with iodine pentafluoride,
aldehydes are produced,118 oxidation with phenyl iodosochlo-
ride affords alkyl chlorides,1 and oxidation with iodine tris-
(trifluoroacetate) gives rise to alkyl trifluoroacetates Λ5

Alkenes interact with iodine trichloride to form 1,2-di-
chloroalkanes, which are probably formed via unstable
alkyl iodosochlorides.50

The oxidation of alkyl iodides in the presence of salts of
acids whose anions are superweak nucleophiles leads to the
replacement of iodine by the anion of these acids. The
reaction described probably proceeds via a stage involving
the formation of carbonium ion intermediates:51»52

CU <CH 1 I [oxidant]/M+OR-
L H 3 ( L M , ) n l CH.CI,. -78-i-+5(K-

R=CHS. CF 3 ,p-CH 3 C 6 H 4 .

CH,(CH,) r tOR ;

20—70%

i l l . IOOOSOHALIOES

1. Iodosochlorides

(a) Synthesis

On treatment with chlorine in a solvent, aryl iodides give
rise to aryl iodosochlorides .* Vinyl iodides are also capable
of forming vinyl iodosochlorides. For example, irans-diiodo-
ethylene is converted into trans-iodovinyl iodosochloride.67

trans-Chlorovinyl iodosochloride can be obtained in a high
yield from acetylene. 6 7 " 6 9

Aliphatic iodosochlorides are as a rule unstable and can be
obtained only at low temperatures. 6 7 The iodosochlorides
derived from alkyl iodomethyl sulphones proved to be
unexpectedly stable. 7 C ' 7 1

It is at present difficult to estimate the synthetic value of
reactions involving the oxidative substitution of the iodine
atom in alkyl iodides, because many communications are only
preliminary and do not give experimental details. However,
the value of such reactions is apparently very high; for
example, the reaction of methylene iodide with nitronium
fluoroborate in the presence of tetrabutylammonium perchlo-
rate results in the formation of methylene bisperchlorate,
otherwise difficult to obtain, in nearly quantitative yield.31*

For the biological oxidation of alkyl halides, including
alkyl iodides, see Macdonald et al . 5 3

(b) Catalytic Oxidation If

There exists a large group of oxidation reactions in which
iodosobenzene is smoothly involved only in the presence of
various metal-containing catalysts.

The ability of iodosobenzene to hydroxylate organic com-
pounds in the presence of cytochrome P-450 has been demon-
strated.5 5»5 6 Various metal-containing porphyrins are simple
models of the active centre of cytochrome P-450. The ease
of oxygen transfer from iodosobenzene to organic substrates
in the presence of porphyrins containing iron, chromium, or
manganese has been demonstrated. 5 7" 6 1 It is difficult to
predict whether these reactions will find applications in
preparative organic chemistry, because studies carried out
hitherto have been devoted mainly to the elucidation of the
mechanism of the enzyme action. However, many reactions
take place extremely stereoselectively; for example cis-
stilbene is epoxidised in a high yield, while the irans-isomer
is almost inert:

as-Ph-CH=CH-Ph
PhIO/TPPFe(III)CI

-Phi Ph—CH—CH-Ph

TPPFe(III)Cl = chloro(5,10,15,20-tetraphenylprophyrinato)iron.

There is apparently no need to use the fairly complex cata-
lysts mentioned above. The ability of iodosobenzene to
oxidise readily alcohols to aldehydes and ketones and disub-
stituted alkynes to α-dicarbonyl compounds at room tempera-
ture in methylenechloride in the presence of RuCl2—P(Ph)3

has been demonstrated.62~61*
In the presence of iron-containing porphyrins, iodoso-

benzene oxidises sulphides to sulphoxides.65»66 Certain
sulphoxides can be oxidised by this system to the corre-
sponding sulphones.

(b) Chlorination

Aryl iodosochlorides are mild chlorinating agents and in
solution are able to chlorinate alkenes on thermal or photo-
chemical initiation with formation of vicinal chloride. The
reaction mechanism is complex. The reaction can proceed
via both radical and ionic mechanisms.7 2 '7 3 When alkanes
are chlorinated, the tertiary carbon atom is attacked
preferentially.71f

Unsaturated hydrocarbons with cycloalkyl substituents
produce high yields of dichlorides.7 5 '7 6 It is of interest to
note that the trimethylene ring is attacked preferentially in
2-cyclopropylpropene:

Steroid derivatives are also chlorinated by phenyl iodoso-
ehloride. 7 7 " 7 9 It has been shown that there is a possibility
of the selective halogenation of steroid alcohols with sub-
sequent introduction of a double bond using iodosochlorides
based on carboxylic acids having the general formula C12I.
.(C6Hit)nCOOH (n = 0-4), joined to the steroid molecules by
ester linkages.8 0 The reaction of ethers with phenyl iodoso-
chloride affords the α-chloro-derivatives, while molecular
chlorine usually leads to αα'-dichloro-derivatives.8 1 Molec-
ular chlorine converts diazoketones into resins, but phenyl
iodosochlorine produces geminal dichiorides.8 2 The use of
phenyl iodosochloride for the chlorination of triphenylphos-
phine-acylmethylenes has been described.83>81*

The iodine-containing alcohols (XIV) have been converted
into halogeno-iodinanes (XV),85 which are convenient
reagents for benzyl and allyl halogenation:85

OH Hal—I—O

1fFor a brief review, see Meunier.51*

/C-CX.
ex,

R
(XIV) (XV)

R=H, CH,; X=H. F; Hal=Br, Cl. F .

Numerous studies have been made of the influence of polar
effects on radical chlorination by aryl iodosochlorides,8 6"9 5 but
unfortunately much still remains obscure in this problem.
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(c) Oxidation

Phenyl iodosochloride in aqueous pyridine converts sul-
phides and selenides into sulphoxides and selenoxides.9 6·9 7

Phenyl diphenylmethyl sulphide is cleaved by phenyl iodoso-
chloride to benzenesulphenyl chloride and diphenylmethyl
chloride.9 8 Secondary steroid alcohols are converted into
the corresponding ketones in good yields on treatment with
the phenyl iodosochloride—pyridine system.9 9 The iodoso-
chloride based on 3-iodopyridine is capable of oxidising
selectively secondary alcoholic groups in steroid polyalco-
hols. 1 0 0

(d) Different Reactions

These reactions probably proceed via a stage involving
the formation of a phenonium ion: 1 2 0

(Pb),C=CH,

(Ph), C-CH,IPh

F

PhCF.-CHjPh

Ketones are fluorinated by phenyl iodosofluoride in the
α-position.121 The fluorination of compounds of different
classes by methyl iodosofluoride and aryl iodosofluorides has
been investigated in a number of s tudies . 1 2 2 " 1 2 5

Like iodoso-compounds, aryl iodosochlorides are widely used
in the synthesis of various derivatives of polyvalent iodine :**'
20.101-106

(Ref.lO4)Ar-l-Ar'«
ci-

(Ref.105) ArIF3

(Ref.4) ArlO

(Ref.106) ArlO,

-ArlCl»—

Pb(OAc),

AcOH/pyridene
Arl (OAc),,

(Refs.101,102)

TsOAg

Arl(OCOR),, (Ref.20)

,ΟΗ
Arl< . (Ref.103)

X OTs

Aryl iodosochlorides are unstable substances which decom-
pose on storage."* The main product of the decomposition of
phenyl iodosochloride is p-chlo*Oiodobenzene.107

2. lodosofluorides

(a) Synthesis

They can be obtained from derivatives of univalent or
tervalent iodine. lodosofluorides can be synthesised by
fluorinating iodides with elemental fluorine,1 0 8 chlorine tri-
fluoride, 1 0 9 ' 1 1 0 or xenon difluoride ,1 1 1»1 1 2 On treatment with
molecular fluorine or chlorine, 1-iodoadamantane is converted
into 1-fluoro or 1-chloroadamantane via the intermediate

. formation of iodosohalides, which are not isolated:1 1 3

1-AdI—
-* [l-AdlF,] -• 1-AdF ,

'**-+ [l-AdICla] -» 1-AdCl ;
X=F, Cl .

Phenyl iodosofluoride was obtained in a high yield by the
electrolysis of silver fluorine in acetonitrile in the presence
of iodobenzene.111* Aryl lodosofluorides can be prepared by
condensing iodoso-compounds with 48% hydrofluoric ac id 1 1 5 " 1 1 7

or by treating iodosochlorides with hydrogen fluoride in the
presence of mercury(II) oxide. 1 0 5 lodosofluorides can be
synthesised most conveniently by the interaction of iodoso-
compounds or iodosotrifluoroacetates with sulphur tetra-
fluoride:2 2

SF.
R—1=0

RIF,
R - I (OCOCFj)a

 ! 56-95%
R=Ar, Hetar, CjF, .

( b ) Fluorination

The reaction of 1,1-diphenylethylene with phenyl iodoso-
fluoride affords l,l-difluoro-l,2-diphenylethane.1 0 5 3,3-
Diphenylprop-2-ene behaves analogously:1 1 8 '1 1 9

IV. IODOSOCARBOXYLATES

While the nomenclaturet of iodonium salts is identical in
different countries, the nomenclature of organic compounds
|of quinquevalent iodine is still in a state of constant develop-
iment; one would think therefore that the time had come to
adopt an unambiguous nomenclature for aryl iodosocarboxyl-
ates. For example, more than a dozen different names may
be found in the chemical literature of different countries
during the last 25 years for the compound PhI(OCOCH3)2,
first synthesised by Willgerodt and called by him phenyl
iodoacetate ("Phenyliodacetat").3 Aryl iodosocarboxylates
can probably be named as iodosoesters—derivatives of
hydra ted iodosoarenes ArI(OH)2, i .e. the compound Phi.
.(OCOCF3)2 can be called phenyl iodosotrifluoroacetate,
while in the case of partial esters the prefix "hydroxy" is
used, for example, the compound PhI(OH)Ts would be called
phenyl iodosohydroxytosylate.127 In the case of mixed
iodosoesters, the acid residues forming part of their composi-
tion are named alphabetically, i .e. the compound Phi.
.(OCOCH2Br)(OCOCH2Cl) is called phenyliodosobromoacetate-
chloroacetate . 1 2 8

1. Synthesis

The scheme presented below illustrates different methods
of synthesis of aryl iodosocarboxylates:

Scheme 2
ArICl2 (Refs.20, 101, 102) ArIO (Refs.4 129)

ArI(Refs.4, 130) ArH(Ref.l31) ' ArI(OCOCH3)2 (Refs.132, 133)

(Ph^C-CH-CH,
P b C F »-

tFor the IUPAC recommendations concerning the nomen-
clature of organic compounds of polyvalent iodine, see
Ref.126.
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The reaction of arenes with iodine tris(trifiuoroacetate) in
trifluoroacetic acid or methylene chloride leads to aryl iodoso-
trif luoroacetates. m

The oxidation of o-substituted aryl iodides sometimes leads
to the formation of heterocyclic compounds containing tervalent
iodine in the ring, for example compounds (XVI)-(XX):131**"139

aliphatic, aromatic, and heterocyclic acids as well as the
residues of acylated aminoacids132 (Table 1):

Phi (OAc), PhKOCOR),

Cl

Ο

c \
N-R

.so.

v\,/
NH

CI

(XVI)

C!

(XVII)

CAc

(XVIII)

OH

(XIX)

, C - N H

OAc

(XX)

a, CH3CHaCI, CHaCOaCH3

It is of interest to note that phenyl iodoso-p-nitrophenyl-
benzoate is formed on decomposition of p-nitrophenylbenzoyl
peroxide in iodobenzene.130 Although this reaction takes
place at high temperatures, where aryl iodosocarboxylates
usually decompose, it is apparently pssible to select mild con-
ditions for the decomposition of acyl peroxides, whereupon
these reactions can become a good preparative method of
synthesis of aryl iodosocarboxylates.

Phenyl iodosochloride reacts with lead diacetate or silver
salts of carboxylic acids to form phenyl iodosocarboxylates
in high yields.20»101 Aryl iodosochlorides with electron-
donating substituents give rise to aryl iodosoacetates on
treatment with acetic acid in the presence of pyridine. 1 0 2

The condensation of iodoso-compounds with carboxylic
acids also leads to aryl iodosocarboxylates."* This reaction
is complicated by the instability and poor solubility of iodoso-
compounds in the usual organic solvents; it is normally car-
ried out in liquid carboxylic acids, whose excess serves as
the solvent (the attempts to condense iodosobenzene with
solid carboxylic acids in organic solvents were unsuccess-
ful1'*0»1''1). In these reactions the carboxylic acids can be
successfully replaced by their anhydrides.129'11*2'11*3

The availability of aryl iodosoacetates, their stability on
storage, and their ready solubility have made these com-
pounds key reagents in the synthesis of various aryl iodoso-
carboxylates. Aryl iodosoacetates can be prepared in high
yields by oxidising aryl iodides with 30% H2O2 in acetic
anhydride11*1* or with 40% peracetic acid and acetic acid.11*5

When iodobenzene is oxidised with the latter reagent,
iodoxybenzene may be formed.11*6 The mechanism of this
process is not entirely clear; iodoxybenzene may be formed
on decomposition of the peroxy-compound arising as a result
of the condensation of iodosobenzene with peracetic acid:11*7

• [PhlOJ—

2CH,CQ,H

Phi (OOCOCHs), —

Phi (OOCOCHj),, ,

The exchange reaction of aryl iodosoacetates with sub-
stituted benzoic acids can serve as a preparative method of
synthesis of the corresponding benzoates.1"*3'11*9 Phenyl
iodosocarboxylates can be obtained by the exchange reaction
between the phenyl iodoso-trifluoroacetate (PITFA) and the
sodium salts of carboxylic acid in acetonitrile.1 5 0

When the exchange reaction between aryl iodosoacetates or
aryl iodosotrifluoroacetates and carboxylic acids was carried
out in high-boiling solvents at a reduced pressure, it became
a universal procedure, which permitted the synthesis of a
large series of iodosocarboxylates containing the residues of

Table 1. Phenyi. iodosocarboxylates PhI(OCOR)2.
1

R

Ethyl

Propyl
Isopropyl
t-Butyl
Diphenylmethyl

Fluoromethyl
Chloromethyl

Trichloromethyl
2,4-Dichlorophenoxymethyl

Phenyl
o-Bromophenyl

Yield, %

72

81
82
82
85

91
94

82
92

96
66

R

o-Iodophenyl
o-Phenylphenyl*

p-Methoxyphenyl*
p-Nitrophenyl

3,5-Dinitrophenyl

o-Acetoxyphenyl**

o-(2-Formylphenyl)phenyl**
4-Fluorenonyl**
2-Furyl

.iV-Benzoylglycyl

TV-Benzoyl-DL-alanyl

Yield, %

32
96

83
96

98
6 2

58
98

60

92

96

-CF.CO.H

CF.CO.H

2CF.CO2H

-» Phi (OCOCF3), «-

2CF,CO,Ag

-2AgCl

2CF.CO.H

-2AcOH

PhICl2

Phi (OAc)

*The solvent used for the exchange reaction was o-dichloro-
benzene.
**Solvent- nitrobenzene.

The methods of synthesis of two phenyl iodosocarboxyl-
ates, namely PhI(OCOCF3)2 and PhI(OH)OTs, which have
become in recent years multipurpose reagents for organic
synthesis, merit special consideration. Phenyl iodosotri-
fluoroacetate can be prepared from benzene, iodobenzene,
phenyl iodosochloride, and phenyl iodosoacetate (PIA):1*'20»131'
132,151

PhH

Phi

PhIO

The best of these methods involves the exchange reaction
of phenyl iodosoacetate with trifluoroacetic acid. It occurs
on simple recrystallisation of PIA from warm (but not boiling)
trifluoroacetic acid. 1 3 2 ' 1 5 1

Phenyi iodosohydroxytosylate (PIHT) can be prepared by
condensing silver tosylate with phenyl iodosochloride or by
the exchange reaction of toluene-p-sulphonic acid with phenyl
iodosoacetate.1 0 3 '1 2 7 The latter method is more convenient.

2. Oxidation Reactions

All the numerous reactions of aryl iodosocarboxylates with
organic compounds can be divided into two large groups.
The first group embraces reactions during which aryl iodoso-
carboxylates are reduced to iodoarenes and various oxidation
products not containing iodine are formed from organic sub-
strates. Reactions during which aryl iodosocarboxylates are
not reduced and the compounds formed contain a tervalent
iodine atom may be assigned to the second group.

Almost all the oxidation reactions in the first group can be
subdivided into three subgroups. The first includes reac-
tions of aryl iodosocarboxylates with various acids (OH, NH,
and SH- etc. acids). Reactions of aryl iodosocarboxylates
with unsaturated compounds, usually leading to acyloxylation
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products, belong to the second sub-group. The third sub-
group comprises the oxidation reactions of compounds con-
taining heteroatoms (S, P, Se) with formation of the corre-
sponding oxides.

The reactions of the second group are subdivided into two
subgroups: the formation of iodonium salts and iodonium
ylides.

(a) Alkenes

When alkenes react with PIA, PITFA, or PIHT, vicinal
diesters are formed."ο,"*-»*

On treatment with PIHT, styrene is converted either into
l-phenyl-l,2-di(tosyloxy)ethane or into 2-phenyl-l,l-di-
(tosyloxy)ethane depending on the reaction conditions :151*

PhCH=CHj

PhCH (OTs) CHjOTs
62%

s) a .

63%

Propene reacts with the PIA/I2 system to form 2-acetoxy-l-
iodopropane in a high yield.21* The reaction of this system
with keten leads to the mixed anhydride of acetic and iodo-
acetic acids, which can be converted into iodoacetic acid or
its anhydride. 1 5 5 On treatment with the PIA/(CH2)3SiN3

system, styrene is converted into an azide: 1 5 6

It must be emphasised that at present PITFA is the only
reagent capable of oxidising selectively one triple bond in
the molecules of polyacetylenic compounds.

Diphenylbutadiyne is oxidised by PITFA to a mixture of
dibenzoylacetylene and phenyl(phenylglyoxaloyl)acetylene:161

ο ο
II II

—• PhCC=CCPh ,
40%

oo

" * PhCCC=CPh .
30%

Phenylacetylene reacts with phenyl iodosochloride, PITFA,
or PIHT to form acetylenic iodonium sal ts : 1 5 9 ' 1 6 2 ' 1 6 3

— X — Ph-C=C-I-Ph ;

X=Li, Y=C1; X=H, Y=CFsCOa; X=H, Y=TsO .

The stability of such salts increases with decrease of the
nucleophilicity of the anion. Disubstituted acetylenes react
with the PIA/I2 system to form trans-g-acetoxy-ot-iodo-
alkenes, which readily hydrolyse to ct-hydroxyketones.161*

(c) Cyclopropanes

p h _ C H = C H a

(b) Alkynes

Diarylacetylenes are inert when acted upon by both PIA
and lead tetraacetate. 1 5 7 However, PITFA oxidises tolanes
with electron-donating and not very strong electron-accepting
substituents in moist chloroform to the corresponding benzils
in good yields. 1 5 8 The reaction probably proceeds with the
intermediate formation of vinyl- and alkyl-iodonium salts: 1 5 8

P h - C = C - P h

Ph—c—CH—Ph

PhI+CF3COO-

[ OCOCF,
I

Ph-C=C—Ph
I

PhI+CF,COO-
O

Ph-C—CH-Ph - ^

OCOCF3

Ο Ο
I! II

» P h - C - C - P h

PhI+CF3COO"
O OH
II I I PITFA

Ph-C-CH-Ph

We have shown that PITFA oxidises l,4-di(phenylethynyl)-
benzene to 4-phenylglyoxaloyltolane or to l,4-di(phenyl-
glyoxaloyl)benzene : 1 5 9

ο ο

52%

Ο Ο Ο Ο
II II II II

— p-PhC-CQHjC-CPh .
60%

Depending on the reaction conditions, p-diethynylbenzene
is converted into l-ethynyl-4-hydroxyacetylbenzene or into
1,4-di(hydroxyacetyl)benzene : 1 6 0

Ο

p-CH-CC,H«C"=CH

• p-CH=aCCeH4CCH,OH
34%

' p-HOCH,CCeH4CCHtOH
79%

Various cyclopropylphenyl iodosoacetates were synthesised
for the first time in 1979.165 The three-membered ring in
phenylcyclopropane is opened by PITFA with formation of
l-phenyl-l,3-bis(trifluoroacetoxy)propanes.1 6 6 The same
reaction takes place also with PIA in a chloroform—trifluoro-
acetic acid mixture, in which PITFA is formed in situ.167

The strained 1,3-dehydroadamantane (XXI) interacts with
PITFA to form the unstrained l,3-bis-(trifluoroacetoxy)~
adamantane (XXII) in a high yield:1 6 8

(XXI) (XXII)

(d) Polynuclear Condensed Hydrocarbons

9,10-Dihydroanthracene is dehydrogenated by PITFA or
phenyl iodosophthalimidate to anthracene. 1 5 1 ' 1 6 9 PITFA can
oxidise anthracene further to a mixture of 1,2- and 9,10-
anthraquinones .17°

(e) Alcohols, Glycols, Phenols, and Hydroperoxides

Alcohols of different classes react with PIA or PITFA,
being oxidised to carbonyl compounds:1*'151

OH
I

Ph-CH-Ph-

Ph-CH,QH-

CH,CH,OH

ne, 80°

Ph—C—Ph
65%

P h - C ^

50%

50%
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Phenyl iodosoacetate oxidises alcohols in the form of
halogenomagnesium alkoxides generated in situ from the
alcohols and n-propylmagnesium bromide.1 7 1

The reaction involving the oxidation of phenols by PIA
yields a complex mixture of products, in which quinones
and o-acetoxyphenols predominate.1 7 2 4-Nitrophenol (XXIII)
is converted into 2-hydroxy-5-nitrodiphenyliodonium acetate
(XXIV), which can rearrange on heating via a reaction having
an unknown mechanism into 2-iodo-4-nitrophenyl phenyl
ether (XXV):1*8

NO,- -OH
PIA

(XXIII) (XXIV)

The oxidation of p-ethoxycarbonyl-, p-formyl-, or p-acetyl-
phenols proceeds analogously. The iodonium salts (XXVI),
formed initially, split off an acetic acid molecule and are con-
verted into the iodonium ylides (XXVII), which can rearrange
to the diphenyl ethers (XXVIII):173

AcO"

(XXVI)

H = N O a , COOC2HS, CHO, COCH3

(XXVII) (XXVIII)

2-Chloro-4-nitrophenol (XXIX) is oxidised by 2-chloro-
phenyl iodosoacetate (XXX), forming 2-chlorophenyl 2-chloro-
6-iodo-4-nitrophenyl ether (XXXI):m

N °J-\* ^—OH + (AcO), Ι—ξ N O , -

(XXIX)
a
(XXX)

However, 2,6-dichloro-4-nitrophenol is oxidised by PIA to
2,6-dichloro-l, 4-benzoquinone ,11*8

The facts presented permit the conclusion that this inter-
esting reaction is probably general among phenols having an
electron-accepting group in the p-position and at least one
free ο-position.

Photochemical syntheses based on 2-iodo-substituted
diphenyl ethers (XXXII) lead to a simple way of preparing
substituted dibenzofurans (XXXIII) (see, for example,
Kappe et a l . 1 7 5 ) :

2,4-Dinitrophenol (XXXIV) is oxidised by PITFA to the
iodonium salt (XXXV); the latter can react with both
nucleophiles and electrophiles, forming the products (XXXVI)
and (XXXVII); on heating, compound (XXXV) rearranges

to 6-iodo-2,4-dinitrophenyl phenyl ether (XXXVII):176

OH
I

OH

0
NO,

(XXXIV)

Ph+I.
o-

\y\/

NO,

(XXXV)

NO,
(XXXVI)

OE

I
Ph+I-/\-NO,

Υ
NO,

(XXXVII)

/NO,

Q,N-<

(XXXVIII)

Nu=OH, OCHj, n-C4H,NH; E = H , PCI,, Si (CH,), .

The bisnaphthols (XXXIX) rearrange under the influence of
PIA into the spiro-compounds (XLI) via the iodosoethers
(XL): 1 7 7 · 1 7 8

(XXI)

The reaction of catechol with PIA affords o-benzoquinone
in 90% yield.1 7 9 PITFA oxidises 2,3-dichloro-5,6-dicyano-
hydroquinone to 2,3-dichloro-5,6-dicyanoquinone in 90%
yield.1 5 1 PITFA converts the anhydride of hydroquinone-
2,3-dicarboxylic acid quantitatively into the anhydride of
p-benzoquinone-2,3-dicarboxylic acid. 1 8 0 The oxidation of
the dihydroxyquinones (XLII) and (XLIII), derived from
naphthalene and anthracene, by treatment with PITFA
results in the formation of the corresponding diquinones
(XLIV) and (XLV):181

Ο Ο

Ο ο
(XLV), 66%

t-Butyl hydroperoxide interacts with PIA at a low tempera-
ture to form a new peroxide, which decomposes on raising the
temperature: 1 8 2

Phi (OAc), [PhI(OOBu-t)2] -> Phi + O2 + (t-BuO)2.

(f) Ethers

On treatment with PITFA, alkyl aryl ethers are converted
into iodonium salts. 1 8 3 Benzyl ethers are cleaved by PITFA
to carbonyl compounds and benzyl or alkyl trifluoroacetate.
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This reaction proceeds via the intermediate formation of an
oxonium complex, which is converted, with formation of a
carbonyl compound, into a tervalent iodine derivative, which
then decomposes to iodobenzene and trifluoroacetate:181*

P h —

Vt OCOCF3_

r
CF3COO~ Ph OCOCF3_

- ^ - CF3CO2CH2PU .

-CFjCOOH, -PhCMO

Oxirans are converted by PITFA into the trifluoroacetate of
α-hy droxyketone s:x 8 5

ο ° R*
• \. P I T F A It I

/ s. » R»-C-CH-O-CO-CF, .
Rl Ra

On reaction with trimethyl orthoformate, PIHT is converted
into phenyl iodosomethoxytosylate:186

_. , / 0 H CH(QCH.), . /OCH S

NOTs X)Ts

(g) Aldehydes and Ketones

After prolonged contact with PITFA, benzaldehyde is
oxidised to benzoic acid. This reaction probably proceeds
via the intermediate formation of the mixed anhydride of
benzoic and trifluoroacetic acids. 1 8 7

Cyclohexanone reacts with PIA to form 2-hydroxycyclo-
hexanone in 80% yield.2 6

On treatment with PIA, isophorone (XLVI) is converted
into 3,5,5-trimethylcyclohexane-l,2-dione (XLVII):26

Ο
li

(XLVI) (XLVII)

The reaction of acetophenones with PIA in the presence of
sulphuric acid leads to products of the acetoxylation of the
methyl group. 1 8 8 Benzil is cleaved by PITFA to benzoic
acid. This reaction probably also takes place via a stage
involving the formation of the mixed anhydride of benzoic
and trifluoroacetic acids. 1 6 0 Dibenzoylmethane and 4,4,4-
trifluoro-l-phenylbutane-l,3-dione are acetoxylated on treat-
ment with PIA: 1 8 8 ' 1 8 9

Ph-c-CH,-c-R ·
R=Ph. CFS .

Ο Ο
II II

Ph-C—CH (OAc)—C—R

Polycarbonyl compounds are cleaved by PIA to carboxylic
acids in aqueous acetic acid. 1 9 0

(h) Carboxylic Acids and Water

Aryl iodosocarboxylates enter into exchange reactions with
carboxylic acids.1* The reactions of PIA with substituted
benzenesulphonic acid lead to the corresponding phenyl
iodosohydroxybenzenesulphonates:127

ο

p h I ( O A c ) i

. O - S

OH °

Carboxylic acids having the methylene group in the α-posi-
tion react with S-methyl-l,4-diphenylisothiosemicarbazide,
forming the salts of 5-substituted 3-methylthio-l,4-diphenyl-
1,2,4-triazoles. The latter are acetoxylated by PIA at the
methylene group and the hydrolysis of the resulting deriva-
tive affords aldehydes containing one carbon atom less than
the initial acid:1 9 1»1 9 2

S-CH,

1) Ph-NH-N=C-NH-Ph
2) PIA

R-CH,-COOH

R=CH», CJHJ, n-C7H l s.

The hydrolysis of PIA is the best preparative method of
synthesis of iodosobenzene.19 This reaction proceeds via
hydrated iodosobenzene, which loses a water molecule.
Under the usual conditions, the reaction requires alkaline
catalysts but at elevated temperatures it can take place even
under the influence of the traces of moisture present in the
solvent (see, for example, Hey et a l . 1 9 3 ) .

(i) Primary Aromatic Amines

These are oxidised by aryl iodosocarboxylates to azo-
compounds under mild conditions with yields ranging from
low to excellent. The reaction takes place via a free-radical
mechanism.1 9"-1 9 6

The amino-derivatives (XLVIII) cyclise under the influence
of PIA to diazepines (XLIX):1 9 7 '1 9 9

(XLVIII)
Y=CHS. SO,; R = H . Cl

R / \ / \ N = = N / \ / \ R
(XLIX), 3 5 - 7 1 %

The remarkable reaction involving the oxidation of 4-iodo-
aniline to 4,4'-diiodoazobenzene by chlorine or peracetic acid
can be explained by the intermediate formation of iodosochlo-
rides and iodosoacetates.1 9 9 '2 0 0

o-Nitroaniline (L) can be oxidised both to 4,4'-dinitroazo-
benzene (LI) and to benzofuroxan (LII): 1 9 6

—NO,

X=H. CH,, Cl, NO, .

2-Amino-3-nitrobiphenylene is conver ted into the correspond-
ing furoxan in 70% y i e l d . 2 0 1 The oxidative cyclisation r e a c -
tion i s common to anilines hav ing in t h e o-position a s u b -
st i tuent capable of forming a heterocyclic r i n g . 2 0 2

The react ions of t h e acetanilides (LIII), having e lect ron-
donating g r o u p s in t h e 4-position, with PIA proceed in accor-
dance with the heterocyclic mechanism via the iodonium salt
(LIV), t h e nitrenium cation (LV), and t h e dienoneimine (LVI).
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The protonated form of the latter (LVII) rearranges intra-
molecularly via compound (LVIII) to the 3-acetoxy-derivative
(LIX):2 0 3

C-CH 3

(LV)

(j) Carboxylic Acid Amides

On reaction with aryl iodosocarboxylates, they are decar-
bonylated.2 0 1 1"2 0 6 PITFA is a convenient reagent for the
stepwise degradation of peptides attached to an insoluble
polymeric support. 2 0 7

(k) Oximes

α-Dioximes react with PITFA to form mixtures of aldazine
di-N-oxides and nitrile oxides. The benzil dioxime (LX)
is converted into the corresponding furoxan (LXI):1 5 1

OH OH

Ν Ν
Ph Ph

(LX) (LXI), 91%

The β-dioximes (LVII) give rise to mixtures of isoxazoles
(LXIII) and 4-oxa-4tf-pyrazole di-JV-oxides (LXIV):2 0 8 '2 0 9

" (LXIII)

d ο
(LXIV)

irans-2-Unsaturated 1,4-dioximes (LXV) react with PITFA
to form a mixture of 3ct,6a-dihydroisoxazolo[5,4-d]isoxazoles
(LXVI) and pyridazine 1,2-dioxides (LXVII):210

H s

C=C
/ \

R—C Η
II
NOH

(LXV)

R

C=NOH

R

(LXVI)

\
Ο

(LXVII)

(1) Various Nitrogen-containing Compounds

Hydrazobenzene is dehydrogenated quantitatively by PIA to
azobenzene.191* PITFA converts diethyl hydrazodicarboxylate
into diethyl azodicarboxylate;151 PIA is ineffective in this
reaction.

Schiff bases are oxidised by PIA with formation of alde-
hydes and azo-compounds.211 The interaction of JVtf-di-
benzylhydroxylamines with PIA leads to nitrones. 2 1 2

Phthalimide (LXVIII) is oxidised by PI A to the tetrazane
(LXIX), which can be converted further into the tetrazene
(LXX):213

(LXX)

4-Amino-3,5-diphenyl-l,2,4-triazole reacts with PI A to
form benzonitrile; in the presence of alkenes, this reaction
can lead to aziridines.211* The reactions of PIA with aryldi-
azomethanes or 1-aryl- 1-diazoethanes affords complex mix-
tures of products, the main components of which are the
trifluoroacetates ArCH2OCOCF3 or ArCH(CH3)OCOCF3.

215

On treatment with PIA in the presence of alkali in alcohols,
2, 3-dimethylindole (LXXI) gives rise to 3-alkoxyindolenine
(LXXII):216

(LXXII)

Phenyl iodosophthalimidate (LXIV) is obtained by the reac-
tion of potassium phthalimide (LXXIII) with PITFA:1 6 9

ο
II

/ c \
NK

•••/

Ο
(LXXIII)

PITFA/CH,CN

-2CF,COOK "
\ c / \ / '

Ο
(LXXIV). 74%

Compound (LXXIV) enters into a series of reactions: 1 6 9

Phl(OAc),

ο
Ο

Ph-C-CH2-N Ph-C—CH,

—(LXXIV)—

PhIO

Χ ( Χ
I!
Ο

Ο
II

) Ν - H a l

'Ν/
ο

HaI=I, Br .

(m) Sulphur-containing Compounds

Thiophenols are oxidised to disulphides on treatment with
both PIA 2 1 7 and PITFA. 1 5 1 The oxidation of sulphides by
PIA leads to sulphoxides.2 1 8»2 1 9 When the thiaxanthone
(LXXV) is treated with PIA, it is converted into the corre-
sponding sulphoxide (LXXVI) in a high yield:2 2 0
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It is of interest to note that phenyl trityl and benzyl trityl
sulphides are not oxidised by PIA to the corresponding
sulphoxides but are cleaved with formation of diphenyl-
methanol and probably compounds containing bivalent sul-
phur.221 The oxidative elimination of sulphur from various
sulphur-containing compounds is possible. On treatment
with PIA, thiobenzanilide is converted into benzanilide in
aqueous ether.222 Depending on the reaction conditions,
in absolute ether thiobenzanilide is converted into di(a-
phenyliminobenzyl) sulphide or into di(a-phenyliminobenzyl)
di sulphide:222

Ph—C-N-Pb

1
Ph-O=N-Ph

2 M P 1 A 2Ph-C-NH-Ph
II
s

1 or 0.5M PIA

Ph-G-N-Ph

1
S

Ph-C=N-Ph

(η) Compounds Containing Phosphorus, Selenium, Boron,
and Tin

The reaction of triphenylphosphine with PITFA leads to
triphenylphosphine oxide.8 Selenazines react with PIA to
form the corresponding selenazine oxides.2 2 3

Phenyl iodosoacetate is capable of oxidising boron com-
pounds.221*'225 The triethylstannyl enolate of cyclohexanone
(LXXVII) is converted on treatment with PIA into 2,2'-dioxo-
Ι,Ι'-bicyclohexyl (LXXVIII):226

When α-cyanocarboxylates are treated with PIA, they
dimerise:233

N

Κ—CH(CO2R')—CK

OCH, Β

CCS I + RC—NH— C=C.

COjR1 x»,:

Reticuline (LXXXI) is cyclised by phenyl iodosocarboxyl-
ates to salutaridine (LXXXII):133

X=H,Br,a; , CF3 .

The PIA/cyanamide system converts the penicilloic acid
derivative (LXXXIII) into the derivative (LXXXIV):231*

OSn (C,HS),

0
(LXXVII) (LXXVIII). 6 1 %

(o) Poly functional Compounds

The reaction of benzoin with PITFA results in the formation
of benzil in a high yield.1 5 8 The interaction of o-hydroxy-
acetophenones (LXXIX) with PIA in the presence of KOH
affords coumaran-3-ones (LXXX):227

(p) Mixed Iodosocarboxylates

For a long time, the sole representative of these compounds
was phenyl iodosobromoacetate-chloroacetate synthesised from
PIA:128

Phi (OAc).
CH,C1COOH OAc

ΝχχχΉ,α]
/OCOCH2Br

Phl<
NXOCH,CI

Iodosocarboxylates contain the residues of various acids,
one of which is trifluoroacetic acid, and can be conveniently
obtained from PITFA 15° or from u-oxobis(trifluoroacetoxy)-
(phenyl)iodine:33

ο
II

>,—C—CH,R» piA/KQH f

R i/S/\OH R*'
(LXXIX) (LXXX). 30-50%

R i ^ R ^ R i ^ H , R«=OCH,; R l=R*=H. R*=R«=CHS; R ^ R ^ C H , . R»=H,
R*=OCH,; R1=R»=H, R»=R«=PhCH, .

The oxidation of 3-cyanopyrrolidine-2,5-diones with PIA
leads to the formation of ring opening products.228 NN-Di-
alkyl-2-aminoalcohols are cleaved by PIA to aldehydes and
iminium salts; the latter hydrolyse to amines and formalde-
hyde.2 2 9 On treatment with PIA or iodosobenzene, a-keto-
acids are decarbonylated.26'11*0·230

α-Hydroxyacid esters are oxidised by PIA to a-ketoacid
esters.2 3 1 4-Aryl-2,4-dioxobutanoic acids are cyclised by
PIA to 4-aroyl-2-aryl-5-hydroxyfurans:232

PhKOCOCF,),

Ar-C-CH»-C-COOH •
AiCOCHCOCOOH

1COCOOHArCOCHi

Ar/Nyx>H

1 II
CF,-C-OI (Ph) 01 (Ph) O-C-CF,

R=CHS. CHJZ\, CHC1, .

[21 Phi (OCOCF,) (OCOR)

64-94%

Cyclohexene reacts with phenyl iodosoacetate-trifluoro-
acetate to form l-acetoxy-2-trifluoroacetoxycyclohexane,
which readily hydrolyses to 2-acetoxycyclohexanol.150

(r) Catalytic Oxidation

Like iodosobenzene, aryl iodosocarboxylates are able to
hydroxylate organic compounds in the presence of cyto-
chrome P-450.235 Tolan is oxidised by the PIA/RuCl2-
P(Ph)3 system to benzil 6 3 and 1-octanol is oxidised to
1-octanal.62 PIA in aqueous acetic acid containing RuCl3

cleaves fumaric, maleic, arylic, and cinnamic acid as well
as styrene at the carbon—carbon double bonds.236 It has
recently been possible to isolate the complex formed in the
reaction of PIA with the manganese-containing porphyrin:
PhI(OAc)-O-Mn(IV)-O-I(OAc)Ph. This complex hydroxyl-
ates organic compounds.237
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3. Direct Halogenation of Aromatic and Heteroaromatic
Compounds

The possibility, in principle, of iodinating m-xylene in
warm acetic acid by the I2/PIA or I2/PhIO system was
demonstrated in 1963.238 Azobenzene is iodinated by the
I2/PIA system in boiling acetic acid, forming 4-iodoazobenzene
in a low yield· 2 3 9 These iodinating systems have not found
extensive application in synthetic organic chemistry. The
observation of a fairly unexpected iodination of iodobenzene
to p-diiodobenzene in a high yield by the I2/PITFA system
in carbon tetrachloride at room temperature 1 6 0 led the
authors 1 7 0 ' 2 1 ' 0 ' 2 '* 1 to investigate the preparative possibilities
of this reaction.

The iodination takes place readily at room temperature when
equimolar amounts of PITFA and iodine are mixed with the
organic substrate in methylene chloride, chloroform, carbon
tetrachloride, or 1,2-dichloroethane :

* n -Phi,-CF.COOH l < ~ 1 >
R=Ar, Hetar .

This system iodinates compounds which are more reactive in
electrophilic substitution reactions than iodobenzene. There
is no need to employ PITFA which is unstable on storage—it
can be generated in situ from PIA and trifluoroacetic acid. 1 7 0

This method is effective for the direct iodination of aryl-
cyclopropanes.21*2 The Br2/PITFA system is convenient for
bromination of arenes,21f3»2't'f while the A1C13/PITFA system is
convenient for chlorination.21*1* Because of its experimental
simplicity, the possibility of carrying out the halogenation at
room temperature, and the ease with which the target prod-
ucts can be isolated, the above halogenation method can find
extensive application in fine organic synthesis. Certain
data on these processes are presented in Table 2.

V. DERIVATIVES OF p-OXOBISACYLOXY(ARYL)IODINE

Although these compounds have been known for a long
time, it is noteworthy that until recently there was no con-
venient method of their synthesis. The oxidation of
o-diiodobenzene (LXXXV) with peracetic acid yields the
μ-oxo-compound (LXXXVI):131·

AcO—I I—OAc

- / CH.CO.H . > ν

(LXXXV) (LXXXVI)

On treatment with pyridine, derivatives of o-iodosoben-
zoic acid (LXXXVII) give rise to the μ-oxo-compound
(LXXXVIII):"1

A series of effective approaches to the synthesis of μ-οχο-
bis(trifluoroacetoxy)(phenyl)iodine (LXXXIX) have been
proposed:33

2(PW0) n

2PhI (OAc),

PWiOCOCF»),

2PhI(OCOCF,),

3nCF,COOH
-rtHiO

2CF»COOH

Phl(OAc)

-AcO Ac

B-

0
II

-• CF,-CCF,—C—O—I (Ph) 01 (Ph)—O—C—CF, .

(LXXXIX), 75-97%

Table 2. The synthesis of halogeno-derivatives by halo-
genation in the presence of PITFA.

Organic substrate

Benzene*
o-Xylene
m-Xylene
p-Xylene
Mesitylene
Durene
Phenylcyclopropane
Biphenyl
/>-Terphenyl
Diphenylmethane
Chlorobenzene*
Bromobenzene*
Iodobenzene*
Diphenyl ether
Fluorenone
Biphenyl-4-carboxylic acid
Fluorene-9-carboxylic acid
Methyl fluorene-9-carboxylate
Diphenylene oxide
o-Carbaborane
o-Carbaborane
m-Carbaborane
Benzene*
Mesitylene
Biphenyl
Diphenyl ether
Fluorenone
4-Methoxybenzoic acid
Benzene*
Mesitylene
Durene
Fluorenone

Halogeno-derivative

iodobenzene
4,5-diiodo-o-xylene
4,6-diiodo-m xylene
2,5-diiodo-p-xylene
triiodomesitylene
diiododurene
4-iodophenylcyclopropane
4,4-diiodobiphenyl
4,4'-diiodo-/>-terphenyl
4,4 '-diiododipheny lmethane
4-chloroiodobenzene
4-bromoiodobenzene
1,4-diiodobenzene
di(4-iodophenyl) ether
2,7-diiodofluorenone
4-iodobiphenyl-4'-carboxylic acid
2,7-diiodofluorene-9-carboxylicacid
methyl 2,7-diiodofluorene-9-carboxylate
2,7-diiododiphenylene oxide
9-iodo-o-carbaborane
9,12-diiodo-o-carbaborane
9-iodo-iw-carbaborane
bromobenzene
tribromomesitylene
4,4-dibromobiphenyl
di(40bromophenyl) ether
2,7-dibromofluorenone
3-bromo-4-methoxybenzoic acid
chlorobenzene
trichloromesitylene
dichlorodurene
2,7-dichlorofluorenone

Yield, %

72
55
77
65
84
52
42
87
93
50
61
63
73
79
51
81
70
52
59
72
74
64
99
82
96
80
73
81
80
63
38
93

Refs.

[170]
[240]
[240]
[240]
[240]
[240]
[242]
[240]
[170]
[170]
[240]
[240]
[240]
[240]
[240]
[170]
[240]
[240]
[170]
[241]
[241]
[241]
[243]
[243]
[243]
[243]
[244]
[244]
[244]
[244]
[244]
[244]

*The reaction was carried out in an excess of the aromatic
substrate.

Certain data on the oxidative properties of the compounds
obtained are illustrated by the equations presented below:33

O—I-O—I—Ο

(LXXXVII)
R=CH,, Ac

(LXXXVIII)

μ-Oxo-compounds can be obtained from PIA:2 l f 5

2PbI (OAc),
2RCOOH

Ο Ο

R-C-OI(Ph)OI(Ph)O-C-R ;

, CH,Br, CCI,

Ph—C*»CPh

PbjCHOH

n-C5HuOH-

(LXXXIX)

CHC1.

Ο Ο

Ph-C-C-Ph

Ph2C=O

99%

Ph2C=O
86%

n - C s H n O - C - C F s

100%
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On treatment with like carboxylic acids, the u-oxo-com-
pounds are converted into phenyl iodosoearboxylates, while
unlike carboxylic acids convert them into mixed iodoso-
esters.21*5 Treatment of alkenes with the μ-oxo-compoxinds
results in the formation of vicinal diesters.21*6

V I . SPECTROSCOPIC DATA

X-Ray diffraction data have been obtained for phenyl
iodosochloride ,21*7 PI A,21*8 phenyl iodosodichloroacetate,21*9

U-oxobis(trifluoroacetoxy)(aryl)iodine,33 and l-hydroxy-3-
oxo-3H-benzoiodoxole (the cyclic form of o-iodosobenzoic
acid). 2 5 0 XU, 1 3 C , and 1 9 F NMR data have been published
for various organic compounds of polyvalent iodine;3 1»3 3 '1 3 6 '
251,252 t h e i9F N M R s p e c t r a of perfluoroalkyliodoso-com-
pounds have been discussed. 2 1 ' 2 5 3 The observed splitting
of the PIA signal in the 'Ή NMR spectrum on reducing the
temperature in solution in methanol has been interpreted as
evidence for the existence of the ionic and covalent forms of
PIA at a low temperature.251* However, it has been shown2 3 3

that PIA interacts with methanol even at very low tempera-
tures and thus the problem has remained open:

Phi (OAc),

PhI(OAc)AcO"

The IR spectra of various polyvalent iodine compounds
have been discussed in a series of s tudies 1 " · ' 2 5 5 " 2 5 7 and the
IR and Raman spectra have been described.1 5 For data on
the dipole moments of aryl iodosoearboxylates, see Exner
and Plesnicar.2 5 8 The results of conductimetric studies of
solutions of phenyl iodosochloride have been published by
Zappi and Cortelezzi259 and those for PIA solutions can be
found in the paper of Johnson and co-workers. 2 6 0 · 2 6 1

Erlich and Kaplan262# published the Mossbauer spectra for
different polyvalent iodine compounds.

When the phosphonium ylide is treated with PIA in the
presence of HBF.,, a double iodonium salt is obtained2 6 5 (see
also Moriarty et a l . 2 6 6 ) :

(Ph)3P=CHCOOR

Derivatives of perfluoroiodosoalkanes were found to be
extremely useful reagents for the synthesis of iodonium
sal t s : 2 6 7 " 2 7 2

BF;

C_F.,

ArH/BF,

TfO~
X = F , CF3CO,; Tf^CFaSOj, .

A unique iodonium ion forming agent is PIHT (

163>273~276
which can condense with trimethylsilyl derivatives of furan
under neutral conditions to form furylphenyliodonium salts.271*
trans-Chlorovinyl iodosochloride is a convenient reagent for
the synthesis of heterocyclic iodonium sa l t s : 2 7 7 " 2 7 9

X=S,O,C1

The reaction of PIA with indole (XC) leads to the formation
of an ylide (XCI) with a carbon—iodine bond: 2 8 0

(XGI)

The interaction of PIA with toluene-ρ-sulphonamide affords
an ylide with a nitrogen—iodine bond: 2 8 1

V I I . IODONIUM ION AND IODONIUM YLIDE FORMATION
REACTIONS

So many different methods of synthesis of iodonium salts
and iodonium ylides have now been developed that they
cannot be represented simply by any one scheme. How-
ever, most of them can be described by the equation given
below:

-MX

M=Li, Na; Ε = C, N.

In principle, any polyvalent iodine compounds can be used
in iodonium ion formation reactions, but aryl iodosoacetates
or iodoso-compounds are most frequently employed.17 They
can be generated in situ by oxidising aryl iodides.263»261*

#According to these data, 2 6 2 the chlorine atoms in the mole-
cule of phenyl iodosochloride are entirely equivalent, which
fails to provide any kind of justification for the use of the
term "aryliodonium chlorides" for aryl iodosochlorides, which
can be encountered in some communications.

~» /1-CH3CH4SN—fph
II

Iodonium salts are most closely related to iodonium ylides
and they can sometimes be interconverted. The iodonium
ylide (XCI) can be converted into the iodonium salts (XCII):280

The iodonium salts (XCIV), obtained from pyrazoles (XCIII),
give rise to the iodonium ylides (XCV) or the new iodonium
salts (XCVI):282

(XCIV)

B.=H, CH3, Ph; X= <S, Br, I.F.
(XCVI)
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V I I L POLYMERS W!TH TERVALENT IODINE

All these polymers can be arbitrarily divided into two
groups. The first includes those in the molecules of which
the tervalent iodine atom is used to link individual monomer
units, while the second group comprises polymers whose
monomer units are linked via other atoms and the polyvalent
iodide atom enters into the composition of the macromolecule
a;-· a functional group.

Condensation of iodosobenzene with succinic anhydride, of
PIA with adipic acid, and of phenyl iodosochloride with the
silver salt of sebaeic acid made it possible to obtain polymers
in which the monomer units are linked by a tervalent iodine
atom. They are solid brittle substances, insoluble in all the
usual organic solvents under the normal conditions, but
soluble on heating" in some solvents, the dissolution being
accompanied by degradation.2 8 3 Unfortunately no data
could be obtained about the structure of such polymers.

Polymers in which the monomer units are joined together
with -I-groups have been synthesised:"8'1

nPb(CH,),Ph
1) n(AcO)*!C,HiI(OAc),
2) NaBr/Η,Ο

Br~ Br~ -L-.
m-Tolyl iodosoacetate (XCVIi) forms cyclic or linear tetra-

meric iodonium ions (XCVIII) and (XCIX) in sulphuric acid:281*

A series of polymers with polyvalent iodine, prepared on
the basis of both linear and cross-linked polymers, are
known. 2 8 5 " 2 9 6 The linear polystyrene can be iodinated in
the presence of the oxidants PzOs-HaSO^ and HIO3~H2SO4

on heating in nitrobenzene 2 8 8 ' 2 8 9 in the presence of PITFA
at room temperature in chloroform.291 Poly(p-iodostyrene)
can be converted into a polymer with polyvalent iodine by
the same procedures as iodobenzene:

— C H a — C H — — CH a — CH—
1 f

U y

—CHa-CH—

Πy -
ICla

CH,CO,H

— C H , — C H —

. O H ~ , ( I!

r
I=O

— C H a — C H —

Pb(OAc), r f ||

I

Τ
(OAc)

Polymeric iodonium salts based on linear polystyrene can be
obtained with the aid of the reactions given below:289

—CHj—CH—

PIA(PhIO)-H2SO4 - C H 2 - C H -

I+HSOJ
I

Ph

t

— C H a — C H —

I (OAc),

The cross-linked iodinated divyinylbenzene—styrene copoly-
mer produces, on treatment with xenon difluoride, a polymeric
reagent with iodosofluoride groups, which fluorinates olefins
at room temperature with rearrangement: 2 9 2

The spent polymer can be separated from the reaction
product by simple filtration and can be reused after regener-
ation. 2 9 2

The iodosochloride (C), obtained from the iodinated cross-
linked divinylbenzene—styrene eopolymer, reacts with cyclo-
hexene to form trans-1, 2-dichlorocyclohexane. The poly-
meric iodosoacetate (C) oxidises aniline to irans-azobenzene:2 9 3

Ph—N=N—Ph

X=Cl,OAc .

The reaction of 1,1-diphenylethylene with polymeric
reagents based on cross-linked iodopolystyrene leads to
various halogeno-derivatives:29I>

F Η
! I

Ph-C-C—Ph
I I

Η Η

(Ph)a CC1-CHC12 + (Ph)8 C=CHC1 .

IX. CONCLUSION

Many chemists are under the impression that aryl iodoso-
carboxylates as oxidants are entirely similar to the popular
reagent lead tetraacetate (LTA) (see, for example, Varvo-
glis8). However, in the 1980's a series of oxidation reactions
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were discovered, which proceed in a fundamentally different
way, depending on whether the oxidant is LTA or PIA. For
example, the oxidation of 1-aminobenzotriazole (CI) with LTA
leads to the biphenylene (CII) in a high yield,297 while in
the oxidation of compound (CI) by PIA biphenylene is not
formed at all and the main product is compound (CHI): 2 9 8
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iodomum salts (CIX): 3 0 0

Taking into account all the foregoing factors, one may
conclude that, together with iodonium salts, the most impor-
tant representative of organic compounds of tervalent iodine
are aryl iodosocarboxylates and that new major discoveries
are to be expected in the first place in these two fields.

By oxidising the tetraketone (CIV) with LTA or PIA, it is
possible to obtain two isomeric pyrones (CV) and (CVI):2 9 9

OH Ο

RCOCHaCOCOCHaCOR-

(CIV)

I

I I
(CV)

ο
OH

I
R

(CVI)

Bearing in mind the definite similarity between LTA and
PIA in oxidation reactions, one should note one fundamental
difference between these reagents. Their reduction prod-
ucts are lead diacetate in the former case and iodobenzene
in the latter and to this day it is definitely easier to separate
organic oxidation products from lead diacetate than from
iodobenzene. It is noteworthy that PIA, in particular, and
phenyl iodosocarboxylates in general can enter into the com-
position of polymers which are both soluble (for example,
iodinated polystyrene) and insoluble (for example, the
iodinated divinylbenzene-styrene copolymer). At the present
time lead-containing polymers are not used in organic syn-
thesis. These facts suggest that in the future the chemistry
of polymeric iodosocarboxylate oxidants will develop. The
products of the reduction of such reagents will be polymeric
iodoarenes and they can be separated without special diffi-
culty from reaction mixtures by simple filtration.

It is noteworthy that, as a chlorinating agent effecting the
addition of chlorine to alkenes via an ionic mechanism,
the polymeric iodosochloride resembles molecular chlorine
rather than phenyl iodosochloride.291*

Most attention should be devoted to multipurpose reagents
for organic synthesis such as PITFA and PIHT.

There has been a remarkable study which demonstrated the
possibility of obtaining p-cresol (CX) and p-chloronitroben-
zene (CXI) by the iodonium ion formation reaction using iodo-
derivatives of toluene or chlorobenzene (CVII), which pro-
ceeds via the corresponding iodo-derivatives (CVIII) and
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The σ Constants of Substituents Containing Silicon Subgroup Elements

A.N.Egorochkin and G.A.Razuvaev

The general aspects of the correlation equations linking the structure and reactivity of compounds of silicon subgroup elements
are examined. Taking into account the specific features of the intramolecular interactions in the organoelemental compounds,
the σ constants of substituents containing silicon, germanium, and tin atoms have been analysed.
The bibliography includes 13S references.
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I. INTRODUCTION

The search for and investigation of the relations between
the chemical structure of molecules and their reactivity is
one of the fundamental problems in chemistry. The most
significant advances in physical organic chemistry, achieved
in this field during the last few decades, are associated with
the use of the so called correlation equations based on the
principle of the linear relation between the free energy
changes (LFE). 1" 1 8 The essential feature of the LFE princi-
ple is as follows.1'1* If the molecule consists of the reacting
group A and the non-reacting substituent X, then (a) the
change in the logarithm of the rate constant k induced by
the influence of X is linearly related to the change in the
logarithm of the equilibrium constant Κ for the same reaction
[Eqn.( l)] :

«xlg^MxlgA;, (1)

and (b) the changes in lg k and lg Κ induced by the influ-
ence of X, for a reaction I with participation of the group
Αχ are linearly related to the corresponding changes for
another reaction II with participation of the same group Ax

and also for reaction II with participation of another group
A2:

6xlgfe1 = <71J6Ilg/5,=a26lz6xlg/(J , (2)

where kx and Kx refer to reaction I and k2 and K2 refer to
reaction II, a^ a 2 ) and b 1 2 are independent of X but do
depend on the reactions considered, and δ χ is an operator
reflecting the influence of the change in the substituent X
on k and K.

Experimental data on the basis of which the LFE principle
has been formulated have been analysed in a number of
studies.1'5»6'9'18»19 By comparing the ionisation constants of
substituted benzoic acids Ka with the constant for the unsub-
stituted acid Ko in water at 25 °C, it is possible to obtain
from Eqn.(l) the constants σ characterising the substituents

a = \gKa—lgKo (3)

and then the familiar Hammett equation: 1

lgft—lgfe,= po, (4)

The reaction constant ρ in Eqn.(4) characterises the sensi-
tivity of the reaction to the electronic effects of the sub-
stituents compared with the constant 1.00 adopted for the
dissociation of benzoic acids.

Thus the first method of determining the Hammett %, and
oD constants for meta- and para-substituents (including
organoelemental substituents) in the benzene ring involves

the study of the ionisation constants of benzoic acids or the
rate constants k for the reaction involving the side chain of
benzene derivatives. However, this procedure cannot be
used to calculate the σ constants for ortho-substituents,
since their influence on the reaction centre is determined not
only by electronic effects but also by steric effects. An
important characteristic feature of the Hammett Op constants
(in contrast to the σ,,, constants) for π-electron-donating sub-
stituents (the +M types of substituents NR2, OR, and CH2.
,EP 3, where Ε is a silicon subgroup element) is their depen-
dence on the direct polar conjugation between these sub-
stituents and their reaction centres, which can be described,
for example, by the following schemes:

Therefore, in order to estimate the degree of interaction
between the substituent and the ring, it is essential to dis-
rupt in such cases the direct polar conjugation system. For
example, one can use data for the ionisation constants of the
acids Χ06Ηι^Η2ΟΟΟΗ. Similar procedures have been used
in a number of investigations. Ζ0~Ά

As a result, the constants σ° have been obtained for +M
type para-substituents.11'13 The at constants have been
introduced 1 5 '2 5 to characterise para-substituents of the +M
type which are involved in direct polar conjugation with the
electron-deficient reaction centre. Thus the stabilisation
of the transition state in the reaction involving the solvolysis
of cumenyl chlorides by substituents X of this kind (for
example, the group CH3O), i .e .

CH,

is associated mainly with the enhancement of the electron-
donating properties of the group X, i .e. with the increase of
the absolute values of the constants σρ for these substituents
compared with the Hammett Op constants. The constants
oj^ and am for the meta-substituents are virtually identical.

In order to characterise the electron-accepting substituents
of the -M type (NO2, CN, CHO, e t c . ) , which are involved
in direct polar conjugation with the reaction centre, σ~ con-
stants have been introduced.1»18»19 The enhancement x>f the
electron-accepting properties of the NO2 group as a sub-
stituent (σ~ > σ ), manifested in the ionisation of aniline
derivatives, can be accounted for by direct polar conjuga-
tion:
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which leads to a decrease of the basicity of p-nitroaniline.
There is no direct polar conjugation in the p-nitroanilinium
ion:1C

The constants am and om for meia-substituents are vir-
tually identical. The σ constants discussed above are
represented by the sum of the inductive (Cj) and resonance
(OJJ) contributions: σ = oj + σ^. In order to estimate
the inductive effect and hence resolve σ into its components,
methods based on the LFE principle and the hypothesis that
the free energy of activation can be represented by the sum
of independent contributions due to the inductive, resonance,
and steric effects have been developed.2 For quantitative
estimates of the inductive effects, the following factors were
studied: the ionisation of bicyclo[2. 2.2]octane-l-carboxylic
acids; u ' 2 6 ' 2 7 the hydrolysis of the aliphatic acid esters
XCH2COOR;2·3 the ionisation of substituted aliphatic acids;28

the reactivity of aromatic compounds;29'30 the chemical
shifts of the signals of the 1 9F nuclei in the NMR spectra of
meia-substituted fluorobenzenes.1 6'3 1 The constants σ/, or
quantities proportional to them, were obtained in the above
studies for a large number of substituents, including those
containing silicon subgroup elements.

The problem of the quantitative estimation of the inductive
effect has been discussed in greater detail in a number of
studies, 9" 1 2 ' 1 9 in which the possibility of resolving the σ con-
stants into the inductive (oj) and resonance (oR) components
was also analysed:

OR —Op 0/ ,

•y"· = r ° —

OR = Op — σ/ ,

= Op — σ/,

(5)

(6)

(7)

(8)

It has been emphasised11 that the resonance constants of
type σρ, determined from Eqns. (5)—(8), are least accurate,
since they depend on the errors in the determination of the
constants σ and σ,. The constants σ^ are calculated from
NMR and IK spectroscopic data.1 6-3 1"3 3 A series of physico-
chemical and physical methods for the determination of the
σ constants of substituents have been described in the
review literature 1 1" 1 3 and certain methods will be considered
below.

We may note that, despite the wide variety of methods for
the determination of σ constants and the use of different
scales for the latter, when account is taken of the electronic
effects of substituents, only the constants defined by
Eqns. (5)—(8) are usually employed. This group of relations
does not include the constants for complex aromatic systems
and orfho-substituents and also constants characterising
the steric effects of substituents. It is clear from the fore-
going· that the correlation equations relating the chemical
structure and reactivity of compounds, based on the LFE
principle, are empirical. For this reason, since the publi-
cation of the first 1 and subsequent studies31*'35 (see also

the relevant reviews 8 ' 1 2 ' 1 9 ' 3 6 ' 3 7), attempts have been fre-
quently made to secure a justification of the system of
Hammett—Taft constants. As early as the 1950's, it was
established3"*'35 with the aid of approximate quantum-chemical
methods that the σ constants of substituents in the benzene
ring are proportional to the change, induced by these sub-
stituents, in electron density on the carbon atoms in the
meta- and para-positions in the ring and hence also on the
reaction centre linked to these carbon atoms. On the one
hand, these studies fundamentally clarified the physical
significance of the ο constants, and, on the other hand, they
served as the basis for an enormous number of investigations
devoted to the analysis of the relations between the σ con-
stants and various physical properties of organic and organo-
elemental compounds.

The results of some of these studies, which can be treated
as sources of useful information about the σ constants of sub-
stituents incorporating the silicon subgroup elements and
also about the specific features of the intermolecular inter-
actions in organoelemental compounds of Group IVB elements,
will be considered below in greater detail. In recent years,
additional data, confirming the interpretation of the physical
significance of the σ constants formulated in the 1950's, have
been obtained with the aid of modern non-empirical quantum-
chemical methods. It has been established for benzene deri-
vatives3 7 '3 8 and ethylene and acetylene derivatives39>IfC that
the ττ-electronic charge on the substituent is linearly related
to the corresponding σ$ constants.

However, the theoretical justification of both the correlation
equations and of the LFE principle itself is inadequate.
Furthermore, there exist a number of experimental limitations.
For this reason, the σ constants can be used only with a
certain degree of caution. The present review does not
discuss the contradictions between the LFE principle and
Hammond's postulate 6 ' 9 ' 1 0 and the influence of the field
effects and bond polarisation on the aj constants is not dealt
with in detail. l t l'1*2 We may note that, in choosing the most
reliable values of the σ constants (see below), account was
taken of the dependence of the constant σ on temperature, ^
the solvent, the type of conducting system, and the nature
of the reaction centre. Furthermore the hyperconjugation
effects, m which are more important for organoelemental
compounds than for organic compounds, and also the specific
features of the steric effects in compounds of silicon sub-
group elements k5 were taken into account.

It is essential to note that the limited amount of the avail-
able literature data and also in many instances the inadequate
reliability (see below) of some of the σ constants preclude so
far the formulation of reliable (statistical) values1 1 for these
quantities referring to substituents containing silicon sub-
group elements. Therefore, our choice of the most and
least reliable σ constants was made taking into account the
views of the authors of the original publications and our own.
As literature data accumulate and methods for the determina-
tion of σ constants develop and improve, a correction of many
of their values will become inevitable.

I I . METHODS FOR THE DETERMINATION OF THE σ
CONSTANTS OF ORCANOELEMENTAL GROUP IVB
SUBSTITUENTS

The methods for the determination of the σ constants of
organoelemental substituents can be divided into two groups.
The first group includes the physical (mainly spectroscopic)
methods for the determination of σ constants. Different
versions of NMR, 1 6 ' 3 1 ' * " 5 9 the IR spectroscopy of individual
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compounds and molecular complexes, 32>33»60""6'* the UV spec-
troscopy of charge-transfer complexes (CTC), 3 8 · 6 5 " 6 7 the
ionisation potentials6 6 and dipole moments68 of compounds
with organoelemental substituents, as well as many other
less common physical methods have been employed. The
second group includes methods for the determination of the
σ constants of organoelemental compounds based on the
study of the chemical properties of various compounds con-
taining such substituents.

Overall, the use of physical methods is preferable. The
errors of the determination associated with the possibility
of the involvement in the reaction of not only the main
reaction centre but also of the organoelemental substituents
ER3 (E is a silicon subgroup element), whose Ε atom may be
solvated in consequence of the high reactivity of organo-
elemental compounds and E—C bonds may be cleaved, are
reduced to a minimum in this instance. The values of σ
found without a sufficiently correct estimation of such com-
plicating factors cannot therefore be regarded as fully
reliable.

The Tables presented below indicate, together with the
values of the σ constants, also the methods of their deter-
mination and (in the footnotes to the Tables) a brief descrip-
tion of the characteristics of the methods. In the Tables,
the most reliable σ constants are included in square brackets
and the least reliable ones are in round brackets. If experi-
mental literature data were used to calculate the σ constants,
the number of the corresponding literature reference in the
Table is followed by an asterisk.

III. ANALYSIS OF THE σ CONSTANTS

The σ constants are a source of quantitative information
about the electronic effects of substituents containing the
elements E. The tasks dealt with in this Section are a sys-
tematic arrangement and analysis of such information and
also the selection (in accordance with the principles indicated
above) of the most and least reliable values of σ.

Table 1. The constants Oj of silicon-containing substituents.
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Table 1 (continued).
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Substituent

SiH3

SiH3

SiH3

SiH(CH3),
Si(CH,)3

Si(CHj)s

Si(CH,)s

Si(CH,)3

Si(CH3)3

Si(CH3)3

Si(CH,)3

Si(CH3)3

Si(CH,),
Si(CH3)3

Si(CH,)3

Si(CH3),
Si(CHs),
Si(C,Hs)3

Si(C,H6)3

Si(C,Hs)3

Si(n-C3H7)3

Si(CH,),CH=CH,
Si(CH=CH,)

3

Si(CH,)(C,Ht),
SUC.H,),
S i (CH)
Si(C,Hs),
Si(C,H,),
Si(C=CH),
Si[N(CH)l

—0.05
-0.04
+0.01
—0.02
-0.24

[-0.151
—0.15
—0.15
-0.13
—0.12
-0.11
—0.10
—0.10
—0.09
-0.04

(—0.03)
+0.02
-0.18
—0.18
—0.24
—0.27
—0.36
—0.03
-0.19
+0 02
+0.07

(-0.17)
—0.15
—0.19

(+0.13)
+0.08

(-0.20)
-0 .11

Method of determination

NMR-C-B
NMR-C-B
NMR-F-B
NMR-F-B
NMR-C-B
IR-SiH
NMR-C-B
X-l
X-2
X
IR-M-H
X
NMR-C-B
NMR-C-S, NMR-H-S
NMR-F-B
NMR-F-B
NMR-F-N
IR-SiH
IR-M-H
NMR-C-B
NMR-C-B
NMR-C-B
NMR-F-B
NMR-C-B
NMR-F-B
NMR-F-B
NMR-C-B
NMR-C-B
IR-M-H
NMR-F-B
NMR-C-B
NMR-C-B
NMR-C-B

53]
80]
811
81]
531
04]

[80]
182]
[28]

12]
1621

.Ifl
[57]
[81]
[46]
[46]
[641
1621
[53]
[53]
[531
[81·]
[53]
[811
[81]
[53]
[80]
621
81J
53]
53

Substituent

|i[N(CH s) a l,

S ' ( C H 5 ( C H 6 ) O C , H ,
Si(CH,)(CH,)OC,H7

Si(CH,)(CeHi)OCH(CH3)2

Si(CH3)(C6H5)OC4H9-n
Si(CH3)(C6H5)OC4H9-iso
Si(CH3)(CfiH5)OC4Ho-s
Si (CH3) (C«Ht)CX^HICgH(
Si (CH,) (CsH,)OCH2CH,Cl
Si (CH3) ( C ^ O C H j C e C H
Si (CH,) (CjHiJOCHjCHjCHeCN
Si(CH,)(C,H5)OCHsCF,
Si (OH),
Si(OCHs),
Si(OCH3)3

Si(OCH3)3

Si(OCH3),
Si(OC,H»),
Si(OCjH$),
Si(OQH s)3

SilOCHi),
Si(OC3H7-n)3
Si(OC3H7-iso)3

Si(OC3H7-iso)3
Si[OC(CH3),],
Si(OC,Hs)3

Si (OCeHs)3
Si(CH3),OSi(CH,)3

Si[OSi(CH3),]3

Si(OCHaCH,)3N

Si(OCHaCHa)3N

Si(OCHaCHa)3N

ι 1
Si(OCHsCHa)3N

Si(OCH,CHa)3N

Sli(OCIIaCHa)3N
Si(OCH2CH2NH2)3

Si(OCOCH3)3

Si(OCOCF3)3

Si(SC2H6),
Si(CH3)2F
SiFj
SiF3

SiF3

SiF3

Si(CH,),Cl
Si(CH3)aCl
Si(CH3)CU
Si(CH3)Cl2

SiCl3

SiCl3

SiCl3

SiCl,
Si(CH3)ClBr
SiBr3

SiBr3

SiBr3

SiBr3

Si (CH3)aCHaCHaCF3

Si(CH3)»CH,Cl
CHjSiiCH,),
CHjSitCH,),
CH2Si(CH,),
CHjSilCHa),
CH3Si(CH3),
CHjSiiCH,),
CHjSUCH,),
CH,Si(CH,),
CHtSKCH,),
CH,Si(OCH,)s

CHaSi(OCHaCH,),N
CHaCH,Si(CH3)3

CHaCH^i(CH3),
CB inH loCSi(CH3)aH
C,H4Si(CH3)aH

- ^ > - S i ( C H , ) a H

COOCHiSiiOCjHs),

COOCHjSli (OCHaCH2)3N
COOCHjSiF,
NHSi(CH3),
OSi(CH,),
-O[Si(CH,),O] 3 -

Please note notation over ρ

"ι

—0.04
—0.22
—0.25
—0.25
- 0 . 3 1
—0.25
—0.25
—0.31
— θ ! 24
—0.30
- 0 . 3 0
—0.18
—0.06
—0.22

(—0.07)
0.00

+0.01
+0.01

(-0.18)
-0.13
-0.08
—0.04
-0.19
—0.24
—0.16

(-0.43)
(-0.14)
-0.05
-0.13
-0.29

(-0.56)

-0.40

-0.40

- 0 . 2

- 0 . 2

—0.15-!—0,2
-0.10
+0.07
+0.76
+0.06
+0.08
+0.42
+0,43
+0.43

(+0.57)
(+0.05)
+0.11
+0.21
+0.24

(+0.15)
+0.21
+0.36

[+0.39]
+0.25

(—0.09)

+0.08
+0.29

[+0.39]
+0.08
+0.06
—0.10
—0.08
—0.07
—0.06

[—0.051
—0.05
- 0 . 0 4

(+0.01)

+0.01
—0.10

—0.36
—0.04
- 0 . 0 3

+O.3O-4-+O.35
+0.07-^+0.12

+0.10-S-+0.15

+0.10

—0.05

+0.61
+0.09
+0.05

age.

Method of determination

NMR-F-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-F-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-F-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
X-2
NMR-C-B

NMR-C-B

NMR-C-B

NMR-C-B

Ph

Ph

Ph
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-F-B
NMR-F-B
NMR-C-B
NMR-C-B
NMR-M-H
IR-M-H
NMR-F-B
IR-M-H
NMR-F-B
NMR-C-B
NMR-C-B
IR-M-H
NMR-F-B
NMR-F-B
NMR-C-B
NMR-C-B
IR-M-H
NMR-F-B
NMR-F-B
NMR-F-B
NMR-C-S, NMR-H-S
NMR-F-B
NMR-F-B
NMR-F-B
IR-SiH, Ph
X-2
X
NMR-F-N
NMR-F-N
NMR-F-B

NMR-F-B
X-2
IR-SiH, Ph
Ph
Ph

Ph

NMR-C-B

NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
Ph

Refs.

[81]
83
83

[83]
[831
[83]
[83]
1831
831
83]
83]
83]
83]

[53]
[53
811

[80
52
52

[531
8(]

[81
8C
53)
52

[53)
[80!
53

[281
153]

[53]

18(1

1521

[84]

[85]

86)
53
53
53
53
81
81
80]
53]
621
62]
81]
C2]

[811
[80]
[53
[62
81*
81*]
80]
53

[621
8t]
81*1

[81·]
[57]
[87]
16]
881
89]
28
[2
88]
88
90

[90]
[28]
89]
91]
911

[91]

[921

921
92
93
93
93
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Table 1 (continued).

Notation: NMR-C-B—analysis of the chemical shifts of the
signals of the meta- and para-carbon atoms in the 1 3C-
derivatives of benzene. The specific form of the relations
between the chemical shifts or their differences and the
constants σ, σ^, and ρ has been indicated in a series of
communications; l*~55 NMR-F-B—analysis of the chemical
shifts δ in the 1 9F NMR spectra of the mefa-substituted
($m) and para-substituted ( 6 p ) fluorobenzenes. The most
widely used is the method of Taft and co-workers16'31 using
the relations <$m = -7.1 Oj + 0.60 and δρ = 7.1 Oj - 29.5 σ^ +
0.60. The chemical shifts are measured relative to the shift
of fluorobenzene for solutions in chloroform; IR-SiH-
analysis of the stretching vibration frequency of the Si—Η
bond in the IR spectra of silane derivatives; 6k X-l—the
study of the pK of substituted benzoic acids; 6 9 ' 7 0 X-2-the
study of the pK of substituted acetic acids; Ά Χ—on the
basis of reactivity data but using less common methods;
IR-M-H—analysis of the vibrational spectra and force con-
stants of the Μ—Η bonds (M = silicon subgroup element); e

NMR-C-S—analysis of the chemical shifts of the signals of
the carbon atoms in the vinyl group and the benzene ring
in the 13C NMR spectra of 4-substituted styrenes XCgH .̂
.CH=CH2;

 56>57 NMR-H-S—analysis of the chemical shifts
in the 1H NMR spectra of 4-substituted styrenes XC6Hi,.
.CH=CH2;

 5 6 ' 5 7 NMR-F-N—analysis of the chemical shifts in
the 1 9F NMR spectra of β-fluoronaphthalenes; "* Ph—on the
basis of physical research methods but using less common
procedures.

1. The Inductive Constants aj

The constants Oj characterise quantitatively the inductive
effects of the substituents EX3, where X are various groups.
The changes in the values of aj for EX3 and CX3 with fixed
X and variable Ε reflect the changes in the electronegativities
of the Group IV elements E. However, the electronegativities
of the Group IV elements Ε have not been generally accepted.
Thus, according to Marrot and Maire, 7 5 the electronegativities
of the elements Ε and groups of the type E(C2H5) riCl3- r i

diminish in the sequence C > Ge > Si > Sn. However,
according to other data, η the character in the changes in
the electronegativities is different: C(2.55) > Pb(2.33) >
Ge(2.01) > Sn(1.96) > Si(1.90) (the numerical values are
given in brackets). The differences between these two
series are caused not only by the different accuracies of the
methods for the determination of electronegativity but also
by more profound causes.¥*>77 One of these is the effect
(together with the inductive effect) of the σ, σ conjugation,
whose influence increases in the sequence C < S i < G e < S n <
Pb and depends on the type of substituents linked to E.
For this reason, both inductive and hyperconjugation con-
tributions are significant for the constants of certain sub-
stituents EX3.

7 8 We may note that, in systems of the type

;-E-

the contribution of σ, σ conjugation increases with the
increase of the atomic number of Ε and with enhancement
of the electron-accepting properties of X. **

The second cause is the conjugation within the substituent
EX3, which influences its electronegativity. If X is an atom
or fragment with unshared electron pairs or an αβ-unsatur-
ated hydrocarbon group, then, as will be shown in greater

849

detail in the analysis of the constants aR, resonance effects
arise. The role of the latter increases with increase of the
OR for the groups X and also in the sequence Sn < Ge < Si
and with increase of the effective positive charge on E,
which depends on the fourth substituent linked to Ε. η

Table 2. The constants
containing substituents.

of germanium-, tin-, and lead-

Substituent

Gc(CH3),
Ge(CH3),
Ge(CH3),
Ge(CH3),
Ge(CH3),
Ge(CjHj),
Ge(C2H5),
Ge(OCH3)3

Ge(OC2H6),
Ge(OC3H7-iso)3

Ge(OC4H9-t)3

G"e(OCH CH ) 4
GeF3 * ' '
GeCl,
GeBr3

CHjGeiCH,),
CH2Ge(CH,),
CH,Ge(CH,),
CH2Ge(CH,),
CH2Ge(CjHj),
CH,Ge(CH6),
Sn(CH3),
Sn(CHs),
Sn(CH3),
Sn(CHs),
Sn(CH3),
Sn(CH,),
Sn(C,H»),
Sniw-C^Hg),
Sn(C,H6),
Sn(C,H6)3

Sn(C,H5),
Sn(QH4F-4),
Sn(C,H,F-4),
Sn(C,H4F-3),
Sn(C,H4F-3),
Sn(C,H4F-3),
SnCl3

SnCl3

SnCI3

CHjSniCH,),
CH2Sn(CH3),
CHjSn(CH,)3

CH3Sn(CH3),
CH2Sn(CjHj),
CH2Sn(C,H5)s

CH2CHjSn(CH,),
OSn(C2H6),
OSn(C,H6),
SSn(C,H,),
SSn(C.H,),
Pb(CHs),
Pb(CH3),
Pb(CH3),
Pb(CH 6),
CH2Pb(CH3),
CH,Pb(CH,),
CHsPb(CH,),
CHtPb(C,H,),
CH,Pb(C,Hs),
OPb(C.H,),
SPb(C,H,),

"I

—0.12
[-0.11]
-0.10
—0.01
+0.06
—0.19
—0.13
+0.37
+0 29
+0.19
-0.01

—0.23

+ 0.74
+0.63
+0.59
—0.10

[-0.04]
-0.04
(+0.02)
—0.05
+0.02
—0.15

[-0.13]
-0.11

0 0
+0,01
(+0.09)
+0.02
+0.02
+0.18

+0.15 (CDCI,)
+0.20 (CCI4, (CD,)fCO)
+0,25 ((CD,),CO, CDCI,)
+0.28 (CCI4)
+0.28 (CDCI,)
+0.26((CD,)1CO)
+0.33 (CC14)
+0.82 (CDCI,)
+0.42 ((CD,),CO)
+0.80 (CC14)

-0.11
[—0.05]
-0.04
(+0.05)

0.0
+0.07
-0.02
+0.08
+0.10
+0.23
+0.11
—0.12
+0.03
+0.12
+0.22
—0.12
[-0.04]
+0.06

0.0
+0.07
+0.06

0.00

Method of determination

IR-M-H

IR-SiH, Ph
NMR-C-S, NMR-H-S
X
NMR-F-N
IR-M-H
IR-SiH
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B

NMR-C-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-C-S, NMR-H-S
IR-SiH, Ph
NMR-F-B
NMR-F-B
IR-SiH, Ph
NMR-F-N
IR-M-H
IR-SiH, Ph
NMR-C-S, NMR-H-S
X
NMR-F-B
NMR-F-N
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-C-S, NMR-H-S
IR-SiH, Ph
NMR-F-B
NMR-F-N
NMR-F-B
NMR-F-N
IR-SiH, Ph
NMR- F-B
NMR-F-B
NMR-F-B
NMR-F-B

NMR-C-S, NMR-H-S
X
NMR-F-N
NMR-F-B
NMR-C-S, NMR-H-S
NMR-F-B
NMR-F-N
NMR-F-B
NMR-F-N
NMR-F-B
NMR-F-B

Refs.

62
89
57
46
46
62

|64j
[51]
[51]
51]
51]

[511
94
94
94
57
89

[88
88
89
88]
62]
89]
57]

[46
[95
46
95
95
96 97]
95]
95]
95
95
95
95
95
95
95
95
57
89
88
88
96, 97]
88]
89]

[98, 99]
[99]
[100]
[97, 99]
57]
46]
46]
96, 97]
57]
88]
88]
96, 97]
88J
99]
99]

Notation: The solvents are indicated in brackets; for the
significance of the designation of the methods, see the foot-
note to Table 1.

Ultimately the effective charge on the atom Ε changes in a
complex manner and the electronegativity of the group EX 3
depends not only on the atom Ε but also on the type of sub-
stituent X and the organoelemental molecule as a whole. For
this reason, the constants aj for organoelemental substituents
(Tables 1 and 2) can be regarded as constants only by con-
vention. As experimental data accumulate, a subsystem of
aj constants will apparently be created for each comparatively
narrow type of compounds.
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On the basis of the data in Tables 1 and 2, one may reach
several conclusions of a general character. For a fixed
atom Ε, the constants oj of substituents of the type EX 3

vary in parallel with the enhancement of the electron-accept-
ing properties of the group X: Alk < C6HS < OAlk < Br <
Cl < F. A higher value of Oj corresponds to the substituent
CH2EX3 than to the substituent EX3. This is associated
primarily with the electronegativity of the carbon atom, which
exceeds the electronegativity of other Group IVB elements,
which also agrees with the higher values of aj for CAlk.3 com-
pared with EAlk3. For example, the values of oj forE(CH3)3

are -0.07 (E = C1 1), -0.15 (E = Si), -0.11 (E = Ge), and
-0.13 (E = Sn). However, constants Oj which in many
cases appreciably exceed the analogous values for carbon
compounds correspond to the substituents EHal3; 0.41-
0.45 (CF3); 0.30-0.41 (CC13); 0.26 (CBr 3 ) . u We may note
that, among the constants oj for halogenoalkyl groups,
appreciable anomalies are also observed which cannot be
accounted for solely from the standpoint of electronegativity.
It is believed101 that these anomalies are caused by the field
effect, which has also been confirmed by data1*2 indicating
the predominance of the field effect over electronegativity
for substituents of this type.

Smaller oj constants correspond to the silantranyl and
germantranyl groups than to the corresponding trialkoxy-
derivatives, which may be associated with the decrease of
the electronegativity of the central atom owing to the partial
electron transfer to this atom from nitrogen. The constants
Oj for the substituents OEAlk3 and SSnAlk3 are lower than
the corresponding values for the analogous carbon deriva-
tives apparently mainly owing to the more pronounced
electron-donating properties of the groups EAlk3 (compared
with alkyl groups) (the constants aj for OAlk and SAlk
are 0.3-0.2).1X

Table 3. The constants σ|> of silicon-containing substituents.

2. The Resonance Constants σ
R

The constants Op characterise the ability of substituents
to be conjugated with η-donor groups or π-systems. Being
involved in conjugation, the substituents EX3 are electron
donors (negative σ^) (Tables 3 and 4). In this respect,
the substituents EX3 differ sharply from their carbon ana-
logues CX3. On the other hand, weakly electron-donating
properties, arising in consequence of hyperconjugation,
are typical for the substituents CX3. Electronegative groups
X can exhibit weak electron accepting properties.

The traditional interpretation of the resonance electron-
accepting properties of EX 3 is based on the idea that the
unoccupied nd orbitals of the atoms Ε participate in conjuga-
tion with n- or π-donor fragments D in compounds of the
type D—EX3 [(p—d)v interaction]. This problem has been
discussed in greater detail by Egorochkin and Khorshev.79

Clearly the resonance interactions between the fragments D
and EX 3 are determined both by the electron-donating prop-
erties of D and the electron-accepting properties of EX3.
Therefore, by fixing the fragment EX3 and varying the frag-
ment D, it is possible to vary the degrees of resonance inter-
actions between EX3 and D. It follows from the general
theory111 and experimental studies on organosilicon and
organogermanium compounds77'79 that the character of the
variation of the degree of the (ρ—ά)π interaction between the
fixed fragment EX3 and tne variable fragment D is determined
by the 0% constants of D. On the other hand, if both frag-
ments EX3 and D, vary, then the effective positive charge on
the atom Ε becomes decisive. The constants σ^ can therefore
be regarded as characteristics of substituents of type EX3

only for a fixed fragment D; an analogous situation obtains
also for the constants o>.

Substituent

SiH,
SiH,
SiH(CH,)2

Si(CH s) s

SUCH,),
SUCH,),
Si(CH3),
SilCH,),
Si(CHj),
SUCH,),
SilCH,),
SUCH,),
Si(CHs)3

SiiCH,)'
Si(CHs)3

Si(CH,)8

Si(CH,)s

Si{n<3Hi)3
Si(i<.o-C4H9)3

SUCH,)&H=CH,
Si(CH=CH,) s

Si(C^CH),
Si(CHs),C,H6

Si(CH3)(C6H5),

Si(C6Hj)'
Si(C,,H5),
S UC,H 5 ) 3

SUQHs),
Si[N(CH3)sl3

SiJN(CH-)jii
Si(OH)3"
Si(CH3){C,K5)(OCH3)
Si(OCH,)s

Si(OCHj)3

Si(OCH3),
Si(OCH3)3

Si(OCH3)3

Si(CH3)(CeH6)(OQ,H6)

Si(OC2H
5

5)'

Si!OcV5)3

Si(OCi.H0i
Si(CH3)(C6H5)(OC3H7-n)
Si(OCiH7-n)3
Si(CH3)C6H5)(OC3H7-iso)
Si(OC3H7-iso)3
Si(OCgIl7-iso)3
SiiOC4H9-t)3
Si(UCeH5)3

Si(OCsHs)3

Si(CH3)(C6H5)(OC4H9-n)
Si(CH3)(C6H5)(OC4H9-iso)
Si(CH-i)(C6H5)(OC4H9-s)
i>i(CH3)(CeH5)(OCH5C,Hs)
Si (CH3) (C,H5) (OCHjCHiCl)
Si(CHg) (CeHj) (OCHjC^CH)
Si(CH3)(C»H6)(OCH2CH,CN)
SiiCHaHCAHsKOCHoCFfl)
Si(OCOCH3)3

Si(OCOCF3),
SilCH^OSUCH,),
SilOSUCH^sl,

ι 1
Si(OCHaCHi)3N

SUOCH^I î'
i 1

Si{OCHaCH2)3N
i I

Si(OCH,CH!!),N

ι 1
Si(OCH2CH2)3N
Si(OCH2CH,)3N
Si(OCH2CH3NH.)3

Si(SCoH5)3

Si(CH3),F
SiF3

SiF3

SiF3

SiF3

Si(CH3)2CHjCH2CF3

Si(CH3),Cl
Si(CH3)Cl,
SiCl3

SiCl3

SiCl3

SiCl3

SiClj
Si(CH3),CH,Cl
Si(CH3)ClBr
SiBr3

SiBr3

SiBr.

4 |

+0.08
4-0.09

+0.06
+0.02
+0.03
+0.04
+0.04
+004
+0.04
+0.04
+0.05
[+0.051
+0.06
+0.07
4-0.09

+0.10
+0,04
+0.05
+0.05
+0.05
+0.05
+0.05+0.08
+0.14
+0.05
+0.06

(0.00)
0.0

[+0.061
-!-0.08

+0.09
0.0

+0.11
+0.14
+0.10
[+0.08]
+0.11
+0.12
+0.13
4-0.13

4-0.10
[+0.08]+0.08
+0.08
+0.10
4-0.12
4-0.2(5
+0.10

+0.13
+0.09
+0 08
+0.11
+0.08
+0.11
+0.1C
+0.10
+0.10
+0.09
+0.10
+0.10
+0.10
+0.11
+0.11
+0.20
+0.28
+0.12
+0.10

0.0

[+0.021

+0.02

+0.05

+0.06

+0.10
+0.13
+0.16
+0.11
(+0.17)
+0.23
+0.24
+0.24
+0.06
+0.10
+0,15
+0,09

[+0.17]
+0,19
+0.21
+0,2t
+O.O8
+0.15
+0.18
+0.20
+ 0 2t

Method of determination

NMR-C-B
NMR-ΓΒ
NMR-F-B
IR-B
NMR-C-S 1
NMR-F-B
X
NMR-C-B
Ph
IR-HB-A
NMR-C-B
NMR-F-B
Ph
NMR-C-S, NMR-HS
IR-B
NMR-C-B
IR-HB-A
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-F-B
NMR-C-B
NMR-C-B
NMR-F-B
NMK-F-IS
Ph
IR-B
NMR-F-B
NMR-C-B
NMR-C-B
NMR-F-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-S 1
NMR-F-B
NMR-C-B
NMR-C-B
NM R-C-B
IR-B
IR-i
NMR-C-S1
NMR-C-B
1R-A
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-F-B
NMR-C-B

NMR-C-S1

NMR-C-B

IR-B

IR-E

NMR-C-B

IR-A
NMR-C-B
NMR-C-B
NMR-F-B
NMR-C-B
NMR-C-B
NMR-F-B
NMR-C-S1
NMR-F-B
NMR-F-B
NMR- F-B
IR-B
NMR-C-B
NMR-F-B
NMR-C-S 1
NMR-C-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-C-B
NMR-C-B

Refs.

[53, 80]
181}
[811
[102]
1501 •
[46]
[103]
[17]
[104]
[63]
[50, 53]

1811
|8]
[57]
[105]
[80]
[63]
150, 53]
(53Ϊ
[53]
150]
[81]
[531
[50, 53]
[81]
[81]
[106]
107]

[81]
[80]
[50, 53]
[81]
[50, 53, 80]
[531
[83]
[52]
[80]
[501
[811
[50, 53]
[83]
[521
[84. 105]
[84]
150]
[50, 53, 80]
[84]
183]
[80]
[83]
[52]
[50, 53]
[50, 53]
[80]
[53]
[83]
[83]
[83]
[83]
[83]
[83]
[83]
[83]
[50, 531
[50, 53]
[81]
[50, 53]

150]

[50, 52, 53]

[84]

184]

[80]

[84]
[50, 53]
[53]
181]
[80]
[50, 53]
[81]
150]

[81·]
[81]
[81]
[105]
180]
[81·]
[50]
[50, 53]

[81·]
[81·
[81·]
1301
150. 531
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Table 3 (continued).

851

Substituent

SiiCH^tSifCH.),
Si(CH s)lSi(CH3)3],
CHjSiH,
CH,Si(CH3)3

CH,s!(CH 3) 3

CH,Si(CH3),
CH,Si(CH 3) s

CH,Si(CH3)3

CH,Si(CH3)3

CH,Si(CH3)3

CHjSiHiQH,),
CHgSi (C*H*)3

CHjSi(C»H5)3

CH2Si(n-C3H7)3
CH2Si(n-C3H7)3
CH2SiH(t-C4H9)2

CHjSi (CH3)3C eH s

CHoSi (CH)3(C«Hj) 3
CH^Si ( d H 5 ) s

CH,Si(C,H 5) 3

CHjSl(CH3)'0CH3

CHaSiiCHiHOCHa)*
CHjSiiCHjXOCHa),
CHjSi(OCH3)3

CHjSiiOCHj),
CH,Si(OCH3)3

CH,il(OCH,CH.,)3N
CHjSiH(CHj)(CH,CjHj)
CHjSi H(C,H,) (CHjQ H5)
CH^Si (CH3) (CH.Q HA)·
CHfSKCH,),],
CH(Si(CH3)3],

CO0CH^i(OC,H 5 ) ,
COOCH,Si(OCH,CH2)3N
COOCH,SiF3

NHSi(CH3)3

OSi(CH3)3

OSi(CH3)3

-
-

-
-

-
-

H0,04
-0.06
KU6

-0.20

Eo.ao
-0.20
E0.19
-0.18
r-0.17

(-0.15)
-0.23
—0.21
—0.19
-0.21
—0.19
-0.22
-0.20
—0.19
—0.18
—0.16
—0.19
-0.17
—0.18
—0.17
—0.18
-0.17
-0.16

-0.21
—0.21
-0.22
-0.24
-0.24
—0.22
-0.22
+0.22
+0.20
+0.22
—0.78
—0.53
—0.48

Method of determination

IR-B
IR-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-F-B
IR-B
NMR-F-N
NMR-C-B
IR-B
NMR-C-S, NMR-H-S
IR-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
IR-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-F-N
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B
NMR-F-B
NMR-C-B
NMR-C-B

NMR-F-B
IR-B
IR-B
IR-B
IR-B
NMR-C-B
NMR-C-B
NMR-C-B
NMRJC-B
NMR-C-B
NMR-C-B
NMR-C-B
IR-B

Refs.

102]
102]
49]
88]
49]
16, 8 7 , 1 0 8 ]

[102]
[88]

17·, 49]
109]
57]

'2?]
49]
17·, 49]
49]
17·, 49]

[109]
[49]
[49]
49]
SS]
49]
17·, 49]
49]
17*. 491
90]
49]
17·, 49J

[90]
[109]

109]
109]
102]
49]
49]

[92]
|92]
|92]
[93]
[931

I110]

Notation: IR-B—analysis of the intensities of the A absorp-
tion band in the region of 1600 cm"1 in the IR spectra of
monosubstituted benzenes using the relation σ° = 0.0075
(Λ-100) ι/2; 32>33'60 NMR-C-S 1—analysis of the chemical
shifts in the 13C NMR spectra of the 3-substituted styrenes
C6H5CH=CHX; 50 IR-HB-A—IR spectroscopic study of the
hydrogen bond formed by acetylene derivatives with phenol;63

IR-E—analysis of the intensity of the A stretching vibration
band of the double bond in the IR spectra of monosubstituted
ethylenes usiner the relation σ^ = 0.0060 G4-80)1/2;60 IR-A-
analysis of the intensity of the A stretching vibration band
of the triple bond in the IR spectra of monosubstituted
acetylenes using the relation σ^ = 0.0046 Λ^2-0.05; 60 for
the significance of the remaining designations of the methods,
see the footnote to Table 1.

In this respect, the groups EX3 resemble organic sub-
stituents for which the values of σ^ are likewise not invar-
iant; when the electronic characteristics of the reaction
centre are changed significantly, the sign of the constants
may also change. m The condition that the fragment D is
invariant holds for the majority of studies in which the σ£
constants have been obtained for the substituents EX3.
These constants have been determined mainly for benzene
derivatives. Almost all the values of σ£ presented in Tables
3 and 4 characterise the resonance properties of the sub-
stituents EX 3 in relation to the benzene ring (D = C6H5).
(See below, for the acetylene derivatives).

Another feature of the constants σ^ (Tables 3 and 4) is
that their values reflect not only the effects due to the
(p-d)ir interaction but also the σ, ττ conjugation

Table 4. The constants
containing substituents.

of germanium-, tin-, and lead-

Substituent

Ge(CH3)3

Ge(CH3)3

Ge(CH,)3

Ge(CH,)3

G e ( C H 3 ) 3

Ge(CH3)3

GeiAH,,),
Ge(C,H,)3

Ge(C,H6)3

Ge(OCH3)3

Ge(OC 2H s) 3

Ge(OC3H7-iso)3
Ge(OC4Hg-t)3

G^OCHjCH^lil
GeF3

GeCl3

GeBr3

CH,Ge(CH3)3

CH2Ge(CH3)3

CH,Ge(CH3)3

CH,Ge(CH3)3

CH,GeH 3 CH 5

0Η,Οβ(0,Η 5 ) 3

CH,Ge(C,H,)3

CHaGe(OC,H,)3

CH2GeH(C,Hj) (CH,QH,)
CH,GeH(CH2C,H s),
Sn(CH 3 ) 3

Sn(CH 3 ) 3

Sn(CH 3 ) 3

Sn(CH 3 ) 3

Sn(CH 3 ) 3

Sn(CH3)3

Sn(CtH6h

Sn(CHt=CH,)3

Sn(C,H,)3

Sn(C,H5)3

Sn(C»H,),
Sn(C,H4F-4)3

Sn(C,H|F-3),
SnClj
SnCI3

SnCl3

CH,Sn(CH3)3

CH,,Sn(CH3)3

CH,Sn(CH3)3

CH2Sn(CH3)3

CH,Sn(CH3)3

CHjSn(CH3)3

CHjSn(C«Hj)3

CH,Sn(CH,),
OSn(CjH5)3

OSniCH,),
SSn(C,H6),
SSn(C,Hj)3

Pb(CH3)3

Pb(CH 3) 3

Pb(CH3)3

Pb(C,H,)3

Pb(C,H,)3

Pb(C,H,)3

CH aPb(CH3)3

CH,Pb(CH,)3

CHjPbiCH,),

CHjPbiCH,),
CHjPbiQHjlj
CHjPb(CeH5)3

OPb(C,H5)3

SPb(C,H6)3

(-0.1)
—0.06
+0.01
+0.01
+0.05

(+0.07)
—0.07

0.0
0.0

—f-0.14
—f-0.13
~+0.10

—1-0.05
+0.23
+0.16
+0.14
-0.23
—0.21
-0.20

(-0.15)
—0.24
-0,21
-O.i7
-0.24
—0.23
-0.24
—0,24
—0.13
-0,02

0.0

[+0.01]

+005
+0.07
+0.01

0.00
0.00
0.0
0.0

+0.03
+0.03
+0.04

+O.15(CDC13)
+0.07((CD3),CO)

+0.14 (CC1J
-0.26
-0.25
-0.25
—0.24
-0.23

(-0.19)
—0.22
—0.21
—0.48
—0.45
-0,17
-0.14
-0.08

[—0.02]

+0.05
—0.01

0.0
(0.0)
-0,25
—0.25
- 0 24

(-0 19)
—0.21
—0.19
—0.46
- 0 11

Method of determination

Ph
IR-HB-A
NMR-F-N
NMR-F-B
IR-B
NMR-C-S, NMR-H-S
IR-HB-A
IR-B
Ph
NMR-C-B
NMR-C-B
NMR-C-B
NMR-C-B

NMR-C-B
NMR-F-B
NMR-F-B
NMR-F-B
IR-B
NMR-C-B
NMR-F-N
NMR-C-S, NMR-H-S
IR-B
NMR-C-B
NMR-F-N
IR-B
IR-B
IR-B
IR-B
IR-HB-A
NMR-F-N
IR-E
NMR-F-B

NMR-C-S, NMR-H-S
IR-B
NMR-F-B
NMR-F-B
IR-E
Ph
IR-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
IR-B
NMR-F-N
NMR-C-B
NMR-C-N
NMR-F-B
NMR-C-S, NMR-H-S
NMR-F-N
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-N
NMR-F-B
NMR-C-S, NMR-H-S
NMR-F-B
Ph
IR-B
NMR-C-B
NMR-F-N
NMR-C-N

NMR-C-S, NMR-H-S
NMR-F-N
NMR-F-B
NMR-F-B
NMR-F-B

Refs.

[1CWJ
[63·]

[46]
(4C, 104. 108]

[102
[57

[63*
F107
[106

51
51]

[511
[51]

[51]
[94|
[04|
[94]

[1091
[SS
[S3
[57]

[1091
[49
[88

[109
[109
[109
[109
[63*

[46]
[105]

[46, 95. 104,
in- IflQlIVO t 1 «J

[57
[102

[95
[95

[105

U J

[106]
[107]

[95, 97. 99]
[95]
[!15
[95]
[95
[95

[102
[88
[88
[88

[108
[57
[8S

[96, 97, 99]
198]
[98

[101
[U7. 99]

Γ46.Ι

[57
199

(106
(107

[88
[88
[88

[57]
|88]

[117,' ftoi
(97,

" V J

These two resonance effects act in opposite directions.

Notation: NMR-C-N—analysis of the chemical shifts in the
13C NMR spectra of naphthalene derivatives; M for the
significance of the remaining designations of the methods,
see the footnotes to Tables 1 and 3.
Note: The solvents are indicated in brackets.

Although a series of quantum-chemical113"115 and experi-
mental Mf>*'U6 studies have been devoted to the character-
istics of σ,π conjugation, there are many unsolved problems
as regards the estimation of the relative contributions of the
(p—d)ir interaction and the α, ττ conjugation to the overall
resonance effect of EX3 relative to the benzene ring. Some
of these will be considered below in the analysis of the ση
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and σι constants of EX3. Here we may note that the
(p—d)tT interaction is weakened as the atomic number of Ε
increases, while the σ,π conjugation actually becomes more
intense. Therefore, for isostructural compounds, the con-
tribution of the (ρ—ά)π interaction to the overall resonance
effect of EX 3 relative to the aromatic ring is most significant
when Ε = Si and the contribution of the σ, π conjugation is
greatest when Ε = Pb. The stronger σ, π conjugation in
acetylene derivatives'*1*'63 leads to negative values of σ% for
Ε = Ge, Sn and to low values of σ (see below) for EX3
linked by a triple bond.

As noted above, the constants σ^ of the substituents EX3

in CH2EX3 have different signs. The negative signs of the
constants σ^ for the groups CH2EX3 are due to the α,ττ con-
jugation in benzyl derivatives:

Table 5 (continued).

There is no effect of the (ρ-ό)π interaction in these com-
pounds .

We may note certain features in the way the constants σ™
of the substituents EX 3 vary as a function of the nature
of Ε and X. For the substituents E(CH 3 ) 3 , the constants
OJJ decrease with increase of the atomic number of E, which
corresponds to the maximum degree of the (p-d)Tr interaction
in silicon compounds. The low values of σ^ for the sub-
stituents PbAlk3 are caused by the maximum degree of the
σ, π conjugation and the minimum degree of the (ρ—ά)ττ
interaction for lead compounds. For constant E, the
enhancement of the electron-accepting properties of X and
EX3 increases the effective positive charge on Ε and intensi-
fies the resonance electron-accepting properties ot the sub-
stituents EX3 (i .e. increases their 0^ constants) for the
following sequence of X: Alk < AlkO < Hal. For the same
reason, the constants Op increase with increase of η in the
groups E(CH3)3_ Hal. The constants σ° of the substituents
CH2EX3 show a tendency to decrease following the enhance-
ment of the electron-accepting properties of X and to increase
with increase of the atomic number of E, i .e. with increase
of the polarisability of the E—C bonds.

Table 5. The constants σΓ

substituents.
and ση of silicon-containing

Substituent

SiH3

SiH3

SiH 3

SiH(CHa),
SiH(CH3)a

SiH(CH,),
Si(CH3)3

Si(CH,)3

Si(CH,),
Si(CH,),
SUCH,),
SUCH,),
SUCH,),
Si(CH,),
SUCH,),
SUCH,),
SUCH,),
SUCH,),
SUCH,),
SUCH,),
SUCH,),
Si(C,H»),
SUCH,),
Si(CH,),C,H,
SUCH.KCH,)»
SUC.H,),
S.(C,H»),
SUC-H.),

+ 0 . 0 5
—

+0.01
—
—
—

—0.09
—0.04
—0.21

0.00
0.00

+0.02
+0.11
—0.04

—
_ 0 . 0 8
—0.03
—0.02

+0.04
+0.10

—
—0.03
—0.03

"P

+0.07
+0.10
+0.10
+0.04
—0.05

+0.06
-0.11
t-0.10]
- 0 . 0 7
—0.07
—0.06
—0.05
- 0 . 0 5
—0.03

0.00
0.00

+0.03
+0,06
+0.07
+0.08
(+0.11)
-0.14

o.o-to.i
+0,07
+0.13
1—0.08]
+0.09
+0.10

Method
of determination

DM
NMR-F-B
Ph
Ph
DM
Ph
IR-HB-A
Ph
Ph, X
X-l
X-l
DM
X-5
Ph, X-l,X-4
XA
X-l
X
Ph
X
X-3
X-3
IR-HB-A
X-l
NMR-F-B
NMR-F-B
NMR-C-B
X
X4

Refs.

[681
[811
[681
[81)
[681
168)
163]

ue
1103]
[691
[711
[681
[741
170)
t"2)
[1171

72
68)
69)
69]
691
63]
14]
81]
81]
53]
73]
73]

Substituent

Si(C,H t),
Si(C,H5)3

sl[N(CH3),]3

SiiNtCH,),],
Si(CHs)jOCH3

Si<CH3),OCH3

Si(CH,),OCH,
Si(CH,)(OCH,)»
Si(CH,)(OCH3)s

Si(CHs)(OCH3)3

Si(OCH3),
Si(OCH3),
Si(OCH,)s

Si(OCH,)3

SiiOC,H,)3

Si(OC,H6)3

Si(CH3),O3i(CH,)3

S!^( Η HOSi'^H ) ' \
si[OS?(CH3)s]3
Si(CH,),F
Si'vCH3),F

Si(f'H3)JF
Si(CH3UF
Si(CH3)F2

Si(CH3)F,
Si(CH3)F,
Si(CH,)Fa

SHCH^F,
SiF 3

SiF,
SiF,
SiHjCl
Si«CH3)sCl
Si(CH,),Cl
Si(CH3),Cl
«(CHjil
Si(CHj)Cl,
Si(CH3)Cl,
Si(CH3)Cl,
Si(CH3)C! a

SiCl,
SiCl3

SiCl3

SiCl8

Si(CH,),Br
Si(CH3)Br s

SiBr3

SiBr,
SiBr3

CH sSi(CH s) 3

CH,Si(CH8)3

CH.SUCH,),
CHjSiiCjH^),
CH sCH,Si(CH3),
CH2CH,Si(CiH s) s

CH sOSi(CH3),

•m

+0.16
+0.12+0.08
—0.04

+0 04

+0.04
—

+0.06
+0.09

—

-1-0.02
—0.01
—0.03
—0.06

—

+0.12
—

+0.13
—

—
—

+ 0.29
—
—

+0.54

+0.07

+0.16
—

+0,09
+0.31

—
—

+0.19
—
—

+0.48
—
—
—
—

•4-0.48
—0.16
—0.20
- 0 . 1 7

—
—
—
—

•P

+0,19
+0.27
(+0,31)
—0.04
+0.05
(—0.02)
+0.10
+0,12
(+0.01)
+0.15
+0.18
+ 0 10
+0.13
+0,13
+0,19
—0.01

+0.08
0 00

+0-01
+0.02
+ 0.15
+-0.16
+0.17
+0.19
-i-0 23

+0.23
+0.28
+0.40
[+0.42]

—
(+0.01)
+0.51
[+0.66]
+U.26
-4-0.02

+0.15
[+0.21]
+0.J0
[+0 081
[+0 3!)]
+0.41
+0.42
(+0.20)
+0.37
+0.43
[+0.50]
+0.10
+0.30
(+0.27)
+0.41
[+0.57]
— 0 . 2 !
—0.26
—0.27
- 0 , 2 4
—0.17
—0,14
- 0 . 0 5

Method
of deteiminaiion

NMR-F-B

X

NMR-F-B

DM
X-5
Ph
DM
X-5
Ph
DM
Ph
NMR-F-B
X-5
DM
Ph
NMR-F-B
Ph, X-l. X-4
Ph, X-l, X-l
Ph, Χ-Ι,Χ-4

Fh
Ph, X-t.X-4
X-5
NMR-F-B
DM
X-5
Ph
DM
X, Ph
Ph, X-l, X-4
X-5
DM Ph
Ph
X, Ph
X-5
Ph
NMR-F-B
DM
X-5
NMR-F-B
DM
Ph
X-5
Ph
DM
Ph
X-5
X-5
DM
X-5
Ph
X-l
X-l, X-3
X
X-l, X-3
X-l, X-3
X-l, X-3
Ph, X-l, X-5

Refs.

[81]

[73J
[73|

[681
[74]
168]
[68]
[74]
[68]
[681
[681
[81]
74]

[681
[531
[811
[701
70]
70]
68]
70]
741

[81]
[08]
174]
(68]
[88]

[1161
[70
[74|
[68]
[951
[ittil
[74]
[OS]
[81]
1681
[74
[81]
[681

[68]
[74]
[68]
[68]
[94]
[74
[74]
[68]
|74)
[94]
114]

[118]
[16, 31]

[118]

[1181
Π0]

Notation: DM—on the basis of the linear relation between
the dipole moments of para-substituted toluenes and the
σ constants of the substituents; M X-3—the study of the

pK of substituted anilines;6 9 X-4—the study of the rate
constants for the reactions of substituted benzoic acids
with diphenyldiazomethane: X-5-the study of the
rate constants for the bromination of substituted dimethyl-
phenylsilanes; ^ for the significance of the remaining
designations of the methods, see the footnotes to Tables 1
and 3.

3. The Hammett Constants σρ and am

These constants characterise quantitatively the overall
electronic effect (inductive and resonance) of the sub-
stituents EX3. Approximate values of σρ can be obtained,
using the relation σρ = oj + σρ_, from the approximate esti-
mate om s Oj; the difficulties arising in this procedure
have been described.1 1 In interpreting the constants σ ,
one should bear in mind the problems discussed in the
analysis of the constants oj and Op. Furthermore, a con-
siderable proportion of the constants am and σ_ have been
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determined by chemical methods (Tables 5 and 6), which
might have led to the appearance of appreciable non-con-
trollable errors. Therefore, a non-critical application of
these constants entails inevitably large errors and it is
difficult to avoid subjectivity in estimating the most and least
reliable values of the constants.

Table 6. The constants am and σ_ of germanium, tin-, and
lead-containing substituents.

Table 7.
ents.

The constants σ of silicon-containing substitu-

Substituent

GeH,
Ge(CH 8),
Ge(CH»)f

Ge(CHg),
Ge(CH,),
Ge(CH,)3

Ge(C>Hg)·
Ge(CiH t),
Ge(C,H6),

Ge(C,H,')J
GeH(C6H6),
GeF,
GeCls
GeCl3

Ge(C,H,),Br
Ge(C,Hs)Br,
GeBr3

Sn(CH3)3

Sn(CH3)s

Sn(CH3)3

Sn(CH3)3

Sn(C 2H 5) a

Sn(C s H 6 ) 3

Sn(«-C4He)i,
Sn(C,H5)3

Sn(C,H5)3

Sn(C,Hs)3

Sn(QH4F-4)3

Sn(CeH4F-4)3

Sn(C,H4F-4)3

Sn(C,H4F-3)3

Sn(C,H4F-3)3

Sn(C,H4F-3)a

SnH(C,H»)t

Sn(C,H,),Cl
SnCl,
SnCl3

SnCl3

"m

_

—
—
—
0,00
—
—
0.00
—

+0.05
—

+0.15
—

+0.85
—

+0.71
—
—

+0.66
—
—
—
—
—
—
—
—
—
—

—
—
—
—
—
—

ζ

-

+0.01
- 0 . 1 8
[—0.06]
—0.06

0.00
+0.01
—0.20

0.00
0.0+0.1
+0.08
[+0.16]
+0.24
+0.16
+0.97
+0.60
[+0.79]
+0.35
+0.60
+0.73
—0.26
[-0,12]

0.0+0.1
+0.02

0,0+0.1
+0.03
+0.02

+0.18 (CDC1,)
+ 0 . 2 3 (CD3)jCO
+0.21 (CCI4)
+0.29 (CDC13)
+0.28((CD3)2CO)
+0.32 (CC!.,)
+0.32 (CDC13)
+0.30((CD3),CO)
+0.30 (CC14)

+0.20
+0.40

+0.97 (CDC),)
+0.49((CD,)aCO)
+0.94 (CCI,)

+0.21

Method
of determination

DM
IR-HB-A
X,Ph
DM
X-l
Ph
IR-HB-A
X-l
X-l
XA
X, Ph
X
X, Ph
Ph
DM, Ph
Ph
X, Ph
X, Ph
Ph
IR-HB-A
X, Ph
X-l
NMR-F-B
X-l
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B
Ph
Ph
NMR-F-B
NMR-F-B
NMR-F-B
NMR-F-B

Refs.

[68]
[63]
[116]
[68]
114]
[68]
[63]
[14]
[14]
[73]
[116]
[69]
[11G]
[94]
[08
[94]
IH6J
IHC)
|94J
|fi.'<J

1116]

[14]
195]
114]
10.11
195]

[95, 99]

$ '
(95)
(95)
[95]
(95)
| H 6 |

116]
95|
95)
951
9SJ

Note: The solvents are indicated in brackets; for the sig-
nificance of the designations of the methods, see the footnotes
to Tables 1,3, and 5.

However, one should note that the constants σ and om

carry nevertheless important qualitative information about
the electronic effects of EX3. Thus the constants σ_ for
E(CH 3) 3 are larger (-0.06 0.13) than for the group C(CH3)3

( - 0 . 2 0 u ) . These estimates show that the resonance
electron-accepting properties of organoelemental substituents
must be more significant. The above conclusion has also
been confirmed by the fact that the constants σρ are larger
than am. The higher values of the constants Op for the
substituents EX3 than the corresponding values of am are
due to the presence in the former of a considerable resonance
component, which is always positive. When this resonance
component is negative, then c^ < am, which has in fact been
observed for the substituent CH2Si(CH3)3. It was noted
above that, following the enhancement of the electron-accept-
ing properties of X and EX3, the constants Oj and σ^
increase; naturally, this also entails an increase of the
constants an.

Substituent

SiH,
SiH3

SiH(CH·)·
SiH(CH,),
Si(CH,),
Si(CH3)3

Si(CH3)3

Si(CH.,)3

Si(CH3)3

Si(CH,)3

Si(CH3).,
Si(C2H5),
Si(C2H5),
Si(n-C4H9)3
Si(n-C4H9)3
Si(t-C4H9)3

Si(t-C4Ho)3
SiH,C,H5

SiHjCHj
SiH,C,H5

SiH(CH3)(C,H5)
SiH(CH3)(C,Hs)
SiH(CjH5) (CJHJ)
SiH(C,H5)(C,Hs)
Si(CH3)3C,Hj
Si(CH3)2C,H5

SiH(QH 5) 2

SiH(C,H5)a

SiH(C,H3)2

Si(CH3)(C,H5),
Si(CH3)(C,H5),
Si(C2H,)(C,H5)2

SiiCaHs)(C,H,)a

Si(C,H5)3

Si(C,Hs)3

Si(C,H5)2OH
Gi(CH5)aOH
Si(OC,Hs)3

Si(OCHaCH2)3N

Si[OCH(CH3)CH2]3N
Si(CH3)F2

SiF3

SiH2Cl
SiH2Cl
Si(CH3)aCi
Si(CH,).Cl
Si(CH3)Cl2

SiiCHsJCIi
Si(CH3)CIa

SiCl,
SiCI3
SiClj
SiHj(CHaCl)
SiH2(CH2Cl)
Si(CH3)2Si(CH3)3

Si (CHijJjSi (CHi)3

Si(CH3),Si(CH,)3

l-Sij(CH3),
l-Si3(CH,)7

2-S«3(CH3)7
2-Si3(CH3),
CH»SiH,
CHaSiH,
CHaSi(CH3)3

CHjSi (CHJ)J
CH^i (CH3)3

CH,Si(CH3)3

CHsSi(CH3),

CH!S!(CH,)3

CHjSiiCH,),
CH^i (CH3)3
CH2Si(CH3)3

CHjSi (CH3) j
CH,Si(CH,),
CHeSiHidHe)»
CH^i (CJH 5)J
CH,Si(C,H,)s
CH2SiH2(n-C3H7)
CH2Si(n-C3H7)3

CH2Si(n-C3H7)3
CH2Si(n-C4H9)3
Cfi2SiH(t-C4H9^2
CH2Si(t"C4^9^3

CH2Si(C,H5),
CHjSi (QHj),

CH^i'iCH^iOCHi),

CH2s{(OCHj)i
CH,Si(OC,H,),

ΟΗ,βίίΟΟΗ,ΟΗ,ί,Ν

°P

[-0.01J

+0.03
—0,16
—0.14

[-0.22J
-0.15
-0.14
[-0.13]
-0.03

0.0
Γ+0.02Ι
—0.16
—0J4
—0.18
—0.16
—0.18
—0.16
—0,02

—0
~ 0

—0.06
0 05

—Ο.'θ6
—0.05
—o;o9
—0,09
—0.09
—0.01

+0.01
—0,05
—0.04
—0.06
- 0 05
—0.18
—0.15
—0.04
—0.03

+0.01

-0.21

-0.24

+0.37
-+0.7
[+0.09]
+0.16
+0.05
+0.05
[+0,13]
+0.21
+0.22
[+0.16]
+0.24
+0.26
—0,04
—0.03
—0.62
[-0.55]
- 0 23
-0.77
[-0.67]
—0.81
[-0.70]
-0.27
—0.15
[-0.66]

—0.66; —0.63
—0.63
—0.62
—0,61
—0,56
—0.55
—0.50
—0.54
—0,54

[-0.54±0.01]
-0.4
—0.,55
—0,57
—0.57
—0.57
—0.58
—0.57
—0.55
—0 49
—0.54
—0.42
—0.4

[-0.38 ±0.02]
—0.36
—0.45
—0.40

—Ιί.ώ4
—0.14—0.19

—0.49

Method
of determination

UV-2
UV-3
UV-3
UV-2
UV-1
UV-3
IP
UV-2
X
NMR-H-P
X
UV-3
UV-2
UV-3
UV-2
UV-3
UV-3
UV-2
UV-3
IP
UV-2
UV-3
UV-2
UV-3
UV-2
UV-3
IP
UV-2
UV-3
UV-2
UV-3
UV-2
UV-3
UV-3
UV-2
UV-2
UV-3
UV-2

UV-2

UV-2
IP
IP
UV-2
UV-3
UV-2
IP
UV-2
IP
UV-3
UV-2
IP
UV-3
UV-2
UV-3
UV-1
UV-2
NMR-H-P
UV-1
UV-2
UV-1
UV-2
UV-2
UV-2
UV-1
UV-1
IP
UV-1
X
X
UV-2
UV-2
X
UV-2
UV-2
NMR-C-B
UV-2
X
UV-2
UV-2
UV-2
X
UV-2
UV-2
UV-2
UV-1
UV-1
UV-2
UV-2
UV-2
UV-2
UV-2
UV-2
UV-2

UV-2

Refs.

119*
119*
120·
120·]
121]
120·
114*
120*]

[122
[59
[15]

(119*1
[119*
[120*
[120*
{119*
[119·
[119*
[119*
[123*
[120*
[120*
[120·
fl2o*]
[119*1
1119*
[123*
(119*
119*
119*
119*
120*
120*
119*
119*

[120*
[120*
1124*

[90*1

[90·
[125*
[125*
[119*
[119*
116]
125·]
120*
125*
120*
120*
125*

[120*
[120·
[120*
[121]

[67,121*1!
[59]

[121
[67,121·]

[121]
[67,121·]

[49]
[124·]
[121]

[65]
[114·]
[126]

[65]
]49]

[67]«
[119·]
[130]

[ 6 7 ] b

[55]
[109·]

[49]
[49]

[67,120·]
[49]
[49]

[ 67,120·]
[109*]
[119·]

[661
[1261

[67J"
(67
[49
]49

a

[49]
[90·Ι

1124*1

[90* 1
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Table 7 (continued).

Substituent

CH»SiH(CH,)(CH1C,Hi)
CH.SHCHiMCH.CHs)
CHjSiHiCH.KCH.CH»)
CH,SiH(CHAH,),
CH,Si(CH,)(CH,CHs)i
CH,Si(CH,),Si(CH3)3

CH^i(CH,)^i(CH3)3

CH[St(CH3)ak
CHlSilCHj),],
CH[Si(CHs),l,
CH[Si(CHa),l,

C[Si (CHa)ali
•C[Si(CH3)j]3

C[Si (CH3)3]3

CHjSiF,
CHjSiCl,

°P

—0,57
—0,56
—0.54
—0.45
—0.56
—0.72
—0.62

(-1.06)
—0.76

[—0.65]
—0.62

(-0.79)
1—0.68]

—0.62
(-0.52)
—0.03
—0.08

Method
of determination

UV-2
UV-2
UV-2
UV-2
UV-2
UV-1
UV-2
UV-2
UV-1
UV-2
X
UV-1
UV-2
UV-2
X
UV-2
UV-2

Refs.

[109*1
[67, 120·]

[109·]
[67, 120*]

[120*1
[121]

[67, 121*]
[67, 131*]

[121]
[67, 121*]

[130]
[121]

[67, 121*]
[49]

[130]
[124*[
[124*]

Table 8. The constants σ of germanium-, tin-, and lead-
containing substituents,

Notation: UV-1—analysis of the frequency V Q T of the
charge-transfer bands in the UV spectra of the CTC of
monosubstituted benzenes with tetracyanoethylene using the
relation v C T = 9300 σ+ + 26 200;65'66 UV-2—the same method
as UV-1 but using the relation σ+ = 9.46 χ 10~ 5vC T -2.466;6

UV-3—the same method as UV-1 but using the relation VQ-J,
7600 σ+ + 25 800;38 IP—on the basis of the ionisation poten-
tials (IP) of monosubstituted benzenes using the relation
IP = 1.31 σ+ + 9.24; № NMR-H-P—analysis of the chemical
shifts of the signals of the OH group in XH NMR spectra of
phenol derivatives;5 9 for the significance of the remaining
designations of the methods, see the footnote to Table 1.

Taking into account the data in Refs.65 and 127-129.

Taking into account the data in Refs.65, 113, 131, and 132.

4. The Electrophilic Constants σ

The constants σ* reflect the overall influence of the
electronic structure of the substituents EX3 or CH2EX3 on
the electron-deficient reaction centre. For the majority
of the systems investigated hitherto (Tables 7 and 8), such
a centre is the benzene ring, which has a positive charge.
Analysis of the values of these constants constitutes an even
more complex task than the interpretation of the Hammett
constants σρ. At first sight, it may turn out that there is
altogether no correspondence between the values of the con-
stants Op and σρ for organoelemental substituents (in con-
trast to organic substituents). For example, it is known19

that, in the presence of a positive charge on the benzene
ring, the ρ, π conjugation of the electron-donating organic
substituents of the +M type with the ring intensifies (the
constants σρ and σ ρ are negative and σ ρ > σ ρ ) , while the
conjugation remains unchanged for the electron-accepting
substituents of the -M type (the constants σρ and σ are
positive and σ ρ = σ ρ ) .

The values of σρ found for organoelemental compounds
show that any groups EX3 should exhibit stronger electron-
donating properties (or weaker electron-accepting properties)
than would follow from the estimates based on the σ ρ con-
stants. This is caused by the enhancement of the σ, π con-
jugation

Substituent

GeH,
GeH,
Ge(CH,)s

Ge(CH,)3

Ge(CH=CHC,H,),
Ge(CH=CHC4H,),
GeHWCHj)
GeH,(C,H5)

Ge(CH3) C«Hj
Ge(n-C6H13)2C6HS

Ge(n-C6H1 3)2C6H5

GeH(C,H,),
Ge(n-C6Hi3)(C6H5)2
Ge(n-C6H13)(C6HS)2

ue(C,H5)»CH2CH=CHCH3

Ge(C,H»),CH,CH=CHCH3

GeH(n-C6H!3)Cl
GeH(n-C6Hi3)Cl
GeH(C,H,)Cl
GeH(C,,Hs)Cl
GeCl,
Ge(C«H6)jBr
Ge(C.H,)Br,
Ge(C,H6),Ge(C,Hs)3

CHjGe(CH3)3

CH,Ge(CH3)3

CH,Ge(CHa),
CH.GetCHjJs
CH,Ge(CH,),

CHiGeiC^H,),"

CH,Ge(C,Hl)3

CH,Ge(CH s) s

CH,Ge(CHl)i
CH,Ge(OC,H5)3

CH,GeH,(CH,C«H5)
CH,GeH(CH,C«Hj)a

CH,Ge(CH,CH5),
CH,CHjGe(OC,H6)3
Sn(CH,)3

Sn(CH3),
Sn(CH3),
SnH(CH,),
Sn(C,H,)3

SnCl,
CH,Sn(CH3)3

CH^n(CH3)3

CH,Sn(CH3)3

CH,Sn(CH3)3

CHjSn(CH3)3

CH,Sn(CH3)3

CH,Sn(CH3)3

CH,Sn(CH3)3!
CH,Sn(CH5)3

CH^n(C«H5)a

CH,Sn(C«H()3

CH)Sn(CeH>)a
OSn(C,H5)3

OSn(C,H5)3

SSn(C,H8)3

SSniC.Hs)»
Pb(C.H6)8

CHsPb(CH3)3

CH2Pb(CH3)3

CHs,Pb(C,Hs),
CH,Pb(C,H,)3

CHsPb(C,Hs)3

CHaPb(C,H»)3

CHsPb(C,Hs)3

CH,CHsPb(CeH5)3

CHjCHjPbiCeHs)!!
CH,CH2Pb(CeH6),
OPb(C,H6)3

OPb(QsH6)3

SPb(CH 6) 3

SPb(C,H t)3

—0.04
- 0 . 0 3
—0.21
- 0 . 1 9
—0.12
- 0 . 1 1
—0.04
—0.03
—0.17
—0 15
—0.13
—0.12
—0.07
—0,12
—0.11
—0.11
—0,10
—0.07
—0,06
- 0 . 0 5
—0.05
—0.04

+0.33
—0.05
+0.09
- 0 . 2 6
—0.22
—0.65
-0.64

1-0.63+0.02]
-0.6i
- 0 . 4
—0.64
—0.67
-0.67
(-0.60)
- 0 . 6
—0.52

[—0.52+0.02]
-0.39
—0.59
—0.59
—0.57
—0,16

[-0.34]
—0.30
(-0.12)
-0.11
—0.07
+0.04
+0.41
(-0.02)
—0.91
—0.9
-0.82

[-0.81+0.02]
-0.T8
—0.76
-0.45
(-081)
-0.75

[-0 73+.0.02]
—0.69

-1.55 (CHjClj}
—2.34 (DMSO)
—0.08 (CH,C1»)
—0.35(DMSO)

—0 07
—1,03±0.03

—0.52
(-1.08)
- 1 . 0
— 1.0
-0.92

[— 0,90±0.02]
(-0.3)
—0.22

[-0.08]
-1.79 (CH,C12)
—3.13 (DMSO)
-0.28 (CH2C1,)
—0.52 (DMSO)

Method
of determination

UV-2
UV-3
UV-2
IP
UV-3
UV-2
UV-2
UV-3
UV-3
UV-2
UV-3
UV-2
IP
UV-3
UV-2
UV-3
UV-2
UV-2
UV-2
UV-3
UV-2
υν-3
UV-2
IP
UV-2
UV-3
UV-2
UV-2
IP
UV-2
UV-2
NMR-C-B
UV-2
UV-2
UV-2
UV-1
UV-1
UV-2
UV-2
UV-2
UV-2
UV-2
UV-2
UV-2
UV-2
IP
X
IP
UV-2
IP
IP
UV-1
UV-1
UV-1
UV-2
UV-2
IP
X
NMR-C-B
UV-1
UV-1
UV-2
UV-2
IR-NB
IR-NB
IR-NB
IR-NB
UV-2
UV-2
NMR-C-B
UV-1
UV-1
UV-1
UV-2
UV-2
X
UV-1
UV-2
IR-NB
IR-NB
IR-NB
IR-NB

Refs.

[119*
(M9*
1116]
1114*
[116]
[116]
[120*
[120*
[120*
[120*
[109*
[109*
[123*
[109*
[109*
[109*
[109*
133*

(109·
[109·
[109*
[109*
116]

[116,123*1
[1161
[116]
[116]
[109·]
[114·]
167]
[67,120*1
[55]
109*]
67,120*J

149]
[66]
[126]
[67.120*1
[67]
[67,120*1
[109*1
[67,120*]
167,120*]
[120*]
[116]
[114·]
[122]
1123*1
[116,133*1
[116,123*1
[134]
[126]
[66]
[65]
[67,135*1
[67]
[114*]
[65
[55
[66
[126|
67]
65*,671
61
61
61]

[116,133·]
[67]»
[55]
[65]
[126]
166]
[65*,67]
[67]
[65|
65]
65·,67]
01]

1611

61

when a positive charge arises on the ring. U 6 [The second
resonance effect—the (ρ-ά)π interaction—hardly depends on
the charge on the ring. ]

Notation: IR-NB—analysis of the intensities of the stretch-
ing vibration bands of the NO2 group in the IR spectra of
para-substituted nitrobenzenes; 6 1 for the significance of
the remaining designations of the methods, see the footnotes
to Tables 1 and 7.
Note: The solvents are indicated in brackets.

Taking into account the data in Refs.65, 113, 131, and 132.
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The enhancement of the σ, ττ conjugation, characterised by
the difference σί - Op is greater the greater the polarisability
of the chemical bonds of the CArEX3 fragment of the C6H5EX3

fragment of the C6H5EX3 molecule and hence the greater the
bond refraction ΣΛρ, which is a quantitative measure of the
polarisability. Therefore linear relations between σρ — σρ

and Σί?£) hold for silicon and the germanium compounds and
also for any other phenyl derivatives of non-transition
Group II-V elements.116

The constants σ^ of the groups E(CH 3) 3 reflect the influ-
ence of oppositely directed effects—the (p-d)-n interaction
and the σ,π conjugation. The former effect is most signi-
ficant for Ε =Si or Ge and the corresponding values of
σρ (-0.13 and -0.21) are therefore greater than for C(CH3)3

(-0.26). On passing to Sn(CH 3) 3, the σ,π conjugation
intensifies and ap" diminishes (to -0.34). With enhancement
of the electron-accepting properties of X in EX3, the con-
stants σρ increase.

On passing from EX3 to the substituents CH2EX3, the
constants σρ diminish sharply, i .e . the negative values of
these constants are significantly greater than the corre-
sponding values of σ_. This is caused by the intensification
of the σ, π conjugation

in the present of a positive charge on the ring. The linear

relation between Op—Op and Z^D» which holds for C6H5.

.CH2EX3, is also valid for alkylbenzenes, although the σ, π
conjugation in the latter is comparatively weak. 116 It follows
from the analysis of the values of σ« that the electron-
donating properties of the substituents CH2EX weaken follow-
ing the enhancement of the electron-accepting properties of
X and intensify with increase of the atomic number of E.
These features of the σ, π conjugation have been discussed
in greater detail in other communications.'11''67'116

The properties of the σρ constants of organoelemental
substituents reflect the dependence of σ* on the type of
reaction series and on the degree of conjugation between the
substituent and the reaction centre, which is familiar19 for
carbon compounds. Comparison of the constants σ+ , deter-
mined for the same substituent by methods based on the
NMR and UV spectroscopy of CTC, indicates a marked dis-
crepancy between the results. According to the UV spec-
troscopic data for CTC, the substituents CH2E(CH3)3 are
much stronger electron donors, the discrepancy between the
results obtained by the two methods increasing with increase
of the atomic number of E. Under the experimental condi-
tions of the UV spectroscopic measurements for CTC, there is
an appreciable positive charge on the aromatic ring, which
leads to an increase of the degree of σ,π conjugation. The
constants σ+ then reach high negative values, which is incon-
sistent with the data obtained by the NMR method, where
there is no positive charge on the ring in the ground elec-
tronic state.

Thus in the experiments involving the NMR and UV spec-
troscopic measurements for CTC, the substituent CH2E(CH3)3

is in essence linked to different reaction centres (neutral and
positively charged). The constants σ* therefore do not
remain invariant, reflecting the unequal degrees of conjuga-
tion of the substituent CH2E(CH3)3 with different reaction
centres. Analogous situations have been discussed for
organic compounds.1 1 2 '1 1 6

5. Other σ Constants

Systematic studies of other constants of organoelemental
substituents are only just beginning. Only scattered data
are available on the constants Op of the substituents Si n .
. ( C H 3 ) 2 n + 1 (where η = 1,2,3), 59·69»121'136 Si(C 6H 5) 3, and
Ge(C 6H 5) 3; 73 the constants ojj and σ^ of the silantranyl
and trialkoxysilyl groups 5 2 and COOCH2SiF3,

 8 3 OE(C6H5)3,
and SE(C 6H 5) 3, where Ε = Sn or Pb, Q have also been
obtained.

The steric effects in organoelemental compounds'*5 are dis-
tinguished by a number of features. Therefore, together
with the accumulation of data on the steric constants Es of
silyl substituents, 1 3 7 the constants E s (Si) , 1 3 8 reflecting the
specific features of the steric effects of the alkyl groups
linked to the silicon atom, have also been introduced.

— 0 O 0 —

In conclusion we may note that the correlation equations
linking structure and reactivity have been developed for
silicon subgroup compounds to a lesser extent than for car-
bon derivatives, which can be explained not only by the
inadequate extent to which the organoelemental compounds
have been investigated and the experimental difficulties in
the determination of the σ constants of the element-containing
substituents but also by the marked, even more pronounced
than for carbon compounds, dependence of these constants
on the type of reaction centre. Although, on the one hand,
this factor does hold back the use of the σ constants as uni-
versal characteristics of the donor—acceptor properties of
element-containing substituents, on the other hand, the
correlation equations constitute an effective means for the
investigation of intramolecular interactions between the
silicon subgroup element and the variable reaction centre.
Analysis of the accumulated information about the σ constants
is therefore of independent interest and leads to prospects
for further study of urgent theoretical problems in the
organoelemental chemistry of non-transition elements.
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The Phosphorus Analogues of Aminocarboxylic Acids

V.P.Kukhar' and V.A.Solodenko

The review is devoted to aminophosphonic, aminophosphinic, and aminophosphonous acids and their derivatives. The interest
in these compounds is in many respects because some of them have been detected in Nature and have an appreciable bioactivity.
The review deals with the methods of synthesis of aminophosphonic, aminophosphinic, and aminophosphonous acids and
with the properties of these compounds, attention being specially concentrated on the phosphorus analogues of natural
α-aminocarboxylic acids.
The bibliography includes 258 references.
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I. INTRODUCTION

β-Aminoethylphosphonic acid (ciliatine)—the first natural
product with a P—C bond—was isolated from natural sources
in 1959.x Subsequently other natural aminophosphonic,
aminophosphinic, and aminophosphonous acids and their
derivatives were discovered. 2" 1 0 The appreciable bio-
activity of these compounds stimulated interest in the study
of their chemistry and bioreactions. The phosphorus
analogues of natural aminocarboxylic acids have attracted
special attention. These compounds belong to the class of
aminoalkyl organophosphorus compounds, whose chemistry
has been considered in a number of reviews. 1 1" 1 3 At the
same time, the presence in their structure of the free amino-
group, frequently in combination with other functional
groups (hydroxy-, mercapto-, e tc .) , imposes definite limita-
tions on the choice of methods and frequently requires special
approaches to their synthesis. Stereochemical aspects are
also important.

The chemistry of ct-aminophosphonic acids has been
examined in a review11* published in 1975, but during the
intervening period has been significantly supplemented by
new results. A later review15 on the chemistry of amino-
phosphinic acids is extremely concise.

This review deals with the methods of synthesis of amino-
phosphonic, aminophosphinic, and aminophosphonous acids
(ΑΡΑ) and their properties. Attention is concentrated on
the phosphorus analogues of natural α-aminocarboxylic acids.

I I . METHODS OF SYNTHESIS OF AMINOPHOSPHONIC,
AMINOPHOSPHINIC, AND AMINOPHOSPHONOUS ACIDS

1. Amino- and Amido-alkylation of Hydrophosphoryl Com-
pounds; the Kabachnik—Fields Reaction

At the beginning of the 1950's, Kabachnik and co-work-
e r s 1 6 " 2 1 and independently the American investigator Fields22

showed that the interaction of ammmonia (or an amine), a
carbonyl compound, and a dialkyl phosphite leads to the
formation of α-aminophosphonic acid esters (the Kabachnik—
Fields reaction):

ο
R'v jO R\ II

>C«O+RNHt+(RilO)iP<f -• >C-P(OR3),
Rt/ \H R f / |

NHR

It has been suggested that the reaction mechanism involves
the initial formation of an ct-hydroxyalkylphosphonic acid
ester with the subsequent replacement of the hydroxy-group
by the amino-group.2 3 Another view on the mechanism of
this reaction has been described in a monograph,21* where the
reaction is treated as aminoalkylation of a hydrophosphoryl
compound (HPC) by an electrophilic intermediate formed form
the carbonyl compound and the amine.

The range of compounds which can be involved in this
process is extremely large.23»21* We shall deal only with
studies where the synthesis of α-APAt with an unsubstituted
amino-group has been described. The most convenient
method for the synthesis of these compounds uses ammonia
as the amino-component.1 6"2 1»2 5 When benzaldehyde, an
alcoholic ammonia solution, and diethyl phosphite are heated
in a sealed tube at 100 °C, diethyl a-aminobenzylphosphonate
is formed, its hydrolysis leading to free a-aminobenzylphos-
phonic acid: 1 6 ' 1 8

PbCf -

Phosphonic analogues of alanine (Ala p) and phenylalanine
(PheP) have been obtained by this method. 2 6 The yields of
α-aminophosphonic acid esters synthesised in this way do not
usually exceed 45%. Diethyl ct-aminoethylphosphonate has
been obtained in 76% yield by a somewhat modified method
(stirring of a mixture of acetaldehyde-ammonia, diethyl phos-
phite, and ammonia in a sealed tube at room temperature). 2 7

The use of acid esters of phosphonous acids makes it possible
to obtain derivatives of α-aminophosphinic acid. 2 0 The phos-
phonic and phosphinic analogues of cycloleucine were obtained
in this way, start ing from the diethylketal of cyclopentanone

ο
PhCHP(OEt)2-

NH,

H 3 o+
0

* PhCHP (OH)
1

NH,

t T h e ΑΡΑ which are analogues of natural aminocarboxylic
acids are designated by the generally accepted three letter
abbreviations with the superscript P. For the phosphorus
analogues of aspartic and glutamic acids, the additional sub-
scripts a, 3. and γ , denoting the position of the phos-
phorus-containing group, are introduced. For the phos-
phine analogues, a superscript indicating the position of the
substituent at the phosphorus atom is added.



860 Russian Chemical Reviews, 56 (9), 1987

and diethyl phosphite or ethyl methylphosphonite respec-
tively:2 8

10 to 75%):'t5

OEt
+ NH.+ >Pf •

t E t O x X H l / o
NH 2

The α-phosphonic and α-phosphinic analogues of a-methyl-
glutamic acid has been synthesised analogously by the amino-
alkylation of diethyl phosphite and ethyl methylphosphonite:29

ο
II

MeOCOCHjCHsCMe

EtO/ \H
2)H,O+

+ NHS

R = OH, Me

MeO
I II Λ

• HOCOCH2CH2C-P^

NH.,

Overall, the Kabachnik—Fields reaction is a convenient
general method for synthesis of α-aminophosphonic and
α-aminophosphinic acids; the important advantages of the
method are a single-stage process and the availability of the
starting compounds.

The aminoalkylation of HPC has been extended to tervalent
phosphorus acids—hypophosphorus, phosphorous, and
phosphonous acids, which made it possible to obtain directly
free a-aminophosphonous,30»31 α-aminophosphonic,32 and
α-aminophosphinic,33>31* acids. However, this approach has
not found extensive application in the synthesis of cc-APA
with a free amino-group because it is restricted almost
exclusively to the aminoethylation reaction. The report 3 5

of the synthesis of a series of a-(N-benzylamino)alkylphos-
phonic acids by the aminoalkylation of phosphorous acid was
subsequently judged to be erroneous. 3 6 It is noteworthy
that the aminoalkylation of phosphorous acid is used
extremely widely for the synthesis of ΑΡΑ derivatives with
valuable complex-form ing properties. 1 2 ' 1 3

The reaction involving the amidoalkylation of tervalent
phosphorus halides has found very extensive application in
the synthesis of α-ΑΡΑ. When a carbonyl compound, phos-
phorus trichloride [or an alkyl(aryl)dichlorophosphine],
and a compound containing the amide group interact in acetic
acid, an intermediate is formed, whose hydrolysis leads to
the formation of α-aminophosphonic or α-aminophosphinic acid
in 40-60% yield:3 7

l ! *c£" R\
R j / | XOH

NH,
R 3 = Cl, Alk, Ar; R 1 = EtO, PhCH aO;

R = OH, Alk, Ar

The use of acetals instead of carbonyl compounds and of
carboxylic acid amides (acetamide, benzamide) instead of
carbamates lowers the yield of α-ΑΡΑ. It is of course not
permissible to employ amines and ammonia in this reaction.3 7

The process can be carried out successfully also in trimethyl-
acetic acid.3 8 Aminomethylphosphonic acid (Glyp) 3 9 as well
as the phosphonic and phosphinic analogues of cycloleucine , 2 8

proline ,h0 serine Λ1 α-methylaspartic, α-methylpyroglutamic,
glutamic, and pyroglutamic acids ,1*2 and ornithine1*3 have been
obtained by this method. The use of N-alkylbenzylcarba-
mates as the amide components makes it possible to synthesise
a-(N-alkylamino)alkylphosphonic and the corresponding phos-
phinic adds."" The attempts to employ NN'-dialkylbenzyl-
carbamates in the reaction were unsuccessful Λ1*

The amidoalkylation of phosphorous acid in acetic anhydride
has been used to obtain phosphonic analogues of alanine,
valine, and also other α-aminophosphonic acids (yields from

RCf + HjNCR1 + H3PO3
X H II

Ο
R = Me, iso-Pr, Ar; Rl

*> A c > °
a> H l ° · 1 ·

ο
II

RCHP (OH),
I
I

NH,
PhCHjO, Ph, Me

The interaction of N-hydroxymethylamides with phosphorus
trichloride or alkyl(aryl)dichlorophosphines in acetic acid
leads to the formation of aminomethylphosphonic or amino-
methylphosphinic acid, including N-alkylated derivatives, in
25-80% yield -Λ6""8

Ο

ο
II

RCNCHaOH —

R l

1) R'PCl./AcOH
•I) H,O+

-•R'NHCHaPiOH);,

Ο
II

R'NHCH 2 P
•OH

2. The Arbuzov and Michael is-Becker Reaction

The Arbuzov and Michaelis—Becker reactions have been of
fundamental importance for the chemistry of organophos-
phorus compounds and historically were the first methods of
synthesis of aminomethylphosphonic acid—the phosphonic
analogue of glycine (GlyP):26'1*9

ο ο

Κ ?
NCH2P (OBu), f'°t->

, \ / C \
I [ ; NCI LBr + (BuO)2 PONa •

Ο Ο
Ο
II

-* H2NCHjP (OH),

The use of dialkyl phosphonites makes it possible to obtain
aminophosphinic acids.5 0 The use of the Arbuzov and
Michaelis—Becker reactions for the synthesis of β-, γ-, and
ω-ΑΡΑ has been described."> 5 1- 5 5

For example, the Arbuzov reaction has been the key stage
in the first synthesis of phosphinothricin—a phosphinic
analogue of glutamic acid

BrCH2CH2CHCOOMe -
I

NHCOCF,

Me
Ο
II

PCH2CH2CHCOOH

NH,

Diethyl α-ethoxycarbonylaminomethylphosphonate—an
important intermediate in the synthesis of cephalosporin—has
been obtained by the reaction of the ethyl ester a-bromo-N-
t-butoxycarbonylglycine with triethyl phosphite:5 6»5 7

t- BuOCONHCHCOOEt.

ο
II

. HjNCHP (OEt),

COOEt

The phosphonic analogues of alanine containing from one to
three chlorine atoms58 or fluorine atoms59 at the β-carbon
atom have been obtained by the Arbuzov reaction.5 9 The
long duration and relatively severe reaction conditions can be
regarded as disadvantages of the Arbuzov reaction as a
method of synthesis of ΑΡΑ. In certain cases this method
does not yield satisfactory results. Thus the phosphinic
analogue of alanine ( A l a p ~ P n ) has been obtained by the
Arbuzov reaction in only 5% yield.5 0

The Arbuzov reaction in its classical form is used for the
synthesis of α-APA as a rule only in order to obtain amino-
methylphosphonic and aminomethylphosphinic acids and their
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derivatives. On the other hand, the non-classical variants
of the Arbuzov reaction, where electrophiles other than
aikyi halides are introduced into the reaction with tervalent
phosphorus acid esters, have found extremely extensive
applications in the synthesis of phosphonic and phosphinic
analogues of α-aminocarboxylic acids. Thus it has been
found that, on heating with aldehydes and ureas, phosphites
and phosphonites give rise to esters of ct-ureidophosphonic
and the corresponding phosphinic acids. Mono- and di-sub-
stituted ureas produce only monophosphonates, while unsub-
stituted urea gives rise to a mixture of mono- and di-phos-
phonates. Instead of urea, thiourea may be employed. The
reaction is facilitated in the presence of acid catalysts. The
following process mechanism has been discussed:6 0

Ο

pi0R)

O OH Η Ο
Xy - ' H+ ' 1 Ι' μιι IUI

R ' C < + H , N C N H , - * R ' C H — N H C N H . • Z H O ~

\ H +

o o
• R'CHNHCNH, "'° * R'CHP (OR),

I - H + . -ROH |
+ P (OR), NHCNH,

II
ο
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analogues of aspartic acid (Asp01 " and Asp

,OA

J—NH

P(OR), HOCOCH2CHP (OH),
I

NH,

I! /Me

-NH

I
NH,

OH

The esters of tervalent phosphorus acids enter into the
Arbuzov and Michaelis—Becker reactions with TV-acyl- or
/V-sulphonyl-aziridines to form derivatives of ct-aminoethyl-
phosphonic and the corresponding phosphinic acid:72"71*

>PONa-j-N-CO-Y-» >P-CH 2 CH-N=C< _ ϋ ί -
/ \ R ' O / | X Y

Ο Ο

^PCH2CHNHC—Υ
R'CK I

R2

This process is the basis of a series of methods of synthesis
of α-APA and their derivatives. Thus, when an aldehyde,
JV-phenylthiourea, and triphenyl phosphite are heated in
acetic acid, the diphenyl esters of a-thioureidoalkylphos-
phonic acid esters are formed and their hydrolysis leads to
the free α-aminoalkylphosphonic acids:

^ O
RCf + PhNHCNH, + (PhO)3 Ρ.

" \

1) AcOH
2) H3O+

•H

Ο
II

. RCHP (OH)j

NH 2

A series of α-APA, including the phosphonic analogues of
alanine, valine, phenylalanine,61 methionine,62»63 cysteine, and
cystine,61* have been obtained by this method. Instead of
JV-phenylthiourea, unsubstituted thiourea,6 1 7V-(a-phenyl-
ethyl)thiourea,6 1 and ethyl- or benzyl-carbamates65 can be
used in the reaction. The N-benzyloxycarbonyl derivatives
of α-APA formed when benzylcarbamate is used are smoothly
converted into the diphenyl esters of α-aminophosphonic acids
on treatment with hydrogen bromide in glacial acetic acid,
which constitutes a convenient method of synthesis of these
compounds:66

^o
RCf + PhCH.OCNH, + (PhO)3 Ρ -

\H II

Ο
I

RCHP (OPh)2 -
I

NHCOOCH,Ph

1) HBr/AcOH
•i) NHa/Et,0

Ο
I!

RCHP(OPh)a

NH,

The phosphonic analogues of valine and phenylglycine have
been obtained by the hydrolysis of a-ureidoalkylphospho-
nates, formed on heating a mixture of N-phenylurea, tr i-
ethyl phosphite, and the corresponding aldehyde in toluene
in the presence of boron trifluoride etherate. 6 7 When an
JV-monosubstituted urea, obtained from the optically active
α-phenylethylamine, is used in this reaction, asymmetric
induction is observed and the optically active a-aminophos-
phonic acid is formed (but the enantiomeric excess is small).68

4-Acetoxyazetidin-2-ones readily react with phosphites and
phosphonites to form 2-oxoazetidin-4-ylphosphonates and
the corresponding phosphinates; the acid hydrolysis of the
resulting compounds affords the phosphonic and phosphinic

On interaction with phosphites, JV-(trimethylammoniamethyl)-
formamide gives rise to esters of JV-formylaminomethylphos-
phonic acid.7 5 The reaction of diethyl methylphosphonite
proceeds analogously.15

3. The Addition of Hydrophosphoryl Compounds to Carbon-
Nitrogen and Carbon-Carbon Multiple Bonds

The addition of HPC to the carbon—nitrogen double bond is
an important general method for the formation of the P-C-N
bond system.1 1»1 3 '2" The addition of HPC to Schiff bases,
choosing a substituent at the nitrogen atom which can be
removed with formation of a free amino-group, is most often
employed for the synthesis of α-APA. Many a-aminophos-
phonic and α-aminophosphinic acids, for example, have been
obtained by the addition of acid phosphites and phosphonites
to aldimines based on benzylamine, since the Ν-benzyl group
is readily removed by hydrogenolysis in the presence of the
palladium catalyst: 7 6 ' 7 7

RCH=NCH2Ph ·

Ο
I1
II /

•RCHP<

NHCH2Ph
R1 = OAIk, Alk, Ar; R2 = OH, Alk, Ar

Ν /Κ"
RCHP<

| X O H
NH2

The Ν-α-phenylethyl group is also removed by catalytic
hydrogenolysis.7 8"8 0 The addition of dialkyl phosphites to
aldimines, obtained from the optically active a-phenylethyl-
amine, is accompanied by appreciable asymmetric induction,
which has been used for the asymmetric synthesis of
α-aminophosphonic acids.' The highest degree of
asymmetric induction (up to 80% optical purity) has been
observed in acid catalysis (HC1, AcOH); with increase of
temperature, the stereoselectivity of the addition diminishes
appreciably. Diethyl phosphite can be replaced in this
reaction successfully by tris(trimethylsilyl) phosphite.8 0

Together with dialkyl phosphites, mono-, bis-, 8 2 and tris-
(trimethylsilyl) phosphites8 0 also add to Schiff bases. The
silyl esters of α-aminophosphonic acids formed are readily
hydrolysed under neutral conditions (on heating with water
or alcohol) to the free acids, which facilitates the isolation of
the latter.



862 Russian Chemical Reviews, 56 (9), 1987

The addition of acid esters of methylenediphosphonic acids
to Schiff bases has been described:8 3

Me s

Me
^>CHCH=NCHPh +

Ο Ο
Η . II I! /Me

>-CH,-P<
1) Et.O

iso-PrCK xOPr-iso
Ο Ο

Mex || 1| -Me
/CHCH-P-CH,-p/

ΝΗ,ΟΗ O P r " i S O
Me

Phosphorous acid usually reduces Schiff bases to secondary
amines and products of addition to the C=N bonds can be
obtained in satisfactory yields only in isolated instances.8<v

In contrast to phosphorous acid, hypophosphorous acid adds
fairly smoothly to Schiff bases with formation of N-sub-
stituted α-aminophosphonous acids. 8 5 Many a-aminophos-
phonous acids, including the phosphonous analogues of all
the most important natural α-aminocarboxylic acids, have
been obtained in this way: 8 6 " 8 9

RCH=NCHPh, + HjPOa -> RCHP^ ·

NHCHPh,

Ο

RCHP<

NH,

SOH

Catalytic hydrogenolysis is unsuitable in this instance for
the removal of the protecting group owing to the poisoning of
the catalyst by the hydrophosphoryl compound and for this
reason azomethines with the N-diphenylmethyl substituent,
which is readily removed in an acid medium, are employed.

The addition of dialkyl phosphites to azomethines with the
acid-removable N-diphenylmethyl substituent has been used
to synthesise phosphonic analogues of alanine, valine,
phenylalanine, and cycloleucine ; 9 0 mono- and di-aminodi-
phosphonic acids, including the diphosphonic analogues of
aspartic and glutamic acids, have been synthesised in this
manner. 9 1

The application of other N-protecting groups, removable
by acid hydrolysis, for the synthesis of α-ΑΡΑ has been
described, namely the t-butyl, 9 2 l-phenylcyclopentyl,93»91*
and αα-disubstituted benzyl9 5 groups.

The addition of HPC to azomethines has been used widely in
the synthesis of various α-ΑΡΑ, in particular potential
bacteriostatic compounds,96 analogues of morphactins (plant
growth regulators), 9 7 " 1 0 0 phosphorus analogues of penicil-
lamine , 1 0 1 and spin-labelled compounds . m

Hexahydrotriazines react with acid phosphites and phos-
phonites to form esters of N-substituted a-aminophosphonic
and the corresponding phosphinic acids : 1 5 > 3 3 > 9 2 ' 1 0 3

Et(V
• PhCH,NHCH,P<

Ο
II

• H,NCH2P

ι ι
CH,Ph

Phosphinic analogues of glycine ( G l y p ~ R ) (R = Me or Et) 1 5

as well as the phosphonic analogue of praline101· have been
obtained by this method. The latter compound has also been
synthesised by the addition of diphenyl phosphite to mono-
meric 1-pyrroline.77 Aminomethylphosphonous acid ( G l y p ~ H )
has been synthesised by adding hypophosphorous acid to
l,3,5-tris(diphenylmethyl)hexahydrotriazine in 10% yield.8 8

Hydrobenzamide combines with two equivalents of dialkyl
phosphite or a monoester of phenylphosphonous acid to form
phosphorus-containing aminals, the controlled hydrolysis of
which affords the esters of α-aminobenzylphosphonic and
the corresponding phosphinic acids:1 0 5»1 0 6

PhCH
,N=CHPh

/
H / II ,

'PhCH NHCHP<
\ | x O E t
\ Ph

Ο
I! y

•PhCHPC
I
NH

NN'-Dialkylidene-l,2-diaminoalkanes, formed from ammonia
and aliphatic aldehydes, behave similarly, which has been
used to obtain the esters of certain a-aminophosphonic
acids, including the dialkyl esters of the phosphonic
analogues of valine.1 0 7

α-Aminophosphonic acid can be obtained also from
aldazines by adding HPC to the C=N bond with subsequent
reductive cleavage of the nitrogen—nitrogen bond. Aromatic
aldazines combine with two equivalents of dialkyl phosphite
and the resulting adducts are reduced with an excess of
sodium dialkyl phosphite to esters of a-aminobenzylphos-
phonic ac ids : 1 0 8 " 1 1 0

XC,Ht-CH=N-N=CH-QJi«X

Ο

,(RO)aPONa

• XC,H«-CHP(OR),

NH,

--* XC,H4-CHP (OH),

NH,

This method has also been used to obtain a series of
α-aminobenzylphosphinic acids. 1 1 1 Aliphatic aldazines react
with dialkyl phosphites to form only monoadducts, from which
α-hydrazinophosphonic acids can be obtained by acid hydro-
lysis 1 1 2 or α-aminophosphonic acids can be produced by
hydrogenation on Raney nickel: 1 1 2 ' 1 1 3

,(R"O),PON«

RCH=N-N=CHR ' RCH=N-NHCHP (ORx)t

R

1) H,/Ni
I) H . O

Ο

1) 6NHC1
«H.O+

RCHP (OH),

NH,

Ο
II

• RCHP (OH),

NHNH,

Acid phosphonites interact similarly with aliphatic aldazines,
which makes it possible to obtain α-aminophosphinic acids.111*
This method has been used to obtain phosphonic and phos-
phinic analogues of alanine, valine, and leucine. The phos-
phonic and phosphinic analogues of cycloleucine have been
synthesised analogously by adding one mole of diethyl phos-
phite or ethyl methylphosphonite respectively to the ketazine
based on cyclopentanone.28

HPC can also be added to a series of other compounds with
a C=N bond, which has been employed to synthesise α~ΑΡΑ.
For example, benziminoethyl ether combines with two equiva-
lents of dialkyl phosphite to form the ester of the N-phos-
phorylated α-aminobenzylphosphonic acid. 1 1 5 It has been
suggested that iminoesters are intermediates in the reaction
of orthoformate, a primary atnine, and a dialkyl phosphite
(or a monoalkyl phosphonite), which results in the formation
of aminomethylenebis(phosphonates) or aminomethylenebis-
(phosphinates).1 5»1 1 6

Dialkyl phosphites add to N-acylimines to form the esters
of N-acylated α-aminophosphonic acids. 1 1 7 · 1 1 8 Hydrolysis of
these compounds leads to α-aminophosphonic acids; it is
sometimes possible to remove selectively the N-acyl group
with formation of esters of α-aminophosphonic acid: 1 1 9

HCOOH/EtOH

RCH=NSOjF • RCHP (OEt),

NHSOjF
HiO+

Ο
II

• RCHP (OEt),

NH,

Ο
II

. RCHP (OH),

N H ,
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N-Acyliminothioesters are capable of reacting with dialkyl
phosphites analogously to N-aeylimines. The reductive
elimination of alkylthio-groups from the adducts and sub-
sequent hydrolysis lead to α-aminophosphonic acids:1 X ! :

P(O)(O£t),

--» Me—C—NHCOOEt'
^H

Na, THF

1) Ni/dioxan Ο

SMe
!

SMe

"y MeCHP (OH),
I

NH a

This method has been used to synthesise the enantiomers of
the phosphonic analogue of phenylalanine.1 2 1

Under the conditions of alkaline catalysis, oxirnes combine
with two equivalents of dialkyl phosphite to form JV-phos-
phcrylaied α-aminophosphonates as a result of the postulated
aminophosphonate-amidophosphate [phosphoramidate? ]
rearrangement. 1 2 2 The addition of hypophosphorous acid to
oximes, which leads to the formation of a-aminophosphonous
acids, is of considerable interest. The phosphonous ana-
logues of alanine, valine, and glutamic acid (Glua"~"P~H) have
been obtained by this method:1 2 3

= N O H + H 3PO 3 - \ OH

The mechanism of this reaction has not been elucidated.
The addition of dialkyl phosphites to JV-glycosylnitrones

has been used for the asymmetric synthesis of dextrorotatory
phosphonic analogues of serine, valine, and alanine:121*

•CHP(OEl).,

Dialkyl phosphites 1 2 5 and phosphorous acid 1 2 6 · 1 2 7 add to
nitriles with formation of aminomethylenediphosphonic acids
or their esters. Under the conditions of base catalysis,
dialkyl phosphites react with arylisonitriles to form N-aryl-
aminomethylenediphosphonates.128

The ability of HPC to undergo Michael addition to activated
carbon—carbon double bonds has also been used to syn-
thesise α-, β-, and γ-ΑΡΑ. The phosphonic analogue of
aspartic acid Asp^"~p, where the β-carboxy-group has been
replaced by the phosphono-group, has been obtained by the
interaction of α-acetamidoacrylic acid with phosphite: 1 2 9

CH,=CCOOH + P(OMe)3 -* CH3=CCOOMe -j- (MeO),

I I
NHAc

Ο
II

• (MeO)» PCH2CHCOOMe -
I

NHAc

NHAc

X H

Ο

• (H0) a PCHjCHCOOH

NH,

The addition of esters of methyl- and ethyl-phosphonous
acids to ct-acetamidoacrylic acid proceeds with formation of
the corresponding phosphonic analogue of aspartic acid
(Asp^~P~M e and A s p e ~ P ~ E t ) . 1 3 0 The phosphonic and phos-
phinic analogues of aspartic acids, in which the phosphono-
or phosphino-group replaces the α-carboxy-group, have been
obtained by the addition of dialkyl phosphites or acid phos-
phonites to acetamidomethylenemalonate with subsequent
hydrolysis and decarboxylation of the adducts : 1 3 0 ' 1 3 1

(EtOCO),C=CHNHAc •

Ο
II

(E(OCO),CHCHP<
OEt

Ο

• HOCOCHSCHP<

NHAc NH S

The esterification of the carboxy-groups in these com-
pounds with subsequent ammonolysis leads to the formation
of the phosphonic and phosphinic analogues of aspara-
gine. 1 3 0 ' 1 3 1 The phosphonic and phosphinic analogues of

V O H .

α-methylaspartic acid have been obtained by adding the
corresponding HPC to β-aminocrotonate.29 The same
approach has been used to obtain the phosphinic analogue
of glutamic acid—phosphinothricin (GluY" P ~ M e ): 1 5

CH3=CHCHCOOR
I

NHAc
HO

Ο
li

)PCH,CH,CHCOOH
I

NH,

H. Amination of ct-Oxophosphonates (The Oxime Method)

A number of methods of synthesis of a-aminophosphonic
and α-aminophosphinic acids are based on the use of α-οχο-
alkylphosphonates and the corresponding phosphinates, which
are converted into oximes and then reduced (the oxime
method):

ο
li

R C - P (OR1)»

Ο
II

> R C - P (OR1),
II
N - O R 2

ο

• RCH-P (OR')2

NH.

The oxime group can be reduced by a wide variety of
reductants. Thus α-aminobenzylphosphonic acid and its
derivatives1 3 2 and also the phosphonic analogue of dihydroxy-
phenylalanine (DOPA) 1 3 3 have been obtained by the reduc-
tion of the corresponding oximes with aluminium amalgam.
Diborane has also been used as the reductant;131* the phos-
phonic analogues of alanine, valine , leucine, and isoleucine
have been obtained in this way. The oximes can be reduced
by hydrogenation on Raney nickel,1 3 5»1 3 6 which has been used
in the synthesis of the phosphonic analogues of tryptophan. a 3 6

In the reduction of oximes with zinc in formic acid, the
amino-group formed is partly formylated; to achieve
deformylation, the reaction mixture is treated with hydro-
gen chloride in methanol.1 3 7 The esters of phosphonic
analogues of alanine, valine, leucine, phenylalanine, glutamic
acid, and methionine , 1 3 7 as well as the phosphonic analogue
of cysteine1 3 8 have been synthesised by this procedure.
The reduction of oximes with zinc in formic acid has also
been employed for the synthesis of a-aminophosphonic
acids.kZ

α-Oxophosphonates can be converted into hydrazones,
whose reduction with aluminium amalgam139 or zinc in a mix-
ture of acetic and trifluoroacetic acids11*0 as well as catalytic
hydrogenation139'11*0 lead to a-aminophosphonates:

ο
II

R C - P (OR') 2"
II
Ο

RC

Ο
II
Ρ (OR1),

II ,R2

N - N <
\ R »

Ο

• RCHP (OH),

NH,

The single-stage method for the direct conversion of a-oxo-
phosphonic acids into α-aminophosphonic acids on treatment
with ammonia and sodium tetrahydroborate m is undoubtedly
attractive:

ο
II

R C - P (OH), H2O or EtOH

Ο
II

• RCHP (OH)S

NH 2

The phosphonic analogues of alanine, valine, leucine, phenyl-
alanine, and glutamic acid (Glu a ~ p ) have been obtained in
this way. Instead of ammonia, primary amines can be used
in the reaction. It is of interest that the mono- and di-esters
of α-oxophosphonic acids do not enter into this reaction.
The use of NaB 3Η,, makes it possible to obtain tritium-labelled
α-aminophosphonic acids.11*2
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5. Synthesis of Aminophosphonic Acids using the Curtius
and Hofmann Rearrangements

One of the most frequently employed methods of synthesis
of α-APA is that from the esters of a-phosphonocarboxylic
acids, whose key stage is the Curtius rearrangement of the
corresponding phosphonocarboxylic acid azides. The
general scheme of this multistage synthesis, which is usually
carried out as a "single flask" process, i .e. without the
isolation of intermediates, is presented below:129'11*3

ο

(EtO),PCRR'COOEt

Ο

||
-» (EtOjjPCRR'NCO " ' " " - * (HO)2 PCRR lNH 4

The phosphonic analogues of glycine, alanine, phenylalanine,
valine, α-methylalanine, tyrosine, lysine , ornithine, etc t

have been obtained by this procedure. 1 2 9 > 1 ι* 3~ 1 μ 5 The method
has also been used to synthesise α-aminoethylphosphonic acid
(ciliatine) and γ-aminopropylphosphonic acid (the phosphine
analogue of γ-aminobutyric acid 1 1*6). The broad limits of its
applicability, in particular the possibility of synthesising a-,
β-, γ-, and ω-ΑΡΑ as well as αω-diaminophosphonic acids
must be regarded as advantages of the methods. Its dis-
advantage is its multistage nature, which is frequently the
reason for the moderate overall yields of the aminophosphonic
acids.

If the rearrangement of the phosphonocarboxylic acid azides
is carried out in the presence of alcohols, it is possible to
isolate the corresponding carbamates derived from the amino-
phosphonic acids, which has been used to synthesise N-ben-
zyloxycarbonyl derivatives of a- and β-aminophosphonates:11*7

RCH (CH s)nP (OEt)a

I
COOH

lPhO),P(O)N,
PhCH.UH.EtjN

n = 0 ,

Ο
II

• RCH (CH2)nP (OEt)a

NHCOOCHjPh

The Hofmann degradation of phosphonocarboxylic acid
amides can also be used to synthesise aminophosphonic acids.
This method has been used successfully to obtain β-amino-
ethylphosphonic acid11*8 and its derivatives.1 4 9»1 5 0 On the
other hand, there are contradictory literature data concern-
ing the possibility of using the Hofmann degradation for the
synthesis of α-aminophosphonic acids. The successful prepa-
ration by this method of a series of α-aminophosphonic acids,
including the phosphonic analogues of α-alanine, has been
reported. 1 5 1 However, it has been shown that, depending on
the structure, the phosphonoacetamides (EtO2)P(O)CHRC(O).
•NH2 either undergo the Hofmann rearrangement with formation
of α-ΑΡΑ (for R = E t or Ph) or are brominated at the α-carbon
atom (for R =Me or PhCH2). The phosphonic analogue of
α-alanine could not be obtained by this method.1 5 2

6. Syntheses Using Acetamidomalonic Ester and Vinylphos-
phonates or Vinylphosphinates

In one of the first specific syntheses of phosphonic ana-
logues of natural aminoacids, the alkylation of acetamido-
malonic ester with β-bromoethylphosphonate was used to
obtain the analogue of glutamic acid (Glu"Y~p):153

Ο
II

AcNHCH(COOEt), + BrCH,CH,P (OEt)
Ο

H.O+• (EtOCO),CCH,CH,P (OE1),

NHAc

HOCOCHCH2CH2P (OH)»

NH 2

The introduction of β-bromoethylphosphonates into this reac-
tion entailed the formation of phosphinic analogues of
glutamic acid (GluY"P-R, R = Me, Et, or P h ) . 1 5 " ' 1 5 5

Aminophosphonic and aminophosphinic acids can probably
be obtained from the acetamidomalonic ester also via the
mechanism involving addition to the corresponding vinyl
compounds of phosphorus, as has been achieved in the syn-
thesis of phosphinothricin (GluY~ p~M e): 1 5 6

Me v

C1CH,CH2O
/

A c N H C H ( C O O E t ) ' -
Me

>PCHsCH,C (COOEt), ·
/ II

NHAc

H.O+ MeN

ο
I!
PCH2CH2CHCOOH

I
NH 2

The same method has been used to obtain phosphinic ana-
logues of glutamic acids containing various substituents at
the phosphorus atom, including functional groups [GluY~p~
where R = CH2COOMe, CH2COOH, CH2CH2CH(NH2)COOH,
CH2C6H.,Br-p, or PhCH 2 ] . 1 1 5 Certain Schiff bases also
undergo Michael addition to methylvinylphosphinate, which
has been used successfully to synthesise phosphino-
thricin: 1 5 7

Me,
>

MeCK

ο
PhCH=NCH,COOEt

P C H — C H 2 KOH.EtOH
Me

MeO/

V PCH 2 CH 2 CHCOOEt — S i ^ -

N=CHPh

ο
II

•PCH2CH2CHCOOH

NHS

The addition of chiral Schiff bases to vinylphosphonates
and vinylphosphinates has been used for the asymmetric
synthesis of a-amino-Y-phosphonobutyric acid [(+)~Glu^~P]
and (+)-phosphinothricin [(+)-Glu^~ p""'" e], as well as their
(- )-enantiomers · 1 5 8

Ammonia adds to α-bromovinylphosphonate with formation
of β-amino-a-bromoethylphosphonic acid, which cyclises in an
alkaline medium to aziridinylphosphonic acid. The opening
of the aziridine ring in this acid by treatment with water or
hydrogen sulphide leads to the formation of the phosphonic
analogues of serine 1 5 9* 1 6 0 and cysteine1 3 8 respectively:

C H , = C P (OEt), ' ' Η ί Ο +-» HjNCHaCHP (OH),

Br

r—7-P(OH)2 —

NH

7. Other Methods of Synthesis of Aminophosphonic, Amino-
phosphinic, and Aminophosphonous Acids

The traditional methodology for the synthesis of aminocar-
boxylic acids has also been applied to the synthesis of ΑΡΑ.
For example, the phosphonic and phosphinic analogues of
aspartic and glutamic acids (Asp^~p and Glu Y ~ P ) have been
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synthesised from $- and γ-oxophosphonates and the corre-
sponding phosphinates using the Strecker reaction:1 6 1»1 6 2

of the phthalimide group by the standard treatment with
hydrazine: 1 7 3

1) KCN.NH,
»)H,CH-

HO
> P (CH,),

I '

,ΟΗΟΟΟΗ

NH,
R = OH. Me, Et; η = 1,2

The phosphonic and phosphinic analogues of a-methylaspartic
and α-methylglutamic acids can be obtained in the same way.29

The use of (-)-a-phenylethylamine in the Strecker synthesis
makes it possible to obtain phosphonic analogues of aspartic
and glutamic acids enriched in the (+)-enantiomers.1 6 3

(3- and γ-Aminophosphonic acids have been synthesised by
condensing benzylamines with β- and γ-oxophosphonates with
subsequent reduction of the resulting azomethines with
sodium cyanohydroborate and the removal of the P-ester and
N-benzyl groups by acid hydrolysis and hydrogenation over
a palladium catalyst respectively:161*

(EtO)2

PhCH.NH. "

—— : — ! -> (EtO)a Ρ (CH,LCH=NCH.Ph\ H

H 1) H,C+ Ο

' NMe0HCN-" (EtO)2P (CH2)nCH2NHCHaPh 3) H l / P d-> (HO)2P (CH,tnCH,NH,
n = l , 2

α-Aminophosphonic acids can also be synthesised by the
direct substitution of the halogen atoms in ct-halogenoalkyl-
phosphonic acids or their derivatives by the amino-group.
However, this method is not used frequently, possibly
because the substitution by the amino-group in chloro-
methylphosphonate on treatment with ammonia proceeds
under extremely severe conditions and aminomethylphosphonic
acid is formed in a moderate yield (20-48%): 1 6 5 > 1 6 6

Ο
II

ClCHaP (OEt), • HsNCH,P(OH)(OEt)

Ο
II

• H-JNCHJP (OH),

Aminomethylphosphonous acid has been obtained analo-
gously by the reaction of chloromethylphosphonous acid with
ammonia.167 The interaction of ammonia and amines with
di(chloromethyl)phosphinic acid has been investigated in a
number of s tudies . 1 6 8 " 1 7 1 The products of the reaction of
this acid with aqueous ammonia proved to be N-methylamino-
methylphosphonic acid, which has been explained by the
initial formation of the azaphosphetidine oxide ring, which is
cleaved by water at the P—C bond: 1 6 8

( C I C H , ) , P '

Ο
II

• MeNHCH,P (OH),

On reaction with di(chloromethyl)phosphinic acid, benzyl-
amine gives rise to di(benzylaminomethyl)phosphinic acid,
the catalytic hydrogenolysis of which affords di(amino-
methyl)phosphinic acid. 1 6 8 The substitution of a halogen
atom by the amino-group has been used in the synthesis of
phosphonic and phosphinic analogues of glutamic acid
(GluY~p and GluY~ p~M e): 1 7 2

R ? I)Bifipc.k R II
">αι5αΐ,αΜ:οοΗ *ΝΗ·/Η'°-> \PCH,CH,CHCOOH

H O ' HO X |
NH,

α-Aminoalkylphosphonic acids can be obtained from the
readily available α-hydroxyphosphonic acids, which are
formed from carbonyl compounds and HPC. The substitution
of the hydroxy-group by the amino-group is achieved by
means of the Mitsunobu reaction between the a-hydroxyphos-
phonate and phthalimide in the presence of triphenylphos-
phine and diethyl azodicarboxylate and subsequent removal

o
II

RCHP (OEt),

OH
EtOOC—N=N—COOEt/Ph,P

Ο

RCHP (OEt), RCHP (OH,)

NH,

The amino-group can be introduced directly into the
α-position in the molecules of phosphonoacetates, which
produce stabilised carbanions, by treatment with reagents
such as O-(mesitylenesulphonyl)hydroxylamine 17<* and
0-(diphenylphosphinoyl)hydroxylamine.175 The α-amino-
phosphonoacetates formed are important intermediates in
the synthesis of cephalosporins:

ο
II

(EtO)2PCHjCOOCH,Ph

1) NaH/THF
2) Pb,P(O)ON'Ht

(EtOjPCHCOOCHjPb

NH,

Treatment with trifluoromethanesulphonyl azide results in
the introduction in the α-position of phosphonoacetates of the
azido-group, whose reduction by catalytic hydrogenation
affords a-aminophosphonoacetates.176

Approaches based on the modification of the P-C-N bond
system already formed can also be used in the synthesis of
α-aminophosphonic acids. Thus the reaction of a Grignard
reagent with a-(JV-ethoxycarbonylimino)-a-(ethylthio)methyl-
phosphonate leads to the formation of an adduct, which is
converted into an α-aminoalkylphosphonic acid after the
reductive elimination of the ethylthio-group and hydrolysis.1 7 7

The phosphonic analogues of alanine, valine, and phenyl-
alanine have been synthesised in this way:

EtOCON=CP(OEt)s-

SEt

--' EtOCONHC-P (OEt)2 - " " ^ -* RCHP (0H)2

SEt NH,

The aldimine obtained from aminomethylphosphonate can be
alkylated by halogenoalkanes; the hydrolysis of the resulting
compounds leads to the α-aminophosphonic acids Ala*\ P h e p ,
and A s - a - p : 1 7 8

ο
II

PhCH=NCHaP (OEt),

1) (iso-Pr)2NLi/THF
2)RX PhCH=NCHP (OEt),

I
R

H,O+

Ο
II

RCHP (OH),
I

NH,

The oxazoline method of synthesis of α-aminoacids has been
applied to the synthesis of the phosphonic analogues of
derivatives of serine, the oxazolinylphosphonates necessary
for this purpose being formed as a result of the addition of
carbonyl compounds to isocyanomethylphosphonates:179

R
R'CHP (OEt), + ">C=O — — - + R 1 -

I D3/I
N-C

OHR1 Ο
I I II

• R 2 - C — C - P (OH)a

Ra NH,

The cycloaddition of ethylene to C-dialkoxy-JV-glycosyl-
phosphonoylnitrones, which proceeds with appreciable stereo-
selectivity, has been used to synthesise laevorotatory phos-
phonic analogues of homoserine, aspartic acid, and
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asparagine .180

χα °-i /Ν.

ν + II
V-N=CHP(OR) 2

HOCH2CH2C—P(O)(OH)2

a-(N-Formylamino)vinylphosphonate, obtained by the
Horner-Wittig reaction from N-formylaminomethylenediphos-
phonate and paraformaldehyde, gives rise to a-(N-formyl-
amino)ethylphosphonate as a result of hydrogenation on a
complex rhodium catalyst (Rh*) in the presence of the chiral
ligand (+)-2,3-dihydroxy- 2,3-O-isopropylidene-1,4-bis-
(diphenylphosphino)butane (DIOP). Hydrolysis of the
product leads to the optically active (-)-a-aminoethylphos-
phonic acid (with an enantiomeric excess of 76%):181

ο ο
I! II

(MeO)aPCHP (OMc),
!

NHCHO

1) MiONa/McOH
2)CH,O

Ο
II

MeCHP (OMe)4

H,O+

ο
• CH.,=CP(OM e), ( " . p ^ o p -

NHCHO
Ο

— MeCHP (OH),

NHCHO NH.2

Many aminophosphonic acids have been obtained by modify-
ing particular functional groups present in the phosphonates.
For example, the phosphonic analogue of arginine has been
obtained from the phosphonic analogue of ornithine by con-
verting the <S-amino-group into the guanidino-group.1 8 2

Derivatives of β-aminoethylphosphonic acid have been
obtained by reducing the nitro-group in β-nitroethylphos-
phonates183»181* and the nitrile group in phosphonoaceto-
nitriles. 1 8 5 Catalytic hydrogenation of ot-hydroxy-β-nitro-
ethylphosphonates has been used to obtain derivatives of
β-amino-a-hydroxyethylphosphonic acid.1 8 6»1 8 7 This acid is
also formed on ammonolysis of oxiranylphosphonates.1 8 8

As can be seen from the foregoing, there is at present a
fairly wide set of methods of synthesis of ΑΡΑ based both on
the specific properties of individual phosphorus-containing
reagents and on the application of the "standard" methodology
for the synthesis of aminocarboxylic acids. Phosphorus
analogues of many natural α-aminocarboxylic acids have been
obtained by these methods. However, one should note that
α-APA containing additional functional groups (analogues of
serine, threonine, lysine, etc.) are still difficult to obtain
and the phosphorus analogues of certain important natural
aminoacids have not been described hitherto. The problem
of the asymmetric synthesis of α-APA also remains urgent
and requires new solutions.

III. THE PROPERTIES OF AMINOPHOSPHONIC, AMINOPHOS-
PHINIC, AND AMINOPHOSPHONOUS ACIDS

Aminophosphonic, aminophosphinic, and aminophosphonous
acids are white high-melting crystalline substances, soluble
in water and sparingly soluble in ethanol and other organic
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solvents. On recrystallisation from aqueous solvents, some
of them are isolated as hydrates. 5 1» 1 8 9 The potentiometric
titration curves for aminophosphonic acids have three breaks
corresponding to the three ionisation constants of these com-
pounds: 1 2 9» 1 9 0

ο
RCHP.

I
•*NH.

! ,ΟΗ κ, II yOH κ,
P< 5TRCHPC ^

\ OH
+ N H 3

Ο
1 /Ο" κ,

, < ο - .
+ Ν Η 3 ΝΗ;

ο
Ι! ,,Ο~

The ionisation constants and isoelectric points of valine and
its phosphonic and phosphonous analogues are presented in
Table 1.

Table 1. The ionisation constants and isoelectric points of
valine and its phosphorus analogues.8 8

Acid

MejCHCHCOOH

I

ο
Me2CHCHP(OH)2

ΝΗ 2

0

Me2CHCHP <f
1 X O H

NH 2

PKt

2.28

1.23

1.19

PKt

9,30

5.68

7.70

PK»

-

10.46

—

p/

5.82

3.46

4.49

The ionisation constants of α-aminophosphonic acids in
water11*3»190 indicate the greater acidity of the phosphonic
acid group in these compounds compared with the corre-
sponding phosphonic acids themselves,1 9 1 which is due to
the influence of the amino-group. As was to be expected,
aminophosphonic, aminophosphinic, and aminophosphonous
acids have a zwitter-ionic structure, which has been con-
firmed by the NMR study of their aqueous solutions88»192 and
an X-ray diffraction study of crystalline specimens.189

Like aminocarboxylic acids, α-aminophosphonic acids are
able to form complexes with many metal cations, in particular
with Ni2 + and Cu 2 + . 1 9 3 In their chelating capacity, α-amino-
phosphonic acids are close to aminocarboxylic acids and, with
increase of the number of phosphono-groups in the molecule,
the complex-forming capacity also increases, polyaminopoly-
alkylphosphonic acids being effective complexones.191*'195

Aminomethylphosphonic acid reacts with the Co 2 + ion to form
the compound [Co(H2NCH2PO3H2)2.2H2O]H2O, which crystal-
lises in the monoclinic system and is a coordination polymer
produced as a result of the formation of -Ο—Ρ-0 bridge
bonds between the cobalt atoms.1 9 6

The IR spectra of the ΑΡΑ and their esters have charac-
teristic absorption bands due to the P=O (1150-1250 cm" 1),
P-O-C (1040-1060, 1165 cm" 1), and P-O~ (1000-1100 cm"1)
groups.8 8»1 9 7 The IR spectra of aminophosphonous acids also
contain the absorption band due to the P-H group (2300 to
2400 cm" 1 ) . 8 8 The amino-group in free ΑΡΑ is protonated,
as a result of which the IR spectrum exhibits broad absorp-
tion bands due to the +NH3 group (2000-3200 cm"1, 1560 to
1600 cm"1), which usually overlap in the region of approxi-
mately 3000 cm"1 with the absorption due to the stretching
vibrations of the C-H and O-H bonds.3 7»1 9 8 The IR spectra
of ΑΡΑ esters show absorption bands due to the NH2 group
(3280-3380 cm"1, 1500-1620 cm" 1 ) . 6 6
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The 3 1 P NMR chemieai shifts for certain ΑΡΑ and their
esters are presented in Table 2. The table shows that these
chemical shifts depend on the pH of the medium, which can
be explained by the formation of protonated forms of these
compounds in an acid medium and the deprotonated forms in
an alkaline medium. 3 3 ' 8 8 ' 1 6 8 ' 1 9 9

Table 2. The chemical shifts and spin—spin coupling con-
stants for the 3 1 P NMR spectra of certain aminophosphonic,
aminophosphinic, and aminophosphonous acids.

Compound

Me2CHCHP(OH)2

N H 2

Ο
II

PhCH 2CHP(OH) 2

N H 2

AIe.,CHCHP<
I

N H ,

Ο

PhCH2CHP<f
I X

NH 2

Ο
II

δ ( 3 1 Ρ ) * , p.p.m. (solvent)

+ 21.0 <2N KOH)
+ 16.36 (85% H3PO4)

Ο
II

Ale,CHCHP(OCaH5)3

N H .

(fill

+ 18.6, y p _ H 540 Hz(D2O)
+ 31.2, / ρ _ Η 501 Hz(NaOD)

+ 19.2, JP_H 543Hz(D2O)
+ 31.7, JP_H 5l3Hz(NaOD)
+24.8, / P _ H 574HZ(DC1)

+ 29.77 (D2O)
+ 40.6 (NaOH)
+ 20.36 (HC1)

+28.36 (CH-CIj)
+ 19.7 (AcOH)

signal is in a low field relative
-85% H3PO4.

[88

[88

188]

[88J
[88]

[168]
[11581
[168]

f!40|
[140]

to the*6 > 0 when the
external standard-

a-Aminophosphonic, a-aminophosphinic, and a-aminophos-
phonous acids contain a chiral centre—the α-carbon atom—
and exist in the form of two enantiomers. Almost all the
methods of synthesis examined above lead to racemic mix-
tures with the exception of the instances of asymmetric syn-
thesis where one of the enantiomers predominates in the
product.68,78-ex,i2f,i58,i63,i80,i8i I n o r d e r t o o b t a i n optically

active ct-APA, mixtures of diastereoisomers, formed on treat-
ment of the racemate with an optically reactive reagent, are
separated by repeated recrystallisation. The reagent of this
kind most often employed is dibenzoyl-L-(+)-tartaric acid,
which forms mixtures of diastereoisomeric salts on reaction
with esters of ct-aminophosphonic and the corresponding
phosphinic acids. The (-)-diethyl ester of a-aminobenzyl-
phosphonic acid with an optical purity in excess of 97%,106'200

the (+)- and (-)-diethyl esters of the phosphonic analogue
of phenylalanine, formed on hydrolysis of the enantiomeric
P h e p , 1 8 9 other optically active a-aminophosphonates,2 5 '2 0 1

and also the (+)-ethyl ester of a-aminobenzylphenylphos-
phinic acid 2 0 2 have been obtained in this way. On reaction
with the diphenyl esters of α-aminophosphonic acids, the
anhydride of dibenzoyl-L-(+)-tartaric acid gives rise to mix-
tures of diastereoisomeric amides (or imides), which afford
aptically active α-aminophosphonic acids after separation and

hydrolysis. The enantiomers of the phosphonic analogues of
alanine, valine, leucine, phenylalanine, phenylglycine,2 0 3 '2 0"
and serine1*1 have been synthesised by this procedure. The
monoalkyl esters of N-acylated α-aminobenzylphosphonic acid
have been separated into their enantiomers via the diastereo-
isomeric salts with R-(+)- and S-(-)-a-phenylethylamines 2 0 5

and (-)-ephedrine. 2 0 6 The (+)- and (-)-a-phenylethylamines
have also been used to obtain optically active a-aminophos-
phonous acids. 8 8

The acylation of the amino-group in racemic a-aminophos-
phonates by derivatives of optically active a-aminocarboxylic
acids gives rise to diastereoisomeric phosphonodipeptides,
which can be separated by chromatography on ion-exchange
res ins 2 0 0 ' 2 0 7 or silica gel;2 0 8 a method based on the separa-
tion by column chromatography for unprotected or fully
protected phosphonodipeptides with subsequent acid hydro-
lysis of the resulting diastereoisomers has been proposed for
the synthesis of optically active α-aminophosphonic acids. 2 0 3

The possibility of the enzymic separation of JV-acyl deriva-
tives of α-aminophosphonic acids has also been reported. 2 0 9

The absolute configuration of certain optically active
α-aminophosphonic acids has been determined by X-ray
diffraction. The S-configuration of the chiral centre has
been observed for (-)-Valp and (-)-a-aminobenzylphosphonic
acid; 7 8 · 7 9 (+)-Phe p also has the S-configuration and the bond
lengths and angles do not differ significantly from the usual
values and are close to the analogous parameters of phenyl-
alanine derivatives;1 8 9 (+)-Alap likewise has the 5-configura-
tion. 2 1 0

Comparative analysis of the NMR data and of the specific
rotations of the glycosidic precursors made it possible to
attribute the R-configuration to the laevorotatory enantiomers
of the phosphonic analogues of homoserine, asparagine, and
aspartic acid [(-)-Asp a~ p]. 1 8° From the chromatographic
behaviour of diastereoisomeric phosphonodipeptides contain-
ing the Ν-terminal L-Phe residue and the P-terminal Leu p ,
Met*5, and Phe p residues, the i?-configuration was also
attributed to the laevorotatory enantiomers of these α-amino-
phosphonic acids. 2 0 8 The absolute configurations of a series
of optically active α-aminophosphonic acids, namely S-(+)-
Ser p , S-(+)-aziridinylphosphonic acid, S-(+)-a-amino-g-
chloroethylphosphonic acid, R-(-)-Phe p , and R-(-)-Tyr p ,
have been established by means of chemical correlation with
α-aminophosphonic acids having known configurations.2 0 1

The laevorotatory enantiomer of the phosphonous analogue of
alanine has the ^-configuration, because it is oxidised to
R-(-)-Alap.8 8

The asymmetric esters of α-aminophosphonic acids contain
two asymmetric centres, C a and P, and exist in the form of
diastereoisomers which are clearly distinguishable by the NMR
spectra.2 0 6»2 1 1»2 1 2 Mixtures of diastereoisomers are formed
similarly in the case of α-aminophosphinic acid esters. It
has been established by X-ray diffraction that the asym-
metric centres of the (+)-isomer of ethyl a-aminobenzyl-
phenylphosphinate have the absolute J?(C~), S(P)-configura-
tion. 2 0 2

1. Reactions of the Amino-group in Aminophosphonic, Amino-
phosphinic, and Aminophosphonous Acids

α-Aminophosphonic acids are protonated at the amino-group
in acid media, but it is not possible to isolate the salts, in
particular the hydrochlorides, in a pure state, since the ratio
α-APA/HCl is greater than unity. l l f 6 After prolonged heating
of the hydrochlorides of aminophosphonic acids, hydrogen
chloride is fully eliminated with formation of free aminophos-
phonic acids, which can be accounted for by the appreciable
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0
II

RCHP (OR1). -*

Ο
l|

RCHP

acidity of the phosphono-group. 1 8 ' 1 2 9 a-Aminophosphonic
acid esters form hydrochlorides,1 0 3»1 9 7 picrates, 1 9 7 and acid
oxalates136»137»175 with characteristic melting points, which
are used for their isolation, purification, and identification.
Racemic α-aminophosphonates and the corresponding phos-
phinates react with optically active acids to form diastereo-
isomeric salts, which are used for their resolution into
enantiomers. 2 5 ' 1 0 6 ' 1 8 9 ' 2 0 0 · 2 0 1

a-Aminophosphonic acids and their esters are alkylated at
the amino-group on treatment with methyl iodide or dimethyl
sulphate; exhaustive alkylation of α-APA leads to the forma-
tion of "phosphonobetaines". 2 1 3" 2 1 5 The full esters of
α-aminophosphonic acids are gradually converted into the
monoesters even at room temperature:

/ O R l

V .
NH a

 + NH 2 R l

The rate of this process depends on the nature of the group
R1 and diminishes in the sequence Me > Et > n-Pr > iso-Pr. 1 0 7

The N-arylation of α-aminophosphonic acids by l-nitro-9-
phenoxyacridine has been described. 2 1 6

On interaction with an excess of acetic anhydride, α-amino-
phosphonic acid esters give rise to N-acetyl derivatives,
while their reaction with benzoyl chloride or tosyl chloride
in the presence of pyridine affords Ν-benzoyl and Ν-tosyl
derivatives respectively. 2 1 7 ' 2 1 8 Ν-Benzyloxycarbonyl deriva-
tives of α-aminophosphonic acid esters have been obtained
by the Schotten—Baumann acylation,2 1 9 by reaction with
N-(O-benzyloxycarbonyl) hydroxysuccinimide,206 and by
acylation with benzyloxycarbonyl chloride in chloroform in
the presence of triethylamine. 2 2 0 ' 2 2 1 On heating with acetic
anhydride, the free α-aminophosphonic acids produce N-acetyl
derivatives; 1 1 5 ' 2 1 7 N-chloroacetyl,215 N-benzoyl,1 2 9 '1 1*3 '2 1 7

N-tosyl,2 2 2 and Ν-benzyloxycarbonyl derivatives2 2 2"2 2 1* of
α-APA have been obtained by the Schotten—Baumann acyla-
tion with the corresponding acid chlorides in aqueous alkaline
media, a-Aminophosphonic acids are formylated by 100%
formic acid in acetic anhydride and are converted into N-tri-
fluoroacetyl derivatives on interaction with trifluoroacetic
acid anhydride.11*1 On fusion with phthalic anhydride,
N-phthaloyl derivatives of α-aminophosphonic acids are
formed. 2 1 5 ' 2 2 2 The interaction of α-aminophosphonic acids
with t-butoxycarbonyl azide in aqueous dioxan in the presence
of triethylamine leads to the formation of Ν-t-butoxycarbonyl
derivatives:2 2 5

the formation of carbonium ions, which fragment or rearrange
depending on their structure : 5 1 ' 1 9 8 ' 2 3 2

O H O
I II γ

H U N C H J C — Ρ (OH)» —

I ' " 1
Ph Ph

O H O
i I)

+ C H 2 C — P ( O H ) t -

• H3PO4

Ο
II

MeCPh

t
PhC+-CH2P (OH)j -TH

OH

Ο
I!

PhCCH sP (OH)4

Ο

Like aminocarboxylic acids, α-APA produce a characteristic
purple-violet colour on interaction with ninhydrin, which is
used for their detection. 1 5 ' 8 8> 1 2 9 · 2 3 3

2. Reactions of the Phosphorus-containing Fragments of
Aminophosphonic, Aminophosphinic, and Atninophosphonous
Acids

The di- and mono-esters of a-aminophosphinic acids can be
obtained by the esterification of the phosphono-group in
N-protected α-aminophosphonic acids. The dimethyl esters
are formed when N-acylated Ν-aminophosphonic acids are
treated with diazomethane. 2 2 2 ' 2 2 5 The interaction of diazo-
methane with the monoesters of N-acylaminophosphonic acids
affords asymmetric esters . 2 0 5 . 2 1 1 ' 2 2 2 . 2 3 1 * ' 2 3 5 Diazoethane2 0 5

and diphenyldiazomethane2 3 6 '2 3 7 interact with N-acylated
α-aminophosphonic acids and their monoesters like diazo-
methane. In the presence of [tritiated? (Ed.of Translation)]
ultra-heavy water, diazoethane esterifies the monoethyl
esters of N-benzyloxycarbonylaminophosphonic acids with
formation of tritium-labelled diethyl e s te r s . 2 3 8 Ethyl ortho-
formate is used to introduce the ethyl group in the synthesis
of diethyl and asymmetric alkyl ethyl esters.206'211'22"*»231*
Asymmetric ethyl methyl, benzyl ethyl, and cyanomethyl
ethyl esters have been obtained by the reaction of the tetra-
methylammonium salts of the monoethyl esters of N-acylated
α-aminophosphonic acids with corresponding alkylating
agents : 2 3 9

Ο Ο
II /OEt R K ||

RCHP< — S i - RCHP<
| x ONMe 4 |

NHOCOCH.Ph NHOCOCH2Ph
RX = Mel, PhCH.Br, NCCHaOSO,Ph

OEt

OR

Ο

t-BuOCN + RCHP(OH)

NH,

'* dioxan/H.0

Ο
II

RCHP (OH)2

I
N H O C O B u - t

The amino-group in α-aminophosphonic acids 2 2 6 and their
esters 2 2 7 condenses with aldehydes to form the corre-
sponding aldimines.

On interaction with cyanamide* α-aminophosphonic, a-amino-
phosphinic and α-aminophosphonous acids give rise to
a-guanidinophosphonic,228 α-guanidinophosphinic,229 and
α-guanidinophosphonous228 acids:

H,NCHP<

R l

,ΟΗ
+ H.NCN

li
NH

/OH

X R

R = OH, Alk, Ar, Η

α-Guanidinophosphonic acids have also been synthesised
by the reaction of α-aminophosphonic acids with S-ethyliso-
thiourea. 2 3 0 α-Aminoalkylphosphonates can be oxidised to
the corresponding α-nitroalkylphosphonates.231 The diazoti-
sation of aminophosphonic and aminophosphinic acids leads to

N-Acylated α-aminophosphonic acids give rise to monoesters
on esterification with hydroxy-compounds in the presence of
pyridine in trichloroacetonitrile211'23'*»235»21*0'21*1 and on con-
densation with alcohols in the presence of dicyclohexyl-
carbodiimide (DCC).11*1'21*2

Another approach to the synthesis of the monoesters of
α-aminophosphonic acids involves the partial hydrolysis of
the diesters. When the diethyl ester of the phosphono-
analogue of phenylalanine was heated with 80% acetic acid,
the monoethyl ester was obtained in 10% yield.1"*1 The
alkaline hydrolysis of N-acylated dialkyl aminophosphonates
proceeds more successfully:221'21*3

ο
II

PhCHP (OEt)a -

NHOCOCH,Ph

Ο
II/OEt

PhCHP/
I N O H

NHOCOCH,Ph

In many instances, the monoesters of N-acylated α-amino-
phosphonic acids can be obtained by the non-hydrolytic
cleavage of the diesters by treating the latter with reagents
such as boron tribromide in me thy lene chloride, lithium
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bromide in pyridine, sodium thiophenoxide in ethanol, or a
45% solution of HBr in glacial acetic acid.21·"* The monoesters
of JV-acylated α-aminophosphonic acid are also formed when
the ester groups in asymmetric diesters are removed selec-
tively: 206,211,23̂ ,235

ο Ο

RCHP<"

! XOCH 2CH 2CN
NHOCOCH.Ph

H./Pcl I!
RCHP<

i| /OMe
RCHP<( — E i o R -

I X O C H 3 C C ! 3 I

\sNy° \fy
/=\ /"\
ο" "ο

ο.ι Μ ΝΗ,

OCH2CH2CN
2

NHOCOCHjPh

II .OMe
•RCHP/

| X O H
NHOCOCHjPh

The monoethyl ester of the phosphonic analogue of valine
has been obtained by heating the hydrochloride of its diethyl
ester.11*1 The monoethyl ester of /V-phthaloylaminomethyl-
phosphonic acid is formed on hydrolysis of the corresponding
chlorophosphonate obtained on treatment of the diethyl ester
with phorphorus pentachloride.2"3

cx-Aminophosphonic acids have been made to react with
nucleosides and nucleotides. The JV-benzyloxycarbonyl
derivatives of Ala*5 and Phe^ (in the form of pyridinium
salts) condense with the free 2'- or 3'-hydroxy-groups of
N-dimethylaminomethylene-5'-0-trityladenosine in the pres-
ence of DCC. After the removel of the protecting groups
and chromatographic purification on DEAE-cellulose,
adenosine derivatives phosphorylated in the 2'- and 3'-posi-
tion by the corresponding α-aminophosphonic acids were
obtained in 20-38% yield:2"5

ΡΙι,Ο

1) HCHP(OH)2/DCC/Py

NHOCOCHjPh HO·
2) unblocking .«yM'-yU

HO OH ΙΙ,Ν OH

R = Me, PhCH,; Ade = 9-adeninyl

RCHP—0 OH HO 0—-PGHR

HO NH,

JV-Benzyloxycarbonyl-Ala^ interacts with 2', 3'-0-isopro-
pylideneuridine or the corresponding adenosine derivative
in the presence of mesitylenesulphonyltriazole as the con-
densing agent with formation of the corresponding 5'-O-
(ct-aminoethylphosphonoyl) ribonucleosides in 40—50% yield.2"6

When 2,4,6-triisopropylbenzenesulphonyl chloride is used as
the condensing agent, the yield of the phosphorylated
ribonucleosides is low; only traces of the target product
are formed in the presence of DCC.2"6 Val^ condenses
with adenosine monophosphate (AMP) in the presence of
DCC to form a mixed anhydride (in 20% yield):1"2

CHCH—Ρ—Ο—Ρ—Ο

τ—r
OH OH

The mixed anhydrides of AMP with Phe^ and Met** were
obtained analogously (in yields of 17-24%).2"7 In the con-
densation of the trioctylammonium salts of AMP with the
imidazolides of α-aminophosphonic acids, the yield of the
corresponding mixed anhydrides is somewhat higher (26—35%).
The highest yields of the mixed anhydrides (50-62%) were
attained in the reaction of Ν -protected α-aminophosphonic
acids with AMP imidazolides·21*7 In the condensation of AMP

with the monoethyl ester of the phosphonic analogue of
valine, the phosphono-group of the latter was activated by
treatment with phosgene; the yield of the condensation
products was 45%.2"7 The chemical and enzymic syntheses
of the mixed anhydride of 3-aminoethyl phosphonic acid and
cytidine 5'-phosphate have also been described.2"8

The esters of α-aminophosphonic and the corresponding
phosphinic acids are converted into the free acids usually
by hydrolysis in acid media. The rate of hydrolysis depends
on the nature of the O-alkyl (O-aryl) groups split off (for
example, in acid hydrolysis the C-isopropyl groups are
eliminated much more readily than the O-ethyl groups109)
and the character of the acid employed (the rate of hydroly-
sis falls in the sequence HI > HBr > HC1 x " 3 ) . In those
cases where the aminophosphonate is unstable in an acid
medium, the hydrolysis is carried out with alkalies136 or the
compound is O-dealkylated by treatment with halogenosilanes
in acetonitrile:1 3 6'1 5 9

ο
ij-CH2CHP(OEl)2-

ll I
KH2

Ο

i,-CH-CHP(OH).

Ι!

Phenyl,2"9 benzyl,250 diphenylmethyl,236'237 and trichloro-
ethyl2 1 1 P-ester groups can be removed by catalytic hydro-
genolysis. The diphenylmethyl group is eliminated also on
refluxing with ethanol or on treatment with trifluoroacetic
acid at room temperature.237 The p-methylbenzyl group is
eliinated by treatment with 98% formic acid.251 OO-Disilyl-
aminophosphonates are converted into free aminophosphonic
acids after prolonged heating with alcohols or a water—alcohol
mixture.80»82 The diethyl esters of JV-alkylaminophosphonic
acids, which are extremely resistant to hydrolysis by
aqueous solutions of acids and bases, have been converted
into the free acids by treatment with dry hydrogen chloride
at an elevated temperature.1 9 7 '1 5 2

The diphenyl esters of JV-acylated α-aminophosphonic acids
can be converted into the dialkyl esters by transesterification
in the fluoride—crown ether—alcohol system:20"'253

ο ο
i! KF/18-crown-6 ether/Ft'OH !!

RCHP(OPh)2 >RCHP(OR l ) 2

ί I
NHOCOCH,Ph NHOCOCH2Ph

R = Me, Ef, Pr, Bu, CH 2 CH=CH i !

The N-protecting groups and peptide bonds are not involved
in such transesterification, which makes it possible to employ
this process for the modification of phosphonopeptides.2"9

JV-Protected aminophosphonates can be converted into the
corresponding aminophosphonochloridates by treatment with
phosphorus pentachloride2"3'250'25" or thionyl chloride:2 2 0 '2 2 1

Ο
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These phosphonochloridates interact readily with nucleophiles
and are used for the synthesis of phosphonopeptides and
other derivatives of aminophosphonic acids. For example,
the α-aminophosphonic acid Leup has been converted into
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the α-aminophosphinic acid with a carboxymethyl substituent
at the phosphorus atom (LeuP " C H 2 C 0 0 H ) in accordance with
the following scheme:255

Me. || ,OMe
>CHCH£HP<NMe/ | Nil

NHOCOCH,Ph

1) UCH 2COOBu-t
1) CFtCOOH Me

'Me/

> ll /UMe
HCH,CHP( —

| N S P h
NHOCOCH,Ph

Ο
OMe

NHOCOCH,Ph

α-Aminophosphonous acids are oxidised with mercury(II)
chloride or bromine water to the corresponding a-aminophos-
phonic acids with retention of the configuration of the chiral
α-carbon atom:8 6»8 8 '1 2 3

II / H HgCl2/H2O
M e C H p / -

NH,

.OH

|
NH,

3. Reactions of Other Croups Present in Aminophosphonic and
Aminophosphinic Acids

The carboxy-group in carboxylated aminophosphonic and
aminophosphinic acids can be esterified without involving the
phosphorus-containing fragment.33»1*2»199 Such esterification
of the carboxy-group in Asp a with subsequent ammonolysis
has been used to obtain the phosphonic and phosphinic ana-
logues of asparagine: 1 3 0 ' 1 3 1

HO/ ι
NH,

R v II
>PC

ι
NH,

NHS

R=OH, Me, El

In the presence of diazabicycloundecene and alkyl halides
or diazomethane the carboxy- and phosphono-groups in car-
boxylated aminophosphonic acid are esterified simultaneously.163

When aminophosphonic and aminophosphonic acids are
heated with an excess of hexamethyldisilanzane, the t r i-
methylsilyl derivatives are formed."" A method has been
proposed for the purification of ΑΡΑ, consisting in their
silylation with subsequent distillation and removal of silyl
groups by hydrolysis or alcoholysis:1 5 '2 5 6

R-
HO/

PCHiCH,CHCOOSiMea

NRJ

1) distillation

HO
PCHjCH^CHCOOH

On treatment with phosphoryl chloride, N-formamidomethyl-
phosphonates are converted into isocyanomethylphosphonates
containing the readily metallated methylene group: 7 5

Ο
II

(EtO),PCH,NH<

Ο
II _

(EtO),PCHN=C Na+

The interaction of the resulting anion with electrophiles leads
to the heterocyclic P-C-N systems: the esters of oxazolyl-
phosphonic acids (reactions with acid chlorides and carbonyl
compounds) and the ester of mercaptothiazolylphosphonic acid
(reaction with carbon disulphide).75»287»2" Analogous reac-
tions have been described for N-formamidomethylphos-
phinates.15

On treatment with a mixture of acetic and hydrobromic
acids, the phosphonic analogues of serine and isoserine give
rise to the O-acetyl derivatives without affecting the amino-
group . 1 S 9 The oxidation of the g-hydroxymethylene frag-
ment of the phosphonic analogue of homoserine has been used
to synthesise the phosphonic analogues of asparagine (Asn p )
and aspartic acid (Asp a ~ p ) : 1 8 0

ο
I;

HOCH,CH,CHP (OEt),
I

NHOCOCHjPh

KMnO,
HOCOCH,CHP(OEt),-

NHOCOCHsPh

• HOCOCHjCHP (OH),
I

NH,

1) iso-BuOCOCl

») HBr/AcOH

Ο
II

CCH2CHP (OH),

, ι
NH,

The ozonolysis of the phosphonic analogue of phenylalanine
followed by oxidative treatment results in the decomposition
of the benzene ring and the formation of the phosphonic ana-
logue of aspartic acid (Asp a ) : 2 0 1

Ο

O il
-CH.CHP (OH,)

I
NH.

1) Ac.O ο
II

HOCOCH.CHP (OH),

NH,

The phosphonic analogue of phenylalanine has been con-
verted into the phosphonic analogue of tyrosine via the
following scheme:2 0 1

- C H 2 C H P (OH),

NH,

-CH,CHP (OH),

Since these reactions do not involve the chiral centre, they
have been used to determine the absolute configurations of
the optically active aminophosphonic acids Asp a ~ p , Asn a ~ p ,
P h e p , and T y r ? . 1 8 0 . 2 0 1

As can be seen from the foregoing, the chemistry of ΑΡΑ
constitutes at the present time an independent chapter in the
chemistry of organophosphorus compounds with its own tasks
and approaches to their solution. Both traditional methods
of synthesis of OPC and the "phosphorus" versions of the
classical methods of synthesis of aminocarboxylic acids are
widely used in the chemistry of ΑΡΑ. The advances in the
chemistry of ΑΡΑ have made available a wide range of phos-
phorus analogues of natural aminoacids, although many
problems, for example the synthesis of polyfunctional and
optically active ΑΡΑ, have still not had optimal solutions.

A characteristic feature of this field of HPC is that it
adjoins closely bio-organic chemistry and biochemistry. This
is related not only to the structural similarity of the amino-
acids and ΑΡΑ but also to the existence of natural ΑΡΑ,
which confirms their definite biological role. The develop-
ment of research into the field of ΑΡΑ has already led to the
creation of highly active herbicides (glyphosphate, phos-

(phinothricin) and promising medicinal drugs (the antibiotic
alaphosphin).

Presumably further studies in the field of ΑΡΑ will involve
primarily the development of methods of synthesis of ΑΡΑ
and the complex analogues of the most important biologically
active natural products containing ΑΡΑ fragments.
Secondly, they will involve the wide-scale employment of
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these compounds in bio-organic research and, finally, they
will be associated with the search for new substances of
practical use in medicine and agriculture.
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Platinum(II) Complexes of Purine and Pyrimidine Bases and Their
Nucleosides

A.I.Stetsenko, K.I.Yakovlev, and S.A.D'yachenko

The results of studies on the synthesis, structure, and physicochemical properties and reactivities of platinum(ll) complexes
of purine and pyrimidine bases and their nucleosides, carried out mainly during the last decade, are summarised. Attention is
directed to the characteristic features of these compounds as ambident and bridging ligands. The methods of study are
characterised and the influence of coordination on the physicochemical characteristics of the purine and pyrimidine ligands
and the effect of the mutual influence of the ligands in the platinum(ll) complexes are analysed. The data concerning the ways
in which the purine and pyrimidine ligands are bound in the platinum(ll) complexes are compared with the manifestation of
the antitumour activity by these complexes.
The bibliography includes 216 references.
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I. INTRODUCTION

The antiblastoma activity of cis-dichlorodiammineplatinum-
(II), i .e . cis-[Pt(NH3)2Cl2] (cis-DDP) was discovered in
1969.1 At the present time this compound is used as an
effective antitumour agent with a broad spectrum of activ-
ity.2»3 Under the names "Platind", "crs-Platina'% Neoplatin",
and "Platidiam", cis-DDP is manufactured in the USA,
England, Czechoslovakia, Finland, and certain other
countries.

Other platinum complexes are also being vigorously investi-
gated in the search for active water-soluble compounds with a
low toxicity. Complexes of chelating dicarboxylate dianions
having the cis-structure and constituting the so-called
second generation of cytostatic platinum (II) complexes are
in the stage of clinical tests . They include cyclobutane-1,1-
dicarboxylatodiammineplatinum(II), a series of platinum(II)
complexes of diaminocyclohexane (malonates and substituted
malonates as well as 4-carboxyphthalate), and a platinum(IV)
complex—cis-dichlorodiisopropyl-trans-dihydroxoplatinum-
(IV).1*""7 The antitumour activity of the platinum complexes
depends on many factors—the charge on the complex, the
degree of oxidation of the central atom, the nature of the
neutral and acido-ligands, and the kinetic and thermodynamic
stability of the complexes.h One of the main factors is the
geometrical configuration of the complexes: only the cis-
isomers are active, the irans-isomers being inactive.

The mechanism of the antitumour action of the platinum
complexes has so far been inadequately investigated. It has
been established that the active complexes inhibit the syn-
thesis of DNA in vitro and in vivo via reactions with hetero-
cyclic DNA bases. 8 " 1 3 Among the DNA bases, the purine
base guanine and the pyrimidine base cytosine show the
greatest tendency to react with cis-DDP. l l*~19 The specific
action of cis-DDP on tumour cells is caused both by the
faster division of these cells compared with normal cells and
by the fact that the damage induced by cis-DDP is made good
faster in normal cells than in tumour cells.1 2

cis-DDP can interact with DNA bases in different strands
of the double helix, effecting the so-called intercross-
linking, 2 0" 2 2 for example, with the complementary bases—
guanine and cytosine. However, this type of linkage is
not dominant, since only 1% of the total amount of the plati-
num bound to DNA participates in intercross-linking.23'21*
The binding of cis-DDP by the molecules of the bases of a
single DNA strand, the so-called intracross-linking, is more
probable. 2 5 " 2 7 Nor can one rule out also the reactions of
cis-DDP with the same DNA base via a chelating mecha-
nism. 2 8 " 3 1 Intracross-linking can in fact explain the depen-
dence of the antitumour activity on the geometrical configura-
tion of the complexes: (1) the distance between the planes
of the bases in DNA is 3.4 A, which corresponds to the
distance between the chlorine atoms in DDP (3.3 X) and
differs from the distance in the frans-isomer (4.66 A);
(2) only the cis-isomers are capable of forming chelate
bonds. Apart from the direct interaction with DNA, the
active complexes can influence the bond between DNA and
proteins. 3 2~3 I t

I I . METHODS OF STUDY, SYNTHESIS, STRUCTURE, AND
PROPERTIES OF PLATINUM(II) COMPLEXES OF PURINE
BASES AND THEIR NUCLEOSIDES

The purine bases with R = Η include guanine (Gu) (I),
hypoxanthine (Hyp) (II), and adenine (Ad) (III). Their
nucleosides (with R = β-D-ribofuranosyl) are guanosine
(Gua), inosine (Ino), and adenosine (Ado).

"> (π) din

The presence of several endocyclic nitrogen atoms and also of
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the potentially electron-donating exocyclic groups and atoms
(NH2, O) is responsible for the ambident nature of the ligands
and complicates the determination of the structure of their
complexes. Physical, mainly spectroscopic, methods are
used for this purpose: UV, IR, and Raman spectroscopy,
X-ray electronic spectroscopy, circular dichroism, fluores-
cence analysis, atomic absorption, and, to the greatest
extent, XH, 1 3 C, 1 5 N, and 1 9 5 Pt (I = 1/2) microwave
spectroscopy. The complexity of the IR spectra of the
ligands and the low sensitivity of the UV spectra to changes
in the type of bond limit the application of these methods to
the determination of the structures of the complexes. The
NMR methods are most informative and unambiguous. In
many studies spectroscopic methods have been used to
investigate the formation of complexes between platinum(II)
and purine and pyrimidine bases in solutions. However,
under these conditions there is a possibility of the existence
of a series of complexes. More definite information about
the compositions and structures of the complexes can be
obtained by means of spectroscopic study of the complexes
isolated. X-Ray diffraction studies lead to final conclusions
about the structures of the complexes, but they cannot
always be carried out owing to the difficulty of growing
single crystals. Potentiometric titration with alkali is used
to detect protonated NH groups in the coordinated ligands,
to characterise the influence of coordination on the acidity of
the ligands, and to investigate the state of the complexes in
different media—pH and [Cl~] determinations. The con-
ductimetric method is used to study the kinetics of the sub-
stitution of chloride ions in the reactions of cis-DDP with
purine and pyrimidine bases and their nucleosides. The
NMR methods play the main role in the determination of the
structures of the complexes. Here we shall indicate in
greater detail the possibility of the use of proton magnetic
resonance (1H NMR). Comparison of the XH NMR spectra of
free and coordinated ligands in D2O can yield information
about the non-labile protons [for example H(2) and H(8) in
the adenosine molecule]. Coordination induces changes in
the XH NMR spectra of the ligand. As a consequence of the
decrease of electron density on formation of the donor-
acceptor bond, the deshielding of the proton near the elec-
tron-donating atom and the downfield shift of its signal are
observed. Furthermore, owing to the spin-spin coupling
with the 1 9 5 Pt magnetic nucleus (nuclear spin I = 1/2), the
signal of the nearest proton becomes a triplet with the inten-
sity ratios 1: 4: 1 in conformity with the content of the 1 9 5 Pt
isotope in natural platinum (34%). The spin-spin coupling
constant Ji95p. i H depends on the distance between the XH

and 1 9 5 Pt nuclei: thus, in the platinum(II) complexes with
the thymine anion, we have 3J = 38 Hz, \7 = 4-15 Hz, and
5J s 0. The study of the XH NMR spectra in DMSO-d6 makes
it possible to characterise also the distance between the labile
protons of the NH2, OH, and SH groups in the coordinated
ligands.

Examples of the application also of other microwave spec-
troscopic methods to the study of the structures of the
platinum(II) complexes of purine and pyrimidine bases
will be given below.

1. Platinum(ll) Complexes of 6-Oxopurines and Their Nucleo-
sides

Since cis-DDP is bound preferentially by the guanine in
DNA, the interaction of guanine and guanosine with plati-
num (II) complexes has been investigated in most studies.
Fewer studies have been devoted to the reactions with their
antimetabolites—hypoxanthine and inosine. Guanine,

hypoxanthine, and their nucleosides can be coordinated both
in the form of neutral molecules and in the form of anions
via different electron-donating atoms. There is a possibility
of the following main types of coordination under these condi-
tions: (a) monodentate—via the Ν (7), N(l), and Ν (9)
heteroatoms (for the bases); (b) bidentate—via the N(7)
and 0(6) atoms; (c) bridged—with participation of the Ν(7)
and N(l) or 0(6) atoms.

(a) The Monodentate Type of Bond

The interaction of cis-DDP and trans-[Pt(NH3)2Cl2] with
guanosine and inosine in solutions at different pH has been
investigated by a differential spectrophotometric method.1 3

It has been shown that the cis- and trans-isomers react with
oxopurines in the same way, the latter being coordinated as
monodentate species. At low pH, the bond is formed via the
Ν(7) atom, while at high pH (pH > 9) it is formed via the
deprotonated N(l) atom. The conclusion that this type of
binding obtains has been confirmed by data for 7- and 1-
methyl-substituted inosine and guanosine. The bonding of
platinum(II) via Ν(7) has been established spectrophotometri-
cally also for hypoxanthine. 3 5 ' 3 6 However, the spectro-
photometric method, especially when applied to solutions con-
taining mixtures of products, cannot provide an exact answer
about the ligand binding site. Studies in which the com-
plexes are isolated are more promising. Platinum complexes
of different types have been obtained with guanosine and
inosine—neutral, cationic, and anionic with different num-
bers of purine molecules. The reaction of nucleosides with
cis-[Pt(NH3)2Cl2] and [PtenCl2] (en = ethylenediamine) lead
to the formation of mixed tetrammines having the composition
[PtA2L2]Cl2, where L = guanosine, inosine, and xanthine. 3 7

The reactions of K2[PtXil] with nucleosides for a nucleoside to
platinum ratio of 2, are accompanied by the formation of the
cis-nonelectrolytes [PtL2X2] (X = Cl or Br; L = Ino or
Gua). 3 8 When the ratio is unity, the anionic complexes
K[PtLCl3] are formed.39 Cationic complexes with four
nucleoside molecules have been isolated—[PtIno4]Cl2,
[PtGuaJCl 2, and cis-[PtIno2Gua2]Cl2.

1*0 ' 'a All these com-
pounds contain nucleoside molecules bound as monodentate
species.

The reactions of inosine with platinum (II) complexes can
be represented by the scheme

+

(pt(lno-H)In<

\
_ ~) 0,1-0,3 NNHi . Γ Τ ΙΠ9
a J -*• ϊ as- [ptino2a2J - '

cis- [Ptlno2enjCl2

The coordination site in inosine has been determined by
XH NMR. The signal of the Η(8) proton in the XH NMR
spectra of the compounds isolated by Kong and Theophanides37

shifted downfield by 0.8 p.p.m. and that of the Η(2) proton
shifted by only 0.4 p.p.m. The Η(2) signal in the spectra
of the complexes remained as a singlet, while the H(8) signal
was a triplet as a result of spin—spin splitting by the 1 9 5 Pt
nucleus. These data enabled the authors to conclude that
inosine is linked to platinum(II) via N(7). A similar type
of bonding occurs also in other platinum (II) complexes with
inosine and guanosine coordinated as monodentate spe-
cies. 3 8~ l t l The XH and 13C NMR methods, with the aid of
which the occurrence of Pt—Ν(7) coordination was demon-
strated , 2 were used to determine the donor atom of guanosine:
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The H(8) signal is a triplet with 3 J [ 1 9 5 P t - ^ ( 8 ) ] = 24 Hz;
in the 1 3C NMR spectrum, A6[C(5)J and Δδ[0(9)] exceed
on coordination the changes in the chemical shifts of signals
due to other carbon atoms. X-Ray diffraction studies con-
firmed the monodentate mode of binding of guanosine and
inosine via the Ν(7) atom in the complexes [Pt(NH 3) 2Gua 2].
.Cl3/2(C101()1/2,'f2 [PtenGuazlCla/ali/^HaO,113 and [PtdienGua].
. ( C l O ^ (dien = diethylenetriamine )."*'* The same type of
binding has been observed in the complexes of 9-methyl-
guanine [Pt(9-CH3Gu),JCl2

 l*s and with the inosine nucleo-
tide [Pt(NH3)2(5'-IMP)2] (5'-IMP = inosine 5'-monophos-
phate). 2 9

Among the platinum (II) complexes with monodentate
coordination of 6-oxopurines, almost no isomeric triammines
of the type [PtA2LCl]Cl, where A = NH3 or Jen and L =
Gu, Gua, Hyp, or Ino, have been isolated. Complexes of
this type can be formed in the first stage of the interaction
of DDP with DNA bases. They are of interest as objects to
be used in tests for antitumour activity, since they contain
one labile Cl~ ion together with the molecule of a lipophilic
ligand and are readily soluble in water. The isomeric tri-
ammine complexes [Pt(NH3)2LCl]Cl and cis-[PtenLCl]Cl (L =

inosine or hypoxanthine) have been synthesised b y
treating the isomeric non-electrolytes [Pt(NH3)2Cl2] and
cis-[PtenCl2] with inosine or hypoxanthine in 1: 1 propor-
tions. The type of ionic decomposition and the inner-sphere
location of the chloride ions have been established conducti-
metrically (Λ = 110—120 Ω"1 cm2 mol"1) and by IR spectros-
copy v(Pt-Cl) = 328-337 cm"1. The v(C=O) frequency
changes little on coordination. The acid properties of the
complexes and their hydrolytic stability have been investi-
gated. Coordination leads to an appreciable intensification
of the acid properties of inosine: the pKQ of free inosine is
8.9 [dissociation of N(1)H], while for certain isomeric tri-
ammines [Pt(NH3)2InoCl]Cl the pKa is 7.18 (trcms-form) and
7.85 (cis-form) at an ionic strength of 0.3 (0.3 Μ KC1).
Isomeric complexes of the tetrammine type, namely [Pt(NH 3) 2 .
.Ino2]Cl2 and cis-[PtenIno2]Cl, have been isolated and their
acid properties have been investigated. The tetrammine
complexes exhibit the properties of weak dibasic acids with
similar dissociation constants: the pK1 and pK^ are 7.00 and
9.1 for the cis-form and 6.65 and 8.0 for the irans-form.
The lower acidity of the cis-isomer reflects the greater
trans-influence of NH3 compared with inosine.

In relation to hydrolysis, the cis-triammine [Pt(NH 3) 2 .
•InoCl]Cl is less stable: the stability constant (0.1 Μ ΚΝΟ3,
25 °C) is 7.1 χ 102 litre mol""1, while the value for the trans-
form is 1.4 x 103 litre mol~1.lf6»lf7 The same behaviour has
been observed also for isomeric adenosine-containing tri-
ammines. Apparently the disposition of the cumbersome
nucleoside molecule next to the chlorine ion decreases the
stability of the Pt-Cl bond.

It is noteworthy that the synthesis of the triammines
involves certain difficulties as a consequence of the possible
admixture of complexes of the tetrammine type. These com-
pounds are obtained more readily when substituted ligands
are employed. Thus a chloride complex of N2N2-dimethyl-9-
methylguanine of the triammine type has been isolated.
Investigation of its geometry made it possible to attribute
a smaller structural trans-effect to the N(7)-coordinated
purine base compared with the Cl~ ion; the length of the
Pt-N bond along the irans-coordinate H3N-Pt-Cl exceeds
by 0.3 X the length of the bond along the irans-coordinate
H,N-Pt-purine.* 8

On the basis of the available data, it can be regarded as
established that the preferred site where guanosine, inosine,
and hypoxanthine are bound to the central platinum(II) is the
Ν(7) atom despite the fact that its basicity is extremely low

{pKb[N(7)] is 11.9 for Gua, 12.1 for Hyp, and 13.0 for Ino},
while the capacity of N(1)H for acid dissociation is appreciable
{pKa[N(l)H] is 8.7 for Ino, 8.8 for Hyp, and 9.2 for Gua},*9

so that it would seem that anionic complexes involving the
substitution of the N(1)H proton should be formed rather
than complexes with neutral nucleosides. Apparently the
basicity of the Ν(7) nitrogen atom and the acidity of the
N(1)H group are not factors determining the stability of
the bond between nucleosides and the acid [Pt(NH 3 ) 2 ] 2 + ,
which is much softer than the proton.

The coordination of guanosine via the N(7) atom in a
neutral medium is characteristic also of another "soft" acid,
namely CHaHg.1*9

The monodentate coordination of guanine via the Ν(7) atom
is observed also in reactions of cis-DDP with DNA involving
the intrastrand binding of cis-DDP to the N(7) atoms of
neighbouring guanine molecules.5 0"5 2

In an alkaline medium, one may expect the binding of
Pt(NH 3 ) | + and CH3Hg to nucleosides as a result of the dis-
sociation of the proton from N(1)H. The water-insoluble
non-electrolytes [Pt(Ino-H) 2 ] and [Pt(Gua-H) 2 ] , 3 8 isolated
under these conditions, are polymers according to Raman
and spectroscopic and XH NMR data53'51* and contain bridging
nucleoside anions linked to platinum(II) atoms not only via
the deprotonated N(1)H group but also via coordination
involving the Ν(7) atom. The monodentate binding of
nucleosides via the protonated N(1)H group is not charac-
teristic of platinum(II) complexes. Only when the Ν(7) and
Ν(9) atoms in 7,9-dimethylguanine and 7,9-dimethylhypoxan-
thine are blocked by a methyl group, is it possible to achieve
the monodentate coordination of guanine and hypoxanthine
via the N(1)H groups. Thus studies have been made of the
crystal structures of the following complexes which have
been isolated: [Ptdien7,9-(CH3)2Hyp](PF6)2, {Pten[7,9-
(CH 3) 2Hyp] 2}(PF 6) 2, and {Pt(NH3)2[7, 9-(CH3)2Hyp]2}(NO3)2.
.2H 2O. 5 5 ' 5 7 These complexes are of interest also because
their structures are to some extent analogous to those of
platinum(II) complexes of cyclic amides—a-pyrrolidinone
and α-pyridone, 5 8 ' 5 9 containing the NHCO fragment.

(b) Bidentate Binding

The bidentate binding of 6-oxopurines and their nucleosides
to platinum(II) of the N(7)—0(6) chelate type has been the
subject of numerous discussions and has still not been
demonstrated directly by X-ray diffraction. A chelate of
this type is possible only for the cis-isomer.

'V

Since only the cis-isomer exhibits antitumour activity, many
investigators see the cause of the difference between the
activities of the [Pt(NH3)2Cl2] isomers in the fact that the
cis-isomer forms a perfect chelate with the guanine of DNA,
while the frans-isomer does not.29>30>31>38>6C)>61

In order to model the formation of this type of chelate in
the interaction of DDP with DNA, a study has been made of
the reaction of DDP with 6-oxopurines. The compounds
isolated, whose composition corresponds formally to the
bidentate binding of 6-oxopurines and their nucleosides,
such as cis-[PtA2L]2 + and cis-[PtA2(L - H)]+, where (L-H)~
is the ligand anion, as well as the complexes formed in
solutions have been investigated. The following structural
formulae can be proposed for the complexes having this com-
position .
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Monomeric complexes:

direct bidentate chelate bond

(b)

V

indirect chelation via the Η bond between
the 0(6) atom and the proton of the
coordinated water molecule.

Dinuclear and polynuclear complexes with a bridge bond,

N(7)-O(6) bridge

S \

N(7)-N(l) bridge

N(7)-Pt-O(6) bridge with monodentate
H2O and 6-oxopurine molecules.

Analogous bond types have been postulated also for coordi-
nated 6-oxopurine anions. A direct answer to the question
concerning their structure can be obtained by the X-ray
diffraction method, but this is not always possible owing to
the difficulty of isolating crystals suitable for analysis by
X-ray diffraction. The possibility of chelation has therefore
been investigated mainly by spectroscopic methods—IR,
Raman, NMR, fluorescence, and atomic-absorption methods,
X-ray electronic spectroscopy, etc. However, under these
conditions one obtains at best information about the involve-
ment of the 0(6) atom of the oxopurine in the coordinate bond
with platinum (II) but not about the mononuclear or poly-
nuclear structure of the complexes. Measurements of the
molecular weight are necessary for this purpose, which is
hindered by the electrolytic character of the compounds and
their poor solubility in non-polar solvents. Owing to the
differential binding of cis-DDP by the DNA guanine, most of
the studies have been devoted to the elucidation of the mode
of binding of guanine, guanosine, and their derivatives in
platinum(II) complexes.

Complexes whose composition corresponds to bidentate
coordination have been isolated and investigated in a number
of studies: 6 2 [PtdatGua]Cl2. where dat = 3,4-diaminotoluene.
The reaction of [PtdatCl2] with guanosine was carried out in
dimethylformamide (DMF), the complexes being isolated by
adding the 1: 1 acetone-ether mixture. Recrystallisation of
the complex [PtdatGua]Cl2 from a methanol-ether mixture leads
to the formation of a complex of the triammine type with
guanosine bound as a monodentate species, namely
[PtdatGuaCl]Cl. The stretching vibration frequency
v(C=O) = 1645 cm"1 in the complex [PtdatGua] 2 + is
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appreciably smaller than in the complex containing guanosine
coordinated as a monodentate species, i .e. [PtdatGuaCl] +

(1685 cm"1) and in free guanosine; on this basis, the
authors concluded that an unstable chelate of the Ν(7)—Pt—
0(6) type is formed in the first compound. The change in
the N(1)H chemical shift in the spectra of the complexes [in
hexadeuteriated dimethyl sulphoxide (DMSO-d6)] is also
consistent with this hypothesis: the shifts are 10.82 p.p.m.
for [PtdatGua]Cl2 and 10.70 p.p.m. for [PtdatGuaCl]C1; in
the first complex, deshielding increases owing to the involve-
ment of Ο(6) in coordination.

It has been demonstrated by X-ray electronic spectroscopy
that in the solid complexes of cis-DDP with DNA which have
been isolated the ls[O(6)] ionisation energy of guanine is
reduced by 0.5—0.7 eV, whereas no such decrease is observed
in the binding of the trans-isomer.6 3 The DDP and [PtenCl2]
complexes, which are capable of chelation, as well as their
aquo-forms greatly reduce the intensity of the fluorescence
in the DNA—ethidium bromide system.6** It has been observed
by the atomic absorption method that the absorption intensity
in the complexes with the postulated chelate linkage,
i.e. [Pt(NH3)2Gua]Cl2 and [PtenGua]Cl2, is smaller by a
factor of two than in the complexes with the monodentate
coordination of guanosine.6 5 It has been established by
potentiometric measurements that the reaction of DDP with
DNA guanine is accompanied by the elimination of two
chloride ions per molecule of the complex, while in the reac-
tion with the trans-isomer one such ion is removed.31 The
conclusion that a platinum (II) chelate complex with guanine
is formed via the Ν(7) and 0(6) atoms was also reached on
the basis of circular dichroism spectra. 6 6

Complexes in which the bidentate coordination of the
neutral guanosine molecule, namely [PtenGua](NOa)2.2H2O
and [PtenGua](CK\) 2. synthesised by treating a solution of
cis-[Pten(H 2 O) 2 ] 2 + with guanosine in 1: 1 proportions at 40 °C
for 1 day, have been described.6 7 The outer-sphere posi-
tion of the NO3 and CIOH ions follows from IR spectra
[v(NO3) = 1380 cm"1 and v(C10;) = 1100 cm"1] and conducts-
metric data, which correspond to the decomposition of com-
plexes of the type characteristic of 1: 2 electrolytes. Com-
parative study of the IR spectra in the v(C=O) region for
complexes with monodentate and postulated bidentate coordi-
nation of guanosine showed that in the latter the v(C=O)
frequency is reduced by 20 cm"1. When 1 equivalent of
NaOH is added to aqueous solutions of the complexes, the pH
increases from 4.5 to 7.2, but, as the reaction proceeds, it
falls to 6.9. The addition of alcohol entails the formation
of the compounds [Pten(Gua - H)]X.2H2O, where X = ClO^
or NO3, and [Pten(Gua-H)]I.3H2O. As a result, the authors
assume the possibility of the formation of a chelate especially
for the anion (Gua-H)~, but in concentrated solutions they
do not rule out the possibility of the existence also of poly-
meric species with bridging anions.

The bidentate coordination of the anions of 6-oxopurines in
platinum(II) complexes has been postulated.

38.67 68.69
Dilute

solutions (10"1* M) of the complexes [Pten(Gua-H)](ClOu)2.
.2H2O, [Pten(Gua-H)Cl], and [PtenGua](NO3)2 contain no
polymers judging from circular dichroism spectra: the spec-
tra of these complexes are analogous to those of free guano-
sine and its anion but differ from the spectra of [PtenGua2].
.Cl 2, where the interaction of two neighbouring guanosine
molecules leads to a two-phase signal.6 7 '7 0 The 1 9 5 Pt and
15N NMR methods have been applied to solve the problem of
the possible chelation of inosine in reactions with platinum(II)
complexes.71 The 1 9 5 Pt NMR spectra yield valuable informa-
tion about the structure of the platinum complexes. The
chemical shift of the 1 9 5 Pt nuclei changes appreciably as a
function of the nature of the donor atoms in the coordination
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unit and the geometrical configuration of the complex. For
example, the chemical shifts in the spectra of the isomeric
aquo-complexes [Pt(NH 3 ) 2 (H 2 O) 2 ] 2 + differ by 209 p.p.m.
The 1 9 5 Pt NMR spectra are usually recorded for specimens
enriched in 1 5 N, since the 14N nuclei, which possess a
quadrupole moment, broaden the signals. The spin-spin
coupling constant ν ( 1 9 5 Ρ ί - 1 5Ν) is sensitive to the nature
of the trans-ligand and can be used in its turn for the
determination of the donor atoms and for the estimation of
the trans-influence. The formation of polymeric hydroxo-
complexes when solutions of cis-[Pt(NH3)2(H2O)2]2 + are
allowed to stand, can be followed clearly on the basis of the
1 9 5 Pt NMR spectra: the chemical shift in the specially pre-
pared solutions is -1593 p.p.m. (using Na2PtCl6 as the
external standard) and, when the solution is allowed to
stand, new signals appear at -1161.8 p.p.m and -1520 p.p.m.,
referring respectively to [Pt(NH3)2OH]f+ and [Pt(NH3)2.
.OH] 3

3 + . 3 0 ' 7 2 - 7 "

Signals of the initial complex [a triplet with V i ^ P t -
1 5N) = 312 Hz] and broad signals due to the formation of
complexes of the triammine and tetrammine types with inosine
were observed in the {^Ή}- 1 9 5 Pt NMR spectra, with suppres-
sed resonance of the protons, of the 1: 1 mixture of cis-
[Pt( 15NH3)2C12] and inosine, but signals corresponding to the
1 9 5 P t - O ( 6 ) bond, which should have been present in the
chelate, were not found.7 1 However, the authors assume
the formation of the N(7)-Pt-O(6) chelate in the 1: 1 mixture
of cis-[Pt( 1 5 NH 3 ) 2 (H 2 O) 2 ] 2 + with inosine, because the {ΧΗ} -
15N NMR spectrum of this system contains an additional signal
displaced by 2 p.p.m. towards higher frequencies compared
with the spectrum of the monoaquotriammine complex. The
signal was absent from the spectrum of a solution of cis-[Pt.
. ( 1 5 NH 3 ) 2 (H 2 O) 2 ] 2 + containing adenosine 5'-monophosphate.

Chelation has been observed indirectly in the cobalt(II),7 5

copper(II), 7 6 and nickel(II) 7 7 complexes of guanosine.
Direct chelation has been demonstrated by X-ray diffrac-
tion in the copper(II) complexes of theophylline, which is a
structural analogue of guanine.7 8 It has been established by
the same method that the DDP-cis-Pt(NH 3)|+ fragment bound
to DNA is located in the vicinity of the N(7) and 0(6) atoms
of guanine.7 9 Quantum-chemical calculations agree with the
occurrence of chelation.80 Complexes of palladium with the
chelated anions, namely [Pd(Ino-H) 2 ] and [Pd(Gua - H) 2 ] ,
have been isolated.8 1 The coordination of the guanosine
anion via the deprotonated N(l) atom has been observed
in the reaction of cis-[Pt(DMSO)2Cl2] with inosine in an
alkaline medium.82

Stereochemical relations more favourable for chelation
obtain for 6-mercaptopurines, since the increase of the C—S
bond length promotes the decrease of the strain on forma-
tion of the S(6)-N(7) chelate. Palladium(II) complexes
with this type of bond have been observed. 8 3 " 8 5 Cationic,
anionic, and non-electrolytic platinum (II) and palladium (II)
complexes of 6-mercaptopurine bound as a bidentate species
have been described.8 6 The isomeric diamines [Pt(NH3)2Cl2]
react differently with 6-mercaptopurine (6-mp): all the
ligands are substituted in the cis-isomer and the complex
[Pt(6-mp - H) 2 ] is formed, while in the irans-isomer only two
Cl~ ions are substituted, which is caused by the strong
trans-influence of 6-mercaptopurine. The formation of the
Pt—S and Pt—Ν bonds in the chelate has been confirmed by
the EXAFS method.8 7

Experimental and theoretical studies, whose results conflict
with the hypothesis of the formation of a direct chelate of the
N(7)— 0(6) type, have been carried out. Stereochemical
objections have been raised by Sletten.7 6 The interaction of
the complexes [Pten(H 2 O) 2 ] 2 + and [PtenCl2] with inosine and
its derivatives at different pH has been investigated by the

Raman spectroscopic and XH NMR methods.53'5<f For the ratio
Ino/Pt ύ 2, complexes with one or two inosine anions are
formed in an alkaline medium. The H(8) and H(2) signals
undergo an upfield displacement under these conditions.
With increase of the Pt/Ino ratio from 1 to 4, the XH NMR
spectra change qualitatively—the signals become broad,
which has been attributed to the formation of polymeric
species containing bridging inosine anions with participation
of the N(l) and N(7) atoms.

In order to investigate the possible chelation reaction
between cis-DDP and inosine and hypoxanthine, we investi-
gated the complexes cfs-[PtA2L](NO3)2 (A = NH3 or Jen and
L = inosine or hypoxanthine), whose composition corresponds
to bidentate binding, and the spectroscopic characteristics
and acid properties of these compounds and the complexes
of the triammine type [PtA2LCl]Cl with monodentate coordina-
tion of the ligands were compared. The complexes cis-
[PtA2L](NO3)2 were obtained by treating a solution of cis-
[Pt(NH 3 ) 2 (H 2 O) 2 ] 2 + with an equimolar amount of the ligand
and were precipitated with acetone.k 7 The acid titration
curves for the complexes obtained differ sharply from the
titration curves for the complexes with ligands bound as
monodentate species: the acidity of the complexes cis-[Pt.
.(NH3)2L](NO3)2 is appreciably greater and the curves con-
sist of a short initial section corresponding to the titration
of a strong acid (0.20—0.25 equiv.of OH~ per mole) and a
second section in the pH range 6—8. From the pH values
in this section, one may conclude that it corresponds to the
titration of a coordinated water molecule in the complex cis-
[PtA2LH2O]2 +. Comparison of the titration curves for the
complex cis-[Pt(NH3)2Ino](NO3)2 and the isomeric monoaquo-
ions [Pt(NH 3 ) 2 InoH 2 0] 2 + , prepared from the corresponding
triammines by removing the Cl" ion by treatment with AgNO3,
leads to the following conclusions: (1) the titration curves
for cfs- and frans-[Pt(NH3)2InoH2O]2 + differ little from one
another; this conflicts with the hypothesis of the existence
of the N(7)-Pt-O(6) chelate in solutions, since the capacity
for chelation is characteristic only of the cis-isomer, which
would have led to a difference between the titration curves;
(2) the titration curves for the isomeric monoaquo-cations
and cis-[Pt(NH3)2Ino](NO3)2 are also similar. Hence one
may conclude that solutions of these compounds contain
species with analogous compositions and structures. These
can be (1) the monomeric aquo-cations cis-[Pt(NH3)2InoH2O]2+

and (2) the dimeric and polymeric cations linked by bridging
inosine molecules via the Ν(7) and 0(6) atoms in which the
acid dissociation of N(1)H is enhanced. The contents of
these species can be estimated from the relative sizes of the
corresponding sections of the titration curves: 75% of
platinum exists as the monoaquo-cation and 25% as the dimer.
The participation of the 0(6) atom in the coordinate bond
follows from the 1 3C NMR spectra of the complex [Pt(NH 3) 2 .
.Ino](NO 3) 2 in D2O: (1) the C(5) and C(8) signals of inosine
in the complex undergo the greatest downfield shift, which
indicates the presence of the Pt-N(7) bond; (2) the C(2)
signal changes little under these conditions, i .e. there is no
Pt-N(l) bond; (3) the form of the C(6) signal differs
sharply from that of the signal in the spectra of complexes
with monodentate coordination of inosine—it has a multiplet
structure, is appreciably broadened, and has been displaced
downfield. Comparison of the X-ray emission spectra of the
complexes cis-[Pt(NH3)2Hyp] { B i C ^ ) , , ^ and czs-[Pt(NH3)2.
.(Hyp)2]{B(C6H5)i l}2 indicates a decrease of electron density
at the Ο(6) atom in the first compound, which agrees with
the involvement of the atom in the coordinate bond. The
circular dichroism spectra of these compounds are of the
single-phase character (like the spectra of free inosine and
the complexes having the irans-configuration), in contrast
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to cis-[Pt(NH3)2Ino2]Cl2, where there is a possibility of band
splitting owing to the ττ-interaction of inosine molecules in
close proximity. This set of data has led us to the conclu-
sion that formula (IV) may be attributed to the cationic com-
plex.

44-

_H3N 0H 2

 : Μ α ο N£

(TV)

A paper published a year and a half after our communica-
tion 8 8 also described the application of the method involving
the acid titration of the isomers [Pt(NH3)2(9-C2H5Gu)H2O]2+

in order to detect chelation. On the basis of the similarity
of the titration curves for the isomers, it was concluded that
there are no chelates with a N(7)—Pt-O(6) bond. The con-
sumption of alkali in the titration after the jump at pH 8 was
in our case 1 equiv.per mole of platinum; a strongly acidic
section, corresponding to the consumption of 0.25 equiv.of
OH~ per mole, was also observed. The character of the
titration curve was likewise explained by the acid dissocia-
tion of H2O in cis-[Pt(NH3)2(9-C2H5Gu)H2O]2 + and a dimer
containing bridging and terminal 9-ethylguanine molecules.
It has been suggested that the bridge bonds are formed via
the Ν(7) and N(l) atoms of 9-ethylguanine and that the
strong acid properties are due to the dissociation of N(3)H
in an unusual tautomeric form of 9-ethylguanine. We believe
that the involvement of the N(l) atom in the bridge bond is
less probable than the involvement of the 0(6) atom. In the
analogous complexes of inosine, the presence of the Pt—Ο(6)
bond has been confirmed by a number of methods; further-
more, the unusual tautomeric form of 9-ethylguanine with a
proton at Ν(3) corresponds to one of the tautomeric forms of
isocytosine:

H,N

However, isocytosine has weak acid properties (Ka = 3.2 χ
10"10) and Κα for the complex cis-[Pt(NH3)2(iso-Cyt)Cl]Cl
which we synthesised is 1.3 χ 10"7. The strong acidity
along the first section of the titration curve is therefore
hardly likely to be associated with the formation of such a
tautomer.

A combination of the most modern research techniques has
been used by Raudashl-Siever et al . 8 9 , namely high-per-
formance liquid chromatography (HPLQ) and 1 9 5 Pt NMR,
for the investigation of the nature of the products formed
in the reaction of cis-[Pt(NH 3 ) 2 (H 2 O) 2 ] 2 + with guanine and its
methyl-substituted derivative for different ratios and con-
centrations of the components, different pH (2 and 7), and
different contact times (temperature 60 °C). The HPLQ
method makes it possible to detect the formation of a number
of compounds in solution. The predominant complexes were
isolated on the preparative scale and analysed. They
include dinuclear complexes with one or two bridging guanine
anions—[Pt2(NH3) l t(Gu-H)](NO3)3.2H2O and [PtziNHs),,.
.(Gu-H) 2](NO 3) 2 .2H 2O—and the monomeric complex
[Pt(NH 3) 2(Gu-H)Gu]NO 3 . The formation of complexes with
chelated molecules or anions of guanine has not been
ob served.

(c) Bridge Type Coordination of Purines and their Nucleo-
sides

Complexes of this type include the dinuclear complexes with
bridging guanine anions. The complex [Pt2(NH3)t,(Gu- H) 2 ].
.(NO3)2.2H2O contains the coordination unit PtNi, according to
1 9 5 Pt NMR spectra; two 1 9 5 Pt signals (-2416 and -2468 p.p.m.)
indicate the presence of two isomers:

2+

a n d\

(VII)(VI)

"head to head" "head to tail"
The 1 9 5 Pt NMR spectra of the dimer [Pt 2 (NH 3 ) 4 (Gu- H)].
.(NO3)3.2H2O contains one signal at -1015 p.p.m., which
corresponds to the PtN3O unit and the coordination formula

OH, H 2 O

(vin)
In both compounds the bridge is formed via the N(l) and

Ν(7) atoms of the guanine anion. We explain the acid
properties of the complexes [PtA2L](NO3)2 (A = NH3 or
£Eu; L = Ino or Gua) by the formation of dimers with an
inosine and guanosine bridge bond via the Ν(7) and O(6)
atoms.1*7'90 This type of bonding had been postulated earlier
in the polymeric platinum (II) and palladium (II) complexes
with these ligands. 9 1 · 9 2 The bridge bond via the Ν(3) and
Ν(9) atoms becomes possible for guanine derivatives dimeth-
ylated at N(l) and N(7). 8 9 The binding of two platinum(II)
atoms by the neutral hypoxanthine molecule via Ν(3) and
Ν(9) has been established in the complex [Pt2Gly2Cli,Hyp],
where Gly = glycine, formed in the reaction of K2[PtGly2Cl2]
with hypoxanthine, in view of the identical shifts of the H(2)
and H(8) signals on coordination.93 Yet another type of
binding, via three hydrogen bonds between guanine and its
anion, has been indicated in the dimeric complex [Ρί 2 (ΝΗ 3 \.
Cyd 2 Gu(Gu-H)] 3 + , where Cyd = cytidine:91*

In conclusion of this Section, one may say that the presence
of the N(7)-Pt-O(6) chelate in the complexes with the ratio
L/Pt = 1, where L = 6-oxopurines or their nucleosides, does
not follow self-evidently from spectroscopic and physico-
chemical studies of these compounds and has not been con-
firmed by X-ray diffraction. The existence of these com-
pounds, especially in solutions, as mixtures of mononuclear
monoaquo-complexes and dimeric or polymeric species con-
taining bridging nucleoside ligands with participation of the
0(6) atom in the bridge bonds appears more likely. The
ratios of these forms depend on the concentration and pH
of the solution: in an alkaline medium, the probability of
the formation of polymeric structures with bridging anions
increases and one cannot rule out the existence of chelates
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with the anion. Investigation of the structures of these
compounds by X-ray diffraction and the determination of
their molecular weight in solution are undoubtedly required.

2. Platinum(ll) Complexes of 2,6-Dioxopurines

The platinum(II) and platinum(IV) complexes of methylated
2,6-dioxopurines have been investigated:

CH3-M·

(Χ)

Ν-1,3-dimethylxanthine, R = Η: iV-3,7-dimethylxanthine,
theophylline (Thp) theobromine (TeO); R = CH3:

N-l ,3,7-trimethylxanthine, caffeine
(Caf)

Tautomerism is possible for theophylline [the proton is
located at the N(7) or N(9) atom]. These ligands are bio-
logically active. Caffeine enhances the antitumour activity
of DDP . 9 5 The ligands contain various nitrogen atoms in the
heterocycle blocked by methyl groups, which makes it pos-
sible to investigate the bond between the metal and a definite
nitrogen atom. By treating a solution of K2[PtClit] in 0.5 Ν
HC1 with theophylline, it was possible to isolate complexes
having the composition (ThpH)2[PtCliJ and (ThpH)[PtThp.
,C13], the former with an outer theophyllinium cation and the
latter with an outer cation and coordinated theophylline mole-
cule linked by a bond via the N(9) atom.96»97 The theophyl-
line anion is coordinated to platinum(IV):98 the reaction of
[Pt(CH 3 ) 3 (H 2 O) 3 ] + with sodium theophyllinate leads to the
formation of the complex [Pt(CH3)3(Thp - H)], containing the
anion ( T h p - H ) and the Pt(IV)-N(7) bond. The compound
is monomeric in solutions in DMSO and C2H5OH. The molec-
ular weight of the complex in CHC13 and CH2C12 corresponds
to the trimer. On the basis of the 1 H - 1 9 5 P t and 1 3 C - 1 9 5 P t
spin—spin coupling constants, it has been established that
the theophylline anion plays the role of a tridentate ligand,
forming a chelate bond via the N(7) and 0(6) atoms with
platinum(II) and a bridge bond via Ν(9) with another plati-
num (II) atom.

The caffeine complex (PPh3CH3)[PtCafCl3], where (PPh3.
,CH 3)+ is the triphenylmethylphosphonium cation, has been
isolated and its structure investigated; the bond between
caffeine and platinum(II) is formed via the Ν(9) atom.99

The anionic complex K[PtCafCl3] was found to possess anti-
tumour activity: towards lymphocytoleukaemia P-388, the
inhibition coefficient was 150%. Mixed non-electrolytes
having the composition (MCafLCl2) [M = Pt(II) or Pd(II);
L = Ado, Ino, or Gua] were isolated following the inter-
action of equimolar amounts of nucleosides and K[PtCafCl3]
in an aqueous DMSO solution.1 0 0 The coordination of
caffeine via the Ν(9) atom and of nucleosides via the Ν(7)
atom has been established by the 1H and 13C NMR methods.
The cis-structure of the non-electrolyte follows from the
presence of two absorption bands in the Pt—Cl region.
Treatment of the complexes with alkaline solutions leads to
the isolation of complexes with nucleoside anions: [MCaf.
.(Ino-H)Cl] and [MCaf (Gua - H)C1]. The decrease of
v(C=O) in the spectra of the inosine and guanosine anions
compared with the free ligand has been interpreted by the
authors as a result of the formation of a Pt-0(6) bond,
either of the N(7)-Pt-O(6) chelate type or the bridge type.

The product [Pt(Caf - H)C1]2, isolated in small amounts
in the reaction of K J P t C l J with caffeine ( 1 : 1) in 0.5 Ν HC1
at 50 °C, is extremely unusual. 1 0 0 Its dimeric structure has

been confirmed by measurement of its molecular weight.
The far IR spectrum shows a v (Pt-Cl) band at 305 cm"1,
corresponding to the Pt—Cl—Pt bridge bond. The signal of
the Η(8) proton is absent from the 1H NMR spectrum of the
complex, which has been explained by the formation of the
Pt-C(8) σ-bond. However, the proposed structure requires
further confirmation, since the presence of the Pt-C(8)
σ-bond has not been demonstrated directly by the 1 3C NMR
method and the heterolytic cleavage of the C(8)—Η bond in
an acid medium is unlikely. It is also noteworthy that not
one complex with the caffeine anion has been described
hitherto.

A σ-bond of the ylide, carbene type is formed between
Ru(III) and the caffeine C(8) atom in the reaction with
[Ru(NH3)3(H2O)3]3 +.1 0 1 The complex [Ru(NH3)3Cl2Caf]Cl.
.H2O with a neutral caffeine molecule, in which the presence
of the Ru(III)—C(8) bond has been established by X-ray
diffraction, has been isolated. The Ru-C(8) distance
(2.03 A) corresponds to a strong, short bond. Complexes
with this type of bond, namely [Ru(NH3)4CafCl]Cl2.2H2O and
[RuiNH^TeoClJClz^HzO, have been described. 1 0 2 In both
complexes the Ru(III)—N(9) bond is sterically hindered by
the N(7)CH3 group. Theophylline, in which the group is
absent, is capable of binding both via the N(7) atom and
the 0(6) atom.

As a consequence of acid dissociation at N(7) and N(1)H,
theophylline and theobromine are able to form complexes with
coordinated anions, both Ru(III)-N(9) and Ru(III)-C(8)
bonds being formed in the case of theophylline. A bond of
the M—C(8) type is also present in the complexes of HgCH3

with xanthine. 1 0 3

Non-electrolytes having the composition [PtThp2Cl2].2H2O
and [PtCaf2Cl] have been obtained in the reactions of
K2[PtCU].1 0 l t The isomeric triammines [Pt(NH3)2LCl]Cl and
the cfs-tetrammines [Pt(NH 3 ) 2 (Thp) 2 ](NO 3 ) 2 have been
isolated after reactions involving cis- and irans-[Pt(NH 3) 2 .
.Cl 2]. According to 1 3C NMR data, the greatest downfield
shift relative to the proton-donating ligands is observed on
coordination for the signals due to the C(4) and C(8) atoms
(4-7 p . p . m . ) , which indicates the presence of the Pt—Ν(9)
bond. In the spectra of isomeric complexes having two
theophylline molecules, two sets of 1 3C signals are observed:
one corresponding to coordination via the Ν (9) atom and
the other, with an appreciable shift of the C(5) signal, which
justifies the conclusion that the bond linking the second theo-
phylline molecule is formed via the N(7) atom. The signals
of the H(8) proton and of the methyl groups are also doubled
in these compounds, which agrees with the hypothesis that
the theophylline molecules are bound via both the Ν(9) and
Ν(7) atoms.

3. Platinum(ll) Complexes of Adenine and Adenosine

Adenine and its nucleoside adenosine (III) are 6-amino-
purines. Adenine and adenosine possess weak basic proper-
ties, owing to the possibility of protonation at the N(l) atom:
pK a [N(l)H + ] = 4.1 (Ad) and 3.6 (Ado). The N(9)H group
in adenine is capable of weak acid dissociation: pKa = 9.8.1*9

The following main types of coordinate bonds can be postu-
lated for these ligands: (1) a monodentate bond via the N(l)
or Ν(7) atoms; (2) a bridge bond in which the adenosine
molecule binds two platinum atoms via the N(l) and Ν(7)
atoms; (3) a bidentate bond via the N(l) [or N(7)] atom and
the NH2 group.

The monodentate coordination of adenine and adenosine via
the NH2 group is probable owing to the p, π-conjugation of
the unshared electron pair of the NH2 group with the ring.
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The involvement in the bonds of the atom Ν (3), which is
blocked by the D-ribose residue in close proximity, is just as
unlikely. In addition to these types of bonding, adenine is
capable of being coordinated in the form of an anion as a
result of the acid dissociation of the HN(9) groups.

The principal conclusions about the interaction of adenine
and adenosine with platinum (II) complexes have been reached
by Theophanides and co-workers. 3 7 · 1 0 5 The non-electrolytic
complexes [PtL2X2] (X = Cl~ or Br~) were isolated after
treating a solution of K2[PtCli»] with adenine, adenosine, and
tri- and tetra-acetyladenosine. The signal of the H(8)
proton undergoes the greatest downfield shift in the 1H NMR
spectra of the complexes: A6jj(8) = 0.92 p.p.m. and
A6JJ/2X = 0 . 2 1 p.p.m.; this indicates the coordination of
the ligand via the Ν(7) atom. The monodentate coordination
of adenosine was observed also by Ettore. 1 0 6 Adenosine and
9-methyladenine protonated at N(l) are also capable of such
coordination: the complexes [Pt(AdoH)Cl3] and [Pt(9-CH3.
.AdH)Cl3] are formed in 3 Ν HC1. 1 0 7 Other adenosine com-
plexes containing the Pt—Ν(7) bond have also been isolated:
the isomeric [Pt(NH3)2Ado2]Cl2

 1 0 8 and [PtAdo,JCl2.
1 0 9 At

the same time, for adenine there is much more evidence than
for oxopurines and their nucleosides indicating the involve-
ment of the N(l) atom in the monodentate bond with plati-
num(II). The coordination of adenosine via the N(7) atoms
is promoted by an acid medium. It has been shown in rela-
tion to the reaction of [PtdienH2O]2 + with adenosine that in a
neutral medium there is also a possibility of the formation of
complexes with a P t - N ( l ) bond. 3 7 ' 1 1 0 The complexity of
the XH NMR spectrum of the complex [Pt(TAA)2Cl2] (TAA =
triacetyladenosine), which has four signals instead of two
for H(2) and H(8), was explained by the formation of com-
plexes with three bond types: 1 0 5 N(7)-Pt-N(7), N ( l ) - P t -
N(l), and N(7)-Pt-N(l) . The same three types of mono-
dentate binding of adenosine were observed in the reactions
of [Pt(NH3)3Cl]Cl with adenosine with the ratio Ado/Pt = 2 . i u

The products were separated by high performance liquid
chroma to graphy and their structure was demonstrated by
spectrophotometric measurements at different pH. The
double binding via the N(l) and Ν(7) atoms was observed
also in the platinum(II) complexes of 9-methyladenine.112

The formation of dinuclear complexes with a bridge type
coordination of adenosine was first observed in solutions by
the isomolar series (continuous variations) spectrophotometric
method.1 1 3 An analogous result was obtained in the study
of the XH NMR spectra of solutions of [PtdienCl]Cl con-
taining adenosine and an excess of the platinum (II) com-
plexes, i .e. for a ratio Pt/L > 2.3 7 Under these conditions,
approximately equal downfield shifts of the signals of the
H(2) and H(8) protons, amounting to 0.9-1 p.p.m., are
observed. Both signals acquire the triplet form as a result
of the spin-spin interaction with the 1 9 5 Pt nucleus [with the
constant 3 J = 26 Hz]. The authors believe

that the dinuclear complexes (XII) with a bridge type coor-
dination of adenosine are formed in solution:

dian Ft—

Pt dien

(XII)

The presence in solutions of complexes containing the P t -
N(l)-N(7)-Pt linkage as a result of the reactions of
[PtacacCl2]- (acac =acetylacetone) and cis-[PtDMSOCl3]~
with adenosine has been demonstrated by 1H NMR.lllf Iso-
meric d8- and trans -complexes with a similar bond have been
isolated in a pure state: [Pt(NH3)2ClAdoPt(NH3)2Cl]Cl2 and

[Pt(NH3)2ClAdPt(NH3)2Cl]Cl2. 1 1 5· 1 1 6 Anionic dinuclear com-
plexes K2[PtCl3AdoPtCl3] with bridging adenosine molecules
have also been described.3 9 The tendency of adenine and
adenosine molecules towards the bridge type of binding is
manifested by the formation of polymeric complexes. Poly-
nuclear complexes with 9-methyladenine having the composi-
tion [Pt(9-CH3Ad)Cl2] have been described. 1 0 5 The forma-
tion of a series of polymeric complexes in the reaction of
K2[PtClit] with adenine has been indicated.1 1 7 A trinuclear
complex with adenine anions (Ad-H)~ having the composi-
tion [Pt2Ad(Ad-H)2C2H5OH][PtI l t] has been isolated.1 1 8

The bidentate binding of adenine and adenosine to plati-
num (II) presupposes the involvement in the coordination of
the NH2 group and one of the nitrogen heteroatoms—N(l)
or N(7) (most probably). The hypothesis of the bidentate
binding of these ligands has been put forward on the basis
of spectrophotometric measurements.13»113 Complexes whose
composition corresponds to this coordination have been
isolated: [PtAdX2].2H2O (X = Cl~ or Br") and [PtAdoI2].
.2H2O.1 1 9 A strong downfield shift of the signal of the NH2

group is observed in the XH NMR spectra of these compounds
in DMSO-d6. which is regarded as evidence for its involve-
ment in binding. The complexes [PtAdoCl2], [PtAdCl2H2O],
and [PtAdCl2] have been isolated.1 2 0 The complex [PtAdo.
•Cl2] is anhydrous and monomeric and frequencies charac-
teristic of Pt—Cl—Pt bridge bonds are absent from its IR
spectrum; according to far IR spectroscopic data, it has the
cis-configuration. A chelate structure involving the NH2

group and the Ν (7) atom has been proposed for this complex.
The formation of a chelate in which the NH2 group of the
adenine molecule is bound by a hydrogen bond to the oxygen
atom of a water molecule is more probable for the hydrated
complex:

<xm)

The insoluble complex [PtAdCl2] is apparently polymeric.
Solutions of the non-electrolytic complexes [PtAdCl2H2O] and
[PtAdoCl2] in DMSO exhibit an inhibiting effect amounting to
50—60% on four strains of tumours 1 2 1 and at the same time
they are less toxic than cis-DDP. The cationic complexes
cis-[Pt(NH3)2Ado](NO3)2, in which the formation of a chelate
involving Ν(7) and the NH2 group can also be postulated,
have been described.1 1 5»1 1 6 The complexes differ from com-
pounds with monodentate coordination of adenosine in their
XH NMR spectra and acid properties. However, a final con-
clusion about the structure can be reached on the basis of
X-ray diffraction analysis, which so far has not been possible
owing to the lack of crystals suitable for this purpose.

I I I . THE SYNTHESIS, STRUCTURE, AND PROPERTIES OF
PLATINUM(II) COMPLEXES OF PYRIMIDINE BASES AND
THEIR NUCLEOSIDES

1. Complexes of Cytosine and Its Derivatives

Cytosine [Cyt, (XIV), R = H] together with guanine
belong to the class of DNA bases which react preferentially
with platinum complexes. In terms of their ability to interact
with DDP, cytosine is in the second place after guanine and



Russian Chemical Reviews, 56 (9), 1987 883

among pyrimidine bases it is in the first place. The keto-
amino-form is most characteristic of cytosine and its nucleo-
side cytidine fCyd, (XIV), R = β-D-riboscfuranosyl]:122

I] (xiv)

Cytosine and cytidine are amfaident ligands, since they
contein several potential donor atoms. They can be the
heterocyclie N(3) and N(l) atoms, the exocyclic NH2 group,
and the exocyclie oxygen atom.

The binding of cytosine and its derivatives via the exo-
cyclic amino-graup is unlikely for the same reason as in the
case of adenosine. The binding of metal ions via the amino-
group becomes possible after its deprotonation. In the
free ligands, the acid properties of the NH2 group are
extremely weak (pKa = 16),12S but coordination enhances
them. The ribose residue of cytidine is not involved in
the coordinate bond.

The principal site of the coordination of cytosine and
cytidine to metal ions is one of the heterocyclic nitrogen
atoms. In order to determine which particular atom, it is
useful to compare the capacities of these atoms for protona-
tion. It follows from spectroscopic (IR and 1H NMR) and
X~ray diffraction studies and also calculations of electron
density that cytosine and cytidine are protonated in the N(3)
position. 1 2 I t ~ 1 2 6 The pKQ are 4.6 for Cyt N(3)H+ and 4.2 for
Cyd N(3)H . 1 2 7 On this basis, one can postulate that cyto-
sine and cytidine are also coordinated in the platinum (II)
sphere via the Ν(3) atom. The formation of complexes of
cytosine and its derivatives with platinum (II) has been
investigated in most cases in solutions with the aid of
XH NMR. Studies in which individual complexes with these
ligands were isolated and their structure demonstrated are
less common in the literature.

In one of the first investigations1 3 by differential spec-
trophotometry at different pK, a study was made of the inter-
action of cytidine with the geometrical isomers of [Pt(NH 3) 2.
.Cl2] at 37 °C. Analysis of the absorption spectra of the
equilibrium mixture led the authors to the conclusion that a
chelate is formed with participation of N(3) and the 4-NH2

group in the reaction with the cis-isomer and that there is
monodentate binding via the Ν(3) atom in the reaction with
the ircms-isomer. However, further studies failed to con-
firm the formation of the chelate.

Studies have been made 3 7 ' 1 2 8 of the 1H NMR spectra of
solutions of the platinum(II) complexes of cytosine and
cytidine. Two doublet signals of the H(6) (7.35 p.p.m.)
and H(5) (5.60 p .p .m.) protons and also a broad signal of
the NH2 group at 7.1 p.p.m. were observed in the 1H NMR
spectrum of free cytosine in DMSO-d6.

129 The spin—spin
coupling constant 3 J T I / c N „ , . . = 7 Hz. On formation of

H ( & ; — H ( . 6 /

the cytidine complex in the reaction with [PtdienClJCl, the
signal of the Η(5) proton undergoes a downfield shift of
0.13 p.p.m., which is somewhat greater than the shift of
the H(6) proton (0.11 p .p .m.) . Spin—spin interaction with
the 1 9 5 Pt nucleus has been observed for the H(5) atom:
instead of a doublet, two triplets with the intensity ratios
1:4:1 were produced. The spin—spin coupling constant
is V 1 9 5 χ , = 8Hz, which is close to the value observed

P t — Η ( 5 )

for the meia-proton in the platinum (II) complexes of pyri-
dine. 1 3 0 The splitting of the signal of the H(6) proton by
the 1 9 5 Pt nucleus was not observed. These data led the
authors to the conclusion that cytidine is coordinated via the
N(3) atom. A similar bond is formed also in the coordination

of the 5-mononucleotide of cytidine (cytidine 5'-monophos-
phate or 5'-CMP).128

The XH and 1 3C NMR spectra of the complexes of PtCl2.
.2DMSO and PdCl2.2DMSO with cytosine and cytidine in
solutions in DMSO-d6 have been thoroughly investigated.1 2 9

In these systems too, Δδ[Η(5)] = 0.18 p.p.m. > Δ<5[Η(6)] =
0.11 p.p.m. In the solutions of cytosine in DMSO-ci6, the
signal of the proton in the NH2 group is at 6.91 p.p.m. and is
remote from the signal of N(1)H (10.27 p . p . m . ) . Coordina-
tion leads to a downfield shift of the signal of the NH2 proton
and to its splitting into two components: 8.59 and 8.25 p.p.m.,
because the rotation about the C-N bond in the complex is
hindered. In the 1 3C NMR spectra, the greatest shift has
been observed for the C(2) and C(4) signals, both under-
going an upfield shift: A6[C(4)] = 1.3 Hz and A<5[C(2)] =
3.1 Hz (WH90 Bruker spectrometer with a field strength of
21.14 kG under pulsed Fourier conditions). Coordination
influences also the spin—spin coupling constant V^-, 1 τ ΐ ,

C — Η
which changes to a greater extent for the carbon atoms

10 Hz > = 3Hz.
3 . . _

v> {, 5 )

Thus the results of our- XH(6)

study demonstrate convincingly the involvement of the N(3)
atom in coordination. The complexity of the spectra due to
the fact that the reaction does not go to completion (-80%)
and because the solution contains the free ligand is one of
the methodological disadvantages of the above study. The
authors were also unable to observe the 1 9 5Pt—XH spin—spin
interaction. It has been stated 1 3 1 that one of the causes
hindering the manifestation of the spin-spin splitting may
be the anisotropy of the relaxation of the chemical shifts
arising in recording at high frequencies (-100 MHz).

The formation of chelates of the type N(3)-Pt—NH2 in
reactions with platinum (II) complexes is not characteristic
of cytosine and cytidine. A similar relationship has been
proposed for [Pt Cyt I 2 ] complexes, U 9 but without a convinc-
ing proof.

Cytosine- and cytidine-containing platinum(II) complexes
of the triammine type, namely cis-[PtA2LX]X (A = NH3 or
Jen), are of great interest. These compounds can be formed
in the first stage of the reaction of DDP and [PtenCl2] with
the pyrimidine bases in DNA. The triammines cis-[PtA2LX]X
(L = Cyt or Cyd; A = NH3 or Jen; X = Cl~, Br~, or NO2)
have been synthesised. 1 3 2 ' 1 3 3 The complexes have been
obtained on heating cis-[PtA2X2] with an equimolar amount
of the ligand, evaporation, and precipitation with acetone.
Their structure was demonstrated by measuring the electrical
conductivity (100—120 Ω"1 cm2 mol"1) and by the presence of
the v(Pt-X) absorption band in the long-wavelength
absorption spectra. The 1H NMR spectra of the triammines
in D2O and DMSO-d6 indicate the coordination of cytosine
and cytidine via the Ν(3) atom: for all the compounds,
Δό[Η(5)] > Δό[Η(6)]. This conclusion also follows from the
13C NMR spectra: the greatest shift in coordination has been
observed for the C(2) and C(4) carbon atoms, which are in
neighbouring positions relative to N(3): A6[C(2)] = 8.9 p.p.m.
and Ao[C(4)] = 5.6 p.p.m. in the spectrum of cis-[Pt(NH3)2.
.CytCljCl, while the chemical shifts for the C(5) and C(6)
atoms differ by 0.7 and 1.5 p.p.m. respectively. Coordina-
tion in the platinum (II) sphere greatly enhances the acid
properties of cytosine as a result of the dissociation of
N(_1)H: Ka = 6.1 χ 10"13 for cytosine 1 2 7 and Ka = 5.0 χ
10~10 for cis-[Pt(NH3)2CytCl]Cl. The replacement of Cl'
by Br~ and NO2 leads to some decrease of acidity, apparently
a result of the enhancement of the σ-donor properties of the
acido-ligands. The hydrolytic stability of the bond in the
complex czs-[Pt(NHO2CytCl]Cl has also been characterised:
K inst = ( 4 · ° ± °·5> χ ΙΟ""· 1 3"
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The communications examined contain the results of the
investigation of the reactions of cytosine and cytidine with
platinum(II) complexes having two or one chloride ions.
The interaction of these ligands with K2[PtCliJ is much more
complex. In this case the nucleophilic substitution of the
chloride ions is accompanied by the formation of polymeric
products—the so-called "platinum pyrimidine blues".135

The "blues" are obtained in an alkaline medium; their forma-
tion is apparently associated with the deprotonation of the
ligands. A solid diajnagnetic amorphous blue product having
the composition K0.2PtCydCli#5(OH)JC(OH2)y has been isolated.
On the basis of the XH NMR spectra and reactions with
reductants (NaBHt»), the authors assume that the "blue"
contains partially oxidised platinum and the cytosine anion,
formed as a result of the deprotonation of the amino-group,
is bound to platinum(JI) by means of a chelate or bridge type
bond via this group and the Ν(3) atom.

Among cytosine derivatives, the formation of platinum(II)
complexes with methylcytosine (XV) (l-CH3Cyt) has been
studied to the greatest extent.

(XV)

Cationic complexes with the cis-structure have been iso-
lated—the tetrammines [Pt(NH3)2] (l-CH3Cyt)2(NO3)2.
.l-CH3Cyt 1 3 6»1 3 7 and the triammines cis-[Pt(NH3)2(l-CH3 v

.CytCl]X (X = Cl" or NO;).1 3 9 It was established by
XH NMR, on the basis of the greater shift of the signal of
the Η(5) proton than the shift of the Η(6) proton signal on
coordination and the triplet splitting of the H(5) proton
signal, that the coordination is via the Ν(3) atom; it was
confirmed for the tetrammine by X-ray diffraction. The
triammines are unstable both in aqueous solution and on
heating. In the latter case NH2 is split off and trans-
[PtNH3Cl2(l-CH3Cyt)] is formed.139 A tetrammine with
three molecules of 1-methylcytosine, namely [Pt(NH3).
.(l-CH3Cyt)3](C10^)2, was isolated after starting with the
trans-non-electrolyte [PtNH3Cl2(l-CH3Cyt)].1140 The authors
regard the formation of this compound as evidence for yet
another pathway leading to the interaction between the DDP
and DNA bases, namely one involving the displacement of
NH3 and the binding of three DNA bases. However, the
elimination of NH3 from cis-DDP under conditions simulating
cytoplasm has not been demonstrated experimentally and
there are no data indicating the presence of antitumour
activity in the mixed trans-non-electrolyte [PtNH3ACl2].

Among the platinum (II) complexes containing the neutral
1-methylcytosine molecule, there are also rarely encountered
monomeric complexes with the terminal ligands OH" and H2O,
namely [Pt(NH3)2(l-CH3Cyt)OH]NO3.2H2O and [Pt(NH3)2.
.(l-CH3Cyt)H2O](NO3)2.H2O.1'tl In contrast to cytosine,
1-methylcytosine is capable of being coordinated in the form
of an anion via a bridge-type bond involving the Ν(3) atom
and the deprotonated NH2 group. It has been demonstrated
by X-ray diffraction that such a bond occurs in the complex
[Pt(NH3)2(l-CH3Cyt)2Pt(NH3)2](NO3)2.

l l t 2 The complex was
isolated after treating the dimer [Pt(NH3)2OH]2(NO3)2 with
1-methylcytosine in proportions of 2 : 1 . In the same
communication it is stated that there is a possibility of
obtaining complexes in which platinum has the formal oxida-
tion state of 2.5+: the complex (HiO2)[Pt(NH3)2NO2(l-CH3.
.Cyt-H)2Pt(NH3)2NO2}(NO3)2, with an octahedral environment
around the platinum atoms, has been obtained in small
amounts—yield 2%. Structural data confirm the presence

of the Pt-Pt bond for atoms in an oxidation state higher than
2+; thus the Pt—Pt distance in this complex is 2.584 A,
while in the platinum (II) and platinum (III) dimers these
distances are respectively 2.970 A and 2.466 A.11*3'11* In
our view, the properties of this compound and the conditions
governing its formation require further study, since there
has been no full analysis of the complex, its yield is very
low, and finally the formation of the H5O2 cation at pH 6
is unlikely.

The complexes (III) of platinum(II) with isocytosine
(iso-Cyt), a cytosine isomer, have been described:133'11*5

(XVI)

Isocytosine exists mainly in the form of two tautomerie
forms (a) and (b).11*6 Complexes of this ligand of the tri-
ammine and tetrammine types having the cis-structure have
been isolated: [PtA2(iso-Cyt)Cl]Cl and [PtA2(iso-Cyt)2]Cl2

(A = NH2 or ien).11*5 Coordination is accompanied by a
hypsochromic shift of the ring vibrations and a large down-
field shift of the signal of the Η(5) proton in the XH NMR
spectra of the complexes in DMSO-d6, which suggests the
formation of a coordinate bond via the Ν(3) atom of the
tautomerie form (XVIb). Isocytosine is characterised by
much more pronounced acid properties than cytosine: Ka =
3.2 χ 10~1 0.1 2 7 The same also applies to platinum(II) com-
plexes of isocytosine: Ka = 5.0 χ 10~10 for cis-[Pt(NH3)2.
•LC1]C1 (L = Cyt) and 1.3 χ 10"7 for the same complex with
L = iso-Cyt; Ka = 4.3 χ 10"10 for cis-[Pt(NH3)2L2]Cl2 when
L = Cyt and 3.2 χ 10~7 when L = iso-Cyt.133·11*5

2. Platinum(ll) Complexes of Aminopyrimidines

Apart from the formation of platinum (II) complexes of
natural aminopyrimidines (cytosine and cytidine), studies
have also been made of the formation of complexes with other
aminopyridimidines. The platinum (II) complexes of 2-amino-
pyrimidine (2-Apm) and its substituted derivatives (XVII)
have been most thoroughly investigated :116)11*7~150

(XVII)

where R = H, CH3, OCH3, or C6H5.
The presence of several potential donor atoms and groups

in aminopyrimidine molecules suggests different types of
binding of these ligands to platinum(II). Two main types
of coordination—monodentate and bridge type—have been
established.

In the reactions of 2-aminopyrimidine vyith K2[PtXi»] (X =
Cl~, Br~, or I"), non-electrolytic complexes with ligands
involved in monodentate coordination, i.e. [PtL2X2] with
L = 2-Apm, 4-phenyl-2-aminopyrimidine (4-Ph-2-Apm),
4-methyl-2-aminopyrimidine (4-CH3-2-Apm), and 4-methoxy-
2-aminopyrimidine (4-CH3O-2-Apm), have been isolated.116·
ik7,i5e,isi T n e non-electrolytic character of the complexes
has been demonstrated by measuring the molar conduc-
tances of their dimethylformamide (DMF) solutions (13 to
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15 Ω"1 cm2 mol"1).11 The far IR spectra show two absorp-
tion bands in the region of Pt—X stretching vibrations:
330-340 cm"1 (Cl), 231-249 cm"1 (Br), and 202-218 cm""1 (I),
as well as two bands in the Pt—Ν region (257-290 cm" 1),
which led to the conclusion that the complexes have the cis-
configuration. On heating, the complexes isomerise to the
trans-forms, whose spectra have a single narrow absorption
band in the va s(Pt—X) and v a s(Pt—N) regions. The cis-
isomers exhibit a definite antitumour effect: in relation to
adenocarcinoma AK-755, the inhibition of tumour growth was
~60%.152 There exist divergent views about the geometrical
structure of the non-electrolytic platinum (II) complexes of
aminopyrimidines of analogous composition apparently due to
the lability of these compounds.1 5 3~1 5 5

Charged complexes with monodentate coordination of
2-aminopyrimidine have been described: the isomeric
[Pt(NH3)2L2]X2 and cis-[PtenL2]X2, where L = 2-Apm or
4-Ph-2-Apm and X = Cl~, NOJ, or H P t C l J 2 " . 1 " ' 1 " 8

In order to synthesise chloride complexes with 2-Apm, the
isomeric [Pt(NH3)2Cl2] and [PtenCl2] complexes were dis-
solved in an aqueous solution of the ligand, while the nitrate
complexes were synthesised by treating the aquo-complexes
[Pt(NH 3)2(H 2O) 2] 2 + and [Pten(H 2 O) 2 ] 2 + with the ligands;
the platinites were precipitated with a K2[PtCliJ solution.
In order to determine the structure of the complexes, their
IR and -"Ή and 13C NMR spectra were investigated. Coordi-
nation leads to an increase of the stretching vibration
frequencies of the pyrimidine ring, which indicates the
involvement of one of the heterocyclic nitrogen atoms in
binding. Comparison of the 1H NMR spectra of the ligands
and complexes (Table 1) finally demonstrates this. The
XH NMR spectrum of 2-aminopyrimidine shows a triplet signal
due to the H(5) proton and a doublet signal due to the
equivalent Η(4) and Η(6) protons. On coordination, the
signals of all the protons undergo a downfield shift owing to
deshielding.11*8'1"9 The H(5) triplet signal shifts only
slightly under these conditions, while the equivalence of the
H(4) and H(6) protons breaks down and their signals become
of the doublet of doublets type, which is due to the spin-
spin interaction of the H(4) and H(6) nuclei both with H(5)
and with one another. Such changes in the XH NMR spectra
of the complexes agree with the formation of monodentate
bonds by one of the heterocyclic nitrogen atoms, because,
on coordination via the NH2 group, the equivalence of the
H(4) and H(6) protons would have been retained. The
involvement of a heterocyclic nitrogen atom in binding is
confirmed by the occurrence of the spin-spin interaction
of the nearest proton with the 1 9 5 Pt nucleus. The 1H NMR
spectrum of 4-Ph-2-Apm in DMSO contains two doublets of
equal intensity due to the non-equivalent H(5) and H(6)
protons with a spin—spin coupling constant of 5 Hz (see
Table 1), a singlet signal due to the NHZ group (6.50 p.p.m.),
and complex signals due to the protons of the phenyl group
(7.40 and 7.94 p . p . m . ) . The coordination of 4-Ph-2-Apm
in the platinum (II) sphere entails a downfield shift of the
signals of the Η(5) and Η(6) protons, the H(6) doublet
being displaced to a greater extent than the H(5) doublet.
This permits the conclusion that the coordinate bond of
4-Ph-2-Apm is formed via the ring N(l) atom. An analogous
conclusion has been reached on the basis of the 1 3C NMR
spectra of the platinum(II) complexes of 2,6-dimethyl-4-
aminopyrimidine.156"*158 The signals of the C(6) carbon
atoms (Δδ = 8—12 p.p.m.) and of the methyl groups in the
vicinity of the N(l) atom, namely C(2)H3 and C(6)H3 (Δδ =
4—6 p .p .m.) undergo the greatest shift on coordination.
The signal due to the protons of the NH2 group undergoes
a downfield shift (1.5—2.3 p .p .m.) and is broadened to a
doublet. As in the complexes with cytosine,1 2 9 this is

explained by the partial double bond character of the

C = Ν bond in the complex and the hindered nature

of the rotation of the protons about this bond.

Table 1. The chemical shifts and the spin—spin coupling
(SSC) constants of the protons of 2-aminopyrimidines in
the free and coordinated states (X = Cl" and NO 3 )*.

Compound

2-Aminopyrimidine

«s-[Pt(NH3)2(2-Apm)2]X2
rnzns-[Pt(NH3)2(2-Apm)2] X2
[Pten(2-Apm)2]X2
2-Aminopyrimidine
c/s-[Pt(2-Apm)2Cl]
2-Amino-4-phenylpyrimidine
rti-[Pt(NH3)2(4-Ph-2-

Apm)2]Cl2
rreni-[Pt(NH3)2(4-Ph-2-

Apm)2]Cl2
[Pten(4-Ph-2-Apm)2] X2
frans-[Pt(4-Ph-2-Apm)2Cl2]

Solvent

D 2 O
D 2O
D2O
D2O
DMF
DMF
DMSO
DMSO

DMSO

DMSO
DMSO

δ,ρ.ρ.πι.

Η (5)

6 77
6.87
6.95
6.87
6.50
6.58
7.04
7.32

7.41

7.32
7.20

Η (4)

8.30
8.38
8.46
8.38
8.13
8.19

—
—

-

—

—

Η (6)

8.30
8.69
8.80
8.69
8.13
8.80
8.26
8.72

8.85

8.72
8.76

5,0
4.5
4,5
4.5
5,0
4.5
—
—

-

—

—

SSC const

5.0
6.0
6.0
6.0
5 0
6.0
5.0
7.0

7.0

7.0
7,0

_

2,0
2.0
2.0
—
2.0
—
—

-

—

—

nts, Hz

Viwpt-'H

_

40
—
40
—
40
—
—

-

—

*The chemical shifts listed in the Table refer to the
average positions of the proton signals.

Monodentate coordination via one of the heterocyclic nitro-
gen atoms is possible also for the aminopyrimidinium cation
LH+ protonated at the amino-group: the compounds [MLHX3]
(X = Cl~ or Br~; L = 2,6-dimethyl-4-aminopyrimidine or
thiamine; Μ = Pt(II) or Pd(II)] have been isolated.1 5 6~1 5 8

Comparison of the spectroscopic i 1 ! ! NMR and electronic
spectra) characteristics of the isomeric tetrammines [PtA2L2J.
.Cl2 (A = NH3; L = 2-Apm, 4-Ph-2-Apm, 4-CH3-2-Apm, or
4-OCH3-2-Apm) is of interest. It has been shown1 5 9 that
the downfield shift of the signal due to the non-labile H(4),
Η(5), and Η(6) protons on coordination is greater for the
irans-isomer than for the cis-isomer. The hyperchromic
effect involving the absorption band of the ligands, observed
on coordination, is also more pronounced for the frans-form.
On this basis, it has been concluded that the trans -influence
of 2-Apm and of its 4-substituted derivatives is smaller than
that of NH3. The explanation of this phenomenon may be
sought in the lower stability of the bonds between amino-
pyrimidines and platinum(II).

The reactions between the platinum (II) complexes and
2-aminopyrimidines for the ratio Pt/L = 2 are accompanied
by the formation of dinuclear complexes with a bridging
aminopyrimidine molecule.11*9'160 Thus complexes with the
cis-structure and the composition [PtA2ClLPtA2Cl]Cl2

(A = NH3 or Jen; L = 2-aminopyrimidine) have been
isolated. Comparison of the -"Ή NMR spectra of the ligands
and the complexes showed that the signals of all the non-
labile protons undergo a downfield shift on coordination and
to a greater extent for the H(4) and H(6) protons [Δδ(4,6) =
0.6 p.p.m. ]. The equivalence of the protons in the complex
is maintained, since they give rise to one doublet signal with
doubled intensity. This finding indicates the symmetrical
binding of the 2-aminopyrimidine molecules to platinum atoms
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via the N(l) and N(2) atoms:
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anion:

\fH3

(XVIII)

The amino-group of the ligand in the complexes with bridge
type coordination manifests weak acid properties [Ka = (1.8 ±
0.3) x 10~10] as a consequence of the polarising influence of
two neighbouring platinum(II) ions.11*7

The bidentate coordination of 2-aminopyrimidines with
oxidation of the NH2 group and the heterocyclic nitrogen
atom is not characteristic of the platinum(II) complexes.
The reactions of the platinum (II) complexes with 2-Apm in
proportions of 1:1 lead to the formation of mixtures of com-
pounds containing a dinuclear and a triammine complex.159'161

On reaction with palladium (II), the compounds PdX2.2-Apm
(X = Cl~ or SCN"), in which a chelate bond is postulated,
were isolated.162 In our view the formation of this bond is
unlikely owing to the instability and strain of the four-
membered ring. The molecular weights of the complexes
should be measured, since they could have a dimeric struc-
ture with two bridging 2-aminopyrimidine molecules,
i.e. [PdX22-Apm]2. The chelate coordination of 2-hydrazino-
4,6-dimethylpyrimidine (2-hd-4,6-dmpm), observed by
Saha et al. 1 6 3, is more probable, since this entails the forma-
tion of stable five-membered rings.

3. Platinum(ll) Complexes of 2,4-Dioxopyrimidines

Among compounds of this class, the platinum(II) complexes
of uracil (Ur), its nucleoside uridine (Urd), 5-methyluracil
(thymine) (Th), its nucleoside thymidine (Thd), and also
certain other 5- and 6-substituted uracils have been most
thoroughly investigated.

(XIX)

R2 = Η and R1 = H(Ur) or β-D-ribofuranosyl (Urd); R2 =
= CH3 and R1 = H(Th) or g-D-ribofuranosyl (Thd)

Uracil and thymine enter into the composition of natural
biopolymers—RNA (Ur) and DNA (Th)—and can react with
the antitumour complex cis-DDP. Active antitumour platinum
complexes containing these ligands and other 2,4-dioxo-
pyrimidines—the so called "platinum pyrimidine blues"—have
been isolated.161*'165»166 The "blues" are more soluble in
water and are less toxic than cis-DDP: LD50 is 200 to
500 mg kg-1 for the "blues" and 12 mg kg"1 for cis-DDP.
The structure of the "blues" has not been fully established
but it has been shown by the electrophoretic, chromato-
graphic, and spectroscopic ("EXAFS") methods that they
are cationic oligomeric platinum complexes with a molecular
weight of 1000-3000 and a mixed oxidation state of platinum
(2+ and 3+).161*»167 The ligands play the role of a bridge and
join together the platinum atoms via heterocyclic atoms and
0(4).

Uracil and its analogues exist in various tautomeric forms
and exhibit ambident properties; for example, the two
tautomeric forms (XX) and (XXI) are possible for the uracil

The determination of the structure of the complexes with
these ligands is therefore complicated and requires the
application of a series of physical methods. In the absence
of direct X-ray diffraction data, the most reliable information
about the mode of coordination of these ligands can be
obtained by NMR methods.

(a) Platinum(II) Complexes of Uracil, Thymine, and Their
Nucleosides

In contrast to the nucleic acid bases determined pre-
viously, uracil, thymine, and their nucleosides do not react
with cis-DDP in a neutral medium.13»26»37»168 The ability to
be coordinated in the platinum(II) sphere is characteristic
solely of the uracil and thymine anions and is associated with
the manifestation by the latter of acid properties, which
cytosine does not possess. The pKa are 9.4 for uracil,
9.2 for uridine, 9.8 for thymine, and 9.7 for thymidine.
The uracil and thymine monoanions consist of approximately
equal amounts of forms dissociated at N(3)H and N(1)H.169-170

As a result of tautomerism, the coordinate bonds linking
uracil and thymine are formed both via the Ν(3) atom and the
N(l) atom. Thus the reaction of the cation [Pt(NH3)2.
.(H 2O) 2] 2 + with uracil in a neutral medium leads to the forma-
tion of complexes with both types of bonds, via the Ν(3) and
N(l) atoms, and having the composition [Pt(NH3)2(Ur-H).
.NO3].1 7 1 The uridine and 6-uracil anions, in which the
N(l) atoms is either linked to D-ribose or is blocked by the
neighbouring methyl group, are coordinated solely via the
Ν(3) atom.1 1 0 '1 6 3

Complexes with the thymidine anions having the composition
[Pt(NH3)3(Thd-H)]NO3 and [Pten(Thd-H)2] have been iso-
lated in reactions of thymidine with the corresponding aquo-
complexes.172 Thymidine is coordinated via the Ν(3) atom,
which is accompanied, analogously to the behaviour observed
in the complexes with the uracil and uridine anions,171 by an
upfield shift of the Η(6) proton signal. The authors deter-
mined the formation constant of [Pt(NH3)3(Thd-H)] +

(lgKform = 10.4 ± 0.1) and the successive formation con-
stants of [Pten(Thd-H)2] dgK 1 = 10.3 ± 0.1 and lgK2 =
7.4 + 0.1) from the dependence of the intensity of the H(6)
signal on the pH. The 13C NMR method was used to deter-
mine the donor atom in solutions of [PtenCl2] with an excess
of uridine or thymidine·173 Two sets of signals due to car-
bon atoms can be observed in these systems, one referring
to non-coordinated uridine or thymidine and the other to the
complexes [Pt(L-H) 2 ], where (L-H) are the uridine and
thymidine anions. The greatest shift on coordination of
uridine (compared with the non-bonded neutral molecule)
is observed for the C(2) and C(4) atoms: their signals have
undergone downfield shifts of 5.3 and 8.0 p.p.m. respec-
tively. The C(5) and C(6) signals are displaced to a lesser
extent and in the opposite direction—upfield.
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A large series of studies on the platinum complexes of
uracil and its derivatives have been carried out by Lippert
and co-workers. The difficulty of determining the struc-
ture of the platinum complexes of unsubstituted uracil and
thymidine, for which there is a possibility of the coordina-
tion of both tautomeric forms, was noted. In order to deter-
mine the type of coordination, IR and NMR spectroscopy are
used. 1 7 1*" 1 7 7 Thus the stretching vibration frequency
v(C-O) for the complexes with the Pt-N(l) bond is charac-
terised by an intense band at 1640 cm"1 with shoulders in
close proximity to regions at lower and higher frequencies,
while the Pt—Ν(3) bond is characterised by a band at
1550 cm"1 and another at 1650 cm"1. The XH NMR spectra
of the tautomeric complexes differ by the triplet splitting of
the H(6) proton signal on formation of the Pt—N(l) bond
( 3Jitj _ i9sp+ ~ 38—40 Hz), while in the spectra of the com-
plexes with the Pt—Ν(3) bond the Η(6) signal is not split
while the Η(5) signal is split but has a smaller spin—spin
coupling constant ( ^ / I _ i95p. = 4-15 Hz). It has also
been stated that the tautomers have different reactivities—
the complexes with the Pt-N(l ) bond are stable in an acid
medium but at the same time they exchange the Η(5) proton
for deuterium, while the complexes with the Pt—N(3) bond
split off the free ligand on heating in an acid medium. The
exchange of H(5) with deuterium is observed in an alkaline
medium in this case. 1 1 0 Factors influencing the formation
of a particular tautomeric complex are said to include the
nature of the solvent, the pH of the aqueous solution, the
solubility of the reaction products, the capacity of the
ligands for participation in a hydrogen bond, and even the
reaction conditions.

(b) Platinum(II) Complexes of N(l)-Substituted Uracil and
Thymine

This class of compounds includes the uracil and thymine
nucleosides and N(l)-methyl-substituted compounds. In
many cases studies have been made of the reactions of
1-methyluracil and 1-methylthymine with platinum (II) com-
plexes. The structure of these compounds can be estab-
lished more readily than that of the complexes with unsub-
stituted ligands—the Pt—N(3) bond is formed in all cases.
The reactions of the anions of 1-methyluracil and 1-methyl-
thymine led to the isolation of the non-electrolytic complexes
cis-[Pt(NH3)2(l-CH3Ur-H)2].4H2O and cis-[Pt(NH 3) 2.
.(l-CH3Th - H ) 2 ] , 1 7 6 " " 1 7 8 the mixed type cationic complexes
cis-[Pt(NH,)2(l-CH3Th-H)L]ClO^ (L = cytosine, guanine,
or adenine),1 7 9»1 8 0 and even complexes containing not only
ligand anions but also ligand molecules—cis-[Pt(NH3)2.
.( l-CH 3 Ur)(l-CH 3 Ur-H)]X.H 2 O. 1 8 1 It is suggested that the
neutral ligand is coordinated in an unusual tautomeric form
(XXII):

The Pt—Ν(3) bond with a neutral ligand is unstable, the
ligand is readily split off, and X" enters into the composition
of the complex.

Polynuclear complexes with 1-methyluracil and 1-methyl-
thymine can be formed via bridging hydroxo-groups or
ligand anions. Dimers of the first type, namely cis-[Pt.
.(NH 3 ) 2 (L-H)] 2 OH, are formed in an alkaline solution. It
has been suggested that the cis-Pt-OH-Pt group is capable
of interacting with DNA bases, cross linking them via

intrastrand or interstrand mechanisms.180 Polymerisation
via bridging 1-methyluracil and 1-methylthymine anions leads
to the formation of homopolynuclear and heteropolynuclear
complexes. 1 8 1" 1 8 8 Exocyclic oxygen atoms participate in
the bridge bond together with the heterocyclic nitrogen
atoms. An example of a homonuclear polymer is the dimer
cis-[Pt(NH 3) 2(l-CH 3Th-H)] 2(NO 3) 2

 1 8 2 - 1 8 1 > with electron-
donating N(3) and 0(4) atoms [compound (XXIII)]:

7Λ-

(XXIII)

The bidentate bridge bond via the 1-methylthymine and
1-methyluracil anions exists also in heteronuclear complexes
of the type Pt2M, where Μ = Ag+,1 8 6 Mn 2 + , 1 8 7 or C u 2 + , 1 8 8 for
example in cts-[Pt(NH 3) 2(l-CH 3Th-H) 2Ag(l-CH 3Th - H) 2 .
.Pt(NH3)2]NO3 (XXIV):

H,C

O=6 > Η

(XXIV) C H 3 J

More complex polymeric structures occur when the 1-methyl-
uracil anions exhibit the properties of tridentate ligands
being coordinated via the Ν (3) atom and both exocyclic
0(4) and 0(2) atoms. An example is provided by the
pentanuclear heteronuclear complex of the type Pt^A9 —
[Pt^NH^ed-CHaUr-HHAgKNO^s. 1 8 9 After slight
heating, the complex gives rise to the blue product [Pit,.
.(NH 3) 8(l-CH 3Ur-H) l t](NO 3) 5 .5H 2O, in which platinum is in
the 2.25+ oxidation state. This product may be formed as a
result of the intermolecular oxidation-reduction reaction

Ag+i + e -» Ag°, Pt!+ — e ~+ PtJ+

The platinum "blues" incorporating the 1-methyluracil anions
are obtained also after cautious oxidation of the "head to
head" dimer [Pt(NH 3 ) 2 (l-CH 3 Ur-H)] 2 (NO 3 ) 2 with nitric
acid. 1 8 3 ' 1 8 5 After more far reaching oxidation, yellow-
orange diamagnetic complexes, resembling the platinum (III)
dimers with α-pyridone, are formed. 1 9 0 " 1 9 2 Platinum "blues'
with the thymine anion have also been described.1 9 3

The 1 9 5 Pt NMR method combined with high performance
liquid chromatography has been used to determine the struc
ture of the platinum(II) complexes of 1-methyluracil 89»19if

(Table 2). The spectra of the mononuclear complexes show
a single signal whose position is determined by the nature
of the electron-donating atoms. Thus the replacement of
two H2O molecules by two Cl" ions leads to an upfield shift c
500 p.p.m. An even greater upfield shift (820 p .p .m.) is
observed after the replacement of two H2O molecules by two
1-methyluracil anions. Complexes with the PtN^ coordinatio
unit, namely cfs-[Pt(NH 3 ) 2 (l-CH 3 Ur-H) 2 ] (-2407 p.p .m.)
and [Pt(NH3),,]2 + (-2579 p .p .m.) are characterised by the
greatest upfield chemical shifts. The dimer cfs-[Pt(NH3)2.
. ( l - C H 3 U r - H ) ] 2 + with an asymmetric "head to head" struc-
ture, in which one of the platinum atoms is involved in the
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ΡίΝμ coordination unit while the other is in the PtN2O2 group,
gives rise to two signals in the 1 9 5 Pt spectrum, i .e. at -2210
and -1267 p.p.m., which correspond to two types of coordi-
nation.

Table 2. The 1 9 5 Pt NMR spectra of platinum(II) 1-methyl-
uracilate complexes in D2O (external standard—Na 2PtCl 6). 8 9

Complexes with c/s-structure

cis-DDP
tPt(NHs),(H,O),

[Pt(NHs)t(l-CHaUr—H)C1]
[Pt(NH,) s(l-CH3Ur-H)]i+

1 9 5 P t chemical
shift, p.p.m.

—2097
—1588
—2407
—1999
—2261
—2210, —1267

(c) Platinum(II) Complexes of 5-substituted Uracils

In the reactions of cis-DDP and its aquo-form with the
sodium and lithium salts of 5-substituted uracil, complexes
having the cis-structure with one and two ligand anions were
isolated: [Pt(NH3)2(5-RUr-H)C1] (R = H, Br, or NO2)
and [Pt(NH 3 ) 2 (5-RUr-H) 2 ] (R = H, F, Cl, Br, I, or NO 2). 1 9 5

The anionic form of the ligand in the complexes follows from
their composition and has been confirmed by the similarity
of the UV and IR spectra of the complexes in the initial salt.
The type of coordination was determined by the -"Ή and
1 3C NMR methods in relation to complexes with two anions.
In the spectrum of the complex with uridine—cis-[Pt(NH 3) 2.
. ( U r d - H ) 2 ] — i n which coordination is possible only via the
Ν(3) atom, the Η(6) proton signal is a doublet, as in the
free ligand, and has undergone an upfield displacement of
0.2 p.p.m. compared with uridine. Analogous XH NMR spec-
tra have been observed also for cis-[Pt(NH 3) 2(Ur- H) 2 ] ,
cis-[Pt(NH 3 ) 2 (5-FUr-H) 2 ], and cis-[Pt(NH 3 ) 2 (5-BrUr-H) 2 ],
for which coordination of the anions by the Ν (3) atom is also
suggested. The XH NMR spectrum of the complex cis-[Pt.
.(NH 3 ) 2 (5-NO 2 Ur-H) 2 ] has a different form: the H(6) signal
is a triplet as a result of the spin—spin interaction with the
1 9 5 Pt nucleus and its upfield shift is 0.1 p.p.m. In the
spectrum of the complex of 5-chlorouracil, two H(6) signals
are observed—a singlet with Δδ = 0.32 p.p.m. and a triplet
for which Δδ = 0.10 p.p.m. Both forms of coordination of
the ligand, via the Ν(3) and N(l) atoms, have been proposed
for this complex. The conclusions reached have also been
confirmed by 1 3C NMR:196 in the complexes with the Pt-N(3)
bond, the greatest downfield shifts on coordination are
observed for the C(2) and C(4) atoms, while in those with
the Pt-N(l ) bond, the greatest shifts are for C(2) and C(6).

IV. KINETICS OF THE REACTIONS OF PURINE AND
PYRIMIDINE BASES AND THEIR NUCLEOSIDES WITH PLATI-
NUM(ll) COMPLEXES

In order to characterise the reactivity of the platinum(II)
complexes, it is of interest to investigate the kinetics of the
reactions of these compounds with the purine and pyrimidine
DNA bases and as well as their antimetabolites and nucleo-
sides. Such a study has been carried out for the reactions
of the diammines [Pt(NH3)2Cl2] and the isomeric triammines
[(PtNH3)2InoCl]Cl with inosine and cytidine. 1 9 7 ' 1 9 8 The

interaction of cis-DDP with inosine incudes two stages:

ljl+L^-cfs-lPtiNHs^LCir + Cr , (1)

Cir + L -5-cfe- IPt(NHJ,U?* + CT . (2)

The kinetics of the second stage were investigated initially,
because it proceeds with substitution of only one chloride ion
by inosine. The conductimetric method was used and the
reaction was carried out under pseudo-first-order conditions
in an excess of the entering ligand at 50 °C. The constant
k O D S was calculated from the first-order kinetic equation and
its dependence on the concentrations of the ligand and the
Cl~ ions was determined. Analysis of the data permits a
series of conclusions: (1) the reactions of the cytidine com-
plexes are faster than those of the inosine complexes;
(2) the incorporation of inosine in the platinum(II) complexes
obeys a kinetic equation which differs from the equation for
the insertion of NH3 or amine: for inosine there is no linear
relation between fcobs and the inosine concentration and kofcS

diminishes with increase of the concentration of Cl~ ions.
This type of dependence has been explained by the fact that
inosine is inserted mainly in the hydrolysis product cis-
[Pt(NH3)2InoH2O]2 + and that the reverse insertion of Cl"
ions in the monoaquo-complex competes with this process.
The characteristic feature of inosine is manifested by the fact
that the rate constant for the insertion of the bulky ligand
is lower than the rate constant for the incorporation of Cl"
ions in the monoaquo-complex; (3) the quantity kobs
depends on the geometrical structure of the triammine: the
substitution of the Cl~ ion in the cis-triammine is faster than
in the trans-isomer, which indicates a weaker trans-influence
of inosine than that of NH3. The reactions of guanosine with
the triammines [Pt(NH3)3Cl]Cl and cis-[Pt(NH 3)2CytCl]Cl
proceed analogously.1"»5»199

The rate constant for the first stage kObs w a s estimated on
the basis of the experimental study of the rate of reaction
of the isomeric platinum (II) diammines with inosine and the
known constants k o b s for the second stage. The quantity
kobs was found by solving the kinetic equation for two
consecutive irreversible first-order reactions by means of
a program specially devised for the CM-4 computer. The
quantity k O D S varies linearly in this instance with the con-
centration of inosine, which is associated with the greater
contribution of the mechanism involving the direct nucleo-
philic substitution in stage 1. The ratio of the constants
^obs *· Ο Γ * n e i8011161*"3 diammines is the reverse of the ratio
of the constants k ^ g for the triammines: kQfoS(trans) >
k o b S (cis) as a consequence of the greater trans -influence of
Cl" compared with NH3.

It has been shown by the spectrophotometric method that
the interaction of labile and less stable palladium(II) tr i-
ammines [PddienBr]Br with inosine proceeds via a more com-
plex mechanism,200 including not only the stage involving the
reversible hydrolysis of Br" ions but also the reversible
substitution of Br~ ions and water molecules by inosine.
The conclusions reached in a conductimetric study of the
kinetics of the reaction of [PtdienBr]Br with inosine2 0 1 are
close to ours. The kinetics of the reaction of [PdenCl2]
with inosine have been studied by the stopped flow method
with spectrophotometric measurements.2 0 2 Hydrolytic and
idirect substitution processes were taken into account in the
reaction mechanism, but the formation of complexes with two
inosine molecules, which is extremely probable in the pres-
ence of a (10-20)-fold excess of the ligand, was not con-
sidered .

A conductimetric kinetic study at 50 °C of the interaction of
cytidine with the platinum(II) triammine cis-[Pt(NH 3) 2.
.CydCl]Cl, the isomeric [Pt(NH3)2InoCl]Cl complexes, and
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the cis-non-electrolyte [Pt(NH3)2Cl2] has been carried
o u t . 1 9 7 ' 1 9 8 The insertion of cytidine in the complexes obeys,
in contrast to inosine and guanosine, the rules observed for
other ligands L in the reactions with platinum(II) complexes;
^obs ~ k} + k2[L], where kobs is the pseudo-first order rate
constant, k1 the hydrolysis rate constant, and k2 the rate
constant for direct substitution. It follows from a compari-
son of the quantities /cO D S for the same complexes at the same
concentrations of the entering ligand that the reactions with
cytidine are faster than those with inosine and are somewhat
slower than the reactions with guanosine. 1 9 7 ' 1 9 9 The con-
stant JcODs f ° r t n e reaction of cytidine with cis-[Pt(NH 3) 2.
.InoCl]Cl is greater than for the reaction with the trans-
isomer, which has been explained by the weaker irans-influ-
ence of inosine compared with NH3. The interaction of
cytidine with cis-[Pt(NH3)2Cl2] follows an analogous law,
but is somewhat faster. The kinetic parameters of the first
stage exceed by factors of 3 for k{ and 200 for k2 the
corresponding values for the second stage. The interaction
of bifunctional mono- and di-nuclear platinum (II) complexes
with oligo- and poly-nucleotides has been investigated.203'201*
The complex cis-[Pt(NH3)2(H2O)(OH)]+ binds oligocytidine
via the N(3) atom; the reaction product then forms inter-
strand bonds with the inosine polynucleotide (polyl) via the
substitution of the OH~ group by the inosine molecule
deprotonated at N(l).2 0 1* The kinetics of the reactions of
[XPt d ien-(CH 2 ) 6 -dienPtY](NO 3 ) n (n = 2-4, X = H2O,
Υ = H2O or Br~, or X = Υ = Br~) with inosine monophos-
phate (IMP) and polyl have been investigated spectrophoto-
metrically.2 0 5 The decrease of the reaction rate in the
presence of Br~ ions indicates the dominant role of the
hydrolytic mechanism. The increase of the rate constant
on passing from IMP to polyl has been explained by the
increased contribution of the S^2 mechanism in the latter
case.

New data on the problems dealt with in this review have
been communicated in the reports at the XlVth International
Conference on Coordination Chemistry in 1986. The neces-
sity for a comparative study of the interaction of the isomeric
dichlorodiammineplatinum(II) complexes with DNA and oligo-

and polynucleotides was pointed out." A number of
studies were devoted to the synthesis and investigation of
the structure and kinetics of the formation of "platinum
blues" with 1-methyluracil and its derivatives. 2 0 9 " 2 1 1

Dinuclear platinum (III) complexes with bridging anions of
uracil and its derivatives have been isolated.1 7 7 Treatment
of these compounds with an excess of 1-methyluracil and
also oxidation of the dimeric platinum(II) complexes of this
ligand with nitric acid led to the isolation of the unusual
platinum(III) complexes [Pt2(NH3)1((C5H5N2O2)3]Si6NO3.7H2O,
in which the third 1-methyluracil anion is linked to plati-
num (III) via the C 5 atom.2 1 2 A chelate platinum(IV) com-
plex of cytosine has been isolated.2 1 3 The platinum(II) com-
plex of guanosine [PtGuaCl2H2O] was found to exhibit
anticancer activity.2 3 Λ The stabilities of the bonds of purine
and pyrimidine nucleosides and their mononucleotides with
palladium (II) via various electron-donating heterocyclic
nitrogen atoms [N(7), N(l) , and N(3)] have been compared
using the XH NMR method.2 1 5 The kinetics of the reactions
of cis-[Pt(NH 3 ) 2 (H 2 O) 2 ] 2 + with nucleic acid bases have been
studied and it has been shown that the rate of insertion of
the bases varies in the sequence guanine > adenine = cyto-
sine > thymine.2 1 6

In conclusion, we may note that the results of the study
of the structure and properties of the platinum (II) complexes
of the purine and pyrimidine bases and their nucleosides and
antimetabolites can be used to establish a correlation between
the structure of the platinum(II) complexes, their reactivity

in relation to DNA, and their antitumour activity. The
characteristics of the purine and pyrimidine bases and their
derivatives as ligands are manifested in their ambident
character and in their tendency to form homo- and hetero-
polynuclear complexes with bridge bonds and metal—metal
bonds. The data on the acid—base properties and the
kinetic and thermodynamie stabilities of the platinum (II) com-
plexes of the above ligands make it possible to characterise
their behaviour in biological media with different acidities and
chloride ion concentrations and to estimate the influence of
coordination on the properties of these ligands and the
effects of their mutual influence in the platinum(II) coordi-
nation sphere.
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I. INTRODUCTION

Phosphorus is undoubtedly outstanding among other Group
V elements of the Periodic System as regards the number of
compounds with different coordinations of the central atom
which really exist and are being investigated. The com-
pounds of pentacoordinate phosphorus (phosphoranes) occupy
a special place in organophosphorus chemistry. Fundamental
research into the mechanisms of the reactions of organophos-
phorus compounds has yielded convincing evidence for the
existence of intermediates with pentacoordinate phosphorus
in reactions of compounds of tricoordinate and tetracoor-
dinate phosphorus.1~6 The concept of metastable hydroxy-
phosphorane derivatives (RO) 5-nP(OH)n, formed as inter-
mediates, has been dominant in the study of the biochemical
role of phosphate-containing coenzymes, for example ATP.7"10

The ability of the phosphorus atom to form covalent bonds
with five ligands has long been known in the inorganic chem-
istry of phosphorus. The high stability of PF 5 and other
fluorophosphoranes has received a detailed theoretical justifi-
cation. u ~ 1 3 On the other hand, the chemistry of stable
pentaorganophosphoranes, i .e. compounds in which the phos-
phorus atom is linked by σ-bonds to five organic substituents,
has been developing vigorously only during the last 25 years.
Among the studies which have stimulated the detailed investi-
gation of organophosphoranes, mention must be made of the
investigation of the mechanism of the hydrolysis of cyclic
phosphates,11* which made it possible for the first time to
discover the important role which the presence of a cyclic
fragment in the molecule plays in the stabilisation of organo-
phosphoranes. Ramirez1 '1 5 established the rules governing
the formation of cyclic alkoxyphosphoranes and the principles
of their molecular structure and pointed out the possibility of
their synthetic employment.

Until recently, much less was known about pentaorgano-
phosphoranes with an acyclic structure despite the fact that
the closest models of the intermediates in the majority of the
reactions of organophosphorus compounds (OPC), including
biochemical processes, are precisely phosphoranes with a
phosphorus atom not involved in a ring.

In the series of acyclic pentaorganophosphoranes, alkoxy-
and aryloxy-phosphoranes are best known. Several relatively
unstable acyclic alkoxyphosphoranes with arylthio-groups 1 6 ' 1 7

or dialkylamino-groups18 as well as several penta(perfluoro-
alkyDphosphoranes1 9 '2 0 and penta-arylphosphoranes2 1 are
known.

The increased stability of acyclic alkoxy- and aryloxy-
phosphoranes compared with their thia- and aza-analogues
can apparently be explained by the greater electronegativity

of the oxygen atom compared with the oxygen atoms attached
to sulphur and nitrogen atoms. On the other hand, the elec-
tronic and steric properties of the substituents at the oxygen
atoms could influence the stability and reactivity of the same
phosphoranes. In order to elucidate the factors influencing
the properties of acyclic alkoxyphosphoranes, methods have
been developed in recent years for the synthesis of a wide
variety of compounds of this type and their reactivity has
been investigated in reactions with organic compounds of
different classes. The results of these studies are surveyed
in the present review.

I I . METHODS OF SYNTHESIS

The methods of synthesis of alicyclic penta-alkoxy- and
penta-aryloxy-phosphoranes, as well as alicyclic alkoxy- and
aryloxy-organophosphoranes, can be usefully divided into
three groups in terms of the coordination of the phosphorus
in the initial compounds used for the synthesis. Many of
these phosphoranes have been obtained from compounds of
pentacoordinate and tricoordinate phosphorus and many fewer
from compounds of tetracoordinate phosphorus.

1. Synthesis from Halogenophosphoranes

The reaction of phosphorus pentachloride and phenol pro-
ceeds, according to Anshutz2 2 and Zhmurova and Kirsanov,2 3

via a stage involving the formation of dichlorotriphenoxy-
phosphorane (I) and leads to an organophosphorus compound
of a new type—pentaphenoxyphosphorane (II) :

3CeH5OH + PC16 - r s i c r * (CeH5O)3 PCI,

(I)
(C6H5O)3 PC12 + 2C6H5OH - ^ g - * (CeHbO)5 Ρ .

(Π)

However, 3 1 P NMR 2I* showed t h a t t h e s e react ions yield not
compound ( II ) b u t a mixture of d ichlorotr iphenoxyphosphorane
( I ) and o t h e r compounds.

Analytically p u r e pentaphenoxyphosphorane ( I I ) was
obtained only in t h e p r e s e n c e of a b a s e — γ - c o l l i d i n e : 2 h

PC15·
1) »(CH,),C,h
i) *C.HtGH - (C.H.O), Ρ + 5 (CH3)3 C,H,N -HCl
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Other substituted pentaphenoxyphosphoranes (ArO)5P with
Ar = o-CH3C6H.,, p-CHaCeH.,, o-Cl6Hk, or p-ClC 6 H^, 2 5 as well
as penta(perfluorophenoxy)phosphoranes 2 6 have been
obtained analogously.

A method consisting in the reaction of halogenophosphoranes
with alcohols or phenols in the presence of bases and also
with alkoxides, phenoxides, or alkoxy- and aryloxy-silanes
has been used successfully for the synthesis of a whole series
of acyclic alkoxy- and aryloxy-phosphoranes. Apart from
PCI 5 , the halogenophosphoranes employed were P F 5 , alkyl-,
and aryl-fluoro-phosphoranes, 2 7 ' 2 8 alkoxychloro- and
alkoxyfluoro-phosphoranes, 2 7 ' 2 9 " 3 2 dibromotriphenyl- or
dibromotributyl-phosphoranes,3 3 > 3 1* and tris(trifluoromethyl)-
fluoro- or tris(trifluoromethyl)chloro-phosphoranes 3 5 ' 3 6

(Table 1):

(CH,) (CF3)3 PF + CH3OSi (CH3)3 -qciusiF- (CH,) (CF,), POCH3

(III)

RXR2PX2 + 2R3OM —ζ#ΰΓ* R'R^P (OR3)2

(IV)-(XIX)

When phosphorus pentachloride is treated with perfluoro-t-
butyl hypochlorite penta(perfluoro-t-butoxy)phosphorane is
formed in a quantitative y ie ld. 3 7

2. Synthesis from Compounds of Tetracoordinate Phosphorus

There are very few methods of synthesis of acyclic alkoxy-
or aryloxy-phosphoranes from compounds of tetracoordinate
phosphorus. Methyl- or aryl-aryloxy-phosphoranes contain-
ing two, three, or four aryloxy-groups [compounds (XX)—
(XXVI) and (XXIX)J are formed, for example, when methyl-
or aryl-aryloxyphosphoniatrifluoromethanesulphonates
(XXVII) 3S~1*0 or trichlorophenylphosphonium chloride

(XXVIII) 3 9 are treated with the corresponding phenoxides:

RaP (OAr)4_nSO8CF, + ArOM ^ F t S O | M > R»P (OAr)^

(XXVII) (XX)— (XXIV)

R=CH,, n = 1, Ar^QHJXX), 2,6-(CH,)t C,H, (XXI), 2-CH,C,H4 (XXII),

4-CH,CeH4 (XXIII); R=CH,, η = 2, Ar=2-CH,C,H4 (XXIV)

CH, (CfH&)« Ρ (OCeH6)s_n OSOjCFg —_CFiSOtM » CH, (QH s) r t Ρ (C*CiHs)4_«
(XXV), (XXVI)

n = l ( X X V ) , 2 (XXVI)

r Η e n n - _i it- Η r*u 2.6-iutidine r „ D / n r H ,

(XXVIII) (XXIX)

It has been establishedltl that the alkoxytetramethylphos-
phoranes (XXX) and (XXXI) and the alkoxymethyltriphenyl-
phosphoranes (XXXII)—(XXXIV) are formed as a result of
the addition of alcohols to trimethylphosphinomethylene
(XXXV) or triphenylphosphinomethylene (XXXVI) respec-
tively:

. / CH,

R=CH8, R ^
R=CeH,, R^CH, (XXXII),

R=CH, (XXXV),CeHs (XXXVI)

The formation of acyclic alkoxy- and aryloxy-phosphoranes
is possible in principle also as a result of the addition of
suitable reagents to the P=O double bond. However, although
several examples of addition to the phosphoryl group, involv-
ing both an increase of the coordination number of phos-
phorus **2 and proceeding without change in coordination, l t3~1*8

are known at present in the chemistry of organophosphorus
compounds, the only rigorously demonstrated instance of the
synthesis of a pentacovalent phosphorane structure among

Table 1. The synthesis and properties of the alkoxyphosphoranes

(iv)-(Xix) ~ a M X

No. of
compound

(IV)

(V)
(VI)

(VII)

(VIII)

(IX)

(X)
(XI)

(XII)

(XHI)

(XIV)

(XV)

(XVI)

(XVII)

(XVIII)

(XIX)

R»

C.H,

QH,
CF,
(CP,),CHO

(CF,),CHO

CH.
CH,
CH,
CH,
(CF,)tCHO

C F ^ H . 0

HCPtCFtCHtO

HiCF.CFJ.CHtO

CCljCHjO

R·

CH,
CH,
CH,
CF,
CH,
CF,
(CFJ^HO

CFJCHJO

(CF,),CHO

C F J C H J O

(CF,)4CHO)

CF^CHfi
HCF,CFtCH,0

H(CFtCFJgCH,0

CC1£H,O

CC1,CH,O

R»

CFjCH,

CH.CtCF,),
CFjCH»

CH,
(CFJ^H

(CFJ.CH

(CF,),CH

CFjCH,

(CFJ.CH

CF,CH,

<CF,),CH

CF,CH,

HCF.CFiCH,

H(CF,GFJ,CH,

CC1.CH,

CH,

X

Br
Br
Br

Cl, F

Cl

Cl

α
F

α
F

α
F

Cl, Br

Cl, Br

Cl, Br

F

a, Br

Μ

№

Na

Na

S1(CH,),

LI

Li

LI

Si(CH a),

LI

Si(CH,),

LI
Si(CH,),

Η
Η
Η
Sl(CHa),

Η

M.p.,°C, b.p.,°C
(mmHg)

a

124-126
a

a

46—49

45 (0,01)

91

62

33-37
a

25—28

44(0.15) b

88—89(0,05)

159—161 (0,05)

104—106

122—124

a

6,p.p.m.c

—

—

—74.5

—20,3

—72.8

—65.0

—58.7

—53.0

—

-81.0

- 7 6 . 6 b

—77.0

—76.0

—79.6

—79,0

—85,1

Refs.

[33, 34]

[33[

[34]

[35]

[30]

[30]

[30]

[28]

[30]

[28]

[29]

[27]

[32]

[32]

[31]

[27]

[31]

Not isolated in a pure state. Data quoted by Denney et a l . 1 6 In 3 1 P NMR (relative to 85% H3PC\)
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the acyclic compounds is the reaction of tris(trifluoromethyl)-
phosphine oxide (XXXVII) with hexamethyldisiloxane: l*9>5°

(CF,)S P=O + (CH3)3 SiOSi (CH8)8 •
(XXXVII)

>(CF,)sPlOSi(CH,)s]s

(XXXVIII)

The phosphorane (XXXVIII) formed under these conditions is
a low-boiling liquid, which has been isolated in a pure state
by vacuum distillation.

It is noteworthy that the hydroxyphosphorane concept, based
on the hypothesis that processes involving adenosine triphos-
phate proceed via an intermediate with a pentacoordinate
phosphorus atom, 8 > 9 formed as a result of the addition of the
enzyme to the P=O bond, has become widely adopted at the
present time in biochemistry. For example, in the conversion
of the coenzyme A (CoASH) (XXXIX) into the acetylcoenzyme A
(XL), the adenyl acetate (XLI) formed initially reacts with the
enzyme Ε catalysing this process and is converted into the
pentacoordinate intermediate (XLII). As a result of proton
transfer from the mercapto-group of coenzyme A (XXXIX) to
the apical atom through which the enzyme is linked to the
phosphorus followed by attack on the carbonyl group by the
coenzyme anion, acetylcoenzyme A (XL) is subsequently
obtained: 9

- ο ' ' ' | \>—AD
0C—CH3

P—0—." Ρ — Ο — A D

l

Co-ASH (XXXIX)

(XLI)
(XLII)

A D — > • C o — A S — c — C H 3 + % + a d e n o s i n e

{J monophosphate;

(XL)

NH2

Ε = enzyme-catalyst; AD = / \ H H / ~ N

y V
HO OH

3. Synthesis from Compounds of Tricoordinate Phosphorus

As a result of the studies of Denney and co-workers, the
method of synthesis of acyclic alkoxyphosphoranes from com-
pounds of tervalent phosphorus and dialkyl peroxides has
come to be widely known since 1964. The first representative
of acyclic penta-alkoxyphosphoranes, namely pentaethoxy-
phosphorane (XLIII), was obtained by the reaction of triethyl
phosphite with diethyl peroxide. 5 1 Subsequently pentameth-
oxyphosphorane (XLIV) was also obtained by the same
method. 5 2 However, these compounds were not isolated in a
pure state—they contained an admixture of trialkyl phos-
phates:

(AlkO), Ρ + AlkOOAlk-> (AlkO)5P; Alk=C2H5 (XLIII), CH3(XLIV) .

Having studied systematically the reaction of diethyl per-
oxide with compounds of tervalent phosphorus, Denney and
co-workers5 3"5 5 found the optimum conditions for the synthe-
sis and isolation of a whole series of diethoxyphosphoranes
(XLV)-(LIII):

Iv tvir* *f" v>jrijvAA-.«jriij—* i\ i\ar V^-^a^s^

(XLV) - (LIH)
Ri=R*=CeH5(XLV), C4H,(XLVI), CH3(XLVII),

), CH3O(XLIX); R ^ Q f t O , R*=CeH5(L);
Ra=C,H5(LI); R^CeH,,,

Denney and tones55 suggest two possible mechanisms for the
formation of phosphoranes from dialkyl peroxides.

The direct formation of alkoxyphoshorane in a single stage
via a transition state in which both oxygen atoms are linked
to the phosphorus atom:

(AlkO)3P + AlkOOAlk -* (AlkO)3P·/
.OAlk'

(AlfcO)iP

A two-stage mechanism involving substitution at the oxygen
atom of the dialkyl peroxide with formation of the tetra-
alkoxyphosphonium cation—alkoxide anion ion pair , which is
subsequently converted into the penta-alkoxyphosphorane:

(AlkO), Ρ + AlkOOAlk ~> (AlkO)t PAlkO" -> (AlkO), Ρ

The reactivity of phosphites and phosphines in relation to
diethyl peroxide is the opposite of their reactivity in nucleo-
philic substitution reactions with C 2 H 5 L . 5 5 These data make
it possible to give preference to the single-stage mechanism
of the formation of the phosphorane in which the tervalent
phosphorus atom is inserted, as a biphilic reagent, in the
oxygen—oxygen bond.

The disadvantages of using dialkyl peroxides are the diffi-
culty of obtaining them, their explosive n a t u r e , and also the
limited set of such compounds. The reactions with dialkyl
peroxide take place slowly [for example, in the synthesis of
pentaethoxyphosphorane (XLIII) the reaction lasts 20 days at
room temperature 5 5 ] and the phosphoranes are always formed
not in a pure state but in a mixture with the oxidation prod-
ucts of the initial organophosphorus compound: phosphates,
phosphonates, phosphinates, or tert iary phosphine oxides. 5 1" 5 5

The method of synthesis of acyclic alkoxyphosphoranes
involving the reaction of derivatives of tervalent phosphorus
with alkyl benzenesulphenates is free from many of these
disadvantages. When this method involving the reaction of
two moles of alkyl benzenesulphenate with tervalent phos-
phosus compounds under mild conditions is used, the corre-
sponding alkoxyphosphoranes (IV), (XI), (XV), (XLIII)-
(XLV), (L) , (LII) , and (LIV)-(LXI) are formed in high
y i e l d s : 1 6 ' 5 6 " 5 9

Ρ (OAlk)» + 2AlkOSCeH5-* (C,H,U Ρ (OAlk)n+2

(IV), (XI), (XV), (XLIII) —(XLV),
(L), (LII), (LIV) — (LXI)

n = 0, Alk=CF3CH2(IV), CH3CH2(XLV);
n = l , Alk=CH3CH2(L), CF3CH2(LXI);
η = 2, Alk=CF3CH2 (XI), CHSCH2 (LII),

cy clo- C5H, (LIX), (CH3)3 CCH2 (LX);
η = 3, Alk=CF3CH2(XV), CH3CH2 (XLIII),

CH3(XLIV), (CH3)2CH(LIX),
(CH3)3CCH2(IV), cyclo-C5H9 (LVI),
cyclo-QHu (LVII), CeH5CH2 (LVIII)

It has been s u g g e s t e d 5 6 " 6 0 that the mechanism of this reac-
tion involves the direct insertion of phosphorus in the S—Ο
bond analogous to the reaction with dialkyl p e r o x i d e s 5 5 ' 6 1

with a certain degree of donation of the free electron pair of
sulphur to the phosphorus orbitals in the transition state and
the formation of alkoxyarylthiophosphorane (LXII) as an inter-
mediate. Such mixed alkoxyarylthiophosphorane s have been
isolated in the reactions of alkyl benzenesulphenates with
cyclic p h o s p h i t e s 5 6 ' 6 2 and in other cases in reactions with
acyclic tris(2,2,2-trif luoroethyl) 1 6 and t r i s ( 1-trifluoromethyl-
2,2,2-trifluoroethyl) p h o s p h i t e s . 6 3 The alkoxyarylthiophos-
phorane (LXII) then reacts with another molecule of benzene-
sulphenate to form a dialkoxyphosphorane and diphenyl
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disulphide (pathway a ) :
ROSAr

SAr
R,P + ROSAr -» R 3 p /

(LXII) (»)

I), + ArSSAr

R3POR -f ArS" - R 3 P = O + AiSR .

The other pathway in the reactions of tervalent phosphorus
compounds with alkyl benzenesulphenates involves the forma-
tion of a phosphoryl compound and an alkyl aryl sulphide,
apparently as a result of the dissociation of the mixed
alkoxyarylthiophosphorane (LXII) into an ion pair and i ts
subsequent reactions (pathway £»). For example, diethoxy-
phenylphosphine reacts with ethyl benzenesulphenate to form
65% of tetraethoxyphenylphosphorane (LXII) and 35% of
diethyl phenylphosphonate. 5 9 On the other hand, the reac-
tions of mixed alkylarylphosphines 5 5 and t r ibutylphosphine 6 0

with alkyl benzenesulphenates proceed only via pathway b.
Apparently, the presence of electron-donating alkyl groups
promotes the stabilisation of the phosphonium cation. 51* If, on
the other hand, the rate of the reaction of the mixed alkoxy-
arylthiophosphorane with another molecule of alkyl benzene-
sulphenate is higher than the rate of i ts dissociation, pathway
a operates .

Apart from the two general methods of synthesis of acyclic
alkoxyphosphoranes from tricoordinate phosphorus compounds
described above, several individual instances of the synthesis
of phosphoranes of this type are also known.

Pentakis(2,2,2-trifluoroethoxy-l-trifluoromethyl)phos-
phorane (XIV) has been obtained by the reaction of the
phosphite (LXIII) with the b i s ( l , 1,1,3,3,3-hexafluoroiso-
propyl) es ter of sulphoxylic acid (LXIV): 61i

4 [(CF3)2 CHOJ3 Ρ + S [OCH (CFS)2J2 -* [(CF,)a CHO]5 Ρ +
(LXIII) (LXIV) (XIV)

+.2 [(CF3)2 CHO]3 P = S + [(CF3)S CHO]3 P=O + (CF3)2 CHOCH (CF3), .

The reaction of chloroform with sodium methoxide and t r i -
methyl phosphite leads to the formation of tetramethoxy-
dimethoxymethylphosphorane (LXV): 6 5

(CH,O)9 Ρ + CHC13 + 3CH3ONa ~> (CH,O)4 PCH (OCH3)a + 3NaCl .
(LXV)

Aryl phosphonites and aryl phosphinates react with deriva-
tives of acrylic acid in the presence of alcohols to form
alkoxyphosphoranes (LXVI): 6 6

R«P((

n = 2;

i R 1 ) ^ + CE

RnPfORV,

'OR 2

n—\,

R=/i-(CH3)3

[,=CHX tt Rrtl

t(CHaCH2X)i2

2; R=QH 6 ; F
R2 = CH3l

X=COOC2H

P i O R ^ i C H j C H X ) ^ ^
(LXVII)

RnPiOR^iCHsCHjX)

OR8

(LXVI)
Ρ = ΟΗ,, C3H5;
C2H5,(CH,)3C;
... CN

COC,H4; R ^ R M C H ^ C ; X=COOC2HS

It has been sugges ted 6 6 that the betaine (LXVII) formed
as an intermediate is protonated by alcohol and the alkoxide
anion then carries out a nucleophilic attack on the positively
charged phosphorus atom with formation of the phosphoranes
(LXVI).

I I I . NMR SPECTRA AND STRUCTURE

The signals of the phosphorus nuclei in the 3 1 P NMR spec-
tra of acyclic alkoxy- and aryloxy-phosphoranes are in the
range δρ = -20.3 92.0 p.p.m. (relative to 85% H3PC\).
The chemical shifts at the highest fields are characteristic of

penta-alkoxy- and penta-aryloxy-phosphoranes. When one,
two, or three alkoxy-groups are replaced by an aryl group
and especially by the methyl group, the chemical shift under-
goes an appreciable downfield displacement (Table 2). It
may be that such displacement is caused by the distortion of
the symmetry of the electron distribution around the penta-
coordinate phosphorus induced by the difference between the
electronegativities of the alkyl(aryl) and alkoxy-substituents.
With a decrease in the difference between the electronegativ-
ities of the substituents—in the case of the phosphoranes
(VII), (IX), and (XXXVIII) containing CF3 groups at the
phosphorus atom—there is almost no downfield displacement
of the signal. A similar hypothesis has been used to account
for the downfield displacement of the signals in the 3 1P NMR
spectra of tetracoordinate phosphorus compounds.6 7 An
exception in the series considered is that of alkoxytetra-
methylphosphoranes (XXX) and (XXXI), whose chemical
shifts occur at the lowest fields (Table 2).

Table 2. 3 1P NMR spectra of alkoxy- and aryloxy-phos-
phoranes .

Formula

P(OCH,)6 (XLIV)
P(OC.H5)6 (XLllI)
P(OCHsCFs)s (XV)
P(OCH(CF3),]5 (XIV)
P(OCH2CFsCFjH)6 (XVI)
PtOCH.CF.CFjCF.CF^), (XVII)
P(OCH,CCi,)5 (XVIII)
P(CX;HS), (11)
CeHtPiOQHe)» (L1I)
QH.PiOCH.CF,), (XI)
QH.PfOCHtCF,),], (X)
CHjPiOCHiCF,),], (XII)
(CgHgJjPtOCeHsJg (L)
(C,HS).P(OCH.CF3)3 (LXI)
(CHs)sPiOCH<CFs).,]3 (VIII)
(CFsijPfOCHICF,)^, (IX)
(C eH 6) sP(OGH 5) 2 (XLV)
(C,H»)sP(OCHiCF,), (IV)
(CeHftioiCHsiPiOCoHs)* (LI)
(C,H5)(CH,).P(OC2H,) t (LIII)
(CHaisPIOCHu), (XLVII)
(CF3)3P(OCH,), (VII)
(CF s) sP[OSi(CH3) s]2 (XXXVIII)
(CHs),P0CH3 (XXX)
( C H J J J P O C H J (XXXI)

δρ, ρ.p.m.

—06.0
—70.9
—76.6
—84.5
—77.0
- 7 6 . 0
- 7 9 . 6

- 8 5 . 4 : —84.2»
- 5 5 . 0
—01.7
—05.0
- 5 3 . 0
—41.0
—42.5
—20.3
—72.8
—54.0
—58.2
—47.0
- 4 0 . 0
—39.0
—64.5
- 9 2 . 8
- 8 8 . 0
—92.0

Refs.

[57
[51
[16
129
[32
[32]
[31]
[70
[54
116
[30
[30]
[54]
[16
[30
[30]
[53]
[16]
[54
[54
[54]
[35]
[50]
[41]
[41

In the solid state.

It has been suggested that penta-alkoxyphosphoranes have
the structure of a trigonal bipyramid (TBP). However, 1H,
1 3 C, and 1 9 F NMR studies of a series of these compounds
[compounds (IV)-(VII), (XV), and (XVIII)] 26>57,68,69 d e m o n _

strated the equivalence of the alkoxy-groups even at low
temperatures. This has been explained5 7 by the very low
barrier to permutational isomerisation of the phosphoranes
investigated.

It has been established by X-ray diffraction 7 1 that penta-
phenoxyphosphorane in the crystalline state has the structure
of a TBP with the phosphorus atom at the centre. The two
axial P-O bonds (1.602, 1.596, and 1.600 A). It has been
suggested that the electrons of the apical oxygen atoms are
less involved in the p , d u conjugation with the phosphorus
atom than the electrons of the equatorial oxygen atoms and
are mainly delocalised over the benzene rings. The five
benzene rings are distributed in the TBP in such a way that
the intramolecular repulsion is a minimum.
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In the case of tetrakix(2,6-dimethylphenoxy)methylphos~
phorane (XXI) 3 e and te t rak i sd , 1,1,3,3,3-hexafluoroiso-
propoxy)methylphosphorane (XII) , 3 0 the rate of pseudo-
rotation is reduced to such an extent that, in the XH NMR
spectra of the phosphorane (XXI) at -65 °C and in the XH
and 1 9 F NMR spectra of the phosphorane (XII) even at 25 °C,
the alkoxy-substituents are found to be non-equivalent owing
to their location in the axial or equatorial positions.

The study of the 1H and 1 9 F NMR spectra of a series of
alkyl- and aryl-phosphoranes (XLV), (XLVI), and (L) at
different temperatures showed that the rate of the pseudo-
transformation is a function of the number of alkyl or aryl
groups linked directly to the phosphorus. The pseudo-
transformation is retarded when the number of these groups
increases. 5 5

The trigonal-bipyramidal structure of trialkoxy- and tri-
aryloxy-phosphoranes, in which two alkoxy- or aryloxy—
groups occupy axial positions and one occupies an equatorial
position, has been established spectroscopically for triethoxy-
diphenylphosphorane (L) at -60 °C, 5 6 dimethyltri( 2-methyl-
phenoxy)phosphorane (XXIV) at -95 °C, 3 8 diphenyltris( 2,2,2-
trifluoro-l-trifluoromethylethoxy)phosphorane (VIII) at
25 °C. 3 0

The activation energies for the intramolecular pseudorotation
of the ligands are 5.8, 12.0, and 14.0 kcal mol"1 respectively
for the phosphoranes (XXIV), (L), and (LXI).

CF,

CF, ~- Ρ
Ο Ν

,OCH,

OCH

-61.7 -63.6 p.p.m.
1 9 F NMR spectra of dimethoxytris(trifluoromethyl)phos-
phorane (VII) in CC13F:3 5 a) t = 33°, 2Jpp = 96 Hz;

2
b) t = -60 °C; c) t = -80 °C, 2J

p F
= 108 Hz and

'PF, = 88 Hz.

Dimethyltris (2,2,2-trifluoro- 1-trifluoromethylethoxy )phos-
phorane (VIII) has apparently an even higher isomerisation
barrier, because the coalescence temperature for this com-
pound is 60 °C. 3 0 The XH NMR spectra of the phosphoranes
(XLV) and (LI) (Table 2) do not change in the temperature
range from -60° to 120 °C or to 60° respectively. It has been
suggested 5" that in these compounds and also in the phos-
phorane (C6H5)3(OCH2CF3)2 (V) 31* the alkoxy-groups occupy

axial positions and the phenyl and alkyl groups occupy equa-
torial positions. The invariance of the NMR spectra over a
wide temperature range can apparently be explained by the
high energy barrier to pseudorotation.

In contrast to the phosphoranes (IV), (XLV), and (LI),
the alkoxy-groups in dimethoxytris(trifluoromethyl)phos-
phorane (VII) are in the equatorial positions, which follows
from the analysis of the 1 9 F NMR spectra (see Figure). At
room temperature, the CF3 groups are equivalent and appear
in the 1 9 F NMR spectrum as a doublet of heptets. When the
temperature is reduced to -80 °C, two signals with an inten-
sity ratio of 2 : 1 are observed in the 1 9 F NMR spectrum—a
doublet of quartets with δ ρ = -63.6 p.p.m. and relatively
small spin—spin coupling constants ( 2 JpF — 88 Hz), which
are characteristic of axial CF3 groups, and a doublet of
heptets with δρ = -61.7 p .p.m. and relatively higher values
of the spin—spin coupling constants ( 2 Jpp = 108 Hz) char-
acteristic of equatorial CF3 groups. 3 5

An analogous trigonal bipyramidal structure with two axial
CF3 groups has been determined by 1 9 F NMR also for tris-
(trifluoromethyl)bis(trimethylsiloxy)phosphorane (XXXVIII)
1*9'50 and also for methoxymethyltris(trifluoromethyl)phos-
phorane ( I I I ) . 3 6

Analysis of the 1 3C and XH NMR spectra of methoxytetra-
methylphosphorane (XXX) 1*1'72 at different temperatures
enabled the authors to demonstrate that this compound has
a trigonal bipyramidal structure in which the methoxy-group
and one of the methyl groups occupy axial positions and the
remaining three methyl groups occupy equatorial positions.

IV. CHEMICAL PROPERTIES

1. Thermal Stability

The majority of acyclic penta-alkoxyphosphoranes contain-
ing alkyl subst i tuents with the normal s t ructure are liquids
which have not been isolated in a pure s ta te . Heating or an
attempt to distil them in vacuo lead to decomposit ion. 5 1 ) 5 2 ' 5 1 · ' 5 7

Penta-alkoxyphosphoranes decompose slowly also at room tem-
p e r a t u r e . Thus pentaethoxyphosphorane (XLIII) does not
change during storage in a refrigerator for 7 d a y s 5 7 but
decomposes at 20 °C with formation of tr iethyl phosphate,
ethanol, diethyl ether and probably e t h y l e n e : 5 1

(C2H5O)5 Ρ
(XLIII)

- (C2H5O)3 P=O + C2H5OH + CJHJ CH2=CH2

Among the penta-alkoxyphosphoranes investigated, penta-
benzyloxyphosphorane (LVIII) shows the lowest stability,
decomposing fully in the course of two days at room tempera-
ture . 5 7

The stability of acyclic penta-alkoxyphosphoranes increases
somewhat for compounds with branched alkyl subst i tuents .
Crystalline pentaneopentyloxyphosphorane (LV), pentacyclo-
pentyloxyphosphorane (LVI), and pentacyclohexyloxyphos-
phorane (LVII), which are stable for several months at tem-
peratures in the range 0—10 °C, have been isolated in a pure
s t a t e . 5 7

The thermal stability of penta-alkoxyphosphoranes increases
to a much greater extent following the enhancement of the
electron-accepting propert ies of the alkyl subs t i tuents . Thus
pent akis (2,2,2-trifluoro- 1-trifluoromethylethoxy) phosphorane
(XIV) , 2 9 pentakis(2,2,2-trif luoroethoxy)phosphorane (XV), 2 7

and pentakis( ααω-trihydropolyfluoroalkoxy)phosphoranes
(XVI) and (XVII) 3 2 distil in vacuo without decomposition,
while pentakis(2,2,2-trichloroethoxy)phosphorane (XVIII) is
a crystalline substance stable on heating to 130 °C in the



Russian Chemical Reviews, 56 (9), 1987 899

oourse of 1 h . 3 1 All the known penta-aryloxyphosphoranes
as well as the alkyl- and aryl-aryloxyphosphoranes (XX),
(XXIII)-(XXVI), and (XXIX) are thermally stable, which is .
apparently also caused by the electron-accepting propert ies
of the aryloxy subs t i tuents . In solutions, these phosphoranes
are weakly dissociated (the equilibrium constant is less than
ΙΟ"?), « . Μ

(ArO)5 Ρ ~i (ArO)4 Ρ + ArO' .

The replacement of one, two, or three alkoxy-groups by
alkyl or aryl-groups as a rule diminishes the thermal stability
of the aikoxy-phosphoranes. Thus tr ibutylbis(2,2,2-tr i-
fluoroethoxy)phosphoranes (VI) decomposes even at room
temperature in 24 h with formation of 20% of bis(2,2,2-tr i-
fluoroethyl) e t h e r . 3 "

It has been shown by XH and 3 1 P NMR 51f that the phos-
phoranes (XLVI), (XLVII), and (LIII) exist in solutions even
at 20 °C in equilibrium with the phosphonium form. The equi-
librium has been explained51* by the fact that the alkyl and
aryl subst i tuents at the phosphorus atom stabilise the phos-
phonium cation:

(XXXII)-(XXXIV), containing only one alkoxy-group, p ro-
ceeds with the dissociation of both P - 0 and P-C bonds: l* 1

)3-n (OC,H5)a χ± RnP (CH,)** (OC2HS) + QH.CT
R = n-C4H9, n = 3(XLVI);

R=CeHs, η = 1 (LIII), η = 0 (XLVII)

The high thermal stability of dimethoxymethyltetramethoxy-
phosphorane (LV), which does not decompose until 125 °C
via a mechanism unusual for acyclic alkoxyphosphoranes
(involving the formation of a tervalent phosphorus compound),
is n o t e w o r t h y : 6 5

(CH,O)« PCH (OCH3)2 4- (CH3O)3 Ρ + HC (OCH3)3 .

(LXV)

The thermal stability increases most significantly on passing
to phosphoranes containing only one alkoxy-group. The
alkoxytetramethylphosphoranes (XXX) and (XXXI) 1*1 and
the alkoxymethyltriphenylphosphoranes (XXXII)-(XXXIV)
have been isolated pure by vacuum distillation or crystallisa-
tion. They do not decompose until 130-140 °C: 71*

(CH,)4P(OAlk)
(XXX), (XXXI)

(C,H5)3P\
OAlk

(XXXII) — (XXXIV)

(CH3)3 P=O -f AlkCH3

(CeH5)a PCH3 + CeHsOAlk

2. Hydrolysis

All the acyclic penta-alkoxy- and penta-aryloxy-phos-
phoranes as well as alkoxy- or aryloxy-organylphosphoranes,

i f ( C ^ P f O C X C F ^ C H h (V) 3 3with the exception of (V), 3 3 are
extremely readily hydrolysed by atmospheric moisture with
dissociation of the P - 0 bond. The hydrolysis of penta-
alkoxy- and penta-aryloxy-phosphoranes leads to the forma-
tion of alcohols and phenols and phosphates: 9,25,29,32,37,75,76

(RO)S Ρ + H2O—(RO)S P=O + 2ROH
R=(CFJtCH(XlV); HfCF^CH,, n = 2(XVI),
4 (XVII); €βΗ5(Π); CH,(XLIV); CaH5(XLIII)

The products of the hydrolysis of the alkoxy- or aryloxy-
alkyl(aryl)phosphoranes (IV), (XXI), (XLV), (L), and (LII)
containing four, three, or two alkoxy-groups, are phospho-
nates, phosphinates, or tertiary phosphine oxides respec-
tively. 3<s3e.51i>56 The hydrolysis of methoxytetramethylphos-
phorane (XXX) and the alkoxymethyltriphenylphosphoranes

(CHa)4 POCH, + H3O -* (CHS)3 P=O + CH4 -f- CH3OH
(XXX)

/CH3 iJ
(QH6)3 Ρζ + HJO-+ CH3 (QHJ, P=O + C.H, + ROH

NOR
(XXXII)-(XXXIV)

The P—C bond is ruptured also on hydrolysis of the
phosphoranes (VII) (XXXVIII) containing trifluoromethyl
groups at the phosphorus atom: 3 5 ' 5 0

(CF3)3 Ρ (OCH3)a + 2H3O-^ (CF3)2 PO2H + CF3H + 2CH3OH
(VII)

(CF3)3 Ρ [OSi (CH3)3]2 + H3O-»(CF3)2 PO2H + CF3H + [(CHS), Si], Ο .
(XXXVIII)

The kinetics and mechanism of the hydrolysis of acyclic
alkoxy- and aryloxy-phosphoranes have been invest igated 2 5

in relation to pentaphenoxyphorane (III) and certain sub-
stituted penta-aryloxyphosphoranes. The rate of reaction
in neutral and alkaline media depends greatly on the elec-
tronic and steric propert ies of the subst i tuents in the aromatic
r ing (Table 3) .

Table 3. The influence of subst i tuents on the rate of
hydrolysis of penta-aryloxyphosphoranes at 25 °C in 75%
aqueous dimethoxyethane. 2 5

Rate
constant,
s-1

*H,0

*H+

P(OC 6 H 5 ) 5

0.202
16.4
11.4

P(OC4H4CH3-o)5

1.1.10-»
1.3

7.5-10-*

P(OC6H4CH3v!)5

0.0197
79
3.4

P(OC6H4Cl-o)s

0.106

P(OC6H4Cl-n)5

390

These effects are less pronounced in an acid medium.
Kinetic data and especially the appreciable steric effects
enabled the authors to suggest that the hydrolysis of penta-
phenoxyphosphoranes in neutral and alkaline media also takes
place via an intermediate in which the coordination number of
phosphorus r ises to six: 2 5

(QHSO), (C6H5O)5 ΡΟΗ + Η+

(CeH5O)B ΡΟΗ -4- (CeH6O)3 P=O + CeH6

The entropies (-188 J mol"1 K"1) and enthalpies ( 2 2 . 5 k J m o r 1

of activation obtained for the hydrolysis of pentaphenoxy-
phosphorane (II) in 25% aqueous dioxan also led the a u t h o r s 7 5

to the conclusion that this is a multistage process involving
the formation of a hexacoordinate intermediate.

3. Reactions with Alcohols

The mode of reaction of alkoxyphosphoranes with alcohols is
determined by the nature of the substituents both in the
phosphorane and alcohol molecules. In the reaction of penta-
ethoxy phosphorane (XLIII) with five moles of propyl alcohol,
the exchange of ethoxy-groups for propoxy-groups is
observed. This apparently results in the formation of the
mixed phosphoranes (LXVIII), since treatment of the reaction
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mixture with benzoic acid entai l s t h e formation of e thy l benzo-
ate a n d p r o p y l benzoate in equal a m o u n t s : 7 6

(CAQ)t Ρ + η CH3CH2CH4OH >
(XLIII) W,CH.OH

ο
C,H,C—OH

•i (02Η5Ο)Μ Ρ (OCH2CH2CH3)n

(LXVIII)
-> CeHsC-OC2H6 + C,H5—C-OCH2CH2CH3

II II

ο ο
With enhancement of the electron-accepting properties of

the substituents in ethoxyphosphoranes, their tendency to
alkylate alcohols also increases. The ethers ROCH2Pp
(R = C^Hg, 0 5 Η η , C eH 1 7, C6H5CH2, or C6H5CH2CH2) are
formed when bis( 2,2,2-trifluoroethoxy)triphenylphosphorane
(IV) 3 3>3 4 and pentakis(2,2,3,3-tetrafluoropropoxy)phos-
phorane (XVI) 6 9 react with the corresponding primary alco-
hols. In their reactions with cyclic secondary alcohols
(cyclohexanol or borneol), the phosphoranes (IV) and (XVI)
exhibit dehydrating properties, as a result of which one
observes the preferential formation of olefins:3 3 > 3 1·'6 9

Κ'Γ.Η,ΟΗ ,

R 3P(OCH 2RF) 2

ο»»
F 4- RFCHjOH -f- R 3 P = O

Λ -Τ 2 RFCH2OH +- R 3 P = O

4-2RFC.H,0H •*- R j P = O

R = C 6 H 5 , RF = CF 3 (IV);

R=HCF,CF iCH 2O, RF = HCF2CF2(XVI)

2-Phenylethanol interacts with the phosphorane (IV) to
form 70% of the ether C6H5CH2CH2OCH2CF3 and 11% of
styrene:3 3 '3 1*

(C6H3)3P(OCH2CF3)2 +•
(IV)

( C 6

H 5 > 3 P ^ '

Ό—CH2CF3

(C 6H 5) 3P.

( C 6 H S ) 3 P = O + R O C H J C F J

( C 6 H S ) 3 P = O Η 4- CF3CH20H

It has been suggested3 3 '3 1* that , as a result of attack on
the phosphorus atom, one of the trifluoroethoxy-groups is
exchanged in the first stage for an alkoxy-group. Then, as
a result of nucleophilic attack by the trifluoroethoxide anion
on the α-carbon atom of the alkyl group (pathway a ) , ethers
are produced. In the cyclic secondary alcohols, the t r i -
fluoroethoxide anion apparently attacks the β-carbon atom
(pathway b ) , which leads to the formation of olefins.

The possibility of the initial attack by the alkoxide anion
on the alkoxyphosphorane molecule precisely at the phos-
phorus atom has been demonstrated by the formation of com-
pounds of hexacoordinate phosphorus in the reactions of
phosphoranes ( I I ) , (XI), (XV), (XLIII), (XLIV), and (LXX)
with alkoxides or phenoxides: 16>39>69>77

(CeH5)n Ρ (OR)M + ROM -* (CeH5)n Ρ (ORV-« M"
n = 0, R=CH,(XLIV), C.2H5 (XLIII).

CeHs(II), CF,CHa(XV);
n = l , R=CFSCH3(XI);
η = 2, R=CF3CHS(LXI);

M+ = K+, Na

Acyclic phosphoranes containing at least two alkoxy-groups
react with 1,2- glycols to form phosphoranes containing one or
two five-membered or six-membered r i n g s . 1 5 · 6 5 ' 6 9 ' 7 8 This mode
of reaction is apparently associated with the stabilising influ-
ence of these rings on the phosphorane s t r u c t u r e : 7 9 ' 8 0

R'RijP (ORS)2 + HOCHjCH2OH — r ?

(XV), (XVI), (XLIII),

(XLV), (XLVl), ( L ) - ( U I I )

R'P (OR1)^ + 2HOCH,CH,OH
<XV), (VLIII), (LXV), (LH)

/ O 1

R J =CH,0, C,H50, CF,CH,0
(CH6)

s, Q H 5 , Q H 9 ,
H C F J C F J C H J O ;

j , CH3, R J =Q,H 5 ;
R l = C , H 5 , Κ*=Ο0,Η 5, CH a ;

, R«=OCH3

, (CH,O),CHO, QH 6 , CH3,

+ HOCH.C (CHS)2 CH.OH

π = 0 (XLIII), η = I (LII), η = 2 (L)

, ) , CH2OH - ^
/

l P <RlP

π = 1 (LII)

The reactions of the alkoxyphosphoranes (XLIII) and (XLV)
with diols containing more than three methylene groups and
also with aminoalcohols entail the dehydration of the latter
and the formation of heterocycles, probably as a result of the
decomposition of the intermediate unstable phosphoranes:7 8 '8 1"8 3

R = H,CH3

( C 2 H 5 O ) S P _ ( Cj H O)3P=O,-2C,H5OH
(XLIII)(XLIII)

(C 6H 6) 3P(OC 2H 5) 2 r
Β S J i 3 i - ( O H ) P = o , -2C2Hs0H

(XLV) • *

C H 2 ) a

Reactions are rapid at room temperature and can serve as
a convenient preparative method for the synthesis of simple
heterocycles.

4. Reactions with Phenols

Pentamethoxy- and pentaethoxy-phosphoranes (XLIV) and
(XLLIII) react with various phenols at room temperature, as
a result of which phenol ethers are formed in high yields: 7 6 ' 8"

(RO)6 Ρ + ArOH -• (RO)3 P=O + ArOR + ROM

R=CH3(XLIV), CaHe (XLIII)
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Pentakis(polyfluoroalkoxy)phosphoranes (XVI) and (XVII)
interact with phenols only at 150—160 °C, but phenol alkyla-
tion products are not then formed. According to 3 1 P NMR
data, when equimolar amounts of the phosphorane (XVII) and
phenol are heated, nucleophilie substitution of the poly-
fluoroalkoxy-group by the phenoxy-group takes place and an
equilibrium mixture of the initial phosphorane (XVII) and a
mixed phenoxytetrakis(polyfluoroalkoxy)phosphorane is
formed.5 9

In the reaction of pentaphenoxyphosphorane (II) with
catechol. the phenoxy-groups are substituted and cyclic
phosphoranes are formed: 8 5

The arylthiophosphorane (LXXI) is largely converted into
the sulphide (LXX) and phosphate via the mechanism of the
second stage of the Arbuzov reaction and disproportionates
to the phosphoranes (XVI) and (LXXIII) only to a slight
extent. However, the arylthiophosphorane (LXXII) is to a
considerable extent converted into the di(arylthio)phosphorane
(LXXIV) together with decomposition via the mechanism of the
Arbuzov rearrangement. Compound (LXXIV) is unstable and
decomposes under the reaction conditions to a phosphite and a
disulphide, which has been confirmed by a special experi-
ment . 1 7 ' 6 9

(Q,H6O)5

(11)

ρ

i I

(I

- O H

-OH

-OH

J

C.H.QP j

2QH 5 OH

4QH 5OH

5. Reactions with Thiophenols and Mercaptans

Acyclic a lkoxyphosphoranes alkylate thiophenols and
mercaptans at room t e m p e r a t u r e . The p r o d u c t of t h e alkyla-
tion of thiophenol b y pentamethoxyphosphorane (XLIV),
namely methyl phenyl su lphide, is formed in 90% yield: 81*

(CH3O)5

(XLIV)
• CeH5SCH3 + (CH3O)3 P = O + CH3OH

The alkoxy(2, 2,2-trifluoroethoxy)triphenylphosphoranes
(LXIX), formed as intermediates in the reactions of the phos-
phorane (IV) with alcohols, are also convenient alkylating
agents for thiophenols and mercaptans: 3<*'86

+ ROH

(IV)

r
CF.CHiOH

^OCH2CF3]

X O R

(LXIX)

CF3CHaOH

ϊ

J
-• RSR1 + (CeH5)3P=O

R = C , H 6 , CH3CH,CHa,

QHjCH.CH,, « S - C H 3 C H = C H - C H

tazm-CH3CH=CHCHa CH,=CHCH (CH,),

trans- Q H S C H = C H C H 2 ;

R l = C , H s , Q H J C H J , CH 3 (CH,),. C.H»

In contrast to compound (IV), pentakis(polyfluoroalkoxy)-
phosphoranes (XVI) and (XVII) react with thiophenols only
on heating. The yields of the alkylation products, i .e. aryl
polyfluoroalkyl sulphides (LXX), then diminish with increase
of the length of the polyfluoroalkyl chain. 1 7 The reactions of
the phosphoranes (XVI) and (XVII) with thiophenois take
place as a result of the initial attack by the thiophenol on
the phosphorus atom with formation of arylthiotetrakis(poly-
fluoroalkoxy)phosphoranes (LXXI) and (LXXII).1 7 The way
subsequent reactions take place depends on the length of the
polyfluoroalkyl chain of the substituent.

(RFCH,O)5P + ArSH

(XVI), (A'VII)
-RpCH.OH

— ArSP (OCH2RF)4 —

(LXXI), (LXXII)

ArSCH,RF+ (RFCH8O)3P=O

(LXX)

Ρ <SAr)f] + (RpCH.Ok Ρ

(LXXIII), (LXXIV) (XVI), (XVII)

(RFCH,O),P + ArSSAr

RF=HCF,CFi(XVI), (LXXI), (LXXIII)

R F = H (O^CF*), (XVII). (LXXII), (LXXIV)

Reactions with Acids

Acyclic alkoxyphosphoranes react vigorously with carboxylic
acids at room temperature to form products of the alkylation
of the latter—esters: 33,3.,53,5*,59,76,8,

Ο Ο

R'RWP (OR*)2 + R - C - O H -> R-C—OR1 + R
(IV)(XLIII)-(XLVI), (L), (LII), (LX)

^ + ROH

It has been shown5 3 that in the reaction of tetraneopentyl-
phenylphosphorane (LX) with [18O]-labelled benzoic acid,
both isotopic 18O atoms are located in the molecule of the ester
(LXXV), i .e. the acid attackes the α-carbon atom of the
alkoxv-substituent :

Q H j P [OCH2C (CH 3) 3] 4

 c ' H ' c - " 2 u -

(LX)
180

II
C 6 H S C - 1 S O C H 2 C (CH 3), -f (CH3)3 C C H 2 O H + Q H 5 P [OCH2C (CH 3) 3] 2

(LXXV) jl

— , rc.H,
-(CH,)|CCH :OH

- P [OCH2C (CH 3) 3] 3

I
" O - C - Q H ,

- QH6C-OCH2C (CH3)3 -f

-f QHSP [OCH2C (CHS)3]2

However, it is not clear from the above data 5 9 whether the
attack takes place in the first stage of the reaction or whether
it is preceded by the formation of intermediate compounds of
pentacoordinate phosphorus, as has been suggested, for
example, by workers31* who investigated the reaction of bis-
(2,2,2-trifluoroethoxy)triphenylphosphorane (IV) with acids.
In this case the reactive acyloxyphosphorane (LXXVI) is
apparently formed initially. This hypothesis is based on the
fact that the products of the reaction of the phosphorane
(IV) with acetic and benzoic acids at a low temperature are
acylating agents, which convert amines into acid amides and
alkyl or aryl anions into ketones: 3I*

(C,HS)3 Ρ (OCH2CF3)2 -f RCOOH

(IV)

( R ' r , R—C—R2

II

ο

..R'N!H' » R — C — N H R 1

II
ο

(LXXVI)

(CaH5)3 P = O + R - C - O C H 2 C F 3

II
ο

R=CH 3 , C,H5

R1, R J=AIk. Q H 5
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On the other hand pentakis(polyfluoroalkoxy)phosphoranes
(XVI) and (XVII) do not react with acetic and benzoic acids
on heating to 100 °C in the course of 4 h. 2,2,3,3-Tetra-
fluoropropyl benzoate is formed only after prolonged heating
of the reactants at 170 °C. 6 9

Bearing in mind the ability of the oxygen atom in alkoxy-
phosphoranes to be protonated by ac ids , 8 7 ' 8 8 one may put
forward a general mechanism of the reactions of acyclic
alkoxyphosphoranes with acids, consisting in the protonation
of oxygen and subsequent splitting off of the alcohol and the
formation of the phosphonium salt (LXXVII), which may exist
in equilibrium with the acyloxyphosphorane. The decomposi-
tion of the salt (LXXVII) actually leads to the final reaction
products:

on the intermediate highly reactive alkoxy- or acyloxy-phos-
phorane:

ROH

R ' - R + (C,H 6 ) 3 P=O + CF3CHiOMgBr

Ο
I!

(IV)
R>MgBr

C,H,COCH-
! (C,H 5),P=O + CF3CH,O-

R=Alk, R—C—

Ο

9. Reactions with Amines and Carboxylic Acid Amides

+ HX
(XVI), (XVII)

[(R F CH,O) 4 P1X--

(LXXVII) _„ ( R F C H , O ) , P = O + RpCHjX

R F = H (CF,)n. η = 2 (XVI), 4 (XVII);

X-=Q,H5COO-, Cl-

Evidently the difference between the reactivities of the
alkoxyphosphoranes (IV), (XLIII), (XLVII), (L), (LII), and
(LX) and of the polyfluoroalkoxyphosphoranes (XVI) and
(XVII) in relation to acids is associated with the influence of
the polyfluoroalkyl substituents, which weakens the nucleo-
philic properties of the oxygen, hindering its protonation.

7. Reactions with CH Acids

Pentaethoxyphosphorane (XLII) ethylates diethylmalonic
ester at the carbon atom and acetylacetone at the oxygen atom.
An insignificant amount of the C-alkylation product is also
formed in the latter case : 7 6

(XLIII)

I II J (C.H.O).P

• CH,-C=CH-C-CH3 + CH,-C-CH-C-CH·,

I II II I II
Ο 0 , Η β Ο Ο C,H 5 Ο

Pentakis(polyfluoroalkoxy)phosphoranes (XVI) and (XVII)
react with acetylacetone to form vinyl ethers only : 8 9

Ο

(RFCH2O)6P + CH4(CCHs)2-^CHa-C==CH-C-CH3

OCHtRF Ο
RF=HCF8CF2(XVI), H(CF2CF2)aXVII)

The structure of the products of the reactions of
alkoxyphosphoranes with primary amines is determined by
the nature of the substituents at the phosphorus atom. When
bis(2,2,2-trifluoroethoxy)triphenylphosphorane (IV) is
treated with an alcohol and then a primary amine, the latter
is alkylated and a secondary amine is formed:31*

( Q H 5 ) 3 P (OCH.CF,),

(IV)
ROH _ (Q.H5)3P< --*

XOR J
- RRJNH + CF3CH2OH + (C eH 6),P=O

R = n-C 8 H 1 7 , QHSCH (CH3), C,H6CH2,

trans- CH3CH=CHCH2> CHS=CHCH (CH3);

R^CHaiCH,),, CH3(CH,)2, C,H5

Primary arylamines are alkylated also in the reaction with
bis (2,2,2-trifluoro- 1-trifluoromethylethoxy )triphenylphos-
phorane (LXXVIII):90

(CeH,,)3 Ρ [OCH (CF3)2]2 + ArNH,
(LXXVIII)

ZH

ArNH-CH (CF3)2 +
(LXXIX)

II ; Z=O, S, NH
\ /

The secondary amines (LXXIX) t h u s produced have been used
successfully for t h e synthes i s of heterocyclic s y s t e m s . 9 0

In c o n t r a s t to the examples quoted above, t h e react ions of
pentakis(polyf luoroalkoxy)phosphoranes (XVI) and (XVII)
with primary arylamines lead to tr i s(polyf luoroalkoxy)phos-
phazobenzenes (LXXX): 6 9

[H (CFa)n CHaOj5 Ρ + ArNH2 -»[H (CF2)a CH2Ol3 P = N Ar + 2H (CF2)n CH2OH
(LXXX)

n = 2(XVI), 4(XVII)

T h e r e are v e r y few data on t h e react ions of acyclic alkoxy-
phosphoranes with compounds containing a secondary amino-
g r o u p .

Pentamethoxyphosphorane (LXIV) r e a c t s with phthalimide
and succinimide to form Ν-methylated compounds: 8 I *

8. Reactions with Carbanions

Succesive treatment of bis(2,2,2-trifluoroethoxy)triphenyl-
phosphorane (IV) with an alcohol or acid and then with a
Grignard reagent or the enolate anion results in the formation
of compounds with a C-C bond—alkanes or ketones. It is
believed3" that the carbanion executes a nucleophilic attack

CH,-CN

\ /NH

Ο

I _)N-CH3

CH,-CV- | >N-CH3CHj-C/
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Detailed study of the reaction of pentakis(2,2,3,3-tetra-
fluoropropoxy)phosphorane (XVI) with secondary amines 9 1

showed that a compound of hexacoordinate phosphorus with an
acyclic s t r u c t u r e , namely dialkylammonium pentakis(2,2,3,3-
tetrafluoropropoxy)piperidino(morpholino)phosphorate
(LXXXI), is formed initially even at 20 °C as a result of the
attack by the amine on the phosphorus atom. The phospho-
rates (LXXXI) are crystalline compounds stable at 20 °C.
When they are heated to 150 °C, the nucleophilic substitution
of the 2,2,3,3-tetrafluoropropoxy-group takes place and the
mixed piperidino(morpholino)tetrakis(2,2,3,3-tetrafluoro-
propoxy)phosphorane (LXXXII) is produced. The latter
alkylates a second amine molecule and the final products of
the reaction of the phosphorane (XVI) with piperidine or
morpholine on heating are therefore the tertiary amine
(LXXXIII), the phosphoramidate (LXXXIV), and tetrafluoro-
propanol:

(HCF2CF2CH2O)5 Ρ + 2Alk2NH - :

(XVI)
(HCF2CF,CH,O),

(LXXXI)

• (HCF2CF2CH2O)4 PNAlk, +
(LXXXII)

Ο

+ HNAIk3 -i(CHF2CF2CH2O)2 P-NAlk2

(LXXXIV)

+HCF2CF2CH2OH;NAlk2=N

(LXXXIII)
\ / — \

Ο, Ν >
. / \ _ /

10. Reactions with Aldehydes and Ketones

Bis(2,2,2-trifluoroethoxy)triphenylphosphorane (IV) reacts
with aliphatic aldehydes at room temperature to form bis (2,2,2-
trifluoroethyl)acetals: 3 1

(QH5)3 Ρ (OCHaCF3)2 + RCHO - (C.H4), p=O + RCH (OCH2CF3)a

(IV)
R=(CH3)2CH, n-CsHn.n-CeHja.

Pentakis(polyfluoroalkoxy)phosphoranes (XVI) and (XVII)
alkylate on heating formaldehyde and also aldehydes and
ketones with electron-accepting substi tuents but do not react
with the usual aliphatic aldehydes and ketones even at
200 °C: 8 9

Ο R1

II I
(RFCH2O)6 Ρ + R—C—R1 - * R—C (OCH,RF),+ (RFCH2O)3 P=O

RF=HCF ! ! CF ! ! (XVI),

H(CF8CF2)a(XVII)
R=Ri=H; R=Ar, R ^ H ; R=CeH5CH=CH, R ^ H ;

R=CH3CH=CH, R ^ H ; R=R»=CFS

It has been suggested 3 " ' 8 9 that the alkylation proceeds via
a four-membered cyclic transition state, which is produced as
a result of the initial attack by the positively charged carbon
atom of the carbonyl group on the oxygen atom of the poly-
fluoroalkoxyphosphorane:

B3P(OCH2RF)2 + C = O

(IV), (XVI), (XVII)

: — O C H 2 R F
i-

O C H 2 R F

jP—r—O-CH^

ιγί/
o==c

R 3P=O + (RFCH,O)2cC

R = C6H5, RF = CF3(IV); R = H(CF2CF2)nCH2O, RF

n = l (XVI), n » 2 (XVII)

The significant difference between the reactivities of the
phosphorane (IV), on the one hand, and the phosphoranes
(XVI) and (XVII), on the other, can apparently be explained
by the weakening of the nucleophilic properties of the oxygen
of the polyfluoroalkoxy-group in the molecules of compounds
(XVI) and (XVII), as a result of which the attack on the
carbon atom of the carbonyl group is possible only after an
increase of the positive charge on the latter.

The literature data examined show that the methods of syn-
thesis of derivatives of acyclic hydroxyphosphoranes known
at present make it possible to obtain compounds containing
substituents with different electronic and steric properties at
the phosphorus atom; this alters in its turn their chemical
properties within extremely wide limits.

Acyclic alkoxyphosphoranes are extremely reactive reagents,
suitable for the synthesis of various classes of organic com-
pounds . Special mention should be made of the advantages
of alkoxyphosphoranes as alkylating agents: the alkylation
takes place under mild conditions in the absence of basic or
acid catalysts and does not require the use of protecting
groups; the reaction does not result in the formation of
acids or bases, which are in many instances undesirable.

Since vigorous investigation of the chemical properties of
acyclic alkoxyphosphoranes began only recently, many reac-
tions have been examined in relation to a limited number of
examples. There is no doubt that further study of acyclic
alkoxy- and aryloxy-phosphoranes will greatly expand the
range of synthetic applications of these reactive compounds
and will also lead to the discovery of new facts, which will
extend our understanding of the nature of phosphorus com-
pounds.

REFERENCES

1. F.Ramirez and I.Kogi, in "Trudy V Konferentsii
'Khimiya i Primenenie Fosfororganicheskikh Soedin-
enii'" (Proceedings of the Vth Conference on 'The
Chemistry and Applications of Organophosphorus
Compounds'), Izd.Nauka, Moscow, 1974, p . 138.

2. B.A.Arbuzov and N.A.Polezheva, Uspekhi Khim.,
1974, 43, 933 [Russ.Chem.Rev., 1974(5)].

3. S.A.Terent 'eva, Μ.A.Pudovik, and A.N.Pudovik,
Izv.Akad.Nauk SSSR, Ser.Khim., 1979, 1152.

4. D.Houalla, Τ.Mouheich, M.Sanchez, and R.Wolf,
Phosphorus, 1975, 5. 229.

5. G.Kemp and S.Trippett, J . C h e m . S o c , Perkin Trans.I ,
1979, 879.

6. D.Houalla, M.Sanchez, R.Wolf, and F.H.Osman,
Tetrahedron Lett., 1978, 4675.

7. F.Ramirez, Y.F.Chaw, and Y.F.Marecek, Phosphorus
Sulfur, 1979, 7, 241.

8. M.V.Wimmer and I.A.Rose, Ann.Rev.Biochem., 1978,
47, 1031.

9. W.G.Voncken and H.M.Buck, Rec.trav.Chim., 1974,
93, 210.

10. P.M.Van Ool and H.M.Buck, Rec.trav.Chim., 1984,
103, 119.

11. R.J.Gillespie and R.S.Nyholm, Quart .Rev.Chem.Soc,
1957, 11, 339.

12. R.J.Gillespie, J . C h e m . S o c , I, 1952, 1002.
13. R.J.Gillespie, J . C h e m . E d u c , 1970, 47, 18.
14. F.H.Westheimer, Acc.Chem.Res., 1968, 1, 70.
15. F.Ramirez, Synthesis, 1974, 90.
16. D.B.Denney, D.Z.Denney, P.J.Hammond, and

Y.-P.Wang, J .Amer.Chem.Soc, 1981, 103, 1785.



904 Russian Chemical Reviews, 56 (9), 1987

and Yu.G.Shermolovich,
2184.

1981, 114,

17. Yu.G.Shermolovich, N.P.Kolesnik, V.V.Vasil'ev,
V.E.Pashinnik, and L.N.Markovskii, Zhur.Obshch.
Khim., 1981, 51, 542.

18. L.N.Markovskii, A.V.Solov'ev
Zhur.Obshch.Khim., 1980, 50,

19. H.Schmidbaur and G.E.Zybill, Chem.Ber.,
3589.

20. R.G.Cavell and K.I.The, Inorg.Chem., 1978, 17, 355.
21. D.Hellwinkel, Chem.Ber., 1966, 99, 3642.
22. L.Anshutz, Annalen, 1927, 454, 77.
23. I.N.Zhmurova and A.V.Kirsanov, Zhur.Obshch.Khim.,

1959, 29, 1687.
24. F.Ramirez, A.J.Bigler, and C.P.Smith, J.Amer.Chem.

Soc., 1968, 90, 3507.
25. W.C.Archie, J r . and F.H.Westheimer, J.Amer.Chem.

Soc., 1973, 95, 5955.
26. D.B.Denney, D.Z.Denney, and L.-T.Liu, Phosphorus

Sulfur, 1982, 13, 1.
27. F.Jeanneaux and J.G.Riess, Nouv.J.Chim., 1979, 3,

263.
28. D.D.Poulin, C.Demay, and I.G.Riess, Inorg.Chem.,

1977, 16, 2278.
29. D.Dakternieks, G.-V.Roschenthaler, and R.Schmutzler,

J.Fluor.Chem., 1978, 11, 387.
30. D.Dakternieks, G.-V.Roschenthaler, and R.Schmutzler,

J.Fluor.Chem., 1978, 12, 413.
31. L.M.Markovskii, A.V.Solov'ev, V.E.Pashinnik, and

Yu.G.Shermolovich, Zhur.Obshch.Khim., 1980, 50,
807.

32. L.N.Markovskii, N.P.Kolesnik, and Yu.G.Shermolovich,
Zhur.Obshch.Khim., 1979, 49, 1764.

33. T.Kubota, T.Kitazume, and N.Ishikawa, Chem.Lett.,
1978, 889.

34. T.Kubota, S.Miyashita, T.Kitazume, and N.Ishikawa,
J.Org.Chem., 1980, 45, 5052.

35. K.I.The and R.G.Cavell, Inorg.Chem., 1976, 15, 2518.
36. K.I.The and R.G.Cavell, Inorg.Chem., 1977, 16, 2887.
37. Q.-C.Mir, R.W.Shreeve, and J.M.Shreeve, Phosphorus

Sulfur, 1980, 8, 331.
38. C.L.Lerman and F.H.Westheimer,

1976, 98, 3533.
39. C.L.Lerman and F.H.Westheimer,

1976, 98, 179.
40. D.I.Phillips, I.Szele, and F.H.Westheimer, J.Amer.

Chem.Soc, 1976, 98, 184.
41. H.Schmidbaur, H.Stuhler,, and W.Buchner, Chem.

Ber., 1973, 106, 1238.
42. F.Ramirez, M.Nowakowski, and J.F.Marecek, J.Amer.

Chem.Soc, 1976, 98, 4330.
43. V.D.Romanenko, V·I.Tovstenko, and L.N.Markovskii,

Zhur.Obshch.Khim., 1979, 49, 1907.
44. S.Antczak and S.Trippett, J.Chem.Soc, Perkin Trans.

I, 1978, 1326.
45. V.V.Malovik, V.A.Bonder', N.O.Chernukho, and

G.F.Solodushchenko, Zhur.Obshch.Khim., 1980, 50,
2618.

46. T.Kh.Gazizov, Yu.I.Sudarev, I.Kh.Shakirov,
V.N.Smirnov, and A.N.Pudovik, Zhur.Obshch.Khim.,
1982, 52, 769.

47. A.Aaberg, T.Gramstad, and S.Husebye, Tetrahedron
Lett., 1979, 2263.

48. J.Chojnowski, M.Cypryk, and J.Michalski, J.Organo-
metal.Chem., 1978, 161, 31.

49. R.G.Cavell and R.D.Leary, Chem.Comm., 1970, 1520.
50. R.G.Cavell, R.D.Leary, and A.J.Tomlinson, Inorg.

Chem., 1972, 11, 2578.
51. D.B.Denney and H.M.Relies, J.Amer.Chem.Soc,

1964, 86, 3897.

J. Amer .Chem. Soc,

J . Amer. Chem. Soc.,

52. D.B.Denney and S.T.D.Gough, J.Amer.Chem.Soc,
1965, 87, 138.

53. D.B.Denney, D.Z.Denney, and L.A.Wilson, Tetra-
hedron Lett., 1968, 85.

54. D.B.Denney, D.Z.Denney, B.C.Chang, and
K.L.Marsi, J.Amer.Chem.Soc, 1969, 91, 5243.

55. D.B.Denney and D.H.Jones, J.Amer.Chem.Soc,
1969, 91, 5821.

56. L.L.Chang and D.B.Denney, Chem.Comm., 1974, 84.
57. L.L.Chang, D.B.Denney, D.Z.Denney, and

R.J.Kazior, J.Amer.Chem.Soc, 1977, 99, 2293.
58. D.B.Denney, R.Melis, and A.D.Pendse, J.Org.Chem.,

1978, 43, 4672.
59. D.A.Bowman, D.B.Denney, and D.Z.Denney, Phos-

phorus Sulfur, 1978, 4, 229.
60. D.B.Denney, D.Z.Denney, and D.M.Gavrilolic, Phos-

phorus Sulfur, 1981, 11, 1.
61. D.B.Denney, D.Z.Denney, CD.Hall, and K.L.Marsi,

J.Amer.Chem.Soc., 1972, 94, 245.
62. D.B.Denney, D.Z.Denney, P.J.Hammond, C.Huang,

and K.S.Tseng, J.Amer.Chem.Soc, 1980, 102, 5073.
63. D.B.Denney, D.Z.Denney, P.J.Hammond, L.-T.Liu,

and Y.-P.Wang, J.Org.Chem., 1983, 48, 2159.
64. G.-V.Roschenthaler, Z.anorg.Chem., 1981, 479, 158.
65. L.V.Nesterov and N.E.Krepysheva, Izv.Akad.Nauk

SSSR, Ser.Khim., 1980, 1451.
66. P.D.Beer, R.C.Edwards, CD.Hall, J.R.Jennings,

and R.J.Cozens, Chem.Comm., 1980, 351.
67. J.H.Letcher and J.R.Wan Wazer, in "Topics in Phos-

phorus Chemistry", Intersci.Publ., New York—London-
Sydney, 1967, Vol.5, p.75.

68. F.Jeanneaux and J.G.Riess, Nouv.J.Chim., 1979, 3,
263.

69. N.P.Kolesnik, Candidate's Thesis in Chemical Sciences,
Institute of Organic Chemistry, Academy of Sciences
of the Ukrainian SSR, Kiev, 1984.

70. L.W.Dennis, V.J.Bartuska, and G.E.Maciel, J.Amer.
Chem.Soc, 1982, 104, 230.

71. R.Sarma, F.Ramirez, B.McKeever, J.F.Marecek, and
S.Lee, J.Amer.Chem.Soc, 1976, 98, 581.

72. H.Schmidbaur, W.Buchner, and F.H.Kohler, J.Amer.
Chem.Soc, 1974, 96, 6208.

73. J.S.Sigal and F.H.Westheimer, J.Amer.Chem.Soc,
1979, 101, 5329.

74. L.V.Nesterov and N.E.Krepysheva, Izv.Akad.Nauk
SSSR, Ser.Khim., 1980, 1453.

75. A.Queen, A.E.Lemire, and A.F.Janzen, Int.J.Chem.
Kinet., 1981, 13, 411.

76. D.B.Denney and L.Saferstein, J.Amer.Chem.Soc,
1966, 88, 1839.

77. D.B.Denney, D.Z.Denney, and C-F.Ling, J.Amer.
Chem.Soc, 1976, 98, 6755.

78. B.C.Chang, W.E.Conrad, D.B.Denney, D.Z.Denney,
R.Edelman, R.L.Powell, and D.W.White, J.Amer.Chem.
Soc, 1971, 93, 4004.

79. K.Burger, in "Organophosphorus Reagents in
Organic Synthesis", Acad.Press, London, 1979, p.467.

80. F.Ramirez, Acc.Chem.Res., 1968, 1, 168.
81. D.B.Denney, R.L.Powell, and A.Taft, Phosphorus,

1971, 1, 151.
82. D.B.Denney, D.Z.Denney, and J.J.Cigantino, J .Org.

Chem., 1984, 49, 2831.
83. P.L.Robinson, C.N.Barry, S.W.Bass, and S.A.Evans,

J.Org.Chem., 1983, 48, 5398.
84. D.B.Denney, R.Melis, and A.D.Pendse, J.Org.Chem.,

1978, 43, 4672.
85. F.Ramirez, A.J.Bigler, and CP.Smith, Tetrahedron,

1968, 24, 5041.



Russian Chemical Reviews, 56 (9), 1987 905

86. T.Kubota, S.Mijashita, T.Kitazume, and N.Ishikawa, 90. T.Kubota, K.Yamamoto, and T.Tanaka, Chem.Lett.,
Chem.Lett., 1979, 845. 1983, 167.

87. M.M.C.F.Castelijus, P.Schipper, and H.M.Buck, 91. Yu.G.Shermolovich, N.P.Kolesnik, and L.N.Markov-
Chem.Comm., 1978, 382. skii, Zhur.Obshch.Khim., 1980, 50, 826.

88. E.Grochowski, B.D.Hilton, R.J.Kupper, and C.J.Mich-
ejda, J.Amer.Chem.Soc, 1982, 104, 6876. Institute of Organic Chemistry,

89. Yu.G.Shermolovich, N.P.Kolesnik, Z.Z.Rozhkova, and Academy of Sciences of the
L.N.Markovskii, Zhur.Obshch.Khim., 1982, 52, 2526. Ukrainian SSR, Kiev



Russian
Chemical

October 1987

Translated from Uspekhi Khimii, 56, 1593-1638 (1987) U .D .C . 541.1

Modern Chemical Physics. Aims and Pathways to Progress

A.L.Buchachenko

CONTENTS

I. Chemical physics in modern chemistry 907

II. Structure of matter 908

1. Isolated species 908

2. Small assemblies 909

3. Large assemblies 910

II I . Molecular dynamics and molecular organisation 914

1. Molecular dynamics 914

2. Molecular organisation 916

IV. Energy dynamics 918

1. Energy dynamics in gases 918

2. Migration of energy in clusters 922

3. Energy dynamics in liquids 923

4. Energy relaxation in solids 924

V. Reaction dynamics 925

1. Potential energy surfaces and theories of reaction dynamics 925

2. Energetics in reaction dynamics 929

3. Chemical kinetics and reaction mechanisms 931

VI . Spin dynamics 932

VII . Conclusion 933

I. CHEMICAL PHYSICS IN MODERN CHEMISTRY properties, the development of economical efficient technolo-
gies based on new non-traditional principles, the creation of

Modern chemistry has become a high risk science. Pro- new means for the control and diagnostics of processes and
gress in engineering and technology requires from chemistry materials, and the development of new principles of chemical
the creation of new substances and materials with extreme energetics. Under these conditions, scientific research
and frequently contradictory and at first sight incompatible along traditional lines of trial and error has become very
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refined, laborious, and expensive and the risk of unsuccess-
ful research, the risk of invalid trials, and the risk of errors
have increased. The more complex the problem, the greater
the risk of failure and of fruitless expenditure of labour,
materials, and time.

The degree of risk can be reduced only on the basis of a
profound knowledge of the physics of chemical processes,
the theory of structure, molecular organisation, the function-
ing and transformation of chemical systems, and a profound
analysis of the predictions following from such knowledge and
understanding, i.e. on the basis of the principles constitut-
ing chemical physics. The level of this science and its state
determine the horizons of chemical materials science, chemical
synthesis, chemical technology and power generation, chemi-
cal diagnostics, and environmental chemistry. Naturally,
each of these fields develops as a result of its intrinsic
internal potential frequently entirely without being based (or
not knowingly based) on chemical physics, but the increase
of the complexity of chemical problems, which can be seen
objectively to arise from scientific and technical progress,
inevitably makes it necessary to resort to chemical physics,
its corollaries and predictions, and its growing predictive
oower.

The aim of this article is to analyse the concerns of modern
ihemical physics, its present level, its aims, its ability to

reduce the risks discussed above, and its growing points and
orospects.

I I . STRUCTURE OF MATTER

The atomic-molecular and electronic structures of chemical
species and substances constitute the classical problem of
chemical physics. Structure is the first, key element in the
series structure-property—function. The determination of
relations in this series is a problem of fundamental impor-
tance; its solution makes it possible to predict on the basis
of the structure of the substance its function and purpose
and its likely usefulness and applications.

Traditionally chemical physics has been concerned with the
direct problem—the determination of structure and then the
investigation of properties, which resulted in the determina-
tion of the field in which the given substance can be used
and can function. However, the converse problem has
become increasingly acute in modern chemistry—the creation
of chemical structures with a specified atomic-molecular
architecture in order to ensure specified properties and
functions of these structures. This is important in the cre-
ation of purpose-designed drugs, semiconducting materials
with specified conducting properties, alloys with specified
corrosion resistance, ceramic materials with definite thermal
and mechanical stabilities, optical glasses with specified elec-
trochromism, etc.—the generality of this problem is universal.

This Section deals with the level and style in which modern
2hemical physics solves structural problems and the charac-
teristics, trends, methods, and means used in such solutions.
They are different for structures with different scales and
levels of organisation and we shall therefore immediately
introduce the following classification: isolated species (atom,
molecule, ion, and radical), small assemblies (van der Waals
molecule, complex, macromolecule, micelle, cluster), and
large assemblies (crystal, liquid, amorphous body, membrane,
etc.).

1. Isolated Species

The determination of the structural-chemical and struc-
tural-physical parameters of isolated species is the traditional
task of chemical physics; these parameters characterise the

electron shell and nuclear skeleton of the species (the angles
and distances between atoms and bonds, the frequencies and
amplitudes of vibrations, internal rotations, inversions, and
conformational transitions, the energies and symmetries of
the electronic, vibrational, and rotational states, ionisation
potentials, electron affinities and bond energies, the polar-
isability tensor, the magnetic and electrical dipole moments,
the charge and spin distributions, the dipole moments of elec-
tronic transitions, the oscillator strengths, the electron
delocalisation frequencies, the energies of quadrupole and
electron-nucleus magnetic interactions, etc.). They are
required for calculations on the thermodynamics of gases and
plasma, for the calculation of the composition of species and
their state, for the prediction of properties, stability, and
conditions governing the existence and the reactions of chem-
ical systems (especially at high and ultrahigh temperatures).
They are needed in chemical energetics (emissive power of
high-temperature gases under non-equilibrium conditions,
the functioning of gas lasers, etc.).

Three new features have imparted a modern "aspect" to
this traditional task of chemical physics: intense efforts to
attain highly excited states, the endeavour to characterise
"exotic" species, and finally, the very high (sometimes close
to the limit) metrological accuracy.

The very marked tendency to specify the structural and
spectroscopic characteristics of excited states—just as com-
plete as for the ground state—has arisen for a number of
reasons. Firstly, this is associated with the search for new
laser systems and the choice of species (emitters) suitable
for generation. For this purpose, one needs knowledge of
the spectroscopy of the species which is as complete as pos-
sible—the energy and symmetry of the excited levels, the
radiative lifetimes, the probabilities of the radiative and non-
radiative transitions, etc.

Secondly, it is needed as an analytical means for the iden-
tification and recognition of excited species in processes
induced by electron impact, photo-excitation, and powerful
collisions (the chemistry and optics of the atmosphere, space
chemistry and plasma, high-temperature chemistry, combus-
tion and explosion, shock waves, etc.).

Thirdly, the properties of excited states and their poten-
tial energy surfaces are needed for the prediction of reaction
pathways, for the prediction of orbital symmetry-dependent
prohibitions, for the assessment of the adiabatic nature of
reactions and calculations on the chemical dynamics of elemen-
tary processes, for the analysis of ways of transforming
chemical energy and procedures for the chemical pumping of
the reaction products. An enormous amount of work has
already been carried out on the characteristics of the excited
state of atoms and diatomic and triatomic molecules and radi-
cals and this "energy programme" in chemical physics has
been extended increasingly to polyatomic molecules and radi-
cals; the principal research techniques are laser and micro-
wave spectroscopy in different versions and combinations.
The "energy programme " in chemical physics is characterised
most strikingly by the enormous range of the states of atoms
investigated—from hot, Rydberg atoms to ultracold atoms.

When the valence electron is excited to high orbitals with
large values of the principal quantum number η (η reaches
values of several tens up to 100) and is remote from the
nucleus, its energy levels are described by the familiar
simple Rydberg formula and such excited atoms are referred
to as Rydberg atoms. The energy transitions between levels
with high values of η correspond to millimetre waves; the
energy of the levels is altered by an external electric field,
which can even induce the ionisation of the Rydberg atoms;
one method for their detection is based on this phenomenon.
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The properties and energetics of Rydberg atoms have been
investigated quite widely and in fair detail. For example,
even the isotopic shifts in the energy of the atoms, caused
by the magnetic electron—nucleus interaction, have been mea-
sured. Thus the difference between the energies of the
8 6Sr (nuclear spin 1 = 0) and 8 7Sr (I = 9/2) isotopes and its
dependence on η have been measured for the Sr (5sns)
atoms. The difference ΔΕ is 0.4 GHz for η = 35, 0.9 GHz for
η = 50, and 1.7 GHz for η = 70; in the limit at η -*• °°, ΔΕ
tends to 2.8 GHz—the energy of the hyperfine interaction of
the 5s electron with the 8 7Sr nucleus.

One of the remarkable properties of Rydberg atoms is as
follows. In a resonator with a very high Q-factor, the pho-
ton emitted by a Rydberg atom is retained for a fairly long
time, so that it can be recaptured by the same atom. Hence
arises the possibility of constructing a single-atom laser, in
which a two-level atom interacts with a single-frequency
electromagnetic field, which is accompanied by the absorption
and emission of the same photon by the same atom. A sys-
tem which will make it possible to test experimentally the
postulates and predictions of quantum electrodynamics is
being created at the present time. From this point, chemi-
cal physics is at the junction with atomic physics and quantum
electrodynamics.

The preparation of ultracold atoms is based on the altera-
tion of the velocity of an atom following the absorption of an
optical quantum (laser cooling of atoms). If the atoms and
laser photons are tuned in such a way that the absorption
takes place in the low-frequency wing of the absorption line,
then the resonance absorption by the atom moving towards
the photons shifts to the centre of the line and intensifies by
virtue of the Doppler shift, whereas for atoms moving in the
same direction as the stream of photons the Doppler effect
displaces the resonance from the centre of the line and
decreases the absorption. As a result the atoms experience
a retarding force directed along the stream of photons. If
the atoms are now placed in opposed laser beams directed
along three orthogonal axes, it is possible to ensure a com-
prehensive retardation of the atoms. In such a laser field,
the movement of the atoms is retarded with a velocity decay
time of ~10-Ι* s as if they were in an optically viscous medium,
which is referred to as "optical treacle". Thus Na atoms can
be cooled to 2.4 χ 10"1* Κ and in principle there is a possi-
bility of cooling down to 10" 6-10" 1 0 K.

Ultracold atoms, virtually lacking kinetic energy, are of
interest in precision spectroscopy and in the probing of atom-
atom and atom-surface potentials. They also lead to a
unique possibility of an experimental test of the fundamental
postulates of quantum mechanics, in particular of Bose con-
densation. Here again, chemical physics adjoins quantum
physics.

The second feature of modern structural chemical physics
involves a sharp and bold expansion of the assortment of
species investigated, including the chemical bonds between
the atoms of the elements of almost the entire Periodic Sys-
tem in various combinations, many of which were not so long
ago regarded as exotic: Si2H2, AsH2, AsN, CrO + , PH, ZrO,
BeTi, LiPd, Cd2, CsH, BI, SeO+, PC1+, NaCr, HCr, ScLi,
SrBr, S13, Si2C, SeS, Li3, MgC2, CrN + , CrC+, muonium and
muonium-containing molecules, ions, and radicals, etc.—the
list of such species is becoming ever longer. The distances
and angles between atoms, the vibration frequencies, the
energies of the ground and excited states, the Coriolis con-
stants, the spin-rotational and spin—spin interactions, poten-
tials, etc. have been measured for them. These trends have
been stimulated by the search for new laser systems, the
research into the spectroscopic detection of high-energy pro-
cesses in plasma, in flames, in interstellar space, and in the

atmospheres of the stars and planets, and also the search
for ways of synthesising new substances and materials. Ear-
lier such exotic molecules were detected predominantly in
space, whilst nowadays they are obtained and investigated in
wide assortment under laboratory conditions.

The third feature is the extremely high metrological level
of the structural information and its exact quantitative
description, i.e. the high level of what can be designated in
English by the simple word quantification (the corresponding
Russian term "kolichestvennost1" is unusual and is hardly
likely to be adopted in our language). Thus the hyperfine
interaction energy in the Cs atom in the ground 1Sl/2 state is
9192 631784 + 31 Hz and has been measured with an accuracy
of 1 part in 109. Furthermore, the dependence of this
quantity α on the inert gas pressure ρ has been measured;
the change amounts to approximately 10~6 of a. For He and
Ne, da/dp = +874 and 450.2 Hz GPa"1, while for Ar we have dafdp =
-146.7 Hz GPa"1, which means that the collisions of the Cs atom
with He and Ne "clamp" the unpaired Cs electron to the nucleus
and intensify the electron-nucleus interaction, while collisions
with Ar move the electron away from the Cs nucleus and diminish
this energy (probably as a result of the mutual "adhesion" of the
Cs and Ar atoms and the partial, approximately 10~6, electron
transfer from Cs to Ar). In the excited state 2Pi/2, the hyperfine
interaction energy is 1168 MHz, while in the 2P3/2 state it is only
200 MHz. The latter values were obtained with coherent laser
excitation of the Dx and D2 lines of the Cs atoms and from
the observed quantum beats in the transitions between the
levels of the hyperfine structure.

The molecular constants of MgO, PbO, and N2O3 have been
measured with a high degree of accuracy for all the isotopic
forms of these molecules and the quadrupole and magnetic
interaction tensors and the spin-rotational coupling constants
have been determined. The molecular constants for all the
isotopic forms of O2 [including the constants of the magnetic
spin-Hamiltonian and among these the constant for the hyper-
fine interaction with the 17O nucleus: a( 1 7O) =-54.758 MHz]
have been determined. Measurements have been made with a
high degree of accuracy for the hyperfine interactions (both
isotropic and anisotropic) of the radical-cation Cr(CO)^ with
the 5 3Cr and 1 3C nuclei and on their basis it was concluded
that the above radical-cation has the T^ symmetry and that
the unpaired electron is localised in the pure σ orbital. These
are only a few instances demonstrating how the high metro-
logical level of the structural information ensures the reli-
ability and non-ambiguity of the conclusions concerning the
chemical structure of the species.

The high degree of "quantification" of structural chemical
physics reflects, on the one hand, the high metrological level
of the modern physical research methods—magnetic resonance
in its different versions, Mossbauer, microwave, laser,
X-ray, and photoelectron spectroscopy, mass spectrometry,
and their numerous "hybrid" combinations. On the other
hand, it is of practical value for quantum magnetometry with
its frequency standards—it ensures the "raising" of the accu-
racy and reliability of quantum chemistry as well as the
improvement of its computational methods and schemes.

2. Small Assemblies

Small assemblies occupy a position intermediate between
individual molecules and continuous systems constituting a
phase (liquid, crystal, amorphous glass, e t c . ) . They
represent a bridge between the individual molecules and their
infinitely large assembly, where intermolecular interactions
arise and the characteristics of matter are manifested.
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Depending on the character and strength of the intermolecu-
lar interactions in the substance, either the properties and
features of individual molecules are retained or they are com-
pletely lost.

In chemical physics there is an old problem which has now
got, as it were, a new lease of life by virtue of advances in
the study of the structure and properties of small assemblies.
This is the problem of how the hierarchy based on composi-
tion (ranging from an individual molecule to a substance) is
related to the hierarchy based on properties and functions
in a given series, for which quantitative compositions are the
qualitative features of a substance (or a phase) manifested,
and for what number of individual species does the combined
assembly of the latter become a substance and does this
occur gradually or is there a "critical" threshold mass.

Van Der Waals Molecules and Complexes. The term van
der Waals molecules is given to weakly bound complexes of
atoms, radicals, or molecules which exist by virtue of inter-
molecular attraction. They are observed in rarefied molec-
ular beams, gas streams expanding at ultrasonic velocities,
in solid inert gas matrices, and in liquids, and are investi-
gated by laser and microwave spectroscopic methods. An
enormous number of such species are known: He2, Xe2>

(H 2 ) 2 , Hd.Ar, (HF) 2, Hg.He, CsHg.CH,», ICl.Ne, HF.CO,
(N2O)2, (CO2)2, (SF6)2, OCS.CH^Mg.Ca, H2S.Ar, C2HvAr, CjH.,.
.NO, CO.He, HCl.Xe, (C 2 H 2 ) 2 , etc. The completeness,
reliability, and "quantification" of the structural information
for such molecules and complexes is not inferior to that for
isolated species. For van der Waals molecules, measure-
ments are made of the symmetry and geometry (on the basis
of the rotational spectra and moments of inertia), the quad-
rupole and spin-spin interaction constants, the rotational
g-factors, the magnetic susceptibility and its anisotropy, the
dipole and quadrupole moments, the vibration frequencies,
the dissociation energies, the lifetimes, etc.

Thus HC1.C2H4 and HC1.C2H2 have the T-form: the axis of
HC1 passes through the centre of the partner molecule and
is perpendicular to its axis. The distance from the Cl atom
(it is the more remote) to the centre of the partner molecule
is 3.724 and 3.699 A for C2H4 and C2H2 respectively. In the
van der Waals molecules HC1.C3H6 and HCl.CbH6, the HC1
axis is perpendicular to the planes of the cyclopropane and
benzene molecules and coincides with the C 3 V and C6 V sym-
metry axes of these molecules. The distances from the
remote Cl atom to the C3H6 and C6H6 planes are 3.567 and
3.629 A. The molecules Kr.HCl and Kr.DCl are linear and
their dissociation energies are 179 and 200 cm" 1, i.e. even a
negligible isotope effect in the dissociation energies is readily
measurable. The partner molecules CO and HF are organised
into a linear complex with C o o v symmetry, in which the Η
atom is "stuck" to the C atom; the dipole moment of the
complex, measured on the basis of the Stark effect in the
ground vibrational state for the rotational transition J — l->- 2,
amounts to 2.352 D. The complex of N2 with HFis linear,
i.e. N(l)—N(2) .HF; for this complex, the components of the
quadrupole interaction tensor involving both 1IfN nuclei have
been measured and it has been found that the addition of the
HF molecule induces a shift of electron density from N(l) to
Ν(2), amounting to 0.03 of an electron.

In the NaK molecules, the partners are held together by
long-range van der Waals forces and the two electronic states
differing in spin (1Σ+ and 3Σ + ) are therefore energetically
equivalent with a dissociation energy De — 203.1 cm"1 and an
interatomic distance of 5.457 A. For NaLiiX-'-E*), we have
De = 6850 cm"1 and in the excited state (BXII) the corre-
sponding value is De = 1758 cm" 1. In the LiLi, LiNa, LiK,
LiRb, and LiCs series, the vibration frequency decreases

linearly from 350 to 180 cm 1 as a function of m1/2, where m
is the reduced mass of these van der Waals molecules (these
results have been obtained in molecular beams using the
laser-induced fluorescence of these molecules).

The dynamics of the van der Waals molecules, namely the
lifetime in the ground state, the lifetimes in the excited and
dissociative states, the distribution of the energy among the
fragments after dissociation, etc., has been studied in detail.
Thus the He.I 2 molecule exists for ~100 ps, while the lifetime
of H2.Ar is three times longer; in both cases τ decreases
with increase of the excess energy. The energetics and
"energy problems" of the van der Waals molecules are exam-
ined in greater detail in Section IV.

In a liquid, the shifts of the lines in the electronic absorp-
tion spectra and their dependence on the polarisability of the
solvents are believed to indicate the presence of van der
Waals molecules. Thus the combination of the partner mole-
cules in the species C6H6.He, C6H6.Ar, CgH^CH,,, CH4.tolu-
ene, CHi*.aniline, Ar.toluene, etc. has been identified.

The question arises why there is so much interest in the
van der Waals molecules and why they are needed. The van
der Waals molecules are the most reliable and the richest
source of information about the intermolecular atom—atom pair
potentials—their form and parameters; by virtue of these
molecules, intermolecular potentials have now entered the age
of high spectroscopic accuracy. Furthermore, a reduced
potential has been found for inert gas atom pairs which is
universal for these pairs and describes the interaction of the
atoms with an accuracy better than to within 1%. One of the
important questions is whether this universality is a common
property of any pairs of atoms or whether it applies only to
pairs of inert gas atoms and this question still awaits an
answer.

Intermolecular potentials are reference quantities in prob-
lems of molecular dynamics in liquids, glasses, and macro-
molecules, in problems of chemical dynamics (calculation of
the trajectories traversed by the reacting systems on the
potential energy surface), in problems concerning intermo-
lecular energy transfer and energy relaxation (in this case
the efficiency of the transfer or relaxation is determined by
the Fourier component of the potential and the frequency of
the energy transition).

Interatomic and intramolecular potentials are responsible
for the molecular organisation of crystals and large molecules,
the packing of molecules in liquids, glasses, etc. A high
accuracy of the potentials over all distances is required for
such purposes and potentials of different interactions are
needed: atom—atom, atom—non-spherical molecule, molecule-
molecule, molecule—ion, etc.

The formation of van der Waals molecules is manifested in
the macroscopic properties of gases—it alters the form of the
pVT diagrams, the second virial coefficient, and the viscos-
ity. These molecules induce the condensation of gases,
crystallisation, and apparently other phase transitions. They
are important at the critical points of the substances, where
they determine the density fluctuations and the correlation
radius. All these problems are within the sphere of the
concerns of modern chemical physics.

The question arises whether van der Waals molecules play
any significant role in chemical reactions. At first sight,
the answer should be negative, because the bond energy
between the partner species is low, frequently less than kT,
so that collisions with extraneous molecules induce the decom-
position of the van der Waals molecules. However, the
angular distribution of the reaction products in molecular
beams indicates unambiguously that many reactions are pre-
ceded by the formation of an intermediate complex, whose
lifetime is longer or comparable to its rotation period (£l ps)
and is much longer than the duration of the collision of the
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reactants. Such reactions include Cs + RbCl -»• CsCl + Rb,
Cl + I 2 -> IC1 + I, D + H2 ·*• DH + H, etc. The intermediate
complexes in these reactions can be regarded as van der
Waals molecules, because they can hardly involve any spe-
cific interactions other than the van der Waals interactions
(for example in D.H 2, in the reaction D + H2 -»- DH + H). In
chemical dynamics, it is assumed that such reactions proceed
via a statistical complex (see Section V). Van der Waals
molecules and complexes are two concepts between which it is
not possible to draw a boundary in the general case. There
exist, however, two approximate criteria for their differen-
tiation—the energy and structural criteria. A complex is
assumed to be a species in which the bond energy between
the partners exceeds kT and can reach considerable values;
if, on the other hand, the bond energy is less than or com-
parable to kT, such a complex is regarded as a van der Waals
molecule. Furthermore, in the van der Waals molecule the
interactions between the partner species are universal and
non-localised; on the other hand, in the complex the inter-
actions between the partner species are specific and localised
and one can rigorously specify and demonstrate the mutual
orientation of the partner species, the atoms or atomic groups
through which they are bound, and the electronic orbitals
which they place at the disposal of one another on "contact".
For other complexes (such as complexes of metal ions with
organic and inorganic ligands included within the sphere of
interest of inorganic and coordination chemistry), the solu-
tion of the problem of the organisation of the partner species
has long been known. For weakly bound complexes in solu-
tions and in gases, this problem has also been solved suc-
cessfully by microwave and laser spectroscopy and magnetic
resonance. For example, the characteristic features of the
complex formation reactions of organic radicals and molecular
oxygen with organic ligands, based on the magnetic proper-
ties of the complexes and their manifestations in magnetic
resonance (EPR and NMR), have been found and the struc-
ture and dynamics of these complexes have been established.

Complex formation is an old, classical problem of chemical
physics and two features impart to it its modern aspect:
firstly, the high level of "quantification", characteristic, as
mentioned above, of the entire chemical physics; secondly,
definite structural characteristics of the organisation of the
partner species—how they are oriented, which orbitals par-
ticipate in complex formation, and what is the topography of
the complex. Behind structural problems, there is another,
more important functional problem—how does complex forma-
tion modify the electronic shells of the partner species and
how does it alter their reactivities? Here chemical physics
endeavours to achieve a major aim—to employ complex forma-
tion as a chemical principle for the control of the reactivity
of species, to establish the general internal relations between
structure and reactivity, and to extend them to the predic-
tive level.

Particular attention is paid in modern chemical physics to
complexes of excited molecules—excimers and exciplexes.
Their characteristic feature is that the bonding in them is
achieved only in the excited electronic state of one of the
partner species; in the ground, unexcited state, there is
no bonding and this state is dissociative. The interest in
these complexes is partly associated with the investigation of
the pathways leading to energy relaxation, but interest is
mainly concentrated on excimer lasers in which the generation
threshold is reduced as a result of the emptying of the lowest
level (because it is dissociative) and a high generation power
is attained.

Clusters. This term combines a wide set of species con-
taining from several atoms or molecules to several tens or
hundreds of atoms or molecules, for example (H 2 O) n , C u n ,

Nan, Na£, Agn, (OCS)n, Cu£, (NH 3 ) n , Bi n , (CO 2) n, (H2)n,
K n , Mgn, P t n , Aln, (H 2O)n(NH 3)mH + , H e n , (N 2 ) n (NO + ) ,
Hg + , Kn, Xe n , I n n , CunBe^, Pt3e(CO),,,,, etc. where η and m
vary from several units to 1-2 tens and for certain clusters
up to several tens and even hundreds. Clusters can be
atomic, molecular (comprising atoms and molecules), and
mixed—atomic-molecular, neutral, or charged. They are
obtained and investigated in gases (for example, in streams
expanding at ultrasonic velocities), in zeolite channels (the
In 8 cluster has been obtained in this way), and in solid
matrices (for example, in solid argon or xenon). Fig.l
illustrates the composition of the gas clusters formed by
iodine in a helium—neon mixture; the great structural vari-
ety of these species is clearly seen. They differ in compo-
sition , properties, and in the nature of the forces retaining
the species within the cluster.

Clusters are comparatively new species in chemistry and
their appearance is due to advances in organoelemental and
organometallic chemistry in the first place and also in chemi-
cal physics (for atomic and molecular clusters). An enor-
mous number of studies are now being devoted to the methods
of synthesis of clusters and their properties and structure.
Their role in the physics of condensation, evaporation, and
crystallisation, where they are precursors of a new phase, a
kind of "protophase", has been clearly recognised. However,
the greatest interest is associated with the chemistry of these
species, their reactivity, their catalytic "potentials", and
their direct use in chemical materials science.

The concerns of chemical physics are concentrated on the
structure and properties of these species, their spectros-
copy, energetics, dynamics, stability, and conditions gov-
erning their existence. The level of "quantification" is in
this instance no worse than for individual species. For
example, it is known that the Cu3 cluster is a triangular
Jahn—Teller molecule with a pseudorotation barrier of 111 cm"1,
which is only slightly less than the energy of the zero-point
vibrations (118 cm" 1 ), and a symmetrical vibration frequency
of 269.5 cm" 1. The electronic states of this cluster, the
frequencies and intensities of their electronic transitions,
their geometry, etc. are known. It has been demonstrated
by time-of-flight mass spectrometry that the Xen clusters
have a preferentially eicosahedral structure with stability
maxima corresponding to certain coordination numbers under
the conditions of maximum close packing (the "magic" num-
bers η = 13, 19, 55, 147).

However, the main, fundamental problem (with which we
began this Section on small assemblies) concerns the question
how the properties of individual species evolve on combina-
tion of the latter into the properties of a substance—the
properties of a new phase. This is a problem of evolution
of quantity into quality and is being vigorously developed in
terms of two aspects—the structural-physical and purely
chemical aspects.

In the structural-physical aspect, one establishes the
dependence on the structure of the cluster of its physical
parameters and properties: the symmetry and type of lattice
the interatomic distances, the vibration frequencies and
amplitudes, the bond energies, the ionisation potentials, the
Debye temperatures, the heat capacities, and the dielectric
constants, and, for metallic clusters, also the Fermi levels,
the spin and charge densities and their distribution within
the bulk of the cluster, the electrical resistance, magnetisa-
tion, etc.

Here are a few examples illustrating the level attained in
the solution of the structural "cluster" problems. Among
the charged molecular hydrogen clusters (H 2)n, obtained by
the photoionisation of the neutral clusters ( H 2 ) n , only the
odd ions H^n-i have been detected but not the even ions.
On the basis of experiments and calculations, it has been
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concluded that the odd clusters contain at the centre the
skeleton of the triangular ion Hi; surrounded by hydrogen
molecules. The adiabatic ionisation potentials of the water
molecule, its dimer, and ice vary in the sequence 12.6, 11.1,
and 8.8 eV, i .e. the change in potential on dimerisation is
~40% of its total change in the transition from an isolated
molecule to a substance (ice). This is also valid for the
vertical potential and means that the greatest changes in
properties occur in the association of the first two—three
molecules. On the other hand, the ionisation potential of the
Nan clusters diminishes slowly with increase of η and its fall
is accompanied by oscillations; the even members of the
series have a higher ionisation potential than the odd mem-
bers , but even for the Na1 4 cluster the ionisation potential is
still greater (appreciably greater—by a factor of 1.5) than
electron work function of metallic sodium. In the Agn clus-
ters, the characteristics of the transition from molecular
properties to metallic properties are manifested already for
η = 6 (they are observed in the electronic spectra from the
excitation of the surface plasmons characteristic of the metal-
lic state), while for η = 10-15 the cluster becomes purely
metallic.

The Fe 1 5 cluster has an average magnetic moment of 2.2 tig
per atom, while in the metal this quantity is 2.7 μβ. Theo-
retical estimates yield the following distribution of the mag-
netic moment with respect to the bulk of the cluster: 1.1 μβ
for the central atom, 2.7 MB f° r each of the first eight neigh-
bours, and 2.8 μβ f° r each of the six neighbours of the
second "rank". The electrons are also distributed non-uni-
formly: the central atom of the cluster has 1.27 electrons
more than the surface atoms. In terms of a number of prop-
erties (the structure of the electronic spectrum, magnetism),
the Fe 1 5 cluster is already fairly close to metallic iron,
although certain differences from the metal are observed
even for the Fe n clusters with η > 15).

The Cr 1 5 cluster has a magnetic moment (in contrast to the
metal which is anti-ferromagnetic) and the distribution with
respect to its bulk is as follows: -0.7 μ β for the central

atom, +4.1 μβ for the first neighbours, and -3.4 μβ for the
second neighbours. In metallic chromium the magnetic
moment of each atom is 0.7 μβ , i.e. the magnetic state of the
central atom in Cr 1 5 is the same as in the metal, while the
overall magnetic moment of the cluster is determined by the
magnetism of the surface atoms (the non-equality of the mag-
netic moments of the first and second spheres).

The structural-physical studies embrace all types of clus-
ters—atomic, molecular, purely metallic, and organometallic,
whose nucleus consists of the metal atoms and the surround
is made up of organic groups. The clusters in biomolecules
(for example in nitrogenase and ferrodoxin), where they are
responsible for the functioning of these biomolecules, merit
special attention.

We shall now discuss the chemical behaviour of the clusters
(we recall that this will be done in connection with the evolu-
tion of quantity into quality). The idea of the "chemical"
approach will be illustrated in relation to the proton transfer
reaction. In the (HA)Bn cluster, the acid molecule HA is
combined with η molecules of the base Β. The proton trans-
fer from HA to Β via the reaction (HA)B -»- A~(H+Bn) is
detected from the appearance of the anion A". The question
is whether this reaction depends on η and whether there is a
threshold value of η at which it begins. Experiments of this
type have been performed with the aid of laser spectroscopy.
In the α-naphthol (HA) clusters with ammonia (B), HA is
excited to the singlet state S1. In the ground state a-naph-
thol is a weak acid with pKa = 9.4, while in the excited Sx

state it is a strong acid with pKa = 0.5. The proton trans-
fer in the (HA*)Bn cluster does not occur for η = 1-3 (the
A~ anion is not formed). The proton is transferred only in
the clusters with η i 4. In the case of β-naphthol, whose
pKa = 2.8 in the excited Sx state, the same reaction occurs
only in clusters with η > 10. In the (HA).(H 2O)n clusters
with α-naphthol in the Sx state, proton transfer is detected
only for η i 20. Thus the question whether the cluster
acquires the properties of a "phase" has a clear-cut answer,
but it is not as yet general. In the examples quoted above,

l 9Ne

Ne,

JO v-v0, cm

Figure 1. The fluorescence excitation spectrum of a stream of iodine vapour in a helium—neon mixture
expanding at an ultrasonic velocity; the assignments of the lines to clusters having different compositions
are illustrated; v0 = 17 982 cm"1
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the threshold value of η depends on the strength of the acid
and base—the stronger the acid and base, the sooner does
the cluster exhibit the features of a "phase".

For the same purpose, extensive studies have been made of
the ion—molecule reactions in the clusters (H 2 O) n H + ,
(NH3)nH + , (CH3OH)nH+, (CH3COCH3)nH

 + , and (CH3X)n (X =
F, Cl, Br, or I ) , and also in the mixed clusters (CH3X)^.
. (CO) m > (CH3X)j^(N2)m, (CH3COCH3)+(CH3OCH3)m, etc. The
aim of these studies was to find the characteristic features of
the ion—molecule reactions (radical, nucleophilic, electro-
philic) in such small assemblies, to create bridges between
these reactions in gases and liquids, and to establish how the
characteristics of the gas-phase reactions are transformed
into those of liquid-phase processes and what is the size of
the cluster when the latter begins to simulate the liquid or
solid phase.

The answers to these questions are of special interest for
catalysis—both homogeneous and heterogeneous. This is a
problem of molecular organisation—how the atoms must be
"arranged" on the surface of the catalyst and what should be
their number in the cluster in order to ensure the activation
of specified molecules and the catalysis of definite, selective
reactions. For example, the catalytic activity of metallic
gas-phase Nb^, clusters in the dehydrogenation of benzene
has a threshold character: it is manifested for χ i 4 and
reaches a maximum for χ = 5, 6, and 11, but it is found to
be low for χ = 8 and 10. The Nb8 and Nb 1 0 clusters also
exhibit a low activity in the reactions with H2 and N2 and are
distinguished among other clusters by their high ionisation
potentials.

It is known that molecular hydrogen dissociates when it is
adsorbed on metallic nickel and cobalt. However, calcula-
tions have shown that there is no dissociation in the interac-
tion of nickel and cobalt atoms or of Ni3 and Co3 in the linear
configuration with hydrogen. However, the Ni3 and Co3 tr i-
angular clusters as well as the Ni1 3 cluster do ensure disso-
ciation. Thus the triatomic cluster with C 3 V symmetry is
the smallest, "threshold" structural element ensuring, for
example, the catalysis of hydrogenation.

The problem of the evolution of quantity into quality has
not so far had a general solution—neither in the structural-
physical nor in the chemical aspect, but ways leading to the
solution have already been found and progress on these lines
constitutes one of the most important fields of chemical physics.

Special mention should be made of the chemical physics of
metallic clusters in connection with the wide prospects for
the application of these clusters in materials science and
their use in optoelectronics and microelectronics (light filters,
radiation receivers, solar batteries, composite materials,
amorphous metals, new types of ferrites, e t c . ) . [Isolated
macromolecules must also be included among small assemblies.
The concerns of chemical physics include the statistics of
macro-molecules, internal rotation barriers, stereochemistry,
optical isomerisms, the shape of macromolecules and the rela-
tive contributions of chaos and order to their organisation
(coils, helices, linear chains, e tc . ) , the interaction of macro-
molecules (the permeability and intertwining of coils, crys-
tallisation, complex formation, and binding of macromolecules,
including their binding to solid surfaces) "phase" transitions
in isolated macromolecules (of the helix-coil type), etc. The
aim of the studies of the structure and dynamics of macro-
molecules is to understand the principles governing the orga-
nisation of such macromolecules in block polymers, in blends,
and in composite materials and to develop methods of control-
ling such organisation. These problems are important for
ensuring the elasticity and strength of polymeric materials,
for their rheology, and for the creation of new materials; here
chemical physics adjoins the molecular physics of macromolecules.

3. Large Assemblies

The study of the structures of liquids and solids—amor-
phous and crystalline, individual components, and solutions-
is the traditional task of chemical physics. The theories of
liquids and solids (classical, semiclassical and quantum theo-
ries, statistical and dynamical theories), the short- and long-
range order, the dynamics and the phonon spectra of crystals,
the distribution function, and the computer simulation of
structure and dynamics is a far from complete list of the tra-
ditional problems. The same problems are formulated in the
study of disperse systems—suspensions, porous bodies,
emulsions, aerosols, etc.

However, gradually the emphasis is shifting towards less
traditional problems, among which most attention is being
devoted to the structure of molecularly organised systems
and the structure of defects and defective bodies. Thin
films, adsorption layers, interfaces, liquid crystal formations,
clathrates, "whiskers", monolayer and two-layer membranes,
micelles, layer structures, intercalates, and Langmuir—
Blodgett films—are examples of non-ideally organised struc-
tures (in contrast to crystals with their ideal organisation).
The structure of these systems, their thermodynamics, the
determination of the conditions governing their existence and
their stability, and their behaviour in various external fields
(electrical, mechanical, magnetic, and acoustic) are being
investigated with the aim of deducing the principles govern-
ing the molecular organisation of such systems, the develop-
ment of methods for controlling their organisation, and the
prediction of the varied and useful functions of these sys-
tems.

Another modern aspect of structural chemical physics is
the increasing interest in defects: impurity centres, dislo-
cations, vacancies, molecular cavities, and local heterogenei-
ties. New methods in chemical physics—high-resolution
magnetic resonance, the annihilation of the positron and
positronium, and the chemistry of muonium—are used
together with traditional structural methods to analyse the
defects, their nature, the structure and crystallographic
environment in the vicinity of the defects, and the symmetry
and amplitude of the distortions. Like isolated species, the
defects are characterised by a high level of "quantification".
For example, the irradiation-induced defect in zinc acetate is
the radical CH2CO2(Zn), in which the CH2 group executes
complete rotations (jumps) around the CH2-CO2 bond with a
barrier of 18.4 kJ mol"1, while the torsional vibrations take
place with an energy of 6.7 kJ mol"1. This level of accuracy
is typical also for the characteristics of other crystal defects.

The detection of structural heterogeneities and local cluster
formation is very important for materials science; methods
are being developed for non-disruptive detection. Thus the
localisation of residual Si—Η bonds of the cluster type has
been observed in amorphous silicon (the importance of this
material is generally known) by NMR. Atomic aggregates
corresponding to Fe n clusters with η = 45, in which the spin
"ferromagnetic" correlation is retained at temperatures
exceeding the macroscopic Curie temperature by 80 Κ , have
been found in metallic iron from low-angle neutron scattering,
i.e. the local Curie temperature is much higher than the
average Curie temperature.

There is a growing interest in two extremes-completely ideal
defect-free structures and highly defective structures; the
latter is associated with the unusual effects and the unusual
behaviour of substances under the conditions of shear defor-
mation under pressure. In particular data are available con-
cerning the appearance of strong paramagnetism in deformed
diamagnetic metals and there has been a claim (which requires
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confirmation) that ferromagnetism appears in highly defective
NaCl.

Structural chemical physics has self-evident aims: it "oper-
ates" on materials science—a large and most timely field of
modern engineering, and is concerned with the development
of principles governing the organisation of matter into speci-
fied structures and the principles used in controlling struc-
ture in order to create new generation materials with a pre-
dicted functional purpose. The strategy based on the tran-
sition from structure to properties and functions is the most
reliable in modern materials science, on the basis of which
considerable advances have already been achieved: new
surfactants have been obtained for the large-scale removal of
petroleum pollution from the surface of the sea and super-
conducting ceramics, organic metals, ferromagnetics, etc.,
have been created.

oOo

The structure of individual chemical species and their
assemblies—large and small—belongs to the set of classical
problems of chemical physics. While modern chemical phys-
ics is still concerned with the solution of this problem, never-
theless most attention (priority) is given to dynamic prob-
lems, which can be grouped to a first approximation into
"four types of dynamics":

1) molecular dynamics, i .e. the dynamics of the movement
and displacement of species;

2) the energy dynamics, characterising the time evolution
of the energy in isolated molecules and their assemblies
(migration, transformation, and relaxation of energy);

3) chemical dynamics, i .e. the development of the chemical
interaction of species as a function of time (including chemi-
cal kinetics as a diagnostic method for the mechanisms of
chemical reactions);

4) spin dynamics, i .e . the dynamics of the population and
evolution of the spin states of the reacting species.

I I I . MOLECULAR DYNAMICS AND MOLECULAR ORGANISA-
TION

The important position of molecular dynamics and chemical
physics is due to the following factors. Firstly, molecular
movements ensure the time modulation of intermolecular
potentials, i .e. they create perturbed, random ("white") or
correlated noise. The Fourier spectrum of this noise deter-
mines the energy dynamics of the molecules (energy transfer
and quenching of excited states, energy pumping, and relax-
ation). Molecular movements modulate also the magnetic
interactions and they are therefore responsible for the spin
dynamics and magnetic relaxation.

Secondly, molecular dynamics ensures contact between the
reacting species and their appropriate mutual orientation,
namely their suitable "micro-organisation" in the transition
state of the reaction—not noly for diffusion controlled reac-
tions (this is self-evident and even trivial) but also for reac-
tions occurring under kinetic conditions (especially in solids-
see Section V).

Thirdly, molecular dynamics constitutes a pathway to
molecular organisation; it is not fortuitous that both concepts
are considered here together in a single Section. One can-
not say that molecular organisation is a function of molecular
dynamics alone, that only dynamics organises structures.
Molecular organisation is determined primarily by thermody-
namics and its laws. However, among molecularly organised
systems (including biomolecules), non-equilibrium systems
occupy a major place (they are in fact as a rule of greatest

interest) and their formation, stability, and, what is still more
important, their functioning are determined by molecular
dynamics. Finally, the most important factor is that the
dynamics of translational, rotational, and orientational move-
ments of the structural elements of substances and materials
(electrical and magnetic dipoles, electrons, ions, and molecu-
lar fragments) determines the properties of materials—mech-
anical strengths, elasticity and plasticity, rheology, electrical
conductivity, magnetism, dielectric strength, etc.

1. Molecular Dynamics

The theoretical methods used in the analysis of molecular
dynamics are just as varied as the experimental methods.
The task of the theory is to find ways for the correct
description of diffusion, to establish a relation between the
"microscopic" dynamics and the transport macroproperties of
the medium, and ultimately to impart a predictive power to
the theory. A number of approaches have been developed
for the solution of this problem. The self-diffusion coeffi-
cient D is expressed in terms of the autocorrelation velocity
function z(t) = <ux(t).ux(0)>, where ux is the x component
of the velocity of the selected species; in its turn, the func-
tion z(t) is related to the radial distribution function and the
frequencies of the harmonic oscillations of the given species
in the medium. Its detailed behaviour is investigated by the
computational methods of molecular dynamics based on the
synthesis of the trajectories in the movement of the species
by the numerical integration of the classical equations of
motion. The validity of the approximations in the selection
of the parameters and the function z(t) is estimated by com-
paring the theoretical and experimental values of D. For
low densities of the medium, z(i) decreases as t~3/2, while for
high densities its behaviour is complex, oscillatory, and
analytical predictions are difficult.

The dynamics of a Brownian particle ( i .e . a large and
heavy particle placed in a medium comprising small and light
particles) constitutes a traditional problem. Such a particle
does not respond to individual impacts by the molecules in
the medium and its dynamics is controlled by the random
fluctuations of the forces acting on its surface. The equa-
tion of motion has the classical form of Newton's second law:

mu = F[t, u(t')] ,

where the velocity u and the force F at time t depends also
on the velocity u(i') in the preceding instant t ' . Depending
on whether there is a correlation between the past and the
present (i .e. a correlation between V and i) and its form,
the solutions assume different forms. The search for these
solutions at different correlation levels and comparison of
their predictions with the experimental reality constitute in
essence the subject with which the theory is concerned.

If the characteristic time of the fluctuations F is short com-
pared with the velocity decay time, then F depends solely on
u(i) and there is no correlation between the past and the
present. This situation is described by the familiar simple
Langevin equation in which the force and the coefficient of
friction are calculated. This problem is again solved at dif-
ferent approximation levels for the autocorrelation velocity
function and the force, for the distribution of the initial
velocity u0, etc. In one of the approximations (u is small
and the liquid is incompressible), one finds, in particular,
the familiar Stokes—Einstein relation. For high velocities,
the characteristic velocity decay time is ~10~13 s, i .e. is of
the same order of magnitude as the time taken by a sound
wave to traverse the intermolecular distance. The Stokes
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approximation then fails and account must be taken of the
elastic properties of the medium and the high-frequency
spectrum of the elastic vibrations: this is the familiar
Zwanzig—Bixon approximation.

The simple Langevin equation predicts an exponential
decrease of the autocorrelation velocity function, which is
not correct. This means that one cannot neglect the corre-
lation between t and t ' . The equation taking into account
the correlation between the past and the present is known as
the generalised Langevin equation, which includes the corre-
lation time function—the memory function. It takes into
account the fact that the species considered creates in the
course of its movement a perturbation at time V, which
extends in time and at the instant t returns to its source.
The choice of the memory function, its various approxima-
tions, and the solutions of the generalised Langevin equation
employing these functions constitutes one of the developing
theoretical fields.

Another field is concerned with the development of the
kinetic theory in which the probability density in the phase
space of the coordinates and velocities and its time evolution
are calculated. This density takes into account the corre-
lation between the velocity and momentum. In the case of
frequent but weak "soft" collisions, the movement of the
species is described by the familiar Fokker—Planck equation,
whose solutions are obtained and analysed at different
approximation levels and subject to different initial condi-
tions. In the case of infrequent and strong collisions with
a large transfer of momentum, the movement is described
by the Boltzmann equation (if it is assumed that there is no
correlation with respect to the coordinates and velocities
between the Brownian particles and the particles constituting
the medium) or by the Enskog equation is a spatial correlation
is retained.

The simple Langevin equation and the Fokker-Planck equa-
tion describe the behaviour of large particles for which the
fluctuating driving force arises from the frequent and weak
impacts by the species in the medium. The Boltzmann—
Enskog equations describe the second limiting situation of the
rare and strong binary collisions without any correlation between
them. In a real situation, the theory cannot ignore the dynamic
correlation between the collisions and in this sense the general-
ised Langevin equation with its memory function corresponds most
adequately to reality. However, the difficulty is that the
memory effects and the correlation between the past and the
present are taken into account semiempirically with selected
memory functions. The ab initio derivation of these func-
tions from first principles is a difficult and unsolved part of
the many-body problem. The task if theoretical molecular
dynamics therefore remains the creation of bridges between
the dynamics of an individual collision and the long-period
dynamic behaviour of the species.

At the level of the theoretical approaches examined, solu-
tions are being obtained to the problem of the Brownian
movement with different dimensions—one-dimensional, two-
dimensional, and three-dimensional—for the description of
the behaviour of species in narrow channels and porous
media, on surfaces within thin films and membranes, and in
liquids and solids. Many studies have been devoted to the
dynamics of pairs and to the calculation of the probability of
their reaction or annihilation; this problem is particularly
timely for radical pairs—neutral and charged, with and with-
out allowance for spin evolution, with and without allowance
for the acceptance and decomposition of radicals, with unre-
stricted diffusion and with diffusion limited by a closed vol-
ume with absorbing or reflecting walls. The solutions are
used in photochemistry and in the chemical physics of mag-
netic-spin effects.

The generalised Langevin equation is solved in different
versions, with different memory functions, and there exist
classical and quantum solutions. The dynamic problems are
solved for different intermolecular potentials and the effects
of the anisotropy of the potential, the contribution of attrac-
tion and repulsion, and the role of short-range and long-
range parts of the potential, its Coulombic and exchange
branches, are analysed. Many problems are associated with
the collective dynamics of crystal lattices, networks, liquid
crystals, and membranes and with the dynamic behaviour of
quasi-particles—phonons, solitons, magnons, plasmons, and
excitons. Theoretical problems of molecular dynamics are
frequently at the junction with the problems of contiguous
fields of physics—the theory of elasticity and relaxation,
plastic deformation, thermal conductivity, and rheology.

The scope of the experimental research into molecular
dynamics is almost limitless; it refers to the transport of
molecules in liquids, the transport of atoms in metals and
alloys, the drift of electrons and ions in semiconductors and
liquid and solid electrolytes, and diffusion in porous, micro-
heterogeneous , and molecularly organised systems (micelles,
clusters, adsorption layers, membranes, and Langmuir—
Blodgett films). Studies on the dynamics of phase formation,
especially in the early stages of this process under precritica
conditions and at the critical points, and the dynamics of
aggregation, coagulation, and cluster formation occupy an
important place.

An independent field of study is associated with the
dynamics of macromolecules—synthetic and biological: the
conformational dynamics of neutral molecules and polyelectro-
lytes, the kinetics of helix-coil transitions, the "breathing"
of macromolecular coils, the dynamics of the entanglement and
disentanglement of coils, the untwisting of helices and of
binding to substrates, the local dynamics of segments and
the "macrodiffusion" of large molecules, etc. All these
questions refer directly to polymer materials science, to the
problems of the physics and mechanics of polymeric materials,
and, for biomolecules, to the problems of their functioning
(the synthesis of proteins, DNA, RNA, enzyme catalysis,
muscle contraction, the permeability of membranes, bioener-
getics, and immunological recognition).

Surface diffusion constitutes an important branch of
dynamics associated with the problems of the growth and
perfection of crystals, epitaxial layers, and films and with
the problems of adsorption and heterogeneous catalysis.
Appriciable advances in this field have been ensured by ion-
field microscopy of surfaces whereby one can observe single
atoms and follow events involving them. Thus the diffusion
coefficient of Ba on tungsten changes by several orders of
magnitude on different planes and the activation energies for
diffusion on the (110), (111), and (112) planes differ
sharply: 5.0, 11.5, and 17.5 kcal mol"1 respectively. On
the face-centred lattice of rhodium, the atoms of the latter
on the (111) plane migrate already at 55 K, while on the (110)
plane they begin to move only at 300 K. The activation
energies for diffusion also differ greatly: ε(111) = 3.6,
ε(311) = 12.4, ε(110) = 13.9, and ε(100) = 20.2 kcal mol"1.
Under these conditions, the entire difference between the
rates is determined by the energetics, the contribution of the
entropy component being constant. On corrugated surfaces
[of the (110), (311), and (331) types], the diffusion is
directed strictly along definite channels—the potential energy
ravines. The properties of the self-diffusion of platinum
and tungsten are the same.

On the surface of body-centred lattices, new features
appear in diffusion; in particular, along certain planes [for
example, Rh (111)], the diffusional behaviour of a pair of
atoms differs from the behaviour of a single atom, i.e. a
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correlated movement appears and gives rise to new problems
concerning the ratio of the individual and collective move-
ments and their contribution to diffusion. The W, Re, and
Ir atoms on the W(211) surface move in pairs; the Pt 2 , Pt 3 ,
and Pt,, clusters (which are linear) move on the W(110) plane
via jumps of single atoms with retention of correlations in
pairs and clusters.

Surface two-dimensional dynamics is an actively developing
field in chemical physics. It refers not only to solid sur-
faces but also to monomolecular films on liquids (lateral dif-
fusion), to membranes, and other two-dimensional systems.
Here the main interest concerns the problem how the char-
acteristics of two-dimensional dynamics are related to the
atomic structure of the planes, to the molecular organisation
of the two-dimensional systems, and to their thermodynamics
and structure.

Excellent physical methods are used to investigate molecu-
lar dynamics: Rayleigh and Raman light scattering, acoustic
and magnetic relaxation, the annihilation of positrons and
positronium, coherent and non-coherent scattering of cold
neutrons, laser picosecond and femtosecond spectroscopic
methods, and also mathematical methods for the modelling· of
molecular dynamics. Laser picosecond holography merits
special attention. The idea of this method involves the
optical generation of a short-lived holographic lattice in a
liquid or solid and subsequent observation of the dynamics
of the "dissipation" of this lattice. The holographic lattice
is created by passing through the liquid or crystal two pico-
second pulses, coinciding in time, which cross in the speci-
men at an angle Θ. Their interference creates in the speci-
men a holographic lattice with a constant d = A/2sin (Θ/2),
where λ is the wavelength of the laser emission generating
the lattice. The principle governing the appearance of the
holographic lattice involves the formation of electronically
excited states, the excitation of intramolecular vibrations,
and the generation of acoustic waves (phonons). Regardless
of its specific cause, the holographic lattice constitutes a
spatial-periodic change in the refractive index. Such a
lattice "dissipates" after a time owing to molecular diffusion,
the energy relaxation, or the decay of waves, while the
dynamics of the dissipation can be detected by means of a
delayed laser probe beam, which is diffracted by the holo-
graphic lattice. The intensity of the diffraction as a func-
tion of the delay of the probe beam yields the kinetics of the
dissipation of the lattice on a picosecond scale. The char-
acteristic dissipation times can be obtained from the time
variation and the spatial scale of the dynamic processes
responsible for the dissipation of the holographic lattice and
the spatial averaging of the refractive index can be obtained
from the frequency dependence (because d depends on λ) .

The transport of excited molecules, their energy relaxa-
tion, the energy transfer (the transfer times and distances),
the generation and detection of coherent acoustic phonons in
crystals, and the rate at which they spread along different
crystallographic axes are investigated in this way and the
same procedure is used to observe the vibrational overtones
and to measure the elastic and photoelastic constants of
crystals. The method can be used for the non-disruptive
monitoring of optical materials (including fibres) and for the
analysis of the dynamics of membranes, liquid crystals, and
amorphous bodies.

2. Molecular Organisation

Continued interest in molecularly organised systems has
become a new feature of modern chemical physics. Molecular
and supermolecular organisation of ensembles of species is an

important principle governing the regulation of chemical pro-
cesses and constituting a major resource in chemical tech-
nology and materials science. So far, this principle has
been developed and adopted to only a slight extent, but its
potential is exceptionally great and there are grounds for the
claim that in the future "organised" chemistry will occupy a
leading place in technology and materials science.

Studies on these lines are so wide in scope that it is impos-
sible to analyse them fully. Even a cursory listing of
selected examples gives an idea about the scale of such
research at all levels—from molecular to macroscopic and
supermolecular. The organisation of molecules into complexes,
their incorporation in clathrates and micelles, immobilisation,
the creation of organised systems simulating biochemical sys-
tems (biomimetic systems), the molecular organisation of
active centres in metalloenzymes (nitrogenase, ferredoxin),
clusters, intercalates, and layer structures—this is only a
limited series of examples of organisation at the molecular
level. The conformational organisation of macromolecules
(helix, coil, extended chain, and their combinations) deter-
mine their packing in polymeric materials and specify the
physicomechanical properties of fibres, block and regular
copolymers, and blended compositions: the problem is how is
this achieved, what is the form of the bridges between orga-
nisation and properties, and how their interrelation should be
controlled.

Conformational dynamics, complex formation, and molecular
organisation of polyelectrolytes, which have opened up major
prospects for the creation of a new generation of immunogens
and vaccines, in which it is possible to bypass even the
genetic control of the immune response occupy a special
place, i.e. it is possible to ensure that only B-lymphocytes
are active, bypassing the T-lymphocytes responsible for the
genetic prohibition of immunogenesis.

Phase organisation and phase transitions are traditional
physicochemical problems which are still far from being
solved. For example, it is known that there is a short-
range order in the structure of simple liquids, in the organi-
sation of which atomic configurations with odd (fifth) order
symmetry elements predominate, while in a crystal lattice no
matter how small, there should be symmetry elements with
even orders only; there is virtually no understanding of the
liquid-crystal transition with a rearrangement of the sym-
metry.

The answers to the following questions are of fundamental
importance for the creation of materials with a regulated
structure, with a specified combination of elastic and plastic
properties, e tc . : how to predict the fusion curve, the pVT
diagram, and the thermodynamics of the phase transition from
the intermolecular potentials; what is the microscopic mecha-
nism of crystallisation, which factors control crystallisation,
supercooling, and glass formation, what are the mechanisms
of first- and second-order phase transitions and their rela-
tion with the short- and long-range order potentials; what
are the contributions of the individual and collective molecular
dynamics to phase transitions, and how is phase microhetero-
geneity created and how does it develop.

For example, the structure and organisation (both molecu-
lar and spin, magnetic organisation) of solid oxygen have
attracted much attention. The existence of several phases
in solid O2 has been established experimentally and the rea-
sons for their stability and magnetic properties have been
determined: the orientationally disordered paramagnetic
γ-phase; the antiferromagnetic β-phase with long-range
orientational order and molecular axes parallel to the C3 screw
axis; the antiferromagnetic, monoclinic α-phase with two
mirror magnetic sublattices. Theoretical analysis of the
lattices with allowance for the magnetic component of the
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potential and the Heisenberg exchange spin—spin attraction
predicted new stable phases with unusual magnetic proper-
ties. The importance of these studies does not lie merely in
the prediction of new magnetic phases in solid O2; it is much
more important that the principles of molecular and spin orga-
nisation, which ensure specified magnetic properties, have
been deduced in relation to this example. These principles
are also important for the creation of organoferromagnetic
materials, organic semiconductors, metals, and superconduc-
tors, ferromagnetic alloys, glasses, and various ceramics
(including superconducting ceramics).

The phases and phase transitions in two-diemensional sys-
tems, especially in adsorbed layers, are even more varied.
The ways in which the species on the surface are organised,
the reorganisation of the two-dimensional structure to form
a three-dimensional structure and conversely, the order—dis-
order transitions (fusion—crystallisation), the decomposition
into domains and clusters, the dynamics of the surface migra-
tion of the domains, and the correspondence or lack of it
between the organisation of the adsorption layers and the
structure of the lattice of the solid (commensurate and non-
commensurate phases) are important in this instance.

Many physical methods, including the diffraction of slow
electrons and optical generation of the second harmonic are
used to investigate the organisation and dynamics of a two-
dimensional lattice gas and phase states and transitions. For
example, it has been established on the basis of electron dif-
fraction that hydrogen adsorbed on the Ni( l l l ) plane forms
an ordered two-dimensional phase for coverages of 0.3—0.5
and at a temperature below 250 K; for other coverages and
for Τ > 250 Κ the adsorbed layer is disordered and non-orga-
nised.

The interest in two-dimensional organisation is targeted
towards adsorption and adsorbents and heterogeneous cataly-
sis and catalysts; but there is also another aim—the creation
of surface layers with unusual properties by incorporating
atoms in the upper layers of the lattice. For example, when
a gold layer on silicon is bombarded with Ar+ ions (100 keV),
a mixed Au/Si layer is created and the inter me ttallic com-
pound Au3Si is formed. This is a non-equilibrium metastable
phase which does not exist under equilibrium conditions.
When titanium and zirconium phosphates are bombarded with
Ar+ ions, the surface layers are depleted in oxygen and
phosphorus atoms, which are driven to the lower "levels" of
the lattice.

The questions which fall within the range of concerns of
chemical physics are how atoms are dislodged as a result of
impact by an ion, how the electron shells are shaken in this
process and how energy and momentum are lost, what are the
secondary reactions of the hot atoms and electrons of the
target, and how the atomic layers of the lattice are reorga-
nised. The organisation and reorganisation of the surface
layers of solids by ionic implantation of plasma and laser
"microsurgical" methods constitute a promising pathway to
the modification of the surface and the imparting of unusual
mechanical, anticorrosion, magnetic, electrochemical, electro-
physical, and photosensitive properties, which constitutes
the principal stimulus of the research into this branch of
chemical physics.

Numerous chemical and physicochemical processes occur at
interfaces and the atomic-molecular organisation of the latter
is associated with their functioning. The optical generation
of the second harmonic is known to occur in non-centrosym-
metric crystals, but the second-order optical non-linearity
arises also at the boundary between two centrosymmetric
media if a symmetry gap occurs in the interface. Since the
thickness of the interface is much smaller than the optical
wavelength, the dipoles induced at the interface form a polar-
ised layer generating the second harmonic. This method is

sensitive to the structure of the interfaces and ordered mono-
layers, to their dynamics with a small time resolution, to sur-
face reconstruction, and to phase transitions. For example,
Langmuir—Blodgett layers, their "evaporation" (liquid—gas-
like two-dimensional state transition), and their "fusion"
(two-dimensional "liquid"- two-dimensional "solid" transition)
have been investigated by this method. The anisotropy of
the polarisation tensor has been measured for a monolayer of
pentadecanoic acid on water and it has been shown that, for
low coverages, the molecules are inclined to the water sur-
face at an angle of 30° while with increase of coverage they
"straighten out" and in the limit lie along the normal to the
surface.

The monolayers of docosanoic acid on aluminium and carbon
form a two-dimensional hexagonal lattice, in which the mole-
cules are perpendicular to the surface of the support and,
when the number of monolayers increases to 7, the molecules
are inclined and the hexagonal lattice is transformed into an
orthorhombic lattice, whereupon one can observe the evolu-
tion of the phase transition. The phase transitions in bio-
logical membranes and their relation with the cooperative
rotational movements of the hydrocarbon chains, the electri-
cal double layers on electrode surfaces, etc. can be investi-
gated in this same way. The first attempts have been made
to create monolayers which are two-dimensional ferromag-
netics .

Molecular and supermolecular organisation is a character-
istic property of biochemical processes (the synthesis of pro-
teins and nucleic acids, photosynthesis , ion transport,
enzyme catalysis, immunological responses, electron trans-
port, phosphorylation, e t c . ) . Enzymes bind and orient
reagents, organising the elementary chemical steps and
ensuring a high stereoselectivity, as well as selectivity with
respect to the reagent, the type of reaction, its localisation,
temperature, pH, etc. Not only the elementary steps but
whole sequences of reactions are organised in biochemical
processes. The selectivity and productivity of biochemical
processes reach a level which is only rarely attained in the
usual chemistry (for example, polymerisation on immobilised
catalysts) precisely by virtue of the high degree of organi-
sation .

This situation is recognised with increasing clarity and
there has been a sharp growth of interest in organised sys-
tems and their "chemical" functioning in recent years. The
characteristics of chemical reactions in liquid crystals, layers,
membranes, micelles, clathrates, clusters, etc. are being
widely investigated. Organised catalytic systems are being
constructed in accordance with the principles of enzyme cat-
alysis and biomimetic processes simulating the operation of
biosystems are being developed.

The self-organising systems in which the molecular orga-
nisation is induced by the chemical reaction are especially
attractive. For example, the colourless molecule of a spiro-
pyran dye with a long hydrocarbon "tail" is transformed
photochemically into the merocyanine dipolar coloured form
with separated charges, the molecules combining into micelles
only in this form. The pohtochemical reaction functions in
this instance as a trigger which "switches on" micelle forma-
tion.

The reaction can also "switch on" phase transitions (for
example, the crystallisation of a solvent on nuclei—the mole-
cules of the reaction product). This principle of the chemi-
cal trigger makes it possible, in particular, to increase by
many orders of magnitude the sensitivity of the photodetect-
ing systems (for example, in photography). An example of
a "natural" chemical trigger is provided by the photoisomeri-
sation of rhodopsin, which induces con form ational transfor-
mations in the protein opsin, and the latter initiates a cascade
of enzymic reactions, which ultimately lead to the generation
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of a membrane potential and the visual reception of light in
the retina of the eye.

The most striking examples of supermolecular organisation
have been observed in chemical reactions and crystals. For
molecules organised into a crystal, their intrinsic reactivity,
which is controlled by the structure of the electron shell,
proved to be much less significant for the reaction than the
mode of packing—the arrangement of the molecules in the
crystal. The mode of reaction is determined by the inter-
molecular distances in the crystal, the mutual orientation of
the molecules, and the spatial symmetry of the crystal. There
are a number of examples of the unique selectivity and topo-
logical directionality of the reactions in crystals, which are
atypical for the usual reactions in liquids or melts. Many
organic substances have several (sometimes up to 10-12)
crystal-chemical modifications. In fact, one can speak of
the creation of a new branch of chemistry—the crystal-engi-
neering chemistry, whose task is to construct crystals pro-
grammed for a specified type of chemistry.

Just as striking examples exist in heterogeneous reactions.
Thus the Fe(lll) plane is 430 times more effective in the
synthesis of ammonia from H2 and N2 than the (110) plane
and is 13 times more active than the (111) plane. On the
Pt(lll) plane, hexane is converted into benzene, while on
the (100) plane cyclic and branched saturated hydrocarbons
are formed from hexane. The molecular organisation of
crystals or lattice atoms on the surface doos indeed "write
the script" of the chemical reaction in this instance.

IV. ENERGY DYNAMICS

In terms of the scale of research, energy dynamics occupies
a leading place in chemical physics and such research has
two major aims. The first aim is to create the theoretical
foundations for and to develop the principles of selective,
"non-statistical" chemistry ensuring a directed activity and
specified reactions of the molecules (plasma-chemical activa-
tion, laser "surgery" of the molecules, energy stimulation of
reactivity). The second aim is to search for ways of storing
energy in the internal degree of freedom of molecules (elec-
tronic, vibrational, and rotational) in order to create new
lasers, including lasers with solar pumping.

Energy dynamics includes a wide range of problems: selec-
tive population of rotational, vibrational, and electronic
states, the exchange and transfer of energy between various
states within the molecule and intermolecular exchange, and
the relaxation of internal energy to kinetic and lattice energy.
Here these problems will be considered briefly in terms of the
following logical arrangement: the energy dynamics in gases
and on the gas—solid surface, where it is possible to differ-
entiate the individual contacts between species and to iden-
tify more reliably the physical interactions responsible for
the fate of the energy; this is followed by the energy
dynamics in van der Waals molecules and clusters as inter-
mediate structures in which many-species interactions are
switched on; finally, we have the energy dynamics in large
assemblies—in liquids and solids.

1. Energy Dynamics in Gases

This is the most thoroughly developed and most vigorously
developing field; the main cause of interest in it is the com-
paratively small number of contacts between energy-rich
species (particularly at low pressures), their long lifetime,
and hence good conditions for the storage, control, and utili-
sation of energy.

The exchange of the electronic energy (£) of excited atoms
for the vibrational (V), rotational (R), and translational (Γ)
energy of the molecules is a fundamental process in the
energy dynamics of plasma, interstellar lasers, and many
chemical gas-phase processes. The energy exchange via
different channels (E-V, E-R, E-T) and different mecha-
nisms, the time scale of the exchange, and the cross-sections
of the channels depend on a multiplicity of causes, the most
important of which is the mechanism of the exchange and the
topology of the potential energy surface of the initial and
final states of the system of interacting partners.

Ρ
10
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0,1 0.8 l.Z 1.6 Z.O
t,

Figure 2. Dynamics of the population Ρ of the vibrational
states of the hydrogen molecule for J = 1 after the laser
pumping of Na atoms (in relative units); 570 K, pjj = 1 bar,
duration of laser pulse 0.2 ps.

The E—V exchange can proceed via a direct "physical"
mechanism without the rupture of chemical bonds or via
"chemical" mechanisms. Thus the Na(2P1/2) atom, with a
cross-section almost identical with the gas-kinetic cross-sec-
tion , transfers its electronic energy to the vibrational-rota-
tional levels of the H2, N2, CO, NO, O2, I 2, Ο2Η^, etc. mole-
cules. These processes are investigated by laser spectroscopy:
the pulse from one laser pumps the Na atoms (for example,
in a mixture of sodium vapour and hydrogen) and the prob-
ing pulses of the second laser, with a variable time arrest,
probe the populations of the vibrational-rotational states of
the H2 molecules and their time evolution. The Na(2Px/ )
atom pumps the vibrational state of H2 with ν = 1, 2, 3
(populations of 13, 61, and 26% respectively) in accordance
with complex kinetics, which depend on v, an example of
which is illustrated in Fig.2. It constitutes a complex inter-
play of processes involving electronic-vibrational exchange
between Na and H2 and the migration of the V-energy via the
vibrational reservoir of the H2 molecules. The rotational
distribution for different ν depends also on the rotational
quantum number J (Fig. 3), the states with odd J being pop-
ulated to a greater extent than those with even J. In the
E—V exchange between Na(2P1/i2), on the one hand, and N2,
CO, and NO, on the other, the high vibrational states up to
ν = 3—5 (in the interaction with N2 and CO) and up to 7 (in
the interaction with NO) are populated. The CO states with
vmax = 5 are populated in the Hg( 3PX) + CO process.
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It was assumed that the E-V exchange in the A + BC sys-
tem proceeds via the ionic state A+ ... (BC)~ and that the
ionic energy level intersects the energy levels of the initial
and final states, the points of intersection ensuring the reso-
nance energy transfer. However, ab initio calculations of
the potential energy surfaces (PES) for Na + H2, Na + N2,
and Na + CO have shown that this mechanism does not oper-
ate. The non-adiabatic transitions (the E—V exchange)
occur in the region of the intersection of the ground ^A^
and excited (2BX) PES in the C 2 v configuration for Na*H2 and
Na*N2 (Na is attached at right angles in the middle of the H2

and Ν2 bond) and in the CooV configuration for Na*CO (linear
configuration). In this region the molecules are in the
extended phase and after decomposition of the complex remain
vibrationally excited.

important for the pumping of lasers. For example, the func-
tioning of the oxygen—iodine laser is based on the reactions
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Figure 3. The spectrum of the rotational states of the
hydrogen molecule for the ν = 3 level after the laser pump-
ing of Na atoms; delay time 0.5 \xs, 500 K, PH 2 = 300 mbar
(P = relative population).

For Na + H2, the contribution of the "chemical" mechanism
of the quenching of an electonically excited atom (via the
formation of the hydride NaH) is not more than 0.5%. For
the Mg(1'3P), Ca(3P), Sr(3P), and Zn(1>3P) atoms with ener-
gies in the range 2-5 eV, the chemical mechanisms involving
the formation of the hydrides MH predominate, the reactions
occurring via the insertion of the atom in the molecule in the
C2V configuration and with rotational excitation of the hydride
MH (for example, the states with J i, 30 are populated in
MgH).

The second chemical mechanism is dissociative:

Hg(»/>!) + H s->HgeS0) + Η + Η .

The energy transfer (the E—E process) makes an important
contribution to the quenching, for example:

Hg № ) + Tl («/>./,) -^ Hg OS.) + Tl CSM)

Hg CPO + C8H4 -* Hg (>50) + C2H4 TO

with transfer of angular momentum. The E-E processes are

I, (»?•) + O, CAlt ν > 3) 21 PA;,) + Q,

O2

The conditions for energy resonance are critical for the
transfer of the E-energy.

Rydberg atoms (see Section II) are attractive because the
conditions for the resonance of small quanta of the E-energy
with the V- and R-energies of the molecules are fulfilled in
their collisions with molecules and the laws governing the
E—E and E—R processes are conveniently investigated in rela-
tion to these atoms.

A Rydberg atom can be approximated by a model in which
the Rydberg (excited) electron is so remote from the ionic
residue of the atom that it can be regarded as a virtually free
particle and the collision of the atom with the molecular tar-
get can be treated as the interaction of three particles—the
Rydberg electron, the ionic residue, and the target particle.
It can be accompanied either by the direct E—V or E—R
transfer or by the reverse T—E,V—E, or R—E transfer, which
increases the quantum number η of the Rydberg atom up to
its ionisation threshold. The laser-induced fluorescence and
selective-field ionisation methods have been developed for the
investigation of these processes.

The interaction of the Xe(27f) atom, in which η = 27 for
the f electron, with HF proceeds in accordance with the
scheme:

Xe(27/)+HF(/)-*Xe(n, l) + HF(J—1)

i.e. the HF molecule loses a rotational quantum and the
Rydberg atom is excited to the states with η = 40 and 41 and
different values of I and \mi \. This excitation is very
selective: the Xe(n, I) states with η = 39 or 42 are absent,
since the energy deficiency for them is approximately 5 cm"1,
while for η = 40 and 41 it is much less: ~1.2 and ~2.1 cm"1.

The interaction of the Xe(27f) atom, in which η = 27 for
the f electron, takes place for J ύ 3. For J ^4, i.e. for a
larger store of the R-energy, the atom ionises:

Xe(27f) +HF(/)-*-Xe++HF(/— 1) +e .

However, Xe(23f) behaves in a completely different way:

Xe(23/) + HF(/=0)-^Xe(21, /) + HF(/=l).

Unlike the previous instance, here the electronic energy is
transferred to the rotational levels of the target and the
Rydberg atom undergoes partial deactivation with decrease
of n. In this case the deficiency of energy resonance
amounts to ~1.5 cm"1 and this process does not take place
with the Xe(26f) and Xe(27f) atoms; although their energies
are greater than that of Xe(23f), the resonance deficiency of
~2.6 cm"1 completely suppresses this process.

Together with the E—R processes, virtually isoenergetic
processes involving no change in η and J also take place, for
example:

Xe(27f)+HF(/)^Xe(27, /)+HF(/)

in which the change in the orbital electronic momentum is
compensated by the change in the translational energy.

The E—V transfer is a still more markedly resonance pro-
cess. Thus the Na(ns) Rydberg atom induces a rigorously
resonance-type vibrational excitation of CH^ and CD,,: the
transition 5s -»• 4p (energy 2930 cm"1) excites only the v3

vibration in CH4 (2940 cm"1), the 6s ->• 4p transition (1331
cm"1" '
7s

x) induces the vH vibration in CH4 (1340 cm"1), and the
-»• 5d transition (975 cm"1) excites the v,. vibration (965

cm 1) in CD .̂ The orbital angular momentum then changes
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by Δ Ζ = 1 or 2; processes with Δ Ζ = 0 do not occur. Thus
the energy of the transition 8s -*• 7s coincides with that asso-
ciated with the frequency v^ in CD,,, but this energy reso-
nance is insufficient to effect the E—V process.

These examples contain a small proportion of what is now
known about the atomic-molecular energy dynamics and
demonstrates merely the multiplicity of factors involved in
this problem, the level of its solution, and the pathways
leading to it. The same situation exists also in the energy
dynamics of molecules: the examples quoted below give
merely an idea about the current state of the problem and
about the ways in which it is solved and the aims which have
inspired the search for such solutions.

The relaxation of small molecules at low vibrational levels
has been thoroughly investigated and has been incorporated
in textbooks and monographs. Further progress in this
field is being directed to complex molecules and high energies:
the characteristic features of relaxation, the mechanisms,
and the dynamics are being established. For example, Fig.4
shows how the vibrational energy of acetylene "descends"
down the levels and is converted into kinetic energy: there
is initially a rapid redistribution among the initial vibrational
states (less than 15 collisions are necessary to achieve this),
after which follows the slow relaxation of the symmetrical v 2

stretching vibration (~650 collisions are required) to the vH

and ν 5 deformation vibrations, which slowly discard the
V-energy into the R- and Γ-forms. A remarkable feature of
this approximate picture is the "bottleneck" effect in the v 2

vibrations, which can store energy for a long time.

Ε, cm l

3000 -

2000 '

WOO

ι-y
relaxation

Figure 4. Pathways leading to the relaxation of the vibra-
tional energy in the acetylene molecule among vibrational
levels; the numerals against the arrows indicate the number
of collisions of the excited molecule required for relaxation
from the given level.

Molecules capable of retaining energy are needed for gas
lasers and especially for lasers with solar pumping. Natural
laser effects are known in the atmospheres of certain planets
and the creation of solar lasers constitutes an attractive
prospect. The principal requirements which must be met by
gases to be used as media in solar lasers are as follows: wide
and as far as possible continuous absorption bands to ensure

effective pumping; the presence of metastable states and the
occurrence of relaxation processes ensuring an inverted pop-
ulation; stability (or capacity for regeneration) of the chem-
ical composition of the laser medium.

In order to find systems capable of transforming solar
energy and storing it at excited levels with an adequate
density, exceeding the generation threshold, it is essential
to know not only the physicochemical structure of the mole-
cules (see Section I I ) , but also their energy dynamics—the
lifetimes of the excited states, the mechanisms and cross-sec-
tions of the physical and chemical relaxation, and the ways
of transforming energy. Examples of solar lasers based on
Br 2, I 2 , Na2, Cs2, IBr, etc. already exist, but their charac-
teristics are far from perfect.

Rotational energy is known to be discarded rapidly, giving
Γ-energy even in collisions with inert gas atoms, since the
distances between the rotational levels are small compared
with kT. However, for molecules with a small moment of
inertia or with a large store of rotational energy (large J ) ,
the distances between the rotational levels are comparable to
or exceed kT. Under these conditions, the molecule rotates
so rapidly that its potential appears to be isotropic to the
approaching atom. On the basis of this principle, the atom
exhibits a weak perturbation and is ineffective in the R—T
relaxation. Because of this factor, the highly excited states
of hydrogen halides survive many collisions and lasers based
on rotational transitions have been devised using them.

Frequently such molecules with an inverse population of
the R levels are formed in photochemical pumping. Thus
the photolysis of BrCN at 193 nm yields CN with low E- and
V-energies but with a large store of the R-energy (up to
1400 cm" 1 ); the states with J from 30 to 86 are populated
under these conditions and the yield of molecules at the maxi-
mum of the distribution with respect to J (Jmax

 s 60) is ~4%.
These states are metastable (their relaxation by Kr, Ar, N2,
CO, and Xe is relatively inefficient) and are suitable for
lasers.

For the majority of polyatomic molecules, the key problem
is the intramolecular distribution of energy with respect to
the vibrational reservoir. The intramolecular vibrational
relaxation (IVR) is a collision-free process resulting from the
intramolecular interaction of oscillators—vibrations of differ-
ent types and having different frequencies. IVR determines
the processes leading to the decomposition of molecules and
ions on excitation by electron impact or photoexcitation, in
chemical activation, and on multiphonon excitation; IVR
influences strongly the vibrational and electronic-vibrational
fluorescence spectra, chemiluminescence spectra, and the
spectroscopy of laser systems.

Excellent methods (picosecond and femtosecond laser spec-
troscopy) for the generation of coherently pure vibrationally
excited states in both electronic ground and electronically
excited states have been developed.

A remarkable feature of IVR is the retention of coherence
on redistribution and migration of energy among levels, which
is manifested by quantum beats, observed on the kinetic
luminescence decay curves. The frequencies of the quan-
tum beats are related to the number of levels involved in the
energy exchange and the coefficients of the basic vibrational
wave functions, from which the overall vibrational wave
function of the molecule is made up, can be found from the
phase shifts and the amplitude of the modulation of the beats.
Furthermore, the Hamiltonian matrix describing the interac-
tion between the oscillators can be found, in principle, on
the basis of these beat frequencies and coefficients.

For example, in the anthracene molecule for low vibrational
energies (up to 1200 cm"1) there is almost no energy redis-
tribution, the quantum beats are missing, and the vibrational
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states generated by the laser excitation relax monoexponen-
tially with τ = 20 ns. When the vibrational energy store is
1380-1520 cm"1, strong quantum beats appear with a fre-
quency of ~5 GHz, indicating energy migration in which several
levels with migration times of several hundreds of picosec-
onds are involved. For larger energies, rapid monoexponen-
tial loss of the coherence of the initial vibrational states takes
place owing to the rapid migration of energy with τ ε 20 ps.

The redistribution of the V^energy is extremely selective:
by no means all the vibrational states participate in the
energy exchange. Thus, for a V-energy of 1380 cm"1, only
three vibrations interact strongly and participate in the
energy exchange, while the density of the vibrational levels
corresponding to this energy is ~25 per cm"1, which is charac-
teristic also of other energies in the vibrational reservoir.
The number of levels participating in the exchange is much
smaller than the density of the vibrational states. Such
selectivity of the exchange is associated with the fact that
the vibrational states are coupled via the anharmonicity of
the vibrations and the latter can obey definite symmetry con-
ditions. Thus, for anthracene (D.^ symmetry), this implies
that the given vibrational state is coupled by anharmonicity
to only Ve of the total number of vibrational states.

The population of the rotational levels of the given vibra-
tional state accelerates the vibrational migration and the IVR
but does not alter the overall features—the coherence and
quantum beats are retained. In principle, one may select
on this basis the interaction responsible for the IVR—the
anharmonicity of the Coriolis forces. Clearly, if the latter
make the main contribution to the energy migration, then the
beat frequencies must depend greatly on the rotational tem-
perature and conversely, the absence of such dependence
may imply a leading contribution by the anharmonicity.

The establishment of the IVR laws is one of the current
growing points in energy dynamics. This problem has a
direct bearing on the molecular mechanics of vibrations,
namely on the question of the relation between coherence and
chaos in the vibrational motion of molecules with different
stores of vibrational energy. It adjoins the problem of the
ergodic nature of molecular systems, which arises in the clas-
sical mechanics of Hamiltonian systems of coupled enharmonic
oscillators. The famous KAM (Kolmogorv, Arnold, Moser)
theorem demonstrates that, for small perturbations (and small
energies), the classical movement of anharmonic oscillators is

quasi-periodic and regular, whilst for high energies it
becomes chaotic. Thus, for the Hamiltonian

H= j

the trajectories (χ, y) corresponding to small energies are
periodic (Fig. 5b), while for high energies they become cha-
otic (Fig.5a); here χ and y are the coordinates, px and py
the moments, and ωχ and o)y the frequencies.

The relative contributions of order and chaos in IVR
depend on the store of the vibrational energy, on the anhar-
monicity constants of the oscillators and their coupling, and
on the density of the vibrational levels. The questions how
IVR arises—coherently or chaotically—and at what rate are of
fundamental importance for chemical dynamics. Both the
pathways leading to the dissociative decomposition of the
molecule and the energy pumping of the fragments depend on
whether the IVR occurs before the decomposition or whether
the decomposition overtakes IVR. In the former case the
reaction is described by the statistical theory, while in the
latter the reaction takes place "non-statistically", selectively.

As a rule IVR predominates in the competition between IVR
and the dissociative decomposition. Thus, in the selective
laser excitation of CH2FCH2Br, the yield of HBr and HF on
decomposition of this molecule corresponds to a statistical
distribution of the vibrational energy. In the selective
pumping of the fifth overtone of the vibrations of the OH
group in the (CH3)3COOH molecule, the preferential break-
down of the O-O bond takes place; the energy transfer to
this bond occurs over a period of ~2 ps, i.e. before the
reaction via the Ο—Η bond. In chemical activation via the
exothermic addition of the carbene, i.e.

F 2 C - C F — C F = C F a — g"» > F j C — C F - F C — C F ,

CD2 CDa CH,

the vibrational energy, localised initially in the right-hand
three-membered ring, is found in the left-hand ring after
~1 ps and the reactions of this molecule occur after IVR.

The number of examples of the non-statistical decomposi-
tion or vibrationally excited molecules is much smaller, but
they open up pathways to photoselective chemistry, to the
laser surgery of molecules, and to "non-statistical" chem-
istry. Naturally, there exist only limited possibilities for
controlling the rate of IVR, but even the knowledge of the

-3 -Z -/ 0 1 2 3 Η «Ζ

Figure 5.
ωχ = 2u)y

ml 0 Ί Ζ 3 X

The chaotic (a) and quasi-periodic (b) trajectories y(i) and x(t) of the Hamiltonian H)
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characteristic features of IVR is sufficient to be able to pre-
dict which molecules and in which processes are suitable for
photoselective chemistry. The identification of the possi-
bilities and principles of the molecular energy organisation of
photoselective chemistry is one of the intriguing problems of
chemical physics.

The advances in laser spectrocsopy have led to the possi-
bility of investigating the vibrational relaxation of electron-
ically excited states. The method of the ultrasonic expand-
ing flow, in which the flux of molecules with rotational and
vibrational temperatures close to the absolute zero is excited
by the laser to specific vibrational levels of the electronically
excited state and the fluorescence arising from these levels
and its decay as a function of time are then detected, has
been developed most thoroughly.

The width of the vibronic fluorescence bands increases
sharply with increase in the store of the vibrational energy,
starting from a certain threshold. This is evidence for a
rapid intramolecular vibrational distribution—a rapid escape
of vibrational energy from the populated level to a multi-
plicity of others as a consequence of the anharmonicity of the
vibrations and Fermi resonance. When the number of coinci-
dent levels (and Fermi resonances) is small, coherent exci-
tation results in the appearance of vibrational quantum beats
corresponding to the oscillation of energy between the levels
which modulates the decrease of the fluorescence intensity.
Incidentally, such beats are also observed in intermolecular
energy transfer. Thus, on excitation of HC1 in argon, at an
overall pressure of 3 bar and an HC1 partial pressure of
29 mbar, the H35C1 vibration is pumped at 2963.3 cm" 1. Owing
to the coherent energy transfer between H35C1 and H37C1
during the time decay of the signal of the trial pulse probing
the population of the excited vibrational states, a periodicity
(quantum beats) is observed with a period of 15 ps, which
corresponds exactly to the difference between the vibration
frequencies of the isotopic forms of HC1, amounting to 2.22
cm" 1. Under these conditions, the phase coherence is
retained much longer, about 50 ps.

If the density of the Fermi resonances is large, there is a
pronounced superposition of beats with a large set of fre-
quencies and this situation is referred to as "Fermi bleeding"
in IVR. Thus in naphthalene in the S x state in the presence
of an excess vibrational energy Ev = 3068 cm"1, the density
of the vibrational levels is about 1600 per cm" 1, the distance
between the levels involved in the "Fermi bleeding" is about
0.06 cm"1, and the characteristic IVR time is 10-100 ps. In
fluorobenzene the energy threshold of the intense IVR is
much lower and begins at a density of levels amounting to
40 per cm"1. In this case the Coriolis interaction, involving
the rotational levels in IVR, which increases the density of
the levels by the factor 23 (for rotational quantum number J),
makes a significant contribution.

The role of the density of levels in IVR is illustrated by
the popular example of molecules of the type

On excitation of the symmetrical vibration at 993 cm"1 of the
electronically excited benzene ring, the time taken for the
store of the V-energy to leak from the ring to the "tail" of
the molecule depends on the density of the vibrational states
of the "tail", i.e. on the value of n. Thus, for η — 1, this
time is long, about 900 ns, whereas for η ^ 4, it is reduced
to 2-10 ps.

The electronic relaxation of even polyatomic molecules is a
much slower process and it is investigated by laser spectro-
scopic methods with the same high level of "quantification" as
the structure of the excited states (see Section II ) . Thus in
benzophenone the electronic energy is lost from the Sx state

(the S·,—So transition) over a period of 50 ps, the transition
from the Τ state to the So state via thermal excitation to Sx

(slow fluorescence) takes place in 1 us, and the spin-pro-
hibited direct T—So relaxation requires a time of ~1 ms. The
rate of relaxation of the Ε-energy then depends on the store
of the vibrational energy in a complex manner. For example,
in 9-cyanoanthracene in the presence of an excess of E v up
to 800 cm" 1, the quantum yield of the luminescence from S1

and the luminescence time τ depend little on E v : τ s 26 to
28 ns. When E v

 s 1200-1750 cm" 1, both the quantum yield
and τ decrease sharply with increase of E v and, when Ev =
2000—2500 cm" 1, the quantum yield diminishes to 0.1 and τ to
4 ns.

The energy dynamics of the molecules in the gas phase is a
multifactorial, multiparameter problem in which none of the
factors is of secondary importance: the type of molecules
(diatomic, or polyatomic, linear or non-linear), the type of
process (intramolecular or intermolecular), the type of
energy (E-, V-, R-, or Γ-reservoir), and the sequence of
the energy migration and escape processes (within one res-
ervoir or between reservoirs), the mutual influence of the
reservoirs, the anisotropy of the potential of the molecules
and the processes ensuring its modulation, the limitations
and prohibitions based on the angular momentum, the sym-
metry and deficiency of the energy, and the rate of move-
ment of the partner species in the region of the overlap of
their potentials. The theoretical solution of the problem
requires the knowledge of the potential energy surfaces of
the ground and excited states and calculations on the dynam-
ics of the motion of the molecular system along the surface—
both these problems refer to chemical dynamics (see Section
V).

Analogous problems arise in the energy dynamics of the
molecules on the surface—namely the problems of the rules
governing the transfer of the vibrational, rotational, and
electronic energy on impact of the excited molecule against
the surface, of which phonons participate in the energy
exchange processes (the collective lattice phonon or the
localised high-frequency vibrations of the surface atoms), of
the ways in which these processes depend on the velocities
and masses of the molecules and on the potentials of the
molecule and the target, and of the role played by the
"roughness" of the surface on the atomic scale.

The greatest experimental progress has been achieved in
this instance by the employment of the method of molecular
beams, where a monochromatic stream of atoms or molecules
in specified quantum states is directed onto the surface and
the velocity and angular distribution of the reflected or
desorbed species as well as their new distribution among
quantum states are then determined. These studies have
now assumed a large scale and they are aimed at the funda-
mental problems of heterogeneous catalysis, the chemistry
and physics of surfaces, plasma chemistry, as well as the
branches of thermophysics engaged in the questions of the
thermal protection of space devices.

2. Migration of Energy in Clusters

The acquisition, storage, and utilisation of energy by
molecular systems of finite dimensions (van der Waals mole-
cules, clusters) have become the subject of vigorous investi-
gations quite recently; the interest in this problem is asso-
ciated with the fact that in such systems the energy spectrum
can vary continuously as the dimensions are altered and this
leads to the possibility of creating bridges between the
energy dynamics of isolated species and the energy dynamics
of species in large assemblies (liquids and solids).
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The pumping of energy into clusters is achieved by elec-
tron impact, by electron capture, or by the laser excitation
of one of the species in the cluster. For example, in the
van der Waals complex I 2 .He, the iodine molecule is promoted
by the laser to an electronically excited state with an excess
of vibrational energy and probe pulses then detect the fate of
the energy and the dynamics of its migration. The principal
migration pathway is the transition to the low-frequency
vibration of the complex and dissociation, for example:

Ιβ · He (v = 7) -+12 (u = 6) + He .

i .e. one vibrational quantum is sufficient for dissociation.
The time taken for energy transfer from the high-frequency
to the low-frequency vibration is fairly long but it decreases
sharply with increase of the energy store. Thus, for I2.He
with ν = 12, 18, 23, and 25, the time taken for the escape of
a vibrational quantum varies in the sequence 200, 100, 50,
and 40 ps. Hence it follows that the anharmonicity of the
vibrations, which is greater for larger amounts of vibrational
energy, is responsible for the energy transfer.

However, this is not the only factor controlling the energy
dynamics of clusters. The size of the vibrational quantum,
the symmetry and structure of the cluster, the resonance
deficiency, and the density of the vibrational states are also
important. For example, the time of the vibrational relaxa-
tion to dissociative levels is -100 ps in the I2.He cluster and
-100 ns in the H2Ar cluster, i.e. is greater by three orders of
magnitude; this is caused by the weaker interaction of the two
types of vibrations in H2.Ar compared with I2.He. For the same
reason, the rate of dissociation in the (HFfo (n = 2 - 6) clusters
(the rate at which HFis split off) in the presence of the enor-
mous excess of vibrational energy of 3000 cm"1 amounts to only
10e-107 s"1. In the cluster of pentacene with Ar an energy of
300 cm"1 in the aromatic ring is converted slowly (over a period of
10—30 ns depending on the number of Ar atoms in the cluster)
into the low-frequency vibration modes of the Ar atoms.

The intermolecular energy transfer and relaxation in gases
are frequently preceded by the formation of van der Waals
molecules or clusters whereupon new and unexpected features
appear. Thus, in order to discard an energy quantum of
the HCO deformation vibration, not less than 1500 collisions
with the N2 molecule are necessary but only 10 collisions with
NO are sufficient. One might suspect that in the latter case
a chemical reaction serves as a powerful relaxation channel,
but this is not the case, since the reaction is slow and, fur-
thermore, it is retarded on deformation-vibrational excitation
of HCO. It is most likely that relaxation takes place in the
complex HCO.NO in which the deformation vibration frequen-
cies of HCO and the low-frequency vibrations of the complex
itself do not differ greatly and the energy rapidly slows down
to the dissociative levels of the complex.

The relaxation of the energy in clusters has begun to be
investigated also by the theoretical methods of molecular
dynamics. As an illustration of this approach, we shall con-
sider the Ar1 3 clusters in which the electronic energy is
"injected" into one of the central atoms. It organises a
localised state—the Ar* excimer, where one of the atoms is
of the Rydberg type. The dissociation energy of the
excimer, the equilibrium state, and the parameters of the
Morse potential are known; next, its interatomic interaction
with other atoms of the cluster is "switched on" and the
molecular and energy evolutions of the cluster are analysed.

The redistribution of the vibrational energy in the cluster
is hindered by two factors: (1) the marked difference
between the vibrational frequencies of the excimer and the
atoms in the cluster; (2) the local expansion of the cluster
around the excimer, occurring when the intermolecular

potential is switched on, because the repulsive branch of the
excimer-argon atom potential is much steeper than the repul-
sive potential between the argon atoms. As a result of this,
the first stage of the energy relaxation is the "explosion" of
the cluster—its rapid expansion (over a period of ~200 fs)
around the excimer. The second stage is the slow migration
of energy to the vibrational mode of the cluster with its
localisation at the predissociation levels of the surface atoms;
as a result, the atoms "evaporate" from the cluster and the
vibration energy is converted into the kinetic energy of the
leaving atoms. This process takes place over a period of
10-100 ns.

The characteristic features of the relaxation of the highly
excited (Rydberg) atoms in the lattice, the main one being
the local "explosion" of the lattice, can be seen from this
example; this is important for the problem of the interaction
of strong radiations (laser, electronic, and X-ray) with
solids (explosive evaporation, surface erosion, e t c . ) .

The energy dynamics of the clusters aroused increasing
interest and has been stimulated by the well-founded hope
that the fundamental problems of energy relaxation in liquids
and solids can be solved on the basis of the cluster ener-
getics .

3. Energy Dynamics in Liquids

The fluxes of vibrational energy in a liquid are controlled
by more complex laws than in a gas or a solid. In gases the
vibrational pumping and relaxation are regulated by binary
collisions—elastic (when the vibrational states of the partner
species are not altered and there is only a shift of the phase
of the vibrations) or inelastic (where both the vibrational
states and phases change). The first process corresponds
to phase relaxation, i.e. to the loss of phase coherence
(characteristic time T 2 ) ; the second process involves energy
relaxation—the removal of the energy to the lattice (charac-
teristic time Tx). The T1 process determines the escape of
energy from the vibrational reservoir to the lattice, while the
Τ z process constitutes the migration of energy within the
vibrational reservoir without its loss to the lattice.

In a solid, both the phase and the energy relaxation can be
interpreted as the interaction of a local vibration (or a vibra-
tional exciton) with the phonon spectrum of the lattice (of a
crystal or glass), whereupon the approximation of harmonic
phonons is frequently satisfactory.

A liquid is too dense for the treatment to be restricted to
the approximation of binary collisions but it is not sufficiently
ideal to allow the phonon model to be employed. Further-
more , in a liquid there are low-frequency degrees of freedom
(of rotation and of oscillation of the centre of gravity) for
which Ηώ £ kT and which can be treated in classical terms as
well as high-frequency degrees of freedom (Λω » kT), which
must be treated only in quantum terms.

The phase coherence of the excited states assumes special
importance for the energy dynamics in a liquid, where the
density of oscillators is high. The rapid loss of phase
coherence implies the rapid migration of the energy in the
reservoir, whence T2 « T x . The ratio of Tx to T2 is impor-
tant also for another reason—the energy can be extracted in
the form of laser emission only under the conditions of high
coherence. If the phase relaxation is limited by the escape
of energy to the lattice, then 7\ = T 2; in this case, each
step involving the removal of a quantum to the lattice also
implies the loss of coherence.

For a set (packet) of oscillators of one kind (with one fre-
quency and one phase), the absorption or emission line cor-
responding to the given vibrational transition is homogeneous
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(or homogeneously broadened) with a width TJ 1 . For a set
of packets, the line constitutes a superposition of the lines
of the individual packets; this is an inhomogeneous (or
inhomogeneously broadened) line. The causes of the loss of
phase coherence are various. Firstly, there is the micro-
structural inhomogeneity of the liquid when the oscillators in
different local environments and the phases fall out of step at
different rates under different conditions. This is especially
significant for rapid phase relaxation, where molecular
dynamics is incapable of averaging out the microstructural
inhomogeneity during a period shorter than T 2 . Secondly,
there is the resonant transfer of vibrational quanta between
oscillators; each step involving the migration of a quantum
is accompanied by a loss of phase coherence. Thirdly, the
intramolecular interaction of oscillators with enharmonic
coupling between them can also become a cause of the system
going out of phase: the excitation and relaxation of one
oscillator modulate the frequency and phase of another oscil-
lator. Other causes are the vibrational-rotational interac-
tion , Fermi resonance, and the formation of clusters.

In the energy dynamics in a liquid, one can trace the same
trend as in clusters: the greater the frequency isolation of
the oscillator, the longer the period during which it retains
the energy. A striking example is provided by the N2 mole-
cule in liquid nitrogen for which T x at 77 Κ has the record
value of 45-60 s, while T2 = 150 ps, i .e. T1/T2 » 1. In the
presence of admixtures (CO, CO2, CEU, O 2 ), the relaxation
of N2 is directed to impurities and from them to the lattice.
For SO2 in liquid SO2, we have 7\ s 45 ns and it is indepen-
dent of temperature, while for HC1 (v = 1 ) , Tx = 1 - 2 ns in
liquefied HC1 and decreases with increase of temperature.
The HC1 (v = 1) relaxation cross-section in liquid xenon is
3 χ 10~8 and is almost the same as in a gas for collisions with
argon atoms. In CH3F, the v3 vibration has a relaxation
time of 375 ns in liquid O2 and 1300 ns in liquid argon.

In polyatomic and "low-frequency" molecules, the relaxation
times are shorter by several orders of magnitude and lie in
the picosecond range. Thus the CH stretching vibrations in
CH2C12 and CH3COCH3 lose energy over periods of 50 and
65 ps and these are nevertheless long times, because the
deformation vibrations are of the low-frequency type and the
Fermi resonance is suppressed. In CH3OH, the second
overtone of the CH3 deformation vibration has virtually the
same frequency as the stretching vibration and the Fermi
resonance shortens the relaxation time of the stretching
vibration to 1.5 ps. In ethanol, the Fermi resonance is
slightly weakened and T1 increases to approximately 20 ps.
In CHC13, Τλ = 115—140 ps and depends on temperature; for
SF 6, T1 = 27 ps in liquid oxygen and 160 ps in liquid argon.

The vibrational relaxation of polyatomic molecules as a rule
takes place in two stages: (1) rapid redistribution of energy
among the vibrational modes (or their combinations) within
the molecule over a period of 1-2 ps and (2) slow escape of
energy from the vibrational reservoir to the lattice over a
period of tens or even several tens of picoseconds. For
example, in anthracene and azulene, the intramolecular
migration of energy via vibrations takes place over a period
of 1-2 ps and the removal of energy to solvent molecules
takes 20-40 ps.

Rapid intramolecular energy fluxes are associated with a
high density of the vibrational states and a strong interac-
tion (via anharmonicity and Fermi resonance). Thus, for
molecules containing -30 atoms, the density of the vibrational
levels is ~106 per cm" 1. The slow relaxation is associated
with the transfer of the V-energy to the librational and
translational degrees of freedom of the solvent molecules and
this reservoir is "disconnected" from the vibrational reser-
voir as regards frequencies.

The study of the energy relaxation in large molecules in
both ground and excited states has steadily advanced to the
femtosecond region; the aim of such advance is to find new
possibilities for laser-coherent effects and for selective "non-
statistical" chemistry.

The theory of vibrational relaxation in a liquid has devel-
oped predominantly in two directions. The first originated
from the gas model of binary collisions into which "collective"
elements are introduced—correlations of pairs, triplets, etc.
The second direction employs the model of collective move-
ments and the rate of relaxation is determined in terms of the
Fourier components of the correlation functions of the non-
diagonal matrix elements of the perturbing Hamiltonian. A
purely hydrodynamic theory based on model representation
of a species "trembling" in a viscoelastic medium has also
been developing; the theory reproduces collectively the
effects of viscosity and density, but it is too simplified to
reproduce all the characteristic features of the relaxation.
An approach based on the generalised Langevin equation (see
Section III) has also been developed. In all cases the theory
is based on intermolecular interactions and the relaxation is
a result of a complex interplay of attractive and repulsive
forces; the prediction of the result of this interplay and
the determination of its rules and characteristics is a complex
and serious combined problem in molecular and energy
dynamics.

4. Energy Relaxation in Solids

The relaxation and transfer of electronic energy in solids
(especially in crystals) is a thoroughly developed field of
physics and chemical physics with long traditions. The
principal laws governing the transfer and quenching of
energy and the mechanisms of its degradation have been for-
mulated , the dependences of the transfer cross-sections on
the oscillator strengths, on the distances between the donor
and the acceptor, and on the orientation of the dipole
moments of the optical transitions of the donor and acceptor
are being refined, and the characteristic features of the
electronic relaxation in excimers and exciplexes are being
investigated. The aspects of this problem associated with
photosynthesis, phosphors, and solid lasers are developing
particularly vigorously.

In vibrational relaxation, the main problem is the dynamics
of phonon excitations and the relaxation of the vibrationally
excited impurity centres as reflected in the phonon spectrum.
The lifetimes of the optical phonons in crystals are measured
by coherent laser spectroscopic methods; thus in diamond
their lifetimes Tx are 2.9 and 3.4 ps at 295 and 77 Κ respec-
tively and the A1(_ vibration of the CO7 anion in CaCO3

relaxes over a period of ~3 ps.
The relaxation of impurity centres is of interest for the

same reasons that the centres themselves are of interest (see
Section II) . The "burning of holes" in an inhomogeneously
broadened spectrum (optical or vibrational), i.e. the satura-
tion of optical or vibrational transitions for the given packet
of centres of molecules, is used for their investigation. Con-
clusions about the rates and mechanisms of relaxation and
about the contributions of the Τλ and Γ2 processes to the
relaxation are reached on the basis of the elemination of the
"hole".

Direct results can be obtained from the spectroscopy of
impurity centres in single crystals. For example, the width
of the lines in the vibrational spectrum of SiF6 in a xenon
single crystal at 14 Κ is 0.028 cm" 1; it is homogeneously
broadened, i.e. all the SiF6 molecules in the xenon crystal
are identical and constitute a single vibrational packet. The
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line width is determined by T 2 , i .e. by the loss of phase
coherence as a result of the phase falling out of step in the
elastic scattering of the lattice phonons by the vibrations of
the impurity centres (SiF6 molecules).

Furthermore, it is possible to discover which phonos are
responsible for the phase relaxation. At low temperatures
(14—50 K), the temperature dependence of the line width
(Tj 1 ) is described satisfactorily on the assumption that the
local phonons with the following parameters are responsible
for the phase coherence: frequency 4 cm" 1, lifetime 8 ps,
constant for the coupling of the SiF6 vibrations to local pho-
nons 0.08. At high temperatures (>50 K), the bulk-phase
(Debye) ρ ho none of the crystal play the main role with a
coupling constant of 0.05 and a frequency maximum of 42 cm"1

(this corresponds to a Debye temperature of 62 K). For
ReO^ in ionic crystals of alkalis, the line width is also deter-
mined by T^1 and the phase coherence is lost to Debye pho-
nons.

One of the new aspects of the energy dynamics in solids is
the relaxation of charge carriers and excitons in semiconduc-
tors. For example, the pulse excitation of carriers (dura-
tion of pulse 50 fs) in the GaAs superlattice (65 periods in
GaAs having a thickness of 96 A with barrier layers of Alo.3.
.Gao.7As having a thickness of 98 A) generates a packet of
excited carriers, whose relaxation takes place over a period
shorter than 100 fs. The average energy of the carrier
then remains unaltered, i.e. only energy exchange between
the packet of excited carriers and the remaining carriers in
the conductivity band takes place during 100 fs. The elimi-
nation of energy and the descent of the carriers to the bot-
tom of the conductivity band take place over a period of the
order of picoseconds (over a period of ~5 ps in GaAs) and
the relaxation to the valence band requires ~7 ps.

The examples presented here are few in number but they
demonstrate the high technical level of the experiments and
the high time and frequency resolution. Little has been
done as yet in energy dynamics in solids, but progress in
this field is constantly accelerating.

V. REACTION DYNAMICS

This is the science of the development of chemical pro-
cesses in time, which constitutes the central component of
chemical physics. It answers or attempts to answer funda-
mentally important questions such as which reactions can
occur and which are prohibited, in what ways and by what
means is it possible to remove the prohibition, how chemical
reactions can be controlled, and how the rate and direction
of the reaction can be influenced. Chemical dynamics is the
fundamental basis for the creation of new and the improvement
of existing technologies. A second important aspect of
chemical dynamics is analysis of the ways of transforming
energy in elementary reactions in order to search for high
quality chemical laser systems.

1. Potential Energy Surfaces and Theories of Reaction
Dynamics

The task of the theory is the development of methods for
the calculation of rate constant or cross-sections for specified
quantum states of the reacting species; potential energy
surfaces (PES), i .e. the dependence of the total energy of
the reacting atomic-molecular system on the coordinates of
the atoms, are needed for this purpose. THe PES is the
"conductor" of the chemical reaction, controlling the trajec-
tories of the transitions from reactants to products and

determining the reaction channels, the reaction cross-sec-
tions , and the distribution of energy in the product.

The calculation of PES is the first problem of chemical
dynamics. Non-empirical (ab initio) computational methods
are being developed; they are laborious, since they require
the calculation of a large number points on the surface,
but the main difficulties are associated with the correct
allowance for the electronic correlation energy. Fur-
thermore, subsequent employment of this PES in the calcula-
tion of trajectories requires an analytical, functional repre-
sentation of the entire PES (which is virtually impossible) or
of its section in the vicinity of the trajectory to be calculated.
Semiempirical quantum-chemical methods are also being devel-
oped (for example, the method of diatomic complexes in the
molecule—DCM), but the most popular are the even simpler
methods based on the familiar London equation for the energy
of a triatomic system. Among them, the LEPS (London-
Eyring—Polanyi-Sato) PES is widely used. Semiempirical
methods for the calculation of the one-dimensional profile of
the reaction path from the reactants valley to the products
valley are also known (for example, the "bond energy—bond
order" method); it is useful in approximate calculations
where only the rate constants are of interest and the entire
PES need not be known.

Examples of PES for the Ο + H2 reactions are presented in
Fig. 6. For linear O(3P) + H2 collisions, the forms of the PES
obtained by the ab initio and DCM methods differ. The
crossing point in the former is displaced towards the valley
of the initial reactants and in the latter towards the valley of
the products. This difference is of fundamental importance
for the possibility of activating this reaction and the fate of
the energy. It is seen from Fig.6c and 6d that the PES for
the reaction O(XD) + H2 -»• OH + Η with a linear configuration
of the atoms and for the insertion reaction O^D) + H2 -• H2O
differ sharply from the PES for the O(3P) + H2 reactions.

The accuracy of the PES is a painfully acute problem in
chemical dynamics: any errors in the calculation and distor-
tions in the PES entail marked deformations of the trajecto-
ries. The reaction trajectories and cross-sections are so
sensitive to the details of the PES that one frequently resorts
to the solution of the converse problem: the trajectories and
cross-sections are assumed on the basis of a calculated PES
and then the results of the calculations are compared with
reliable experimental data and the PES is "corrected" until
"satisfactory" trajectories reproducing the experimental data
are obtained.

The construction of the PES is the first part of chemical
dynamics; the second part involves the calculation of the
trajectories in the movement of the reaction system on the
surface. If the calculation is based on the equations of
classical mechanics, then the procedure is called the method
of classical trajectories; if the quantum states of the internal
degrees of freedom (rotations and vibrations) are taken into
account in the equations, then the trajectories obtained are
assumed to be quasi-classical in the sense that their initial
conditions take into account the quantum character of the
rotations and vibrations, but they do not represent rigorous
solutions of the quantum equations of motion.

Examples of quasi-classical trajectories for the reactions
CCD) + HI + CH + I and C(XD) + HI + CI + Η are presented
in Figs. 7<z and 7b. Both trajectories describe the mutual
approach of three atoms (the C atoms move along the normal
to the centre of the H-I bond) with formation of a complex
having a lifetime of -0.8 ps along the first trajectory and
~0.4 ps along the second. The periodic changes in inter-
atomic distances, i.e. bond vibrations (between 0.5 and 1.3 ps)
are very marked in the complex; the highest frequency is
that of the C—Η vibration and the lowest frequency is that of
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the C-I vibration. The lifetime of the complex is comparable
to the time required for the intramolecular migration of the
vibrational energy (see Section IV) and its statistical distri-
bution therefore holds in the reaction products.

The trajectories of the same reactions occurring in a linear
collision do not reveal the existence of a complex. They
have the form typical for the generalised reactions A + BC -»•
AB + C (Fig.7c). The absence of a long-lived bound state
in such reactions is the cause of the non-statistical distribu-
tion of energy in the products.

The method of quasi-classical trajectories does not take
into account the quantum effects of the motion and of the
tunnelling under the barrier. Such problems do not arise
in quantum calculations, being exotic rather than usual. The
experience gained in the calculations has demonstrated that
the introduction of quantum corrections to the quasi-classical
trajectories with a one-dimensional potential barrier is insuf-
ficient and that it is necessary to solve the problem with a
multidimensional barrier and that a method capable of

describing the classical movement of the reactants along the
PES over long distances and tunnelling over short distances
is needed.

Definite advances have been made on these lines: a method
of complex trajectories has been developed, within the frame-
work of which it is possible to combine the mutually exclusive
concepts of tunnel and classical trajectories. A complex
trajectory becomes real when the real time is replaced by the
imaginary time (t -»• it) and the PES is replaced by the
inverted PES (1/ = -V). In this method there are difficulties
associated with the choice of the boundaries and contour of
the trajectories, but overall it is an effective procedure
whereby one can obtain "quantum" results from quasi-clas-
sical equations of motion.

Calculation of the trajectories on a single PES is frequently
insufficient, since there are several PES in very close prox-
imity in individual regions or even quasi-intersecting. The
unusual problem of allowing for the non-adiabatic nature of
the process, i .e. for the "jump" of the reaction system

O-U 0.6 0.8 1.0 hi Μ 16 1.B 2.0
r0H A

at ο.β as io i,z 1.1 ιβ ιβ ζοζ,ζ
Γ ΑΓ 0 Η Α
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Figure 6. The potential energy surfaces for the Ο + H2 reactions: a) non-empirical PES for O(3P) +
H 2 -»• O H + Η ( l i n e a r c o m p l e x , r O H = 1 . 2 1 6 Χ , Γ * Η 2 = 0 . 9 2 0 X , 1 2 . 5 8 k c a l m o l " 1 b a r r i e r ) ; b ) P E S o b t a i n e d

b y t h e D C M m e t h o d f o r O ( 3 P ) + H 2 • * • O H + Η ( l i n e a r c o m p l e x , r O H = 1 . 0 6 1 A , r ^ 2 = 1 . 1 0 3 X , 1 3 . 3 5 k c a l

m o l " 1 b a r r i e r ) ; c ) P E S o b t a i n e d b y t h e D C M m e t h o d f o r O ^ D ) + H 2 -+• O H + Η ( l i n e a r c o m p l e x , ^ ο , Η Η =

distance from Ο to the centre of the H-H bond, fQ^HH = 1 # 6 6 ^ ' rHH = ° · 7 8 ^ ' ° · 8 0 k c a l m o 1 1 barrier);
d) PES obtained by the DCM method for O(rD) + H2 -»• H2O (complex with C 2 V symmetry, reaction involving
the insertion of Ο in the centre of the Η—Η bond, no barrier). Constant energy lines have been drawn
from 1 to 20 kcal mol"1 at 1 kcal mol"1 intervals (for α and b ) , from 35 to 25 kcal mol"1 at 10 kcal mol"1

intervals (for c ) , and from -145 to 20 kcal mol-1 at 15 kcal mol"1 intervals (for d ) ; r* = coordinates of
the apex of the barrier.
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Figfure 7. Examples of reaction trajectories: a) for C(XD) + HI -»- CH + I; b) for C^D) + HI
CI + H; c) generalised trajectory for the forward reaction A + BC -*- AB + C.
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between different PES in regions where they approach one
another or quasi-intersect, then arises. Such jumps distort
the reaction trajectories and allowance for them constitutes a
serious problem in chemical dynamics.

In trajectory dynamics, account is taken of many trajec-
tories for a given reaction (by no means all cross the bridge
between the reactants valley and the products valley), and
then the overall reaction cross-section in the specified states
of the reactants is obtained by averaging the results with
respect to the initial (starting) conditions governing the tra-
jectories; one of the popular methods of selecting the initial
conditions (but not the only one) is the Monte Carlo method.

Dynamic trajectory calculations yield the most complete
information about the chemical reaction and provide answers
to the following questions: what reaction channels exist,
what are their probabilities, how is the energy of the reac-
tants utilised in the reaction, how is it redistributed in the
products, and at which modes of the motion is it localised.
However, they are laborious and are by no means always
fully realisable, being used predominantly for the simplest
reactions. Simpler versions of the theory are therefore
being developed, among which the method of the reaction
pathway Hamiltonian merits special attention.

In this version of the theory, the classical Hamiltonian of
the molecular reaction system is constructed and the reaction
pathway as well as orthogonal oscillations (deviations from
the reaction pathway in the closest regions of the PES along
the pathway) are found. In principle, this approach makes
it possible to carry out calculations for polyatomic systems
and has definite practical advantages: the entire PES is not
needed, only a small proportion of the latter being required
(the region corresponding to the valley on the reaction path-
way), but these advantages entail the sacrifice of the physi-
cal rigour and completeness of the calculation.

Together with dynamic trajectory theories, statistical theo-
ries are also being developed in chemical dynamics. They
are suitable for reactions proceeding via a long-lived inter-
mediate complex (resembling those which can be seen on the
trajectories in Figs.7a and 7b). The formation of the com-
plex and its decomposition are then independent events. If
during the lifetime of the complex xc, a statistical distribution
of the energy takes place (subject to the conservation of the
energy and the momentum), then the reaction complex can be
treated as a statistical system and its behaviour can be
described in terms of statistical laws.

The criterion which determines whether the reaction can be
described by the statistical theory is not always definite; it
is frequently assumed to be represented by the condition
T c y> Trot> rvib> * · θ · * n e lifetime of the complex is longer
than the rotational and vibrational relaxation times. How-
ever, this condition is not unambiguous and statistical theo-
ries are frequently applicable even if this condition is not
fulfilled and, conversely, they are not applicable when it is
fulfilled. In order to predict the properties of the reaction
complex, it is important to know the behaviour of van der
Waals molecules (Section II) , while information derivable from
energy dynamics is important for the prediction of its "sta-
tistical nature" (Section IV).

The transition state theory is frequently included among
statistical theories; strictly speaking, this is not correct,
because the configuration of the atoms at the top of the
crossing ridge (it is referred to as the transition state or the
activated complex) decomposes only via the direct channel
and is not a statistical system. This is associated with the
fact that one degree of freedom, corresponding to the reac-
tion coordinate, has been differentiated in the method itself
(in its physical aspect) and, by definition, it is isolated from
the other degrees of freedom of the reaction system. On the

other hand, in the transition state theory an equilibrium dis-
tribution is adopted, but it is a consequence of the equilib-
rium nature of the initial reactants. In other words, it leads
to the activated complex together with the reactants but is
not created in it and in this sense the claim that the transi-
tion state theory belongs to the class of statistical theories
can be regarded as correct.

In the transition state theory, there is no dynamics of
motion along the PES, only the knowledge of the energy
spectrum of the reaction system moving along the PES being
required. During its long history, the theory has received
new formulations and justifications and many versions of this
theory have been created: the canonic theory [calculation of
the rate constants k(T)], the microcanonic theory [calculation
of the cross-sections σ(Ε)], the variational theory (ensuring
allowance for only the one-way reaction trajectories), the
adiabatic transition state theory (it takes into account the
quantum-mechanical partition functions and tunnel correc-
tions), and, finally, the variational quantum-mechanical (or
generalised) theory.

At the present time the transition state theories are the
most productive, although they are more in the nature of
recipes and not all their approximations are reliable. It has
been demonstrated for a large number of collinear reactions
over a wide temperature range that the rate constants usu-
ally agree with the quantum-mechanical calculations and with
experiment to within an error not greater than 30%, although
there are instances where the discrepancies in the constants
amount to a factor of several tens and hundreds and it is not
possible to estimate α priori this artibrary aspect.

The question when does the description of the reaction
require dynamic trajectory calculations and when are statisti-
cal theories sufficient is a problem in statistical and non-sta-
tistical, selective chemistry. It is important especially in
the chemistry of highly excited states; the emphasis laid on
this problem is a tribute to technical progress. Hence fol-
lows the sharp increase of interest in ergodic systems.
Chemical dynamics is beginning to adopt on a wide scale the
approaches based on the ideas of the ergodic hypothesis,
theories of order and chaos in chemical reaction systems are
being developed, and problems of the chemical dynamics of
periodic, oscillating reactions are being discussed. The
endeavour to move outside the framework of adiabatic models
and to develop effective methods whereby non-adiabatic con-
ditions can be taken into account is associated with these
factors.

The chemical dynamics of reactions in the condensed phase
adds a new problem to all the difficulties and problems of
gas-phase dynamics—that of allowing for the influence of the
medium whose molecules act on the atomic-molecular reaction
systems and are, strictly speaking, participants in the reac-
tion and the question to what number of participants can
the treatment be restricted has no definite answer. The
first attempt to solve this problem arose in the familiar
Kramers theory based on the solution of the equation of dif-
fusional motion along the reaction coordinate. This theory
introduced the concept of friction along the reaction pathway
and was later developed in different versions—on the basis of
the Fokker—Planck equation in terms of various approxima-
tions (Kramers himself obtained his initial equation in terms
of the Stokes—Smoluchowski approximation—see Section III)
and then on the basis of the Langevin equations. It was
shown that the Kramers theory can also be obtained from the
simple Langevin equation, i.e. subject to the condition that
the random force acting from the direction of the molecules
of the medium on the reaction system moving along the reac-
tion coordinate is described by a Markov process. The gen-
eralised Kramers theory can be obtained from the generalised
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Langevin equation and is equivalent to the problem of the
attainment of the apex of a one-dimensional potential barrier
by a Brownian particle when the random force is described
by a non-Markov stationary Gaussian process. The general-
ised Kramers theory is then equivalent to the generalised
transition state theory. The physical significance of the analogies
is clear—the molecules of the medium (thermostat) act as a
perturbing trajectory of the motion of the reaction medium
along the reaction coordinate. The prospects for the devel-
opment of a theory based on the quantum-mechanical version
of the generalised Langevin equation have also been con-
sidered, but this is a difficult problem requiring the knowl-
edge of the nature of the thermostat and of the details of the
interaction of the reaction system with the thermostat at the
quantum-mechanical level.

There have been definite advances in the development of
theories of charge transfer reactions; they are based on the
idea of the reorganisation of the medium as a result of fluc-
tuations in dielectric polarisation. Such reorganisation pro-
duces potential wells and barriers, i .e. produces a potential
surface, and this process is described by the classical the-
ory , while movement along the reaction coordinate can be
described within the framework of any dynamic theory (in
particular, a purely tunnel version can be considered for
electron transfer). A generalised quantum-mechanical-cla-
sical theory, in which the classical treatment of the movement
of nuclei is combined with the quantum-mechanical description
of the movement of electrons is also being developed.

The state of the theory of chemical reactions in the con-
densed phase is such that the theory and experiment are
developing almost independently; the theory predicts merely
general qualitative features but is incapable of making quan-
titative predictions. The difficulties are associated with the
fact that many important details of the physics of the reac-
tions are obscure—it is not clear what is the main factor
which needs to be taken into account and what is of second-
ary importance and negligible in the theory.

2. Energetics in Reaction Dynamics

This problem has two aspects. The first involves the
question of how the reacting molecules utilise the energy
supplied to them, what energy is most effective and for what
reactions, and under what conditions do the molecules employ
their energy with the maximum benefit for the reaction.
These questions have a direct bearing on the selective pump-
ing of the energy to the degrees of freedom responsible for
movement along the reaction coordinate—the control and
stimulation of selected reaction·. The second aspect involves
the questions how energy is liberated in the chemical reac-
tion , where it proceeds, where and in what forms it is local-
ised, and how can it be concentrated and utilised. These
questions have a bearing on the creation of laser media and
effective pumping procedures in chemical lasers.

In principle, the answers to the majority of these questions
are provided by trajectory calculations, but the laborious
nature of the calculations and the limited accessibility of the
PES has stimulated an alternative, experimental procedure,
involving the use of modern laser spectroscopy, which makes
it possible to produce and detect molecules in any quantum-
mechanical states.

We shall deal first with the first set of questions—the ways
of controlling reactions by pumping energy to the reacting
species. These questions have no general answer; it
depends on the type and topology of the PES, on the type of
reaction, on the value of the energy, and on the type of the
energy reservoir—E, V, R, or T,

When the electron reservoir is pumped up, electronically
excited states are created, but even they exhibit a selectivity
in reactions: each type of reaction is stimulated only by an
electronic excitation of a definite type. The pumping of
energy into the electron shell by no means stimulate every
reaction despite the enormous amount of energy stored. One
of the problems is to discover the nature of the selectivity,
to learn how to predict it, and to employ it economically in
the photostimulation, radiation-stimulation, and plasma-stimu-
lation of processes.

The question of the relative contributions of the kinetic
and vibrational energies to the activation of reactions is
important. Thus, for reactions with a large barrier, there
exists a kinetic energy threshold above which the reaction
cross-section increases to a maximum and then diminishes.
For endothermic reactions, the vibrational energy is much
more effective than the kinetic energy, while for exothermic
reactions the opposite situation obtains. The vibrational
pumping of molecules is of special interest for two reasons:
the vibrational energy relaxes with difficulty (at any rate
much less easily than the kinetic and rotational energies) and
should therefore be retained for a long time in the vibrational
modes; the availability of powerful lasers operating in the
vibrational-frequency range makes the question of practical
significance.

The efficiency of vibrational energy in reactions depends
on the heat of reaction, on the topology of the PES, on the
height of the barrier, on the size of the vibrational quantum,
on the adiabatic conditions, on the type of reactions (trans-
fer of an atom, metathesis), on the complexity of the mole-
cules , on the density of the vibrational states, on whether
the reaction is of the direct, single-step type, or whether it
proceeds via an intermediate statistical complex. Only one
important feature has been reliably established and justified
theoretically: the vibrational excitation is effective in over-
coming the endothermic component of the potential barrier
and hardly influences the overcoming of the barrier in ther-
mally neutral and exothermic reactions. Its origin is inher-
ent in the topology of the PES: for endothermic reactions,
the barrier is encountered at an "early" stage, being dis-
placed towards the initial reactants valley, while for exo-
thermic reactions the barrier occurs at a "late" stage, being
displaced towards the products valley.

For example, the reactions Ca(Sr) + HF -+• CaF(SrF) + Η
are accelerated by a factor of 101* already by the first vibra-
tional quantum absorbed by HF, while the reaction F + HC1 -*•
HF + Cl with vibrationally excited HC1 (v = 1) is accelerated
only by a factor of 4. The reaction CH3 + H2 -»• CH4 + Η with
participation of H2(v) is accelerated, while the excitation of
CH3 can accelerate, suppress, or altogether fail to influence
the reaction, depending on the type of vibration excited. In
the reaction Κ + HC1 ->- KC1 + H, HC1 (v = 1) molecules react
100 times faster than HCl(v = 0) and only 10 times faster if
the same amount of energy is "thrown" into the kinetic
degrees of freedom. In the reaction OH + H2 -»• H2O + H, the
H2(v = 1) molecules react 150 times faster than H2(v = 0),
but the acceleration in the pumping of OH to the ν = 1 state
is only by a factor of 1.3. Neither the pumping of OH nor
the pumping of CO alters significantly the rate of the reac-
tion OH + CO •*• CO2 + H, while the reaction O2 + CN -»· CO2 + Ν
is actually retarded by the pumping. The excitation of the
HCO vibrations inhibits the HCO + NO reaction and this is
evidence that it proceeds via a statistical complex.

An enormous number of such facts and observations exist
for gas-phase reactions and by no means all have been
explained satisfactorily. In the condensed phase the prob-
lem in activation is complicated by the rapid vibrational
relaxation (see Section IV). There are very few data for
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reactions on solid surfaces (for example, it is known that the
reaction N2O + Cu ->· CuO + N2 is accelerated by a factor of
1U3-1O"* when vibrationally excited N2O molecules participate
in it), but this field will develop vigorously.

The influence of rotational pumping on reactions has been
investigated mainly by the method involving the selection of
rotational states in quadrupolar fields and by laser methods.
The rate constants fc(J) for the reactions Na + HF •+ NaF + Η
and Na + HC1 •*• NaCl + Η decrease with increase in the rota- j
tional quantum number J to Jmin = 11 (for the first reaction)
and 7 (for the second), and then increase with increase in
J > J m i n · The reaction Κ + RbF -»• KF + Rb is exothermic,
fc(J) falling with increased J; the reaction Η + OH ->- H2 +
O(XD) is also exothermic, but k(J) increases with increased
J. The rotation of OH accelerates the reaction NO + OH •*•
NO 2 + H, while the rotation of NO accelerates the reaction
NO + Ο3 -> NO2 + O2. In the reaction Η + HBr ->- HBr + Η
with ν = 0, J does not influence the reaction, but, when
ν = 2, the constant fc(J) increases with increasing J, i.e.
the effect of the rotational R-energy depends on the vibra-
tional state. The reaction Br + HBr ->· HBr + Br with HBr
(v = 0) is insensitive to J up to J ίί 10, but is accelerated
sharply for J > 10.

The influence of the Λ-energy depends on the kinetic
energy: for a high kinetic energy (above the threshold),
the influence of the R-energy is insignificant, which is
understandable: for high rates, the time of contact between
the species is much shorter than the period of the rotation
and the rotational state of the reactant becomes insignificant
for the reaction. The inhibition of the reaction by rotation,
i.e. the decrease of k(J) with increase of J, is also under-
standable to a first approximation: the reaction requires a
definite orientation of the reactants, an appropriate orienta-
tion throughout the contact time, while rotation disrupts this
arrangement. This is the effect involving the gyroscopic
stabilisation of molecules: a rapidly rotating· molecule aver-
ages out the perturbing potential of the incoming partner
and this "saves it" from reaction.

However, these are only the few features which are under-
standable; much remains obscure and difficult to predict.
The principal factor is apparently the ratio of the angular
velocity of the rotating molecule to the relative velocity of
the movement of the partners—it determines the efficiency
of the R-energy in the reaction and so far there is no gen-
eral solution to this problem.

An attractive problem involves the search for non-tradi-
tional and sometimes non-evident methods of controlling reac-
tions using energetically weak influences. This is possible
in systems with degenerate states, which, however, differ in
reactivity. Then even weak influences induce almost iso-
energetic transitions from one less reactive state to another,
more reactive state. This is in fact the principle of mag-
netic influences on chemical reactions (see Section VI); this
is also possible in laser chemistry, where the direction of
the reaction can be altered by weak coherent radiation.

The idea can be illustrated by an example: suppose that
the molecule decomposes into different products for a certain
energy, which means that it possesses a series of degenerate
continuous states, each of which is correlated with a definite
composition of the products. The key question is how to |
intensify the selectivity of the molecules in relation to these
states—how to achieve their selective population. This ••
requires the control of the composition by a coherent linear j
superposition of these degenerate states. It can be achieved
if the initial molecule is prepared by coherent irradiation with
superposition of bound states and is then dissociated in a
specified state. This idea has been realised experimentally
in the photolysis of CHal via two channels:

CH,I-
CH3I- >CH,

Using two-frequency laser irradiation (one frequency for the
superposition of the coherently bound states and the other
for photodissociation via one or other channel) , it is possible
to increase by a factor of two the quantum yield of t h e decom-
position for an unchanged energy expenditure and to alter
the competition between the channels . This is in essence
the first example where energet ic coherence has been mani-
fested in chemical react ions.

We shall now t u r n to the second range of quest ions, con-
cerning t h e fate of the heat of reaction. A most attract ive
procedure is to convert the heat (when it is sufficient) into
an "intensive" form of energy—electronic energy . The effi-
ciency of the electronic pumping into the reaction product
depends on many factors—the magnitude of the heat of reac-
tion, t h e orbital and spin prohibit ions, the quasi- intersec-
tions of the PES, and the non-adiabatic n a t u r e of the t r a -
jectories on the PES. For these reasons, the quantum yield
of the electronic pumping in different reactions (usually
determined from t h e chemiluminescence yield) varies by many
o r d e r s of magnitude—from 10~ n to ~1. It is important to
establish the characterist ics of the electronic pumping for
the prediction of laser effects. They are widely investigated
in the flames of metal vapours in CO, N 2 O, O 2 , O 3 , e t c .
atmospheres, in the reactions of alkali metal atoms with halo-
gen molecules, in the recombination of the Ν, Ο, e t c . atoms
on surfaces, e t c . The search for chemical laser systems is
one of the most vigorously developing fields of chemical
phys ics .

The vibrational pumping of products is determined also by
the topology of the PES: if there is an attractive potential
between the reactants and the ridge separating the valleys
occurs at an "ear ly" s tage, i . e . is displaced towards the
reactants valley, the kinetic energy of the reactants is con-
verted preferentially into the vibrational energy (V-energy)
of the product s ; for a repulsive potential and a "late" r i d g e ,
the energy liberated remains in the kinetic form. Adiabatic
conditions with respect to both AV and AR are frequently
reta ined, i . e . the vibrational and rotational energies of the
initial reactants are fully retained in the p r o d u c t s . General
characterist ics have been scarcely established in this field
hi ther to , the adiabatic (or non-adiabatic) conditions,
depending on t h e energy s tored, t h e topology of the PES,
and the vibrational-rotational coupling. For example, in the
reaction Cl + HD -+ HC1 + D, the rotational energy is retained,
while in the similar reaction Cl + HD -> DC1 + H, the rotational
energy of the initial molecule is converted almost fully into
the kinetic energy of the p r o d u c t s .

The energy pumping of t h e product frequently serves as
the criterion of the reaction mechanism. T h u s the reaction
C S ( 7 P 1 / 2 J 3/,2) + H2 + CsH + Η proceeds via the harpoon mecha-
nism : t h e optical electron of t h e excited Cs atom is thrown
like a harpoon from Cs to H 2 over long distances and the
C s + + H 2 ion pair is maintained as a result of the Coulombic
potential and decomposes slowly into CsH and H. This mech-
anism agrees with the dynamic trajectory analysis of t h e PES
on which t h e ionic and covalent energy levels " intersect" . An
important consequence of th i s mechanism is t h e s t rong rota-
tional excitation of CsH: / m a x reaches 17 and the maximum
pumping has been achieved for J = 10-12.

The photolysis of H2S in t h e gas phase at 193 nm leads to
the formation of an Η atom with an HS radical in t h e 2Π3/2 or
2 Ity 2 s t a t e s , their ratio being 3.75, which corresponds to an
electronic temperature of 410 K. Vibrational excitation is
almost completely absent and t h e rotational temperatures of
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the 2Π3/2 and 2 Π^ 2 states are 375 and 220 Κ, i .e. the elec-
tronic and rotational temperatures are close to the tempera-
ture of the photolysis, which means that the energy of the
photolysing quantum is converted into the kinetic energy and
the decomposition takes place non-statistically. The oppo-
site case is represented by the decomposition reaction CF3NO ->•
CF3 + NO. The distribution of CF3 and NO with respect to
ν is nearly statistical and the rotational temperature of NO
(2Π1/2) is 900 Κ and is very close to the statistical limit of
1025 K; the V- and R-energies of CF3 and NO are close to
this limit. The times corresponding to the appearance of
CF3 and NO at 670, 640, and 500 nm are 18.5, 8.8, and 4.3 ns
and agree with the lifetimes of the "energised" CF3NO mole-
cules measured independently. Clearly, CF3NO decomposes
via a long-lived statistical complex.

The present experimental level of research into pathways
leading to energy pumping is demonstrated by the analysis of
the energy states of the products in the following reactions:

H+02-v0H+0; Δ//= 16.6 kcal mop1;
H+CO2->-OH + CO; AH=25 A kcal moP1;
H+H2O->-OH+H:; Λ//= 14.8 kcal mol"1.

All these reactions are endothermic, but the Η atoms genera-
ted by the photolysis of HI are hot and the energy of the
collision of Η with its reaction partners (O 2, CO2, H2O) is
60 kcal mol"1, which greatly exceeds the endothermicity.
Despite the high collision energy in the Η + CO2 and Η + H2O
reactions, there is no vibrational excitation of OH (there are
none in states with ν = 1), but in the Η + Ο2 reaction there
is significant vibrational pumping: the population of OH
(v = 1) is only a factor of 2 smaller than the population of
OH (v = 0 ) .
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Figure 8. The populations Ρ (in relative units) of the
rotational states of OH (v = 0) in the reactions of a hydrogen
atom with H2O CO2, and O2 (pressure 0.2 mmHg, probing
pulse delay time 100 ns) .

The rotational excitation of OH in the Η + O2 reaction is
very hot (J is large—Fig. 8), while in the Η + Η2Ο reaction it
is virtually absent, although the energetics are the same. In
the Η + Η2Ο reaction the rotational distribution does not cor-
respond to the statistical distribution, while in the Η + O2

reaction the statistical distribution obtains but this does not
mean that the reaction can be treated statistically. This
agreement is fotuitous: trajectory calculations have shown

that the transition complex HO2 on the non-empirical PES in
the vicinity of the ridge has a lifetime of -0.1 ps and the dis-
tribution of the rotational energy agrees with the experimen-
tal distribution in the absence of statistical equilibrium.

The spin-orbit doublets 2Π3/2 and 2Π1/2 are populated sta-
tistically, but the population of the Π+ component of the Λ
doublet takes place preferentially in all three reactions by a
factor of 3—6. This means that an angular momentum is gen-
erated in all the reactions in the plane containing the bond
undergoing dissociation, i.e. that the output channel in these
reactions lies in a single plane. Otherwise, an angular
momentum would have been created in the reaction around
the bond being dissociated and this would have entailed the
preferential population of the Π-component of the Λ doublet.

These features of the dynamics and energetics of all three
reactions presented are associated with the characteristics of
their PES and indicate how effectively the PES "conducts"
both the chemical and energy dynamics.

3. Chemical Kinetics and Reaction Mechanisms

Chemical kinetics as the science of process rates and mech-
anisms is part of reaction dynamics; it has long outgrown
their traditional framework and has reached a new level. Formal
kinetics has been converted into a routine technique, the
new level of modern kinetics being determined by the wide-
scale application of a wide variety of physical methods per-
mitting the reliable identification of the majority of interme-
diate species with a high time resolution (down to tens of
femtoseconds). Reliable methods, characteristics, and cri-
teria have been developed, whereby it is possible to achieve
a sufficiently full determination of any mechanism.

The knowledge of the mechanism is not the ultimate aim; it
is necessary to determine the rate-limiting stage, to establish
the main and secondary pathways, and to select the method
of controlling the process in order to increase its productiv-
ity and selectivity. The knowledge of the mechanism is the
most important element on the way to creating intensive
highly selective and energy saving chemical technologies.

A considerable proportion of chemical physics is devoted to
kinetic studies and chemical mechanisms. It is concerned
with the mechanisms of the reactions in molecular beams, ion-
molecule reactions, the reactions of excited species, oxida-
tion-reduction reactions, metal complex, acid—base, hetero-
geneous, micellar, and enzyme catalysis, and electrochemical
reactions. Priority has been given to catalytic processes,
plasma chemistry, combustion processes, reactions in solids,
and processes associated with chemical energetics (new cur-
rent sources, chemical methods for the accumulation and
transformation of energy, e t c . ) . Among them, we may men-
tion the creation of new combustion regimes—the solid-phase
oxygen-free combustion (self-propagating high-temperature syn-
thesis), the creation of a "superadiabatic" regime with extremely
high effeciencies approaching 100%, and combustion coupled with
energy consuming processes. In the chemical physics of
solid-phase reactions, valuable low-temperature chemical
"explosions", induced by the mechanical stresses in strongly
cooled glasses, and the quantum-mechanical limits of the
rates of low-temperature reactions have been discovered and
new types of mechanochemical processes, induced by shear
deformation at high pressures and by shock waves, have
been observed. There has been a sharp growth of interest
in the problem of the macroscopic storage of mechanical
energy and the utilisation of this store for the activation of
chemical processes is a tentative basis of promising technol-
ogies.
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A remarkable property of chemical reactions in solids has
been established—even in the kinetic regime the reactions are
controlled by the molecular dynamics of the solid so that the
molecular organisation of the transition state and not the
chemical step proper becomes the rate-limiting stage. This
alters, in principle, the concept of the reactivity of species
in a solid and leads to new ways of controlling reactions via
the physics and mechanics of the solid.

V I . SPIN DYNAMICS

Spin dynamics includes the dynamics of the populations of
the spin states of atomic-molecular species and matter, the
dynamics and mechanisms of the pumping and relaxation of
spin states, and the dynamics of the change of the angular
momentum. It can be subdivided into two components—spin
dynamics in systems without a chemical reaction and spin
dynamics in reactive systems.

The first component is the traditional field adjoining mag-
netic resonances and magnetic resonance spectroscopy as a
method in chemical physics. It includes an enormous number
of problems—magnetic relaxation of electrons and nuclei, the
dynamics of spin systems in UHF and microwave frequency
fields, the exchange of magnetic energy between the Zeeman
and magnetic-dipolar reservoirs, joint electronic-nuclear
relaxation and the orientation of nuclei (dynamic nuclear
polarisation), electron—electron relaxation and electron—elec-
tron double resonance, spin—orbit coupling and its contribu-
tion to the spin dynamics, and the spin relaxation and transition
between the spin states of triplet moelcules, ions, carbenes,
metal complexes, clusters, etc. A special branch of spin
dynamics is associated with the optical orientation of elec-
trons and nuclei: these phenomena are known in gases, in
plasma, in molecular crystals, in impurity centres of a solid,
and recently also in liquids.

Spin dynamics is controlled by magnetic perturbations and
their time variation, being determined by the amplitude of
the perturbation and the duration of its action and it there-
fore carries simultaneously information both about the struc-
ture and about the dynamics of the perturbations (molecular
or chemical information). This is important for magnetic
microwave spectroscopy as a physical method for structural
analysis and for the identification of chemical species and
substances and also for magnetometry (including quantum-
mechanical magnetometry).

However, spin dynamics can be sensitive also to non-mag-
netic, purely electrostatic interactions. For example, the
rate of singlet—triplet conversion in the carbene Ph2C
depends on the polarity of the solvent. This is possible
owing to the Coulombic polarisation of the electron shell (on
complex formation, solvation, e tc . ) ; this effect can alter
the contribution of the spin-orbit coupling to the spin relax-
ation and can alter the spin dynamics. Another example:
the electron-spin relaxation of the Na, K, Rb, and Cs atoms
in the inversely populated state 2Si/2 depends greatly on the
nature of the "buffer" gas (He, Ne, H2, CH,,, NH3, C6H6,
e t c . ) . The cause of the effect is as follows: in the impact
of an atom against the buffer molecule, Coulombic forces
induce an orbital moment, while the spin—orbital coupling
induces in its trun spin relaxation. Here not only the rate
of relaxation but also the extent of the hyperfine magnetic
interaction of the electron with its nucleus in the metal atom
depends on the nature of the buffer gas. Thus highly polar
molecules diminish the hyperfine interaction constant,
because, in strong collisions between an atom and such mole-
cules , the electron shell of the atom is polarised and a p

orbital with a zero-point hyperfine interaction becomes mixed
with the spherically symmetrical s orbital.

The dynamics of the exchange of the angular momenta
(orbital and spin) between the molecules play a significant
role in many processes, including the functioning of lasers.
For example, in the iodine laser with emission based on the
transition 1(5*?^) -> I(52P3/2) + hv, the inverse population
is restored in the process I(52P3/2) + O2(1Ag) -*• I(52P!/2) +
O2(

 3Eg), i-e. the electron-spin momentum is transferred from
oxygen to the angular momentum of the iodine atom.

The spin dynamics in chemically reacting systems ensures
an even greater richness of phenomena. In chemical reac-
tions prohibitions based on the angular momentum (both
orbital and, especially, spin momentum) are very strong, i.e.
reactions requiring a change in the angular momentum are
strictly prohibited; only reactions which are not accompanied
by a change in momentum are allowed. The evidence for this
postulate is numerous and reliable. Thus molecular, ion-
molecule , and even radical substitution and addition reactions
in solutions are not accompanied by the polarisation of the
nuclear spins, which is a feature of the change in the elec-
tron spin. Even in reactions with participation of atoms with
strong spin—orbit coupling, the spin is retained:

F ("P,,) + Br2 -* FBr + Br (2A/,)
Br (2A,J -f IBr-* Br, +1 (2A,,)

(these reactions are significant in gas lasers based on halo-
gen atoms).

The rigour with which the spin is retained and the rigour
of the spin prohibitions of chemical reactions are evident from
simple physical considerations alone. The intrinsic time of
the elementary reaction is a fraction of a picosecond and mag-
netic or spin—orbit perturbations exerting an enormous force
are necessary to alter the spin during this period. As a
rule, such high-energy perturbations do not occur in the
transition states of reactions. For this reason, spin is con-
served in the vast majority of chemical reactions. Exceptions
may be expected only in rare cases [for example, in reactions
with a long-lived statistical complex (see Section V)]. The
spin prohibitions in chemical reactions are stronger than the
energy prohibitions: the latter are statistical in character
(an energy fluctuation sufficient to overcome the barrier can
always occur), while the former are absolute.

The existence of spin prohibitions has long been suspected,
but their importance and scale have been estimated only
recently and their consequences observed—magnetic effects
in chemical reactions: the influence of weak magnetic fields
on photophysical and photochemical processes in molecular
solids, the influence of magnetic fields on chemical reactions,
the dependence of the reaction rates on the magnetic moments
of the nuclei of the reactants (the magnetic isotope effect),
chemically induced dynamic nuclear polarisation, the micro-
wave frequency maser-chemical effect, chemically induced
magnetic electron polarisation, and the influence of high-
frequency electromagnetic fields on chemical reactions. The
discovery of these effects is a striking illustration of the
definition of creativity as a way of converting the unpredict-
able into the inevitable. Fairly soon after their discovery,
these effects passed from the class of intriguing incompre-
hensible phenomena to the class of self-evident phenomena
with a simple and clear physics.

In order to remove the spin prohibition, i .e. in order to
alter the spin, long-acting magnetic perturbations are
needed. An example of long-lived states with magnetic
interactions is provided by a pair of two radicals in which
two unpaired electrons can exist in two spin states—singlet
or triplet. The generation of molecules from the singlet pair
is spin-allowed, while the generation from the triplet pair is
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prohibited. The reaction in the triplet pair stops and "waits"
until magnetic interactions (Zeeman, hyperfine, or dipolar)
alter the spin pairing and cause its transition from the trip-
let to the singlet states. In this spin-prepared pair pro-
hibition of the reaction has been removed and reaction
restarts . Thus the source of magnetic effects is the spin
selectivity of chemical reactions.

Long-lived states with magnetic interactions are realised in
pairs with participation of radicals, triplet molecules, elec-
trons, paramagnetic holes, ions, and solitons—all are species
with unpaired electrons. Magnetic interactions induce in
these pairs transitions between various spin states and
remove the prohibition of spin-selective chemical reactions in
such pairs. Magnetic effects are therefore observed in
varied processes—photoconductivity and photoluminescence,
dark conductivity of organic semiconductors, the annihilation
of broken bonds in mechanically deformed inorganic semicon-
ductors, photosynthesis, changes in the rates of chemical
reactions and product yields, etc.

Magnetic perturbations in pairs, which removes the spin
prohibition, depend on the external magnetic field and are a
source of magnetic field effects. They also depend on the
magnetic electronic-nuclear interaction, on the magnetic
moment of the nuclei, and on the magnetic spin and its pro-
jection—a dependence which leads to the magnetic isotope
effect and to chemically induced nuclear polarisation. When
the polarisation of the nuclei is high (and it can reach record
values in the range 10"*—106 which are unobtainable in phys-
ics) and exceeds the generation threshold, the movement of
the nuclear spins becomes coherent and a new property of
chemical reactions is observed—the ability to generate a
microwave frequency field, i .e. the chemical reaction becomes
a kind of molecular quantum generator with chemical pump-
ing—a chemical maser.

The spin state of the pairs and hence their reactivity can
also be altered by the action of high-frequency fields. This
leads to new possibilities for controlling chemical reactions
and for developing new magnetic resonance methods; appre-
ciable advances have already been made on these lines.

Quantum beats have been observed in the triplet—singlet
conversion in the pairs and hence in the reactivity of these
pairs and in the yields of the chemical products of their
reactions. Ways of controlling the coherence of the spin
dynamics of pairs with the aid of high-frequency fields have
been found; this is the second example where coherence
"operates" in chemistry (for the first, see Section V).

We may note a difference between the spin and magnetic
effects. Spin effects, i .e. spin prohibitions, exist in all
the states of matter—gases, liquids, solids, and plasma.
However, in gases and plasma the duration of contact between
the species is 10~13—10""11* s and is too short for the occur-
rence of the magnetically induced spin conversion of the
pairs. Only in liquids and solids are the spin effects accom-
panied by magnetic effects, since only under these conditions
is the lifetime of the pairs of reacting species comparable to
the spin evolution time and magnetic forces act for a suffi-
ciently long time to alter the spin.

The spin evolution of pairs is induced via two channels.
The "useful" channel includes evolution as a result of the
Zeeman and hyperfine interactions and leads to all the mag-
netic effects enumerated above. The second channel includes
the spin evolution induced by the dipolar interaction of the
electrons and the spin—orbit coupling. It depends little on
the magnetic field and involves the nuclear-spin system to
only a slight extent and for this reason it makes possible the
"leakage" of the spin states, lowers the scale of the magnetic
effects and in this sense it is "harmful" and difficult to con-
trol.

Control of spin dynamics is one of the important problems
of chemical physics: the scale of the magnetic effects
depends on it. Thus the magnetic isotope effect and the
efficiency of the separation of magnetic and non-magnetic
isotopes in chemical reactions are determined by the spin,
molecular, and chemical dynamics. In other words, they
depend on the spin evolution and the competing processes
involving the dissociation of pairs into isolated species
(molecular dynamics) and the chemical reaction of the pairs,
which restrict the spin evolution time. However, the prob-
lem is not only that of creating favourable "physical" condi-
tions for spin evolution (adequate magnetic interactions,
optimum lifetimes of the pairs, favourable molecular dynamics,
minimum "leakage" via the harmful channel) but it is also
necessary to "organise" chemistry and chemical reactions
with respect to the specified physics (to create the required
pairs with an intense Zeeman or hyperfine interaction, to
specify a favourable starting spin state of the pairs, and to
drive the reactions via the specified pathway). Clearly the
problems of controlling spin dynamics are the problems of
controlling the physics and chemistry of reactions.

Spin dynamics has two remarkable advantages: the first is
that it reliably controls chemical reactions in the pairs and in
its turn is itself controlled by weak magnetic interactions
with negligibly small energies. This factor leads to non-
traditional ways of controlling many physicochemical pro-
cesses with the aid of weak magnetic and electromagnetic
influences.

Pairs of spin-containing species, in which long-acting mag-
netic perturbations operate, altering the spin state of such
pairs, are not the only type of magnetosensitive systems.
Another type comprises electronically excited molecules or
ions in which there is a set of energy states with different
spin multiplicities. During the lifetime of these excited
molecules, magnetically induced conversion takes place
between these energy states, including conversion to pre-
dissociation levels at which the molecules decompose. This
leads to a dependence of the luminescence and the decompo-
sition of the molecules on the magnetic field. Effects of this
type have been observed in the gas phase (where the lifetime
of the excited molecules are sufficiently long) and they con-
stitute one of the new fields in the chemical physics of gas-
phase reactions.

VI I . CONCLUSION

A reader with a rigorous viewpoint will say that the limits
of chemical physics outlined in this article have been enor-
mously extended, and he is right: in by no means all the
fields and problems mentioned here has a leading position
been attributed to chemical physics. Many of them are being
worked out and solved in related chemical sciences—physical
and quantum chemistry, the chemistry of high energies,
electrochemistry, photochemistry and radiation chemistry,
biochemistry, the chemistry of high-molecular-weight com-
pounds, etc. Chemical physics overlaps (and this is natural)
with solid state physics, molecular physics, biophysics and,
to an especially great extent, physical and quantum chem-
istry. However, when one is dealing with the physics of
chemical processes, the physics in chemistry, then one is
concerned with chemical physics—it is its characteristic fea-
ture and reliable criterion.

There is an interesting feature in the development of chem-
istry. The traditional chemical and chemical engineering
fields, which constitute the basis of chemical industry (pet-
rochemistry , the manufacture of fertilisers, fundamental
organic synthesis, etc.) have been established and have
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developed almost independently of chemical physics. How-
ever, new fields (microelectronics, laser and plasma chemical
technologies, modern catalysis, chemical lasers, modern
chemical materials science, modern analysis and diagnostics,
etc.) are firmly based on chemical physics and the develop-
ment of future or predicted fields (such as molecular elect-
tronics, the new generation of superconducting materials,
chemical bionics, organic ferromagnetics, etc.) is altogether
unthinkable without chemical physics.

The current emphasis, priorities, and growing points in
chemical physics have been noted in various sections of the
present article; they can be generalised and grouped around
the following principal fields:

Physical principles governing the creation of new materials
with new or extreme properties;

control of chemical processes and the development of chem-
ical and physical principles of the control of reactivity and
chemical dynamics—the "tuning" of reacting species to a
specified reaction and a specified rate;

energy dynamics, the creation of new chemolasers and
methods for the transformation and accumulation of chemical
energy;

the principles of molecular organisation, chemical dynamics,
and the functioning of molecularly organised systems as a
basis of a new generation technology.

—oOo

The article represents a generalisation and a combination
with the author's views and ideas of a large number of
results, facts, ideas, and postulates described in numerous
articles, communications, reviews, and books. The idea of
this article arose in 1984 in connection with work on the
analysis of the problems of modern chemistry (see V.A.Legasov
and A.L.Buchachenko, Uspekhi Khimii, 1986, 55, 1949 Russ.
Chem.Rev., 1986(12)), V.I.Gol'danskii, V.A.Legasov, and
V.A.Benderskii for many useful, interesting, and inspiring
discussions.

Institute of Chemical Physics,
USSR Academy of Sciences,
Moscow
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Mossbauer Studies of Tunnel Phenomena in Chemical and Biological
Physics

V.I.GoI'danskii

The combination of various methods based on the use of the Mossbauer effect, namely the traditional Mossbauer absorption
spectroscopy, Mossbauer emission spectroscopy, and the Rayleigh scattering of Mossbauer emission, has made it possible to
observe a series of characteristic features of the kinetics of intramolecular oxidation-reduction processes (in relation to the
conversion of Turnbull's blue into Prussian blue) and to investigate the dynamic properties of biopolymers over a wide range
of temperatures and degrees of hydration.
A very important role of tunnel processes was discovered in both cases—the intramolecular tunnel electron transfer (electronic-
nuclear tunnelling) and the phonon-stimulated tunnelling of atoms and atomic groups respectively.
The bibliography includes 75 references.
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I. INTRODUCTION

A characteristic feature of the current employment of
isotopes in various natural sciences is the fact that not only
the radioactivity itself but also the properties of the radio-
active decomposition (its rate and mechanism) and of the
radiation emitted (energy and hyperfine spectra, absorp-
tion and scattering, angular correlations etc.) serve as
sources of physicochemical information.

Many types of transformations of atomic nuclei and elemen-
tary particles are known (they are listed in Table 1), in
which various effects of the atomic, molecular, and crystal
environment are manifested and all the effects can be used
to study this environment, especially its structural and
dynamic properties.

Table 1. The transformations of atomic nuclei and elementary
particles observed with the aid of radioisotopes and the
effects of the atomic, molecular, and crystalline environments
manifested in such observations.

Transformation

Electron capture

Isomeric transitions (with internal
electronic conversion)

Mossbauer isomeric transitions

Cascade transitions (77,(37, etc)

Emission of 7-rays or particles by
polarised nuclei

Annihilation of positrons

Effect

Changes in lifetime

Changes in conversion coefficients and lifetime

Changes in structural and dynamic parameters of
Mossbauer spectra

Perturbation of angular correlations

Perturbation of the angular distribution of the
emitted 7-rays or particles relative to the direction
of spin

Changes in the lifetime of positrons and of the
number and the angular and energy correlations of
the annihilated 7-quanta

Two phenomena in the physics of atomic nuclear and ele-
mentary particles where the influence of the properties of
the environment—the Mossbauer effect and the annihilation
of slow positrons—are strikingly observed, have been
particularly vigorously investigated by the Structure of

Matter Division of the Institute of Chemical Physics at the
USSR Academy of Sciences.1-1* A wide range of our
investigations has been devoted to the development and
application of chemical Mossbauer spectroscopy (MS). We
began with the most traditional method—Mossbauer absorp-
tion spectroscopy (MAS), but subsequently the range of
methods employed was extended and included also Mossbauer
emission spectroscopy (MES), the Mossbauer spectroscopy
of conversion electrons (MSCE), and the Rayleigh scattering
of the Mossbauer emission (RSME).

In the present review we shall consider the application of
MES and RSME to the study of tunnel phenomena in chemical
and biological physics, namely the intramolecular tunnel
electron transfer and the phonon-stimulated tunnelling of
atoms and atomic groups in biopolymers. Thus we proceed
from two directions—we apply various Mossbauer methods
(MES and RSME in combination with MAS), investigate
various objects, sometimes widely differing in their nature,
namely inorganic coordination compounds and bio-organic
macromolecules. Nevertheless the results obtained are
closely related and supplement one another; they all deepen
and extend our understanding of tunnelling processes and
thus fall within the general range of studies of the tunnel
effect in chemistry, electronic-nuclear and molecular tunnel-
ling, and the low-temperature quantum limit of the rates of
chemical reactions.5"8

I I . STUDIES OF THE INTRAMOLECULAR TUNNEL ELECTRON
TRANSFER BY THE MES METHOD

We shall begin with the use of Mossbauer spectroscopy
(MES and MAS) in the study of the spatial and time delocal-
isation of electrons in molecules or more complex systems.9

It is evident that, if we are dealing with a system of two
potential wells separated by a barrier (Fig.l) , then the
electronic levels located above this barrier belong to neither
the left-hand nor to the right-hand well and describe the
system as a whole. For the sub-barrier levels, the situa-
tion is more complex.

We shall consider, for example, the simplest case of the
behaviour of the electron in two identical potential wells,
where it occupies one of the sub-barrier levels. It can
be seen that in this case one could assume that the electron
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is either in the left-hand well (wave function ψ )̂ or in the
right-hand well (wave function ψ ). However, neither of
these positions of the electron (i.e. its spatial localisation)
corresponds to the eigenstate of such a system. The
eigenstates are symmetric ψ8 = (1/>^')(ψι + ψΓ) or antisym-
metric ψα = (1/>/2^(ψι-ψΓ) combinations of the wave func-
tions ψι and ψΓ with energies differing by A£ a s = ft/τ.

2+

Fe(Jir)

Figure 1. Schematic illustration of the spatial and time
delocalisation of electrons in systems with two potential
wells: a) two potential wells (to the left and to the right);
the systems of their electronic levels are the same and
correspond to high-spin iron; the electron jump from
Fe 2 + to Fe 3 + , indicated by an arrow, can take place in either
direction (spatial delocalisation of the electron); b) two
potential wells; the systems of their electronic levels are
different—the low-spin state of iron on the left and the
high-spin state of iron on the right; the spontaneous elec-
tron transition from the upper level can take place only
from right to left.

The energy splitting is thus related to the characteristic
localisation time τ or, in other words, to the time required
for the oscillation (jump) of the electron between the left-
hand and right-hand wells. Only if the time τ is large com-
pared with the characteristic time of the measurement by the
given experimental method (T e a . p ) is it possible to observe
the spatial localisation of the states ψ̂  and ψΓ.

For example, if the electron is in a system where two
identical potential wells are represented by two high-spin
tervalent iron ions Fe 3 + (the ions α and b) then the wave
function ψι will describe the Fe2+—Fe?+ state, while the wave

function ψΓ will describe the F e 3 + - F e 2 + state (Fig.la). Each

of these ions (a and b) spends 50% of time in the high-spin
states of bivalent iron (Fe 2 +) and tervalent iron (Fe 3 + ) . The
characteristic time of the measurement in Mossbauer spectros-
copy is the average lifetime of the excited level τβΧρ = TM,

which is τ Μ = 1.4 χ 10 7 s for 5 7Fe. It the time taken for
the electron jump between the two wells is greater than or
comparable to the lifetime, τ >, τ ^ , then two Mossbauer
absorption spectra, representing both Fe 2 + and Fe 3 + , will be
observed. If the jump time is much shorter than the time
of the Mossbauer transition, τ « τ ^ , only one Mossbauer
spectrum, intermediate between those of Fe 2 + and Fe 3 + , will
be observed. Thus MAS makes it possible not only to
establish the very fact of the spatial delocalisation of elec-
trons but also to investigate quantitatively the time scale
characterising the electron jumps between different states.

The use of MES opens up new possibilities. Suppose that
there are two different potential wells, for example, two
tervalent iron ions, differing in their properties: we shall
assume that one of them is in the high-spin (Fe 3 +) state and
the other is in the low-spin [Fe(III)] state (Fig.lb). In
this case the presence of an additional electron in one of
these potential wells is energetically more favourable than its
presence in the other well and for this reason only one of
the two possible states—the one with the lower energy—is
represented in the usual (absorption) Mossbauer spectra.

However, we shall assume that at the instant of the forma-
tion of the Mossbauer nuclear level, the corresponding atom
is in a higher, unstable electronic state of the system and
that the system passes to a stable state only later, while the
characteristic time of the transition is close to or greater
than the lifetime of the Mossbauer level. In this case there
is a possibility of noting the contribution of the initial unstable
state of the system to the Mossbauer emission spectrum.
This contribution may be especially significant for short
time intervals immediately after the population of the Moss-
bauer level.

AH these general considerations can be clearly illustrated
in relation to compounds well known to chemists—the ferri-
cyanide—ferrocyanide complexes called Prussian blue (PB)
and Turnbull's blue (TB). The formation of these beautiful
blue deposits is used to detect the high-spin F e 3 + o r F e 2 +

ions in solutions. The addition of potassium ferrocyanide
K l f [F e

I I (CN) 6 ] , a salt of the low-spin bivalent iron, to Fe3 +

salts causes the precipitation of PB, tentatively having the
composition Fe 3 + [Fe I I (CN) 6 ]^~, while the addition of potas-
sium ferricyanide K 3 [Fe I I I (CN) 6 ] . a salt of the low-spin
tervalent iron, to F e 2 + salts leads to the formation of TB,
which has the tentative composition Fel + [Fe I I I (CN) 6 ] |~ .

All four forms of iron participating in these reactions—Fe3*
Fe 2 + , Fe(III), and Fe(II)—have different Mossbauer spectra
(Fig. 2); it is therefore not surprising that already in the
very earliest stage of development of Mossbauer spectroscopy
several laboratories in different countries (including our
laboratory) began to investigate the absorption spectra of
PB and TB in an attempt to identify both compounds.
However, it was found that, whatever method used to pre-
pare the compounds (Fig.2), only one resultant spectrum was
always obtained, i.e. only one product, namely PB whose
structure is illustrated in Fig. 3, with low-spin bivalent
iron Fe(II) ions adjoining carbon atoms, i .e. in an environ-
ment of ligands with a strong field, and high-spin tervalent
iron (Fe 3 +) ions adjoining nitrogen atoms, i .e. in an environ-
ment of ligands with a weak field; the additional Fe 3 + ions
occupy interstitial positions. The impression was created
that TB does not exist at all and that the electron is always
localised (in conformity with the situation illustrated in
Fig.lb) at low-spin iron in all ferri-ferrocyanides.

The formation of precisely PB and not TB in all the
procedures, listed above, for the preparation of iron cyanide
complexes can be seen particularly clearly when the Moss-
bauer effect is used to analyse the position of the isotope
label1 0—a method which is extremely convenient for the studj
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of the structures, kinetics, and mechanisms of reactions of
systems containing Mossbauer atoms in different functional
states. In the instances described, the application of the
Mossbauer effect involved the comparison of the absorption
spectra with selective introduction of 57Fe labels in the form
of one of the four states of iron in one or both interacting
compounds.11

Apart from the fact that the employment of the Mossbauer
effect to analyse the state of the isotope labels confirmed the
formation of Prussian blue and not Turnbull's blue in all the
instances investigated, it also demonstrated that the sequence
of the formation of the soluble and insoluble ferri-ferro-
cyanides differs significantly from, and sometimes is even
completely opposed to, that adopted in the literature and
that isotope exchange took place in solutions between dif-
ferent states of iron. However, these problems will not be
discussed here and we shall proceed to experiments on
Mossbauer emission spectroscopy (MES).

MES characterises the structural and dynamic properties
of compounds containing emitters of resonance γ-quanta,
i .e. atoms or nuclei in the highest excited Mossbauer level.
The possibilities for the study of relaxation changes in such
compounds are determined by the ratio of the lifetime of
the Mossbauer level τ^ to the characteristic relaxation time
x r . When τ Γ « τ^, relaxation takes place mainly before
the nuclear transition and the emission spectra integrated
with respect to time (IMES) therefore reflect principally the
properties of emitters which have not undergone relaxation.

Nevertheless the use of delayed coincidences schemes with
resolution time T c o i n c < τ^ , i .e. the study of the emission
spectra differentiated with respect to time (DMES), leads to
additional possibilities for the investigation of rapid relaxa-
tion processes. When xr » τ^, predominantly atoms with
unexcited nuclei, in the ground state, participate in the
relaxation process and MES does not therefore carry any
additional information.

Consequently the most favourable condition for the applica-
tion of MES in its simplest (IMES) version is τ Γ ~ τ ^ . The
usual values of τ^ are in the range 10"5-10~10 s, while for

5 7Fe (14.4 keV) we have τ^ s 1.4 χ 10"7 s and the emission
of the resonance γ-quantum is in this case preceded by
K-capture in 57Co with formation of a short-lived ( τ 0

 a

12.5 ns) 136.4 keV excited state of 5 7Fe and the subsequent
emission of a non-Mossbauer 122 keV γ-quantum (Fig. 4).

• c
Ο Ν

• Fe
3 +

Figure 3. The structures of ferric ferrocyanides: J) C atom;
2) Ν atom; 3) low-spin iron atom at a lattice site; 4) high-
spin iron atom at a lattice site; 5) high-spin iron atom in an
interstitial position.

Thus the use of delayed ν (122 keV) and γ (14.4 keV)
coincidences with a variable delay time (DMES) leads to the
possibility of investigating relaxations with characteristic
times ranging from τ Γ ~ x c o i n c - 10"9 s to xr >, τΜ = 10"7 s.

57η 3+. 4-

57F82*»[PS«(CN) ] 3 "

TB

Figure 2. Mossbauer spectra of four different forms of iron.
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Various chemical consequences of nuclear transformations,
for example, the "shake-up" of the electronic shells as a
result of the rapid change of nuclear charge and the sub-
sequent Auger transitions, the Coulombic explosions of
multiply ionised molecules, local heating, autoradiolysis,
etc., are well known. Here we shall not discuss such pro-
cesses (they are usually completed before the population of
the 14.4 keV level of 5 7Fe) and shall confine ourselves to
chemical relaxation proper. This means, that we shall deal
only with systems where the pre-Mossbauer nuclear trans-
formation 57Co -*- 5 7Fe does not alone lead to an alteration of
the ligand environment or the charge state of the daughter
Mossbauer atoms ( 5 7 Fe), which are stabilised in the same
environment and in the same valence state as the parent
( 5 7Co) radioactive atoms. Since, however, certain chemical
(valence and spin) states, which are entirely stable for the
parent atom, prove to be unstable for the daughter atom
(with an excited Mossbauer nucleus), the system will tend to
a stable state, i .e. will undergo chemical relaxation.

Figure 4. Schematic illustration of the radioactive decomposi-
tion (K capture) of 57Co and subsequent γ-transitions for
5 7 Fe.

Subsequent measurements13 using the IMES version were
performed on another source—of the type of cobaltous
ferricyanide Na5 7Co/FeNI(CN)6, and at lower temperatures,
down to 12 Κ (Fig. 6). It is evident that the contribution
of the broad Fe 2 + doublet (which is altogether absent from
the absorption spectra owing to the instability of the TB) is
in this case much greater than for IMES at 77 Κ. This fact
reflects the retardation of the transformation TB -*• PB when
the temperature is reduced from 77 to 12 Κ.

0.05 -

Figure 5. Mossbauer emission spectra of cobaltous ferri-
cyanides 5 7 Co 2 + /[Fe n i (CN) 6 ] at 77 K:12 above—IMES;
below—DMES (0-60 ns). The positions of the peaks of
the narrow Fe 3 + doublet and the broad Fe 2 + doublet are
indicated.

Precisely this situation has been observed 1 2" 1 6 for 57Co-
labelled TB-like compounds of the kind of ferrous cobalti-
cyanide Fe2 +/[ 5 7Co^^(CN)6] and cobaltous ferricyanide
5 7 Co 2 + /[Fe 3 + (CN) 6 ]. The decomposition of 57Co is in this

case followed by a kind of intramolecular oxidation-reduction
reaction, in which the low-spin tervalent iron plays the role
of the oxidant and the high-spin bivalent iron acts as the
reductant. As a result, TB is rapidly converted into PB
and is not therefore manifested in the usual absorption spec-
tra, but it ultimately proved possible to demonstrate the
initial formation of the short-lived TB with the aid of MES.

The search for the short-lived TB by MES methods was
carried out using both the IMES and DMES (t = 0-60 ns)
versions. The experiments with labelled cobalticyanide
sources M«+/[ 5 7 CoHI(CN) 6 ] 3 -, where Mn + = Ni 2 +, Co2 +,
Cu 2 +, and Fe 3 + and with the 57Co2+/[FeI1[(CN)6] source
revealed the formation of daughter 5 7Fe atoms in the same
states as those in which the parent 57Co atoms existed17»18

and thus demonstrated the absence of appreciable chemical
consequences in the emission spectra due to the effect of the
K-capture in 5 7Co. The cobaltous ferricyanide 5 7 Co 2 + /[Fe n i .
.(CN) 6] 3~ was used as the source, while potassium ferro-
cyanide KijFeHiCN^.SI^O served as the absorber in the first
MES experiments carried out at 77 Κ · 1 2 The results for the
IMES and DMES (i = 0-60 ns) versions are presented in
Fig. 5.

0

00Ζ

006
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0.10

0.1 Ζ
-3 -Ζ -Ι

Figure 6. Mossbauer emission spectrum, integrated with
respect to time (IMES), of Na5 7Co/[Fe I : [ I(CN)6] at 12 K.13

For an approximate (but sufficiently reliable) estimate of
the rate of electron transfer in the transformation TB •*• PB,
we shall employ a simplified representation of the observed
emission spectra as a superposition of two undistorted com-
ponents—the narrow Fe 3 + (PB) and the broad Fe 3 + (TB)
symmetrical quadrupolar doublets (assuming that in this case
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/PB = / T B ^ · Under these conditions, the contribution of
TB to the DMES spectra, obtained with a "window" of delayed
γ γ-coincidences between ί = 0 and t = τ, should be given by

Px =

where λ = xl}, k the rate constant for the chemical transi-
tion (TB ->• PB), and Po the initial population of the TB state.
With increase of τ, Ρ τ should diminish, approaching at τ·*- »
the value ΡΜ — Ρολ/(λ + fc), characteristic of measurements
by the IMES method.

The values of k obtained in this way in the range from 77
to 400 Κ are presented on the left-hand side of the curve in
Fig. 7. l l f The right-hand side of the curve demonstrates the
data obtained over the range 77—12 Κ with the aid of the IMES
version in our joint study with the Helsinki group, 1 3 using
the Na S 7 Co/[Fe n i (CN) 6 ] source. It follows from Fig.7 that
the temperature variation of the rate of electron transfer
from Fe 2 + to [Fe^ I I(CN)6] gradually changes in accordance
with a function of the Arrhenius type at temperatures above
approximately 200 Κ (the activation energy Ε reaches here
the value Ε = 0.025 eV) up to the low-temperature plateau at
Γ £ 50 Κ.

wo/τ. κ"

Figure 7. Temperature dependence of the rate constants for
the TB •+· PB transition (data from Refs.12 and 13 generalised
and analysed in Ref.14).

In this case the study of the rapid intramolecular transfer
by the MES method came into contact with another field of our
research—the problem of quantum (tunnel) chemical reac-
tivity at low temperatures.

In our early theoretical studies on this problem,19»20 the
criterion of the "tunnel temperature" was introduced:

Tt- \m

where Ε is the height and d the width of the activation bar-
rier and m is the mass of the tunnelling species. The high-
temperature Arrhenius region is located above Tt, while
below Τ ι is the region of the exponential predominance of
tunnelling, which ultimately ensures the attainment of a
plateau—the low-temperature quantum limit of the rate of the
chemical reaction.

Within the framework of the theory of non-radiative transi-
tions, two types of tunnelling, characteristic of different
chemical reactions,5 are considered and are usually referred
to as the electronic-nuclear tunnelling and molecular tunnel-
ling. Both these types of tunnelling lead to the appearance

of a low-temperature plateau in the rate of reaction and the
presence of such a plateau is regarded as proof that tunnel-
ling predominates. The electronic-nuclear tunnelling was
discovered in 1966 by Chance and de Vault in relation to the
oxidation of cytochrome c by chlorophyll21 and has also been
observed, starting in 1971,22 for many instances of the long-
range electron transfer (over tens of angstroms) between
donors and acceptors—variable valence ions.

Molecular tunnelling, observed in the form of a low-tem-
perature plateau in the rate of the "true" chemical reaction
in the full sense of these words (which rules out molecular
rearrangement, steric rearrangement of atoms, and changes
in valence bond lengths and angles) was discovered in 1973
in relation to the polymerisation of formaldehyde.23

The conversion of TB into PB was the first observed
instance of intramolecular electron transfer via electronic-
nuclear tunnelling. In contrast to the tunnelling of free
electrons in solid-state physics, their "chemical" tunnelling
is associated with the displacement of the nuclei and hence
electronic-nuclear tunnelling is associated with a definite
breakdown of the Franck—Condon principle.

The probability of a non-radiative electron transfer V>if is
determined by the overlap of the electronic (ψβ) and nuclear
vibrational (Ψ ν) wave functions in the initial (i) and final
(f) states, described respectively by the electron transfer

£ | 2 and the Franck-Condonmatrix element h\ = |<ψ |£|ψ >

factor Fy = |<ψ |ψ

where L is the transition operator of the type for non-
abiabatic conditions and p* - (Λω)"1 the density of the
vibrational levels in the final state (it is assumed that the
dissipation of the heat of exothermic transitions in solids
in the form of phonons occurs very rapidly and does not
limit the observed rate of reaction).

The electronic-nuclear tunnelling is illustrated schemati-
cally on the left-hand side of Fig.8. The penetration of the
electron through the potential barrier (with a width I and a
height E) is in this case accompanied by a much smaller
barrier-free displacement (d) of nuclei. However, with
increase of d whereupon the nuclear shift greatly exceeds
the amplitude of the nuclear vibration Δ [for the nth vibra-
tion level of a harmonic oscillator, Δ η = (2n + 1)1^2(Λ/Μω)1'2,
where Μ is the nuclear mass and ω the characteristic vibra-
tion frequency], a potential barrier to nuclear transfer also
appears (Fig. 8a) and the possibility of chemical reaction via
molecular tunnelling arises. The wave functions ψβ(α) are
proportional to exp (-χ/α) (for χ > a), where a = h/(2m£e)

1/2

and for I » a the matrix element L2, assumes the form of a
tunnel factor of the Gamow type: h\ ~ exp [-3Ι(ηιβΒβ)

1/2/Λ],
where 3 ~ 1 (and depends on the form of the barrier) and
me is the mass of the electron.

This expression for L2, is valid in the region of the low-
temperature plateau, while above the "tunnelling temperature'

(Here Ε is expressed in eV, I in A, and Tfe in K) a tem-
perature dependence of the Arrhenius type is valid:

The wave functions ψ ν (χ) are proportional to exp [-(ac/Δ)2]
(for χ > Δ) and, for the Franck—Condon factor can therefore
be represented by F v ~ [exp -(Kd/Δ)2], where κ ~ 1. Since
the statistically averaged vibration amplitude increases with
temperature and for a harmonic oscillator <Δ 2> is proportional
to Τ for kg Γ » Λω, the behaviour of the Franck-Condon
factors at high temperatures is of the Arrhenius type for
both barrier-free and sub-barrier nuclear shifts.
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With decrease in temperature, whereupon Δ approaches
the amplitude of zero-point vibrations, Δο> the Franck—Con-
don factor reaches a minimal constant value (like also L | ) ,
which leads to the appearance of a low-temperature plateau
in the overall rate (W^) of the non-radiative transition.

I IT.

e(D)

Figure 8. Schematic illustration of the electronic-nuclear
tunnelling in electron transfer from a donor (D) to an
acceptor (A): a) electron tunnelling over a distance l·^
through a barrier with a height Ee; such an electron
transfer, symbolised below by a vertical arrow between two
potential curves for internuclear interaction, corresponding
to the states e(D) and e(A), is accompanied by a barrier-free
shift of nuclei over a distance d; b) the nuclear shift d in
the electron transfer from the donor to the acceptor is so
great that the potential barrier with a height EJV and a
width d arises between the two e(D) and e(A) potential
curves (the heat of the transition is ΔΕ).

The structure of ferric ferrocyanide crystals is well known
and corresponds to the interionic electron tunnelling distance
I ~ 5 A. The typical energy of charge transfer from the
metal to the ligand in complexes of transition metals in the
first row is Ee = 4 eV.25 Consequently, the tunnelling factor
of the Gamow type for a parabolic barrier (3 = TIV272) is
close to 2.5 χ 10"1*. The overall factor associated with the
retardation of the transformation TB -> PB on the low-tem-
perature plateau, where the rate constant fc ~ 10~7 s"1,
amounts to ~10 7 , which means that the contribution of the
nuclear shift (the Franck—Condon factor) to such retarda-
tion is virtually the same as for the tunnelling of the elec-
tron:

^~ εχρ[-(κίί/Δ0)=]2ί4. ΙΟ"*.

The estimated value <d/A0 ~ 2.8 can be compared with the
probability of the Mossbauer effect for PB at low tempera-
tures: f — exp [-(Δ 0/λ) 2] ε 0.6, where λ = 0.14 Α.

Thus Δ ο = 0.1 A and <d s 0.3 A. Together with EA s
0.025 eV, this reasonable estimate corresponds, in the case
of a resonance nuclear shift, to Tj ~(10<) Κ and thus con-
firms the conclusion that it is in fact the nuclear shift and
not the electron transfer which is the process determining
the appearance of the plateau in the rate of the transforma-
tion TB -»• PB, but only at Τ ^ 50 Κ and not at higher tem-
peratures, where thermally activated electron tunnelling
takes place.

Thus the combination of the experimental data for the rate
of the chemical reaction on the low-temperature plateau
( τ Γ s i ^ ) , of the values of f at Γ -»• 0, and of the tunnelling
temperature leads to fairly reliable estimates of both < and d.

BRA

RS

(o)

(28)
STA

Figure 9. Schematic illustration of experimental observation
of the RSME: RS—resonance source; BRA—"black"
resonance absorber ensuring effective absorption through-
out virtually the entire width of the Mossbauer line (it is
placed either before the scatterer or beyond it—at an angle
2Θ); BPS—biopolymeric scatterer; STA—standard thin
absorber for the measurement of the line form by varying
the rate of its movement v; D—scintillation detector of
γ-quanta, operating as the resonance detector together with
the BRA.

In the simplest case of resonance nuclear tunnelling, the
Franck-Condon factor assumes the Gamow form (see, for
example, Jortner and Ulstrup21*) and the "tunnelling tempera-
ture" T+w for the nuclear shift is

·.*=- h - (Ef/f~ 20.

(here Ε is expressed in eV, d in A, and T^ in K) for iron
nuclei.

I I I . STUDIES OF THE DYNAMIC PROPERTIES OF BIOPOLY-
MERS BY THE RSME METHOD

Extensive possibilities for the dynamic investigation of
various chemical and especially biological systems have
arisen as a result of another modern Mossbauer spectroscopic
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method—the observation of the Rayleigh scattering of the
Mossbauer emission (RSME).2 6"3 8 Leaving to one side its
most informative (but also the most difficult to apply) ver-
sion—coherent RSME, we shall consider only non-coherent
scattering data.

The usual Mossbauer method involves the employment of a
resonance source and a resonance absorber (or scatterer),
while the detector is usually of the non-resonance type. The
RSME method is based on the combination of the resonance
source and the resonance detector for γ-rays (Fig. 9). The
exceptionally high energy resolution of the method (~10~9eV)
ensures the possibility of eliminating all non-elastic processes
and a reliable determination of the contribution of elastic
scattering against their background, where the elastic
scattering itself is atomic and not nuclear in nature and takes
place on the electron shells. In RSME observations there is
therefore no need to have Mossbauer nuclei in the test speci-
mens; Rayleigh scattering can be observed successfully and
can yield valuable information for any substances in both
solid and liquid phases, in the crystalline and amorphous
states, and over wide ranges of temperatures, degrees of
hydration, and other variables.

These features in fact determine the advantages of RSME
in the study of biopolymers compared with other dynamic
methods, the interpretation of the results of which also
involves the use of Van Hove correlation functions, such as
X-ray dynamic analysis (XDA) 3 9 ~ l t l and the usual MAS.1*2"1*5

Table 2. Biopolymers investigated by the method based on
the Rayleigh scattering of the Mossbauer emission (RSME)
and the information obtained.

Substance

Metmyoglobin (of the whale)

Trypsin

Human serum albumin
(HSA)

Chromatophores:
Rhodospirillum Rubrum
Ect. Shaposhnikovii

DNA (from ox spleen)

MW

17S00

23 300

66500

~10'
~107

(1.5-3.0) -10»

Information*

fR (Τ), ΔΓΛ (Τ) (Γ= 100—300 Κ;
Λ=0,05—2.3; (crystal)

fR (Τ); ΔΓΛ (Γ) (Γ=100-300 Κ;
Λ=0.1; 0.5; 0,8); }R (Λ) at
r=*300K(ft=0.1—i)

fR(T); ΔΓΛ(7·);/Λ(Λ)(Γ =
=100—300Κ; Λ=0 1—0.7);
/«(η)

IR (Τ); fR (Λ)
fK(T): fH(h)\ / Λ (η)

fR (Τ); Δ Γ Λ (Τ); fR (Λ)

Refs.

[33. 40]

[36]

[37. 38]

[34]
[35]

[46]

•The information obtained represents the functional
dependence of the probability of the elastic RSME (fR)
and of the width of the RSME resonance line (Γβ) on the
temperature T, the degree of hydration h (grammes of
water per gramme of biopolymer), and the viscosity of the
surrounding medium η. The viscosity was varied by
adding glycerol (HSA, chromatophores) and glutaralde-
hyde (HSA).

A general description of the RSME theory and methods is
available in a number of communications (see, for example,
Refs.26— 28), while our previous studies (for example,
Refs. 29—38) were concerned with both theoretical and
experimental aspects of the application of incoherent RSME

to the study of the dynamic properties of biopolymers.
Here we shall confine ourselves to the description of certain
typical results and the most important conclusions. The
biopolymers investigated and the conditions in their study
(temperature, degree of hydration) are listed in Table 2.

The probability fjj of the elastic RSME served as the
fundamental initial dynamic characteristic of all the objects
studied. This probability is proportional to the generalised
Debye—Waller factor:

exp(-2r)=exp(-Q 2<* 2»

(here Q = 4π sin θ/ λ is the momentum transferred in scat-
tering through an angle 2Θ) and thus makes it possible to
determine the averaged, generalised mean-square shift
<xz>, which is assumed to be the same, in such general
treatment, for all the atoms of the test specimens.

Additional dynamic information can be obtained by analys-
ing the shape of the RSME spectral lines and by comparing
the observed changes in this shape (or its constancy) with
the expected increase of the line width Γη with decrease of
/ β · 2 9 " 3 8

1.0

0.6

0.6

Dq

0.2

~ Υ £ τ

ο 2
α J
Δ ν

-

ι ι ι
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\

ι

—*- /

ι

180 220 260 300 71Κ

Figure 10. The contribution of elastic scattering as a func-
tion of temperature for different metmyoglobin specimens:33

1) for Ρ/Ρς = 0,37 (h = 0.05); 2) crystalline metmyoglobin;
3) for P/Ps = 0.94 (h = 0.5); 4) aqueous solution (26.6%
metmyoglobin; h = 2.3).

<ΧΖ

0.6

0.6

0.V

Ο.Ζ

•ι

- ' J
1 4

if /
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Figure 11. Generalised mean-square shift <x2> as a function
of temperature for different metmyoglobin specimens;33 for
the designation of the curves and points, see the legend to
Fig.10.
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A characteristic feature of the spectra of all the hydrated
specimens (with a degree of hydration h >. 0.3 g of water per
gramme of the biopolymer) was a sharp decrease of fR at
Γ >,220-230 Κ, i .e. a sharp increase of the generalised
mean-square shift, which reached extremely high values:
<x2> = 1 A2 for h = 0.7 and Τ s 300 K,37 while the decrease
of fR at Τ = 100-300 Κ for dry specimens (h s 0.05) is
linear and altogether insignificant: for example, <x2> =
0.05 A2 at Γ s 300 Κ.3 5

The temperature variations of fjj and <oc2> for metmyoglobin
for different values of h 3 1 are presented in Figs. 10 and 11.
These data reveal a characteristic feature of the dynamics of
biopolymers—a sharp decrease of fr and a corresponding
increase of <x2> in the high-temperature (Γ >, 220 K) region
with increase of the degree of hydration h.

A typical example is provided by human serum albumin
(HSA) at Τ s 300 Κ (Fig. 12). The observed dependence of
fR on h is in this case much more pronounced than might
have been expected if the mobilities of the protein as such
and of the much more mobile solvent (water) had been
additive. Even for high degrees of hydration (h = 0.8),
the added portions of water continue to cause additional
loosening of the proteins increasing the mobility of the
protein globule.

1.0

α β

O.£

O.Z

0.1 0.3 0.5 0.7 0.9 h

Figure 12. The contribution of elastic RSME as a function of
the degree of hydration for human serum albumin at 300 Κ:
symbols—experimental data; curve—calculation assuming
simple additivity (without any correlations between the values
of fR for the protein and the solvent).3 8

The dependence of the generalised Debye—Waller factor
for biopolymers on two parameters—temperature and degree
of hydration—can be represented by a three-dimensional
fR (T, h) diagram, illustrated schematically in Fig. 13.

The sharp decrease of the probability of the elastic RSME
for biopolymers with increase of D and h is not accompanied
by any serious broadening (ΔΓ) of the spectral line. For
example, the shapes of the RSME gr(u)) lines for crystalline
metmyoglobin at 240 and 300 Κ are virtually identical (Fig. 14),
while an almost fourfold decrease of fR for HSA with increase
of the degree of hydration (from h = 0.05 to h = 0.73) is
accompanied by only a slight (ΔΓ = 0.10 mm s"1) broadening
of the principal, "narrow" component of the RSME spectrum
and by the appearance of a fairly weak broad component
(Fig. 15).

Such properties of the RSME spectra of biopolymers can be
described by neither the Debye nor the Einstein models of
the solid state nor by the picture representing a free liquid
with spatially unlimited diffusion, to which the relation
fR = Γ/(Γ + ΔΓ) would have corresponded. Since the tem-
perature dependence of the Debye-Waller factors and the line
width for RSME is very similar to that for MAS (however,
hydration effects have not been investigated by the MAS
method), the RSME data can be interpreted by the procedures
developed in recent years for the analysis of MAS results
(see, for example, Refs. 47-51) and based on the model
representing continuous spatially limited diffusion, i .e. a
Brownian harmonic oscillator with pronounced decay.

Figure 13. Three-dimensional diagram illustrating the depen-
dence of the contribution by the elastic RSME on temperature
and the degree of hydration."*6

The physical foundations for such an approach appeared in
1973-1979 in the form of the idea of the existence of con-
formational substates (CSS) or, in other words, quasi-
degenerate conformational states (QDCS) of protein globules,
i.e. surfaces of a given macromolecule with the same overall
structure which are almost degenerate in terms of energy
and differ only slightly in terms of the local configurations.

Regardless of the approach to the treatment of QDCS [as
"mobile defects",5 2 treatment aided by the computer modelling
of the dynamic properties of proteins 5 3 on the basis of the
polychromatic kinetics of the Fe—CO recombination in haem-
containing proteins,5 I*'5 5 or X-ray-dynamic analysis
(XDA) 3 9 ~ l f l ] , the QDCS concept implies a definite modifica-
tion of the understanding of protein structure (the structure
of biopolymers in general) in the spirit of the scheme illus-
trated in Fig. 16. Until the appearance of the QDCS concept,
it was usually assumed that, in conformity with the familiar
Schrodinger56 definition of a protein as an aperiodic crystal,
each individual biomacromolecule in its ground state is located
in a global energy minimum and is characterised by a definite
clearly fixed geometry. Within the framework of the QDCS
concept, the global energy minimum for biomacromolecules is
not realised at all, even as Τ ·*• 0, and the actual observed
state is a spatially delocalised system with numerous local
energy minima. The increase of the mobility of biopolymers
with increase in temperature and in the degree of hydration
can be described by the theoretical methods developed
previously"7"5 1 by virtue of the stimulation of transitions
between the QDCS.
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Figure 14. The RSME energy spectra for crystalline metmyoglobin at 240 Κ (α) and 300 Κ (b).L

The expansion of the variety of experimental MAS and
RSME data necessitates further development of spatially
limited diffusion models, namely a transition from the case of
a single oscillator to a multimodal approximation, which pre-
supposes the presence of at least two or three Brownian
oscillators with pronounced decay. The conformational
mobility of biopolymers at room temperature, determined by
the MAS and RSME methods, is characterised by a fairly
broad spectrum of correlation times xc—from 10~6 s (broad-
ening of the principal, narrow, spectral line) to 10~9 s (con-
tribution to the broad component) and further to even lower
values of TC (decrease of the contribution of elastic scat-
tering). According to data obtained by other methods (for
example, the luminescence and spin label methods5 7), the
range of correlation times embraces also much slower move-
ments—down to TC ~ 1 s. The hierarchy of the amplitudes
and relaxation times of various internal motions in biopoly-
mers is also manifested in the computer modelling of protein
dynamics.58

A broad spectrum of relaxation times of motions is typical
for the vitreous state—in contrast to the liquid and crystal-
line states.5 9 That it is natural to compare the dynamic

properties of biopolymers and glasses follows from the entire
set of data for the dependence of the RSME spectra on tem-
perature and the degree of hydration. The sharp increase
of <xz> at the glass point T~, similar to that observed for
proteins above Τc = 220 Κ and also sometimes accompanied
by a slight broadening of the spectral lines (when f# 4 0.5 to
0,1), is typical for supercooled organic liquids. 2 7 ' 2 8 Our
observations also demonstrated a clear correlation between
the onset of the sharp decrease of fR and the jump in the
specific heat following an increase in temperature (DNA : h =
0.6; Τ = 200 Κ) and in the degree of hydration (lyso-
zyme: Γ s 300 K; h = 0.2-0.3).33'1*6 Such jumps in specific
heat usually indicate the occurrence of glass points for poly-
mers—they are absent only for a very high (£75%) degree of
crystallinity of the polymers. Additional experimental data,
supporting the analogy between the dynamic properties of
biopolymers and glasses, are presented and discussed in the
present author's more detailed publications.33·1*6

Turning now to the three-dimensional diagram in Fig. 13,
it is natural to suppose that, below some kind of "critical"
point (more correctly some kind of extended "critical"
regions) in temperature and degree of hydration, the ground
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state of the biopolymer is more likely to resemble a heteroge-
neous glass than a crystal. As regards structural charac-
teristics, this approach to biopolymers is consistent with
Fig. 16b—a system of local energy minima, which implies
the absence of structural unambiguity in the biomacromole-
cule represented by a set of QDCS.

As regards the dynamic characteristics of biopolymers, we
emploĵ ed their heat capacity at very low temperatures as a
test of dynamic vitreous properties.'16'6'*»65 The temperature
dependence of the heat capacities of inorganic and organic
dielectric glasses at low temperatures is given by

CE ( ^ exp ^-) • [eexp (^-) -

i.e., apart from the Debye (second) and Einstein (third)
terms, it contains a linear term, which predominates as
Γ -*- 0,60

Χ Χ

Figure 16. Potential energy curves for biomacromolecules:
a) global energy minimum corresponds to the ground state
(whose structure is unambiguously fixed as Γ •*• 0), while the
other minima (only one of these is shown) correspond to
short-lived and weakly populated excited states; b) there is
no global minimum at all and the system of local minima
represents the spatially delocalised and energetically similar
conformational substates (CSS) or quasi-degenerate confor-
mational states (QDCS) whose populations are not unambigu-
ously defined even as Τ -*• Ο."6
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Figure 15. The energy spectra for HSA (300 K) at h = 0.05 (a) and h = 0.73 (b). For HAS
with h = 0.73 (b), the overall spectrum represents a superposition of the "narrow" component
(with the same line width as for h = 0.05) and the "broad" component, which are also illustrated
in part b of the figure.37
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This especially important linear contribution to the low-
temperature heat capacity is associated with a fundamental
property of the vitreous state—its non-equilibrium nature,
the existence of a residual entropy as Τ + 0. Its presence,
magnitude, and physical significance have been explained 6 1 ' 6 2

on the basis of the model of phonon-stimulated tunnelling
(PST) in the so-called two-level (multilevel) systems,
i .e. the tunnelling of atoms and atomic groups between two
(or many) quasi-equilibrium positions (QEP), between two
(or many) similar but non-equivalent potential wells by virtue
of the adjustment of the transitional resonance between such
QEP via the excitation (absorption or emission) of phonons
(Fig.17).

The local energy minima, illustrated in Fig. 16b and charac-
terising the QDCS of biomacromolecules, form precisely such
a multilevel, multiwell system and it is natural to expect the
occurrence of PST between QDCS playing the role of QEP.

We have analysed extensive experimental data for the low-
temperature heat capacities of biopolymers (see the relevant
review6 3) on the basis of the above three-term formula and
observed33»61*'65 that the linear term CXT for biomacromolecules
is significant.

The results of our calculations and also of later direct
experiments with HSA 6 6 (Fig. 18) and metmyoglobin 6 7 are
compiled in Table 3.

Table 3. Parameters of the low-temperature heat capacities
of polymers and biopolymers.

Figure 17. The simplest picture comprising two quasi-equi-
librium positions (QEP) for atoms or atomic groups of bio-
polymer molecules (two-level system with two wells). Typical
values: Ε = 0.2-0.4 eV, d = 0.2—0.4 A. The resonance
adjustment within the limits of the width of the energy gap Δ
is ensured by phonons (phonon-stimulated tunnelling).1*6

C/7"3, mJ g"1 K"

0.05

0.01

0.03

0.0Ζ

P. 01
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-

- Ν*.
"ι ι ι ι Ι ι ι ι ι Ι ι ι ι ι ι

5 10 15 T,%

Figure 18. Experimental data 6 1 for the low-temperature heat
capacity of HSA in terms of the function C/T3 = f(T), illus-
trating the presence of a linear term due to the phonon-
stimulated tunnelling.

The dependence of the quantity Cx on the spectral density
of two-level states η(Δ) at Δ -»- 0 has the following form:60

Substance

S1O2
Poly(methyl methacrylate)
Melanine(l%H2O)
Melanine (20% DCA)
Melanosoma
Poly-L-alanine (α-form)
Poly-L-alanine ((3-form)
Polyglycine-P
Collagen
DNA
HSA
Metmyoglobin

c l>
*J g-1 K"2

1.2
4 8
5.0
9.5

22
45
3li
18

~ 1 0 3

- 1 0
39
—

nJ g"1 K"4

l . S
28
12
9.9
9.9

25
20

8.8
10

8
—

IO^VO),
J-1 g-1

0.38
1.5
1.6
3
7

14
11
59

300
3.2

12.5
3.3

Number of
two-well
systems (for
Δ = 100 Κ)

—
—
—
—
—
—
—

2 . 5 1 0 3

2.1 ΙΟ3

19
1.4

Temperature
range of
measure-
ments ΔΓ,Κ

0 . 1 - 1 5
1,5—10

2-4 5
2-4.5
2-4.5

1.5—10
1.5—10
1 5—22

5-20
0.5—5
1.5-25
0.1—3

Refs.

[00]
loo]
108)
108]
108]
ICO]
[lilt]
170]
[03]
I ' l ]
[00]
[07]

The vitreous dynamic model of biopolymers proposed by the
present author and his co-workers33»61*'65 presupposes the
existence of internal mobility of the biomacromolecules even
as Γ -> 0 by virtue of the PST of atoms and atomic groups.

Thus we have demonstrated yet again that the modern
Mossbauer spectroscopic methods constitute an effective
instrument in the study of tunnelling phenomena in chemical
and biochemical physics—the quantum effects in the kinetics
of chemical reactions and biomolecular dynamics, which are
most pronounced at low temperatures.

The RSME data can yield fairly reliable estimates of the
tunnelling parameters.33'1*6 The maximum values of Oc2> at
300 Κ reach almost 1 A2 and the contribution by elastic RSME
is in this case smaller by a factor Ν = 4—5 than at low tem-
peratures. According to Shaitan,7 2 the factor Ν means
simply the number of potential wells in the multiwell region of
the delocalisation of certain atomic groups. The distance
between the wells is then given by d = /<x2>/(N - 1) = 0.25 to
0.33 A; subsequent analysis of the temperature dependence
of the parameters of three-dimensional diffusion1*7"51 yields
the height of the energy barrier between the wells: Ε = 0.2eV
and the tunnelling temperature 1 9 ' 2 0 for CH2 groups is accord-
ingly estimated at Tt a 120-160 K. Inspection of the multi-
modal Franck—Condon effects, i .e. allowance for the low-
frequency vibrations of potential wells relative to one
another 7 3 " 7 5 (apart from the high-frequency vibrations of
the tunnelling groups within the limits of the occupied wells)
leads to the conclusion that, even at the physiological tem-
peratures, the contribution of tunnelling may be quite com-
parable to that of thermally activated transitions of atomic
groups between QEP and that tunnelling induced by fluctua-
tions can have a definite importance also for the functioning
of proteins and other biopolymers.33>1*6
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Thus RSME studies on biopolymers combined with MAS and
XDA data as well as low-temperature heat capacities provide
an adequate basis for treating natural biopolymers as special
heterogeneous glasses incorporating regions with different
glass points.33'"6»6Ι |>65

At room temperature, a biomacromolecule contains regions
whose properties resemble those of a crystal, a glass, a
supercooled liquid, and an ordinary liquid. The principal
physical parameter, chosen here for the purpose of the
description and comparison of different states, is the free
volume.

The fad, h) three dimensional diagram (Fig. 13) demon-
strates the existence of a transitional ΔΓ0 region in the
vicinity of T c s 200-220 Κ and a Ahc region in the vicinity
of h c s 0.1-0.3. For Τ < Tc and h < hc, the dynamic
properties of biopolymers combine the properties of a crystal
and a glass, while above T c and h c they combine the proper-
ties of a crystal, a glass, and a supercooled liquid.

The temperature Tc plays the role of the usual glass point
Tg and the degree of hydration h c plays the role of a kind
of hydration glass point h~ for those regions in biomacro-
molecules where the glass state is transformed into the highly
elastic state. The increase of the specific volume (and also
of the free volume) of the biopolymer and hence of its internal
mobility with increase of temperature and of the degree of
hydration accelerates appreciably at temperatures above T c

and for h > h c .
All the above considerations are summarised in Table 4,

where the plus and minus signs denote the presence or
absence of the following four main properties: (a) order;
(b) periodicity of the structure (for an individual biomacro-
molecule); (c) unambiguity of the structure (for an individ-
ual biomacromolecule) as Τ ^ 0; here the plus sign denotes
that So = 0 at Γ = 0 and the minus sign denotes that So * 0;
(d) mobility as Τ + 0.

Table 4. Description of the parameters of the structural
and dynamic properties of biopolymers.

Substance

Ideal crystal
Glass
Aperiodic crystal
Biopolymer (treatment

after 1973-1979)
Biopolymer (treatment

after 1983)

Order

J
Periodicity

+
 1

1
1 

1

Unambiguity
of structure*

1 
1 

+
 1

 +

Mobility*

+**

Glass :IC
number***

1:3
2:2

3:1

*As Τ -*• 0.
•Treatment after 1972.

***Here IC = ideal crystal.

The ideal crystal (+++-) and glass ( +) (the plus sign
denoting mobility in glasses has been generally accepted since
1972 61>62) are used in Table 4 as the principal comparison
standards. The Schrodinger definition1*6 of the protein as an
aperiodic crystal is designated by the symbol (+-+-), the
appearance of the concept of CSS (QDCS) (1973-1979) 8 9 ~ w ·
5 2 ~ 5 5 denotes the transition to (+ ), and finally the
vitreous dynamic model of proteins (1983) 3 3,6"S6 5 corresponds
to the formulation ( + - - + ) . Thus the general ratio 3: 1 in
favour of the ideal crystal has gradually changed to 1: 3 in
favour of glass.

—oOo

We have thus seen that gamma-resonance spectroscopy in
its MAS and RSME versions has played a very notable role in
the development of ideas about the structural and dynamic
properties of biopolymers, i .e. in one of the most important
problems of modern biochemical physics.
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The problem of the inter-relation between the structure and stability of proteins includes two main questions: firstly, how can
we discover the molecular characteristics of the structure of proteins which are responsible for their stability? Secondly, how,
knowing the general molecular causes of stability, can we alter the structure of a specific protein in order to increase its
stability, i.e. to stabilise it? In the present review an attempt is made to present the current state of both the first (fundamental)
and second (applied) aspects of this problem.
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I. INTRODUCTION

The problem of the inter-relation between the structure and
stability of proteins is one of the key problems in modern
protein chemistry.1 Only its solution will permit a close
approach to the realisation of the long-standing aim of
investigators in the field of protein chemistry: to predict1»2

the steric structure of the protein from its known aminoacid
sequence and to attempt the synthesis3 of a molecule of a
protein type whose property is specified beforehand.

On the other hand, one of the central tasks of chemical
(engineering) enzymology is to create stabilised enzyme
preparations for various technological applications.1*"11 The
pathway leading to the creation of stabilised enzymes was
outlined several decades ago when many world laboratories
began to elucidate and investigate the molecular mechanisms
or at least the molecular causes of the inactivation of protein
(see the relevant reviews12»13). Only after this "preparatory
stage" did it become possible to proceed directly to the
development of methods whereby the structure of enzymes
could be influenced specifically in order to suppress the
inactivation mechanisms established previously. The chemi-
cal and physical methods for the stabilisation of enzymes have
so far been developed to the greatest extent (see the relevant
reviews11*"19). However, there is no doubt that the biological
approach proposed recently (application of methods of genetic
engineering)2 0"2 2 merits no less attention.

The present review deals with the entire chemical-physico-
biological set of inter-related problems. The data described
have been divided into three somewhat separate sections.
Firstly, there is a brief discussion of experimental and theo-
retical approaches used to establish the inter-relation between
the stability of proteins and their structure. This is followed
by the molecular causes of the stability of proteins them-
selves. This question has been frequently raised in the
literature at least since the studies by Bressler and Talmud.23

The current level of the problem has been fairly completely
dealt with in recent publications, for example, in the mono-
graph of Schultz and Schirmer.1 We should therefore attempt
here mainly to answer the following question: what must be
done to the protein (how must its structure be altered) in
order to impart to it greater stability. Finally, in the last

Section it is shown how this can be achieved at the present
time, i .e. the experimental methods for the preparation of
highly stable biocatalysts are examined.

I I . THEORETICAL AND EXPERIMENTAL APPROACHES TO
THE ELUCIDATION OF THE INTER-RELATION BETWEEN
THE STRUCTURE AND STABILITY OF PROTEINS

The solution of the problem of the inter-relation between
the structure and stability of proteins in the most general
form implies the calculation of the free energy of the protein
from its steric structure. In principle, one could attempt
to calculate separately for this purpose the energy of each
of the stabilising (hydrogen bonding, hydrophobic, electro-
static, and dispersion interactions, etc.) and destabilising
(in the first place the unfavourable entropy contribution by
a strained conformation) factors and to add them up. Unfor-
tunately, this cannot be carried out correctly.1>21* The reason
is that the contribution of each of the above components to
the free energy of the protein amounts to tens and hundreds
of kcal mol"1. α>26 This is a lot in view of the fact that pro-
teins as a whole are characterised by a relatively low stability;
the experimental free energy of stabilisation (of the native
form relative to the denatured form) amounts to between
5 and 15 kcal mol"1 for the vast majority of globular pro-
te ins . 2 7

Another general (experimental) way of solving the problem
consists in the following procedure: one selects two proteins
of different stability and by comparing their structures one
attempts to elucidate how the structural characteristics are
responsible for the increased stability of one of them. How-
ever, the following question arises: which pair of proteins
should be chosen for such a comparison? If we select two
arbitrary proteins, then in all probability their stabilities
will be found to lie in the statistical average range of free
energies: 5-15 kcal mol"1. Consequently the differences
in stability will be minute and it will be hardly possible to
identify them with any definite structural characteristics,
especially against the background of the large structural
differences characteristic of functionally different proteins.
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The same feature of protein structure (small differences in
stability against the background of a great structural variety)
lead apparently to a relatively low predictive value of studies
of a generalised character.2 S~3 1 In other words, the attempts
to analyse the known structure of several tens of proteins
in order to find a correlation between their stability and
certain general structural parameters (hydrophobic nature,2 8"3 0

volume,30 or the content of particular aminoacid residues3 1)
did not lead to unambiguous conclusions.

Comparison of the stabilities of proteins having fairly
close structures proved to be most fruitful. Proteins having
the same biological function are characterised by such struc-
tural kinship.

A typical experiment designed to elucidate the inter-rela-
tion between structure and stability consists of three stages.
Firstly, two (or several) functionally related proteins from
different sources are selected and are obtained in as pure a
form as possible. Next, the following characteristics of
the proteins are compared: (1) the aminoacid compositions
and primary structures; (2) the steric three-dimensional
structures and parameters of their conformational variability;
(3) the resistance to the action of reversible denaturing
agents and to irreversible investigation; (4) the temperathre
dependence of the functional (catalytic) activity.

Finally, an attempt is made to correlate the quantitative
stability characteristics obtained (such as the temperature of
reversible denaturation, the optimum temperature of enzyme
activity, and the equilibrium or kinetic denaturation param-
eters— AG, AH, AS, etc.) with the structural differences
which it has been possible to discover.

The question arises of the origin of functionally related
proteins having different stabilities. In the first place,
they are found in nature. Firstly, these are related pro-
teins from different mesophilic sources. Secondly, related
proteins from thermophilic and mesophilic organisms are com-
pared. Thirdly, proteins from wild strains are compared
with proteins altered by mutation. The objects of such
research are also obtained artificially. Three methods are
used at present for this purpose: "site-directed" mutagene-
sis, immobilisation, and chemical modification. We shall
consider what information can be obtained from the study of
the inter-relation between the structure and stability of pro-
teins by the application of each of these approaches.

it is sometimes possible to find related proteins which differ
only by 1—2 aminoacid residues, which naturally facilitates
the problem of the elucidation of their role in the stability
of the proteins being compared.19 Secondly, it is frequently
possible to discover "invariant positions" in proteins (the
replacement of aminoacid residues in these positions is inad-
missible, because it leads to the decomposition of the struc-
ture) . As a rule, the invariant positions are located either
in the inner regions of the globule33"36 or in the regions
corresponding to intersubunit contacts3 6 and contacts between
neighbouring α-helices.33 The aminoacid involved in the
coordination of haem31* as well as the fragments of the active
centres of the enzyme36 are also invariant.

2. Comparison of Proteins from Thermophilic and Mesophilic
Organisms

The existence of life under extreme conditions has long
been known—for the history of the development of the
problem, see Brock.3 7 It was not until the middle 1960's that
it became possible to demonstrate that the stability of micro-
organisms under extreme conditions is as a rule associated
with the increased stability of their constituent biomacro-
molecules and in the first place proteins. 3 8

The search for differences between the structures of
related thermophilic and mesophilic proteins has the advan-
tage over the comparison of mesophilic objects that the range
of the differences between their stabilities is much wider and
hence there is a greater probability of observing the struc-
tural differences which are significant for stability. Hitherto
~100 thermophilic proteins have been isolated in a highly pure
form and their properties have been investigated. The
molecular causes of the increased stability of thermophilic
proteins have been discussed in a series of reviews and
monographs. 19>37~1*9

3. Proteins Modified by Mutation and Proteins from Wild
Strains

1. Homologous Proteins of Mesophilic Organisms

Comparison of the structures of enzymes fulfilling identical
functions in evolutionary remote organisms has long been
used to elucidate the mechanisms of enzyme catalysis.3 2 How-
ever, this approach is used much more rarely for the study
of the inter-relation between the structure and stability of
proteins. The point is that the differences between the
primary structures of related mesophilic proteins can be
extremely large. For example, in two of the most widely
different proteins of the family of globins, only 16% of all the
aminoacid residues occupy identical positions in the primary
structures. 3 3 On the other hand, the differences between
the stabilities of homologous proteins are as a rule very
insignificant—not more than 1-3 kcal mol"1. The insuper-
able problem discussed above therefore arises: how can one
interpret the minute changes in stability against the back-
ground of large differences in structure?

Nevertheless, comparison of homologous proteins of meso-
philic organisms yields some useful information about the
inter-relation of their structures and stabilities.3 3"3 6 Firstly,

Under the influence of unfavourable external influences,
chemical agents, irradiation, and certain other factors in
nature, the phenomenon of the so called mutagenesis takes
place.5 0 At the level of cells and whole organisms, muta-
genesis is expressed by a change in morphology and functions
and frequently leads to degeneracy. At the molecular level,
nucleotides are replaced, new bases (or even whole sections
of the genome) are incorporated or omitted. This results in
the synthesis of proteins with a modified structure: with
replacement of one (the most frequent case) or several
aminoacid residues by different ones; with the polypeptide
chain divided into a series of fragments not linked by covaler
bonds or, conversely, with covalently cross-linked polypep-
tide chains.5 0

Comparison of the structures of mutant proteins and pro-
teins from wild strains is actively employed for the elucidation
of the mechanisms of enzyme catalysis,5 1 '5 2 in particular in
order to discover the aminoacid residues significant for cata-
lysis.5 3 Using this approach, it has been possible to obtain
also information about the role of individual aminoacids and
of more complex structural factors in the stability of proteins
some examples may be found in the review of Mozhaev and
Martinek.19
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4. Artificially Modified Proteins

There exist at least three ways of obtaining artificially
modified proteins: site-directed mutagenesis (using the
procedures of genetic engineering), immobilisation, and
chemical modification.

(a) The Method of Site-Directed Mutagenesis

In this method manipulation at the level of genes yields
analogues of proteins with a known tertiary structure differ-
ing by the replacement of only one aminoacid residue in a
rigorously specified position. * t The latest advances in
site-directed mutagenesis20'55 have made the method available
in many laboratories. Thus proteins of "aritificial origin"
modified by mutation have come to be used for the study of
the role of definite aminoacid residues in catalysis.5 6 Enzymes
with an improved activity and an altered substrate specificity
have been obtained in this way.57»58 As for mutants of
natural origin, proteins with substituted aminoacid residues
in specific positions, obtained artificially (by genetic engi-
neering) , can yield information about the role of individual
structural elements also in the stability of proteins.

(b) Immobilisation of Enzymes

This should be understood in the first place as a method
for the significant restriction of the mobility of protein mole-
cules (or their fragments) in space or relative to one
another. 5 9 ' 6 1 In recent years this method has been used
actively in biotechnology,1*"11 in particular for the stabilisa-
tion of enzymes.11*"19 However, sometimes one encounters the
view that the immobilisation method is effective only for the
solution of purely applied problems but does not yield new
information for fundamental science. This view is based
on the long-standing preconceived notion that immobilisation
alters the structure of the enzyme compared with its native
structure. However, it has been demonstrated in recent
years by physical methods that this is by no means the case:
in many instances immobilisation does not change the confor-
mation of the enzyme at all or changes it only insignificantly
(see the review of Martinek and Mozhaev62). Furthermore,
having selected a suitable immobilisation method, one can be
certain that the conformations of the native and immobilised
enzymes are similar.62 For this reason, immobilised enzymes
have proved to be successful models in the study of a whole
series of in vivo processes. 6 2 ' 6 3 They also yield useful
information about the inter-relation of the structure and
stability of proteins. Thus the important role of fluctuations
in the structure of the protein in its stability has been
discovered with the aid of immobilisation.

(c) Chemical Modification of Proteins

This method is used as an approach not only to the stabilisa-
tion of enzymes61*"66 but also to the elucidation of the inter-
relation between the structure and stability of proteins. 1 9 ' 6 6

The main problem involved in the use of the modification
approach is that of obtaining a protein preparation in which
only a specific functional group (or a specific series of
groups) has been modified. The difficulty of specific modi-
fication lies in the fact that the functional groups of proteins
exhibit the same type of reactivity: they are all potential

nucleophiles and proton donors or acceptors (Table 1). For
this reason, the "frontal" modification of proteins by an
arbitrary reagent leads to competition between different
functional groups of the protein for the reagent and usually
ends in failure—non-specific modification. Nevertheless,
advances in selective modification have led to the discovery
of several reagents for virtually any functional group in
proteins which involve only this particular group (for
examples, see Table 1). Furthermore, even for reagents
exhibiting group specificity, it is frequently possible to
select conditions under which aminoacid residues of only one
type are modified selectively. For this purpose, one varies
either the pH (because as a rule only one of the forms—
protonated or deprotonated—is reactive) or one employs
reversible modification reactions (Table 2) with the aid of
which other groups of the protein competing for the reagent
can be subjected to preliminary blocking.

Table 1. The functional groups in proteins which can be
subjected to specific modification. n

Group

α-COOH

fl-COOH

T-COOH
11M

-SH

tx-NH,

€-NH2

-O-°H

-NH-Gf
NNH,

—OH

\ y \ : .

Η

—S-CH,

Aminoacid
residue

terminal amino-
acid

Asp

Glu

His

Cys

terminal amino-
acid

Lys

Tyr

Arg

Ser, Thr

Trp

Met

<1—6.8

<l-6.8
<1—6.8

6.4-7.5

8.0—9.5

7.3->12

7.3->12

9.4—>12

11.5—>12

>12

>12

—

Examples of selective
reagents*

carbodiimide + nucleo-
phile

ditto

>

diethyl pyrocarbonate

JV-ethylmaleimide;
disulphides

dansyl chloride;
methyl acetimidate

ditto

tetranitromethane,
iV-acetylimidazole

butane-2,3-dione,
phenylglyoxal

—

Af-bromosuccinimide

chloramineT; H2O2

•Taken from Lundblad and Noyes.1

tThe methodological procedures of site-directed mutagenesis
will be examined below.

The potential value of the chemical modification method is
truly enormous.67~89 However, its application to the study
of the inter-relation between the structure and stability of
proteins encounters a series of methodological difficulties,
which are frequently fundamental. We shall consider the
most important of these difficulties and shall attempt to outline
ways whereby they can be overcome.

1. There is a risk that modification will involve the invar-
iant elements of the protein structure and will lead to
undesirable conformational changes, up to the denaturation
of the protein.72'81* i n order to test this possibility, the
chemical modification product must be analysed by a physical
method and it must be discovered whether the conformations
of the native and modified proteins are different. If such
differences exist, it is essential to alter the modifying agent.
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2. Sometimes it is necessary to modify proteins under
fairly severe conditions where undesirable side processes
can take place (Table 3). In order to avoid secondary
reactions, it is frequently necessary to resort to preliminary
protection of the "vulnerable" functional groups (Table 2)
and, after the modifications have been carried out, the
"protecting groups" must be removed under mild conditions.

Table 2. Reactions leading to the reversible protection of
the aminoacid residues in proteins.

Amino-
acid

Trp

Tyr

oxidation
pi 1 3

HCOOH /\

V\M/

| H,C-C=O

Are

Cys

Lys

Υ
OH

-C—CH, Υ
OH

C-(CH,)»-COOH -

"~C

-N \ f

NH,

Ο

—CHi—S—Cl

Jt-C-O^

I NH.OH

PhCH«SO,

R-S-S—R R'SH - S H-SH " • ° "-> - S - S - R -

CH,-C=CH

OC CO CH,

_NH, > -NH-C-C=CH-COOH -

[90]

[91]

[94Γ

[96]

[97]

3. Only in rare cases is it possible to modify the protein
in such a way that only a specific aminoacid residue in it is
involved. Usually chemical modification results in a set of
derivatives of the protein differing both in the number of
modified groups and in the ordinal numbers of the residues
affected by the modification in the primary structure. This
naturally leads to a significant inhomogeneity of the products
of the chemical modification of the proteins.72>8*t The diffi-
culty of separating the product is inherent in the fact that
the modified proteins frequently differ little in their physical
properties (charge, molecular weight, molecular shape, e t c . ) .
High performance liquid chromatography proved to be
especially useful in this field.98

951

4. Yet another serious problem is how to identify the pro-
duct of the chemical modification of the protein. Aminoacid
analysis is most often used for this purpose. However, the
method suffers from the disadvantage that, before the direct
determination of the aminoacid composition, the protein is
subjected to a treatment under extremely severe conditions
(concentrated HC1, temperature above 100 °C) in order to
hydrolyse all the peptide bonds. This is naturally accom-
panied also by the rupture of other chemical bonds (weaker
than the peptide bonds) and certain aminoacids undergo
chemical decomposition. For this reason, the identification
of many aminoacids (Cys, Trp, Met) and of the products of
certain types of chemical modification (oxidation, acylation)
is either altogether impossible by means of aminoacid analysis
or inaccurate results are obtained.85»86 Fortunately, this
difficulty can be overcome85 by employing certain methodo-
logical devices (for example, reactions competing for func-
tional groups or the radioactive tracer method).

Table 3. Undesirable side reactions in the modification
of the functional groups of proteins. *

Functional group

Peptide bond
ditto
SH group
S-S bond
ditto
S-CH3 group of

methionine
Amide group
0-Glycosyl group
O-Phosphate group

Conditions

pH 8—12
pH 1—5
oxidation
reduction
pH 8—12
oxidation

pH 8—12
pH 8-12
pH 8-12

Result

hydrolysis
Ν -0 acyl shift
S-S bond, S-0 acids
SH groups, new S-S bonds
hydrolysis, /3-elimination
hydroxy-derivative

hydrolysis
^-elimination
/3-elimination

Another way of overcoming this difficulty involves the
determination of the degree of modification under mild condi-
tions. This is effectively assisted by the reactions involved
in the spectrophotometric titration of the residual unmodified
functional groups of the proteins with the aid of chromo-
phoric reagents (certain examples are presented in Table 4).
The methods for the determination of the primary structure
are used to determine the exact site where the modified
aminoacid residue is located.103

Thus the difficulties arising can be overcome in principle
and one can proceed to the search for the inter-relation
between the stability and structure of the protein. The
experiment must be begun with a comparison of the conforma-
tions of the native and modified proteins. The point is that
sometimes the increase 1*' 1 0 5 or decrease106»107 of the stability
of proteins as a result of chemical modification is caused
precisely by conformational changes. Such data are of
limited value, because it is difficult to interpret them and
even more difficult to predict them.

One usually has to deal with a chemical modification product
which, while conformationally not different from the native
protein, nevertheless has a lower or higher stability. In
order to elucidate the molecular causes of stabilisation or
destabilisation, the following methodological procedures are
employed.

The increase of the degree of modification (of the number
of modified functional groups). If the stabilising or destabi-
lising effect changes monotonically (smoothly) under these
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conditions, the most likely implication is that specific inter-
actions of any kind, for example, the formation of salt
bridges or hydrogen bonds, do not arise (or vanish) in the
protein on modification. Otherwise, the observed depen-
dence would have been of a discrete type: indeed, it is
difficult to imagine that the modification of each successive
residue generates or destroys a salt bridge or hydrogen
bond. It is more probable that the smooth type of depen-
dence of the stabilising or destabilising effect on the degree
of modification reflects a uniform alteration of some integral
parameter of the globule (its hydrophobic property or sur-
face charge).

A change in the chain length of the modifying agent for
a specified degree of modification. For this purpose, it
is convenient to employ homologous series of modifying
agents: amines, aldehydes, imidates. Analysis of the type
of dependence of the stabilising or destabilising effect on
the chain length of the reagent has proved useful for the
elucidation of the influence on the stability of proteins of
integral parameters such as the surface hydrophobic charac-
ter or surface charge. 6 6

The influence of temperature on the stabilising or destabi-
ising effects can sometimes help to elucidate66 what type of
interactions in the protein makes a decisive contribution to
the stabilisation. In particular, if the stabilising effect
increases with increase of temperature, then this is important
evidence for the enhancement of hydrophobic interactions
in the protein.

In conclusion of this Section of the review, we shall draw
attention to the possibility of one fundamental error in the
interpretation of experimental data. A particular mechanism
of inactivation characteristic of the native protein can some-
times be significantly inhibited by chemical modification. For
axample, the thermal inactivation of bovine serum albumin
in solution is sometimes caused mainly by its aggregation. i c e

By introducing an excess negative charge on the protein

surface (for example by citraconylation), aggregation can be
fully prevented. The retardation of the inactivation
observed experimentally in this case108 is caused by a change
in the inactivation mechanism and not by the internal stabi-
lisation of the protein (due to its modification). In studies
with modified and even with immobilised proteins or proteins
modified by mutation, it is always important to make sure that
the mechanisms of their inactivation are identical with the
mechanisms for the native proteins.

I I I . MOLECULAR CAUSES OF THE STABILITY OF PROTEINS

The principal molecular causes of the stability of proteins
were recently analysed by the present authors. 1 9 Here we
shall consider them only in order to elucidate whether nature
has left provision (and what kind of provision) for the arti-
ficial increase of the stability of proteins.

1. The Binding of Metal Cations, Substrates, Prosthetic
Groups, and Other Low-Molecular-Weight Ligands

The most general explanation of the facts concerning the
stabilisation of enzymes in their interaction with ligands was
given by Schellman.109 There exist at least two states of
protein—native and denatured, and any compound is in
principle capable of binding to either one. The preferential
binding to one of the forms of the protein inevitably stabi-
lises it in relation to the other by the amount equivalent to
the free energy of formation of the corresponding complex.
It is known that the effectors of enzyme activity are bound
in the region of the active centre or near it. The formation
of the enzyme—ligand complex therefore requires that the
protein exist in the native conformation; there is as a rule
no binding to the denatured form. This is precisely why
specific low-molecular-weight ligands usually stabilise pro-
teins. 1 0 9

Table 4. Spectrophotometric determination of certain functional groups in proteins.

Molar
absorption

-SH

NO,

,CH=NH
JJ-N< I

— Ν
+ /CH=NH /—<ς

JaN-N< | »< > - 0 H

Ν Ν\.

+ N»N-N<^
XH=NH

CH=NH

N _ N

/ I
\ N - N

412

410

420

550

480

13 600

18 000

13 000

13 800

20 500

[99]

MOO]

[101]

1102]

I102J
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In connection with the preparation of artificially stabilised
enzyme preparation by interaction with effectors, we draw
attention to the fact that in such interactions proteins fre-
quently undergo conformational changes,110 i .e . are con-
verted into other, sometimes more stable conformations. An
attempt must be made to fix this stable conformation, for
example with the aid of immobilisation;lu a critical analysis
of this approach has been carried out in a review. K

2. Protein—Protein and Protein—Lipid Interactions

In vivo proteins frequently interact with other protein
molecules, lipids, and polysaccharides.112 The structures
then formed can be divided arbitrarily into two fundamentally
different types: firstly, complexes with a small number of
either protein—protein contacts (for example, subunit
enzymes113 or species comprising proteases associated with
protein inhibitorsUlf) or protein—lipid contacts (such as the
complexes of albumin with aliphatic acids115) and secondly
systems with a large number of inter-related concerted
contacts of different types (protein-protein, protein-lipid,
lipid—lipid) of the kind which obtain, for example, in bio-
logical membranes.116 The interaction of the protein with
other molecules in both these and other types of structures
can significantly increase its stability.

The mechanism of stabilisation on formation of individual
protein—protein or protein-lipid contacts has been in principle
understood.m Together with polar and charged groups,
there are "hydrophobic clusters" on the surface of proteins
and their contact with water is thermodynamically unfavour-
able. On formation of the complex, the lipid or protein
molecule "sits" on this cluster and thereby prevents its
contact with the solvent.117 The observed free energy of
stabilisation amounts to several kcal mol"1 per protein—protein
contact. 113-m

Such protein—protein or protein—lipid contacts can also be
created artificially: in the presence of lipids118'119 or high
concentrations of proteins (for example, albumin), m>m the
stability of certain enzymes increases appreciably.

The mechanism of the stabilisation of enzymes when the
latter are enclosed in biological membranes appears less
unambiguous. Indeed, together with the "shielding effect"
discussed above, many other factors should play an important
role in this instance. Among them, we shall specify in the
first place a change in the rigidity of the protein molecule
as a result of its multipoint interaction with other proteins
and lipids and we shall consider the influence of this factor
on stability.

3. The Rigidity of the Protein Molecule

The rigidity determines the ability of the macromolecule to
assume different states in conformational space122 and is
related directly to the stability of the protein. Indeed,
both the protein denaturation process (the manifestation of
the instability of the protein) and the fluctuations about a
certain statistical average stage (the manifestation of the
"non-rigidity" or flexibility of the protein) are based on the
same molecular mechanisms: the vibrational and rotational
movement in the macromolecule. The difference between
these processes consists only in the fact that in denaturation
a cooperative conformational transition of the entire globule
takes place,26 while local fluctuations in the structure involve
only individual sections of the globule without a significant
alteration of the overall conformation.123

In the present review we shall not attempt to give a rigor-
ous thermodynamic definition of rigidity122'123 or to relate it
to the thermodynamic parameters of the stability of the
protein. n>* Undoubtedly many factors which determine the
stability of the protein (in the first place hydrophobic
interactions) influence also its rigidity.122'12'' Here we shall
consider only one question: how a factor such as immobilisa-
tion—natural or artificial—affects the rigidity and stability
of the protein?

In nature proteins and membranes exist in a naturally
immobilised state; this must be understood as having the
consequence that, as a result of interaction with other pro-
teins and lipids, their rotational diffusion as well as their
vibrational and rotational movement are significantly restricted.
The degree of immobilisation of proteins in a membrane
depends in many respects on the integrity of the membrane
and on the degree of structural formation in the latter. When
the latter parameter is altered (for example, in a phase
transition within the membrane), the "degree of immobilisa-
tion" of proteins changes significantly,125 which entails
changes in the catalytic properties of membrane enzymes.125'126

However, until recently there have been virtually no data
concerning the influence of structure formation in membranes
on the stability of membrane enzymes.

A pioneering study on these lines was carried out by
Welker.127 He grew the obligatory thermophilic strain
Bacillus stearothermophilus at temperatures ranging from
55° to 70 °C and observed that, with increase of the growing
temperature, there is a significant increase of the stability
of the cell membrane (which he inferred from the decomposi-
tion of cell protoplasts at elevated temperatures—Table 5).
Simultaneously with the strengthening of the structure of
the membrane, there is a significant increase in the thermal
stability of membrane enzymes; this has been noted both
for peripheral alkaline phosphatase and integral NADH-oxi-
dase (Table 5). An increase of stability is observed only
for enzymes forming part of the composition of the membrane.
After extraction from the membrane, the stability of alkaline
phosphatase first falls sharply and then becomes independent
of the temperature at which the given culture of micro-
organisms has been grown (Table 5). Thus these data con-
firm the earlier hypothesis128'129 of the stabilising influence
of the membrane structure on proteins.

Table 5. The influence of the growth temperature (T„) of
the culture on the properties of the membranes of the cells
of Bacillus stearothermophilus and the thermal stabilities
of the enzymes.127

Tg.'C

55
00
65
70

65°

0
0
0
0

70·

100
80

0
0

75°

100
100

70
10

80°

100
100
100
100

Degree of inactivation, %

free A.P.*

65°

100
100
100
100

70°

100
100
100
100

membrane A.P.

o,°

87
0
0
0

70°

100
f)2
20
5

NADH-oxidase

75°

100
00
75
0

80°

100
100
84
10

*A.P. = alkaline phosphatase.

Comparison of the thermal stabilities of enzymes immobilised
by natural (in a biomembrane) and artificial (on a polymeric
carrier) procedures is extremely instructive. Fig.l presents
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the temperature dependence of the catalytic activity of the
integral membrane enzyme NADH-oxidase.127 Evidently the
stronger the membrane in which the enzyme has been incor-
porated (i .e. the higher the temperature at which the culture
has been grown), the higher the temperature optimum of the
catalytic activity. A similar family of experimental curves
has been obtained130 for artificially immobilised trypsin, whose
molecules were attached to the carrier by different numbers
of bonds (Fig. 2). We believe that the identity of the forms
of the temperature variations in Figs. 1 and 2 is not fortuit-
ous. Apparently it reflects the same trend: the increase
of the stability of the enzyme as a result of the strengthening
of its structure. The difference consists only in the fact
that the strengthening is achieved either as a result of more
pronounced structure formation in the natural protein-lipid
membrane matrix in vivo or via an increase in the number of
bonds between the enzyme molecule and the artificial polymer
matrix in vitro

90 80 70 60 T,<

A, arb. units

500

200

2,75 2.85 2,95 3-05

Figure 1. Temperature dependence of the catalytic
activity (A) of a membrane enzyme (NADH-oxidase from
the cells of Bacillus stearothermophilus grown at different
temperatures): 1) 55 °C; 2) 60 °C; 3) 65 °C; 3) 65 °C;
4) 70 °C.n7

4. Salt Bridges

Among all the stabilising factors based on electrostatic
interactions, ion pairs (or, in other words, salt bridges)
make the greatest contribution to the stabilisation of protein.

There are relatively few ion pairs in proteins, 1 3 1 ' 1 3 2 but
they make a significant contribution to their stabilisation—
up to 5 kcal mol"1 per ion pair if the latter is located within
the globule and 1-2 kcal mol"1 if it is on the surface. 1 > m

It is therefore not fortuitous that nature willingly makes use
of them and creates thermophilic proteins with increased
stability.1 9

We shall quote yet another example. Glyceraldehyde
3-phosphate dehydrogenase, from the moderate thermophile
Bacillus stearothermophilus has a three-dimensional struc-
ture similar to that of the enzyme from rabbit muscle133 with
only a small but significant difference: in the region of
subunit contacts, the thermophilic dehydrogenase has a
cooperative system of additional salt bridges, which is missing

from the mesophilic enzyme. This is in fact the main molec-
ular reason why both the denaturation and the optimum cata-
lytic activity of the thermophilic enzyme are observed at a
higher temperature than for the enzyme from rabbit muscle.133

75 60 30 r,°z

1.8

1.0
2.9 3.1 3:3

Figure 2. Temperature variation of the catalytic constants
^cat f° r * n e hydrolysis of the specific substrate catalysed
by trypsin: 1) free enzyme; 2—4) enzyme immobilised
covalently in polyacrylamide gel by 5, 8, and 15 bonds
respectively. 13°

An attempt may be made to create in the protein additional
ion pairs artificially, for example by site-specific mutagenesis
or by chemical modification. However, success of such pro-
cedures, i .e. the appearance of a salt bridge, requires
detailed knowledge about the steric structure of proteins.
The likely usefulness of this approach will probably increase
as more new information is obtained about the structure of
proteins, in the first place by X-ray diffraction.№

5. Hydrogen Bonds

The hydrogen bonds in proteins play an important struc-
tural role; they maintain the spatial organisation in the
secondary structures (α-helices, β-structures, rotations).
It has come to be assumed that the formation of a hydrogen
bond in proteins is an energetically favourable process. The
energy of the hydrogen bond is frequently calculated as the
result of two events: the dissociation of "old" hydrogen
bonds between a polar atom (for example, the oxygen of the
amide group) and a water molecule and the formation of "new"
hydrogen bonds between the polar atoms in the protein mole-
cule and has been estimated as 1—2 kcal mol"1. However, in
this treatment no account is taken of the fact that there is a
parallel thermodynamically unfavourable process involving the
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immersion of the polar atom or group (for example, the amide
group) within the hydrophobic nucleus of the globule.
Allowance for the energetics of this process leads to the
conclusion that 1 the free energy of formation of the hydrogen
bond in the protein is close to zero. In other words, the
hydrogen bond is the price which the protein has to pay
for the characteristic features of its structure. In our
view, there is therefore no point in attempting (for example,
by methods of protein engineering) to introduce hydrogen
bonds into the protein artificially.

6. Disulphide Bridges

The ideas about the stabilisation of proteins with S—S
bonds arrived in protein chemistry from polymer chemistry.
In the middle 1950's, it was shown that135»136 the intramolec-
ular cross-linking of macromolecules imparts to them addi-
tional rigidity and increases their stability. The nature of
this stabilisation is entropic: 1 3 5 as a result of the appear-
ance of a cross-link in the macromolecule (a S-S bond in a
protein), there is a significant decrease in the entropy of the
open-chain form, which entails an increase in the free energy
difference between the native and denatured states of the
protein. This stabilising contribution in proteins amounts
to up to 4-5 kcal mol"1 per S-S bond.1 3 7

Modern methods of protein chemistry lead to extensive
possibilities for the introduction of intramolecular cross
links into proteins. Firstly, one can use bifunctional
modifying agents. 1 3 3 The methods developed for the imposi-
tion of "molecular yokes" make it possible in the main to
cross-link surface regions in the protein. Another approach
involves the introduction of a cross link within the protein
molecule. Here the method of site-directed mutagenesis can
serve as the instrument. For example, it has been possible
to introduce S—S bonds into lysozyme Τ 4—a protein from
which they are absent—by this method.139

7. The Low Content of Aminoacids Susceptible to Oxidative
Modification

One of the common mechanisms of the inactivation of
proteins involves the oxidation (for example, at an elevated
temperature) of aminoacid residues important for the struc-
ture . 1 2 ' 1 3 In the first place the SH group of cysteine and
the indole ring of tryptophan undergo oxidative modification.
It is therefore not fortuitous that the highly stable thermo-
philic proteins contain much smaller amounts of these labile
aminoacids (in the first place Cys). 1 9

Apparently there exist two pathways to the stabilisation
of enzymes unstable with respect to oxidation. The first
involves a copy of the procedure which nature has used in
thermophilic enzymes: to decrease the number of SH
groups. For this purpose, one has to attempt by the method
of site-specific mutagenesis to replace the Cys residues,
most susceptible to oxidation (provided of course that they
are not involved in catalysis), by others less labile, but
having similar properties (geometry, hydrophobic proper-
ties).1 1 1 0 The other procedures are methodologically simpler:
to create around the enzyme a microenvironment which would
shield it from the inactivating factor (oxygen). For
example, a charged polyelectrolyte can serve successfully
as a shield of this kind: it "coats" the enzyme and signi-
ficantly hinders the access of oxygen to it. The "salting
out" of oxygen by the polyelectrolyte matrix made it possible
to increase the stability of labile hydrogenases by a factor
of thousands. l l f l

8. Compact Packing of Aminoacid Residues

The protein molecule in solution represents a compactly
packed structure; the packing density of aminoacid residues
in the globule is close to that characteristic of crystals of
organic molecules.1 Nevertheless, there exist "cavities"
within the protein which are filled with water molecules
(5—15 molecules per protein with a molecular weight of
20 000-30 000). The contact between the polar water mole-
cules and the hydrophobic nucleus of the protein is thermo-
dynamically unfavourable and destabilises the protein.

The stability of the protein can be in principle increased
by further compaction, i .e. by the "additional compression"
of the protein structure with simultaneous removal of water
molecules from the internal region. This type of procedure
has been used by nature to create thermophilic enzymes; in
their structures, certain internal aminoacid residues have
been replaced (compared with the corresponding mesophilic
analogues) by more bulky residues. 1 9 The idea of the com-
paction of the protein can also serve as the basis for artificial
stabilisation if an attempt is made to replace suitable aminoacid
residues, for example, by site-directed mutagenesis. It is
then necessary to bear in mind that the replacement of amino-
acid residues by certain others is impermissible, because it
can lead to serious infringements of the protein structure.11*2

9. Hydrophobic Interactions

At the present time ideas about the nature of hydrophobic
interactions and their role in the stability of proteins have
been arranged to form an elegant system.ll*3~1'*5 In proteins,
about half of the entire volume is occupied by aminoacids
with non-polar side groups. Their contact with water is
thermodynamically unfavourable, because the introduction of
a non-polar fragment into water makes the structure of the
latter more ordered. Such structure formation in water
diminishes the entropy of the system and hence increases its
free energy.# Therefore, in the organisation of the struc-
ture of the protein (coiling), the following tendency is mani-
fested: to remove from contact with water the greatest
possible number of non-polar fragments in the protein and to
hide them in the bulk of the globule.1 W The influence of
the unfavourable entropy factor is thereby weakened, hydro-
phobic interactions are intensified, and the stability of the
protein increases. §

As soon as the idea of hydrophobic interactions as a factor
stabilising the protein arose, attempts were made to correlate
the stability of the protein with its hydrophobic properties.
For this purpose, it was natural to attempt the determination

# Structured clusters of water molecules were previously
detected only around very small organic molecules.11*3 In the
X-ray diffraction analysis of the membrane protein crambin,
it has recently been possible to observe a pentagonal cluster
formed by water molecules around a non-polar fragment of
the protein surface.11*6 Thus it was demonstrated for the
first time that the protein molecule does not alter qualitatively
the character of the interaction of the non-polar fragments
with water, i .e. the hydrophobic interactions have the same
(entropic) nature for both small molecules and macromolecules.

§ This point of view on the entropic nature of hydrophobic
interactions is dominant at the present time but is not the
only one—see, for example, Hvidt's review.11*
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of a quantitative criterion of hydrophobic character. Tan-
ford and co-workers suggested11*9*"150 that the free energy of
the transfer of aminoacids from water to the organic phase
be used. According to this classification, the more negative
the AG of the transfer process for the aminoacid, the more
hydrophobic it is (Table 6). The creation of a quantitative
scale of hydrophobic character stimulated the search for
correlations between the stability of the protein and its
overall hydrophobic character, calculated as the sum of the
hydrophobic character of all its constituent aminoacids.
However, unambiguous conclusions could not be obtained
from the correlations both for mesophilic proteins2 8"3 0 and on
comparing thermophilic and mesophilic proteins.151*'155

Table 6. Indices of the hydrophobic character of aminoacids.

Amino-

acid

Trp
Phe
Tvr
lie
Leu
Val
Pro
Ala
Met
Cys

AG for
transfer,
kcal mol"1 *

—3.77
—2.87
—2.H7
—3.15
- 2 . 1 7
—1.S7
—2.77
—0.S7
—1.67
—1.52

0.27
0.50
0.15
U.tiO
0.4Γ.
0.54
0.18
0.38
0.40
0.50

Hf, arb.

units***

12.95
13.43
12.29
14.77
14.10
15.07
11.10
12.28
14 33
14.93

Amino-

acid

His
Thr
Scr
Asn
Gin
Asp
Glu
Lys
Arg
Gly

AG for
transfer,
kcal mol"' *

—0.87
—0.07
- 0 . 0 7
—0.09

0.00
—0.6G
—0.67
—1.64
—0.85
- 0 . 1 0

f. V

0.17
0.23
0.22
0.12
0.18
0.I5
0.07
0.03
0.01
0.30

Hf, arb.
units***

12.84
11.65
11.26
11.00
11.28
10.97
11.19
10.80
11.49
12.01

* The free energy of transfer from water to the organic
solvent.1 5 1

** The fraction of the residues hidden within the globule.152

***The hydrophobic character of the environment in pro-
teins. 1 5 3

In the first part of the review, we already noted one of
the causes of the failure of this approach: unduly small
differences between the stabilities of the proteins against
the background of large differences in their structures.

Another cause is that, when the aminoacid composition is
determined by aminoacid analysis, one finds as a rule the
overall contents of Asp + Asn and Glu + Gin, i .e. the acid
and the corresponding amide, and one does not take into
account the form in which these aminoacids are present. On
the other hand, the differences between the hydrophobic
properties of the acid and amide forms are large (cf. Asp and
Asn, Glu and Gin in Table 6). For example, the highly
stable ferredoxin Clostridium thermosaccharolyticus has
a stability differing from that of the usual protein from
Clostridium tartarivorum,156 which has a normal stability,
only by the fact that Glu residues are located in positions
31 and 44 and not Gin. With the aid of the usual amino-acid
analysis, this difference could not be revealed. The com-
parison of X-ray diffraction data for the two proteins enabled
the authors to resolve this problem.156

We may point to yet another source of error which arises
in the analysis of correlations between the overall hydro-
phobic character and the stability of proteins. Sometimes
the hydrophobic character of a stable thermophilic protein
is compared with that of a statistical-average mesophilic
protein and not a less stable mesophilic homologue.157 This
is methodologically absolutely incorrect; for a discussion of
this question, see the review of Mozhaev and Martinek.19

The question arises whether there is any point (even when
all the factors have been taken into account and a compari-
son made correctly) in seeking correlations between the
stability and the overall hydrophobic character of proteins.
Such a correlation would apparently be valid only for a
certain "idealised" protein (it is sometimes represented by a
drop of oil separated from contact with the solvent by a
palisade of polar and charged groups 1 5 8). Indeed, in such
a hypothetical protein all the non-polar aminoacids would be
involved in hydrophobic interactions. Although this simpli-
fied picture reproduces correctly the general trend towards
the intensification of hydrophobic interactions in proteins,
it is not observed in practice. According to X-ray diffrac-
tion data, approximately 50% of the area of real proteins is
occupied by non-polar aminoacids.11'*'11*5'1'·7'159 They are
frequently organised into surface hydrophobic clusters.1115

This has a functional importance because it enables proteins
to bind via hydrophobic interactions to other proteins (poly-
enzyme complexes), lipids (biological membranes), poly-
saccharides (cell wall), and substrate effectors (enzyme
catalysis and its regulation), i .e. ultimately it enables them
to function correctly.160»161 However, in proteins in the
free, unbound state (enzymologists have to deal most often
precisely with such objects), the disposition of non-polar
aminoacids on the surface is "harmful" for stability, because
it leads to the loss of free energy as a result of the weakening
of hydrophobic interactions.

The non-ideality of protein structure (from the standpoint
of the maximum realisation of hydrophobic interactions in
them) necessitated the search for new approaches to the
definition of a scale of the hydrophobic character of amino-
acids. It became evident that the scale11*9'150 established
on the basis of the extraction model reflects incorrectly many
trends in the coiling of the protein. It was therefore
suggested that the hydrophobic character of aminoacids
be estimated from statistical data for their distribution in the
steric structure of proteins.1 5 2»1 5 3 '1 6 2 '1 6 3

Chothia's statistical scale152 reflects the distribution of
aminoacids in the bulk of the protein globule: the more
frequently is the aminoacid encountered within protein
globules and the more rarely on the surface, the more hydro-
phobic it is thought to be. Another statistical scale, set up
by Ponnuswamy and co-workers,153 is based on the fact that
the hydrophobic character is determined by the micro-
environment in which the given aminoacid residue is present.
In this case the aminoacid which is surrounded by more
hydrophobic neighbours in the protein globule is regarded
as the more hydrophobic. The hydrophobic character of the
microenvironment is then regarded as the sum of such charac-
ters11*9'150 in the nearest neighbours in the tertiary structure
of the aminoacids.

Comparison of these two statistical scales of the hydrophobic
character152»153 shows (Table 6) that they agree fairly well
despite the fact that they are based on different principles.
Thus in both scales He, Val, and Cys are the most hydro-
phobic and Lys, Arg, Asp, Glu, Asn, and Gin are the least
hydrophobic. On the other hand, appreciable discrepancies
between the data derived from the statistical scales and the
extraction (Tanford) scale are observed. Thus Trp, which
is the most hydrophobic on the extraction scale, occupies an
intermediate position on the statistical scales and Tyr and
Pro, which are closest to it in terms of their hydrophobic
properties, should be more properly assigned to hydrophilic
aminoacids in terms of the statistical scales.152»153

The causes of these discrepancies were first analysed by
Chothia,152»159 who concluded that the introduction of a
polar atom into the aminoacid diminishes its hydrophobic
character by 1—1.5 kcal mol""1. It is therefore not fortuitous
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that the aminoacids which are most hydrophobic on the
extraction scale (Trp and Tyr) do not belong to the most
hydrophobic aminoacids on the statistical scales (Table 6).
Although their large surface area ensures their high hydro-
phobic character, the presence of a polar atom makes their
presence within the protein globule significantly less
favourable.

There exist also other causes of the discrepancies between
the extraction11*9'150 and statistical scales of the hydrophobic
property. 1 5 2 ' 1 5 3 A classification based on the extraction
properties has been established solely on the basis of model
experiments (transfer of the given substance from the
aqueous to the organic phase) and therefore it in no way
takes into account the fact that the aminoacids considered in
fact enter into the composition of the polypeptide chains. In
other words, in real proteins they must adjoin other amino-
acids which in principle influence the geometry and energy
of their neighbours. 1 № Furthermore, the principle of close
packing is realised in proteins1'1'*0·1''7 and therefore on coiling
the most bulky aminoacids (Trp and Tyr) they are forced to
remain on the surface of the globule in order not to infringe
the compactness of the structure.

Thus there are three main factors which prevent the rea-
lisation of hydrophobic interactions in the proteins with the
maximum advantage for the stability of the steric structure.
Firstly, there is the need to ensure a sufficiently close pack-
ing of the aminoacids in the protein. Secondly, the geometry
and energy of aminoacids are influenced by the microenviron-
ment, i .e. they are neighbours in the tertiary structure.
Thirdly, hydrophobic clusters, which in vivo ensure the
interaction of the protein with other molecules, should remain
on the surface of the protein when it is coiled up. Conse-
quently, there is hardly any point in attempting to find a
correlation between the stability of the protein and its overall
hydrophobic character. It has been suggested 1* that the
content of aliphatic aminoacids be used as a more suitable
parameter, because they are indeed more frequently encoun-
tered within the protein than on the surface. The so called
aliphatic protein index has been defined:165

ιΛ + b (Xl\e + ^Llu) .A = XkU

where Xa\a, ^Val' ^I le ' a n c * ^Leu a r e * n e mo^e fractions of
Ala, Val, He, and Leu in proteins and α and b are numerical
coefficients determined by the size of the aminoacid residues.
Fig. 3 shows that the aliphatic index of the more stable
proteins from thermophilic organisms is indeed higher than
that of mesophilic proteins.

The following characteristics of the relation between the
hydrophobic interactions in proteins with enhanced stability
follow from the data considered. In the most general form,
one may say that the increase of stability of proteins in vivo
(for example of the stability of thermophilic enzymes) occurs
not only and not so much at the expense of the increase of
the overall hydrophobic character1 6 6 as due to the more
"correct" disposition of the non-polar aminoacids in the
globule.167 In other words, the greater the number of non-
polar protein fragments are hidden in the interior of the
globule and the smaller their number exposed to the solvent,
the greater the stability of the protein. This picture has
been described quantitatively by Lee and R i c h a r d s , w who
introduced the concept of the "surface area accessible (to
the solvent)". It has been known that 1 5 9 the decrease of the
overall free energy of the hydrophobic interactions in the
protein AG^ depends on the change in the accessible surface
area ΔΑ3 in the following manner:

AGh = σ AAS ,

where σ is a proportionality coefficient numerically equal to

approximately 25 kcal mol"1 A"2. It follows from this equa-
tion that the decrease of the surface area of the hydrophobic
contact with water should entail the intensification of the
internal hydrophobic interactions in the protein and hence
should stabilise the latter. This is indeed observed on
comparing thermophilic enzymes with the corresponding
mesophilic enzymes,168»169 on comparing the structures of a
series of mesophilic homologues, 17° and also from the analysis
of the stability of proteins modified by mutation.161»171

u SO 100 A

Figure 3. Distr ibution of t h e aliphatic index (A) among 34
prote ins from thermophilic bacter ia ( u p p e r section of the
Figure) and 208 prote ins from mesophilic organisms (lower
s e c t i o n ) ; 1 6 S Ν = number of p r o t e i n s .

Summarising this Section we may note that the stabilisation
of proteins by the intensification of the hydrophobic inter-
actions in them constitutes an extremely promising practical
approach.19»161 One should attempt either to decrease the
hydrophobic character of the surface of the protein or to
enhance its internal hydrophobic character.

IV. ARE THERMOSTABLE CATALYSTS NEEDED FOR
BIOTECHNOLOCY?

The application of thermostable biocatalysts in biotechnolog
has a number of advantages. l lf~17 *172

The gain in the rates of processes. According to the
van ' t Hoff r u l e , on ra i s ing t h e t e m p e r a t u r e by 10 Κ the
r a t e s of chemical, including enzyme-catalysed, react ions
increase on average by a factor of 2 - 3 .
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The possibility of a shift of the thermodynamic equilibrium.
The position of the chemical reaction equilibrium depends on
temperature. According to the Le Chatelier principle, by
raising the temperature, it is possible to displace the equi-
librium towards synthesis for those reactions which take place
with absorption of heat (endothermic reactions). Unfor-
tunately, the thermochemistry of enzyme reactions which are
of practical value has so far been studied in inadequate detail.
As an example of an important reaction whose equilibrium
shifts in an unfavourable direction on raising the tempera-
ture, we may quote the formation of a peptide bond.173

Indeed, it has been shown that,1711 only by reducing the
temperature for chymotrypsin-catalysed peptide synthesis,
is it possible to increase the yield of the final product—the
dipeptide.

The increase of the duration of work of the biocatalyst.
The biotechnological processes actually introduced into
practice involve a high economic cost contributed by the
enzymes themselves.175»176 Evidently the stabilisation of
enzymes makes it possible to reduce this cost by increasing
the period during which they can be used.

High resistance to other denaturing influences. As a
rule, enzymes resistant to the action of high temperatures
manifest an increased resistance also to other denaturing
influences: concentrated solutions of denaturing agents,
extreme pH values, and degradation by proteases. This is
true, for example, of natural thermostable enzymes from
thermophilic micro-organisms.177»178 The practical value of
this universal stabilisation is high, since the enzymic
transformations of many natural compounds and the prepara-
tive synthesis of many substances can be effected in the
required direction only in organic solvents or in aqueous
organic media with a high content of the organic com-
ponent.179»180

Increase of the efficiency of the catalytic process as a
result of the increase of the solubility and volatility of the
reactants and the decrease of the viscosity of the solutions
at elevated temperatures. With increase of temperature, the
solubility of the initial reactants increases also as a rule,
which makes it possible to work with their more concentrated
solutions and, in conformity with the Law of Mass Action,
the absolute yield of the final product can be increased. If
as a result of heating it has been possible to increase sig-
nificantly the volatility of one of the final products, then the
equilibrium in the synthetic reactions is strongly displaced
towards the final product and their yield therefore increases.
The decrease of viscosity on heating makes it possible to acce-
lerate and hence to increase the efficiency of the processes in
the kinetics of which diffusion plays a significant role.

Sterilisation of the products in the course of the reaction
and decrease of the probability of the microbial infection of
the reactors. The latter factor must always be reckoned
with when biotechnological processes are carried out and its
role can be as a rule significantly reduced at elevated tem-
peratures.

The process can be readily arrested by simple cooling.
However, experiments at elevated temperatures also suffer

from certain disadvantages. One of these is the increase of
the rate of certain side processes, in the first place high-
temperature oxidation13 and racemisation of aminoacids and
their derivatives.181 The economically justified selection
of conditions, high-temperature or low-temperature, there-
fore constitutes a problem which has an independent solution
for each specific case.1K

V. METHODS OF PREPARATION OF STABLE ENZYME
CATALYSTS

1. The Search for Enzymes with Increased Thermal Stability
in Mesophilic Sources

This approach is the oldest, traditional, and apparently
does not require special comment. Its logical development
has been the search for enzymes in sources which by their
very nature are adapted to existence under high-temperature
conditions.

2. Isolation of Enzymes from Thermophilic Sources

A homogeneous preparation of a thermophilic enzyme was
first obtained 25 years ago.183 Since then, the advantages
of the use of thermophilic enzymes in biotechnology have
been frequently discussed. Apart from the advantages of
the thermally stable biocatalysts which were described above
and which apply equally to thermophilic enzymes, we shall
mention one other. Thermophilic micro-organisms are
preferable to mesophilic organisms from the microbiological
standpoint. Thus wideseale cultivation of thermophilic
strains is frequently cheaper than the cultivation of meso-
philic strains owing to the decrease of the energy expenditure
(there is no need to cool the growing biomass).172 It is also
important that, although thermophilic enzymes are very
stable, they have not attained the absolute limit of thermal
stability: there exists a certain reserve for additional
stabilisation. Thus, having immobilised a thermophilic
asparaginase172 and protease, it has been possible to increase
by a factor of 10 the resistance of these enzymes to irrever-
sible thermal inactivation, which was in any case already
high without this step.

Nevertheless there is virtually no information in the litera-
ture about the use of thermophilic enzymes in biotechnological
practice. In our view, this is associated with the fact that,
although the maximum catalytic activity of thermophilic
enzymes is attained at higher temperatures (by 20-40 K),
the activities of the mesophilic and thermophilic enzymes
themselves are frequently identical at the temperature opti-
mum. lt8»169»1B5~188 Reports stating that the catalytic activity of a
thermophilic enzyme at the temperature optimum is higher
than that of the corresponding mesophilic enzyme have been
appearing only occasionally.189

Not only are the catalytic activities of the thermophilic
and mesophilic enzymes equal at the temperature optima but
their thermal stabilities are also similar.169 Thus, when
thermophilic and mesophilic enzymes are compared, a corre-
lation is manifested which is the same as that observed
previously190"1* for mesophilic proteins: the higher the
catalytic activity, the lower the stability of the protein. In
other words, having attained a greater stability, thermophilic
enzymes have to sacrifice their catalytic activity partially.187

On the other hand, thermophilic enzymes have a property
which makes them irreplacable for the purposes of bio-
technology: the ability to alter their substrate specificity
when the temperature is varied. This property is mani-
fested particularly strikingly in the enzymes (proteases,
nucleases, etc.) which act on high-molecular-weight
substrates. The reason for this is that the substrates
themselves (i .e. proteins and nucleic acids) undergo tem-
perature-dependent conformational changes;195 other new
peptides and nucleotides bonds of the substrate are then
exposed to the solvent and become accessible to the action
of the enzymes. The appearance of a new specificity196 is
apparently of interest for the vigorously developing genetic
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engineering, which requires a set of restrictases with differ-
ent specificities.197 One may hope that thermophilic restric-
tases will become new and highly effective instruments in
genetic engineering.

3. Synthesis of Highly Stable Enzymes for the Introduction
of a Thermophilic DNA into a Mesophilic Culture

Towards the end of the 1970's, reports appeared198"200 that
the introduction into the cell of a mesophilic organism (for
example, Bacillus subtilis) of DNA from a related thermo-
philic organism (for example, Bacillus caldolyticus) results
in the transformation of the mesophilic culture into the
thermophilic culture at an elevated temperature. The
transformant then loses its ability to grow at the usual
temperature but acquires a new property—the ability to grow
at an elevated temperature.1 9 8 The entire biosynthetic
apparatus of the transformant then acquires an increased
thermal stability1 9 8 '1 9 9 and the synthesis of highly stable
enzymes begins in the cell. 20°

At the beginning of the 1980's, another version of the
genetic approach began to be used:2 0 1 '2 0 2 instead of a whole
molecule of thermophilic DNA, only its fragment—the gene
coding a specific protein—is introduced into the mesophilic
culture. This approach has the undoubted advantage that
the required stable enzyme can be obtained with a high yield
(actually tens of times greater than in its isolation from a
thermophilic culture). 202 Another advantage is that the
operations involved in the isolation and purification of the
protein are significantly simplified. Indeed, because at the
elevated temperature almost all proteins synthesised by the
mesophilic culture with the exception of the required high-
stable protein are denatured, it is possible to achieve a
high degree of purification of the protein at the expense of a
small expenditure of time and at a small cost in equipment.

4. The Protein Engineering Method

At the beginning of the 1970's, successful experiments
designed to create recombinant DNA were first carried out.2 0 3

It became clear that a new powerful instrument for the wide-
scale preparation of natural products and the synthesis of
biological molecules with a broad spectrum of properties
which do not exist in nature had been placed in the hands
of investigators. A new scientific-engineering field was
created on this basis—genetic engineering. By genetic
engineering, one normally understands the construction
in vitro of functionally active genetic structures (recom-
binant DNA), their introduction into cells, and the subse-
quent biosynthesis by the cells of biological molecules which
are not characteristic of them. At the present time the
advances in genetic engineering both in our country201* and
abroad2 0 5 '2 0 6 are generally recognised and the prospects
are hopeful.

We shall deal with only one version of the genetic-engi-
neering approach—site-directed mutagenesis Ά~№ or "protein
engineering". Μ This method makes it possible to obtain
modified proteins differing from the prototype proteins by
the replacement of, for example, only one aminoacid residue
in a specific position in the protein structure. For bio-
technology , the method is of interest primarily because it
makes it possible to alter specifically the structure of
enzymes, their catalytic properties, and their stability. 20

We shall now consider how this is done.
In the first place we shall deal with the primary structure

of the initial enzyme103 and then with its tertiary structure.1 3 1 >

Then the following stage becomes possible—the selection of

the site where the aminoacid residue is to be replaced. This
stage does not involve any laborious operations, such as
the growing of protein crystals, the determination of the
aminoacid sequence, or the interpretation of X-ray diffrac-
tion patterns, which have to be performed in the next stage.
However, this is in fact the key stage, because it determines
the properties of the final product. Next, it is necessary
to proceed from the language of protein structure (the
aminoacid sequence) to the genetic code. For this purpose,
an oligopeptide fragment (4—6 aminoacid residues) in the
primary structure of the protein, at the centre of which is
located the aminoacid to be replaced, is selected, and an
oligodeoxyribonucleotide containing 12—18 bases coding the
aminoacid sequence in the chosen oligopeptide, is syn-
thesised. 2L0 The mutation is programmed in precisely this
stage: instead of the nucleotide triplet coding the "native
aminoacid", another triplet, coding the new (planned in the
preceding stage) aminoacid residue, is introduced into the
synthetic oligonucleotide by chemical synthesis. The sub-
sequent operations reduce to genetic-engineering manipula-
tions. Firstly, one finds (or creates artificially) a single-
stranded plasmid incorporating the genes coding the given
protein. Secondly, using DNA-polymerases and DNA-
ligases, one creates enzymically, on the basis of the single-
stranded plasmid and the nucleotide synthesised, a hetero-
duplex double-stranded plasmid. The oligonucleotide then
initiates the synthesis of a double-stranded region, fulfilling
the role of a seed. Since homoduplex plasmids together with
heteroduplex plasmids are synthesised on single-stranded
DNA molecules as templates, they are separated using differ-
ent resistances to heating of homoduplex and heteroduplex
plasmids. The heteroduplex double-stranded plasmids are
then introduced into a convenient host cell in which they
are transformed into two homoduplex plasmids: one contains
the gene of the native protein and the other that of the mutant
protein. The two genes and their subsequent cloning are
carried out at the cellular level. The final result of the
multistage process is transformant cells in which the mutant
protein, differing from the initial protein by the replacement
of one aminoacid residue at a rigorously specified site, is
biosynthesised.

The method of site-specific mutagenesis appeared at the
beginning of the 1980's and only the first steps have been
taken. 2 0 ' 2 0 7 Nevertheless, even the first achievements of
the method are striking. We shall consider some of them
concerning the synthesis of stabilised proteins.

In the molecule of lysozyme of the Τ 4 phage there are no
S—S bonds, but two SH groups are present. One of them,
belonging to the Cys-97 residue, is located in the vicinity
of the N-terminal region in the tertiary structure. The He-3
residue was replaced by cysteine by protein engineering.
Since in the tertiary structure of the mutated lysozyme the
Cys-3 and Cys-97 residues adjoined one another, the S-S
bond was formed in a weakly oxidising medium. The con-
formations of the native and mutated enzymes were identical
but their catalytic properties were different.139 However,
the lysozyme modified by mutation differs from the native
protein by a significantly higher thermal stability (Fig.4).
The reason for such stabilisation lies in the strengthening
of the structure of the protein as a result of the introduction
of the S-S bond. 1 3 9 Indeed, if the S-S bond in the modi-
fied lysozyme is cleaved, then the stability of the protein
becomes virtually indistinguishable from that of the initial
protein (Fig. 4).

Another example of mutation designed to increase stability
is provided by the α-subunit of tryptophan synthase.
Several forms of the enzyme, differing from one another by
the replacement of the aminoacid residue Glu-49 located in
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the hydrophobic nucleus of the globule by another aminoacid,
were obtained. 2Oe Such changes do not alter either the con-
formation or the functional activity of the α-subunit of
tryptophan synthase. However, the protein proves to be
more stable the more hydrophobic aminoacid has been intro-
duced in position 49. It follows from the correlation illu-
strated in Fig. 5 that the method of site-specific mutagenesis
provides unique possibilities for increasing the internal
hydrophobic character (and hence the stability) of the protein
by replacing polar aminoacids by more hydrophobic amino-
acids. It is then naturally necessary to make specially sure
that these replacements do not disrupt the compact packing
(conformation) of the protein.

A, arb. units

to* γ-

ιο" -

10 -

τ, min

Figure 4. Kinetics of the thermal inactivation of the Τ4
lysozyme from a wild strain (curves 1) and the Τ4 lysozyme
with the substitution He-3 -*• Cys and subsequent oxidation
with sodium tetrathionate (curves 2) in the absence (a) and
presence (b) of 10 χ 10~3 Μ β-mercaptoethanol;139 A = cata-
lytic activity.

An example of the way that proteins resistant to oxidative
inactivation can be obtained by the method of site-specific
mutagenesis is provided by the study of Estell et al.2 0 9 The
Met-222 residue in subtilisin, which is located in the region
of the active centre, readily enters into oxidative reactions,
which inactivate the enzyme. It was replaced by the method
of protein engineering by other residues, whereupon the
activity of the enzyme did not diminish very greatly (within
the limits of a factor of 10) but its resistance to inactivation
by H2O2 increased significantly (Fig.6). The stabilisation
is caused by the fact that, having removed from the active
centre the readily oxidisable Met residue (having replaced it

by other residues less susceptible to oxidation, namely Ser,
Ala, and Leu), it proved possible to eliminate the very cause
of oxidative inactivation. 209
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Figure 5. Dependence of the free energy of the stabilisation
(AGjg + ρ ) of the native conformation of the α-subunit of
tryptophan synthase from Escherichia coli on the hydrophobic
character (Hf) of the aminoacid residue in position 49; 2 0 8

the numerical values of the hydrophobic character of the
aminoacids are based on Tanford's data. 1 5 0
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Figure 6. Kinetics of the inactivation (on treatment with
1 Μ Η2Ο2) of subtilisin of a wild type (curve 1) and mutant
forms where position 222 contains the Cys (curve 2), Ala
(curve 3), or Ser (curve 4) residues; 2 0 9 A = catalytic
activity.

However, the procedures of protein engineering are not
simple. Successful work in this field requires the coopera-
tion of specialists in the structure and chemistry of proteins
and nucleic acids, in molecular and cell genetics, and in other
branches of biochemistry and molecular biology. The work
must be carried out at the highest experimental level using
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the latest advances in these fields and requires a large
material expenditure. For this reason, traditional methods
such as immobilisation and chemical modification, which have
long been used to stabilise enzymes, still compete successfully
with protein engineering.

5. Immobilisation of Enzymes

A series of special reviews have been devoted to the
creation of stabilised enzyme preparations by the immobilisa-
tion method. ll*~19 Here we shall therefore deal only with the
main advances in the immobilisation approach.

As early as 1954, Lumry and Eyring formulated211 the
general ideas concerning the inactivation of enzymes, which
still remain valid.1 2 '1 3 It was suggested that the inactivation
be regarded as a two-stage process:

where N, D, and I are respectively the native, reversibly
denatured, and irreversibly inactivated forms of the enzyme.
Any inactivation begins as a rule with a reversible conforma-
tional change (the Ν ·«- D stage in the scheme), which fre-
quently embraces the entire globule. The reversible uncoil-
ing stage is followed by irreversible processes (D -*• I in the
Scheme), such as aggregation,2 1 2 covalent modification of the
aminoacid residues, 1 2 ' 1 3 and irreversible conformational
changes.2 1 3"2 1 5

The general approach to the stabilisation of enzymes based
on the immobilisation method consists in a significant retarda-
tion or suppression of the primary uncoiling of the protein
molecule (the Ν J D stage in the Scheme). n6 The multipoint
addition of the protein molecule to the surface of a carrier
proved to be the most fruitful for this purpose. 2 1 7 ' 2 1 8 This
immobilisation approach made it possible to retard by factors
of hundreds and thousands both reversible1 3 0 '2 1 9 and irrever-
sible2 1 7 '2 1 8 thermal inactivation of enzymes, their reversible
uncoiling under the influence of chemical reagents, 2 2 0 and
the dissociation of oligomeric fragments into subunits (see
the literature references in the review of Arens et a l . 2 1 6 ) .

The immobilisation approaches also proved to be extremely
useful for the suppression of irreversible secondary pro-
cesses (the D -»• I stage in the Scheme). Thus, if the
inactivation is caused by protein—protein interactions (aggre-
gation or autolysis), then, having immobilised the enzymes,
such inactivation can be as a rule fully prevented (see the
relevant reviewsllf~17 ) 6 2 ) . Immobilisation also helps to pro-
tect enzymes from inactivation by chemical modification.
Such protection is achieved in two ways. Firstly, the
enzyme is immobilised within a carrier, which "shields" it
from contact with the inactivating molecules. An example
of this approach is provided by the protection against oxi-
dative inactivation of hydrogenases incorporated in poly-
electrolyte carriers. ne Secondly, a carrier containing
functional groups competing for the inactivating substance
or causing its decomposition is selected for immobilisation.
For example, if the inactivation takes place under the
influence of peroxy- or superoxide radicals, then, in order
to achieve protection against them, the enzyme is immobilised
jointly with peroxidase or catalase, which catalyse the decom-
position of these radicals.1 3

6. Chemical Modification of Enzymes

The first successful studies on the stabilisation of enzymes
by their chemical modification were carried out 2 2 1 in the middle
1950's. However, the view is still being encountered6 5 that

it is hardly possible to formulate sufficiently general rules
whereby stabilised enzyme preparations can be obtained by
chemical modification. Analysis of the numerous studies
in this field (see the relevant reviews18'61*"66) enabled us to
reach certain conclusions about the causes of the stabilisation
of proteins by their covalent modification.

As a result of the modification, the protein is sometimes
converted into a more stable conformation different from
the native conformation.10"'105

Stabilisation takes place on modification of "key" functional
groups № (they are also referred to as type II groups 6 6 ).

New functional groups, introduced into the protein as a
result of chemical modification, are capable to forming addi-
tional hydrogen bonds or salt bridges. 222

Chemical modification by non-polar compounds intensifies
the hydrophobic interactions in proteins. 2 2 3

The hydrophilisation of the surface groups of the protein
decreases the area of unfavourable contact of the outer
hydrophobic residues with water.1 9

The question arises which of the mechanisms enumerated
can be used as the basis of general approaches to the stabi-
lisation of enzymes.

1. There is hardly any point in attempting to convert the
protein by covalent modification into a more stable conforma-
tion different from the native conformation. The point is
that the character of the conformational changes introduced
by the modification is unpredictable in the vast majority of
cases.

2. We shall consider the concept of "key functional groups".61

The experiment involving chemical modification frequently
looks as follows: the stability of the protein does not change
with increase of the degree of modification until the attain-
ment of a critical value, whereupon the stability increases
sharply.221' The observed variation is explained as follows:6it»66

for low degrees of modification (in the presence of a small
excess of the modifying reagent), mainly the functional
groups of the protein which are located on the surface and
do not play an important role in the structure and stability
are involved. However, in the presence of a large excess
of the modifying agent, certain functional groups in deeper
layers of the protein globule are modified. The modification
of these groups, called "key" groups, improves the balance
between the intramolecular interactions in the protein and
stabilises the latter.

The application of the idea involving the modification of
"key" functional groups in the protein encounters, however,
a number of difficulties. The main one is how to discover
which functional groups are the "key" groups. This is
hardly possible to achieve α priori, for example, on the
basis of the steric structure of the protein. The only rea-
sonable procedure is to determine them empirically, i .e. by
studying the dependence of the stability of the protein on
the concentration of the modifying agent (degree of modifica-
tion). Such studies must be carried out with exceptional
care, because there exists a real risk of "overlooking",
missing these "key" groups. Indeed, after the modification
of the "key" groups, deeper aminoacid residues in the protein
are usually involved, which as a rule destabilises it. 6"»66 For
this reason, if the "key" degree of modification of the protein
has been missed in the experiment accidentally, then a stabi-
lisation effect cannot be observed at all. Furthermore, for
each specific protein and each new type of functional groups
(for example, COOH, NH2, SH, e t c . ) , the empirical search
for "key" groups must be carried out anew.

3. One may attempt to introduce into the protein molecule
polar or charged groups by its modification, hoping that they
will form new salt bridges with the functional groups already
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present in the protein. Unfortunately, it is not easy to
apply this approach in practice. For this purpose, it would
be necessary to obtain maps of the steric structure of proteins
and to search on the latter the uncompensated polar and
charged groups which might, in principle, form new hydrogen
bonds and enter into electrostatic interactions. Next, it
would be necessary to find in the protein a suitable "anchor"
group located in the vicinity of the uncompensated polar and
charged group. Having selected or synthesised a suitable
chemical agent, which would contain, on the one hand, a
group reacting specifically with the anchor group and, on
the other, a charged or polar fragment located at the speci-
fied distance, one could attempt to achieve the specific
modification. It is not easy to perform such a delicate
experiment.

4. According to some investigators,2 2 3 the stability of
proteins can be increased by rendering them hydrophobic.
However, the experimental data concerning the influence of
hydrophobic modification on the stability of proteins are
contradictory. Together with stabilisation effects, 2 2 3 cases
are known where the stability of proteins rendered hydro-
phobic is significantly lower than that of the native pro-
teins. 2 2 5 " 2 2 7 This apparent contradiction can be explained
as follows. If the hydrophobic residue (for example, the
CH3 group) is introduced on the surface of the protein, the
latter should be destabilised. Indeed, as a result of the
modification, the protein acquires a new thermodynamically
unfavourable contact between the hydrophobic CH3 group
and water. However, there are exceptions to this general
rule. As mentioned above, together with polar and charged
aminoacids, there are on the surface of proteins also hydro-
phobic aminoacids which are frequently organised into
hydrophobic surface clusters. 2 2 8 ' 2 2 9 If the functional group
located near such a cluster has been modified, then the
modifying agent of suitable length cuts off the contact
between the solvent and the cluster. One can imagine the
situation where the interaction of the modifying agent with
the cluster does not alter or even diminishes the area of
the unfavourable contact between the hydrophobic surface of
the protein and water. In any case, however, the modifica-
tion results in the appearance of an additional contact
between two hydrophobic surfaces, which should increase
the stability of the protein. 2 2 3

This view is also supported by the observed increase of
the stability of certain proteins230»231 as a result of complex
formation with non-polar molecules (benzene and aliphatic
acids). The interaction of proteins with these compounds
can be represented in the way already described above.
However, since this is a relatively weak non-covalent
interaction, the protein—ligand complex dissociates readily
when the excess of the non-polar substance is removed from
the system. The formation of such non-covalent complexes
can therefore hardly serve as the basis of a general method
for the stabilisation of enzymes.

The modification permitting the introduction of a non-
polar molecule into the interior of the hydrophobic core of
the protein should be especially effective from the standpoint
of stabilisation.19 The essential feature of the approach
permitting the attainment of this situation is that the initial
state for modification is not the coiled (native) conformation
of the protein but the uncoiled state (statistical coil). This
state can be arrived at by treating the protein with a strong
denaturant (urea) with the simultaneous cleavage of the S-S
bonds2 3 2 (in those proteins where these are present). An
attempt may be made to alter the structure of the uncoiled
protein in one of the three ways proposed. Firstly, it can
be coiled up under "non-native" conditions, i .e. conditions
which are not characteristic of the coiling process in vivo.

There is hope that the protein will coil up into another con-
formation, which is also catalytically active but more stable.
In particular, if the coiling is carried out under conditions
favouring the enhancement of the hydrophobic contacts (con-
centrated solutions of salts, elevated temperature, etc.) then
it is possible to obtain a protein conformation in which non-
polar aminoacids are more "correctly" packed (the interior
of the protein becomes more hydrophobic and the surface
more polar). Secondly, it is possible to coil up the proteins
in the presence of substances which enter into multipoint
non-covalent interactions with them. Here non-polar and
biphilic compounds are most promising in our view. The
former can be captured in the interior of the hydrophobic
core on coiling up the protein and the latter can be "built"
into the coiled protein, being in contact via their non-polar
fragment with the hydrophobic regions in the protein, while
the polar or charged fragments are exposed to the solvent.
Thirdly, the uncoiled protein can be modified initially by a
chemical agent and then coiled up.

At the present time the approach described above is being
actively developed. 2 3 3 We shall deal with only one experi-
mental result. Immobilised trypsin was converted into the
uncoiled state and then coiled up at different temperatures.
The trypsin coiled up at 50 °C and above proved to be 1 9

more thermally stable than the initial enzyme or enzyme which
had been coiled up at the usual (20-35 °C) temperatures.
These results agree with data obtained in vivo for thermo-
philic microorganisms.l(6''17'23^"236 These organisms synthesise
two sets of enzymes: stable and labile, and at high tempera-
tures the content of the stable forms is significantly higher.
The "high temperature" and "low-temperature" proteins are
apparently the iso-forms of the same enzymes, having identi-
cal primary structures.1'6»1'7 Consequently, as in model
experiments, the protein in vivo also coils up into a more or
less stable conformation depending on the temperature of the
biosynthesis.

5. Finally, we shall consider the approach to the stabilisa-
tion of enzymes which we recently proposed19 and which is
being successfully developed at the present time.237»238 It is
based on the hypothesis that contact between the hydrophobic
sections of the surface of the protein and water is thermo-
dynamically unfavourable and therefore destabilises the pro-
tein. The idea of the approach is that the area of contact
between the hydrophobic clusters on the protein surface and
water be reduced by chemical modification.

Before applying this approach, it is essential to select a
criterion of the hydrophobic character of chemical compounds.
Hitherto, in discussing the influence of chemical modification
on the stability of proteins, sufficient attention was not paid
to this question; (see, for example, the relevant reviews61*"66).
The conclusion whether or not chemical modification of the
protein rendered it hydrophobic or hydrophilic is sometimes
self-evident and does not require accurate quantitative esti-
mates. As an example of the evident acquisition of hydro-
phobic properties, one may quote the modification of a-chymo-
trypsin by aliphatic aldehydes.2 2" Indeed, in this case,
after the reduction of the Schiff base formed, the aminoacid
groups of the enzyme are transformed into -NH-(CH 2 ) n -CH 3 .
However, it is then hardly possible to estimate even quali-
tatively from general considerations how the hydrophilic
character of the amino-group changes when it is modified by
succinic anhydride [when the NH2 group is transformed into
-NH-CO2-(CH2)2-COOH]. Nevertheless, such modification
is frequently regarded as imparting hydrophilic properties.

We selected as the quantitative criterion of hydrophobic
character the partition coefficient Ρ of the compound consi-
dered between water and an immiscible organic phase pro-
posed by Hansch and co-workers."V"0 According to this
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criterion, the more positive the value of P, i .e . the greater
the preference for the organic phase by the substance com-
pared with the aqueous phase, the more hydrophobia it is.
On the basis of the principle of the additivity of free
energies,2I£L it is possible to calculate the hydrophobic charac-
ters of various functional groups and atoms. For example,
the hydrophobic increment per Cl atom ("KQI) can be calculated
from the experimental partition coefficient of two compounds:
chlorobenzene and benzene:

nci = l o g c w a — logc.H. = 2.84 — 2.13 = 0.71 .

Using this procedure, we calculated239'21*0 the hydrophobic
increments for the functional groups and atoms most fre-
quently encountered in biochemistry (more than 150). Some
of the values of π are listed in Table 7. The converse
problem can be solved by this procedure in its turn—the
hydrophobic characters of complex compounds can be esti-
mated .

We suggest the application of the approach described
above239'21*0 for the estimation of the contribution by the
chemical agent (modifying agent) to the change in the hydro-
phobic character of the protein. Quantitative analysis of
this aspect permits a fresh view on certain experimental
data concerning the chemical modification of proteins. Thus
the oxidation of the Met-192 residue in α-chymotrypsin to
the more hydrophilic form S(O)CH3 increases the conforma-
tional stability of the protein by 2.1 kcal m o l 1 . On the
other hand, the difference between the free energy incre-
ments for the extraction of these groups from water into an
organic solvent, namely 2.3ΚΓ(π§0£<ρ| — TopH ), is very
similar, i .e. 2.5 kcal mol"1 2¥> (p. 52). On this basis, one
may postulate that the stabilisation of chymotrypsin observed
following the oxidation of only one Met residue, 2lf2 is caused
precisely by the acquisition of hydrophilic properties by the
surface of the hydrophobic cluster in the protein.

Another example of acquisition of hydrophilic properties is
provided by the modification of the amino-groups of the
protein (for example, by O-methylisourea) with their con-
version into arginine-like structures. Table 6 shows that
Arg is more hydrophilic than Lys. The numerous exam-
ples21*3"21*8 of the stabilisation of proteins following the intro-
duction of guanidino-groups into Lys residues can therefore
be explained by the decrease of the area of contact between
the hydrophobic protein and water.

A major stabilisation effect was achieved by aminating the
tyrosine residues in trypsin. 2 3 7 The four tyrosine residues
in the molecule of this enzyme are distributed on the sur-
face. 2lf9 The appearance of the amino-group in the aromatic
ring of tyrosine increases its hydrophilic character by

1.24 kcal mol As a result of such increase in hydrophilic
character, the stability in relation to irreversible denaturation
of trypsin in which two and more tyrosyl residues have been
modified increased by a factor greater than 100.237

The stabilisation method designed to render the surface
of the hydrophobic clusters in the protein hydrophilic19 has
achieved the greatest successes in the acylation of a-chymo-
trypsin by the dianhydride of pyromellitic acid. z 3 8 It was
shown that the modification involves mainly the protein
amino-groups and that three new carboxy-groups are intro-
duced into the enzyme molecule on modification of each
group. Thus, the preparation with the maximum degree of
modification has been enriched by at least 50 COOH groups.2 3 8

At weakly alkaline pH (thermal inactivation conditions), all
the carboxy-groups are deprotonated and a very significant
hydrophilic character of the protein surface has therefore
been attained (Table 7). The modified enzyme is so much
more stable than the native enzyme that it is impossible to
select experimentally the temperature at which the kinetics

of the inactivation of these two preparations can be com-
pared. In order to estimate nevertheless the difference
between their stabilities, it was necessary to extrapolate the
experimental data (Fig.7) to an average temperature. For
example, at 60 °C the stabilisation effect corresponds to a
factor greater than 103, becoming still greater with increase
of temperature, as can be seen from Fig.7.

Table 7. Parameters of the hydrophobic character of certain
chemical groups.21*0

Group

Η
CH,
QH f i

CH(CH3)j
C,H,
QH,,
CH 5

*Ar

0
0.50
1.02
1.53
1.55
2.51
1.9C

nAlk

0.23
0.77
1.43
1.84
1.97

—
1.90

Group

OH
SH
OCH3

NHCH3
CN
NO2

NH,

—0.67
0.39

—0.02
-0.47
-0 .57
- 0 . 2 8
- 1 , 2 3

«Alk

- 1 . 6 4
- 0 . 2 3
- 1 . 5 4
- 1 . 3 8
—1.27
— 1.16
- 1 . 5 4

Group

COOH

coo-
COCH.,
CO.CH,
C8H,COOH
N(CH3)j

N(CH3),

"Ar

—0.32
- 4 . 3 6
—0.55
—0.01
—0,29

0.18

—S.'Jfi

"Alk

—1.11
—5.13
- 1 . 1 3
- 0 . 7 2

—
—0,64

-

*The value of ττ for a substituent in the aromatic ring.
**The value of π for a substituent in an aliphatic compound.

Figure 7. Temperature variation of the rate constant fcjn

for the thermal inactivation of native α-chymotrypsin (line 1)
and α-chymotrypsin modified with pyromellitic dianhydride
(line 2); the degree of modification of the acylated prepara-
tion is a maximum.238

Thus, by imparting hydrophilic properties to the surface
of chymotrypsin (by introducing a large number of carboxy-
late anions), it is possible to attain2 3 8 enormous stabilisation
effects. Previously effects of this order were observed
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only on multipoint binding of the enzyme to the surface of
a carrier130·217»218 (see also the relevant reviews 1 1" 1 9).
Thousandfold (and greater) stabilisation effects238 are so
far the highest achieved using low-molecular-weight modify-
ing agents for proteins. The stability of the chymotrypsin
modified by pyromellitic dianhydride is not inferior to that
of proteases from extreme thermophiles 25° and is at present
the most stable among all the known proteolytic enzymes.

— oOo —

In the present review we attempted to anser two questions.
Firstly, how to discover the structural determinants of the
stability of proteins (i .e. the structural features and intra-
and inter-molecular interactions which ensure an increased
stability of the protein) and, secondly, which approaches
and methodological procedures must be used in order to
obtain, knowing these structural determinants of the stability
of proteins, stabilised enzyme preparations for biotechnology.
We do not share the pessimism which is frequently expressed
concerning the possibility of recognising the molecular causes
of the stability of proteins and of applying them in practice
in order to devise stabilisation approaches. On the con-
trary, the advances achieved hitherto are extremely hopeful.
We are confident that new methods and ideas (some of these
were discussed or proposed in the present review) will
generate an additional stimulus to studies in this field.
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Development of the Physical Chemistry of the Solvated Electron

A.M.Brodskii and A.V.Tsarevskii

The principal results of experimental and theoretical studies of excess electrons in condensed media are examined and the
physical nature of localised (solvated) electrons as well as the characteristics of the chemical and electrochemical reactions in
which they participate are discussed.
The bibliography includes 131 references.
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I. INTRODUCTION

In 1808 Davy observed the phenomenon involving the
acquisition of a bronze colour by potassium in liquid
ammonia,1 which was evidently the first description of the
effects associated with the formation of the solvated electron.
Approximately 50 years later, a similar observation was made
by Weyl,2 who is traditionally regarded as the first investi-
gator of the unusual physicochemical properties of metal-
ammonia solutions. After Weyl's investigations, the interest
in metal—ammonia solutions continued without interruption,
passing through periods of growth and decline. It was
shown that the unusual metal-like properties of metal-
ammonia solutions are caused3»1* by the "abstraction" of an
electron from the metal. During the last decades it has
been established that the states of thermalised excess
electrons, whose nature is analogous, arise in many dis-
ordered condensed media, without intrinsic conductivity,
under the influence of radiation or the injection (emission)
of electrons.

The phenomena occurring following the introduction of
excess electrons into the media indicated have become the
subject of continued attention from investigators working
in a number of branches of the physics of condensed media,
chemical physics, radiation chemistry, and even biology.
Since 1964, international conferences, called the Weyl
Colloquia, have been held regularly on this topic. The
proceedings of these conferences, containing important
information about the state of research into the properties
of excess electrons in condensed media, have been pub-
lished.5"10 The results of such studies are also presented
in books and reviews whose authors have concentrated their
attention on the physicochemical,11"16 physical, 17~21 chemico-
physical, and radiation-chemical22"28 aspects of the problem.

Initially, mainly localised electronic states in polar liquids
attracted the attention of investigators. Such electrons
were called solvated and were designated by the symbol e g .
The interest in solvated electrons increased especially after
the discovery at the beginning of the 1960's of the short-
lived solvated (hydrated) electron eaq in water and aqueous
electrolyte solutions.29 The very important role of eaq in
radiation-chemical transformations and in the alteration of
the physical properties of irradiated aqueous systems was
then established.23"26 There exist a number of hypotheses

concerning the possible involvement of eaq in various bio-
chemical reactions30"34 and in the synthesis of organic sub-
stances accompanying the binding of nitrogen and involved
in the origin of life on Earth.26

States analogous to eg in polar liquids and differing
sharply from the excited states of electrons in crystals have
been discovered and investigated also in non-polar liquids—
liquid inert gases and hydrocarbons.19 '22 '35"39 The electrons
captured in vitreous matrices at low temperatures have
properties similar to those of eg.40 The extensive experi-
mental data obtained proved in many instances to be
unexpected and did not fit the existing theoretical schemes.
Together with e , the so called "dry" excess electrons,
resembling the delocalised conductivity electrons in metals,
were discovered and investigated.t Bielectrons (e s)2—sys-
tems with a double charge exhibiting a specific reactivity—

t Historically the term solvated electrons was given to
localised equilibrium states of excess electrons in polar
media. The term "dry" electrons is usually understood as
the delocalised states of excess electrons, which have not as
yet attained equilibrium with the "slow subsystem"—the polar
medium. We may note that delocalised equilibrium states
of excess electrons are also possible (if one leaves aside the
consideration of chemical reactions involving excess elec-
trons), which are called quasi-free electrons. Furthermore,
the term "captured electron" (in the English language litera-
ture "trapped" electrons) is frequently encountered in the
literature—this represents a non-equilibrium (quasi-equi-
librium) localised state of the electron in frozen polar media
(glasses). If one also takes into account the fact that
excess electrons can exist in different excited states, the
terminological difficulties of the authors become under-
standable. In subsequent exposition, the term "solvated
electron" (e s) should be understood in its initial (historically)
sense, unless it is specially stipulated which particular
quantum-mechanical state of the excess electron is being
considered. We may point out that the questions of termi-
nology have been considered in fair detail by Pikaev;23'28

we shall be forced to return to them again in the Section
devoted to the consideration of the energetic characteristics
of excess electrons.
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have also been discovered.ltl The synthesis of the latter
aroused special interest among investigators in connection
with the hypothetical possibility of constructing super-
conductors of a new type on the basis of their Bose conden-
sate properties.1*2»''3

1.0 1.5 Z.O Z.5 30

0.5 1.0 15 2.0 Z.5 3.0
£,eV

Figure 1. The absorption spectra of eg in methanol at
different temperatures (°C): a: 1) 20; 2) 148; 3) 208;
b: 244.'"'

The optical absorption curves for solvated electrons in
different substances, their mixtures, and solutions, which
have many properties in common, have been investigated in
detail. In most cases these curves consist of a single
broad structureless peak located in the visible or in the
near ultraviolet depending on the microscopic structure of
the solvent. The characteristic universal features of the
shape of the absorption curves, to which we shall frequently
refer below, are presented in Fig.l. Evidently the absorp-
tion peak is asymmetric: with increase of the energy, the
comparatively sharp increase of the absorption is replaced
by a slower descent. Such asymmetry is unusual in atomic
and molecular spectroscopy (if one disregards the absorption
spectra of a number of negative ions), but has analogies in
nuclear physics.21 In particular, the shape of the peak
resembles very closely, after the appropriate alteration of the
energy scale, the frequency dependence of the photosplitting
of the deuteron. It was found that the shape of this absorp-
tion peak is extremely stable; for example, in the case of

water it is almost invariant at temperatures from -4 °C up to
a supercritical temperature. An important characteristic
feature of the behaviour of the absorption peak from the
standpoint of theory is its tendency to undergo a batho-
chromic shift with increase of temperature. It is seen in
Fig.l that the spectra of e s in alcohol have the same features.

After a brief description of the various methods for the
detection and investigation of e s , we shall consider in the
present review its physical nature, its chemical reactions,
and its electrochemical behaviour. Special attention is
devoted to the unusual nature of the chemical reactions of the
solvated electron, the most active reductant, which is caused
to a large extent by the possible occurrence of tunnel pro-
cesses involving eg. The characteristics of the thermo-
dynamics of the solvated electron, including the thermo-
dynamic relations between es and the quasi-stable "dry"
electrons, will also be discussed.

I I . EXPERIMENTAL RESEARCH METHODS

It is difficult to name an experimental physicochemical
method which has not been used in the study of excess
electrons in condensed media. This can be naturally
accounted for by the fact that solvated electrons constitute
unique experimental objects—the simplest anions which inter-
act strongly with the medium and are characterised by both
specific EPR and optical absorption spectra, readily generated
by various procedures (pulsed and steady), having a wide
variety of chemical properties, and, as already mentioned
above, participating in many physicochemical processes.
Therefore, regardless of whether the investigator is
interested in quantum chemistry, magneto-resonance analyt-
ical methods, conductivity, the optics of condensed media,
the chemistry of solutions, radiation chemistry, electro-
chemistry, cooperative phenomena, or other questions, the
analysis of the nature and behaviour of excess electrons in
various media enables him to test the selected method, to
obtain interesting information, and to assess critically the
existing theoretical schemes.

The possibility of using well tested physical methods, with
a high time resolution, is an appreciable advantage in the
study of solvated electrons (including the kinetics of their
reactions). Here we have in mind in the first place the
optical spectroscopic and EPR methods and also the method
of induced pulsed electrical conductivity developed recently
(and various modifications and combinations of the methods
indicated). Most information about es has been obtained by
studying the optical absorption spectra by an extremely wide
variety of methods. High speed spectrometry with time
resolution down to several picoseconds'*5"53 with es generated
by pulse radiolysis1*8'"-** and flash photolysis1*5"1*7»1*9 has
been used in the study of kinetics of the solvation and
chemical reactions of e s . Stationary and nanosecond spec-
tra of es generated in different ways have been investigated
as a function of temperature,1*1*»51* pressure,55 the state of
aggregation of the matrix (glass, liquid, and crystal), etc.
Attempts (albeit with negative results) to observe the
luminescence of solvated electrons have been described.1*5»56

Apart from the optical spectra, the IR and UV spectra of
solvent—excess electron systems have been investigated.57~59

Combined electro-optical,60 magneto-optical,61 and ellipso-
metric62»63 methods are extremely promising. Excess elec-
trons have also been investigated in experiments on photo-
emission and thermoemission from a metal into a solution and
from a solution into a vacuum.6I*~66 Many experiments con-
cerning the influence of photoannealing on es spectra have
been performed.1*5"53 At the present time, one may claim
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that the optical properties of e s have been more fully investi-
gated than those of other colour centres in condensed media,
including the usual halide ions. At the same time, to this
day there is no generally accepted theoretical scheme which
would explain the characteristic optical properties of e g .

Various pulsed and stationary NMR and EPR methods have
been used to investigate the immediate environment of solvated
electrons. 7" 1 2» 1 9 Particularly valuable results have been
obtained for frozen systems by the spin-echo modulation
method. 6 7 " 6 9 The spin-echo modulation method, developed
specially67 for the investigation of solvated ions, has already
yielded extensive information about the solvation shells of
various metal ions in frozen electrolytes. However, in the
case of e s the results obtained must be treated with greater
caution, according to Golden and Tuttle, 7 0 because in their
interpretation one usually employs effective constants for
spin interactions, which, as a consequence of the compara-
tively broad distribution of the e s electron density, always
have values as if the electron were localised in a cavity even
when in fact there is no increase in the distances between the
molecules of the medium at the site of the localisation of the
excess electron.

There exist examples of the employment of fairly rare
methods, such as the annihilation of positrons,10» l l f mass-
spectrometric analysis of charged clusters of the type
(H 2 O) n in vapours, 7 1 and measurement of ultrasonic absorp-
tion. 1 0.1 '1 Some of the results obtained by these procedures
do not fit in any way the familiar theoretical schemes, which,
incidentally, may be attributed to the inadequate accuracy
and reliability of the selected experimental method.
Clearly, even a brief description of the experimental methods
employed and the results obtained would occupy too much
space. For this reason, we confined ourselves above to
mentioning only the principal and most thoroughly developed
fields of experimental research. We shall only state that,
by analysing the nature of e s , it is possible to assess fairly
reliably various experimental and theoretical approaches in
various fields of chemical physics.

I I I . THEORETICAL DESCRIPTION

The problem of the selection of an adequate model for the
description of the solvated electron—an excess localised
electron in a disordered, usually polar, condensed medium—
is complex and interesting. Any progress towards its
solution appears important not only for specialists, directly
concerned with the solvated electron, but also for the
general theory of condensed media.

During the period from 1940 to 1946, Ogg7 2 developed the
first quantitative theory of the electron solvated in ammonia.
It was postulated that a spherical cavity with a radius R is
formed around the electron in ammonia and that the ammonia
molecules at the boundary of the cavity create for the elec-
tron an effective spherical potential well with infinitely high
walls. The energy of the electron is made up of the positive
kinetic energy Te, determined with the aid of the uncertainty
principle from the formula Te = (2-nh)2/2mRz, and the energy
of the interaction with the polarisation field:

—4(i—L) (1)

where e0 is the dielectric constant of the medium and m and e
are the mass and charge of the electron.

The equilibrium value of the radius Req corresponds to the
condition for a minimum in the total energy of the system.
Ogg compared the "pushing apart" of the molecules by the
electron tn the cavity with the observed increase in the

specific volume of ammonia following the dissolution of alkali
metals in it. On excitation with light, the electron leaves the
cavity. The threshold frequency Ω of the light absorbed by
the solvated electron is determined from the relation

?iQ = Te + V (2)

The frequencies Ω and the high value R e q = 20 A obtained
b y O££ dearly conflict with experiment. The main cause of
this discrepancy is, as has now become clear, the unduly
high kinetic energy of the solvated electron in the model of
the potential well with infinite walls, which provides a poor
description of the states of e s , which are in reality compara-
tively weakly bound. However, the idea itself of the forma-
tion of a '"cavity" greatly stimulated further theoretical
investigation of e g . In essence, an analogous computational
scheme (with, however, the minimisation not of the energy
but of the free energy of the electron—medium system) has
been used as the basis of the modern description of the
localised states of excess electrons in inert gases. 1 7> 3 5" 3 9

Davydov73 was the first to use for the description of
solvated electrons in ammonia the Landau—Pekar theory of
large radius polarons, developed previously71f for the
description of electronic states in ionic crystals. Subse-
quently this approach was used by Deigen.7 5 Within the
framework of the Davydov-Deigen theory, which its authors
put forward in opposition to Ogg's cavity theory, it has been
possible to obtain the quantitative values of a whole series of
characteristics of the electron in ammonia in agreement with
experiment, and in the first place the position of the maximum
of the optical absorption band, which was related to the
Franck-Condon Is - 2p transition. This theory has played
an important role in the prediction of the existence of and
the determination of the frequency range in the optical
absorption of the short-lived hydrated electron e a q . On
its basis, many attempts have been made to refine the cal-
culations of the energy parameters and other characteristics
of the ground and excited states of solvated electrons (see,
for example, Mazurenko and Mukhomorov76).

The computational scheme, in which longitudinal optical
phonons appear as collective excitations, has been most
frequently used in the solvated electron theory. The
appearance of such collective excitation is associated with
the movement of a system of dipoles, whose orientation
changes after the introduction of a charge into the system.
The direct use of the theory of the interaction of electrons
with phonons is possible only in the case of weak interactions
with the aid of the procedures of the perturbation theory.
Another limiting case, that of the strong interaction, is of
greatest interest for the theory of solvated electrons. A
special approach, whose main element is the use of an
analogue of the Hartree self-consistent field method fre-
quently used in quantum chemistry, has been developed
for this purpose.

One of the most logical and clearest schemes for the
representation of the above approach is as follows.77 The
complete vector of the state of the system |ψ> is expressed
approximately in the form of the direct product of the vector
of the state |φ>, which depends solely on the electronic
parameters, and the vector of the state |χ>, which depends
only on the characteristics of the phonon field:

(3)

The exact Hamiltonian of the system H, i .e.

is then replaced by the approximate Hamiltonian H, which
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depends explicitly on the time t:

;7 = /# + //£'• + Σ KM,
q

(') + QXP, (01 +

-*"] + F (/) (4)

where the summation is carried out with respect to the wave
vectors of the phonons q, H Î a n ( j fjph a r e t^e Hamiltonians
of the non-interacting electron and phonons respectively,
Qq is the shape factor of the electron—phonon interaction ,#
Oq (αί) the operator of the annihilation (generation) of the
phonon, pq(t). Aq(f), and F(t) are certain (non-operator)
time functions, and the asterisk * implies the complex
conjugate. It follows from the condition for the minimum
deviation of Η from H, which is formulated as the requirement
for a minimum in the functional <Ψ |(H - Η)2 |ψ > for all the
vectors of the state | Ψ > of type (3) that the following equa-
tions must hold:

(5)
K

F (0 = - Σ (Q<A V) • P., (0 + QqX (0 · pq (01

When the ground state is considered, the c-number term
F(t), which is independent of the coordinates and momenta
of the electron and phonons can be rejected in the Hamil-
tonian (4), because its retention leads only to a change in
the phase of the wave function which is insignificant when
stationary states are considered. From Eqns.(4) and (5),
it is possible to obtain dynamic equations which can be
conveniently formulated for the wave function φ(τ, t) of
the electrons in the Schrodinger representation and for the
phonon operators α in the Heisenberg representation:

ih

A (0

= [Η, α,] = (t) (6)

where ωα = ω for the optical phonons and uiq = Csq/h for
the acoustic phonons.

In Eqns.(6), the electronic (phonon) field depends on the
phonon (electronic) field solely via the average values of
the corresponding operators, analogously to what happens
in the Hartree method. The second Eqn.(6) represents the
equation for an oscillator in the presence of an external
force. The basis set of the so called coherent states,
which remain coherent in the course of the evolution of the
system in time, i .e. each coherent state passes to another
specific coherent state corresponding to it, is convenient
in this case. By selecting, in terms of the Heisenberg

#In the "classical" theory of the polaron, the shape factor
Q q assumes the form Q q = -i(ira F /V) l / 2 ( h ^ V m ) 1 ' 1 ^ " 1 ,
where ap = ( ε " 1 - ^ 1 ) (e2/fiu>)(mia/h)1/2 is a dimensionless
coupling constant (Frohlich constant), ω and q are the fre-
quency and the wave vector of the optical phonon, ε and ε 0

are the high-frequency and static dielectric constants of the
medium, and V is the volume of the system. If interactions
with acoustic phonons are considered, then ω = ω(ς) =
Csq/h and Qq ~ -io(hq/2MCsV)1/2, where C s is the velocity
of sound, Μ the mass of the unit cell, and σ the constant of
the deformation potential.

representation considered, a coherent state with an eigen-
value aq of the operator a* at time t = -°°, we have

= «q(0K>. l«q)= 2 -VK(0>-e'^ (7)

where |riq(t)> is a state with a specified number of phonons
and a wave vector q. Bearing in mind that phonons with
different q are independent in terms of the given approxima-
tion, it is sufficient to consider, instead of the second
operator equation (6), the usual differential equation for
the average values of cu in terms of coherent states which
enter into the first Eqn.(6):

(8)

( 9 )

Thus, the second Eqn.(6) is replaced by the equation for
the classical field Aa(t). Its solution is

A, (0 = Ai • ε-*" - rt-iQj J e"*''-'>p· (/') df

In the majority of the calculations carried out hitherto, the
following two additional assumptions have been used (explic-
itly or implicitly). Firstly, the first term on the right-hand
side of Eqn.(9) is rejected, which can be interpreted as
abandonment of allowance for the influence on e s of the
real free phonons arising in the medium even at equilibrium due
to thermal excitation. Secondly, the adiabatic approxima-
tion, consisting in the replacement of Pq(t') in the integrand
in Eqn.(9) by p*—the average for the electronic ground
state considered along a finite trajectory—is applied. The
validity of the latter approximation is justified by the
different time scales of the movements of the inertial phonon
and rapid electronic subsystems.

After the replacement of the summation by integration,
the problem of finding the stationary electronic function is
reduced, in accordance with the usual rule, to its solution
for the eigenvalues for a non-linear integro-differential
operator:

where

£'φ (r) = [Hi' - V« (r, φ (r))] φ (r)

= $dV[|cp(r')|2z(r, r')]

(10)

After solving the problem formulated above for the eigen-
values, the overall energy of the system can be represented
in the form

(11)

where Em is the energy of reorganisation:

= | j f dVdV [|φ(Γ) · <p(r')|2z(r, r')] = ydVq^ (12)

In calculating Em, Eqn.(9) was used for A- without taking
into account the free phonons.

The direct solution of Eqn.(10) with substitution in it of a
particular specific expression for z(r, r ' ) represents an
extremely complex problem, which is usually solved by
variations! methods.
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The question of the limits of applicability of the numerous
approximations introduced in the description of the strong
coupling of electrons with phonons set out above is fairly
complex. In the first place it is known that the Hartree type
self-consistent field approximation cannot be characterised
as an expansion in terms of a small dimensionless parameter
and is justified in definite specific cases only as a result of
certain numerical cancellations. One can only claim that
such approximation is known to be applicable to a large num-
ber of phonons or, what amounts to the same thing, at high
temperatures Τ in the system considered, because the
correct classical limit for phonon equations is then obtained
in terms of the basis set of coherent states. The additional
adiabatic approximation used is known to be unjustified in
the description of excited electronic states in the vicinity
of the boundary of the continuous spectrum. The question
of the methods of calculation of excited states with the aid
of the variational procedure considered remains in general
open. Its logical realisation requires expressions for the
wave functions of higher states, which are so far unknown.
Indirect estimates of the difference between the energies
of the excited and ground states, which are in principle
feasible, are extremely inaccurate. Referring to adiabatic
conditions, the excited states in optical transitions are
frequently calculated using the Hamiltonian of the ground
state. This approach is quite justifiably disputed by
Devreese et al . 7 8

To the considerations presented in the studies quoted
above, one must add that, when optical transitions are
considered, one cannot simply reject, which is frequently
done, the time(independent c-number terms F(i) in
Eqn.(4), such terms being different in different states.
The fact that the theory must take into account quantita-
tively the effects arising owing to the disorder in the
medium is significant. Logical allowance for these effects
and also for microscopic interactions, symbolically introduced
into Eqn.(4), within the framework of polaron models remains
so far a matter for the future.

In connection with the uncertainty of the initial postulates
of the theory, comparison of the conclusions which follow
from it with experimental data is especially important. As
already stated, many attempts have been made at a direct
application of the large-radius polaron theory, in which the
interaction with longitudinal optical phonons is specified by
the Frohlich Hamiltonian and there are no microscopic inter-
actions, to the description of solvated electrons (see
Refs.73—76 and the references in the last paper). How-
ever, this theory proved to be unable to explain many
properties of solvated electrons. It has not been possible
to interpret with its aid the shape of the optical absorption
curve, the temperature dependence of the position of the
maximum on this curve, and the influence of the phase state
and pressure of the medium .§

The fundamental questions concerning the mechanism of the
solvation of the electron have been investigated experi-
mentally in a series of s tudies. 8 0 " 8 2 The authors investi-
gated the optical spectra of e s in mixtures of associated
polar liquids having different or similar dielectric constants
and also the changes in the spectra of e g following the dilu-
tion of polar liquids by a non-polar solvent which is neutral
as regards association. The most important result is the

§ The question of the influence of temperature and pressure
on optical spectra has not been finally solved even for the
classical case of large radius polarons.7 9

'conclusion that the properties of e s are correlated with the
micro structure of the mixtures and that there is no depen-
idence of the spectroscopic characteristics of e s on the
macroscopic parameters of the system (dielectric constant,
density, e tc . ) . On the basis of their experimental data,
the authors 8 0 " 8 2 claim that the intrinsic structural elements
of the medium—hydrogen bonded complexes of different
molecules or self-associated species which function as elec-
tron traps—are of decisive importance for the mechanism of
the solvation of the electron. The main cause of the
broadening of the spectrum is the distribution of e s among
different associated species.8 2

Subsequently the approach proposed 8 0 " 8 2 was extended
to dilute solutions of ammonia in various alkanes. The
optical absorption corresponding to the photoexcitation of
electrons localised in the associated polar molecules was then
observed and investigated. The very fact of the solvation
of the electron at very low concentrations of the polar com-
ponent in the mixture (approximately 0.1 mole %) is of
interest. The spectrum of e g then remains almost the
same as in pure NH3 even when the medium is non-polar.
The solvated electrons in such systems can probably be
regarded as analogous to excess electrons in the vapours
of polar liquids8 3 and the spectrum of e s then makes it
possible to infer the energy characteristics of the electron
in an "isolated" cluster of polar molecules.

The need to take into account in the solvated electron
theory the influence of specific chemical interactions of e g

with the medium, which follows from the analysis of the
experimental data, led to the development of semicontinuous
models. Apart from the long-range interactions of e g with
long wavelength phonons, in such models account is taken,
mainly phenomenologically, of the interactions with the mole-
cules in the immediate environment—the solvation shell.
Analysis of such models and of the difficulties associated
with their use in the interpretation of experimental data,
in the first place of the absorption spectra of e s , has been
carried out. 2 2

The difficulties arising when the interactions of the elec-
tron with the solvent as a continuous system are considered
stimulated the development of alternative theoretical models
based on microscopic interactions of e s with clusters-a small
number of molecules surrounding the electron. These
clusters are investigated by quantum-chemical methods.
Such calculations for e s are sometimes referred to as ab initio
calculations for the electron. Using the terminology of solid
state physics, the cluster models are seen to be closest to
small radius polaron models. By virtue of the charac-
teristics of a disordered medium, a tunnel electron jump is
in this case difficult, because the equivalent position may
prove to be fairly remote. If the characteristic time of any
kind of processes involving e s , for example optical transi-
tions, is shorter than the characteristic time of the jumps,
then the latter can be altogether neglected in the study of
the given processes, i .e. the electron may be regarded as
fixed at a specific molecular cluster.

In one of the first studies on these lines,8 k the states of
the excess electrons in systems comprising water and ammoni;
dimers for a specific fixed geometry of the molecules in the
dimers were calculated within the framework of a simplified
version of the molecular orbital theory. For excitation
energies identified with the difference between the energies
of the lowest and highest orbitals, ΛΩ = 2.5 eV in the case oi
H2O and 1.63 eV in the case of NHS were obtained.

The first quantum-chemical calculations for e s revealed
also the main difficulties encountered. It was found that
(1) the state of e s in the dimeric model is relatively unstable
as regards the escape of the electron to a quasi-free state
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and (2) the electron (especially in an excited state) is not
localised within the limits of the cluster. In order to
eliminate these difficulties, clusters consisting of a large
number of molecules were considered in subsequent studies
and also attempts were made to take into account the influ-
ence of the dielectric continuum outside the solvation sphere
(cluster). Such ab initio calculations for clusters consisting
of four water or ammonia molecules have been carried out . 8 5 ' 8 6

They yielded not only extensive numerical information, in
general in agreement with experimental data (we have in mind
the optical transition energies ΛΩ and the geometrical dimen-
sions of the clusters), but also involved a discussion of the
question of the stability of the states of e s . It was found
that the overall energy E8 represents the difference between
two quantities: the energy gain in the localisation (capture)
of the electron in the cluster with the optimum configuration
and the energy expenditure necessary for the formation of
such a cluster (or defect). The overall solvation energy Ε
is positive although not large. 8 6

However, in our view the energy gains obtained in the
solvation of the electron are comparable to the accuracy of
the calculation and the question of the stability of the
clusters ( i .e. of their existence in the vapour phase) should
still be regarded as open. The above studies85»86 have
confirmed but not eliminated the difficulties arising in
quantum-chemical models in view of the large effective
radius of e s in the excited state. In view of this result,
the calculations of the characteristic excited states of e s

must be treated with a great deal of scepticism, because the
interactions of the electron with the molecules of the second
solvation shell should be significant for such states.

An evident deficiency of the above studies is their com-
plete neglect of the interactions of the electron with the
medium surrounding the cluster. Such interactions should
lead to at least two effects; firstly, owing to the influence
of the medium, the discrete lines in the absorption spectra
of the cluster e s should spread (or the corresponding
vibronic bands should be modified); secondly, the presence
of the medium can lead to an increased stability of the
localised e g (for example, via the polaron mechanism).

A configurational model of e aq has been proposed.8 7 The
states of the H2O~ ion, in the field of six dipoles interacting
with one another which consist of the molecules in the first
solvation shell, have been calculated by the LCAO method.
The local energy minima of the cluster, corresponding to
the electronic ground state of e g , have been calculated as a
function of the orientation of the dipoles. The "Franck—
Condon" excited states of e g were then found for each such
local minimum in the energy of the cluster. The optical
absorption spectral lines for such a cluster in vacuo should
correspond to the differences between these energies. The
attempt at a quantitative calculation of not only the main
characteristics of the optical absorption band of e g but also
of the dependence of the spectrum on temperature and pres-
sure must be regarded as a fundamentally new step in the
study of Byakov et a l . 8 7

For the description of the absorption spectrum of the
solvated electron, the above workers8 7 resorted, apparently
for the first time in quantum-chemical calculations of this
kind, to the general theory of the absorption of light by
impurity species in the medium. This general theory,
developed by Ovchinnikov and Ovchinnikova,88 relates the
broadening of the discrete lines to the interaction of the
electron with the optical phonons of the medium. Analysis
of the spectrum of e a Q within the framework of the con-
figurational model showed that, depending on the disposi-
tion (orientation) of the dipoles in the first solvation shell,
there are several groups of stable "ground" states of eaq

( i .e . local energy minima of the electronic ground state).
Its own "Franck-Condon" excited state corresponds to each
of these ground states. It has been observed that the
energies of the Franck—Condon transitions decrease on
average with increase in the energy of the "ground" state.
This finding explains the effect of the bathochromic tem-
perature-induced shift of the absorption maximum: with
increase in temperature, increasingly high "ground" states,
which correspond to absorption in a longer-wavelength
region, are populated. The interaction of the cluster with
the medium leads to the spreading of the discrete spectral
lines and to the appearance of a structureless spectral band,
which is displaced to the left along the frequency axis if the
temperature is increased. Since the band width is mainly
related to the disposition of the initially discrete lines, its
temperature dependence may not follow the proportionality to
ε»1 ~ ε^1 predicted by the polaron theory 7 6 and this also
applies to the asymmetry of the band.

The experimental EPR data for e s , indicating (in terms of
the usual interpretation) the symmetry of the electron
density distribution among the 4—6 protons of the immediate
environment, may constitute an evident objection against the
above model.87 However, the authors 8 7 took into account
this possible objection and carried out an analysis of the
EPR spectra of e g in terms of their model. An unexpected
conclusion arising from this analysis is that of the possible
equivalence of protons from the standpoint of EPR spectros-
copy accompanied by a clear geometrical asymmetry of the
disposition of the molecules in the configurational model (we
recall that initial localisation of the electron in the cluster on
one central H2O molecule is postulated). The observed
uncertainty in the reproduction of the geometrical structure
of e g on the basis of EPR data must be borne in mind also in
the interpretation of complex spin echo experiments (see also
Golden and Tuttle 7 0). Unfortunately the authors 8 7 did not
continue an analogous analysis of e s for other media and it
therefore remains unclear whether the mechanisms of the
bathochromic shift, broadening, and asymmetry of the
optical absorption band of eaq which they quote 8 7 are
universal for all (or the majority) of solvents or whether they
apply only to H2O.

The attempt to take into account the dielectric continuum
has also been undertaken in a study 8 9 whose author reformu-
lated the usual self-consistent field problem in terms of the
Hartree potential and included the corresponding polaron
contribution to the minimised energy functional in the
quantum-chemical calculation for a negatively charged
cluster consisting of four molecules of the medium. The
calculation confirmed yet again the conclusion that the state
of e g in the gas phase is unstable, that the electron cloud
incorporating the molecules of the medium adjoining the
cluster has a large radius, and that the electron is almost
fully delocalised in the excited state. Unfortunately, in
the above study 8 9 the question of the shape of the absorption
band and of its temperature dependence was not considered.
The broadening of the band was explained qualitatively by
the presence of geometrically different clusters, i.e., as is
usual for cluster models, a heterogeneous mechanism for the
broadening of the band was postulated.

It is noteworthy that a non-empirical calculation for a
negatively charged cluster incorporating 4—6 molecules is at
the limit of feasibility as regards modern computers and many
natural questions, for example, concerning the infrared spec-
tra of such clusters or the constants for the interaction of an
additional electron with the intramolecular vibrations there-
fore still remain unanswered. It must be emphasised yet
again that the quantum-mechanical methods used in the study
of e s provide only more or less approximate results and it
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would be naive to expect to obtain with their aid answers to
all the questions. Experiments still remain the principal
source of information .H

The complex problems arising in the comparison of different
theoretical computational schemes for e , the presence of a
large number of parameters, and the uncertainty of the initial
data led to studies in which the structure of e s was investi-
gated with the aid of methods of analysis of optical spectra
unrelated or weakly related to model representations.2 2»9 0~9 S

Such analysis indicates primarily the short-range character
of the interactions leading to the localisation of e g and makes
it possible to treat optical absorption as electron transition
from a bound state to a continuum.

We believe that the most convincing confirmation of the
transition from the bound state to a continuum is provided by
the results of the analysis of absorption spectra with the aid
of optical sum rules, the virial theorem, and threshold for-
mulae.2 2»9 0"9 5 In an early study 9 6 it was already noted that
the region of the characteristic absorption peak of the
solvated electron corresponds virtually to the maximum value
of the oscillator strength. Hence it was possible to conclude
that at least the given peak corresponds to the transition of
e g to a continuum. Detailed analysis of the experimental
results based on a wide variety of sum rules and model-free
threshold formulae22 demonstrates quite convincingly that the
optical section of the absorption spectrum of the solvated
electron does indeed correspond to the "bound state—con-
tinuum" transition. The long-energy sections of the spec-
trum can then correspond in certain specific cases to con-
tributions by "bound state—resonance level" transitions.
The contributions of such transitions are apparently
extremely significant in the case of the electron in ammonia.
The conclusions reached in a review22 and in subsequent
communications92"95 concerning the analysis of the moments
(optical) of the spectral absorption curves of the solvated
electron are mainly in agreement. A significant feature of
the above studies 9 2 " 9 5 was the discussion in the latter of the
influence of the temperature of the system on the sum rules.

One of the most important conclusions from the model-free
analysis of the optical absorption spectra of solvation elec-
trons with the aid of sum rules and threshold formulae is
that the interactions retaining the electron in the localised
state are short-range in character. 2 2 A direct consequence
of this conclusion has been an attempt to describe the optical
spectra of the solvated electron within the framework of the
stationary short-range potential model. The first study
based on this approach was apparently that of Kajiwara et al.9 7,
in which the radial dependence of the potential was repre-
sented by a rectangular well characterised by two param-
eters. This approach has definite features in common with
the cavity model adopted as early as the 1940's in Ogg's
studies.

The studies summarised by Frankevich and Yakovlev22

dealt with the so called zero radius potential with a single
parameter expressed directly in terms of a quantity having a
direct physical significance, namely in terms of the energy

1iln this connection one cannot fail to mention again the
study 6 2 in which an ellipsometric investigation of e g in hexa-
methylphosphoramide revealed a change in the vibration
frequency of the non-polar C—Η bond but no influence of
the excess electrons on the polar C-N and P=O bonds was
observed. This information necessitates in many respects
a re-examination of the initial postulates for the construc-
tion of cluster models.

of the bound state of the electron. The zero radius poten-
tial, actively employed in nuclear physics, has the signifi-
cance of the limit of the potential of the rectangular well (in
terms of the zeroth spherical harmonic) when the width of
the well tends to zero and its depth tends to infinity so that
the single stationary level (or the antibonding state) does
not change. Systems in a short-range potential field, the
energy of the systems being close to the continuous spec-
trum threshold, are satisfactorily described in a similar way.

10"4em,mor1cm"1
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Figure 2. The extinction coefficient at the absorption
maximum expressed as a function of lEjl"1. Straight line—
theoretical relation corresponding to the zero radius poten-
tial model; circles—experimental data: 1) ammonia;
2) diethyl ether; 3) methyltetrahydrofuran; 4) tetra-
hydrofuran; 5) dimethoxyethane; 6) 1,3-propylenediamine;
7) ethylenediamine; 8) water; 9) methanol; 10) ethanol;
11) ethylene glycol; 12) isopropyl alcohol; 13) l-propanol.'*'1

It is possible to extend the zero radius potential to the case
of certain bound states, including states with the highest
angular momenta, which is usual for specific systems with
solvated electrons. The number of "adjustable" parameters
can be increased by passing to potentials with a finite radius.
In the case of the zero radius potential, the dependence of
the cross-section σ of the photoinduced "bound state—con-
tinuum" transition on the frequency of the incident light Ω
and on the energy of the initial state Ej is expressed by the
simple formula

σ(Ω,£,)=ί

Pt$ = 2m\El

3cA

:/ = 2m (£, (13)

Eqn.(13) reproduces very satisfactorily in many instances the
principal characteristics of the main absorption peak of the
solvated electron. For example, according to Eqn.(13),
there should be a linear relation, with a rigorously defined
coefficient, between the extinction coefficient £„, at the
absorption maximum [which is proportion to a(tim)] and the
reciprocal of the frequency Ω^1, corresponding to the absorp-
tion maximum. The corresponding theoretical curve together
with the experimental points for a series of substances9 0 is
shown in Fig. 2. The only deviation of the experimental
points from the theoretical curve, exceeding the experimental
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error, is observed in the case of the electron in ammonia.
This finding is attributed90 to the comparatively large inter-
action region (the presence of a "cavity") in the case of
ammonia. Agreement with experiment can be attained if it is
assumed that the size of this "cavity" in ammonia is in the
range 1-2 A. The relation between fim and the threshold
energy, which follows from Eqn.(13), also holds very satis-
factorily:22

flQm 3i-2\Et\ . (14)

It is useful to quote the results of the analysis of the
expression for the polarisability of the solvated electron a.
In the general case of the motion of the localised electron with
an energy Ey in an external potential field, the polarisability
is given by

mE]
(15)

where Κ is a numerical multiplier. For the zero radius
potential, the multiplier Κ assumes the minimum value
Κ = 1/16 for the ground Is state, while for a long-range
potential of the Coulombic type, this quantity is 70 times
greater and amounts to 9/2. For the remaining monotonic
potentials, Κ lies in the range between 1/16 and 9/2. The
polarisabilities obtained using the sum rule22 for electrons
in different media and the theoretical relation (15) for Κ =
1/16 are compared in Fig.3. The satisfactory agreement of
the results constitutes important additional evidence in
support of the short-range character of the interactions
promoting the localisation of the electron in the solvated
state.

However well the behaviour of the solvated electron is
described with the aid of the zero radius potential model,
such description is known beforehand to be incomplete,
since it does not take into account the influence of many-
particle effects. However, precisely these effects deter-
mine interesting phenomena such as the dependence of the
shape and position of the absorption peak in the optical
frequency range on the structure of the medium and tempera-
ture and also the manifestation of absorption in the infrared
region associated with the modification of the collective modes
as a result of the introduction of an excess electron into the
medium. They also influence the kinetics of processes with
participation of the solvated electron.

The question of allowance for many-particle effects in the
solvated electron theory has been frequently posed in the
literature. The problem has been most often considered in
terms of a linear treatment based on the formulation of the
Hamiltonian Η taking into account the interaction and
dynamics of the motion of all the particles in the system
considered or, at least, sufficiently large clusters. One
of the examples of this approach has been given by Golden
and Tuttle.98 In an approach of this kind, the introduc-
tion of insufficiently well-founded approximations and
hypotheses of a model character is inevitable even when
large computers are used for the calculations. Without
denying the importance of such studies, we nevertheless
doubt if real advances can be achieved on these lines,
especially if an explanation can be found for the observed
simple and universal characteristics of the behaviour of the
spectra of solvated electrons.

We believe that another approach, corresponding to a
scheme actively and successfully used in modern physics of
condensed media is more promising. According to this
scheme, the short-range interactions to which correspond the
greatest changes in the energy of the system when a solvated
electron is introduced into it are assumed to be specified and
parametrised with the aid of a finite number of parameters,

which can be calculated, in principle, by quantum-chemical
methods. In the case of the solvated electron, the param-
eters of the zero radius or separable potential can be used
as parameters of this kind. On the other hand, the long-
range interactions are regarded as interactions with long-
wavelength low-energy collective excitations of disordered
media. Precisely such interactions determine, for example,
the temperature effects for a constant density and also the
principal kinetic features of the phenomena considered. The
approach described has much in common with the semicon-
tinuous model mentioned above, the only difference being that
the interactions are separated in accordance with their energy
and not spatial scale. An attempt to apply the above
approach to the elucidation of the temperature dependence
of the optical spectra was made in our earlier study.99

Figure 3. Dependence of the polarisability α on E^2. The
theoretical straight line corresponds to the zero radius
potential model; circles—expermental data: 1) methanol;
2) 1-propanol; 3) ethanol; 4) 10 Μ ΚΟΗ; 5) diethylene
glycol; 6) 1-butanol; 7) isobutyl alcohol; 8) isopropyl
alcohol; 9) water (25°C); 10) 2-aminoethanol; 11) water
(-4°C); 12) NN-dimethylaminopropylamine; 13) diethylene-
triamine.'*'*

IV. CHEMICAL REACTIONS

The chemical reactions of e s in water, alcohols, ketones,
and other polar liquids have been studied in especially great
detail in the radiation chemistry of solvating compounds.
The corresponding reactions have been described in a num-
ber of monographs16»19"21»71 and we shall not deal with them
in detail. In recent years much attention has been devoted
to the detailed mechanism and other features of the reactions
of e s in mixtures of various solvents and to the reactions of
stable e s with a number of compounds dissolved in liquids
such as ammonia, amines, and hexamethylphosphoramide.
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We shall consider initially the bimolecular and unimolecular
reactions of solvated electrons with water as the most
important examples:

(16a)

(16b)eai + H2O ̂  Η + OH" .

The analogous reactions in pure ammonia, i.e.

2es + 2NH3 ;£ H3 + 2ΝΗΓ

β, + ΝΗ,ίϋΗ + ΝΗΓ ,
hardly occur and e s is extremely stable. The kinetic and
thermodynamic characteristics of reactions (16) and (17) are
presented below (at room temperature):

(17a)

(17b)

Reaction
(16a)
(16b)
(17a)
(17b)

k, litre mol"* s
5-10»

103

«SI

Δ//0, kJ mol"1

—31)7
10

-1118
125

AS0, Jmol" 1 K"1

—12
—48

—466
—272

1 0 1 (the entropy of the hydrated elec-
- 1 K"1) leads to a high activation

The kinetic data for the reactions were taken from Antropov16

and the thermodynamic data from Schindewolf .10°
Thus the absence of appreciable reactions of e g in ammonia

is caused by kinetic and not thermodynamic factors. The
high absolute entropy of the solvated electron in ammonia
\S°\ = 169 J mol"1 K~

tron is \S°\ = 13 J mol
energy for the reactions of e s in ammonia according to the
activated complex (transition state) theory . 1 0 0 " 1 0 3

The above arguments should also indicate a low probability
of the reaction of the electron solvated in ammonia with
admixtures of water (ΔΗ0 = 52 kJ mol"1, AS0 = -316 J moF1

K" 1 ) : 1 0 3

The possibility of an endothermic unimolecular reaction is
apparently ruled out in this instance. However, direct
experiments have shown101*"106 that the electron in ammonia
reacts with added water at an appreciable rate, which has
not so far been unambiguously explained. It has been
suggested1 0 3 that the acceleration of this reaction is caused
by the formation of an unknown intermediate X in accordance
with the scheme

2es =(NH3) + 2H2O -• [2X] — H. + 2OH~ . (19)

Evidence for the formation of intermediates in the reac-
tion of e g with water had been obtained earlier in experiments
involving flash photolysis with additional lower-frequency
illumination displaced in time relative to the initial pulse.1 0 7»1 0 8

It was suggested that such intermediates may be the bielec-
tron ( e s ) 2 , formed via the recombination of two solvated
electrons, and, in a sodium-ammonia solution, the neutral
complex (Na + e s ), which is much larger than the Na atom.
The question of the possible formation of ( e s ) 2 and of com-
plexes of the type [Na(e s ) 2 ] has attracted much attention.2 5

The detailed microscopic mechanism of even the most thor-
oughly investigated reactions of e s with water cannot so far
be regarded as unambiguously elucidated.

Much attention has been devoted recently to the reactions
of e o with aromatic and unsaturated hydrocarbons in various

ο

solvents and to reactions modelling processes involving
charge transfer (electron capture by an acceptor). Studies
of reactions with aromatic compounds 1 0 9" 1 1 3 made it possible
to identify the ranges of parameters within which the rates
are controlled either by diffusional or kinetic limitations.
In the case of diffusion-dependent control, the fact that the
localised solvated electron e g is in equilibrium with a
delocalised "quasi-free" electron e^ assumes special impor-
tance. Although the fraction of delocalised electrons is

small, their mobility is high and may determine the charac-
teristic features of the migration. On the other hand, in
most reactions (except perhaps the reactions of Η atoms)
the rate of interaction with eg is much greater than the rate
of interaction with e^ in conformity with the Franck—Condon
principle. Thus, as noted for the first time by Frankevich
and Yakovlev,22 when the reactions of the solvated electron
are considered account must be taken of both possible
(localised and delocalised) states of the latter.

After the publication of the study of Frankevich and
Yakovlev,22 other communications appeared in which a system
of two differential equations, corresponding to different
states of the electron linked to one another by an equilibrium
constant, is used instead of a single (diffusion) equation for
the formal diffusional description of e g capture and neutralisa-
tion processes.18»111* The exact solution of such equations is
difficult. The usual simplification is the hypothesis that
the mobility (diffusion coefficient) of the electron in the
localised state is much lower than the mobility (diffusion
coefficient) of the quasi-free electron. On this hypothesis,
it is possible to retain the form of the experimental relaxa-
tion curves and the values of the "adjustable" parameters
become more reasonable.

This type of approach has been used in a study111* whose
authors began with generalised Noyes formula115 for the
effective reaction rate constant:

*eff = !-/>) *«/]/
pks-\-(\ -p)kA

< 2 0 )

where ρ is the probability of the localisation of the electron,
k s and k^ are the rate constants for the reactions with
acceptors in the localised and delocalised states respectively,
Deff is the effective diffusion coefficient of the electron,
and Rr is the reaction radius. In this way it has been
possible, in particular, to explain the observed non-mono-
tonic nature of the dependence of keff on the mobility of
the solvated electron μ in the reactions of the latter in
various hydrocarbons. Qualitatively, this phenomenon
can be explained as follows. For low values of μ, the reac-
tion proceeds under diffusion controlled conditions and the
reaction rate constant is proportional to the mobility. The
increase of the mobility promotes an increasing delocalisation
of the electrons, which reduces the effective rate constant
(subject to the condition that the reaction with the acceptor
in the localised state is much faster than in the delocalised
state). With the aid of the model considered, the authors111*
were able to explain also the dependence of the activation
energy of the reaction on the effective mobility of the elec-
tron in hydrocarbons.

In the study of the kinetics proper of the reactions of
solvated electrons with aromatic compounds, the validity of
correlations involving a linear dependence of the rate on
the free energy change in accordance with the Hammett
equation was considered.1 1 1 After the studies of Marcus1 1 6

and Levich,1 1 7 most attention was devoted (see Kestner 1 1 8

and the literature quoted therein) to the general theory of
processes of the type

T' + A-^T + A" (21)

where Τ denotes a trap for the solvated electron ( e s = T~),
which disappears over a finite period after it loses its charge.

One of the reasons for the interest in reaction (21) is that
it is the simplest example of charge transfer. Furthermore,
reactions (21) are included among the elementary steps of
many electrochemical and biological processes. Processes
involving e s can be followed directly with the aid of effective
optical methods with a short resolution time. Additional
difficulties in the theoretical study of reactions (21) are
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associated with the need to allow for non-adiabatic effects.
The most important qualitative result of the theoretical and
experimental studies of the above reactions is the conclusion
that electron transfer over a large distance is impossible and
that this process is influenced by the orientation of the mole-
cules of the medium, especially in biological systems and
glasses.119

In conclusion of the present Section, we may point to the
possibility, established recently (see the review of Glau-
singer et al.1*2 and the literature quoted therein), of the
formation (in the form of films or powders) of new com-
pounds—electrides, obtained for the first time on evaporating
solutions of solvated electrons. Electrides is the name given
to salts in which the localised electrons behave as anions and
the positive ions are alkali metal complexes. The salts Cs+.
.(18C6)e~, where the symbol 18C6 denotes a complex-forming
crown compound (a macrocyclic polyether), is an example of
an electride.120 As a result of the strong electron—electron
interaction and the delocalisation of electrons, electrides
exhibit extremely unusual properties, approaching the
properties of metals, including high electrical conductivity
and absorption spectra of the plasma type.1*2 The hypothesis
that electrides are Wigner crystals is of interest.

V. ELECTROCHEMICAL PROPERTIES

Chemically stable systems with solvated electrons include
in the first place solutions of metals in ammonia (the counter-
ions in such systems are usually alkali metal ions) and also
in aprotic solvents such as hexamethylphosphoramide (HMP),
dimethyl sulphoxide, diglyme, etc.

The method of electrochemical generation of solvated
electrons in such systems, which makes it possible to investi-
gate e s under stationary conditions in controlled chemical
reactions in the bulk of the solution and on the electrode, is
very interesting. Although the electrochemical generation
of solvated electrons in ammonia was reported as early as
1948,121 the qualitative investigation of this process did not
begin until the 1970's (see the relevant reviews21*'26) after
the investigation of the characteristics of photoemission into
electrolyte solutions.61*»65 Clearly the photoemission and
the electrochemical e s generation processes are in many
respects analogous and differ essentially only in the detailed
mechanisms of the excitation of the electron from the Fermi
level of the metal: in the first case the excitation is optical
and in the second thermal.

For high negative potentials of the cathode, the cathodic
generation of electrons should be observed theoretically in
all electrolytes. However, in fact the actual occurrence of
cathodic generation requires that (1) the solution should be
stable in relation to the cathodic reduction of positive ions at
fairly high negative potentials of the cathode and (2) that
the reaction of the electrons in the bulk phase with positive
ions should be at least hindered. Otherwise, instead of the
cathodic generation of e s , the reduction of counterions either
on the electrode (deposition of the metal) or immediately in
the region near the electrode is observed. We may note that
a number of workers21*»122 hold the view that many of the
known electrochemical reduction reactions proceed precisely
via a mechanism involving the generation of e s with subse-
quent interaction (in the part of the solution near the
electrode) of the solvated electrons and positive ions.

This type of mechanism has been discussed in the literature
even for the usual discharge of H+ ions in the electrolysis of
water. However, detailed study has shown that in water the
"classical" discharge of H+ ions nevertheless takes place on
the electrode.2lf Among all the solutions, the conditions

specified are satisfied best by the aprotic systems enumerated
above (HMP, diglyme, etc.) . It is therefore not in any way
surprising that the greatest number of data on the cathodic
generation of e s have in fact been obtained using HMP, which
is a liquid under normal conditions.

In the cathodic generation of e s , two reaction pathways are
possible in principle. In the realisation of the first of these,
the electrons of the metal, thermally excited above the level
corresponding to the electrochemical potential of the delocal-
ised electron on the "bottom of the conductivity band of the
solution",t overcome the surface barrier, move along the
conductivity band, and are thermalised and solvated at a
certain distance from the electrode. The possibility of the
generation of solvated electrons under these conditions is
determined by the activated excitation of the electron to the
Vo level. The second reaction pathway involves the tunnel
transition of the electrons of the metal to the Es level of the
solvated electrons in solution. The electron must then
"tunnel" over a certain distance into the solution. The
activation energy for such a process, equal to Es-Ep (Ep
is the Fermi level in the metal), is naturally smaller than the
activation energy for the first pathway, but we have here
instead kinetic limitations associated with the low probability
of tunnelling over comparatively large distances. Clearly,
for different potentials and states of the surface of the
cathode, one or other mechanism of the cathodic generation
of eg takes place preferentially.

There is experimental evidence for the operation of both
mechanisms of the generation of es.

2l|>123»1211 In the above
studies it was also concluded that there is a possibility of a
change in the generation mechanism when the state of the
electrode surface changes (the surface is passivated).
Indeed, at a fixed potential of the electrode, the formation
on the latter of a passivating film increases the tunnelling
distance. For a sufficient thickness of the film, the process
involving the excitation of the electron to the conductivity
band of the solution, whereupon the electron passes over the
surface barrier, is more probable.

The study of the anodic oxidation reactions of solvated
electrons showed that they are controlled by diffusion and
that the oxidation potential depends on the state of the elec-
trode surface. Apart from the discharge of the solvated
electrodes on the anode, the polarisation curves for HMP
revealed yet another limiting current plateau, corresponding
to the discharge of non-paramagnetic complexes containing
two electrons and an alkali metal ion. In relation to dis-
charge on the anode, the monoelectrons are significantly more
active than the non-paramagnetic complexes ;12I> their oxida-
tion potentials differ by approximately 0.5 eV. The study
of the anodic reactions of solvated electrons made it possible

tThe very concept of the "conductivity band" in a dis-
ordered system with a strong electron—phonon (electron—
exciton) interaction requires discussion. Being in a
delocalised state, the electron "does not have time" to
interact with the slow orientational polarisation of the
medium. Here it is more appropriate to speak of the
influence of the electronic and nuclear polarisation of the
medium, i.e. of the interaction of the electron with high-
frequency phonons and excitons, which can be regarded as
weak. In this case one can actually use the ideas about
the conductivity band developed for ordered media. The
validity of the hypothesis of the "bottom of the conductivity
band of the solution" has been demonstrated by experiments
on photoemission into solutions and from solutions (see
Brodskii and co-workers61*'65).
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to estimate accurately their concentrations in solution from
the limiting discharge current and to establish, on the basis
of the concentration of the electrons, the concentration
dependence of the equilibrium "electronic" potential and to
calculate the standard potential of the reversible electron
electrode in HMP.12It An analogous study has been carried
out also for ammonia.103

Investigation of the bulk-phase reactions of cathodically
generated electrons is extremely promising. Since solvated
electrons are "rapidly moving" species, i .e. have high
diffusion coefficients, in many cases it is more convenient
to carry out the reaction in the bulk phase by supplying
electrons to the latter than to ensure the transport of the
reducible species to the electrode. Furthermore, the change
in many solvents of the density of the medium near the sites
where the electron is localised promotes the mixing of the
solution by convection, which also accelerates the reaction in
the bulk phase. Solvated electrons, whose standard poten-
tial is close to the standard potentials of alkali metal ions,
are one of the most powerful reductants and, since they can
be generated at large concentrations, it is possible to achieve
many reactions with organic compounds which are difficult
to reduce. At the present time there already exist many
examples of such processes.2'*>26»122""12'*

V I . PRINCIPAL ENERGETIC CHARACTERISTICS

The following scheme of the states of solvated electrons
can be put forward. The delocalised "dry" electron moves
along the "conductivity band", whose bottom is at the level
Vo reckoned from the energy level of the electron in vacuo.
After solvation, accompanied by a possible rearrangement of
the medium and the localisation of the electron, the energy
of the self-consistent "electron-medium" system is £ | + Em,
where E | is the energy of the electron and Em the energy
of the reorganised medium. Apart from the ground and
delocalised (quasi-free) states of the electron, excited
localised states may arise, which can be regarded as
resonances in the continuous spectrum of the electron—
phonon system. In an optical transition, which proceeds
in accordance with the Franck—Condon principle without
change in the "slow" coordinates of the medium, the electron
passes from the ground state to one of the excited states or
to a "band" state. The medium then remains in the initial
state and the excited levels are therefore non-equilibrium in
nature and their energies, generally speaking, differ from
the energies of the corresponding equilibrium levels. We
shall denote the "Franck—Condon" excited levels by an
asterisk: for example, (2p)* is the 2p state of the electron
not adjusted for consistency with the state of the medium and
(2p) is the state adjusted for such consistency.

In order to find the difference between the chemical poten-
tials of the delocalised (quasi-free) and localised solvated
electrons (μ^ - u 8 ) , it is necessary to take into account the
entropy factor. When the Boltzmann formula is used, we
obtain

μ<ί — μ« = — ' (22)

The formula for the chemical potential of an ideal gas was
used here for the delocalised electron and the degeneracy
factor g, effectively allowing for the change in the number
of states of the phonon subsystem on localisation of the
electrons, was introduced; the factor α is approximately
equal to the average radius of e g > i .e. corresponds in order
of magnitude to the intermolecular distance, and Cg^) is the
concentration of localised (delocalised) electrons. We

emphasise that the concept of the "solvated electron" refers
to the entire many-particle excess electron + medium system.
At equilibrium (Md = U s). we have

kT
(23)

and the numerical coefficient c(g) attains 103 at room tem-
perature even if g = 1. We may note that the possible
existence of systems in which the localisation of electrons is
favoured by thermodynamic factors when the energy of the
localised state exceeds that of the delocalised electron at the
bottom of the "conductivity band" follows from the previous
treatment. In the description of the interaction with electro-
magnetic radiation, such a system can be regarded as one
with inverse population and laser action is possible in it as a
result of the energy of the phonon subsystem.

Table 1. Thermodynamic and energy parameters of solvated
electrons determined in different experiments.

Type of experiment

Measurement of the optical absorption
spectrum

Measurement of the photoconductivity
excitation spectrum

Photoemission into a liquid

Quantity determined

Oscillator strength of optical transitions (Refs,22,
90-94]; the position of the absorption maximum
(corresponds to the energy differences^20)* " ^ t ^ a

discrete level exists and to ~2(VQ-E\) if the spectrum
corresponds to the photoionisation of es and there are
no autoionisation states)

Photoconductivity threshold, energies of autoionisation
states: Vo -Εξ, £ f 2 p ) , -E*. etc.

Position of the bottom of the conductivity band VQ (if
the emission is into the "band"), the energy £ | (if there
is a tunnel transition to a bound level)

Cathodic generation

Photoemission from the solution to a
vacuum (vapour)

Thermal emission from the solution to a
vacuum (vapour)

Dissolution of the metal

Thermodynamic parameters of the ground state of e s

The photoemission threshold E^

Free energy of activation for thermal emission
Ee

s + Em-TAS

Free energy of solvation £ | + Em - TAS

Table 1 shows a systematic arrangement of the energy and
thermodynamic characteristics of solvated electrons obtained
in different experiments. It also includes the differences
AS between the specific entropies of the delocalised and
localised states which can be written in the following form
by analogy with Eqn.(22):

<24,

We may note that we never use the thermodynamic charac-
teristics of the electrons in vacuo, because they cannot form
a homogeneous equilibrium system in vacuo.

A number of comments may be made concerning the amount
of information yielded by the different experiments indicated
in Table 1. The greatest number of data naturally refer to
the spectroscopic characteristics of the solvated electron.
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However, when the nature of the transition has been estab-
lished, these data by themselves say nothing about the
energy parameters of the different states of e s . Only
careful analysis of the spectrosoopic data using the sum
rules, additional thermodynamic information, and other data
would make it possible to estimate the energy parameters of
e s from the optical spectra. For example, in the measure-
ment of the spectra of e s in ammonia-alcohol and hydrazine—
alcohol mixtures the superficially strange conclusion is
reached that the electrons "solvated in ammonia and hydra-
zine", absorbing at lower frequencies than the "alcoholic"
electrons, are favoured by energy factors.80"82 However,
if it is assumed that the spectrum of e s in ammonia is deter-
mined by transitions between bound states and the spectrum
of the electron in alcohol is determined by transitions of the
"bound state-conductivity band" type then the observed
facts can find a natural explanation.

The study of photoemission from a metal to a vacuum, an
electrolyte, or a dense electrolyte vapour can yield much
information about the position of the solvated electron at the
bottom of the conductivity band as a function of the density
of the electrolyte.6lf'83 Joint measurements of the absorption
and photoconductivity spectra and the spectra of the photo-
emission from the metals to the solution and from the solution
to a vacuum would then make it possible to obtain all the
energy characteristics of the ground and excited states of e .
Unfortunately at the present time there are no photoconduc-S

tivity data at all and the remaining data have been obtained
in different systems and are non-systematic.

There exist certain data on thermal emission from solu-
tions,126 but these have been subjected to a justified criti-
cism6lf in view of the lack in the relevant communication of
information about the temperature dependence of the density
of the vapour phase (and hence about the energy charac-
teristics of the electron in it).

Table 2. Certain energy characteristics of e_.

Characteristic

Maximum of absorption
spectrum, eV

Position of bottom of conductivity
band, eV

Solvation energy, eV
Solvation entropy,

J mol-1 K-l
Threshold of photoemission from

the solution to a vacuum, eV

Medium

ammonia

0.88 [14]

1.7[127]
154[103]. 47[130]

1.53 [131]

HMP

0.45 [129]

—0.9 [128]

1.0 [126]

0.9[131]

water

1.72[161

—1.3 [128]

1.5[128]
491130). 1211011

Note. The numerals in square brackets represent references
(Ed.of Translation).

of different experimental data referring to different systems
but a sufficiently complete set of information has been
accumulated for only one system—that in ammonia.

Table 2 summarises the known energy and thermodynamic
characteristics of solvated electrons in a number of solvents.
The very large positive entropies of solvation of the electron
in ammonia and HMP, greatly exceeding the entropies of
solvation of ions in these solvents, are noteworthy.*
Furthermore, the similarity of the heats of solvation of the
electron in HMP and ammonia to the thresholds of the photo-
emission of electrons from these solvents, i .e. the closeness
of the value of Em to zero, is striking, although the photo-
emission data for these solvents should be regarded as
estimates only. Hitherto no experiments have been carried
out on the photoconductivity of electrons solvated in liquid
solvents, although there is a genuine need for them.
Furthermore, from our standpoint, the lack of photoconduc-
tivity data to a large extent vitiates the existing extensive
information about the spectra of e s .

—oOo—

As shown in the introduction, different physicochemical
effects associated with the solvated electron have come to
the centre of attention during different periods. In par-
ticular, during the 1960's, the role of solvated electrons in
the radiation chemistry of aqueous systems aroused special
interest. At the present time, the study of the details of
the dynamics of various reactions involving e s , especially
reactions with charge transfer in polar solutions and vitreous
matrices, electrochemical reactions, and complex biochemical
processes, including the role of e s in photosynthesis, is of
greatest current interest. Comparison of the data obtained
with theoretical conclusions provides unique possibilities for
testing various concepts in chemical kinetics.

It follows from the foregoing that numerous problems con-
cerning the characteristics of e s have not yet been solved.
It is especially important to determine theoretically and
experimentally the dependence of the transport properties
of the solvated electron on temperature over the widest pos-
sible range of the latter and to study the photoconductivity.
The possibilities of investigating the chemical and electro-
chemical reactions of solvated electrons and of the unusual
compounds such as the electrides formed with their participa-
tion have not been fully utilised. There is no doubt that the
interest in the role of the solvated electron in photosynthetic
processes and in the transfer of excitations in biological sys-
tems will grow. Finally, in the immediate future the quantum
chemistry of e s should develop further. It is significant that
the theoretical study of an exotic anion such as e s makes it
possible to compare effectively and to assess the approaches
developed both in quantum chemistry and in the electronic
theory of disordered media.
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The Cleavage of the Carbon-Carbon Bond in Carbonyl Compounds and
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The characteristics of the cleavage of the carbon-carbon bond in carbonyl compounds and alcohols of different types are
considered. It is shown that the ease of dissociation of this bond is determined primarily by the stability of the carbanion
formed. Among other factors, the nature of the solvent, the base, and the counterion are important. The importance of the
latter factor has the greatest influence on the stability of the O-M bond in alcohols and hydroxycarbonyl compounds.
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I. INTRODUCTION

The heterolytic cleavage of the carbon—carbon bond is a
fairly rare although important reaction in organic chemistry.
Such cleavage is usually associated with the formation of
carbanions (in a free or cryptoanionic state) and proceeds
reversibly, so that, if the stability of the carbanions is
insufficient, the occurrence of the reaction requires the
presence of special carbanion acceptors. The reactions con-
sidered here include the following:

1. The reaction of carbonyl compounds with bases:

> C

Naturally, the decisive factor in all the reactions considered
is the stability of the carbanion split off, so that, in the
presence of several substituents in the carbinolate RR1R2COM,
the C-C bond ruptured is that having the substituent which
corresponds to strongest CH acid RH. Thus, in principle, it
is possible to formulate the equilibrium in which one carb-
anion induces the displacement from an aldehyde or ketone
another more stable carbanion:

R'CHO -f RM
C?

R — C — R RCHO -t- R Μ

In the general case we have here competition between the
abstraction of B~ and R~ (stages with the rate constants /c
and k2). The bases employed in this reaction are usually
OH~ or OR", but amides and other nucleophiles, including
carbanions, can also be used. We may note that for alde-
hydes there is also the possibility of the abstraction of a
hydride ion (stage with the rate constant k 3 ) :

>C

The reactions of the type considered include also the retro-
Claisen condensation, in particular, the so called acid
cleavage of the acetoacetic ester.

2. Decarboxylation of carboxylic acids with participation
of the anion:

3. Decomposition of carbinolates (alkoxides)—the reaction
which is the opposite of the addition of organometallic com-
pounds to the carbonyl group—the most important process
leading to the formation of the carbon—carbon bond:

^C—O-M" 541 V)=O + RM .

Such reactions include the retroaldol condensation (the
reverse reaction, i.e. the aldol condensation, involves the
addition of an alkali metal enolate to the carbonyl group).

However, there exist also other factors, which likewise
determine the possibility of the cleavage reactions considered.
These are primarily the nature of the base and the solvent
and, when a specific type of base is used, the nature of the
counterion. The role of the last factor is associated with the
difference between the effects of the counterion on the ease
of ionisation of the Ο—Μ and Β—Μ bonds and is determined
by the exclusively strong dependence of the stability of the
Ο—Μ bond (in relation to ionisation) on the nature of Μ
(which is much more pronounced than in the case of, for
example, the C—Μ bond).

As was to be expected, the free anion is cleaved most
readily. If anions such as the carbinolate, the tetrahedral
anionic intermediate formed when the base adds to the car-
bonyl group, as well as the dianion arising on treatment
with an excess of alkali are compared, then their stabilities
are seen to vary in the sequence

<o- • 45-

Rp-C— < iP-C— < RCH2O"

12- °

Thus it is possible to trace the general characteristics of
the reactions involving the cleavage of the C—C bond occur-
ring in compounds of different classes and having at first
sight little in common. The present review is devoted to the
analysis of the available data concerning the influence of the
stability of the carbanion, the nature of the solvent, and the
nature of the counterion on the ease of cleavage of the car-
bon—carbon bond.
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II. THE CLEAVAGE OF KETONES AND ALDEHYDES BY

BASES

1. General Considerations

Ketones are usually cleaved by bases with difficulty. An
exception is ketones containing in the α-position strong
electron-accepting groups, for example, NO2 or SO2,1 qua-
ternary ammonium,2 and keto- or ester groups. 3 The last
case represents the well known reaction involving the acid
cleavage of β-dicarbonyl compounds. " Trihalogenomethyl
ketone and trihalogenoacetaldehydes are readily cleaved
(haloform cleavage reaction). 5 The study of the kinetics of
the cleavage of such carbonyl compounds by alkalis in aque-
ous solution showed that all these processes can be represented
by a single scheme (Scheme I ) : 1 " 3

Scheme 1

[
O-M+-I

R-J-J-
OH J
(I)

+ [RM] ,

OM

where R is a stronger electron-accepting group than R1.
Kinetic studies have made it possible to postulate that,

depending on the nature of the carbonyl compound, the
rate-limiting stage can be both stage (1), involving the addi-
tion of the hydroxide anion to the carbonyl group (for
example, for nitroacetone, ω-nitroacetophenone,x αα-di-
methylacetophenone,3 and thienyltrifluoroacetone1'6) and the
formation of the dianion (II) (for ketoalkylpyridinium salts
and sulphonylketones1 '2) or its decomposition (for example,
for acetylacetone, methylacetylacetone,3 chloral hydrate, and
2,6-dihalogenobenzaldehydes7'8).

Potassium or sodium amides in liquid NH3 or in aromatic
hydrocarbons such as benzene, toluene, and xylenes (Haller—
Bauer cleavage) are frequently used as bases for the cleavage
of ketones. 9~11 The fundamental scheme for these processes
(Scheme 2) is analogous to that presented above: 9»12»13

Scheme 2

r CTM+ OH

R - C — R 1 H.IH R—C—R1

I I
L NH, NH-M+

(ΠΙ) (IV)

+IRM1,

NHM
+ RH

It follows from Schemes 1 and 2 that the first stage in the
cleavage of carbonyl compounds by bases involves the addi-
tion of bases to the carbonyl group with formation of the
intermediate (I) or ( III)/(IV) . Adducts of type (III) have
been frequently isolated in reactions with NH3 or amides at
low temperatures; on decomposition with water, they regen-
erated the initial ketones. 1'*~17 Similar adducts with alkalis,
alkoxides, and other bases are probably less stable. We may
note that the adducts of formaldehyde with hydroxide and
methoxide ions have been recently detected in the gas
phase, t 1 8

t The adduct of an alkoxide with NN-dimethyltrifluoroacet-
amide has been recently detected in solut ion. 1 9

The majority of cleavage reactions of carbonyl compounds
apparently require the formation of the dianions (II) or (V),
which follows from kinetic data (second order with respect
to the alkali). 1~ 3 > 8 > 1 2 ' 1 3 The heterolysis of such dianions
should naturally proceed more readily than that of the mono-
anions. The formation of the dianions is indicated also by
the fact that, in the absence of a proton donor, the hydro-
carbon RH is not formed.2 0 When fairly stable carbanions
R~, such as the nitromethyl or trifluoromethyl carbanions,
are formed, the monoanion (I) can apparently also undergo
heterolysis;1 in this case it may be protonated by the acid
formed, giving rise to the hydrocarbon RH.

When carbonyl compounds are cleaved by alkoxides in alco-
hols , there is a possibility of the formation of only the
monoanion, but it has been demonstrated nevertheless that
acetylacetone and 2-ketoalkylpyridinium salts are readily
cleaved under these conditions: 2 1

[R-C-R1

OEt J

. [R-λ
:O

0E£

[R-M+] + EtOH -> RH + EtO-M+ .

In the general case, when asymmetric ketones are cleaved
by bases, there is a possibility of the formation of a mixture
of two acids (or their derivatives) and two hydrocarbons:9 '2 2 '2 '

R. •-•R'H + RCOB ,
>C=O-

R·/ URH + R'COB .

The mode of reaction is determined by the relative stabilities
of the carbanions R" and (R 1 )"—the most stable carbanion is
split off. Therefore, if the stabilities of the carbanions are
approximately identical, i .e. the pKa of the corresponding RH
and RXH are similar, then a mixture of four products is
formed. The ease of cleavage of carbonyl compounds is also
determined by the stabilities of the carbanions produced (see
below). The question arises whether these reactions lead to
the formation of the carbanion R~ as a kinetically independent
species or is it possible, as has in fact been suggested,21*
that the product RH is formed as a result of the attack by
the proton-donating compound (SH) directly on R in the
adduct:

SH B-^-C—R1

OR

According to Artamkina et al., 2 0 the ion pair VI participates
in the reaction, as shown in Scheme 3 for the cleavage of
(P-NO2C6H1J2CC), where oxygen functions as the trapping
agent for R~:

Scheme 3
O~K+

I
Ί

-NOaC,HiCOOK .

(p-NO,C,Hi), Co ^ Ip-NO.C.H.jCC.HjNCVp J

L O~K+ J

[ O OK η

C K+ 2*

C,H«NOr»J ' : l

(VI)

Naturally, the organometallic compound RM itself can also be
formed in these reactions if R~ is a sufficiently stable carb-
anion. On the other hand, in the majority of cases the reac-
tion requires the presence of a suitable compound functioning
as the trapping agent for the carbanion:

SH

[R-M+] - O i

R"COR«

- R H ,

+ ROOM ,

* RR'R'COM
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The cleavage of carbonyl compounds is usually carried out in
aqueous or alcoholic solutions and the trapping is a proton-
donating compound. This role can sometimes be assumed by
O 2 . 2 0 In the absence of a proton donor, the ketone itself can
act as the trapping agent . For example, in the cleavage of
benzophenone and its pp'-difluoro-derivative, triarylcar-
binols have been obtained in 75—86% yield by treatment with
KOH in dimethoxyethane (DME): 2 0

[XC.H7K+] •
X = H, p-F.

The formation of small amounts of triarylcarbinols (X=H or

p-Cl) has also been noted in other studies. 23-26 A similar
reaction has likewise been observed in the cleavage of fluo-
renone; 2 7 ~ 2 9 the yield of the carbinol reached 94% in some
cases:2 8

In the absence of carbanionic trapping agents, the stages (3)
and (4) (in Schemes 1 and 2) are as a rule reversible and
the process as a whole therefore becomes reversible. This
has been clearly demonstrated for the cleavage of 9-substi-
tuted 9-acetylfluorenes by the fluoride ion (KF-18-crown-6
ether or Bu^NF/SK^) and it was shown that both stage (1)
and stage (2) (Scheme 4) are reversible:30

Scheme 4

(XX) * CcO * 0vO ~aB№* (X
Y/\:OMe γ/^C-Me γ/ Υ/ΧΗ

F/^O- (VII)
When Υ = CN, the equilibrium is strongly displaced towards
the reaction products. Subsequent hydrolysis showed that
the yield of RH (VII) diminishes in the sequence Υ = CN >
PhCH2 > Me and on passing from a non-polar to a polar
solvent.30

Specific examples of the cleavage of carbonyl compounds by
various bases are examined below.

The haloform reaction is used to synthesise bromoform
and iodoform, the determination of the structures of organic
compounds, and sometimes for the synthesis of acids or their
esters. 5 For example, ferrocenemonocarboxylic and ferro-
cenedicarboxylic acid are obtained by treating mono- or di-
acetylferrocenes with hypohalites.37 Aliphatic acids with
branched groups of the type of Me3CCOOH and Me3CCH2COOH
or unsaturated acids, which are sometimes difficult to obtain
in other ways, can be synthesised with the aid of this reac-
tion; in the presence or alcohols, esters are produced,31*'38

for example:
/Me

EtON·
, .

Η
OCClj

Η
COOEt

Phenylesters can also be obtained by a similar procedure:
PhOH.KOAc

PhCOCCl,-

o.p)

. 38

o, p)MeC.H.OH

• PhCOOPh,
80%

90%

Hexachloroacetone is used for the trichloroacetylation of
alcohols and phenols: 39~1*1

CliCCCCl, + CICHJCHJOH -
U

Ο

KiCO,. ~ * CUCCOCH.CH.Cl + CHC1S .
pentane, 20 C, 16 h ||

Ο

In aprotic dipolar solvents such as nitromethane, l*° dimethyl
oulphoxide (DMSO), dimethylformamide, (DMF), pyridine,
and hexamethylphosphoramide (HMP),1*1 the reaction can be
carried out in the absence of a catalyst. DMF proved to be
especially effective.1*1

The decomposition of hexachloro- or hexabromo-acetone
is also induced by ammonia33 and amines, even aromatic
amines: **2

CCIjCOCCl, + RC.H4NH, j ^ . - » CljCCONHQiyi ,

R = Hi MeO. Me, OH, Cl .

The trichloroacetylation of peptides has been carried out in
an analogous manner. "*3

On treatment with hypohalites, carbonyl compounds of other
classes are also cleaved—α-ketoesters, β-diketones, or
3-ketoesters. In essence, these reactions are analogous to
the haloform cleavage reactions. Some of them have been
described in a review.5

2. The Haloform Reaction

Hal3O
> •

r r + 1 „
R-C-CHal,j—-

L O~M+ J

OH

Such reactions occur frequently and usually readi ly, 5 because
trihalogenomethyl anions are fairly stable (the pK a of the cor-
responding CH acids are 13.7—15.5 3 1 ) . The cleavage some-
times occurs simply on treatment with water, as happens, for
example, for hexabromo- and hexachloro-acetones, 3 2 ' 3 3 but
usually bases have to be employed. Thus ααα-trichloro-
acetophenone can be heated for 7 h at 170 °C without change,
but in the presence of catalytic amounts of MeCOOK it is
immediately cleaved.3 < f αα-Dibromoacetophenone is cleaved
on boiling with a sodium carbonate solut ion. 3 5 Perfluoro-t-
butylphenyl ketone is entirely stable, but decomposes
rapidly in the presence of catalytic amounts of CsF in DME:36

PhCOcrcF,),. . PhCOF+ (CFJ.C-—3C-* (CF^C-CF, ,

However, KOH and NaOH are usually employed as bases in
the haloform reaction, Ca(OH)2 and Ba(OH)2 being more
rarely used.5

3. The Cleavage of Aldehydes by Bases

Aldehydes without α-hydrogen atoms usually enter into the
Cannizzaro reaction, ̂  but there are a number of exceptions
whereupon treatment of aldehydes with alkali results in their
cleavage:

i-Tjr-* RCH,OH + RCOOH ,
RCHO + M O H - ( "

Naturally, the second mode of reaction occurs in those
cases where the Group R is sufficiently electron accepting.
The well-known examples of such reactions are the cleavage
of chloral,lfS bromal,1*6 mixed bromochloroacetaldehydes, " and
even aldehydes containing the SO3K or SO3H group in the
α-positions l " ~ 5 1 on treatment with alkalis. On heating with
20% KOH (130 °C, 5 h) 5 2 ' 5 3 or with alcoholic KOH (120 °C,
5 h), 5 1 f triphenylacetaldehyde is cleaved to triphenylmethane.
Aldehydes containing an acetylenic group in the α-position
(propargyl, phenylpropargyl,S5 and tetrolic56 aldehydes) are
cleaved by dilute KOH solutions at 20 °C. Other examples of
the ready cleavage of aldehydes, for example, bisdiphenylene
succinic aldehyde52 or trichloroacrolein,57 can also be quoted
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CHOCHO

In the series of aromatic aldehydes, an essential condition
for their cleavage in an alkaline medium is the presence of
two electron-accepting substituents, and halogen atoms,
for example, must be in the ortho-positions. 2,6-Dihalogeno-
benzaldehydes are cleaved by refluxing with 50% KOH and
under these conditions the aromatic ring can contain also
other substituents, including electron-donating substitu-
ents (Me, MeO): 5 8

•Hal

Dinitrobenzaldehydes react much more readily and in this
case not only 2,6-dinitro- but also 2,4-dinitro-benzaldehydes
are cleaved.5 9 Trinitrobenzaldehyde is cleaved especially
easily—it is sufficient to heat it with alcoholic solutions of
NaOH or NH3, Na2CO3 (10%), or even aniline (the yield of
trinitrobenzene is up to 95%).59 Thus the general trend is
evident: the reaction is faster, the more stable the carb-
anion formed. A single chlorine atom in the ortho-position
in benzaldehyde is insufficient to alter the mode of reaction—
the usual Cannizzaro reaction takes place in this case . 5 e

4. The Cleavage of Ketones by Alkalis and Alkoxides

As will be seen from the data presented below, the cleavage
of ketones obeys the rules which have been noted above for
aldehydes. Thus acetophenone and its monochloro-derivatives
are cleaved by alkali with difficulty. It is of interest that the
cleavage proceeds with abstraction of the methyl and not the
phenyl group. 6 0 It may be that the ease of protonation of the
more nucleophilic group plays a role in this casa. The reac-
tion is accompanied by charring and the yield of benzoic acids
is insignificant.6 0 Even when acetophenone is heated with
KOH melt at 220-250 °C, only 20% of benzoic acid is formed.61

The same has been observed for methylacetophenones. 6 0 The
situation changes sharply when two chlorine or bromine atoms
are introduced in the ortho-positions in the benzene ring;
the process proceeds even more readily with 2,4,6-trichloro-,
2,4,6-tribromo-, and 2,3,4,5,6-pentachloro-acetophenones
(50% KOH, 150 °C), but the products of these reactions are
halogenobenzenes and not benzoic acids: 6 0

/Cl (Br) /Cl (Br)

(Br) Cl _<(]^-COCH s

 5 0 ™ » (Br) Cl - < ^ >

N;i (Br) Na (Br)

Naturally 2,4,6-tribromo-aaa-trichloroacetophenone gives
rise to 2,4,6-tribromobenzoic acid on cleavage. 6 2

Acetophenone and other enolisable ketones undergo the
condensation reaction more readily than the cleavage reac-
tion and cleavage has therefore been investigated for non-
enolisable ketones, in the first place benzophenone and its
derivatives. 2 2» 2 3 ' 6 3" 6 7 Benzophenone was cleaved as early
as 1849 by fusing it with KOH at 260 °C: 6 3

Ph/X> + KOH - • PhCOOK + PhH .

refluxing for 2 h with a dilute (20%) alcoholic solution of
KOH. 6 S Benzophenone itself and many of its substituted
derivatives (with methyl and halogeno-substituents) are
reduced under these conditions to diphenylmethanols, while
benzophenones with strong electron-donating substituents
do not react or char. 2 1 t ' 6 8 ' 6 9 It is noteworthy that at the
present time a method is available for the cleavage of benzo-
phenone under much milder conditions—refluxing the ground
KOH in DME or tetrahydrofuran ( T H F ) . 2 0 Fluorenone and its
substituted derivatives are cleaved in a KOH melt2 7 or in
diphenyl ether. 7 0

In recent years, t-BuOK has been most widely used for
the cleavage of ketones, usually in aprotic dipolar solvents.
25,26,71-76 -phis method was proposed by Swan as early as
1948. 21f Ether, dioxan, pyridine, DMSO, HMP, and DME and
also benzene and hexane can be used as solvents in these
reactions. A very important factor is the presence of small
amounts of water in the reaction mixture. Careful experi-
ments have shown that t-BuOK : H2O = 3 : 1 is the optimum
ratio. In the absence of a proton source, the yields of acid
are insignificant (the reaction usually does not occur at all).
The mechanism initially proposed by Swan21* (Scheme 5)
includes the attack by t-BuOK on the ketone; water serves
as the trapping agent for the carbanion and generates under
these conditions the OH~ anion, which is essential for the
hydrolysis of the t-butyl ester:

Scheme 5

[ O~K
R-C-R

Ι OBu-t
=*= [R-K+] + R ' - c /

ψΗ,ο N

OBu-t J RH

However, it was shown subsequently that t-butyl esters are
not intermediates in these reactions 7 3 and an alternative
mechanism (Scheme 6) was therefore proposed in which the
carbonyl group is initially attacked by the OH~ anion with
formation of the adduct ( I ) , while t-BuOK abstracts a
proton from it, affording the dianion (II) : 25>73-71*>76

Scheme 6
O-

R-C=R'

OH
(I)

r τ ι• R-C=R'
L o- J

** R- + R'C^

In this version, the role of water consists in generating the
hydroxide from t-BuOK. There exists yet another point of
view on the mechanism of this reaction—the 3 : 1 : 1 t-BuOK—
t-BuOH—H2O mixture gives rise to an aggregate, which is
soluble in organic solvents and in which OH" is only slightly
solvated and is therefore extremely reactive. In this case
KOH should cleave ketones in aprotic solvents also in the
absence of the t-BuOK—t-BuOH mixture. Indeed, a sus-
pension of KOH, obtained by adding water to an excess of
KH in THF, cleaves nortricyclanone in 2 h at 30 °C. 7 3 How-
ever , as mentioned above, ground KOH in THF or DME
cleaves even benzophenone under relatively mild conditions.20

Other di- and tri-cyclic ketones are cleaved in the t-BuOK—
H2O—aprotic solvent system. The authors believe that the
driving force of their cleavage is the removal of strain from
the system and the formation of stable cyclopropyl and allyl
carbanions. 7 1~7 3 According to this view, camphenilone and
fenchone, which are less strained than, for example, nor-
tricyclanone, dehydronorcamphor, or 7-oxonorbornene, are

Under just as severe conditions, mono- and di-methylbenzo- not cleaved or are cleaved with difficulty. 7 2 The possibility
phenones are cleaved with formation of toluic acids. 6 1 | " b / The
introduction of even one chlorine atom in the ortho-position
in the benzene ring proved to be sufficient to increase sig-
nificantly the rate of reaction, whereupon chlorobenzene and
benzoic acid are formed. 2 3 The influence of chlorine is so
great that 2,4,6-trichlorobenzophenone is cleaved even by

of the cleavage of ketones such as PhC(Me2)COPh or MeOC.
.(Me2)COPh is also explained by the elimination of steric
strain. 7 7>7 8

We may note that dehydronorcamphor, which is an enolis-
able ketone, is fairly smoothly cleaved by t-BuOK. 71»73»79

Yet another interesting example is the cleavage of a-(p- and



Russian Chemical Reviews, 56 (10), 1987 987

o-nitrophenyl)deoxybenzoins (VIII), which leads to the for-
mation of benzoic acid and products of the further reaction
of the carbanions (IX)—substituted anthranilic acid deriva-
tives and tetraphenylethanes (Scheme 7 ) : 8 0

Scheme 7

+ Phc;

Ketones of the carbaborane series are readily cleaved by
treatment with EtOK in ethanol, 8 1 because the carbaborane
formed is a fairly strong CH acid (pKa = 18): 3 1

Ph—C—C—COPh E t 0 K PhC—CH
+ PhCOOEf

The t-BuOK-DME system has been used for the synthesis of
carboxylic acids of the ferrocence and cymantrene series : 8 2

5. The Cleavage of Ketones by Alkali Metal Amides

Potassium amide in liquid ammonia does not cleave benzo-
phenone, 1 2 > 1 3 but it does partly cleave benzopinacol83 and
readily cleaves o-halogenobenzophenones.12>13»17'81* Under
more severe conditions, i .e. on refluxing ketones with H2NK.
.(H2NNa) in toluene or xylene, both Ph2CO and its ortho,
para, and meta-substituted derivatives (with the Me, Cl, and
Br substituents) are cleaved. 9 ' 8 5 As a rule, when ketones
are cleaved by alkali metal amides, not only amides but also
the corresponding acids are formed.9>12'81* Under the mild
conditions used in the isolation of the reaction products, the
amide cannot hydrolyse to the acid. The acid is apparently
formed in the course of the reaction itself. It has been sug-
gested that the mechanism of the formation of acids on cleav-
age of ketones by alkali metal amides12 is analogous to the
mechanism of the formation of benzilic acid on treatment of
benzil with H2NNa or RO~ in aprotic solvents. 8 6 The anion
(III) acts as a base, attacking a second ketone molecule, and
the heterolysis of the intermediate adduct (X) affords com-
pound (XI), which is converted on hydrolysis into benzoic
acid (Scheme 8):

Scheme 8

C=O +

O"M +

Ph—C—Ph [ 0Λ , |

k k J(III)

Ph"M+ -I- PhC—0—C—Ph

0 k _
(XI)

Ο

+ PhC + Ph2CO .

We may note that the intermediate formation of o-halogeno-
phenyl anions has been demonstrated in the reaction with
o-halogenobenzophenones.12'13

6. The Cleavage of β-Dicarbonyl Compounds

The best evidence that β-dicarbonyl compounds are cleaved
by bases in the keto-form is probably provided by the find-
ing that αα-disubstituted P-diketones or β-ketoesters, which
are incapable of enolisation, are cleaved most readily. 3 > 8 7 > 8 8

It has been convincingly demonstrated for thenoyltrifluoro-
acetone that the enolate is stable in an alkaline medium and
that the corresponding hydrate decomposes rapidly. 6 The
stage involving the protonation of the enolate of the β-di-
carbonyl compound can therefore become important for acid
substrates which exist in the enolic forms in alkaline solu-
tions. This situation obtain, for example, in the alkaline
cleavage of aroylacetaldehydes, which are fully enolised in
0.1-1 Μ NaOH solutions: 8 9

AiCOCH,CHO + HO" _4=iArCOCH=CHO- .
*-.

The cleavage of β-dicarbonyl compounds is used fairly
often in synthesis. "*'90~92 This method is most important for
the series of cyclic β-diketones, where it is used to synthe-
sise oxocarboxylic acids: **)90~92

Ο -Ο OMe

MeOK _ Mel _ ^ ,CH.Ph . MeQCO (CH,),COCH (Me) CH,Ph .

Recently this method has been used to cleave standard tr i-
and tetra-spiro-g-diketones: 9 S

As an example, one may also quote the synthesis of 13-keto-
acids, including the reaction of 1-morpholinocyclododecene
with an acid chloride and the subsequent cleavage of the 1,3-
diketone in an alkaline medium:93>91φ

• RCH2C(CH2)nCOOII .

Dibasic ketoacids can be obtained by the reaction of an
enamine with the chloride of a dibasic acid.9 3 > 9 1 >

The cleavage of 8-diearbonyl compounds in an alkaline
medium is frequently an undesirable side reaction in the
alkylation of β-diketones or β-ketoesters. However, the
cleavage can be reduced to a minimum by carrying out the
reactions at low temperatures, using sterically hindered
bases, for example, t-BuOK in t-BuOH, or using NaH in
aprotic dipolar solvents. "*

An unusual problem arises in the so called acid cleavage
of acetoacetic ester and its analogues (the reaction which is
the opposite of its synthesis, i .e . is the retro-Claisen con-
densation), which is always accompanied by the formation of
ketones (ketone degradation) (Scheme 9).
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Scheme 9

MeCOCH2COOEt

dil. NaOH

I" O"Na + "I

MeCCH2COOEt

L O-N.+ J
(XII)

MeCOCH2C—OH

^ O E t

(XIII)

•[·
a^CHNa^CHjCOOEt + MeCOONa

J H 2 O

MeCOOEt + MeCOOH + NaOH

decomposition of the carboxylate ion, which may arise both
on treatment of the acid with bases and as a result of the
dissociation of the acid. It is therefore natural that, when
one is dealing with the decarboxylation of neutral acid, one
has in mind fairly strong acid and fairly polar solvents. The
decomposition of carboxylate ions leads to carbanions, whose
formation has been unambiguously demonstrated with the aid
of electrophilic trapping agents—bromine, aldehydes,
ketones, nitro-compounds, D2O, e t c . 9 7

(••If

MeCOCH,COONa - * — MeCOCH2cT + EtONa MeCOCHjNa + C = O

N)H HO/

\

(2*)

I
Me COM* + CO2

MeCOMe + C = O

NaO'

The first of these reactions involves the addition of the alkali
to the keto-group [the adduct (XII)], which should proceed
more readily than the addition to the ester group [the adduct
(XIII)]. Nevertheless, both reactions [(1) and (2)] take
place almost simultaneously. A possible explanation of this
finding is that the dissociation of the C—C bond requires as
a rule the formation of the dianion, which is indicated by the
second (or higher) order of the reaction with respect to the
alkali, while the cleavage of the C—Ο bond (hydrolysis) can
occur in the monoanion. In fact, the intermediate (XIII) can
decompose not only via the hydrolysis stage (2a) but also via
the other pathway (2b), especially since this entails the for-
mation of the acetonyl carbanion, which is more stable than
the ethyl acetate anion [pKa(MeCOMe) = 20 and pKa(Me.
• COOEt) = 24 3 1 ) ] . The operation of this pathway [pathway
(2b) as well as pathway (J) should be promoted by concen-t
trated alkali. It may be that the high reactivity of the keto-
group has an effect in the competition between pathways (1)
and (2b).

In practice, the cleavage of dialkyl- or even monoalkyl-
acetoacetic esters at the carbonyl group can be successfully
achieved when the reaction is carried out in the presence of
an excess of alcohol with catalytic amounts of an alkoxide and
with continuous distillation of ethyl acetate from the reac-
tion mixture, 9 2 ' 9 6 for example:

EtONaMeCOCHCOOEt .

CHjCH=CHa

. CH2=CH-CH,CH2COOEt + CHjCOOEt -f EtOH

It is noteworthy that unsubstituted β ketoesters are not
cleaved under these conditions but are converted into
enolates, which are fairly resistant to the action of bases.

I I I . DECARBOXYLATION OF CARBOXYLIC ACIDS AND
DEALKOXYCARBONYLATION OF ESTERS

The decarboxylation of carboxylic acids and their deriva-
tives is an important process both in synthetic organic chem-
istry 9 7 ~ " and in biochemistry (the latter applies mainly to
the decarboxylation of β-ketoacids 1 0 0 ' 1 0 1 ) and this is why
much attention has been devoted to its investigation. The
unimolecular thermal decarboxylation of acids, involving the
formation of a carbanion, has been thoroughly s t u d i e d : 9 7

RCOOH -• R~ + CO, -f H+ .

Both the neutral acid and its anion or zwitter-ion, for example
in the case of acids of the pyridine series, can be decar-
boxylated. 9 7 However, we shall not be interested in the

1. Decarboxylation of Monocarboxylic Acids

Fairly strong acids such as trihalogenoacetic, 2,4,6-tri-
nitrobenzoic, and α-nitrocarboxylic acids are almost fully
dissociated in aqueous solutions even in the absence of bases
and it has been shown that they are decarboxylated in the
anionic f o r m s : 1 0 2 " 1 1 1

RCOO--»R-+CO, .

This has been confirmed by the identity of the activation
energies for the decarboxylation of the acids and their salts.
In non-aqueous solvents, where the acids are insignificantly
ionised, the rate of reaction after the addition of the base is
proportional to the concentration of the anion formed. The
unionised acids are entirely stable. 1 0 2 ~ 1 1 1 Although water
promotes the dissociation of acids and salts, which should
facilitate the decarboxylation, it can also stabilise the car-
boxylate anion as a result of solvation. Indeed, it has been
shown that an increase of the fraction of ethanol or form-
amide in water up to a certain concentration increases the
rate of decarboxylation of CC13CCOH or its sodium sal t . 1 0 < t ' 1 0 6

Analogous behaviour has been observed for trinitrobenzoic
acid after the addition of ethanol or dioxan to the aqueous
solution. 1 0 8 » 1 0 9 in the decarboxylation of (4-chlorophenyl)-
α-cyanoacetate anion, the rate increases sharply in alcohol
and increases almost by a factor of 3000 in dioxan compared
with w a t e r . 1 1 2 However, a certain amount of water is appa-
rently necessary to suppress the reversibility of the reaction
even in fairly strong aprotic solvents, because water serves as
a " t r a p " for the carbanion. Thus the rate of decarboxylation
of potassium triphenylacetate in THF proved to be a maximum
after the addition of 1—3 moles of H2O per mole of the sub-
strate . At higher concentrations of water, the rate of reac-
tion falls, whilst at lower concentrations the decarboxylation
ceases altogether (more precisely the degree of reaction is
determined by the concentration of w a t e r ) : 1 1 3

Ph3CCO2K.crown ether «* K+.crown ether + Ph3CCO~ _CQ> > Ph,C-—ί£-» Ph,CH

An especially marked increase of the rate of decarboxylation
has been observed in aprotic dipolar solvents, for example,
the rate of decarboxylation of the anion of 3-carboxy-6-nitro-
benzoiscxazole (XIV) increases by a factor of 105 in DMSO or
benzonitrile and by a factor of 106 in HMP compared with
water : 1 1 " " 1 1 6

co;

(XIV)
\ / \ 0 -

+ CO,

An exceptionally great role of the solvent has been noted also
in the decarboxylation of the 3-(fluoren-9-ylidene)-2-phenyl-
proprionate anion (XV): 1 1 7
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(XV) (XVI)

(XVII)

The decarboxylation of 4-nitro-, 2,4-dinitro-, and 2,4,6-
trinitro-phenylacetates in DMSO, THF, or DME has been
proposed for the generation of nitrobenzyl carbanions, which
are difficult to obtain by other methods. The reactions in
THF or DME are accelerated by crown e t h e r s . 1 2 1

M = H (a), Na ( b ) .

It is of interest that the dissolution of the acid (XVa> in
DMSO leads to the instantaneous and quantitative formation of
the products (XVII) and (XVIII). On the other hand, the
addition of toluene-p-sulphonic acid fully suppresses the
decarboxylation, which demonstrates yet again that the acid
(XVa) is decarboxylated via the anion (XVI). 1 1 7

The addition of crown ethers acts in the same direction as
aprotic dipolar solvents. 1 1 3 > 1 1 7 it is believed that the main
role of crown ethers consists in increasing the solubility of
the salts in THF or dioxan, although, apart from this, the
formation of complexes with the crown ether apparently
increases the resistivity of RCOOM.1 1 3 '1 1 7

The influence of the structure of the substituent (R = 9-
phenylfluorenyl, fluorenyl, phenylethynyl, triphenylmethyl,
and diphenylmethyl) on the rate of decarboxylation of RCOOM
in THF or dioxan in the presence of 18-crown-6 ether has
been investigated1 1 3 and it has been shown that there is a
correlation between the rate of reaction and the pKa of the
CH acids formed during the reaction. Sodium 9-phenyl-
fluorene-9-carboxylate, which forms the most stable carb-
anion (for the substituents R investigated) (pKa = 17.9 for
9-phenylfluorene), is decarboxylated at the highest rate,
while sodium diphenylacetate, to which corresponds the
diphenylmethylanion whose stability is fairly low (pKa = 32
for Ph 2CH 2), is decarboxylated at the lowest r a t e . 1 1 3 In the
presence of 18-crown-6 ether, the rate of decarboxylation
increases by a factor of 13—500 depending on the structure.

The extremely marked dependence of the rate of decarboxyl-
ation on the nature of the solvent and the added crown ethers
undoubtedly indicates the important role of the ions and ion
pairs in this process. This is also indicated by data con-
cerning the influence of the counterion. The rate of decar-
boxylation of triphenylacetates Ph3CCOOM in THF diminshes
in the sequence Κ > Na > Li. In the presence of 18-crown-6
ether, the rate of reaction increases approximately by a
factor of 100.1 1 3 In the decarboxylation of trichloroacetate
salts in ethanol, the tetra-alkylammonium salts decompose
fastest. 1 0 6

The decarboxylation of acids or their salts in aprotic sol-
vents has long been used to obtain carbanions. Thus tri-
chloroacetic acid in DMSO proved to be the best source of
the CC1J anion, because the latter is fairly stable# in this
system ^nd can be used in various syntheses: 1 1 8~ 1 2 0

# The CC1J anion, formed, for example, on treating chloro-
form with a base, decompses fairly rapidly with elimination
of Cl", affording dichlorocarbene.

2. Decarboxylation of Heterocyclic Acids

It has been suggested that heterocyclic acids—picolinic,
quinaldinic, isoquinaldinic, pyridine-4-acetic, etc. acid—are
decarboxylated via zwitter-ions:9 7

+ CO,

Indeed, these acids are stable in highly basic or acid solutions
but decompose in neutral solutions.

3. Decarboxylation of 3-Ketoacids or g-Dicarboxylic Acids

The decarboxylation of 3-ketoacids and 3-dicarboxylic acids
differs from the decarboxylation of acids with other electron-
accepting groups (see above) by certain features. In such
cases, both the anions and the undissocated acids are decar-
boxylated in water and aqueous solutions, the undissociated
acids being cleaved more rapidly than the ionised forms. 97»122~
1 2 5 For example, acetoacetic acid is decarboxylated approx-
imately 50 times faster and malonic acid approximately 10 times
faster than the corresponding anion. 9 7 > 1 2 2 ~ 1 2 5 The dianions of
malonic and phenylmalonic acids are stable in aqueous media.
125,126 I t i s b e i i e v e d t n a t t n e decarboxylation of such keto-
acids or dicarboxylic acids proceeds via a six-membered
transition state of type (XIX) 97,111,122-124,127-129 w i t h t h e

intermediate formation of the enolic forms of the ketones or
ac ids : 9 7 ' 1 1 1

Π C02 + C=C—R
R 2 OH

CHCOR

(XIX)

It is of interest that in the case of dibromomalonic acid the
monoanion is decarboxylated incomparably faster than the
undissociated acid. 1 2 6 Phenylmalonic acid occupies an inter-
mediate position—the rate of cleavage of its monoanion is
approximately 5 times higher than the rate of cleavage of
the undissociated acid. 1 2 6 The monoanions of oxalylacetic
acid are also decarboxylated faster, whilst the dianions are
stable, as for malonic ac id . 1 3 0 " 1 3 2

It is noteworthy that at present there are virtually no data
on the decarboxylation of 3-ketoacids or 3-dicarboxylic acids
in anionic forms. There has been only one study in which
the influence of the cation and crown ether on the decar-
boxylation of the acid (XX) and (XXI) was investigated and
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it was shown that the same tendency is observed for these
acids as for triphenylacetic acid.

(XX) (XXI)

The potassium salt is decarboxylated faster in dioxan than the
sodium salt and the reaction is accelerated by 18-crown-6
ether. 1 3 3 In the decarboxylation of benzoylacetate anions, a
fairly marked influence of the substituents was noted, in
contrast to the decarboxylation of the undissociated acids.
101,124

It has been suggested that the lithium enolate of aceto-
acetic acid be used for the synthesis of ketones:1 3 1 f

DRX
MeCOCH2COOH B n L ' · T H F , MeC=CHCO,Li 2 ) H l ° , MeCOCH,R -f CO2

°° I
OLi

The decarboxylation proceeds smoothly at 0 °C.

<*. Oealkoxycarbonylation of Carboxylic Acid Esters

Carboxylic acid esters can be cleaved by strong bases
(the dealkoxycarbonylation reaction) as happens with car-
bon yl compounds. Thus ethyl trichloroacetate is cleaved
by sodium alkoxides: 1 3 5

Cl3CCO2Et + RO
_ pentane

I / O " "
Cl3CC<;OEt

(XXII)

= Me. t-Bu.

.ROCOEt + C C b - :CC1,
II
ο

The intermediate formation of the adducts (XXII) has been
unambiguously demonstrated by the isolation of dialkyl
carbonates (73—94%). On treatment with catalytic amounts
of EtONa and EtOH, the esters of carbaboranemonocarboxylic
and carbaboranedicarboxylic acids are cleaved: 1 3 6

H-C-C-COOEt E'°"*-> HC-CH + CO (OEt)2

\ / EtOH ν • ·

We may note that the amides of methyl- and phenyl-barenic
acids are just as readily cleaved by H2NNa in liquid N H 3 . 1 3 7

Malonic esters can be cleaved with sodium ethoxide in
certain cases, although as a rule this requires high temper-
atures. '*'138 The cleavage of the diphenylmalonic ester with
EtONa in EtOH results in the quantitative formation of diethyl
carbonate and the enolate of diphenylacetic ester § (Scheme
10) : 1 3 8

Scheme 10

xc
2C o -

c

OEt OE<

yOEt

c^-j: + oc(OEt)2

Na+

This version of the reaction is the reverse of the synthesis of
malonic esters from diethyl carbonate and acetic e s t e r s . 1 3 9

§ When dialkylmalonates are cleaved by EtONa, another
pathway predominates: R2C(COOEt)2 + EtONa -»• R2CHCOOEt +
CO +CO2 + C2H6, etc.; α-vinyl, α-ethyl-, and phenylethylmalonic
esters, which are cleaved simultaneously via both pathways,
constitute an intermediate case . 1 3 8

The equilibrium is displaced by distilling of diethyl carbonate.
However, in contrast to the cleavage of carbonyl compounds
by alkali or alkoxides, this reaction involving esters is not so
well known and has not found extensive applications. In
many cases it appears as a side reaction, for example, in the
acid cleavage of β-ketoesters (see Section II) and in all cases
where malonic or cyanoacetic esters have to be heated for a
long time with alcoholic alkoxides. **

The decarboxylation of 3-ketoacid or grem-dicarboxylic acid
esters is widely used in the synthesis of ketones and mono-
carboxylic acids. The hydrolysis is usually carried out with
acids or dilute alkalis using so far as possible an insignificant
excess of the latter in order to avoid the side reaction involving
the acid cleavage in the case of ketoesters. Examples are
presented below: **

Ek KOH.H.O . Et. ftSCVW?
>CHCH (COOK)a «fluxing

Me
CH-CH (CO,Et), «fluxing >H-CH,COiH,

62—65%

n-BuCH,COMe

COMe
52-61%

Thus the problem reduces to obtaining acids or their anions,
which are then subjected to thermal decarboxylation (already
described above).

A method has been proposed recently for the decarboxyla-
tion of dicarboxylic acids involving the selective hydrolysis of
the diester to the monoester and its decarboxylation in the
presence of 18-crown-6 ether [the KOH/crown ether /benzene/
/dioxan/ethanol system (5%)]. 1 3 3 Since acid esters and not
the acids themselves are used in the synthesis, this method is
a convenient single-stage alternative to the traditional three-
stage synthesis of esters [stages (3)—(5) in Scheme I I ] : 1 3 3

Scheme 11

R,C (CO,Et),-

1-3 h,2S° COjK 20 h, Δ

:oaEt ( i )

R2CHCOOH

(5) I EtOH

R,CHCO,Et

Enolisation may take place as a side reaction, which has
already been observed for phenylmalonic esters; nitro-
malonic ester enolises wholly under these conditions. In this
system, it has been possible to carry out the dealkoxycar-
bonylation of certain ketoesters. 1 3 3 Another procedure
involves the synthesis of acid esters by alkylating or acylat-
ing the dilithio-derivative of monoethyl malonate with subse-
quent decarboxylation:1**0'1'*1

COOEt

COOLi \

Li

R=Alk, Ac .

COOEt

COOLI
RCHtCOOEt

Yet another method has been vigorously developed recently—
the decarboxylation of $-ketoesters, malonates, a-cyano-
esters, etc. in aprotic dipolar solvents in the presence of
small amounts of added water (1—2 moles per mole of the sub-
strate) and salts such as NaCN, NaCl, NaBr, Nal Cal2, and
LiCl (possibly even in catalytic amounts) as 140—180 °c. 9 8 > 9 9 >

ii2-m7 T n j s m e t h o d , whieh had been used earlier to convert
monocarboxylic esters into acids (a reaction of the S^2 type),
11*8'1'*9 proved to be convenient in many instances for the
decarboxylation of substrates sensitive to attack by alkalis or
acids. In many cases the best results have been achieved
by employing Mê NOCOMe in DMSO (130 °C) or in HMP
(100 o C ) > iso-152 T h e p-atninothiophenol-Cs2CO3-DMF sys-
tem (130 °C) is probably still more effective, making it pos-
sible to eliminate immediately two methoxycarbonyl groups
from a single molecule.1 5 3



Russian Chemical Reviews, 56 (10), 1987

It has been suggested that moist DMSO be used in the
dealkoxycarbonylation of reactive substrates such as NCCH2.
. COOEt, PhCH(COOEt)2, 2-ethoxycarbonylcyclopentanone,
etc.; l l t 5 ~ l l f 7 the cleavage can also be carried out in dry DMSO,
but the addition of water lowers the reaction temperature.11* ' 1 W

For less reactive substrates, it is essential to add water and
frequently also a salt. The greatest effect is produced by

It is assumed that, in the absence of a salt, the ester is
hydrolysed in moist DMSO by the B^Q2 route. In the KCN-
DMSO mixture, the reaction pathway depends on the substrate.
Thus in the case of dimethyldiethylmalonate, the formation of
MeCN indicates that the BAlk2 mechanism of the cleavage
reaction predominates98 (Scheme 12):

_i Scheme 12

R — C—C—OR

COOR3

Τ R2— C—COO" + R3C.N

COOR3

R l

synchronou

-11 3CN, -CO,
R2—C—COOR3 - ^ » R2— CH— COOR3 + HO"—h-

R1

This scheme is probably valid for other salts MX and for
other substrates such as β-ketoesters and a-cyanoesters.98

The ΒAC 2 mechanism should be preferred for reactions of
monosubstituted malonic esters when the process is catalytic
(Scheme 13):

Scheme 13
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It is assumed that water behaves as the hydride ion acceptor
in the dehydrogenation of primary aliphatic and aliphatic-
aromatic alcohols by heating with caustic alkalis in aqueous
solutions as 200—300 °C (the Dumas-Stass reaction 1 5 6). 1 5 7

An alcohol molecule can also serve as the acceptor (200—225 °C ).
ΐ5β,ΐ59 j n ^ these reactions (see Scheme 14) a C—Η bond is
ruptured and they are usually regarded as dehydrogenation
or oxidation of alcohols. However, in this Section we shall
be interested only in reactions in which C—C bonds are dis-
sociated. This pathway occurs fairly rarely for alkoxides
derived from primary or secondary alcohols and requires the
presence in the latter of a group R which gives rise to a
sufficiently stable carbanion. An example may be provided
by the cleavage of phenyltritylcarbinol in an alcoholic solu-
tion of NaOH with formation of a mixture of triphenylmethane
and benzaldehyde (65% of each) [pathway (a), Scheme 15].160

In principle, the second pathway (b) is also possible, because
the stabilities of Ph3C~ and H~ are comparable,161 but in this
case this does not occur (Scheme 15):

Scheme 15

Ph3CH ,

JEtOH

Ph3C" + PhCHO ,

,CCPh —*• Ph3Cll + PhCOOH .JHPh -
S min, I
«fluxing ^ (-„-•] + p h

R2—C—COR3

COOR3

R3—OCOCN -r

| H 2 O

H3OH + CO2 + CN"

2 — C — COOR3

CHCOOR3

The intermediate formation of carbanions in these reactions
can not only be readily demonstrated (by stereoselectivity data
and by obtaining α-deuteriated esters and ketones), but can
also be used in synthesis. For example, the cleavage of
β-ketoesters, α-cyanoesters, or malonates in anhydrous
DMSO in the presence of LiCl makes it possible to obtain
α-alkylated ketones, acids, and nitriles. Dealkoxycarbonyla-
tion in the presence of PhSSPh in HMP affords α-phenylthio-
ketones or α-phenylthioesters.99 Numerous examples of the
synthetic application of the method are quoted in Krapcho's
review. 9 8 > 9 9 It has also been suggested that a non-ionic
base—l,4-diazabicyclo[2.2.2]octane in xylene—be used for
the decarboxycarbonylation of β-ketoesters; the yields of
ketones are 84-90%.151f

IV. THE CLEAVAGE OF ALKOXIDES

The alkoxides derived from primary and secondary alco-
hols are known to be potential sources of the hydride ion,
which they can transfer to suitable acceptors such as
carbonyl compounds, olefins, nitro-compounds, alcohols,

e t c . 1 " (Scheme 14):

o-
-C—Η

Scheme 14

•• products of the reduction of the NO2 group,

,-C—Ο p i

J2H__» H. + RO-,

1-Aryl- 2,2,2-trichloro- and l-aryl-2,2,2-tribromo-ethanols
are cleaved even more readily.1 6 2 Alcohols of the carbabor-
ane series likewise tend to be cleaved in an alkaline medium.81

Even a primary alcohol containing the trityl group, namely
2,2,2-triphenylethanol (DME, KOH-O2), is easily cleaved in
an alkaline medium:163

Ph3COH + H—C

65%

t°.
H \

C = O

Ph3CCH

0 - Ph3C~ •
\°-

Ph3COH

\ H

--» HOO-

Here it is impossible to make an unambiguous choice between
pathways (a) and (b), since the compositions of the products
are identical.

Tertiary alcohols have the greatest tendency to be cleaved,
the reaction involving only the rupture of a C—C bond in such
compounds. As will be seen below, the ease of cleavage of
alkoxides is determined by three most important factors:
(1) the presence in the alkoxide RR1R2COM of a group to
which corresponds a stable carbanion; (2) the bulk of the
groups R, R1, and R2, because steric compression is elimin-
ated in the transition state of this reaction; (3) the nature
of the counterion giving rise to a fairly stable carbanion, in
order to achieve their cleavage the introduction into the
reaction mixture of trapping agents for the carbanion has
been frequently resorted to. The trapping agent is the pro-
ton and the cleavage is therefore usually carried out in the
presence of water or alcohol. Sometimes the carbonyl com-
pound formed can serve as the source of the proton in the
decomposition of alkoxides if it is capable of enolieation. Thus,
when an attempt was made to obtain a tertiary alcohol from
benxopinacolone and the sodio-derivative of diphenylmethanol,



992 Russian Chemical Reviews, 56 (10), 1987

the spontaneous decomposition of the resulting carbinolate
was observed:16<*

C=O + Ph?CHNa
3 C v

C

PhCOCHPh

P i / XTNa+

2 j f PI13CH + Ph2C—CPh

Because of the possibility of the ready elimination of the
trityl anion, it has been possible to achieve an unusual
Claisen—type condensation of methyl trityl ketone, where the
leaving group is, however, the trityl anion:165

Ph,CCH,Na -

i
—*~ Ph3CH -

P h 3 C ^

* /

3 l·'0

c=o 220° >

melt

- C H — C M e

i "<3

Pb,C« ,CH2C—Me

1 O " N a + _

Acetylenic alcohols172 1 7 5 and $-nitroalcohols176 are fairly
readily cleaved. It has been suggested that Ag2CO3 on
celites in toluene,171> Ag2CO3 and Ag2O in DMSO (20 °C), 1 7 5

or K2CO3 at 150-160 °C 1 7 3 be used for the cleavage of
acetylenic alcohols. Such cleavage can sometimes be conveni-
ently used for the synthesis of arylacetylenes:177»178

Me

ArC-C-C-OH

Me

AiC=CNa+
MeN

M e '

ArC^CNa
ArCECC(Mc,)OH_

Me

I
Me

In the examples enumerated above, the proton usually
serves as the "trap" for carbanions. Oxygen can sometimes
be conveniently used as such a "trap". 2 0 ' 1 6 3 Thus tris(p-
nitrophenyl)methanol is readily cleaved in the DME-KOH—O2

system, forming ρ-nitrophenol and p-nitrobenzoic acid.20'163'179

We may note that, in the cleavage of alcohols as well as
carbonyl compounds (see Section II), the attack by the elec-
trophile or oxidant may be directed to a polarised C—C bond
or ion pair and not to the free carbanion R~:

The alkoxides derived from pentaphenylethanol are apparently
also unstable. At any rate, all attempts to obtain penta-
phenylethanol by the reaction of Ph2CO with Ph3CM (M = Li,
Na, or MgBr) proved unsuccessful. 1 6 6>1 6 7 The extreme insta-
bility of this alkoxide is probably to be explained by the
steric strain in the molecule combined with the presence of
the Ph3C group, which gives rise to a fairly stable carbanion.
This view is confirmed by the results of the oxidation of
pentaphenylethane in an alkaline medium.163 The reaction
products in the THF(DME)-KOH-18-crown-6 ether system
are triphenylmethanol and benzophenone. Evidently, the
alkoxide formed in the reaction is unstable and decomposes
to Ph2CO and Ph3C~:1 6 3

Ph
I

Ph3C—C-H

Ph

Γ P h x / P h 1

Ph3C" C K+ l·

II

L ο J

r rn
Ph3CCOK

L P'h J
I) O,: 2) №·

Ph3COH + Ph2CO.

(P-O,NC«H 4 ),CO-K + D M E ' K O H ^ P-O 2 NC,H; K+
\ /

c
II

ο
_ 2 ί _ » p-O,NC,H«OH + n-O,NC,H4COOH .

In the absence of O2, a mixture of products which is difficult
to separate, including the products of the reduction of the
NO2 group is formed. Lithium carbinolate is stable under
these conditions. Triphenylmethanol is recovered unchanged
even after heating for 48 h at 60-70 °C in the KOH-HMP-O2

system, but the introduction of even one NO2 group in the
para-position in the benzene ring is sufficient for the rapid
cleavage of the carbinolate (DME—KOH—O2) with formation
of p-nitrophenol and benzophenone. Even benzyldiphenyl-
methanol is cleaved in this system (60-70 °C, yield of PhCOOH
70-75%). The stability of the benzyl anion (pKa = 35 for
PhMe 3 1 ) is apparently critical for the given conditions, 1 6 3

because the phenyl anion is not split off.

Aromatic ditertiary alcohols, for example, benzopinacol,
are extremely readily cleaved: 1 6 3

Under mild conditions, the diphenylmethyl anion is split
o £ £ . 168,169

I NPh · r e l l u x m*
o-

In aqueous alcoholic solutions in the presence of KOH, ter-
tiary alcohols containing the CC13 group are readily cleaved:
170,171

(p-XC,H4)sC(OH)CCl, -<p-XC,Hi),C(O-K+)CCl, -Kp-XQH^CO + CCljH ,

X=H, a.

It has been shown that the rate of reaction increases linearly
with increase of the concentration of the base.

When dimethyl(trichloromethyl)methanol was maintained in
the DME-KOH system in the presence of cyclohexene,
dichloronorcarane was obtained,163 which is associated with
the formation of :CC13 from the trichloromethyl anion:

Me,CCCls

OH

D M E , KOH
20·

\ c C /
^ I I N

OH OH
>h

Ph 2 CO+K + -CPh,

OH

HCPh, 1

I
:Ph,

>-K+J • PhjCO + PfajCHOH.
From the standpoint of the stability of alkoxides, the ready
decomposition of cyanohydrins into the initial components in
an alkaline medium can be readily understood, because the
stable cyanide anion is split off.180'181 This reaction appa-
rently constitutes the basis of the oxidative decyanation of
secondary nitriles in an alkaline medium: 182~181*

Pt>\

y y*Ά- • Ph2CO + CN~
In the examples quoted above, the tendency of alcohols to
be cleaved was determined mainly by the stability of the
carbanion formed, although one cannot fully rule out also the
influence of steric factors. This influence becomes of
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primary importance in the cleavage of tertiary alcohols of the
benzyl type, 77>78 i.e.

Me R1

Et—C—C—OH

iW-
The rate of cleavage of these alcohols varies within wide
limits as a function of the experimental conditions—the nature
of the solvent and the base, etc. However, in general the
ease of cleavage increases gradually in the following sequence
of RXR2 groups: Ph2 < PhMe < EtMe < Me2, which corre-
sponds overall to a gradual decrease in the size of the leav-
ing group. This fact led to the conclusion that the weaken-
ing of the steric compression is one of the driving forces in
anionic cleavages of this kind.7 7 '7 8 We may note that, in the
given instances, a fairly stable carbanion is nevertheless
formed.

Under more severe conditions (200—300 °C), the alkoxides
derived from purely aliphatic tertiary alcohols are cleaved,
the rate of cleavage being higher the greater the degree of
branching. 1 8 5 Triethylmethanol is not cleaved even on heat-
ing to 335 °C in the presence of NaNH2, but sodium di-t-
butylneopentylmethoxide is cleaved when an attempt is made
to obtain it from the corresponding carbinol and NaH:185

( M e 3 C ) a ( M e 3 C C H , ) C O H — ^ - » (Me3C)2 (Me3CCH3) CO"Na" -•

— (Me3C)2 CO + Me3CCOCH.,CMe3 + Me2C=CHa + MejC .

The carbanionic character of the cleavage of these alcohols,
which do not give rise to stable carbanions, is emphasised
by the just as marked influence of the counterion as that
noted for alcohols capable of splitting off fairly stable carb-
anions R~: Li > Κ > MgX 1 8 5 (see below). The successful
use of organolithium compounds, in contrast to RMgX, for
the synthesis of branched alcohols can apparently be
accounted for precisely by the stability of the alkoxides,186'187

Thus diisopropylneopentylmethanol is formed in 70% yield by
the reaction of iso-Pr2CO with neopentyl-lithium,185 but the
yield is only 4% in the reaction with neopentylmagnesium
chloride.188

The influence of the solvent is usually very great in reac-
tions with participation of carbanions. The reaction involv-
ing the cleavage of alcohols is not exceptional in this sense.
Thus, on treatment with dimsylpotassium in DMSO, tri-t-
butylmethanol undergoes exothermic cleavage with formation
of bi-t-butyl ketone and isobutane:189

993

ketones as a reversible process was firstt considered by Zook
et al . 1 8 5 Their study of the decomposition of alkoxides
derived from tertiary alcohols led them to the conclusion that
the process is general for alkoxides with a branched struc-
ture and represents the reaction which is the reverse of the
addition of RM to ketones (Scheme 16):

Scheme 16
O"M+

 K i

I , SlL·. \
C—I:HR- rr-^ c=o + R"M+

R—C—I:H,R

R1

r ,
R-J-^R-

\

./
O~M"!

R— C—CH,R-- + RH ,

C=0 + R"M+^*- R1—C —CHR"

R-CH/ ft~ Μ+
-+RH .

(Me3C)3COH Me3CCOCMe3

[MesC"K+]

Μ = alkali metal .

According to the authors, the process can be reversible
even when the equilibrium position in stage (1) is displaced
far to the left, because, in the presence of an excess of the
tertiary alcohol or the enolisable ketone, the equilibrium is
displaced or is altogether disturbed by the conversion of RM
into a hydrocarbon [stages (2) and (3) in Scheme 16]. 1 8 5 It
is noteworthy that the very possibility of the decomposition
of the alkoxide with formation of a ketone and RM is evidence
in support of the reversibility of reaction (1) in the general
case. At the present time convincing evidence has been
obtained for the existence of such equilibrium in various sys-
tems.

It is known that in aprotic media the stability of alcohols
falls significantly compared with protic media.192 Further-
more , the stability of the alkoxides ROM depends very
markedly on the counterion M, diminishing in the sequence
Li > Na > K.1 9 3"1 9 5 The influence of the counterion on the
association constant is manifested particularly strongly in
aprotic dipolar solvents. Thus in DMSO the ionic association
constants for t-BuOK are ΙΟ8, 106, 270, and 200 litre mol"1

for Μ = Li, Na, K, and Cs respectively.191* The equilibrium
position (Scheme 16) can therefore vary significantly as a
function of the nature of the counterion. Indeed, in the
study of the reaction of benzaldehyde and cyclohexanone with
fluorenyl and 9-phenylfluorenyl salts it was shown that the
equilibrium in ether and DME is displaced wholly to the right
for Μ = Li and Na and wholly to the left for Μ = Cs (scheme
iiT-v . 196,197

Even more stable alcohols are cleaved in HMP on treatment
with BuLi:190

RRWCOH RRIR2CO"Li+ — R»R2CO + RLi RH.

R, R1, and R2 represent different combinations of adamantyl,
norbornyl, and l-bicyclo[2.2.2]octyl and t-butyl groups. We
may note that even lithium alkoxides are readily cleaved in
this case.

In connection with the possibility of cleaving alkoxides,
the question of the reversibility of the reaction involving the .
addition of organometallic compounds to aldehydes and ketones
must inevitably arise. In contrast to other carbonyl compound
condensation reactions (for example, the aldol and Claisen
condensations), the reversibility of this reaction is not quite
so widely known. Apparently, the reaction of RM with

Ph M+

(XXIII)
M=Cs

Scheme 17

+ PhCHO *= I j | I

Ph CHO~M+

I
Ph

·· (XXIV)
M=Li, Na

If Some indication of the reversibility of the reaction of
RLi with ketones may be found in the paper of Swain and
Kent,1 9 1 although in the equation presented only the stage
involving the formation of the complex between the carbonyl
compound and RLi was reversible.
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For Μ = Κ, it was possible to observe a "living" equilibrium
in which both the alkoxide (XXIV) and the initial carbanion
(XXIII) are involved. The equilibrium position depends sig-
nificantly also on the solvent. Thus, if at the end of the
reaction with the lithium salt in DME the solvent is replaced
by HMP, the reaction equilibrium is fully displaced towards
the initial reactants . 1 9 6 > 1 9 7

A similar situation has been observed in the reaction of
2-lithio-2-phenyl-l,3-dithiane with t-butylcyclohexanone:1 9 8

OLi
Ph

+ Me,C-<
THF,C6H12

=0 „- - * Me,C—

The carbinolate (XXV) is formed in 90% in C 6H 1 2 and 75% yield
in THF, while in HMP the reaction does not occur. The
authors showed that this is associated with the reversibility
of the reaction, because the carbinolate (XXV), known to
be formed a priori in HMP, was converted into the initial
compound. The changes in the degree of reaction of a- and
3-ionones and benzylideneacetone with metal acetylides can
probably be accounted for precisely by the different stabil-
ities of the alkoxides (or, in other works, by the reversibil-
ity of the react ion). 1 9 9 Thus, in the reaction with 8-ionone,
the yield of the alcohol is low for Μ = Κ, increases to 15—27%
for Μ = Na, and reaches 63-86% for Μ = Li:

Me Me
\ /\

9
CH=CHCMe + MC^CH

i

/ Me

j/y-CH=CH-C-'

OMe

An analogous picture has been observed in the reaction with
benzylideneacetone (the yield of the alcohol is 40% for Μ = Κ,
71% for Μ = Li, and 96% for Μ = Ca) and with β-ionone (30%
for Μ = Na, 67% for Μ = Li, and 67% for Μ = C a ) . 1 9 9 The
failure of the attempt to synthesise tertiary alcohols of the
carbaborane series from ketones and lithio-derivatives of
barenes has been explained8 1 by the instability of such
alcohols.

The reversible reactions quoted above involve stable carb-
anions of the type of fluorenyl or ethynyl carbanions. In the
case of less stable carbanions, the reversibility of the reac-
tion can be demonstrated by employing "trapping agents"—
a carbonyl compound or RM. The existence of equilibrium in
the reaction of benzophenone with diphenylmethylsodium was
apparently first demonstrated precisely with the aid of this
procedure (Scheme 18) : 1 7 · 2 0 0

Scheme 18
Ph2CHCPh2 =*=

PhCH,CI

Ph,CO + Ph,CHNa-

(XXVI)

ONa
(XXV)

PhjCHCHjPh + Ph»CO
(XXVII), 75-85% 85%

PhXONa -

(XXVIII)

Ph»CHNa

(XXVI)

HiO
Ph,CO + Ph,CHt

Indeed the addition of benzyl chloride to the reaction mixture
leads to the formation of the alkylation product (XXVII), while
the introduction of sodium amide results in the isolation of
the adduct (XXVIII). The latter reaction is accompanied by
the appearance of a red colour due to the carbanion (XXVI).17

The reversibility of the reaction with ketones has been con-
vincingly demonstrated also for organometallic compounds of
the allyl type (M = Li, MgX, or ZnX). 2 0 1~2 1 1 1 One of the
procedures used for this purpose is similar to that quoted by
Hamrick and Hauser. 1 7 On treatment of the adducts (XXXI)

with an excess of RMgX (R = Me or CH2=CHMe), the tertiary
alkoxide (XXXII) was obtained, in which the dimethylallyl
group had been replaced by R, while on heating compound
(XXXI) with iso-PrCOBu-t, which is more reactive than the
ketone (XXIX), the adduct (XXXIII) was isolated together
with t-Bu2CO (XXIX):

(MesC), C=O + MeCH (Mgiii CH=CH.Me

(XXIX) (XXX)

/OMgBr

(XXXI)

N CH (Me) CH=CHMe ,
(XXXI)

yOMgBr
M t M f B r • ( M e 3 C ) s C < +(XXX)

X M e
(XXXII)

Me,Cv /OMgBr
>C<( + (XXIX)

Me s CH / X : H (Me) CH=CHMe
(XXXIII)

In the case of CH2=CH=CH2MgX or a- and γ-dimethylallyl-
magnesium halides, where the initial and rearranged products
are identical, the reversibility of the reaction was demon-
strated by means of a "cross" reaction—when a mixture of the
two carbinolates (XXXIV) and (XXXV) is refluxed, a mixture
of four carbinolates is formed evidently as a result of the
decomposition of compounds (XXXIV) and (XXXV) into the
initial reactants and their subsequent interaction: 2 0 6

Me3CvN .OMgBr
+ (MesC),C<;

,OMgBr

CH,CH=CH2

N C '
; / V H (Me) CH=CH,

(XXXIV) (XXXV)
H ĵ M e » c \ - / 0 H MejCv̂  /OH

CHiMe)CH=CH, Μβ,ΟΗ7 \:H,C
.OH

+ (Me,C),C<'
/OH

H,CH=CH,

/
(Me3C),C<;

\CH (Me) CH=CH2

The thermal decomposition of carbinolates of the allyl type
has also been carried out. 2 0 2 > 2 0 7 > 2 1 5 As was to be expected,
the rate of decomposition increases with increase of the bulk
of the substituents: t-Bu > iso-Pr = cyclo-C6Hi:L > Ph >Et.207

It has been suggested that the reactions of allylic organo-
metallic compounds, containing a strained diene system, with
ketones and even with aldehydes are also reversible. 2 1 8 ' 2 1 9

As already reported, the ratios of the products in these reac-
tions depend significantly on their conditions. The strong
influence of the nature of the cation Μ (Li, Na, Zn, and Al)
on the mode of reaction has been noted in many communica-
tions. 201*»215-218 it is therefore evident that the reversibility
of such reactions can be used for synthesis purposes. Indeed,
studies in which alcohols with a specified structure were syn-
thesised by the reaction of such RM with carbonyl compounds
have already been published. 2 1 5 " 2 1 8 For example, when the
aldehydes RCHO are treated with CH2=CHCH=CHCH2M
(M = ZnBr or Li) at the usual temperature, alcohols with a
branched structure are formed exclusively, but, with increase
of temperature and after the replacement of THF by HMP,
the formation of only linear alcohols is observed: 2 1 6

RCHO + CH2=CH-CH=CHCH,M
RCHCHCH=CH, H M p

OHCH=CH, ioo°, l h~

-» RCHCH,CH=CHCH=CH, .

OH

Thus the ability of allylic carbinolates to decompose into
the initial ketone and allylmetal has been established. The
possibility of the cleavage of magnesium carbinolates with
formation of the benzyl Grignard reagent has been compara-
tively recently demonstrated. Throughout many years,
chemists have been interested in the reaction of benzyl-
magnesium halides with aldehydes, in which the formation of
"anomalous" products, namely o-tolylmethanol (XXXVII) 220""22S
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and the diol (XXXVIII) or its dehydration product, 2 2 2" 2 3 1was
observed together with the formation of the so called "normal"
alcohols (XXXVI):

CH.CHR

(XXXVI)

CHj, C H 2

A yCHR CHCHR J

in 0 Η

OH
(XXXVII) (XXXVIII) (XXXIX)

Convincing evidence showing that the diol (XXXVIII) and
possibly also the "normal" alcohol (XXXVI) are secondary
products, whose formation can be explained by the reversible
dissociation of the adduct (XXXIX) arising initially and
subsequent reactions, has been obtained only comparatively
recently. 2 3 2 " 2 3 4

V. THE RETROALDOL CONDENSATION

As shown in Section IV, tertiary alcohols containing a
group R to which corresponds a sufficiently stable carbanion
are cleaved in an alkaline medium, the ease of such cleavage
depending primarily on the stability of the carbanion. It is
quite evident that the alkoxides derived from β-hydroxy-
carbonyl compounds (the products of aldol condensation)
must be unstable, because their cleavage results in the
formation of the enolates of aldehydes, ketones, and esters,
i.e. fairly strong CH acids (pKa = 25-20). 3 1 Indeed, aldol
condensation in an alkaline medium is a reversible process
(Scheme 19) and all its stages are reversible:

Λ β \ ΒΜ ft,

c=o „ "

Scheme 19

(XL)

( i )

(XLI)

(XLI)

(3)

(•<)

(XLI) - , " - C=CHCOR ; <5>

R (XLIV)

a)R' = RJ=Alk or Ar c) R1 = Alk, Ar;

b) R' = Alk, Ar; R2 = Η R2 = OAlk .

In order to obtain the target products, it is therefore neces-
sary to select special conditions. However, in general, one
may say that the condensation is promoted by the use of
strong bases in stoichiometric or even larger amounts [in
order to shift the equilibrium (I) to the r ight] , by the
removal of the condensation product from the reaction sphere
[for example by its precipitation as the carbinolate (XLI) or
the dianion (XLIII)], by a low temperature, and by a short
reaction time.1*'92 Or. tn« other hand, the retroaldol cleavage
will be promoted by the employment of catalytic amounts of

995

bases, by an elevated temperature, by a long reaction time,
and by the presence of trapping agents (for example, water
or alcohol), which are capable of reacting with the enolates
(XL), displacing thereby the equilibrium in stage (J) to the
left. Indeed, retroaldol cleavage is as a rule carried out in
aqueous or alcoholic solutions. In non-aqueous media there
is also a possibility of retroaldol decomposition, because the
initial reactants are more stable than the condensation prod-
ucts. However, since in non-aqueous media the hydroxy-
carbonyl compound (XLII) can itself function as a trapping
agent for the enolate (XL), in the presence of stoichiometric
amounts of bases, whereupon only the carbinolate (XLI)
is present in solution, the retroaldol decomposition may not
occur. Such a situation has been observed for the g-hydroxy-
ester (XLV), which is cleaved by catalytic amounts of H2NNa
in liquid ammonia, but is not cleaved by the stoichiometric
amount of H2NNa: 2 3 5

NaNH2,NH3(liq.) +
Ph2CCH2COOR • PhjCCH,COOR ^ Ph2CO + Na" [CH,COORJ .

OH

(XLV.)

R=Et, iso-Pr, t-Bu.

ONa

As an example illustrating the influence of the reaction time
on the yield of products, one may quote the condensation of
benzophenone with alkyl acetates MeCOOR (R = Et or iso-Pr)
in the presence of equimolar (and larger) amounts of H2NNa
in liquid ammonia. 2 3 5 For a short reaction time (neutralisa-
tion 5 min after the addition of Ph2CO to the enolate),
β-hydroxyesters (XLV) are formed in yields of ~70%, but,
following an increase of the reaction time to 1 h, only the
initial reactants are recovered.

Yet another procedure which is resorted to in order to
shift the equilibria in aldol condensations involves the selec-
tion of the corresponding cations M + . The dependence on the
nature of the cation is the most interesting feature of these
reactions. Thus acetophenone readily condenses in liquid
ammonia with the enolates of alkyl acetates [CH2COOR]M + ,
where Μ = Li or ZnCl, but the adducts are not formed under
these conditions with the Na enolates. Comparison of the
alkoxides (XLVI), know to have been obtained α priori,
showed that the lithium alkoxides are much more stable than
the sodium or potassium alkoxides. Indeed, the sodium salt
(XLVI) decomposes on refluxing in ether for 2 h, while the
lithium or ZnCl salts are cleaved only on refluxing in toluene
or dibutyl e t h e r 2 3 5 · 2 3 6 (Scheme 20):

Scheme 20
Me

PhCOMe+ [CH2COOR]-M+ =*= PhCCH2COOR

I O~M+ (XLVI)

[PhCOCHj]" M+ + MeCOOR -> PhCOCHjCOMe 1

M=Li, Na, K, ZnCl .

We may note that the decomposition of compound (XLVI) can
lead not only to the initial reactants but also to products of
other condensations, for example, to b en zoy lace tone and
acetophenone, which are formed as a result of the trans-
metallation and subsequent Claisen acylation. A similar
influence of the cation M+ has been noted also for the adducts
(XLV). 2 3 5 In the series of the usual alcohols ROH, the
dependence of the stability of the alkoxides on the nature of
the counterion is well known (see Section III) . In the case
of g-hydroxycarbonyl compounds, the dependence of the
stability of the enolate on the nature of the metal is deter-
mined not only by the strength of the O-M bond but also by
the ability of the carbonyl group to form chelates, which
promotes a shift of the equilibrium in the second stage of the
condensation to the right (see Scheme 19). The ability of a
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definite series of metals (Li, Zn, B, etc.) to form stable
chelates is widely used to achieve high regio- and stereo-
selectivities of aldol condensations. *·»237»238 Consequently,
it is best to employ potassium or sodium as the cation for
the retroaldol reaction. An interesting application of the
retroaldol—aldol condensation sequence has been proposed239

for the synthesis of isomeric perhydroazulene hydroxy-
ketones (XLVII)-(L). Depending on M+ in the base (Li, Na,
or K) and the reaction time, it is possible to obtain pre-
dominantly the isomers (XLIX) or (L) or an equilibrium mix-
ture of all four isomers from the isomers (XLVII) and
(XLVIII).239

Thus, when (iso-Pr)2NLi was used in THF, the selective con-
version of the isomer (XLVII) into (XLIX) and of (XLVIII)
into (L) was observed. The stereoselective course of the
reaction was promoted by the low temperature and the short
reaction time. For example, when the isomer (XLVII) is
treated with (iso-Pr)2NLi for 5 min (THF, 20 °C), then the
isomer (XLIX) is formed in 65% yield, but, when the reaction
mixture is kept for 45 min, almost equal amounts of the iso-
mers (XLIX) and (L) are isolated. When the isomer (XLVII)
or (XLVIII) is treated with a methanol solution of NaOH,
virtually identical mixtures of all four isomers are formed,
i.e. equilibrium is established in the system.239

Kinetic study of the decomposition of β-hydroxyketones
(ketols) in an alkaline medium showed that ketols undergo
two competing reactions—decomposition into the initial car-
bonyl compounds and dehydration. 201*~205 Dehydration
(crotonic condensation, Claisen—Schmidt condensation) is
the reaction by means of which it is sometimes possible to
displace the equilibria in such reactions towards the forma-
tion of the products. However, enones can also be unstable
in alkaline media; by combining with the hydroxide anion via
the Michael reaction, they are reconverted into the ketols and
further into cleavage products, the ketol being present in
such cases at a stationary concentration. Under certain
conditions, it is possible to observe also an equilibrium mix-
ture of all the components: 2>i0~2'*5

» HO-.*. R\ _

>C=CHCOR ^ = ^ X-CHCQR
>

(XLIV)

|
OH

(LI)

C-CH 3 COR
l

(XLI)

• decomposition
products.

Each of the processes—dehydration and cleavage of the
ketols into the initial reactants—is of second order overall
and of first order with respect to each reactant (sometimes
even higher with respect to the alkali) and the rate-deter-
mining stages are usually the reactions on the anions (XLI)
and (LI) (Jc_2 and fc_6).2it0"251

Naturally in an alkaline medium not only enones but also
other compounds with an activated double bond are cleaved
(for example, the products of the Knoevenagel condensation).
It has been established qualitatively that the ease of cleavage

R l X
of compounds of the type \c=c/ (LII) ( χ and Υ are elec-

R»/ ~\ Y

tron-accepting groups and R1 and R2 = alkyl or aryl) depends
primarily on the number and strength of the electron-accept-
ing groups X and Υ, which determines the stability of the
carbanions formed. The i'.-asnce of alkyl and aryl groups is

not so great, but alkyl derivatives are as a rule cleaved more
readily than aryl derivatives. The presence of electron-
accepting groups in the substituents R1 and R2 inhibits the
reaction, which is in fact understandable, since the "expel-
ling force" of the group RXR2CO diminishes.252~25" However,
despite the simple and understandable qualitative pictures,
the mechanism of this reaction is fairly complex and depends
significantly on the pH of the medium.256"263 An overall
mechanism of the hydrolytic cleavage of activated olefins
(Scheme 21) has been proposed on the basis of the analysis
of kinetic data for the cleavage of a series of olefins using
a flow technique with spectrophotometric recording: 2 5 8 ~ 2 6 3

γ

_ c / A _ V -

(LII)

>c-c

Scheme 21

- A

OH O"
(LIH) (LIV)

II

\
OH

I
C -
\
or

*LVI

*-LVI

(LV) (LVJ)

The most general mechanism in basic media involves the addi-
tion of the base to the olefin (LII) with formation of the anion
(LIII), which is followed by its protonation to compound (LV),
the formation of the anion (LVI), and its decomposition into
products. In a highly alkaline medium, there is a possibility
of another pathway—the formation of the dianion (LIV) and
its subsequent protonation to compound (LVI) or intramolec-
ular proton transfer in the anion (LIII) with formation of
the anion (LVI). For example, it has been shown that, in
the cleavage of l,l-dinitro-2,2-diphenylethylene in 50% DMSO
(H2O) at pH 13.5, the raterdetermining stage is the protona-
tion of the dianion (LIV); at pH 12.5-13.5, the rate is deter-
mined by the protonation of compound (LIII) and at pH 11—12
it is determined by the attack by the hydroxide ion with for-
mation of compound (LIII); at pH 10, the slow stage probably
involves the attack by water on the substrate (LII). 2 S 9 The
conversion of compound (LV) into the reaction products (in
which the present authors are interested) using the stopped
flow technique can be identified as an independent two-stage
process, 2 5 8~ 2 6 3 the rate-determining stage of which may be
also the deprotonation of the adduct (LV), while the rapid
stage is the decomposition of compound (LVI) into the prod-
ucts. "8.259,263

Table 1. Kinetic data for the retrodecomposition of the
anion (LVI) and for its formation in water at 25 °C. 2 6 1

Kinetic data

*LVl· s"1

fc.LVI. U t r e mol"1

K, mol litre-1
pKa for CH2X2

PhCH=C(CN),

4.66-104

1.70-106

2.74-10-»
11.19

ArCH=C(NO,),·

6 32-102

0.2
3 16-103

10.2

,COO

5.10»

1.09-10»
4.83

*Ar = 3,4-methylenedioxyphenyl.

However, on comparing the rate constants for the decom-
position of the anion (LVI) into the products, it was found
that, for the olefins investigated, there is no correlation
between these rates and the pKa of the corresponding
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hydrocarbons (Table 1). Dicyanomethane is a weaker CH
acid than dinitromethane, while the rate of abstraction of
the dicyanomethyl anion from the adduct (LVI) is higher
almost by two orders of magnitude than the rate of abstrac-
tion of CH(NO 2 ) 2 . 2 6 1 The causes of this are so far not under-
stood. Table 1 also lists the rate constants k-Lvi ^ o r *^ e

condensation stage and the equilibrium constants.
An analogous picture has been observed in the hydrolytic

cleavage of activated olefins by amines. 26k It has been shown
that an adduct of type (LVII) is formed as an intermediate in
this process and subsequently decomposes into the product
26.-267 ( S c h e m e 22).

Comparison of the rates of cleavage of several such adducts
showed that in this case there is no correlation between the
rate of cleavage and the pKa of the hydrocarbon CH2XY.
Thus, as was to be expected, the adduct of the olefin
(LVIII) is cleaved faster than the adduct of the olefin (LIX)
but more slowly than the adducts of benzylidenemalonitrile,
although, judging from the pKa of the hydrocarbon CH2XY,
the opposite sequence should have been obtained (Table 2).

Scheme 22

Ν /"• Ν. — /•'*•
>C=C( -f RR'NH =* >C-C<

/ \γ / | \γ
H'NRR'

:=NRR' + CHXY

/C~C\Y " /<f~CH\Y
NRR' NRR'

(LVII)

: = O + RR'NH + CH2XY

*LVII

Table 2. The rate constants for the decomposition of the
adducts (LVII) with piperidine (RR'NH = piperidine). 2 6 l f

The retroaldol decomposition is frequently an undesirable
side reaction, which must be borne in mind in carrying out
condensations of the aldol or crotonic type. However, this
reaction has also found some applications in synthesis. As
an example, one may quote its use for the cis—trans-isomer-
isation of β-hydroxycarbonyl compounds. 2 6 8 ' 2 6 9 Thus the
trans-dihydronaphthoquinone derivative (LX) undergoes a
base (EtS~ or EtO")-catalysed rearrangement to the cis-
isomer (LXI) via a sequence of retroaldol—aldol condensations
[and conversely (LXI) -+ (LX)]: 2 6 8 ' 2 6 9

SEt

(LX) (LXI)

It has been suggested that the enolates formed in retroaldol
processes be made to react with electrophilic trapping agents
in order to obtain acyclic compounds with functional groups
from cyclic compounds: 27°

The cleavage of unsaturated acids or nitriles is used to syn-
thesise isotope-labelled acids having two carbon atoms less
than in the initial compounds. 2 7 1 The cleavage of β-hydro-
carbonyl compounds and activated olefins can be usefully
employed in all cases where the cleavage products are less
readily available than the initial compounds.9 1»2 7 2

In conclusion, we may note that cases of ready thermal
decomposition of 3-hydroxycarbonyl compounds are known.
Thus the hydroxyketone (LXII) is cleaved quantitatively into
ethyl propionate and 4-oxo-l,2,3,4-tetrahydrophenanthrene
at 150 °C: 2 7 3

Me

HO CH—COOEt

1/

(LXII)

MeCH2CO2Et

α-Menthylpropionic acid is cleaved on distillation:

Me

a
(Me) COaH

n-Pr n-Pr

It has been suggested that a six-membered transition state
is formed on thermal decomposition in the gas phase or in
inert solvents: 2 7 5

·, κ,. v-

Me2CO

Li» j
Me 2CO

The examples listed above do not exhaust the possible types
of cleavage of C—C bonds in alkaline media. Fairly numerous
complex reactions involving to some extent retrodecomposition
(retro-Claisen, retroaldol, etc.) stages, examined above, are
known. We shall quote here several such reactions which
are of practical importance. For example, the cleavage of
unsaturated aliphatic acids constitutes a method of synthesis
of saturated acids having two carbon atoms less than the
initial acids: 2 7 6

Me (CH,), C H = C H (CH,)7 CO,H "My-38°r-> Me (CH,),4 CO,H + CHSCO,H + H, .

By heating cyclohexene-1-carboxylic or cyclohexene-3-car-
boxylic acid or their nitriles with alkalis in autoclaves at high
temperatures (250-350 °C), pimelic acid is obtained: 2 7 7 " 2 7 9

—CO,H-

-CO.H '

HOOCfCHJjCOOH
80%
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Azelaic acid is obtained in exactly the same way from cyclo-
octene-1-carboxylic and eyclooctene-4-carboxylic acids . 2 8 0

In most such reactions, the mechanism cannot be always
readily traced, although it is evident that the unsaturated
acids isomerise to αβ-unsaturated acids, combine with water
via the Michael reaction, caul the resulting hydroxyacids are
dehydrogenated to ketoacids, which then undergo the retro-
Claisen decomposition.

The cleavage of ricinoleic acid (obtained by hydrolysing
castor oil) to sebacic and ω-hydroxydecanoic acids, which
has found an application in industry, is even more complex:281

Me (CH 2) 5CCH 2CH=CH (CH2)7 COOH—
I

OH

Me (CHjij COCH3 + HOCH2 (CH 2), CO2Na ,

- Me (CHi'i CH (OH) Me + NaOOC ( C H J , COONa.

The mechanism of this reaction is unknown.
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I. INTRODUCTION

One of the most important scientific developments involv-
ing the application of computers in chemistry is the search
for ways of synthesising organic compounds with the aid of
a computer, which has come to be referred to in the literature
as "computer-assisted synthesis", abbreviated to CS. Since
1969, when the paper of Corey and Wipke,1 giving a descrip-
tion of the first program for computer-assisted synthesis, was
published, this field has developed fairly rapidly and at the
present time one may speak of CS not as a set of individual
developments but as a major field of science (see, for example,
the relevant reviews2"7 ) .

The aim of the present review is to cover the principal
aspects of the problem of CS. At the same time we have not
included in the review the general problems of the strategy
and planning of synthesis, because they have already been
adequately dealt with in the literature. 8> 9 On the con-
trary, in the present review we shall as far as possible take
into account the specific computer-dependent features of
the search for methods of synthesis with the aid of a com-
puter. We thought it more useful to differentiate the key
factors in the creation of programs for the solution of prob-
lems in CS without going into the details of the formulation
of algorithms and the machine execution of specific programs,
because the number of CS programs is fairly large and is
continuously growing. We believe that, within the framework
of the selected structure of the description, it will be possible
to define clearly the similarities and differences between the
existing CS programs and to elucidate the fundamentally
new features of a particular approach.

In the concluding part of the review, we shall examine the
main principles of the "FLAMINGOES" computer system which
we have developed and which can be used, in particular, also
for the solution of problems in the planning of synthesis.

It is noteworthy that, like any new field of science, CS
has no established universal terminology, which is a signifi-
cant obstacle to reviewing the relevant data. In the present

review, an attempt has been made to present the main aspects
of CS in terms of a more unified terminology, which embraces
the most apt and accurate, in our view, formulations.

I I . FORMULATION OF THE PROBLEM.
TREE"

"THE SYNTHESIS

Suppose that a certain compound has been specified for
which it is necessary to find the possible methods of synthe-
sis from other, precursor compounds. In this case we solve
the problem of planning the synthesis in the reverse (retro-
synthetic) direction.x It is also possible to formulate the
opposite problem of the forward (synthetic) planning of the
synthesis, i .e. the problem of finding the possible ways in
which the given compound or set of compounds reacts and
the reaction products.1 The compound specified (set of
compounds) will henceforth be referred to as the chemical
system (ChS); as a rule, in the retrosynthetic approach the
chemical system includes only one compound while in the
direct planning of synthesis there are one or several com-
pounds.

The result of the execution of a CS program in both the
forward and reverse directions of the search is the con-
struction of the "synthesis tree", i .e . a graph whose vertices
correspond to the initial, intermediate, and final compounds
but whose edges represent the chemical reactions in the
course of which these compounds are interconverted. If
the computer search is carried out in the reverse (retro-
synthetic) direction, then the "synthesis tree" is a schematic
representation of the possible ways of synthesising the
specified chemical system from initial compounds via the
intermediate formation of the precursors of the specified
chemical system. If the search is carried out in the forward
(synthetic) direction, then the "synthesis tree" can be inter-
preted as the "reactions tree", i .e. as the schematic repre-
sentation of the possible ways in which the specified chemical
system can react.
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"The synthesis tree" is constructed as follows in the
course of the execution of the CS program. The structure
of the compound incorporated in the specified chemical
system is introduced into the program. The program gener-
ates a set of precursors of the specified chemical system on
the basis of empirical or logical instructions inherent in
the program. This procedure can be repeated for all or
some of the structures generated in the first stage and so
on until certain specified conditions governing the completion
of the construction of the "synthesis tree" have been ful-
filled.

The most important and fundamental factor in CS is the
formal treatment and coding of human thought, i .e. without
the ideas and reasoning with which the organic chemist
operates in selecting or assessing chemical reactions. All
the computer systems existing at present for the planning
of synthesis constitute only the first and probably fairly
tentative steps towards the solution of this fundamental
problem. Indeed, so long as a rigorous general theory of
organic chemistry has not been created not only an exact
prediction of the results of a certain reaction but also the
α priori assessment of the possibility of the occurrence of
this reaction is impossible.10 Nevertheless, the attempt to
reproduce with the aid of the computer all the logical,
empirical, and intuitive considerations by which the organic
chemist is guided in planning a synthesis appears very useful
as a basis for the creation of an artificial intelligence in
organic chemistry.

Using the terminology introduced, it is possible to define
the task of selecting and assessing the methods of synthesis
as one involving the reduction of the "synthesis t ree" , 1 1

i .e. the elimination from the latter of chemical reactions and
compounds which do not satisfy particular selection criteria.
The selection criteria make it possible to diminish greatly
the "synthesis tree" and also to organise the generation of
the precursor of a given chemical system in such a way that
the program generates in the first place the most probable
or the most interesting methods of synthesis. The selection
criteria are most effective if they operate at the early stages
of the construction of the "synthesis tree".

The "synthesis tree" can be constructed under different
conditions: (a) non-interactively when the program effects
the search, after the input of the necessary initial informa-
tion, without the interference of the user and without requir-
ing additional information; (b) interactively when the pro-
gram cannot adopt "independently" a solution in certain
situations and turns to the human operator for assistance.
Ideally, the CS program should generate the optimum "syn-
thesis tree" without the involvement of the user, but the
real situation in theoretical organic chemistry makes it
possible to solve under automatic conditions only fairly
narrow problems or it requires the introduction into the
program of very rigorous limitations, which inevitably leads
to the loss of interesting results.

At the present time CS is developing in the direction of
increasing the "independence" of programs, although the
commonest computer systems provide also for the possibility
of an interactive search.

I I I . PRINCIPAL PROGRAMS FOR COMPUTER ASSISTED
SYNTHESIS

As already stated, the aim of the present review is
to cover the main aspects of the given scientific field as a
whole. The specific features of the tasks to be performed
by CS define the main problems on which attention should
be concentrated: (a) the representation and analysis of

the chemical structure in CS programs; (b) the representa-
tion and analysis of chemical reactions (transformations) in
CS programs; (c) the selection criteria in CS programs. To
facilitate the understanding of the data described below, we
quote a brief compilation of the main CS programs with an
indication of the leaders of the project, the Company, and
the literature references (the most novel computer develop-
ments are designated by an asterisk).

"AHMOS"* (Automatisierte Heuristische Modellierung
Organisch-chemischer Synthesen); Weise (GDR). 1 2" 1 5

"ASSOR" (Allgemeines Simulations-System Organischer
Reaktionen); Schubert [Federal Republic of Germany
( F R G ) ] . 1 6 ' 1 7

"CAMEO"* (Computer-Assisted Mechanistic Evaluation
of Organic Reactions); Jorgensen (USA). 1 8" 2 6

"CASP" (Computer-Assistierten Synthese Planung);
developed by a Company (FRG, Switzerland).6

"CHIRP" (Chemical Engineering Investigation of Reaction
Paths); Agnihotri and Motard (USA). 2 7

"CICLOPS" (Computers in Chemistry, Logic Oriented
Planning of Syntheses); Ugi and Gasteiger (FRG). Ά

"EROS"* (Erzeugung von Reaktionen fur die Organische
Synthese); Gasteiger (FRG). 2 9 ' 3 0

"FLAMINGOES"* (Formal-Logical Approach to Molecular
Interconversions. Non-empirical Generation, Orientation
and Evaluation of Syntheses); Zefirov (USSR).31"31*

"LHASA"* (Logic and Heuristic Applied to Synthetic
Analysis); Corey (USA). 35"' t l

"MASSO"; Moreau (France). **
"MATCHEM" (MAThematical model of constitutional

CHEMistry); Ugi and Gasteiger (FRG). 2 8

"OCSS" (Organic Chemical Simulation of Synthesis);
Corey and Wipke (USA).1

"PASCOP" (Programme d'Assistance a la Synthese des
Composes OrganoPhosphores); Kaufmann and Choplin
(France).*3""8

"REACT"; Carhart, Smith, and Djerassi (USA).1*9'50

"REACT" (REACTion path synthesis program for the
petrochemical industry); Govind and Powers (USA).5 1

"SECS"* (Simulation and Evaluation of Chemical Synthesis);
Wipke (USA). U

"SOS" (Simulation of Organic Synthesis); Barone and
Chanon (France). 52~5lf

"SYNCHEM"* (SYNthetic CHEMistry); Gelernter
(USA).5 5"5 8

"SYNGEN"* (SYNthesis GENeration); Hendrickson
(USA).5 9"6 1

"TOSCA"* (TOpological Synthesis design by Computer
Application); Sander (FRG). ffi

Bersohn's program* (Canada). 6 3" 6 5

Whitlock's program (USA). *
"EPOS"* (Empirical Planning of Organic Synthesis);

Koptyug, Smirnov, and Piottukh-Peletskii (USSR).6 7

Many of the programs listed are not fully novel develop-
ments, but constitute modifications of programs developed
previously, specially designed for the solution of narrower
problems than the prototype programs. Thus Whitlock's
program and the "SOS" and "PASCOP" systems are based on
the same principles as the "LHASA" and "SECS" programs
but are designed for the investigation of narrower fields of
organic chemistry, such as the synthesis of acyclic struc-
tures , the chemistry of heterocyclic compounds, and the
chemistry of organophosphorus compounds. The "SECS"
program is also the basis of the "CASP" computer system.
We shall base the subsequent exposition mainly on novel
developments (designated by an asterisk), omitting the non-
fundamental modifications of programs and obsolete versions
such as "OCSS" (see the newer programs "LHASA" and
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"SECS"), "CICLOPS", "MATCHEM" (see the program "EROS"),
and "MASSO" (see the program "SYNGEN").

The programs "REACT" and the "CHIRP", "ASSOR",
"AHMOS", and "CAMEO" systems occupy a special place
among the computer systems enumerated. The program
"REACT" (Carhart, Smith, and Djerassi) is an auxiliary
component of the "CONGEN" system designed to establish
the structure of an unknown compound from spectroscopic
and chemical data. The "REACT" system (Govind and
Powers) is in many respects similar to the "LHASA" and
"EROS" programs but is specially designed for the investi-
gation of chemical engineering processes.

The "AHMOS", "CAMEO", and "ASSOR" programs repre-
sent the "mechanistic" tendency in CS. The "AHMOS" and
"CAMEO" systems search exclusively in the forward (syn-
thetic) direction generating not the methods of synthesis of
chemical compounds but the possible ways in which the
specified, chemical system can react taking into account the
reaction mechanisms and the laws of physical organic chemi-
stry. The "ASSOR" program has many features in common
with the "EROS" system (they sprang from a common root—
the "MATCHEM"-"CICLOPS" systems), but "ASSOR" is dis-
tinguished by a more detailed stage-by-stage examination of
the transformations generated in the specified chemical
system. The machine search in the "ASSOR" systems can
be prosecuted in both the synthetic and retrosynthetic direc-
tions, in contrast to the "AHMOS" and "CAMEO" programs.
For the description of the "FLAMINGOES" and "EPOS"
programs, see Sections VIII and VI respectively.

IV. REPRESENTATION AND ANALYSIS OF CHEMICAL
STRUCTURES

As already stated, the functioning of any CS program
begins with the input of certain initial data based on infor-
mation about the structure of the specified chemical system.
Virtually all CS programs have at the present time the
facility for the input of the structure of a specified CS in the
form of a figure with the aid of special graphical devices
(graphical display, light pen, e tc . ) . ω The figure is input
as a rule in the form to which the user is most accustomed.
The graphical information obtained is transformed into an
internal representation of this structure in the program. We
shall consider the main principles of the coding of the molec-
ular structure in computer programs, because even at this
stage it is possible to determine which particular aspects of
molecular structures are the most important for the solution
of CS problems.

Any CS program takes into account in the first place the
types of atoms in the specified chemical system and the bonds
between them, including the multiplicity of the bonds. In
other words, a common feature of all the programs is the
representation of the structure by a chemical multigraph and
its Adjoint matrix.6 9 In a number of CS programs, the so
called "connection tables", based on the Adjoint matrix of
the corresponding multigraph, are used 1 · 7 0 for the descrip-
tion of the structure of a chemical compound. The connec-
tion tables can also contain additional information about the
specified chemical system, for example, they can describe
the stereochemical characteristics of the structure11·2'*»1'0'71"75

and atomic charges. 18,3V°>53 in the "SYNGEN" program,
the description of the specified chemical system includes
only the atoms of the skeleton and the bond between them.
Furthermore, for each atom of the skeleton provision is made
in the connection table for a "functionality" column, indicat-
ing the character of the bonds between the given atom and
particular functional groups ( F G ) . 6 1 ' 7 6

The "EROS" program retains the description of the struc-
ture in the form of a BE matrix, which indicates the bond
orders between the atoms of the specified chemical system
(non-diagonal elements) and the number of free electrons in
the outer valence shell of each atom (the matrix diagonal).2 9

The "SYNCHEM" program5 5 uses both the usual repre-
sentation of structures in the form of connection tables and
in the form of the Wiswesser line-formula notation (WLN).
The description of the specified chemical system in the form
of a connection table is used in the analysis and transforma-
tions of structures, while the Wiswesser notation is convenient
for the storage and compilation of structural data banks and
libraries. Furthermore, the programs are associated with
the library of available substances, compiled on the basis of
the catalogue of the Aldrich Company in which the reagents
are described precisely with the aid of the Wiswesser notation.

In the course of the analysis of the structures forming
part of the composition of the specified chemical system, the
CS programs extract additional information necessary for
further work, namely the characteristic features of the
structure of the skeleton (the number and interlinking of
the rings and chains), the number and form of the FG, the
symmetry of the structure, stereochemistry, etc. The
structure is analysed as a rule under automatic conditions
in a special recognition unit. 77~87

V. EMPIRICAL AND NON-EMPIRICAL COMPUTER-ASSISTED
SYNTHESIS

Before proceeding with the description of various ways
of representing chemical reactions in CS programs, one
should note that there are various types of access to these
formalised descriptions. At this stage it is in fact possible
to differentiate two fundamentally different approaches: the
empirical CS, where the transformations of a specified chemi-
cal system are effected on the basis of coded information
about known organic reactions, and the non-empirical CS,
where the transformations are generated by logical-com-
binatorial procedures without resorting to factual information.
In the former case, chemical reactions must be compiled
beforehand in the form of a library, while in the latter a set
of logical instructions and/or a combinatorial algorithm,
which directly generates the transformations, is used to search
for the transformations in the specified chemical system.

The advantage of the empirical approach is that the pro-
gram predicts as a rule entirely probable methods of syn-
thesis and the majority of the selection criteria are contained
implicitly in the description of each specific reaction. On
the other hand, such programs are linked to a specific
library of reactions and are incapable of suggesting a funda-
mentally new synthetic pathway or finding a new reaction.
The non-empirical CS programs are free from this disadvan-
tage, but they require the inclusion in the program of
rigorous selection criteria in order to avoid the generation
of unrealistic or chemically uninteresting results. At the
present time many non-empirical CS programs include also
the interaction with data banks by resorting to which it is
possible to assess chemically the results obtained, i .e. it is
possible to realise an empirical selection criterion.1 3·1 8»6 1

V I . REPRESENTATION AND ANALYSIS OF CHEMICAL
REACTIONS

The main stage in the computer-assisted planning of syn-
thesis is the search for reactions effecting transformations
in specified chemical systems. It is significant that, for
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the solution of the problem of retrosynthesis, it is essential
to consider retroreactions ("antithetical reactions" or
"transformations"1), i .e. reactions which are the opposite
of those which result in the formation of a specified chemical
system. Different terminology is used in the literature for
the designation of such reactions. Strictly speaking, the
term "redistribution of bonds" reflects most accurately the
formalised character of the representation of chemical
reactions in CS programs, but in the present review we
shall employ the term "transformation" as the most widely
used.

The majority of CS programs refer to the empirical
approach and use in their execution libraries of transforma-
tions (LT). 1 ' 1 1 ' '* · 1 *' 5 0 ' 5 1 ' 5 3 ' 5 7 · '* ' 6 6 It is possible to differ-
entiate the following common features of all LT. Firstly,
the description of the transformation includes the enumera-
tion of the structural fragments which must be present in
the specified chemical system in order that the given trans-
formation can be effected. Secondly, the description contains
a set of different tests, which determine the possibility, in '
principle, of effecting the given transformation in the specific
chemical system and /or determine the priority ("rating") of
the transformation described. Furthermore, the description
also includes a list of the structural changes which must be
carried out in order to generate the structures corresponding
to the result of the application of the given transformation
to the specified chemical system. Finally, an identifier must
be present for each transformation.

The aspects listed above are characteristic of all LT
described in the literature, 1 1 ' ' ' 0 ' 5 5 ' 8 8 but, depending on the
specific features of the concrete CS program, the description
of the transformations can be supplemented by additional
information. For example, in the "LHASA" and "SECS"
programs, a "character" is attributed to each transformation,
i.e. an abbreviated specification of the structural changes
in the specified chemical system induced by the given trans-
formation (the formation or dissociation of a bond, ring
opening or closure, the introduction, removal or modification
of FG, e t c . ) . u ' w Furthermore, the LT of the "LHASA" and
"SECS" programs contain information about the reaction
conditions (temperature and auxiliary reagents) and also ι
literature references. In the "REACT" system (Govind and
Powers), a much attention has also been devoted to the
description of the technological conditions for the successful
occurrence of specific processes.

The description of transformations in Bersohn's program
includes the indication of the yield of the corresponding
synthetic reaction and additional tests analysing the correct-
ness of the structures obtained as a result of the given
transformation.8 8

The "LHASA"39""1 and "SECS"1 1 programs have the largest
and most highly organised LT. The transformations are
recorded in these libraries in special languages (CHMTRN
in the "LHASA" program and ALCHEM in the "SECS" pro-
gram ), which combine the rigorous logical constructions of the
algorithmic machine language and an English vocabulary com-
prehensible to the chemist.

Gelernter uses a different form of description of trans-
formations , which is closer to the machine interpretation. K

The set of tests which must be performed on the structure
of the specified chemical system is represented by Boolean
functions. 8 9 As a result of the successive operation of these
functions, special codes are produced, which enables the
program to reach a conclusion about the applicability of the
transformation, to attribute to it the appropriate rating, or
to report that another transformation must be resorted to in
a preliminary step.

the "EPOS" system, the first empirical CS program in the
USSR, is being developed at the Scientific-Information Centre
for Molecular Spectroscopy of the Novosibirsk Institute of
Organic Chemistry of the Siberian Division of the USSR
Academy of Sciences.6 7 The program is designed for retro-
synthetic planning of organic synthesis using a library of
transformations; in terms of the form of access to the LT,
the system is similar to Gelernter's program.

In contrast to the empirical CS programs, in the programs
based on the non-empirical approach, the transformations of
a specified chemical system are effected as a result of the
application of certain logical instructions and not on the basis
of a bond redistribution scheme obtained from the LT. 1 3 ' 1 6* 1 8 '
27,28-34, "f2 , 6 1 , 62

The "EROS" and "TOSCA" programs employ sets of "reac-
tion generators", i .e. instructions which describe in the most
general form the bond redistribution in the course of chemical
reactions.2 9»3 0'6 2 In the latest version of the "EROS" pro-
gram , 3 0 five reaction generators are used, which when
combined describe the majority of organic reactions:
(1) X: + I-J -> I-X-J; (2) I-X-J -• X: + I-J; (3) I-J +
K-L •*• I-K + J-L; (4) I-J + K-L + M-N + N-I + J-K +
L-M; (5) I-J + K-L + X:-> J: + I-K + L-X, where I, J, K, L,
M, and Ν are reaction centres, i .e. atoms linked by bonds
which undergo a change in their order by unity. The dis-
sociation of the "bond" between the centres I and J in the
reaction generator can imply both real dissociation and a
decrease of the bond order in the specified chemical system:
analogously the formation of a "bond" in the reaction gener-
ator can correspond both to the real formation of a bond and
to an increase of the multiplicity of the bond already present.
The centre X: corresponds to an atom whose valence changes
by two units in the course of the reaction, for example, the
carbene centre in the carbene addition reaction. The func-
tioning of the "TOSCA" program is based on reaction genera-
tors analogous to the generators (3) and (4). An additional
transformation of the type I—J—Κ + L—Μ -*• I—K + L—J—Μ is
also used. K

Evidently the same reaction generator can give rise to
different chemical reactions for different centres and bonds
in the chemical system. For example, the generator (3) can
correspond both to addition to the double bond and to a sub-
stitution reaction. Thus reaction generators applied to a
specific chemical system can give rise, together with well
known reactions, to completely new transformations.

The description of the reaction mechanism constitutes a
specific feature of the "ASSOR" program,16»17 which operates
with only four transformations (principal reactions). These
transformations correspond to oxidation—reduction processes
(Γ + J t I + J' and Γ + J + t I + + J~) and to dissociation-
association processes ( I-J t + I++ J~ and I-J t Γ+ J + ) , which
are represented in the most general form. Such representa-
tion of the transformations is in many respects analogous to
the reaction generator in the "EROS" program, aut the
"ASSOR" system pays more attention to the reaction mecha-
nism, which entails an increase of the number of CS stages.
For example, four search stages in the "ASSOR" program
correspond to the result of the operation of the generator (3)
(one stage of the machine search in the "EROS" program).

The "AHMOS" system12'13 uses a formalised representation
of organic reactions, which is also in many respects analogous
to the representation of reactions in the "EROS" program.
The principal differences consist in the fact that, firstly,
the transformations in the "AHMOS" program are more speci-
fic than the reaction generator, because they contain an
indication of the type of reaction centre (electrophile, nucleo-
phile, etc). Secondly, the transformations in the "AHMOS"
program correspond in fact to the elementary stages of
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organic reactions and not to the overall result of the process.
Weise13 considers the transformations corresponding to the
following processes:

(1) addition: Ε + Nu -»• E~-Nu+;
(2) substitution: EFABG-NFABG + Nu -»• EFABG-Nu+ +

"NFABG;

(3) dissociation: EFABG-NFABG •*• +EFABG + "NFABG;
(4) protonation: X-H + Nu -»• X" + Nu+-H;
(5) sextet rearrangement; Y-X-Z -»· X+-Z~-Y;
(6) polarisation: X"-Z -*- X =Z~ or X~-Z =Y+ -»• X =Z-Y;
(7) electrophilic substitution: Ε + H-C(Ar) -»• E~-C(Ar) +

H + ;

(8) elimination: Nu + H-X-EFABG-NFABG •*• X =EFABG +
H-Nu+ + "NFABG.

Here Ε is an electrophile, Nu a nucleophile, EFABG and
NFABG are respectively electrofugitive and nucleofugitive
leaving groups, and X, Y, and Ζ are other reaction centres
(Z is a sextet atom).

The non-empirical CS program "FLAMINGOES"31"3" can
operate with both multistage chemical reactions (with an
arbitrary degree of complexity) and with individual stages
of the mechanism. The universality of the "FLAMINGOES"
computer system compared with other non-empirical CS pro-
grams is achieved by using not an individual extremely
limited set of reaction generators but a general combinatorial
algorithm in the course of the execution of which the most
varied chemical reactions and/or reaction stages can be
generated, including completely new or little investigated
processes (for a more detailed description of the "FLAMIN-
GOES" system, see Section VIII).

The program "SYNGEN"60'61 is based on a novel classi-
fication of organic compounds by Hendrickson. 90~95 This
system is also based on the claim that the majority of organic
reactions can be represented as a change in the immediate
environment at one or several carbon atoms on passing from
the initial compounds to the products (or in retrosynthesis
on passing from the specified chemical system to the pre-
cursors). It is suggested that the entire wide variety of
the possible environments of a carbon atom can be expressed
by four bond types:

(1) type H: σ-bond with a hydrogen atom or an atom
less electronegative than hydrogen;

(2) type R: σ-bond with another carbon atom;
(3) type Π: π-bond with another carbon atom;
(4) type Ζ: σ- or π-bond with an atom more electro-

negative than hydrogen.
The number of bonds of each type is designated respec-

tively by h, σ, π, and ζ; evidently, 1ι + σ + π + ζ = 4.
Hendrickson calls the sum f = π + ζ the functionality of the
carbon atom. In this system any reaction will be defined
if the change in the environment at all the carbon atoms on
passing from one chemical system to another is specified.
For an individual carbon atom, this change is designated by
two letters: the first characterises the type of bond formed
and the second the type of bond ruptured. Thus altogether
there is a possibility of 4 χ 4 = 16 types of structural changes
at the carbon atom.

Hendrickson divided the entire set of organic reactions
into three classes. The first class includes constructive
reactions, i .e. reactions as a result of which the carbon
skeleton of the organic compound is altered. Constructive
reactions involve three types of structural changes: RH,
RII, RZ. The trans-functionalisation reactions (the intro-
duction , elimination, or alteration of the FG), including nine
types of structural changes, namely HH, HZ, ZH, ZZ, ΠΗ,
ΠΖ, ΗΠ, ΖΠ, and ΠΠ, belong to the second class. The
remaining four types of changes in the environment of the

carbon atoms refer to destructive reactions, which are not
used in the "SYNGEN" program.

Among all the constructive reactions, the "SYNGEN" pro-
gram employs only those in the course of which a single
C—C σ-bond is formed and the environment changes at not
more than three carbon atoms in the chain on either side of
the bond formed. For such constructive reactions and also
for the trans-functionalisation reactions, lists of instructions
are stored in the program in a coded form and ensure the
execution of the necessary transformations in the specified
chemical systems; these instructions are also referred to as
half-reactions. On the one hand, the compilation of such
instructions does not involve the use of factual data from
organic chemistry, but, on the other, the set of possible
half-reactions is stored in the computer memory like the
libraries of transformations in the empirical CS programs.
Consequently Hendrickson's method is to some extent inter-
mediate between the empirical and non-empirical CS.

V I I . THE SELECTION CRITERIA

In the previous Sections it was shown how the chemical
information in the known computer systems is formalised and
coded. However, as already stated, the most important
problem in CS is the creation and formalisation of selection
criteria whose operation in fact imparts to the CS programs
the features of an "artificial intelligence".

In empirical CS programs, the selection criteria can be
used in three main stages of the search: (1) the choice of
a definite "strategy of the synthesis", which limits the
number and form of the transformations available in the LT;
(2) the assessment or grading of concrete transformations
before their use in the specified chemical system; (3) the
assessment or grading of concrete precursors of the given
chemical system obtained as a result of the transformation.

"The strategies of the synthesis", which make it possible
to direct the machine search in a specified direction, have
been developed to the greatest extent in the "LHASA" and
"SECS" programs. We shall list the main types of such
strategies.1 1 '3 5 '3 9""1

1. "The strategy of applicability", i .e. the search in the
LT for all the transformations which are applicable to a
specified chemical system. The main disadvantage of this
strategy consists in the fact that large classes of transfor-
mations, such as the introduction, removal, or modification
of FG are almost always applicable, which leads to an appre-
ciable growth of the "synthesis tree". u > 3 5

2. Strategies designed to achieve the transformations,
i.e. the search in the LT for known sufficiently reliable
reactions with the aid of which it is possible to carry out an
elegant synthesis of specified chemical systems. l f l Such
reactions include, for example, the following processes: the
Diels—Alder reaction, the Robinson annelation, the Aldol
condensation, and sigmatropic rearrangements. Another
variety of strategies designed for transformations consists in
the construction with the aid of the simplest, "mechanistic"
transformations (the addition of a proton, the removal of a
proton, etc.) of the possible mechanisms of the formation of
the specified chemical system. "*x

3. Structurally oriented strategies, i.e. the search for
transformations leading precisely to precursors of the
specified chemical system which contain definite structural
fragments. u» l f l

4. Topological strategies, i.e. the search for transforma-
tions leading to the rupture of one or several "strategic"
bonds as a result of which the structure of the initial chemical
system may be appreciably simplified.11»1*1'96
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5. Stereochemical strategies, i.e. the search for trans-
formations with the aid of which it is possible to synthesise
the specified chemical system with a definite configuration
of all the stereocentres. ^

6. Strategies oriented towards functional groups, i .e. the
search for transformations which effect the introduction,
removal, protection, or modification of FG. This strategy
usually precedes the application of other strategies, whose
direct application is frequently difficult precisely because of
the presence in the specified chemical system of concrete
functional g r o u p s . u ,1*1.97-"

The selection of a definite strategy can be achieved auto-
matically or with participation of the user. The application
of several strategies makes it possible as a rule to find
extremely effective and elegant methods of synthesis. M)>lfl

In the programs of Bersohn6 3 '6 4 and Gelernter 55~57 access
to the LT is achieved on the basis of data obtained in the
course of the analysis of the structure of the specified
chemical system or, in other words, "the strategy of appli-
cability" is carried out. In Bersohn's program, the applica-
tion of this strategy is rigorously ordered. Firstly, all
the structural fragments found by the computer in the
recognition unit receive different ratings. The highest
rating is given to structural fragments in the formation of
which the greatest number of bonds are formed simultan-
eously, as happens, for example, in the formation of a
three-membered ring in the Simmons—Smith reaction and of
a six-membered ring in the Diels—Alder reaction.

Secondly, the reactions in each section of the LT are also
arranged in order of decreasing priority of the correspond-
ing synthetic reactions. The highest rating is given to the
reactions involving the introduction of FG; next follow the
reactions leading to the construction of the molecular skele-
ton , the isomerisation reactions, and the reactions leading
to the protection of the FG, the removal of the protection,
the modification of the FG, and the elimination of the FG.
Fragmentation reactions have the lowest rating, because the
corresponding transformations complicate the structure of
the specified chemical system. ft

One of the most fundamental and hitherto unsolved
problems of organic chemistry—the problem of the α priori
estimation of the probability of the occurrence of the
reaction—is solved in CS programs with the aid of formal
and empirical selection criteria. The transformation is
regarded as formally feasible if the given chemical system
contains a structural fragment formally essential for the
execution of the given transformation. Empirical selection
criteria are based on a more profound analysis of the struc-
ture of the specified chemical system, the reaction conditions,
the reactants, etc. The final assessment (rating) of the
transformation is determined as a result of a series of tests,
which are as a rule contained in the description of the
transformation itself.11-39 >1*0'55'88 The information obtained
in the recognition unit is most actively employed precisely
at this stage. For a more detailed analysis of the trans-
formations, additional information may be resorted to.

Additional selection criteria have been developed most in
the "SECS" program. u Thus the applicability of a particular
transformation from the LT is determined not only by the
results of the tests contained in the description of the
transformation but also in conformity with a specified "list
of aims", which contains information about the required
changes in the skeleton on the FG. In conformity with this
list, the transformations of the LT are rejected if the charac-
ter of the transformation does not correspond to any of the
"aims" in the list. If the transformation satisfies the given
criterion but the structural fragment indicated in the descrip-
tion of the transformation differs from the structural fragment

of the specified chemical system only by the presence and /or
type of FG, then, before the direct application of the trans-
formation, the "SECS" program carries out the necessary
modification of the structure (in the "LHASA" program the
strategy oriented towards the FG operates analogously).

In the first version of the program "SECS" much attention
was already devoted to allowance for the steric and electronic
effects in assessing a specific transformation. The sub-
program "SYMIN" constructs in the computer memory a three-
dimensional model of the specified chemical system using cal-
culations by the method of molecular mechanics. In order
to estimate the probabilities of reactions with participation
of coupled systems, the calculations of molecular orbitals by
the Huckel method are used. Depending on the results
obtained, the rating of the transformations selected from the
LT may be altered.

An important criterion of the applicability of selected
transformations is a test designed to show that the conditions
favourable for the occurrence of the corresponding synthetic
reaction would induce undesirable changes in the specified
chemical system. The "SECS" program analyses the sensi-
tivity of various FG under the conditions of the given reac-
tion and selects the protecting reagent. If the reaction
conditions and the structure of the specified chemical system
preclude a satisfactory protection of the FG, the transforma-
tion is regarded as unsuitable.

In the absence of information about the symmetry of the
specified chemical system, the application of the same trans-
formation to a structure having several symmetry elements
inevitably leads to the duplication of results. The "SECS"
program determines the entire symmetry group of the three-
dimensional model of the specified chemical system, which
makes it possible to generate subsequently only non-equi-
valent results.

Bersohn's63'61* and Gelernter's 55~57 programs operate non-
interactively, generating the methods of synthesis of the
specified chemical system without interference by the user.
Consequently the selection criteria underlying these programs
must be more rigorously formalised than the criteria in the
"LHASA" and "SECS" programs. Thus in Bersohn's program
the transformations within a single class of priority are
assessed by a special rating which is higher the higher the
yield of the corresponding synthetic reaction. Μ

In an earlier study, Bersohn and co-workers63 used addi-
tional criteria for the assessment of individual stages of the
synthesis. Each transformation received its rating, which
was characterised in terms of arbitrary units by the "simpli-
fication "/"cost" ratio. The value of "simplification" increased
if the transformation resulted in a decrease of the number
of rings, the number of FG, and the number of non-hydrogen
atoms. The "cost" depended on many factors, including the
yield of the reaction.

In the "SYNCHEM" program55"57 each transformation is
assessed rigorously in conformity with a set of tests in the
form of Boolean functions. These tests embody many of the
heuristic rules by which the chemist is guided in assessing
a chemical reaction. On the basis of the results of these
tests, the initial rating of the transformation can be altered
(for example, it can be increased if a conjugated activating
group is present or it can be reduced if the transformation
is interfered with by steric hindrance). The successive
application of the Boolean functions can result in a partial
modification of the very scheme of the transformation. For
example, if a FG sensitive to the reagent used during the
reaction is found, then the program can introduce another
reagent or can resort to a procedure involving the protection
of the FG.
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Together with the assessment of the transformations, the
precursors themselves are assessed in empirical CS programs.
For example, in the "SECS" program11 different variants are
rejected with the aid of the following structural selection
criteria: the breakdown of Bredt's rule; the presence of
an antiaromatic system; the presence of a cumulated system;
a triple bond in a small ring; a trans-olefin in a small ring;
a cyclic system with a bridge in the trans-position; trans-
condensed three-membered rings; an incorrect valence of
an atom; two charges of identical sign on different atoms;
an unstable combination of FG. Analogous selection criteria
for structures are applied in the majority of both empirical
and non-empirical CS programs.

Apart from the criteria testing the formal correctness and
"chemical significance" of the structure generated, a very
effective criterion, determining the completion of the con-
struction of the synthetic chain in the specified chemical
system, is used in a number of non-interactive CS programs
designed for retrosynthesis.55»56»60'61'63'61* In order to apply
this criterion, the program must be supplemented by a special
data bank—the library (catalogue) of the available substances
(DBS). If the structure of the successive precursor gener-
ated in the course of the machine search is identical with
one of the structures stored in the DBS, the construction
of one of the possible synthetic pathways is regarded as
completed. Bearing in mind that the reactions leading to
the introduction, removal, or modification of FG play a
secondary role compared with the reactions involving the
construction or modification of the skeleton, one may assume
that agreement to within the number and form of the FG is
sufficient to satisfy the given criterion. 6 0 ) 6 1

The main problem encountered by non-empirical CS pro-
grams is that of the selection from the entire set of the
possible synthetic pathways of the most probable and inter-
esting from the chemical point of view. In the non-empirical
programs, it is possible to differentiate subproblems in the
solution of which selection criteria are employed: the limita-
tion of the types of transformations generated in a concrete
specified chemical system; the limitation of the applicability
of the transformations in the specified chemical systems;
the evaluation or rejection of the generated precursors of
the specified chemical system. The selection criteria for the
precursors1 8»6 2 are in many respects similar to the analogous
criteria in empirical CS programs, and we shall therefore
transfer the centre of attention of our discussion to the
specific features of the selection criteria of the first two
types in non-empirical CS programs.

The possibility of selecting the types of transformations
which can be generated in the specified chemical system in an
explicit form is present in the "EROS" program,29»30 where,
firstly, Drovision is made for the situation where the user
excludes from the list of reaction generators stored in the
computer memory those which correspond to the processes
which in his view cannot lead to the specified chemical system.
With the user's implicit agreement, it is assumed that all five
reaction generators can be applied to the search for the pre-
cursors of the specified chemical system. Secondly, there is
a possibility of imposing definite limitations on the form and
size of the "synthesis t ree" . 3 0 In particular, one can seek
the maximum number of levels of the "synthesis tree" (the
number of CS stages), the number of precursors at each
stage, the maximum number of precursors generated for a
single chemical system, and the maximum number of pre-
cursors which can be regarded as specified by the chemical
system in the next CS stage.

The main principle in accordance with which the types of
transformations are selected in the "SYNGEN" program80»61

is that the planning of the synthesis must be based in the

first place on the constructive reactions, i .e. reactions in
the course of which the skeleton of the specified CS is
formed. The trans-functionalisation reactions in the course
of which the FG are modified but the molecular skeleton is
unaffected are regarded as auxiliary.

As shown in Section VI, the description of any trans-
formation in the non-empirical CS programs in a general form
can be represented as a set of reaction centres with an indi-
cation how the bonds between them are distributed. Con-
sequently the selection criterion which can limit the appli-
cability of particular transformations consists in the selection
of the potential reaction centres or reactive bonds from the
entire set of atoms and bonds in the specified chemical sys-
tem.

In the "EROS" program,29»30 the given criterion is applied
in the analysis of the structure of the specified chemical
system in the course of which the bonds capable, in principle,
of rupturing during subsequent transformations are deter-
mined. Such bonds can be recognised both automatically
and with participation of the user. In the automatic mode,
the multiple bonds, the C-X, H-X, and X-X bonds (X is a
heteroatom), as well as the adjoining bonds are revealed
as reactive. Aromatic bonds are not regarded as reactive.
The user can arbitrarily correct the list of reactive bonds
initially formulated by the computer. Furthermore, the
user can specify the optimum enthalpy of the reaction and
the range of the permissible enthalpies. For each trans-
formation generated by the computer, the enthalpy is cal-
culated in accordance with Allen's scheme.100"103 Gasteiger103

claims that this in general non-rigorous approach yields a
satisfactory agreement with experimental data and can serve
for a rough estimation of the probability of the reaction.
If the calculated reaction enthalpy falls within the range of
permissible values, the transformation is regarded as prob-
able; otherwise the precursor found by the computer is
rejected. The specified optimum enthalpy makes it possible
to estimate in detail the probability of the process predicted
by the computer. The closer the calculated reaction enthalpy
to the specified value, the higher the rating of the trans-
formation and the corresponding precursors will be investi-
gated in the first place in the next CS stage. We may note
that the "CHIRP" program, which is related to the "EROS"
system, uses the calculated Gibbs free energies for the
estimation of the probability of the transformations in the
specified chemical system.2 7

Gasteiger and co-workers have also carried out studies
designed to create non-empirical selection criteria for reac-
tive bonds, criteria based on a quantitative determination of
the partial atomic charges, 1*» 1 0 5 inductive1 0 6 and resonance107

effects, dipole moments,107 and polarisability effects.1 0 8

Iterative procedures, which make it possible to determine
the distribution of partial charges in simple compounds with
small numbers of atoms, containing heteroatoms, have been
described. 1№>105 On the basis of the data obtained, it is
possible to calculate the C-X (X is a heteroatom) bond
energies,1 0 5 the pK a , 1 0 5 and J ( 1 3 C - H ) , 1 0 9 and the proton
affinities.106»108»110'111 It may be hoped that in its subse-
quent development the method based on the partial balancing
of the orbital electronegativity105»112 will indeed make a sig-
nificant contribution to the creation of a general theory of the
reactivity of organic compounds, but at the present time the
selection of reactive bonds on the basis of topological and
structural characteristics constitutes a more general, faster,
and more reliable method.

The "TOSCA" program6 2 employs an interesting and
novel method for the limitation of the applicability of trans-
formations in the specified chemical system. Like the
empirical CS programs, the operation of the "TOSCA" system
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is based on the selected strategy of the synthesis. The
program employs two strategies: consonant and dissonant.
The consonant strategy consists in the search for nucleo-
philic and electrophilic substitution and addition reactions.
The dissonant strategy involves the search for oxidation and
reduction processes—reactions leading to a change in polarity.
In contrast to the empirical programs, in the "TOSCA"
program the strategy is chosen precisely as the stage corre-
sponding to the selection of the potential reaction centres
and reactive bonds. All the atoms incorporated in the
specified chemical system, starting with the heteroatoms,
are designated by the "+" or "-" sign in accordance with
their electrophilic or nucleophilic properties. If all the
bonds are consonant in the specified chemical system, i.e.
there is not one pair of adjacent atoms with identical charges,
preference is given to the consonant strategy.

For a specified chemical system containing dissonant bonds
(adjacent atoms with identical signs), it is possible to select
both a dissonant and a consonant strategy. In the consonant
strategy, limitations are imposed on the operation of trans-
formations: bonds may be formed only between atoms with
opposite signs while dissonant bonds are revealed as unreac-
tive. On the other hand, the dissonant strategy permits the
recombination of atoms with identical signs.

The logic of the "SYNGEN" program6 0 '6 1 is based on the
idea of "ideal synthesis" as a sequence of constructive
reactions. 1 0 For this reason, bonds in the molecular
skeletons incorporated in specified chemical systems are
chosen exclusively as the reactive bonds. The "SYNGEN"
program initially seeks all possible ways of subdividing the
skeleton into constituent components—synthons. In the
general case, the number of subdivisions can be very great
and additional criteria for the evaluation of the effectiveness
of a particular set of synthons for the synthesis of specified
chemical systems are therefore necessary. On the basis of
the concept of "ideal synthesis", Hendrickson introduces the
criterion of convergence.1 0»6 0 '9 5 In convergence synthesis,
the fragments of the target structure are formed indepen-
dently and are combined only at the end of the synthesis.
In conformity with this requirement, the subdivision of the
skeleton of a specified chemical system in the first stage
should lead to two synthons with approximately equal numbers
of atoms, to four such synthons in the second stage, to eight
synthons in the third stage, etc.

In the course of a single subdivision of the skeleton, the
rupture of one to two bonds and the closure of at most one
ring are permitted. Preference is given to subdivisions for
which the "reassembly" of the molecule is described by effec-
tive synthetic reactions, for example the Diels—Alder reaction.
It is essential to differentiate the situation where the syn-
thons obtained as a result of the subdivision of the skeleton
are found to be identical, since the synthetic scheme simpli-
fies greatly in this instance. Apart from the identity or
similarity of the synthons, a test is made to discover if each
synthon found is present in the DBS. For synthons which
are absent from the DBS, the subdivision operation is
repeated. 6 0 ' 6 1

Each sequence of subdivisions of the skeleton of the
specified chemical system, leading to synthons for which
correspondences in the DBS have been found, generates the
so called "ordered bond set". ω This set consists of bonds
which must be broken in a specific sequence in order to
obtain the specified subdivision into synthons. The bonds
entering into the given set are considered in succession in
the same order and all the suitable (on the basis of the
presence of concrete FG in the specified chemical system)
constructive half-reactions or, where necessary, trans-
functionalisation reactions are applied to each bond. This

results in the discovery of not only the skeletons of the
initial compounds but also of the FG present in these com-
pounds .

As already stated, the "AHMOS"12"15 and "CAMEO" sys-
tems occupy a special place among the CS programs. In
terms of the character of the representation of the structure
of the transformations, these programs are close to the
"EROS" and "LHASA" systems respectively. The "AHMOS"
program has come to be classified as a non-empirical CS,
while the "CAMEO" system, based on several small data
banks, occupies an intermediate position between the non-
empirical and empirical systems. We placed the special
discussion of the "AHMOS" and "CAMEO" programs in the
Section devoted to the selection criteria, because novel
criteria based on the laws of physical organic chemistry in
fact constitute an inseparable feature of these programs.

Pearson's classification of acids and bases serves as the
basis of the selection criteria used by the "AHMOS" pro-
gram.1 2 '1 3 Weise considers six types of reaction centres:
a hard electrophile, a soft electrophile, a hard nucleophile,
a soft nucleophile, a nucleofuge, and an electrofuge. The
program has a small data bank in which the reactivity
indices of different FG, reflecting quantitatively the nucleo-
philic and electrophilic properties of these groups, are
stored. On the basis of the scale of evaluations introduced,
all the FG found by the program in the recognition unit
receive their rating—the reactivity index. Subsequently
the program uses these ratings to calculate another quantita-
tive characteristic—the "tendency to react" index for differ-
ent modes of interaction of electrophiles and nucleophiles
provided for by the program (see Section IV). The values
obtained are compared with the specified threshold values
and the transformations whose occurrence is most preferred
in the specified chemical system are thus determined. The
program effects priority transformations, generating thereby
the possible products of the reaction of the specified chemical
system.

The criteria for the evaluation and selection of the possible
mechanisms of an organic reaction have been specially deve-
loped in the studies of Jorgensen and co-workers. 18~26 The
"CAMEO" program for the prediction of the reaction products
when the starting materials and the reaction conditions are
specified has been created on the basis of these criteria.
It is noteworthy that the program carries out the search in
the forward (synthetic) direction and is designed not so
much for the generation of whole reaction sequences as for
the evaluation of the possibility of the occurrence of a partic-
ular reaction in different directions. The program has
several units, each of which is designed to work with a
definite class of reactions. Overall, the "CAMEO" program
covers the following processes: interaction of electrophiles
and nucleophiles under the conditions of base catalysis1 8

including certain reactions of organometallic compounds,19

the reactions of organosilicon compounds,19 pericyclic reac-
tions, 2 1 ' 2 2 and nucleophilic and electrophilic substitution in
aromatic compounds.23"25 For each of these classes of
reactions, special criteria estimating the probability of the
process in a particular direction have been developed.

We shall consider in greater detail the criteria for the
selection of transformations interpreted in the "CAMEO"
program as the reactions of electrophiles and nucleophiles
under the conditions of base catalysis.1 β The potential
reaction centres are selected as follows: with the aid of a
small data bank and a special algorithm,26 the program deter-
mines the most acid protons and generates transformations
corresponding to the transfer of protons to the base. The
atoms to which the protons are linked are regarded as
potential reaction centres—nucleophiles. For organometallic
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compounds,19 account is also taken of the possibility of the
occurrence of competing addition and exchange reactions.
The processes leading to a weaker base are regarded as
dominant.

The potential electrophilic centres are determined from
structural characteristics (for example, a multiple bond) and
also from the pKa of the leaving group taking into account
the specified reaction conditions. With the aid of a set of
heuristic rules and data on the structure of the reactants
and the character of the FG obtained in the recognition unit,
the possibility of the occurrence of competing addition, sub-
stitution, and elimination processes with participation of
nucleophilic and electrophilic reaction centres is determined.

Subsequently this unit of the "CAMEO" program under-
went significant modifications and includes at the present
time also the recognition and investigation of reactions with
participation of organosilicon reactants2 0 and vinyl and aro-
matic electrophiles.23

The functioning of the unit for the study of electrophilic
substitution reactions in aromatic systems 2 5 is based on the
determination of the potential reaction centres participating
in the process. The most important procedure in this
unit is the calculation of the relative reactivities of different
centres in the aromatic system. Depending on the reaction
conditions and the type of aromatic system (substituted ben-
zene , a heterocycle, a polycyclic system), an initial relative
reactivity index is assigned to the system. Using the data
obtained in the analysis of a specified chemical system in the
recognition unit and the set of heuristic rules, the program
takes into account the influence of substituents. An equa-
tion has been derived for the calculation of the correction
to the initial index as a function of the number and type of
electron-donating and electron-accepting substituents.
After the calculation of the relative reactivity indices of the
aromatic systems as a whole, the program proceeds to
determination of the different reaction centres in each sys-
tem, being guided by the set of heuristic rules. Account is
taken also of the steric effect of the substituent.

The stereochemical selection criteria play a major role in
the study of pericyclic reactions. n Thus dienes are
assumed to be unreactive if steric hindrance prevents them
from attaining the S-cis-configuration. Apart from the
stereochemical criteria, various heuristic rules can be used
for the selection of reactive dienes, dienophiles, 1,3-dipoles,
and dipolarophiles. The main criterion for the selection of
pericyclic reactions is applied in the comparison of the
energies of frontier orbitals. It is assumed that the lower
the difference between these energies, the easier the cyclo-
addition. Furthermore, the program predicts the relative
regioselectivity and stereoselectivity of the process from the
results of the calculation of the energies of the frontier
orbitals. The energies are determined from the ionisation
potentials taken from the special data bank of the "CAMEO"
program.

The analysis of [2 + 2]cycloaddition reactions, [2,3]- and
[3,3]-sigmatropic rearrangements, and [l, j] shifts of σ-bonds
(/ = 3,δ,?) 2 2 was subsequently included in the program. In
order to estimate the priority of a particular reaction path-
way, the activation energies calculated on the basis of the
analysis of a large number of experimental kinetic data for
reactions of the types enumerated were used. Contrary to
the authors' expectation,21 it was found that the enormous
variety of the rates of pericyclic reactions and the influence
of too many factors on the rate of reaction are all causes
which preclude at the present time the development of general
principles for the estimation of the probabilities of pericyclic
reactions.

V I I I . THE UNIVERSAL COMPUTER SYSTEM "FLAMINGOES"
FOR THE SOLUTION OF PROBLEMS OF SYNTHESIS AND FOR
THE DETERMINATION OF REACTION MECHANISMS IN
ORGANIC CHEMISTRY

The "FLAMINGOES" computer system (Formal-Logical
Approach to Molecular Interconversion. Non-Empirical
Generation, Orientation, and Evaluation Synthesis) con-
stitutes a novel development in the application of computers
to organic chemistry achieved by the authors of this review.31~31*
The formal-logical approach, developed previously by Zefirov
and Trach, 1 1 3" 1 1 9 is used for the formal specification of the
chemical information used in the given system. The general
treatment of the chemical processes, based on this approach,
made it possible to create the given universal computer sys-
tem, which is suitable for the solution of any problems of
organic chemistry formalised as a constructive list of bond
redistributions in chemical structures. The principal types
of problems to the solution of which the "FLAMINGOES"
system can be applied are, firstly, computer-assisted syn-
thesis, secondly, the study of rearrangements, and, thirdly,
the prediction of the mechanisms of complex multistage reac-
tions .

We shall consider briefly the representation and analysis
of chemical reactions in the "FLAMINGOES " system. The
most important types of organic reactions are formally
described as a result of a cyclic bond redistribution (CBR)
in the initial chemical system, which leads to the formation of
the final chemical system.113 Consequently, an alternative
approach to the solution of the CS problem (alternative to
the use of a LT or a set of reaction generators) is a systema-
tic unrepeated generation of all possible CBR in the specified
chemical system, which permits the finding of a complete set
of the possible precursors of the specified structure (in
retrosynthesis) or the complete set of products of the possible
reactions in the initial chemical system (in forward CS). If
the results obtained are promising for further study, the
procedure involving the generation of transformations (in
the form of CBR) can be extended to several stages.

The "FLAMINGOES" system, which is based on a systematic
unrepeated generation of CBR, has no direct analogies among
foreign programs. Retaining all the advantages of the
non-empirical approach (the generation of transformations
independently of data banks, the possibility of operating with
new or little investigated reactions), the "FLAMINGOES"
system approaches empirical programs as regards the breadth
of coverage of chemical data, since ~90% of the known chemical
reactions can be described as processes with CBR and hence
such processes can be generated by the "FLAMINGOES" sys-
tem in the course of the solution of problems of computer-
assisted synthesis.

We shall consider the principal types of selection criteria
used in the "FLAMINGOES" system. Firstly, the formal
criterion designed to test that the correct valences of the
atoms and bond orders are used is introduced.

Secondly, the program uses the following empirical cri-
terion: in order to limit the number of formally correct but
chemically uninteresting solutions, the "FLAMINGOES" system
can be designed to generate not all the CBR possible in the
specified chemical system but only those which correspond
to the specified limitations to the size of the CBR and also
the limitations to the number of bonds formed and the number
of bonds ruptured. The "FLAMINGOES" system is inter-
active and the chemist can introduce all the limitations into
the program in the dialogue mode. It is noteworthy that the
permissible dimensions of the CBR and also the numbers of
formed and ruptured bonds define the set of permissible
transformations in the specified chemical system.113
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Thirdly, the "FLAMINGOES" computer system uses the
equivalence criterion. The generation of the CBR in the
chemical system for which the corresponding graph has
several automorphisms inevitably leads to repeated results.
The operation of the equivalence criterion has been organised
in the "FLAMINGOES" system in such a way that one can
avoid the duplication of the results already in the CBR
generation stage; in order to apply this selection criterion,
use is made of the information about the group of automorph-
isms of the graph corresponding to the initial chemical system.
It must be emphasised that all the most important selection
criteria in the "FLAMINGOES" program operate at the earliest
possible generation stages long before the explicit construc-
tion of the final chemical system.

The "FLAMINGOES" program is written in the BASIC
language and is designed for the USSR produced personal
computer "Iskra 226" (64 K). The present version of the
"FLAMINGOES" system includes the main program and nine
principal subprograms and occupies 60 kbyte of the computer
memory. The average generation time is 3—5 s per result.
We shall now consider the principal program units comprising
the "FLAMINGOES" system.

1. The input of the initial chemical system. In this unit
the chemist introduces the structure of the initial chemical
system in the form of a figure on the graphical display.
The program uses the Adjoint matrix of the multigraph corre-
sponding to the initial chemical system in order to represent
the structure. In this unit the user also specifies the
number of stages of the computer-assisted synthesis.

2. Construction of the group of automorphisms. In the
course of the execution of the given subprogram, all the
automorphic features of the graph corresponding to the initial
chemical system are automatically generated. Information
about the symmetry of the graph is essential for the genera-
tion of only non-equivalent CRB, i.e. for the application of
the corresponding selection criterion. The unit designed
to construct the group of automorphic features is based on
the "AVTOGRAF" [?AUTOGRAPH. Ed. of Translation]
FORTRAN package.1 2 0

3. The input of information necessary for the application
of the empirical selection criteria:

(a) The limitation of the applicability of transformations in
the specified chemical system (see above): in the present
version of the "FLAMINGOES" program, heteroatoms and atoms
linked by a multiple bond are automatically revealed as poten-
tial reaction centres. The chemist is then able to correct
arbitrarily, in the dialogue mode, the set of centres put for-
ward by the computer. In addition, the chemist selects from
the set of potential reaction centres those which can undergo
a change in their valence. For each selected centre, it is
necessary to indicate the permissible variant of the change in
valence.

(b) The limitation of the types of transformations gener-
ated in the specified chemical system (see above). The
chemist is able to introduce the limitations on the permissible
size of the CBR and on the number of bonds formed and
ruptured.

It is noteworthy that provision is made in the program
for the "search without limitations" mode in the course of
which all formally possible CBR are generated (with ring
sizes from three-membered to eight-membered). This mode
makes it possible to discover all the strategic pathways to the
synthesis of the specified compound which are possible in
principle, especially for structures with few atoms for which
the number of solutions will not be unduly great.

4. Unrepeated generation of CBR. This subprogram is
the most important combinatorial unit in the "FLAMINGOES"
computer system. The rapidity of the operation of this

unit determines the rapidity of the operation of the program
as a whole. A lexicographic inspection of the "sorting t ree" ,
in the course of which all possible CBR are generated taking
into account the formal and empirical selection criteria, is
effected in module A. Module Β applies the equivalence
criterion on the basis of information about the group of auto-
morphisms of the graph.

5. The output of the final chemical systems. The struc-
tures of the final chemical systems can ae output (if the user
so wishes) by the printing device (in the form of digital
codes for the corresponding CBR), on the graphical display,
and on the printer-plotter (in the form of figures).

6. The selection of results for investigation in the next
stage (multi-stage CS). The chemist can select from the
set of generated results the final chemical systems which are
of interest for further study. The selected chemical systems
are stored in a special block within the program itself; when
the possibilities for the unrepeated generation of CBR in
the specified chemical system have been exhausted, the
program selects in succession structures encoded in the above
block and introduces them as the initial chemical system in the
next stage of the computer search_. _____

The "FLAMINGOES" system has extensive possibilities for
the solution of a wide variety of problems in synthetic organic
chemistry and for the determination of the mechanisms of
organic reactions. The initial chemical system, specified
by the chemist in the dialogue mode (see paragraph 1), can
contain up to 32 centres, the centres being individual atoms
or whole atomic groups, introduced as a single whole. Taking
into account the possibilities of the "Iskra-226" personal com-
puter, the number of stages in computer-assisted synthesis
which can be stored simultaneously in the operating computer
memory does not exceed six, but, when external memory
devices are used (for example a magnetic floppy disc), the
number of CS stages can be arbitrarily large. The "FLAMIN-
GOES" system makes it possible to operate with any organic
structures, including complex polyatomic compounds, hetero-
cyclic and organometallic compounds, and ionic and radical
species.

In order to demonstrate the possibilities of the "FLAMIN-
GOES" system, a computer search was carried out and a
study was made of the pathways leading to the synthesis of
a series of skeletal compounds and rearrangements in families
of isomers and of the possible mechanisms of organic reactions
with participation of ionic and radical species. 31~31* The
investigation demonstrated a satisfactory level of the pre-
dictive power of the "FLAMINGOES" system. In the course
of the operation of the program, not only were virtually all
the literature data on the transformations investigated repro-
duced but also new novel methods of synthesis, rearrange-
ments , and mechanisms of the reactions of the organic com-
pounds investigated were predicted. 121»122

IX. PROSPECTS FOR THE DEVELOPMENT OF COMPUTER-
ASSISTED SYNTHESIS

At the present time there is no doubt whatsoever that
the application of computers is essential for the solution of
problems in the planning of synthesis, in the prediction of
reaction pathways, and in the study of rearrangements.
Furthermore, the formalised representation of chemical
information in the computer permits strategic planning of
a chemical experiment using new or little investigated pro-
cesses.

As stated above, computer-assisted synthesis is develop-
ing in two directions, namely as empirical and non-empirical
CS. At the beginning of their development, the programs
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for computer-assisted synthesis must fulfill the role not only
of the apparatus for the planning of the synthesis, but, to
a greater extent, they must serve as an automated reference
device for synthetic methods in organic chemistry. Natur-
ally, this role can be managed only by empirical CS systems.
However, highly organised data banks for chemical reactions,
for example "REACCS",123 specially designed to be used in
the search for known reactions on the basis of specified
structural fragments, reaction conditions, e tc . , appeared in
the 1980's. Therefore, the problem of the search for a
novel strategy for synthesis, the problem whose exhaustive
solution is within the capacity of precisely the non-empirical
programs—the "artificial intelligence" systems—has come to
the fore at the present time in connection with the solution
of problems associated with the planning of syntheses.
Therefore, despite the fact that the empirical procedures
have been developed to an incomparably greater extent, we
believe that the future belongs to a combination of these
approaches or in other words to the "semiempirical" CS pro-
grams. The enrichment of the non-empirical programs by
empirical selection criteria permitting a combination of the
advantages of the exhaustive unbiased combinatorial sorting
with a system of expert evaluations, developed as a result of
the entire experience gained in organic chemistry, appears to
be especially promising from this point of view.
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The kinetics and mechanism of the processes taking place during the corrosion of ceramic materials based on silicon nitride in
an atmosphere of oxygen, air, or fuel combustion products and under the influence of sodium salts have been examined. The
influence of the composition and structure of the materials on their stability to oxidation has been demonstrated. The
influence of corrosion on the physicomochanical properties of silicon nitride materials has also been examined. Methods of
protection from corrosion, and the principles of the production of materials with a high heat resistance, have been described.
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I. INTRODUCTION The use of ceramic GTE makes it possible to increase the
temperature of the gas at the outlet from the combustion

One of the most urgent problems in present-day technology chamber to 1400°, increase the efficiency, and decrease the
concerns the production of ceramic materials suitable for fuel consumption. ** The replacement of heat-resistant alloys
manufacturing parts for gas turbine engines (GTE), heat by inexpensive ceramic in engine construction also leads to
exchangers, and other high-temperature equipment.1"6 a sharp decrease in the consumption of scarce materials,
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such as tungsten, cobalt, and nickel, and to a decrease in
the mass and cost of the engine.

In the solution of the problems of producing ceramic materi-
als for engines, an important role is played not only by tech-
nologists, materials scientists, and strength specialists, but
also by chemists. This is due to the fact that the construc-
tional ceramic must have a high corrosion resistance in gase-
ous oxidising media. During use, the engine parts may be
subjected to the action of atmospheric oxygen, fuel combus-
tion products, and marine salts at temperatures up to
1500°.7 The corrosion of the materials leads to a significant
change in their physicomechanical properties, and may lead
to breakdown of the entire ceramic construction, as took
place, for example, during the testing of Ford's ceramic
stator. 8

The most promising constructional ceramic materials at
present are those based on silicon nitride;9"12 they are
obtained by the following methods:

1) hot pressing in graphite or boron nitride press moulds
at temperatures of 1700—1850° and pressures of 10—50 MPa;

2) isostatic hot pressing in static gas chambers under
nitrogen pressures exceeding 100 MPa at temperatures up to
2000°;

3) activated sintering in furnaces at normal or slightly
increased pressures; activation of the sintering usually
requires the introduction of more than 10% of oxide additives
into the materials;

4) reaction sintering of blanks of silicon or its mixtures
with Si3NH, based on the reaction Si + 2N2 -+ Si3NH at temper-
atures close to 1400°;

5) deposition from the gas phase, based on the reactions of
silicon halides (SiF^, SiClt,, etc.) or silane SiH4 with ammonia
on heating.

Compact non-porous materials can be obtained by ordinary
and isostatic hot pressing9 and by deposition from the gas
phase. The porosity of the specimens is usually 5—10% for
activated sintering, and 15—30% for reaction sintering.10

Although thousands of papers and a number of fundamental
monographs13"17 have been devoted to the study of the high-
temperature corrosion of metals, practically no attention was
paid to the high-temperature corrosion of silicon nitride
ceramics until 10—15 years ago. Although the first paper on
the oxidation of S i ^ appeared in 1959,18 no significant
progress was made in this field until the mid-seventies.
Only an approach to this problem which was not directed
towards the partial question of "the corrosion of Si3NH", but
towards the complex problem of studying the corrosion of a
whole class of materials, with allowance for the individual
characteristic features of each material (method of prepara-
tion, concentration of impurities and additives, structure,
e tc . ) , made it possible to understand the mechanisms of the
reactions taking place and to find ways of producing materials
with a high corrosion resistance, capable of retaining suf-
ficiently good mechanical properties at the temperatures at
which they are used.

Extensive studies in the last ten years have examined the
kinetics and mechanism of the corrosion of the ceramics at
high temperatures in different media and the influence of
corrosion on the crack resistance and other mechanical prop-
erties of ceramic materials, and ways of protecting them from
active corrosion during use have been found. At the same
time, there is little information on this topic in reference
books and monographs giving data on the physicochemical
properties of nitride ceramic materials.19"27

In the present work, an attempt has been made to summar-
ise the progress made in the study of the corrosion of silicon
nitride constructional ceramics and the production of materials
with a high corrosion resistance at high temperatures.

I I . THE THERMODYNAMICS, KINETICS, AND MECHANISM OF
THE OXIDATION OF SILICON NITRIDE MATERIALS

Published data on the chemical reactions taking place dur-
ing the oxidation of silicon nitride are contradictory. It has
been suggested18 that when it is heated in air to 1200°,
silicon dioxide and nitrogen are formed by the reaction:

Si3N4+3O-.-»-3SiO; + 2N, (1)

Other workers28 '29 detected silicon oxide nitride in the reac-
tion products. This is believed to be formed by the reac-
tions28

Si3N4 + O,-»-SuN2O+SiO(gas) + N2
4S i,N4 + 3O2-*-6S UNjO+2N,

In Ref.24, another reaction giving Si2N2O was proposed:

2Si,N4 + 3O!-+-2SiO2+2Si2N1O + 2N,

The oxide nitride in turn may be oxidised to SiO2: 29

2Si2N2O+3O2-*-4SiO2+2N2 (2)

A study of the oxidation of powdered Si3N4 under non-iso-
thermal conditions30 established that the oxide nitride is
formed in the first stage of the process at temperatures up
to 1100°. In the second stage (at temperatures of 1200° and
above), Si3N4 and Si2N2O are oxidised to SiO2 by reactions (1)
and (2) At low partial pressures of oxygen, reactions
giving gaseous silicon monoxide take place: 3 1 '3 2

Si3N4+3Si02-
2Si3N4+3O2-

>-6SiO(gas) + 2N2

-6SiO(gas) + 4N2.
(3)
(4)

A thermodynamic calculation of the equilibria in the Si3Ni,-
O2 system (Fig . l ) showed that , in addition to reactions
(1)—(4), a whole series of other reactions giving solid (SiO2,
SiO) and gaseous (N2, N2O, NO, NO2, SiO) products may
take place:2l*

Si,N4 + 4O2-*-3SiO2+2N!O
Si3N4+5O2-+3SiO2+4NO
Si,N4+7O2-*-3SiO2+4NOj

2Si,N4+3O2-*-6SiO(solid) + 4N2

2SiaN4+703-»-6SiO(solid) + 8NO
2Si3N4+l lO2-H5SiO(solid) + 8NO2

2Si3N4 + 5O,-v6SiO(gas) + 4N2O
2Si,N» + 7O2-»-6SiO(gas) + 8NO

2Si3N;+ 1102-v6Si0(gas) + 8NO2

Si,N4+O2->-SiO2+2SiN(gas) + N2

2Si3N4 + O2->-2SiO(solid) + 4SiN(gas) + 2N2

2Si3N4+O2->-2SiO(gas) + 4SiN(gas) + 2N2

Si3N; + 2O2->-3Si+4NO
Si3N4+4O2-»3Si+4NO,

(5)
(6)
(7)
(8)
(9)

(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)

Fig . l shows that the highest absolute values of the change
in the Gibbs free energy correspond to the reactions giving
silica. At both low and normal pressures , however, their
thermodynamic probability decreases with increase in tem-
perature .

To determine which of the possible reactions of Si3Nu oxida-
tion is the main reaction, the gaseous products of the oxida-
tion of Si3N4 were studied33 by mass spectrometry. The
species Ot, N2, NO + , N2

+, and O2+ were detected; SiO+ ions
could not be detected. It was concluded that the main reac-
tion in the oxidation of Si3N4 in an atmosphere of air or oxy-
gen (22.7 kPa) is reaction (6) , and that the next stage of
the process involves the high-temperature dissociation of NO:

2NO->-N1+O,



Russian Chemical Reviews, 5 6 (11), 1 9 8 7 1 0 1 7

Infrared spectroscopy at an oxygen pressure of 105 Pa 3 4 > 3 5

detected nitrogen dioxide among the oxidation products.

AG°T, kJ mole"1

2000 -

JOOO

Ο

-WOO

-2000

73

500 1000 7500 2000 Τ, Κ

Figure 1. Dependence of the change in the Gibbs free
energy AGj· on the temperature of the reaction of silicon
nitride with oxygen at oxygen pressures of 10s Pa (continu-
ous line) and 1.3 χ 10~3 Pa (broken line) (the numbering
corresponds to that of the equations for the reactions). 2 l t

In Ref.36 it was reported that reaction (3) can take place
above 1500°. This suggestion was based on the fact that
during the oxidation of the materials at high temperatures,
the smooth surface of the specimens becomes blistered as a
result of active gas liberation through the oxide film. It is
also necessary to take account of the fact that at temperatures
above 1420°, S13N,, begins to dissociate to the elements, and
the silicon formed reacts with SiO2 to give gaseous silicon
monoxide. It has been reported that the additives intro-
duced into the material may have a catalytic influence on the
processes taking place during the oxidation. Thus for
example the addition of 5% NaF leads to the formation of silicon
oxide nitride instead of SiO 2 , 3 7 whereas the presence of mag-
nesium facilitates the oxidation of Si3NH to SiO 2 . 3 8 The most
desirable reactions are those giving silicon dioxide, since
this facilitates the formation on the surface of the specimen
of a protective layer which prevents further oxidation of the
material.

At low partial pressures of oxygen, when only gaseous
oxidation products are formed,3 1 > 3 2 or under conditions in
which the solid oxide layer formed on the surface does not
show protective properties, 39>1*° the rate of oxidation is
independent of the time from the start of the process. In
this case the following linear relationship is observed:

dx/dr = Klin οτχ = Klinr + C l in

where Ku n is the linear reaction rate constant, C]{n the con-
stant of integration, τ the oxidation time, and x the relative
change in mass on unit surface area of the specimen (Δηι/S).
The fact that the rate of oxidation remains constant with time
indicates that the limiting stage of the process is the reaction
at the phase interface. 1 3

8 72

\06(Am/S)2, kg2nT4

5
6

ff 12 τ, h

Figure 2. Kinetic curves for the oxidation of Norton's
hot-pressed material HS-130 in oxygen, constructed on
coordinates hm/S-τ (a) and (Am/S)2-x (b) , 3 1 for different
temperatures (°C): 1) 1090, 2) 1205, 3) 1260, 4) 1315,
5) 1370.

In those cases where the surface of the specimen is cov-
ered by a compact oxide layer during oxidation, a parabolic
time dependence is observed (Fig. 2):

dx/dr = K'pJx or x2 = Kpatr + C p a r

where R' and Κ are the parabolic reaction rate con-
par par

stants, and C p a r the constant of integration. The fact that
the parabolic oxidation law is observed indicates that the
rate of the process is limited by diffusion through the oxide
layer. 1 3 This process can be described by the theory of
high-temperature oxidation proposed by Wagner,1*1 accord-
ing to which the rate of the overall reaction is determined
by the bulk diffusion of the reacting ions or the correspond-
ing point defects, or by electron transfer through the oxide
layer. The driving force of the reaction is the change in
the Gibbs free energy, associated with the formation of the
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oxide from the element and oxygen, as a result of which
concentration gradients are produced in the oxidised layer.
In this interpretation, the rate of growth of the oxide film is
determined by the concentration gradients and the rates of
diffusion of the components.

Wagner's theory is applicable to the oxidation of materials
based on silicon nitr ide, 3 1 but the process is complicated by
the fact that, in addition to solid products, gaseous oxida-
tion products are formed; this makes a quantitative estima-
tion and interpretation of the results difficult. The appli-
cation of Wagner's theory with certain assumptions'*2 made it
possible to predict that oxidation leading to the formation
of silicon monoxide by reactions (3) and (4) can take place,
for example at 1300°, only if the oxygen pressure is less
than 80 P a . 3 1 The ranges corresponding to the "active"
oxidation of 8ΐ3Νι,, when only gaseous products are formed,
and to the "passive" oxidation, when solid products are
formed, are shown in Fig. 3 **3 (the first lies below the
straight line, and the second above i t ) . There is lack of
agreement on which is the limiting stage in the oxidation
when solid products are formed: diffusion of oxygen to the
Si3N 4/Si02 interface, "*" diffusion of nitrogen to the SiO2/medium
interface, "*5 or diffusion of additives and impurities from
inner layers towards the surface of the specimen.1*6

SiO2

"passive"
oxidation

Figure 3. Dependence of the partial pressures of oxygen
at which the change from "active" to "passive" oxidation
takes place on the temperature of the process. **3

Table 1 shows that the apparent activation energy of the
oxidation of most forms of powdered and compact materials
based on Si3Ni, is close to 300 kJ mole"1, that is it is close to
the activation energy of the diffusion of oxygen in silicon
dioxide. This indicates that the main contribution to the
activation energy is made by the diffusion of oxygen through
the oxide layer, and that this is the limiting stage of the
process. The activation energy of the oxidation of silicon
carbide is also close to 300 kJ mole"1 (see Table 1), since in
this case also the rate of the process is limited by the dif-
fusion of oxygen through the SiO2 layer. At the same time,

for some materials, the values of Ε show considerable devia-
tions, towards both higher and lower values. In these
cases the mechanism of the oxidation is apparently influenced
considerably by other factors such as the diffusion of addi-
tives and impurities, transformations in the oxide layer, etc.

Table 1. Apparent activation energies (E) of the oxidation
of various materials, and the activation energy of the diffu-
sion of oxygen in silicon dioxide.

Material

/3-S13N4 powder
(3-S13N4 powder
S13N4 powder
S13N4 powder
a-Si3N4 powder
Reaction-sintered S13N4
Reaction-sintered S13N4
Hot-pressed S13N4 + 1%

MgO
Hot-pressed S13N4 + 1%

MgO
riot-pressed S13N4 +
CeO2 + S1O2

Hot-pressed S13N4 + 8%
Y2O3 + 1% MgO

Hot-pressed S13N4 + 8%
Y2O3 + 1% MgO

Hot-pressed S13N4 + 8%
Y 2 O 3 + 1% MgO

Hot-pressed
s i 2.9Beo. lN 3 . 8 0 0 .2

Pyrolytic S13N4

(cry stulluic)
Pyrolytic S13N4 (amorphous)
SiC powder
Diffusion of oxygen in
fused SiO2

Medium

air
air
dry air
dry oxygen
air
air
air
dry oxygen

moist oxygen

air

air

air

air

air

dry oxygen

dry oxygen
dry oxygen

—

r,°C

1000-1100
1200-1500
1065-1340
1065-1340
1150-1230
1100—1200

< U 0 0
1000—1400

1200—1400

1100—1370

<1150

1150-1350

>1350

1400—1500

1550—1650

1550—1650
1200-1500

lJ25—1225

kJ mole·1

280
300
285
255
294
130
320
255

375

350

120

580

060

700

390

460
277
208

Refs.

(301

[301
(47
[47|
148)
[491
1491
[311

[501

F'H

[40]

[461

146)

[52]

[531

(531
[541
(55)

In all cases except Ref.30, the apparent activation energy
Ε was determined using the Arrhenius equation from the
parabolic kinetic curves for the oxidation, obtained under
isothermal conditions:

A p-E/RT

— Λ -e
where A is the pre-exponential factor, R the universal gas
constant, and Τ the temperature. In Ref.30, Ε was found
from the results of experiments under non-isothermal condi-
tions at different heating rates using the equation

d (lg β)£==2,19/?

where 3 is the heating rate, and T p the temperature of the
peak on the corresponding differential thermal analysis
curve.

In those cases where the oxidation is accompanied by a
continuous change in the area of the reaction surface as a
result of the filling of the pores by the oxide phase formed,
the change in the mass of the specimens with time may also
be given by the logarithmic law:5 6

where K i o g is the logarithmic rate constant, and CiOg a con-
stant. In the opinion of the authors of Ref.57, the kinetics
of the oxidation of porous reactive silicon nitride can be
described by Evans' equation for the case of self-blocking
pores:

where x«, is the final increase in mass, corresponding to the
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horizontal section on the kinetic curve, and Κ a constant
whose value depends on the time taken to reach this section.
The use of various other familiar equations was also proposed,
Analysis shows, however, that the kinetic curves for the
isothermal oxidation of porous materials (Fig.4) cannot be
accurately described by any of these equations throughout
the range of temperatures (800—1500°) and times of treatment
studied. This is due to the change in the mechanism of the
process and the nature of the filling of the pores with
increase in the temperature and time of oxidation.

lO2Am/S, kgm

/ ?. J 4 τ, h
Figure 4. Kinetic curves for the oxidation of the reaction-
sintered material NKKKM-80 in air 5 6 at different temperatures
(°C): 1) 1450, 2) 1350, 3) 1100, 4) 1000, 5) 900, 6) 800.

Thus the mechanism of the oxidation may change with
change in the conditions of the process (temperature, pres-
sure, and other factors) and in the additives introduced into
the ceramic, leading to changes in the composition of the
oxidation products and the nature of the kinetic curves.

III. COMPOSITION AND STRUCTURE OF THE OXIDE LAYER

As shown in the previous section, the oxidation of silicon
nitride materials in oxygen-containing media at a relatively
high partial pressure of oxygen (see Fig. 3) begins at tem-
peratures above 700° and leads to the formation of a layer
of silicon dioxide on the surface of the specimens.

At temperatures up to 1065°, the silicon dioxide formed is
amorphous. At higher temperatures, in the opinion of many
workers, S 8>5 9 cristobalite is also formed. In Ref.56, both
cristobalite and amorphous SiO2 were detected throughout
the temperature range from 800° to 1450°, but their quantita-
tive ratio in the oxide layer was different for different oxida-
tion temperatures. The appearance of cristobalite has also
been observed in the oxidation of silicon oxide nitr ide. 6 0 In
the oxidation of various materials, the formation of tridymite
at temperatures above 1125° **7 and of quartz above 1385° "*6

has been observed. There are no published data on the
detection of other forms of SiO2.

The phase transformations in silicon dioxide depend
markedly on the temperature, rate of cooling, and presence
of impurities. 6 1 These factors apparently determine whether
the silicon dioxide formed in the oxidation is present in the
amorphous state or as one of its crystalline forms. In addi-
tion to silicon dioxide, the surface layer of specimens oxidised
in a charge of S^Ni, and other powders which actively absorb
oxygen may also contain the oxide ni tr ide. 6 2 The formation

of Si2N2O was also detected in the oxidation of reaction-sin-
tered silicon nitride at 1500° in a closed vessel made of a
ceramic based on silicon nitride. 5 6 In a tubular furnace with
free access of air, the formation of the oxide nitride could not
be detected. It is therefore formed only when there is an
oxygen deficit. In an excess of oxygen, the formation of
SiO2 is usually observed.

It has been reported21* that at temperatures up to 900° in
air, solid silicon monoxide may also be formed on the surface
of the specimen as a brown phase with inclusions of bright-
red crystals. This was not confirmed by other workers,
however. a5>'*0>56 There are no reliable reports of the forma-
tion, between the SiO2 and Si3Nlf layers, of intermediate layers
consisting of lower oxides or the oxide nitride, as observed
in the oxidation of many metals13 and metal-like refractory
compounds. 2h

The surface oxide layer always contains impurities with a
high affinity for oxygen, in quantities much greater than
their average concentration in the bulk of the material.
Thus according to Ref.31, after the oxidation of a specimen
with the composition Si3Ni, + 1% MgO at 1400° in dry oxygen,
the protective film consists chiefly of enstatite MgSiO3. The
presence in the surface layer of up to 40% calcium at a calcium
concentration of less than 1% in the starting material has been
reported. 5 8 The migration of calcium, magnesium, and other
impurity elements to the surface of the specimen leads to the
formation of a silicate phase with a softening temperature in
the range 1100-1300°. 3 8>6 3 The formation of a low-melting
silicate phase, on the one hand, is beneficial, since it leads
to the healing of cracks, pores, and other defects61* and to
a more uniform distribution of the oxidation products on the
surface of the specimen. On the other hand, diffusion
through the liquid layer takes place more readily, leading to
an increase in the rate of oxidation. When a liquid phase is
formed at the grain boundaries, the strength of the material
decreases sharply. 6 5

The dissolution of Si3N4 in the liquid oxide phase leads to
an increase in its viscosity and to the formation of a vitreous
coating on the surface of the specimens. 3 8 The addition of
lanthanide oxides, and the presence of water vapour in the
reaction atmosphere, on the other hand, favour crystallisa-
tion of the oxide layer. 5 0

IV. INFLUENCE OF THE COMPOSITION AND STRUCTURE OF
THE MATERIALS ON THEIR STABILITY TO OXIDATION

1. Influence of the Phase Composition

Silicon nitride exists in two polymorphic forms with similar
structures, differing only in the sequence of tetrahedral
elements in the direction of the c axis . 2 2 The nitriding of
silicon usually gives both forms: a-Si3N4 is formed prefer-
entially in the temperature range 1200-1400°, and g-SijN^
above 1450°. On heating to 1450-1500°, slow irreversible
conversion of the α-phase into the β-phase takes place. 2 1

Practically all industrial specimens of powdered silicon
nitride consist of a mixture of the a- and β-forms. 6 6>6 7 At
the same time, hot-pressed and sintered materials obtained
at -1700° and above usually do not contain α-8ί3Ν4. Its
presence is possible only in reaction-sintered materials.

The study of powders with different concentrations of ct-
and 3-Si3Nlt

 Zh has shown that, other conditions being equal,
the tendency to undergo oxidation is greater for those con-
sisting chiefly of a-Si3N4. The initial rate of the process
increases with increase in the oxygen pressure, indicating
the possible adsorption of molecular oxygen. At certain



1020 Russian Chemical Reviews, 56 (11), 1987

temperatures and partial pressures of oxygen, a solid solu-
tion of O2 in a-Si3N4 is formed. 2 H With increase in the oxi-
dation temperature, the concentration of a-S^N^ in specimens
of reaction-sintered Si3N4 also decreases. 2 8 This apparently
takes place as a result of the preferential oxidation of the
α-phase. The lower stability of a-Si3Ni, to oxidation may be
due to its instability at high temperatures. The rearrange-
ment of the crystal lattice of a-Si3NH facilitates the addition
of oxygen atoms and oxidation of the material.

Deposition from the gas phase may give not only crystalline
but also amorphous silicon n i t r ide, 1 2 ' 5 3 which has a higher
stability to oxidation than the crystalline forms. 5 3

2. Influence of Porosity

The oxidation of specimens of hot-pressed 8ΐ3Ν^, having a
density close to the theoretical, takes place chiefly on the
surface. The resulting surface oxide layer, depending on
the oxidation temperature, the chemical composition of the
material, and the oxidising medium, may be porous or com-
pact, crystalline or amorphous. 3 1 > 6 8 ~ 7 1 Typical kinetic
curves for the oxidation of compact hot-pressed Si3N4,

 3 1

obeying a parabolic time dependence, are given in Fig.2.

The oxidation of specimens of reaction-sintered silicon

nitride, having the usual porosity of 15—30%, take place
throughout the entire volume (the corresponding kinetic
curves are given in Fig.4). The rate of oxidation of porous
specimens is much higher than that of the compact materials.
The difference is particularly marked at relatively low tem-
peratures (compare Figs.2 and 4). As a result of the oxida-
tion of reaction-sintered Si3Nn with a porosity of 2270 kg m~3

at 1040° for 200 h, 28% SiO2 accumulated in the specimen,
whereas its concentration in the original material (as an
impurity at the grain boundaries) did not exceed 4%.72

According to Ref.76, the dependence of the rate of oxida-
tion on the porosity is linear and is given by the equation

where Am is the increase in mass, So the geometric surface
area of the specimen, f_the fraction of open pores (relative
to the total porosity), R the average radius of the pores, ρ
the relative density of the material, and k a coefficient.
This equation shows that an important role is played not
only by the total fraction of open pores, but also by the
radius of the pores (see also Fig. 5). In Ref.77 it was sug-
gested that the main influence on the stability to oxidation
is in fact shown not by the radius of the pores but by the
radius of the channels connecting them. The filling of these
channels by an oxide phase having a greater volume than
the original S^Ni, leads to a decrease in the rate of internal
oxidation of the material. Thus for materials with a smaller
average radius of the pores (or of the channels connecting
the large pores), the formation of a protective layer on the
surface of the specimens takes place more rapidly at a lower
degree of oxidation (Fig.5).

Active oxidation of the specimen throughout its volume
takes place under conditions in which a solid oxide layer
exists on its surface. This corresponds to curves 4—6 in
Fig.4. When the oxide phase melts (see section III) , a vis-
cous protective film, covering all the open pores, is formed
after a certain time interval on the surface of the specimens,
leading to a change in the nature of the kinetic curves with
increase in the oxidation temperature (curves 1—3 in Fig. 4).

In the oxidation of the porous material, its density
increases, 7 8 and the porosity decreases, whereas in the oxi-
dation of hot-pressed Si3Ni, there is a slight decrease in the
density. This last feature is due to the fact that the silicon

dixode formed is less dense than Si 3N 4. In the oxidation of
the compact material, the SiO2 layer is formed only on the
surface, whereas in the oxidation of a porous specimen, only
~25% of the silicon dioxide formed corresponds to the surface
layer, 5 9 and the slight change in the volume of the specimen
is accompanied by a fairly large change in its mass.

Figure 5. Model of the oxidation of reaction-sintered
silicon nitride with fine (a) and coarse (b) pores under the
conditions of formation of a solid oxide layer.

, kg2nT

in

JZ
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ο
20 τ, h

Figure 6. Kinetics of the oxidation of the material HS-130 at
ifferent media: 8 i 1)

p_ = ΙΟ-^-ΙΟ-1 Pa; 2) O2, p+u t

g
1400° in different media: 8 i 1) CO/CO2, p. . = 2 χ 10" Pa,

T0T3.1

total
= 8 χ 102-8 χ 101*

Pa; 3) O 2/N 2, O2/Ar, P t o t a l = 8 χ 10* Pa, ρ = 8 x 102-

8 χ 10" Pa.

Even at temperatures below 1000°, oxidation leads to
gradual covering of the pores (Fig.6), and, after some time,
to the formation of a protective film of silica on the surface
of the specimen, which stops practically completely the
penetration of oxygen into the inner layers of the material.
Under these conditions, the diffusion of oxygen through the
layer of oxide becomes the limiting stage of the process.
Subsequently, the reaction takes place in the same way as in
the oxidation of the non-porous hot-pressed material.

The density and behaviour during oxidation of sintered
materials having a porosity of -10% 7 9 are intermediate
between those of the hot-pressed and reaction-sintered



Russian Chemical Reviews, 56 (11), 1987 1021

materials. The materials obtained by deposition from the
gas phase have a high density. Their properties are closer
to those of the hot-pressed materials, S 3 and their mechanical
properties and stability to oxidation are often even greater
than those of these materials.

3. Influence of Additives and Impurities

Practically all materials based on silicon nitride contain
additives to activate sintering: MgO, 8 0 ' 8 1 A12O3,

82 Y 2O 3, 8 3

BeO, 5 2 CeO2,
 5 1 ZrO2,

 5 8 etc. The most frequently used addi-
tive is magnesium oxide. The best compaction is achieved
when a secondary phase with the composition MgSiN2—Mg2Si04

is formed between the granules. 8 0 After the oxidation of
these materials, the surface layer contains enstatite MgSiO3

and forsterite Mg2Si04,
 7 9 formed by the reactions:

2MgO+SiO2->Mg2SiO4

Mg2Si0,+Si0',-»-2MgSi0J

The rate of oxidation increases with increase in the quantity
of MgO added. This is due to the fact that the vitreous
magnesium silicate phase formed at the grain boundaries
softens at temperatures above 1100°, and its viscosity and
melting point decrease with increase in the concentration of

• · · fill

magnesium in it.
The stability of materials of this type towards oxidation

can be increased by adding zirconium dioxide in addition to
magnesium oxide. 5 8 The hot-pressed material containing
1% MgO and 2% ZrO2 has a much higher stability towards
high-temperature oxidation than the same material without
zirconium dioxide. It is considered58 that the addition of
ZrO2 decreases the rate of the diffusion of oxygen through
the oxide film and the transfer of magnesium ions to the
surface of the specimen. Materials containing added ZrO2

or ZrC have a high stability at temperatures up to 1500°.
The addition of yttrium oxide makes it possible to obtain

a crystalline phase at the grain boundaries, and not the
vitreous phase obtained when MgO is used, and also increases
the high-temperature strength of the materials.8 3 The
silicon yttrium oxide nitrides formed by the reaction of Y2O3

with Si3N4 and SiO2, which is always present on the surface
of the silicon nitride granules, have been studied in detail. 8 5

It is recommended that the technological conditions be selec-
ted in such a way that the secondary phase consists of
Y4Si207N2. This is facilitated by adding aluminium and mag-
nesium oxides. This material has the greatest stability to
oxidation. According to other data, 3 9 material from the
Si3Nit-Y2Si2O7—Si2ON2 system has a very high resistance to
oxidation.

Cerium oxide has approximately the same influence as
yttrium oxide on the properties of the materials. 5 1 Materials
containing added CeO2 and Y2O3 have a high resistance to
oxidation at 1300-1400°. 8 6 In the temperature range 900 to
1200°, the crystalline oxide film formed on the surface of the
specimens does not show protective properties, so that
intensive oxidation of the materials with a deterioration in
their mechanical properties takes place. I f 0 It has been
suggested39·1*0 that the temperature separating these two
ranges be called the critical temperature ( T c ) . Above Ίc,
the oxide layer is compact and shows good protective prop-
erties; the kinetics of the oxidation obey a parabolic law,
and the rate of oxidation decreases with decrease in the
concentration of the additive. Below Tc, the surface
layer contains connected pores, and therefore has poor pro-
tective properties; the kinetics of the oxidation are close

to linear. For the materials of the Si3Ni t-Y2O3 system
studied in Ref.40, Tc = 1200-1250°. At a temperature
below Tc, the maximum rate of oxidation is reached at
1000°.

The formation of a non-porous oxide layer requires that
the material contain compounds which lower the liquidus
temperature of the phase between the granules. One such
compound is A12O3. The addition of 2% aluminium oxide
decreases the rate of crystallisation of the phase between
the granules, facilitating glass formation, and lowers Tc by
200 K.1*0 This material retains an acceptable strength
only up to 1200°, but unlike materials to which only Y2O3

has been added, it shows good resistance to oxidation at
1000°, since this temperature is only slightly below its
Tc value. A hot-pressed material consisting of 93% Si3N4,
5% Y2O3, and 2% A12O3 showed good resistance in tests
involving prolonged oxidation (up to 30 d) at 1200°.69 The
production of a hot-pressed material containing 8% Υ2Ο3,
whose properties did not deteriorate at 1000—1200°, has
been reported. 6 8 The addition of aluminium oxide to
silicon nitride gives so-called sialons, 8 / > 8 8 which consist of
a solid solution with the 3-SisNn lattice, in which some of
the silicon atoms are replaced by aluminium atoms, and some
of the nitrogen atoms by oxygen atoms. Similar solid solu-
tions are formed when the oxides of beryllium and various
other elements are added.

Materials containing added beryllium oxide 5 2 ' 8 9 also have a
high resistance to oxidation. It has been reported 5 2 that a
hot-pressed material with the composition Si2.9Be0.1N3.8O0 # 2

has a much greater heat resistance than industrial materials
being produced. The activation energy of the oxidation of
this material is almost twice that for most other silicon
nitride specimens (see Table 1).

When the original powders are ground, they usually contain
iron or tungsten carbide as impurities, depending on the
material used to prepare the grinding bodies and the mill
lining. Iron oxides in quantities up to 2.5% are sometimes
added deliberately to reaction-sintered materials to facilitate
the nitriding process. 9 0 After pressing or reaction sinter-
ing, these impurities are present in the prepared material
at the grain boundaries either in the original state or as
melts of the suicides or a mixed carbide of iron and tung-
sten. 3 8 ' 9 0 At a high oxygen concentration, they are oxi-
dised and dissolve in the intergranular phase, lowering its
melting point. This leads to the formation of a liquid phase
in the surface phase at high temperatures and to a deteriora-
tion in the high-temperature strength. 9 l > 9 2

In addition to the above elements, the technical raw material
used to prepare most materials also contains traces of calcium,
magnesium, aluminium, strontium, nickel, cobalt, manganese,
copper, titanium, and other elements in quantities of 1.00 to
0.01%.65>98 The presence of these elements in the material
leads to a decrease in the viscosity of the silicate glass.
The decrease in the viscosity is greater, the greater the
ionic radius of the element and the higher the rate of oxida-
tion. The oxidation resistance of the material HS-130, pro-
duced by the American firm Norton (Fig. 2), is 10 times that
of the similar material HS-110 in which the concentration of
impurities is 10 times higher.9 1 > After oxidation, the impu-
rities are present in the vitreous phase or separatees differ-
ent crystalline phases. 9 5

Thus additives and impurities which lower the melting point
of the oxide phase may play a beneficial role, facilitating the
formation of a compact protective layer even at temperatures
of ~1000°. At the same time, at higher temperatures, they
lead to a sharp increase in the rate of oxidation of the
material. To produce heat-resistant materials, it is appa-
rently necessary to remove the original impurities from the
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raw material, and then to introduce a strictly limited quantity
of certain additives which give the material the required
properties.

V. CORROSION UNDER THE INFLUENCE OF SALTS

During use, the ceramic parts of engines may be subjected
to the action of various salts, 7 ' 9 6 leading to breakdown of
the protective oxide layer9 7 and to more active corrosion
of the material.

The presence of sodium salts in the surface layer leads to
a decrease in the viscosity of the oxide phase and to an
increase in the rate of oxidation of the specimens.1*9 The
oxide layer formed on the surface of specimens impregnated
before oxidation with solutions of different sodium salts
contain many pores and cracks . 9 8 The cracking of the
surface layer is due to the difference in the coefficients of
thermal expansion of the material and the sodium silicate
glass formed, and the large number of pores is due to the
low viscosity of the latter.

It has been reported that materials based on silicon nitride
have a high stability to the action of molten NaCl, 9 8 ' 9 9

marine sal t , 9 8 ' 1 0 0 and LiCl-KCl and LiF-LiCl-KCl mixtures,1 0 1

but that they have a poor corrosion resistance in melts with
strong oxidising properties, such as ΝβΣβΟ^ 9 8 and the
eutectics Na^O^-Nad " and N a ^ O ^ - V ^ . i 0 2 The reac-
tion of silicon nitride with sodium sulphate gives the silicates
Na2Si03 and Na 2Si 20 5. The processes taking place during
corrosion in an Na2SO,t melt can be described as follows. In
the temperature range 800—900°, the surface layer of the
material is oxidised by atmospheric oxygen according to
E q n . ( l ) . When the salt melts (at 890°), it begins to react
with the silicon dioxide formed

2SiO2+2Na2SO4-^2Na,SiO3+2SO2+O;:

leading to its dissolution. After the SiO2 layer has dis-
solved, the salt reacts with Si3N4:

6Na2SO4+2Si3N4+3O,^6Na,SiO3+4\'2+6SOa

Silicon nitride materials have a higher resistance to the
action of molten Na2SO,, than silicon carbide materials.9 9

V I . CORROSION IN DIFFERENT CASEOUS MEDIA

According to Ref.18, the rate of oxidation of silicon nitride
in moist air is twice that in dry air. The reaction of SisN^
with water vapour gives ammonia:

At the same time, in other studies, 5 0 even mass spectro-
metry did not detect ammonia in the products of the reaction
of Si3Ni, with moist air (the partial pressure of water vapour
was 3.3 χ 103 Pa). The activation energy of the oxidation
of hot-pressed silicon nitride in moist oxygen is greater than
that in dry oxygen (see Table 1). This is attributed to the
change in the viscosity of the oxide film as a result of the
dissolution and diffusion of OH~ ions in i t . 5 0

At high temperatures, silicon nitride materials have a
greater resistance in CO—CO2 mixtures containing oxygen at
a partial pressure of 10"1*—10"1 Pa, compared with an atomo-
sphere of oxygen or a i r . 8 1 The shaded areas in Fig.6 give
the ranges corresponding to the kinetic curves for the oxi-
dation of hot-pressed silicon nitride in oxygen, CO—CO2,
and mixtures of oxygen with argon and nitrogen. At an
oxygen pressure of 1.33 Pa in the CO—CO2 mixture, a mass
loss is even observed, due to the formation of gaseous silicon

monoxide. The rate of oxidation of Si3Ni» is independent of
the partial pressure of nitrogen in the gas mixture. 3 1

Hydrogen also has no significant influence on silicon nitride.1 8

Heating powdered Si3N,, in a stream of chlorine for 1 h at
1200° leads to an increase in mass of 1%.18

Silicon nitride ceramic has a high resistance to corrosion
under the influence of the products of the combustion of
high-quality fuel. 1 0 2 If however these products contain
sodium and vanadium, even at concentrations of 0.005%, very
strong corrosion of the material is observed. After 225 h at
a temperature of 900—1100°, an oxide layer with a thickness
of ~1 mm, containing up to 75% SiO2, 7% V2O5, and 8% Na2O,
is formed on the surface of specimens of reaction-sintered
silicon ni t r ide . 1 0 2

In spite of the limited amount of available data, it may be
concluded that silicon nitride materials can be used success-
fully in atmospheres of dry nitrogen, hydrogen, chlorine,
oxides of carbon, and also fuel combustion products at tem-
peratures above 1000°. The working atmosphere, however,
should not contain moisture or elements such as sodium,
vanadium, etc. which lead to modification of the protective
oxide layer on the surface of the material and to an increase
in the rate of corrosion.

V I I . THE INFLUENCE OF OXIDATION ON THE PROPERTIES
OF THE MATERIALS

Oxidation has a marked influence on most physicomechanical
properties of a material. A particularly important role is
played by the internal oxidation of porous materials, but at
high degrees of oxidation there is a marked change in the
properties of even compact hot-pressed materials. Thus
when reaction-sintered and hot-pressed silicon nitride is
used in an oxidising medium at high temperatures, the influ-
ence of oxidation cannot be neglected, and must be taken into
account when predicting the properties of the materials.

The increase in the concentration of SiO2 in the material
on oxidation leads to an increase in the coefficient of thermal
expansion.5 7 As a result of the increase in volume when
Si3N4 is converted into SiO2 and the difference in the coeffi-
cients of thermal expansion of the material and the oxide
phase, compression stresses are produced in the surface
layers of the specimens, leading to an increase in the
strength of the material. When the stresses are too high,
however, cracking of the surface layer takes place, with
deterioration in the properties of the material. 1 0 3 Compres-
sion stresses are produced in the surface layer during the
oxidation of the hot-pressed material containing added ZrO2

even at temperatures of 600-800°.1Ok This is due to the
fact that it contains a secondary phase with the composition
ZrO2_2xNH;x,y3 (0.25 S χ ύ 0.43), which at temperatures above
500° is oxidised to give monoclinic ZrO2, with an increase in
volume by 45%. At the temperatures at which the process
takes place, neither Si3N,, nor Si2N2O are oxidised. Since
the material is compact, the oxidation of the secondary phase
takes place only on the surface. The compression stresses
produced increase the strength, preventing the production
of cracks in the surface layer.

Published data on the influence of oxidation on the strength
of the materials are contradictory. According to some
authors, 7 2 > 1 0 5 oxidation leads to a decrease in the bending
strength, the strength decreasing to a greater extent with
increase in the time of treatment. According to other
d a t a , 1 0 8 ' 1 0 7 oxidation leads to an increase in the strength
of the specimens as a result of the healing of surface defects.
It is reported 1 0 7 that although oxidation increases the
strength of the material in the initial period, increase in the
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time of treatment at 1200° to 100 h leads to a decrease in the
strength of hot-pressed Si3N4 as a result of etching of the
grain boundaries and the formation, along the boundaries,
of grooves which act as stress concentrators and which may
develop into cracks when a load is applied. At the same
time it has been reported 1 0 8» 1 0 9 that increase in the treatment
time from 5 to 100 h does not lead to a change in the strength
of reaction-bonded silicon nitride, irrespective of the tem-
perature of testing (Fig. 7). Treatment of specimens of
reaction-bonded Si3Ni, in air for 24 h at 1400° leads to an
increase in its high-temperature s t rength. 2 6

impurities from the inner layers of the material, e tc .) ,
whereas others lead to a deterioration in the mechanical
properties (cracking of the oxide layer, etching of the grain
boundaries, e t c . ) . 1 1 3 By selecting definite oxidation condi-
tions depending on the structure and composition of the
material, it is possible to achieve an increase in its strength
and other mechanical characteristics. Extensive oxidation
of a material leads to a deterioration in the mechanical char-
acteristics; this is usually observed in the oxidation of
porous specimens or during oxidation under conditions in
which the oxide layer formed does not exhibit protective
properties. It is therefore necessary to protect materials
from active oxidation.

σ, MPa

i :

I I

•7

τ- 2
• I

1 I

200

700

20 41) 60 80 :OO τ, h

Figure 7. Dependence of the tensile strength of reaction-
sintered silicon nitride at 20° on the time of treatment in
air 1 0 8 at different temperatures (°C): 1) 1400, 2) 1200,
3) 1000.

V I I I . THE EFFECT OF SALTS ON THE STRENGTH AND
CRACK RESISTANCE OF THE CERAMIC

Oxidation in the presence of sodium salts leads to a
decrease in the strength and the critical stress intensity
factors (Table 2), both at room temperature and at 1200°. 9 8

The decrease in strength at high temperatures is due to the
formation of a liquid silicate phase in the surface layers of
the material, and the decrease at room temperature is due to
cracking of the oxide layer (see section V). The higher
the oxidation temperature, the lower the strength of the
specimens at room temperature.

Table 2. The influence of salts on the strength and crack
resistance of the reaction-sintered material NKKKM-81. 9 8

The bending strength of reaction-bonded and hot-pressed
specimens of silicon nitride after oxidation at 1370° with and
without an applied load was studied in Ref.105. During
oxidation without the load, the strength of the reaction-
sintered material increased, but that of the hot-pressed
material decreased as a result of the growth of the nitride
granules.

All the above data related to the strength determined in
bending tests. In Ref.110 it was shown that the changes
in the surface of the specimens produced by oxidation, as a
result of the non-uniform distribution of the stresses, have
a greater influence on bending than on elongation.

According to data obtained by the AiResearch Manufactur-
ing Co., treatment for 50 h in air at 980° leads to an increase
in the strength of hot-pressed silicon nitride. Turbine
rotor blades produced by the firm were subjected to this
treatment. The reaction-sintered materials were subjected
to treatment for 2 h at 1400° or for 1 h at 1460°, followed by
slow cooling in the furnace to room temperature.

Internal oxidation leads to a sharp deterioration in the
creep resistance of the material.7 7 Materials based on Si3N4

show good creep resistance at high temperatures in protective
and reducing media. On heating in air or in oxygen, how-
ever, a silicate phase is formed as a result of oxidation of the
material along the grain boundaries, leading to an increase in
creep.

The influence of various changes taking place in the struc-
ture of materials during oxidation on their mechanical prop-
erties at room temperature and high temperatures has been
analysed. U 1 " " 1 1 5 Some of the processes taking place during
oxidation lead to an increase in the strength, crack resis-
tance, and creep resistance (healing of defects, removal of

Form of treatment

Without treatment
Corrosion in an NaCl melt at

950° (1 h)
Oxidation at 1200° (15 min) in the

presence of NaCl
Oxidation at 1200° (15 min) in the

presence of marine salt
Oxidation at 1200° (15 min) in the

presence of Na2SO4

Τ

ob, MPa

207
195

163

1S7

177

= 20"

K/c, MN m~3/2

3,21
3.14

—

—

—

T =

<jb. MPa

177
128

131

110

93

1200°

Kfc, MN m'3/2

3.19
2.83

2,71

2.57

2.38

Notation: Τ is the temperature at which the tests were car-
ried out, σ the bending strength, and Κ the critical stress

b ic

intensity factor.

Table 2 shows that corrosion in melts of marine salt,
sodium chloride, and the NaCl-Na2SOlf eutectic leads to a
deterioration in all the mechanical characteristics of the
materials at all temperatures of tes t ing. 9 8 , 1 1 6 . 1 1 7 increase in
the time of treatment in molten NaCl from 1 h to 5 h, however,
does not lead to a further decrease in s t rength. 9 8 Molten
salts which have a stronger corrosive action on the material
lead to a marked decrease in strength. This is due to the
formation of defects in the surface layer of the specimens as
a result of the corrosion breakdown of the grain boundaries
and individual phase components of the material. 9 8> 1 1 6
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In spite of the fact that corrosion under the influence of
salts leads to considerable deterioration in the properties of
silicon nitride materials, there is very little published
information on methods of protection from "salt" corrosion.

IX. CORROSION UNDER STRESS

It is well known that the simultaneous action of a corrosive
medium and mechanical loading on metals, 1 1 8 glass, 1 1 9 molec-
ular crystals, 1 2 0 plastics, 1 2 1 and other materials leads to
so-called corrosion under stress or to corrosion cracking.
Since only the first steps are now being taken in the use of
ceramics as constructional materials, the corrosion of silicon
nitride ceramic under stress has been little studied.

The authors of Ref.122 consider that materials based on
Si3N,j do not undergo corrosion under stress. This con-
clusion was based on the following factors: 1) the energy
of thermal activation of the process is much higher than the
typical energy for a chemical reaction; 2) attempts to stimu-
late the growth of a crack at the temperature of the sur-
rounding medium in the presence of corrosive agents were
unsuccessful; and 3) in the study of corrosion under stress
at high temperatures, cracks produced artificially showed a
tendency to close. At the same time, it has been reported1 2 3 '
1 2 H that reaction-sintered and hot-pressed silicon nitride
specimens are sensitive to corrosion under the influence of
stresses in moist air, water vapour, and aqueous media at
temperatures up to 300°. The lower the pH of the medium,
the lower the strength of the specimens. The authors of
Ref.123 consider that the corrosion of silicon nitride materials
under stress is due to ion exchange between the medium and
a vitreous phase between the granules. Since practically
all materials based on Si3N,, contain a secondary vitreous
phase, they should be sensitive to corrosion under stress
to the extent that the glasses and their breakdown can be
described by the theory developed for glasses by Charles
and Hillig.1 2 5

The influence of the external medium may also be due to
the dependence of the time to breakdown on the magnitude
of the applied load, observed in static fatigue tests on silicon
nitride materials. 1 2 6 ' 1 2 7 When a reaction-sintered ceramic
based on silicon nitride was tested in air at temperatures
close to 800°, a marked deterioration in the strength proper-
ties, which depended on the time of treatment under load,
was detected. In this case, not only did the chemical reac-
tion with the medium influence the mechanical properties,
but the mechanical stresses also influenced the oxidation pro-
cess. The quantity of cristobalite in the specimens after
testing increased with increase in the applied load. 1 2 8 The
information available at present, however, does not make it
possible to determine reliably the mechanism of the break-
down of silicon nitride ceramic under the influence of
mechanical stresses in a corrosive medium.

X. THE PROTECTION OF THE MATERIALS FROM OXIDATION

Various methods of protection from oxidation have been
described. The chief method for protecting the ceramic is
by depositing coatings of nitrides, carbides, or oxides on
its sur face. 1 2 9 " 1 3 1 Silicon nitride.and carbide obtained by
deposition from the gas phase have a very high resistance
to oxidation. Oxide coatings can also provide reliable
protection for the materials. The optimum work capacity of
articles with coatings is achieved by depositing silicon

nitride, since this ensures good adhesion to the support and
a decrease in the possibility of separation or cracking of the
coating when heated as a result of a difference in the tem-
perature coefficients of linear expansion of the support and
the coating. 2 5 The principal methods used to apply coatings
are by deposition from the gas phase 1 2 9 ' 1 3 0 and by plasma
spraying. 1 3 1 ' 1 3 2

The reactions of silicon halides or silane with ammonia are
widely used to obtain protective coatings of silicon nitride.
The method of pyrolytic deposition with controlled nucleus
formation133 makes it possible to obtain fine-granular coatings
consisting of equiaxial crystals. The deposition of a fine-
granular coating with a thickness of 0.05 mm and granule
dimensions of 1—10 μπι on the surface of specimens of reac-
tion-sintered silicon nitride increases the resistance of the
material to oxidation during cyclic heating to 1200° by a
factor of 100.1 3 3 To give the ceramic other special proper-
ties in addition to corrosion resistance (erosion resistance,
hardness, e tc . ) , it is also possible to deposit composite
coatings with a matrix of amorphous Si3NH and inclusions of
TiN, BN, and other compounds.1 3"

Coatings of silicon carbide are obtained by the gas-phase
synthesis of SiC from volatile silicon halides and hydrocar-
bons. 1 3 5 The deposition of a coating of pyrolytic silicon
carbide on the surface of the material by the decomposition of
trichloromethylsilane in a tubular furnace at 920° has been
proposed. 7 5 ' 1 3 6 The material with a porosity of 25%, covered
with a layer of SiC, had an absolute creep resistance at
1200°, indicating the absence of internal oxidation. Coat-
ings of titanium and zirconium diborides and aluminium
nitride can also be applied. 1 3 3

Good results were obtained when specimens with a porosity
of 28% were impregnated with liquid silicon in a nitrogen
atmosphere. 1 3 7 After this treatment, a compact protective
layer with a thickness of 40—100 μπι was formed on the sur-
face of the specimens. An interesting feature is that this
layer consisted entirely of 3-Si3NH, which is known to be
extremely stable to oxidation, whereas its concentration in
the specimen did not exceed 4%. The increase in the mass of
specimens with a coating thickness of 45 urn during their
oxidation in the temperature range 800-1400° was one tenth
of that for the non-protected specimens. For specimens
with a film thickness of 100 urn, practically no increase in
mass was observed up to 1400°. The specimens showed a
high resistance to oxidation in moist air at 1400°, whereas
under similar conditions the non-protected specimens were
oxidised to the extent of 30%. In practice, however, the use
of this method of protection encounters considerable diffi-
culties, associated with the need for thorough removal of
oxygen-containing silicon compounds from the surface, since
Si3Ni, containing SiO2 or Si2N2O on its surface is not wetted by
liquid silicon.

According to data given by Norton, reaction-sintered
materials can be protected from oxidation by treating with
solutions of A1(NO3)3, ZrOCl2, organometallic compounds of
zirconium, or a mixture of ZrOCl2 and Y(NO3)3. After
repeated impregnation, the specimens are heated in a nitro-
gen atmosphere; the decomposition products collect and fill
the pores on the surface of the specimens. The strength of
the materials remains unchanged after this treatment, but
if materials to which zirconium compounds have been added
are heated for 50 h in air at 1230°, their bending strength
increases considerably.

Impregnating porous reaction-sintered materials with
organosilicon compounds followed by their thermal decomposi-
tion makes it possible to increase the resistance of the materi-
als not only to oxidation but also to corrosion under the
influence of sa l t s . 1 3 8
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The processes described above are not always easy to
carry out from the technological viewpoint. A much simpler
method of protection is by preliminary oxidation of the speci-
mens under appropriate conditions. As already noted, to
obtain useful materials it is necessary to create conditions
favouring the formation on the surface of the articles (during
use in an oxidising medium at high temperatures) of a com-
pact protective oxide layer. In a certain temperature range
(for most materials at temperatures close to 1000°), however,
the rate of oxidation is already fairly high, but a protective
layer has not yet been formed. This is particularly danger-
ous for porous materials, since it may lead to their extensive
internal oxidation. To eliminate undesirable phenomena, it
has been proposed that a compact oxide layer be produced
artificially on the surface of reaction-sintered materials by
placing them for a short time in a furnace heated to 1300 to
1350°. 5 6 Thermal treatment in this way is used by the
AiResearch Manufacturing Co. to protect materials from fur-
ther oxidation during use, with a simultaneous increase in
their strength.

—oOo—

Thus oxidation during use represents a serious danger for
silicon nitride materials, since it may lead to a marked
deterioration in their mechanical characteristics. This
applies particularly to porous reaction-sintered ceramic.
At the same time, a knowledge of the regular features of
the process makes it possible, by using definite oxidation
conditions, to achieve an increase in the strength of the
materials and to protect them from active oxidation during
subsequent use. Here it is necessary to take account of
the fact that the materials described in the present review
differ considerably in their behaviour in oxidising media at
high temperatures, depending on their composition and
structure.

Although much of the published material on the oxidation
of silicon nitride ceramic is contradictory, the principal
regular features of this process have now been established.
At the same time, however, corrosion under the influence
of salts and in an atmosphere of fuel combustion products
has still been insufficiently studied. In addition, the condi-
tions under which a ceramic based on silicon nitride under-
goes corrosion under the influence of stresses have not yet
been established. To ensure that the materials can function
at high temperatures in media containing salts of sodium and
other metals, a more detailed study of the corrosion proces-
ses using modern methods of physicochemical analysis is
necessary.

Although silicon nitride materials may undergo consider-
able corrosion in the media described above at temperatures
higher than 1000°, with a deterioration in their mechanical
properties, they nevertheless retain under these conditions
a higher strength than other heat-resistant and corrosion-
resistant metallic alloys.
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The results of studies on the chemical behaviour of organophosphorus compounds in reactions with quinones are surveyed.
Attention is concentrated on discovering the trends and general characteristics of such processes.
The bibliography includes 134 references.
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I. INTRODUCTION

During the last quarter of a century, studies in the
chemistry and technology of organophosphorus compounds
have expanded greatly throughout the world, in many
respects due to the growing needs for biologically active
preparations, among which the aromatic esters of phosphorus
acids play a leading role.

Until recently, there has been no reliable information about
the reaction mechanisms and frequently also about the struc-
ture of the products of the interaction of organophosphorus
compounds with quinones. Only the wide-scale application
of modern physical research methods made it possible to solve
some of these problems.1"1* Nevertheless, a number of
processes with participation of phosphorus(III) compounds
do not fit within the framework of existing ideas5 and the
reactivities of compounds of pentacoordinate phosphorus in
relation to quinones are not susceptible to prediction.

There are no publications in the literature of a review
character on the interactions of phosphorus compounds with
quinones. The monographs and reviews devoted to various
aspects of the chemistry of organophosphorus compounds6"1 0 '
13'11* and quinonoid compounds'*'11»12 provide only disjointed
descriptions of individual phosphorus-containing reagents in
their reactions with certain quinones.

In the present review an attempt has been made to survey
the experimental data on the synthesis, reactivities, and
mechanisms of the reactions of organophosphorus compounds
with quinones. The aim was not to discuss comprehensively
all the reactions described in the literature but an attempt
has been made to concentrate attention on the general charac-
teristic features of these chemical reactions.

I I . COMPOUNDS OF DICOORDINATE AND TRICOORDINATE
PHOSPHORUS

1. Reactions of Phosphines and Related Compounds with
Quinones

The study of the interaction of aryldiphenylmethylenephos-
phine with tetrachloro-l,2-benzoquinone, 3,5-di(t-butyl)-
1,2-benzoquinone, and phenanthrenequinone showed that 1: 1
cyclic [2 + 4] adducts (I) are formed in all cases. For a 1: 2
ratio of phospha-alkenes and quinones, the main reaction
products are phosphoranes ( I I ) : 1 5

Ar—J>=CBi» 4-

1,3-Benzoxaphosphole reacts with tetrachloro-l,2-benzo-
quinone to form the phosphinite (III) : 1 6

α

/
ci

γ
Cl (Π0

Tertiary phosphines readily react with quinones, forming
products with Ρ—Ο or P—C bonds, 1 7~ 2 0 whose structure is
determined by the nature of the substituents in the quinone
and the phosphine.

The addition of triphenylphosphine to p-benzoquinone leads
to the phosphobetaine (IV):1*·17·18

6
Ο OH

(IV)

This reaction has been used to obtain a whole series of
quaternary phosphonium salts, which are used to promote
the interaction of vicinal epoxides with phenols and carboxylic
acids or their anhydrides in order to obtain polymer films:19

Ο
II

/ \
RJP+j J + HA

O H
I

--"Ό-
OH

The oxidation of the phosphobetaine (IV) can afford the
paramagnetic radical-cation (V):10»18



Russian Chemical Reviews, 5 6 (11), 1987 1029

o-

9'
OH
(IV)

o·
> P h ,

OH
(V)

The interaction of triphenylphosphine with 2, 5-dichloro-
1,4-benzoquinone gives rise to an adduct, which is converted
on treatment with water into diphenylphosphine oxide, 2,5-
dichlorohydroquinone, and 2,5-dihydroxy-4-chlorophenyl(tri-
phenyl)phosphonium chloride (VI):2 0

Ph-,Ρ -f- —*• [adduct] -i^~ Ph,P = ο
ο

OH

C 1 \ A
dPh,p\

I +Iy\cl
OH

OH

OH
(VI)

The EPR spectrum of the 2, 5-dichloro-l,4-benzoquinone—
triarylphosphine system, with a complex hyperfine structure
of the signals, indicates the formation of phosphorus-con-
taining paramagnetic species.3 5

It has been demonstrated by UV and EPR spectroscopic
methods that, in the reactions of triphenylphosphine with
chloranil and also with bromoanil and iodanil, the paramag-
netic products are formed mainly as a result of the oxidation
by the quinone of phosphine—quinone charge-transfer com-
plexes, but this is only one of the pathways leading to the
final product: 1 7

Cl 1 Cl

Τ 4-c6ci4oi

aOfc iphaP* Cl f̂  Cl

Diethylphenylphosphine reacts with chloranil to form the
phosphorus-containing dipolar product (VIII), which is
probably formed from the intermediate (VII):2 1

0

(VIII)

The chlorine atom in the ο-position in the phosphabetaine
(VIII) is readily substituted by a hydroxy-group from water,
which leads to a new type of stable phosphorus ylides (IX):

HCI

EtaPPh

(VIII) ^ c i j

The interaction of phosphines with quinones having a
chloromethyl substituent has been described. The main
product is the phosphonium salt (X): 2 2

CICH,

ci- \ / \
!i II

Ο Ο
(Χ)

The adducts of phosphines with nitrogen-containing
quinone derivatives also have a quinonoid structure:'*'2 3 '2 ' '

Ph,p=.\—η

PU3P +

Secondary phosphines add to p-benzoquinones more
vigorously than tertiary phosphines with formation of inter-
mediates (XI) with a P—C bond, which are subsequently
converted into the phosphine oxides (XII) 2 5 [however,
according to other data, 2 6 the reaction product is compound
(XIII)]:

Ph2PH +

Ph2P

II ./y\
OH

(XII)

R

R = H, Cl .

The reaction apparently begins with nucleophilic attack by
the phosphorus atom on the carbon of the carbonyl group. 2 5 ' 2 7

It is accelerated with increase of the nucleophilicity of the
phosphorus centre (for example, when hydrogen is replaced
by an alkali metal2 7):

Ph,PK +

(IX)

R = H, Me .

Dialkylgermylphosphine reacts with quinone via another
mechanism. In this case the main product is p-triethyl-
germyloxyphenyl phosphinite (XIV)—a stable substance
capable of being distilled, which was isolated from the reac-
tion mixture in 50% yield:2 8
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R.PGeEtj + J | —

R,P-0

OGeEts

(XIV)

Silyl hypophosphites add to the 1,6-positions of p-benzo-
quinone without affecting the P-H bond: 2 9

Ο
II

M e s S i O — P - O
I I

Η / \

II

ο OSiMe,

In contrast to secondary phosphines, primary phosphines
do not add to quinones but reduce them to hydroquinones,
being converted into diphosphines in this process: 3 0

2PhPH,J-

R = H, Me, Cl, Br .

OH

\y\R

+PhP-PPh .

Η Η
OH

It is noteworthy that secondary phosphine oxides also react
with quinones. The interaction of diphenylphosphinous acid
with quinones leads to the C-phosphorylated adduct (XIII),5 '3 1

although, as will be shown below, almost all phosphorus-con-
E

taining reagents having the general formula R 2 P\ (R =
Η

A1KO, ArO, or Alk2N: Ε = O, NR', or S) react with quinones
to form O-phosphorylation products:

Ο
II

P h 2 P N

ο OH

I

-ν
II

Ο O H
(XIII)

It is believed5 that this anomaly is caused by the involve-
ment in the reaction of the tautomeric form of diphenylphos-
phinous acid with triooordinate phosphorus.

According to the views of other investigators, the inter-
mediate (XV) is formed in this reaction and stabilised by
being converted into the final C-phosphorylated hydro-
quinone (XIII):7

\

(XIII): R = Ar,X = O,Y = H: (XII): R = Ar, X = LEP (lone electron
pair), Υ = Η, Κ; (XIV): R = Et, X = LEP, Υ = GeR3.

The characteristic features of the structure of the inter-
mediate (XV) preclude the aromatisation process via the
traditional deprotonation, since the ring carbon atom linked
to the phosphorus group introduced contains no proton.
Other pathways leading to the stabilisation of the cyclo-
hexadienone, involving the migration of the phosphorus-
containing group to the oxygen atom or a neighbouring
carbon atom, are therefore followed.7 Within the framework
of the proposed scheme, one can also consider the mechanisms
of the reactions of other organophosphorus compounds,
namely diphenylphosphine, potassium diphenylphosphide,2 5·2 7

and germylphosphine , 2 8 with p-quinones.

In contrast to diphenylphosphinous acid, its metal-sub-
stituted derivatives with p-benzoquinone to form both Cl-
an d O-phosphorylated products. For example, the phos-
phine oxide (XVII), the phosphinate (XVIII), and the
hydroquinone in proportions of 1: 1: 1.5 and 1: 0.5: 1 have
been isolated respectively in the reactions of lithium and
magnesium salts of diphenylphosphinous acid (XVI) with
p-benzoquinone:32 ο

Ο
Ο
II

/ \
Ph2POM+| | —

(XVI) \ /

Ph,P.

Ο

OPPh, OH

J

M=LI, MgCl.

OH OH

(XVII) (XVIII)

I
OH

The authors suggest that the phosphine oxide (XVII) is a
result of the direct addition of the phosphinite (XVI) to a
carbon atom of the quinonoid ring. The formation of two
other products has been explained from the standpoint of
the one-electron transfer mechanism.

In our view, the interaction can proceed via both the
mechanism put forward by Koda et al . 3 2 and via the mechanism
described above involving the initial addition of the phos-
phorus-containing reagent to a carbonyl group of the quinone
and subsequent isomerisation of the intermediate (XV) to
the O- and C-phosphorylation products.

Chlorodiphenylphosphine reacts with quinone to form a 1: 1
adduct to which the structure of a molecular or betaine-like
complex has been attributed. 3 1 Treatment of the complex
with water leads to the isolation of the O-phosphorylation
product (XIX):

Ph2PCl

Ο
II
\

-Ph,P....O
Cl

0
II

ο

Ph2P-0
I I

ci y\

UU
o-

H.O
-HCl"

OH

(XIX)

On the other hand, if the reaction is carried out in the
presence of water, the C-phosphorylated hydroquinone (XIII)
is formed. It is believed that chlorodiphenylphosphine
hydrolyses to diphenylphosphinous acid, which is in fact the
C-phosphorylating agent. 3 1

Oligophosphates have been obtained in the reaction of
dialkyl phosphorochloridites with 1,4-benzoquinone:33

ο
ο

3 (RO), PCI + 2 II I __-> R O P - O - ^ V

ο

-P(OR).,

Thus the interaction of phosphines with quinones involves
the intermediate formation of charge-transfer complexes and
the subsequent structural reorganisation leads to the final
reaction products. The pathway resulting in stabilisation



Russian Chemical Reviews, 5 6 (11), 1 9 8 7 1031

depends significantly on the nature of the substituents in
the reactants and in many cases can be interpreted in terms
of the theory of hard and soft acids and bases.2 1 '3*

The formation of tertiary phosphine oxides (XII) and
(XIII) is characteristic of secondary phosphines and metal
phosphides.

Primary phosphines do not add to p-quinones and an
oxidation-reduction process takes place instead.

2. Reactions of Phosphites with p-Quinones

AH phosphite esters interact with p-quinone via the 1,6-
addition mechanism.2 '3 '2 1 '3 5 This pathway predominates
among other possible reaction pathways, since it leads to
stable aromatic phosphates (XXI):

It has been suggested that the reaction mechanism involves
the formation of the radical-ion pair (XX), but other path-
ways leading to the final products are also possible. 1 0 ' 1 7

Trimethyl phosphite adds to monosubstituted p-benzo-
quinones, affording mainly the O-phosphorylated adducts
(XXII) and (XXIII) and sometimes the phosphonates (XXIV)
(Table I ) : 2

ο ο
(Me Ο) 2 Ρ - Ο OR'

(MeO)3

MeO

(XXIII) (XXIV)

Table 1. The products of the reaction of trimethyl phosphite
with p-benzoquinones.2

ο

R

OMe
Mt
t-Bu
SiMe-,
CHjO.Me
Br
CI
OOjPh
C(O,OMe

Yield of phosf
(XXII), %

7»
44
—
—
17
23
28
—
—

hate Yield of phosphate
(XXIII), %

2,5
3G
72
67
SO
48
47
—
—

Yield of phosphonate
(XXIV), %*

,—
—
—
—
•—
—
42

*The overall yield of the phosphonates (XXIV, R' = Η
and Me).

It has been established that the ratio of the phosphates
(XXII) and (XXIII) is influenced by the nature of the sub-
stituent R. For example, the reaction with methoxy-p-
benzoquinone produces mainly the 2-substituted aryl phos-
phate (XXII) and a small amount of the regioisomeric phos-
phate (XXIII). On passing to methyl-p-benzoquinone, the
phosphorylation proceeds with a much lower degree of regio-
selectivity (Table 1). Nevertheless, t-butyl-p-benzoquinone
and trimethylsilyl-p-benzoquinone react to form only the
3-substituted isomer (XXIII). Methoxymethyl-p-benzo-
quinone reacts with trimethyl phosphite to form the phos-
phates (XXII) and (XXIII) in proportions of 1:3, while in
the reactions of bromo- and chloro-p-benzoquinones the
products are in proportions of 1:2 (Table 1).

Only C-phosphorylated products have been detected in
the reactions of trimethyl phosphite with quinones containing
ττ-acceptor substituents. For example, phosphite reacts
with methoxycarbonyl-p-benzoquinone to form phosphonates
of type (XXIV):

(MeO)3P+||

OMe

A / C ( 0 ) 0 M e

OH

OMe

I

20%

.C(O)OMe

Ρ (OMe)2

20%

The interaction with benzoyl-p-benzoquinone proceeds
analogously and results in the formation of products with the
phosphonate structure. 2

According to other data, the final product of the reactions
of phosphites with benzoyl-p-benzoquinone is the aryl phos-
phate (XXV). It has been demonstrated by 3 1P NMR that a
dipolar intermediate arises in the initial stage of the reaction
and that its stabilisation leads to the final phosphate (XXV):36

C(O)Ph

(RQ,)P + | |

R = Me, Et.

' O-p" (OR)3 -

>r-C (O) Ph

OP (O) (OR),

I

Λ - C (O) Ph

OR

(XXV)

Acetylquinone reacts differently. It has been established
that the phosphorane (XXVI) formed initially rearranges in
CH2C12 to the methyl ester (XXVII). In other solvents, the
phosphorane (XXVI) is converted into the cyclic phosphonate
(XXVIII):36

(MeO),

Ο
||/ \

II 1

1! 1\/II
ο

0
II

|-C-Me

OH r Hι C M ,

J\ II

>
\ / - p

I
OH

(XXVI)

OMe),

(CH.C1,)

-MeOMe"*

OH
1

CH,
It

/\-C-OMe

Iyj-Ρ (OMe),

OH.

OH

n~

..0
(XXVII)

CH2

OH

II x O M e
Ο

(XXVIII)

• Since the product-determining stage of the reactions of
phosphites with quinones is the intramolecular transfer of the
alkyl substituent from the phosphorus atom to the oxygen
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atom in the ρ-position in the betaine intermediate, the addi-
tion of electrophiles to the reaction mixture can lead to the
synthesis of non-traditional final compounds.

This type of result can be achieved when a source of
protons is employed.37 However, the method is not applica-
ble to all quinones. Chlorotrimethylsilane is a more effec-
tive trapping agent. The reactions of quinones with the
two-component phosphite/chlorotrimethylsilane system lead,
after hydrolysis, to the formation of p-hydroxyaryl phos-
phates as the main product: 3 7

OP (O) (OR),

R'

R'

OH OH

Dimethyl sulphate is yet another trapping agent. How-
ever, the reaction of triethyl phosphite with methoxy-p-
benzoquinone in the presence of dimethyl sulphate affords
the 4-ethoxyphosphates (XXIX) (49%) and (XXX) (12%). The
yield of the expected 4-methoxyphosphate (XXXI) is only
5%:37

Ο Ο Ο

ο (EtO),PO (EtO),PO (EtO)jPO

OMe ,OMe
(EtO)i Ρ

(MeO)- SO2

\ / OMe

* OMe

OMe
(XXXI)

If cyclic phosphorochloridites are used as the trapping
agents, then the products of the interaction of phosphites
with p-benzoquinone are diphosphorylated hydroquinones.
The compounds synthesised have many useful properties, in
particular they impart fire resistance to materials:3 8

(Ro)3p

(RO)2P(O)

The interest in the reactions of phosphites with quinones
has been aroused by the possibility of synthesising practically
useful products, in particular biologically active prepara-
tions. The most convenient method of synthesis of 2-aryl-
cyclohexanones, which are the basic compounds for the
manufacture of the antibiotic "lysolipin I", is apparently
based on this reaction:2'1*1

Ο

O (MeO2) Ρ—Ο

/OMe 1 ,OMe

(MeO)3 II 1

/\./\y

L k o. U OMe

The tetrasodium salt of 2-methyl-l,4-naphthylene diphos-
phate, obtained from phosphite and 2-methyl-l,4-naphtho-
quinone, is one of the few radiosensitising agents for the
radiotherapy of malignant tumours.1*2 At a concentration
of 4 χ 10~6 Μ, this compound causes 50% suppression of
mitosis in living tissues. It has been suggested that the
action of this preparation consists in blocking the synthetic
processes in cells associated with phosphorylation. It is
noteworthy that the preparation itself has no therapeutic
effect on malignant tumours.1*2

OP (0) (ONa),

I
OP!O)(ONa)2

The synthesis of many industrial materials is based on the
reactions of phosphites with quinones. For example, aro-
matic half-esters having the general formula (OAr) n , used
for the manufacture of moulded articles, adhesives, and fire
extinguishing agents,1*3 are formed by the reaction of sub-
stituted and unsubstituted quinones with compounds of
tervalent phosphorus of the type (RO)2PR\ while mixtures
of cyclic phosphites and p-benzoquinone produce the poly-
mers (XXXII), which have been used successfully as
adhesives, plasticisers, and modifying agents reducing the
combustibility of various chemical products:1*1*

The hydrolysis of aryl dimethyl phosphates (XXII) and
(XXIII) by refluxing in the NaOH/H2O/ROH mixture or water
in the presence of catalysts comprising a caesium fluoride39

and the potassium fluoride cyclohexyl-18-crown ether system1*0

gives rise to poor results, which may be a consequence of the
tendency of electron-saturated dialkylphosphorylphenols to be
oxidised, especially in basic media. The hydrolysis is more
successful if the phosphates are subjected to preliminary
dealkylation with bromotrimethylsilane and are converted into
the corresponding silyl phosphates:1*0

(XXII) + (XXIII) M C i S i B r

0
II

(Me3SiO)2 Ρ—Ο
t

Α Η.
f- I 1 - -

y\R
OMe

(Me3Si0)3

OH

OMe

P-0
1 R

Ml +
ί

OMe

OH

OMe

— ( C H 2 ) 7 I — x — r — ο

κ

(XXX11)

Under severe conditions, trimethyl phosphite is capable of
adding to anthraquinone. The reaction mechanism includes
two stages: the appearance of a dipolar intermediate and its
isomerisation to the final 10-methoxy-9-dimethylphosphoryl-
anthracene:1*5

OP(OMe), OP(O)(OMe),

A
P(OMe),+ 'V-

o-
Υ
OMe

In the case of 1,8-dichloroanthraquinone, the relatively
bulky phosphorus-containing residue enters the less hindered
10-position, while the methyl group enters the 9-positk>n,
forming the adduct (XXXIII):
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Cl Ο

Cl Ο Cl Cl OMe Cl

P(OMe),+όόό-όόό -
OP(O)(OMe),

(XXXIII)

Selective hydrolysis of the methoxy- and phosphoryloxy-
groups of the phosphate (XXXIII) and subsequent reduction
of the hydrolysis products by hydriodic acid makes it pos-
sible to synthesise 1,8- and 4, 5-dichloroanthrones which are
otherwise difficult to obtain.**5

The reactions of phosphites with naphthoquinones are less
regioselective. Treatment of 0-methyl juglone[5-methoxy-
1,4-naphthoquinone ] yielded all three possible isomeric
products, the overall yield of the phosphates (XXXV) and
(XXXVI) being lower than the yield of the phosphonate
(XXXIV):2

(MeO) 3 Ρ -f

O.Me

P(O;(O.Me)s

I I

YY
McO OMe

(XXXV)

MeO OMe
(XXXIV)

OP(O)(OMe)2 MeO OP(O;(OMe),
i i I

MeO

(XXXVI)

The reactions of phosphites having bulky alkyl substituents
sometimes lead to unexpected results, in contrast to phos-
phites with unbranched substituents. Thus, instead of the
usual addition to the quinone, the interactions of triisopropyl
and triisobutyl phosphites with chloranil entail the substitu-
tion of the chlorine atoms in chloranil by phosphoryl groups.
It has been suggested that the anomalous course of the reac-
tion is caused by the steric hindrance of the dipolar inter-
mediate (XXXVII), which is stabilised via the intramolecular
Arbuzov reaction, affording the monophosphorylated quinone
(XXXVIII). The latter reacts with the initial phosphite with
successive substitution of the residual chlorine atoms in the
quinone by phosphoryl groups ι1*6

(RO)3P +

ΰ

Π

—^·

/
Cl

0

<RO)P

—>-

/
Cl

R = iso-Pr,

Cl

\

Cl

1
|l

τ0

0κ
II
0

II
II

XXXVIII

0

tl

0

Υ
11

iso-Bu.

c

f

Cl

Cl

)

0

II

: i

(BO)3P
-RCl

0R, 2

VP(OR) 2

( R O ) 3 P — 0

Cl | ^ Cl

o" _

-RCl

(XXXVII)

0
II ο

(RO) 3P IJ CL

llY
Cl f] P(OR) 2

ο II
0.

0 0

(R0) 2P U P(0R) 2

»- l i i i
11 Jl

ο II
0 0

Similar processes take place also in phosphorous triamides,1*7

but in this system only one chlorine atom is substituted:
ο ο

(R,N)3P+ f

Trialkyl phosphites as well as phosphines react with azido-
quinones. Although they are in the last place in the reac-
tivity series of phosphoramidites (trialkylphosphines > tri-
arylphosphines > trialkyl phosphites), nevertheless it is
possible to isolate the products of their reactions with 2,3-
dia zidoqu inone: "*' **8

ο „

(RO)

Triaryl and trialkyl phosphorothioites do not react with
azidoquinones.

The reactions of the full phosphite esters with dipheno-
quinone have been investigated in detail:1*9

) = O
(RO.) Ρ

(XXXIX)

Ζ=-ί

(R0)2 Ρ (Ο) Ο—Ζ—OR ,
(XL)

(R0), Ρ (Ο) 0 - Ζ - Ο Ρ (Ο) (OR),
(XLI)

(RO)2 Ρ (Ο) ΟΖΟΗ + ΗΟΖΟΗ ;

(XLII) (XLIII)

V _ , R =Me, Et .

4-Alkoxy-4'-biphenylyl dialkyl phosphate (XL), 4,4'-bi-
phenylylene tetra-alkyl bisphosphate (XLI), dialkyl 4-hy-
droxy-4'-biphenylyl phosphate CXLII), 4,4'-dihydroxybi-
phenyl (XLIII), and the product of the self-polymerisation
of diphenoquinone were isolated from the reaction mixture
(Table 2).

Table 2. Yields of the products of the reaction of (RO)3P
with diphenoqu inone "

R

Me
Et

Yields of products, %

(.XL)

15
17

(XI.l)

15
15

(XLII)

7
5

(Xtlll)

*.5

Diphenoquinone
polymer

35
50

*The yield was not accurately established.

The author suggests the following reaction mechanism.
Initially there is nucleophilic addition of the phosphite to
diphenoquinone with formation of the intermediate dipolar
adduct (XXXIX), which subsequently rearranges to the phos-
phate (XL). According to the authors, the rearrangement
proceeds via an intermolecular mechanism: the phenoxide
oxygen of one molecule attacks the alkyl residue of another.
When the object of attack by the phenoxide oxygen is the
phosphorus atom, the process then terminates with formation
of the bisphosphate (XLI). Owing to the inevitable presence
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of moisture, the adduct (XXXIX) hydrolyses and affords the
phosphate (XLII) and dihydroxybiphenyl (XLIII). Together
with the main reaction of the phosphite with diphenoquinone,
another parallel reaction takes place—the polymerisation of
diphenoquinone catalysed by the organophosphorus com-
pound .

The products of the reactions of phosphites with dipheno-
quinoneimides are the phosphoramidates (XLIV), which have
been isolated quantitatively:1*9

>=NX (RO),

= SO2Me. SO2Ph; R = Me, Et
(XLIV)

The reactivity of quinones in reactions with nucleophiles,
including compounds of tricoordinate phosphorus, is deter-
mined both by the usual parameters (substituent, solvent,
catalyst, etc.) and by specific parameters characteristic only
of quinonoid systems. The latter include the oxidation-
reduction properties of quinones. The redox potential of
diphenoquinone (954 mV) is much higher than the potentials
of "simple" quinones, for example chloranil (712 mV) or
p-benzoquinone (696 mV).1* This is in fact used to explain
the significant differences between the reactions of phos-
phites with diphenoquinone -1*9

By virtue of the high electron-donating capacity of full
phosphite esters, it is possible to achieve the reaction of
quinonemethides with them. Fuchsone reacts with trialkyl
phosphates on heating to form 1: 1 adducts. As in most
cases of the phosphorylation of p-quinones, in this instance
the mechanism involves 1,6-addition to the conjugated bond
system:50

(ROhP +

Ο
II

/ \

f J -
II

C P h ,

"Ο
I
%

_(RO)3P-CPh.

RO

I

I
(RO), PCPh,

II

ο
The reaction with 1,4-benzoquinonebis-sulphonylimine

begins with a one-electron transfer stage involving the
formation of the phospite radical-cation and the quinonedi-
imine radical-anion, whose interaction leads to the inter-
mediate dipolar ion (XLV), which is transformed further into
the final product (XLVI):51'52 ο

NX (ROhr—NX (RO)2PNX

(RO;3P -f

(RO)3P

R = Alk. X = SO2R'. X' = H,Cl .

The amides of dialkylphosphorous acids readily interact
with p-quinones, affording dialkyl p-hydroxyaryl N-organyl-
phosphorimidates (XLIX):53

(RO),P

NHR

II

+ 1 1 -
„ /\/\
' II

ο
NHR'
I

(RO),P-O

(RO),P

-o
(XLVHI)

(RO),P—Ο

The signals of the chloroanil radical-anion and the phos-
phite radical-cation can be detected in the EPR spectra of the
reaction mixture of N-acetylphosphoramidite and chloranil.
A reaction mechanism has been proposed involving the initial
formation of the radical-ion pair (XLVII), whose reaction via
the stage involving the dipolar intermediate (XLVHI) leads to
the final product (XLIX).53

The interaction of p-benzoquinone with dialkyl phosphoro-
isocyanatidites is unusual: cycloaddition with participation
of the carbonyl group in the quinone affords crystalline
sparingly soluble oxazaphosphaspirocyclohexadienones (L):51*

(K012PNCO +

In the general case the interaction of compounds of tri-
coordinate phosphorus with p-quinones and their derivatives
can be considered from the standpoint of one-electron trans-
fer between the donor (D), i.e. the phosphorus(III) com-
pound, and the acceptor (A), i .e . the ρ-quinone. This
process is arbitrarily divided into three stages: 5 5 (1) the
stage involving partial electron transfer (the formation of a
charge-transfer complex); (2) the stage with total charge
transfer (the formation of a radical pair in a solvent "cage");
(3) the stage involving the formation of fairly stable products
(recombination or the emergence of the products from the
"cage").

The following process mechanism can be put forward for
the reactions of phosphorus(III) compounds with quinones:

D + A £ [D -• A] ^ [Dt + AT] -»· Ό*· + AT

D-A -*· D-A.
Complexes [D -»• A] with partial electron transfer are formed
initially and are followed by complexes [D* + A'] with com-
plete electron transfer. The radical-ion pair then emerges
from the solvent "cage" and the free paramagnetic radical-
ions D* and AT appear and in many cases can be detected by
chemically induced dynamic nuclear polarisation (CIDNP) and
electron paramagnetic resonance (EPR) methods. The
recombination of the radical species via pathway α or b leads
to the dipolar structures D-A, which in the case of ph<j>s-_
phines are the final reaction products. The betaines D-A
can also be stabilised directly starting with the complex
[D •*• A], by-passing the one-electron transfer stage. 1 0

The majority of the processes occurring in the phosphite
(phosphine)—p-quinone system fit within the framework of
the proposed mechanism.

3. The Reactions of Tricoordinate Phosphorus with
o-Quinones

The polarographic method has been applied to the study of
electron affinities of various quinones (Table 3).

When a number of o- and p-quinones were reduced, two
one-electron reduction stages with fairly different half-wave
potentials were observed.

The data in Table 3 permit the following conclusions:
firstly, o- and p-quinones have similar electron affinities
and one-electron transfer with the intermediate formation of
radical-ions is therefore also possible for the reactions of
ο-quinones; secondly, the smaller difference between the
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first and second half-wave potentials AE for o-quinones com-
pared with p-quinones shows that the transition from the
one-electron mechanism to the two-electron mechanism is
easier for o-quinones than for p-quinones.56

Table 3. Polarographic characteristics of the reduction of
quinones.56

Quinone

Chloranil
o-Benzoquinone
Naphthoquinone
Tetrabromo-o-benzoquinone
Tetrachloro-o-benzoquinone
9,10-Phenanthrenequinone
4,5-Dimethoxy-l,2-benzoquinone

^1/2-V

- 0 . 2 5
- 0 . 5 6
—0.81

0.15
—0.25
—O.tiO
—0.70

%,,v

—1.17
—1.53
—1.70
—0.57
- 0 . G 1
—1.23
— 1.20

—0.02
- 0 . 9 7
—0.89
—0.72
—0.3fi
—0.fi3
—0.50

It has been established that both phosphines and phos-
phites react with o-quinones, affording adducts with the
phosphorane structure (LI): 3 ' 1 3 ' 5 7

( U )

= Alk, At. AlkO, ArO, Cl .

A process mechanism incorporating a one-electron transfer
stage, analogous to the mechanism of the reactions of phos-
phorus(III) compounds with p-quinones examined previously,
has been proposed on the basis of kinetic and spectroscopic
data.58

Phosphorus trichloride interacts with tetrachloro-o-benzo-
quinone, 9,10-phenanthrenequinone, 4,6-di(t-butyl)-l,2-
benzoquinone, and 1,2-naphthoquinone, forming trichloro-
1,2-phenylenephosphoranes (LI). A characteristic doublet
signal, due to the interaction of the unpaired electron with
the phosphorus nucleus, can be observed in the EPR spectra
of the reaction mixtures, which indicates the possibility of
the appearance of phosphorus-containing radical-ion species
in the course of the reaction.59

EPR study of the interaction of phosphoramidites with
tetrachloro-o-benzoquinone showed that the o-chloranil
radical-anion and the phosphoramidite radical-cation (LII)
exist for a time in the reaction mixture. The authors sug-
gested that involvement of these species in the formation of
the dipolar intermediate (LIII), which is converted into the
final phosphorane (LIV):56'57

\

(LIV)

Χ = OR', NRa; Y = OR', NRj, R = Alk .

Phosphoramidites interact analogously with tetrabromo-o-
benzoquinone. The one-electron transfer mechanism does
not operate in all the reactions of 9,10-phenanthrenequinone,
which has a smaller electron affinity (see Table 3), with phos-
phoramidites. On passing to 4,5-dimethoxy-l,2-benzo-
quinone, which is a still weaker acceptor, the formation of

paramagnetic species is never detected. This confirms the
conclusion that the replacement of the one-electron mechanism
by the two-electron mechanism is more probable for o-quinones
than for p-quinones.

The overall mode of reaction of phosphites with o-quinones,
leading to the formation of phosphorane adducts, persists
also for o-quinone monoximes. On reaction with phen-
anthrenequinone monoxime, trialkyl phosphites give rise to
cyclic nitrogen-containing phosphoranes (LV), from which
the initial quinone oxime can be regenerated:60

(RO),P + ολΧ (RO),P

OH"

A/'
I

(LV)

Silicon-containing phosphites react with o-quinones in the
same way as with p-quinones, producing o-siloxyaryl phos-
phates:6 1"6 3

(RO)

(ΚΟ),ΡΟ5ίΜβ,+ V
I

The absence from the given process of products with a penta-
coordinate phosphorus atom is probably associated with their
instability and ready isomerisation to aryl phosphates as a
consequence of the high lability of the trimethylsilyl group.11*

It is of interest to compare the reactivities of tricoordinate
phosphorus compounds and other organoelemental nucleo-
philes in reactions with quinones. It has been established
that the incompletely substituted alkyKaryl)chloro(silanes)
react on heating with p-benzoquinone in the presence of
platinum catalysts, affording silyl ethers of hydroquinone.611

Hydroquinones and their monoalkyl ethers have been syn-
thesised by the reaction of organoaluminium compounds with
p-quinones and subsequent hydrolysis of the products:

hydrolysi

Paramagnetic intermediates—aluminium salts of semiqui-
none—were detected in the reaction of triethylaluminium and
aluminium chloride with p-benzoquinone.65

2-Alkyl-3-chloro-l,4-naphthoquinones can be obtained from
a mixture of trialkylaluminium with 2,3-dichloro-l,4-naphtho-
quinone. Similar naphthoquinones are formed in the reac-
tion with participation of alkylzinc chlorides and tetra-alkyl-
stannanes.66 When gallium trichloride interacts with
p-benzoquinone, 2:1 complexes are produced. The dipole
moments for the formations of these compounds were deter-
mined by dielectric constant measurements.67

Thus organotin, organozinc, organoaluminium, and organo-
silicon, as well as organoantimony and organoarsenic com-
pounds68»69 do not add to p-quinones, in contrast to phos-
phorus(III) reagents, but convert them into alkylquinones,
alkylhydroquinones, and hydroquinone ethers, the reactions
requiring heating and the use of catalysts. However,
despite the significant difference between the types of inter-
action of organophosphorus and other organoelemental com-
pounds with p-quinones, the majority of the reactions pro-
ceed via a stage involving the formation of radical-ion
species.65'68'69
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The reactions of various metal halides with o-quinones have
been studied in detail. The investigation of the EPR spectra
of complexes of 1,2-naphthoquinone and 9,10-phenenthrene-
quinone with aluminium, gallium, and indium halides led to
the conclusion that the compounds MX3 exhibit electron-
donating properties in relation to o-quinones. Electron
transfer from the metal halides to the o-quinone molecule with
formation of a paramagnetic chelate complex has been sug-
gested.7 0 Paramagnetic complexes were also obtained in
reactions of o-quinones with organometallic compounds ER^
(E = Sn, Si, or Ti; R = alkyl or halogen):

ER4-f

The reaction of tin tetrachloride with 3,6-di(t-butyl)-l,2-
benzoquinone resulted in the formation of the o-benzosemi-
quinone complex, which a tetragonal pyramidal structure
assigned on the basis of spectroscopic data. 7 1

Evidently in their reactions with o-quinones organoelemental
compounds having an unshared electron pair behave as elec-
tron-donating agents and, depending on the nature of the
central atom and its environment, form cyclic or acyclic
adducts.

In conclusion of this Section, devoted to a survey of
studies on the reactions of phorphorus(III) compounds with
quinones, the o-semiquinonoid complexes of metals with phos-
phite ligands must be considered.

The photolysis of metal decacarbonyls produces the radi-
cals M(CO)5 (Μ = Μη or Re), 7 2 whose interaction with o-qui-
nones and triethyl phosphite leads to the appearance of the
primary radical (LVI), which is converted further into the
secondary radical (LVII):73

Ο' P(OEt) 3

0 - Μ (CO)4

R
(LVI)

= Mn,Re; R = t-Bu.

y\/°\i
I ii

i
Μ (co)4

(LVII)

Kinetic measurements have shown that the rate of conver-
sion (fc = 0.0013 s"1) of the radical (LVI) into the radical
(LVII) is appreciably lower than the rate of conversion (k =
0.017 s"1) of the analogous non-phosphorus radicals.7 3 The
large difference between the rate constants for the destruc-
tion of the primary radicals as a function of the presence of
the phosphite ligand has been attributed to the influence of
the electron-accept ing properties of triethyl phosphite on the
rate-limiting stage of the process.7 h It also follows from the
EPR spectra that the substitution of a CO group by a triethyl
phosphite molecule in the radical (LVI) and (LVII) shifts the
electron density from the o-quinonoid ligand to the phos-
phorus atom.

A similar conclusion follows from the analysis of the elec-
tronic absorption spectra of complexes of types (LVI) and
(LVII). It has been suggested that the shift of electron
density as a result of exchange interactions between the
phosphorus and oxygen atoms proceeds via the d orbitals
of the metal atom by virtue of the coplanarity of these
atoms. 7 3 · 7 5

I I I . COMPOUNDS OF TETRACOORDINATE AND PENTA-
COORDINATE PHOSPHORUS

1. Reactions of Dialkyl Phosphites with Quinones

Almost all hydrophosphoryl compounds give rise to O-phos-
phorylation products in their reactions with quinones.7 5"8 1*'1 0 9

Hydrophosphites are no exception. The reaction of p-benzo-
quinone with 50% hypophosphorous acid results in the forma-
tion of reduction products—quinhydrone and hydroquinone,
but, when this reaction is carried out in an anhydrous
medium or in the presence of a small amount of water, an
adduct, namely mono-p-hydroxylphenyl phosphite (yield up
to 46%), is formed together with the benzoquinone reduction
products: 7 6 ' 7 7

HjP (O)OH + 0 = =O ->• ΗΡ(Ο)Ο-ς

OH

>-OH

It has been established that dialkyl phosphites add to
various o- and p-quinones, forming dialkyl hydroxyaryl
phosphates.7 B~B k The reaction is accelerated in the presence
of bases, but can proceed also via a homolytic pathway.7

An exception to this general rule is the interaction of
dimethyl phosphite with ρ-benzoquinone, which leads to the
formation of the C-phosphorylated product (LVIII) and the
CC-diphosphorylated product (LIX). An adduct having
the phosphate structure has also been detected in the reac-
tion mixture:8 5

ο
(MeO)j Ρ

(MeO),P<

Ο
I!

(MeO,) Ρ
OH

\
Ο

I
r \ / \

-f

"
O

' ^ ( O M e ) , ^
ι

OH 0

(LVIltt (LIX)

The photolysis of the corresponding hydrophosphoryl com-
pounds in the presence of di(t-butyl) peroxide leads to the
formation of phosphoryl radicals:8 6

Me3COOCMe3 — — - 2Me

(RO), Ρ (O)H + -OCMe3 _ M e , c o H - Ρ (Ο) .

These radicals add to 2,6-di(t-butyl)-l,4-benzoquinone,
affording the phosphonate radical (LX) and the phosphate
radical (LXI):87

(LX)

•P(O)(OEt),

0P(O)(OEt)2

R = t-Bu. (LXI)

Species with an analogous structure are formed in the reac-
tions of phosphonyl radicals with quinonemethides and
3,3,5,5-tetra(t-butyl)diphenoquinone . 8 7

The synthesis of phenoxy-radicals of types (LX) and (LXI)
by easy methods is a problem of current importance whose
solution would lead to prospects for the synthesis of a wide
variety of phosphorus-containing aromatic compounds.
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Dialkyl phosphites react with p-benzoquinonebisbenzene-
sulphonylimine (LXII), forming a mixture consisting of the
phosphoramidate (LXIII), the phosphonate (LXIV), and the
bisamide (LXV):

Ο
II

(RO),PNX
I

HNX
(LXIII)

(RO)2P(O)H +

NX
i!
\

NX
(LXII)

HNX

HNX
(LXIV)

HNX
I

/ \

I

HNX

(LXV)
R=Alk, X=SO2Ph .

The yield of the compounds depends on the nature of the
phosphite reagent, the molar ratio of the reactants, and the
reaction conditions (Table 4). 8 8

solvent in the reaction mixture has almost no effect on the
ratio of the reaction products. 8 8

In order to obtain practically useful compounds, di(chloro-
alkyl) phosphites were introduced into the reaction with
quinoneimines:

(CICH,CH,O)f'P=O

Ο

(C1CH2CH2O)2P(O)H +

(C1CH2CH2O)2 P(O)H +

NSO2Ph HNSOjPh

The resulting 2-chloro- or 2,6-dichloro-arene-4-sulphon-
amidoaryl di(chloroalkyl) phosphates have been recommended
as additives to oils and fuels.

In contrast to the reactions of unsubstituted dialkyl phos-
phites, this process proceeds more vigorously, requiring a
lower temperature to initiate the reaction.8 9

p-Quinone anils combine with dialkyl phosphites to form
O-phosphorylated adducts:81*

O (RO),P(O)O

Table 4. The reaction of (RO)2P(O)H* with p-benzoquinone-
bisbenzenesulphonylimine (LXII).88

R

Me
Me
.Me
Me ·*
Me
Me
Et
Et
Et
Et**
Et·*
«30-Pr

Solvent

benzene
benzene

benzene
benzene

t, °C

25
110
140
100

25
refluxing

25
110
140
100

refluxing
refluxing

Duration, h

48
2
2
3

72
10
48
2

3
6
4

Yields of products, %

(LXIII)

25
10
10

20
20
35
20
15

(LXIV)

40
20
15

45
30
45
25
20

>95

(LXV)

30
65
70

>95
30
45
15
50
60

>95
>95

*The ratio (RO)2P(O)H: (LXII) = 15: 1.
**(RO)2P(O)H with a low purity.

All three products are obtained from dimethyl and diethyl
phosphites, while diisopropyl phosphite gives rise to only
the phosphonate (LXIV) (see Table 4). It has been noted
that the quinoneimine (LXII) reacts with dialkyl phosphites
only in the presence of a fifteenfold excess of the phosphite.
If the amount of phosphite is less, then the reaction does not
occur whatever the conditions. This is true only for freshly
distilled dialkyl phosphites. When reagents with a low
degree of purity are used, hydrolysis results in the formation
of phosphorous acid, which has powerful reducing proper-
ties. Under these conditions, the main reaction product
is the bisamide (LXV) (Table 4).

An increase of temperature and reaction time decreases the
yields of the phosphorus compounds and increases the yield
of the bisamide (LXV). The presence or absence of the

2. Reactions of Phosphates with Quinones

Many natural products, isolated from higher and lower
plants and animals, belong to the class of quinones. They
include dyes, growth regulators, antibiotics, and catalysts
of respiratory processes. For example, juglone, detected in
the roots and leaves of the walnut tree, exhibits a pronounced
allelopathic activity, lawsone, the yellow pigment of henna
leaves, is known as a fungicide, plumbagin, identified in the
roots, stems, and leaves of certain tropical plants, is a
mirobicide, and quinones of the vitamin Κ series, contained
in micro-organisms and plants, are catalysts of the biosyn-
thesis of certain proteins. 9 0

The interest of chemists in the reactions of such natural
products with various reagents, including organophosphorus
reagents, is understandable, because such investigations are
closely related to the synthesis of promising biologically
active preparations.

It has been found that the product of the reaction of the
natural terpene tocopherol with phosphoric acid tocoph-
eroxide (LXVI), whose acetal phosphate group is capable of
phosphorylating adenosine diphosphoric acid with formation
of its triphosphoric acid analogue—the energy source in cell
processes. The active principle is in this instance the
quinonoid system (LXVII), which acts as a phosphorylating
agent: 9 1

/OH ν •CigHja

Ο

/
-O-P—Ο

H,PO.(Br,)

ΛΑ
OH

HO
Ο \ /

-Ο,,Ρ-0 Ι €ι'Ήχ

ii I

(LXVI)

ΛΛ
II
ο

(LXVII)
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Phosphoric acid also adds to one of the active forms of
vitamin Ki (LXVIII) with formation of the phosphate (LXIX),
which is subsequently reduced by flavin-nucleotide to the
phosphate (LXX). On treatment with adenosine diphosphate
and cytochrome, the latter gives rise to the initial quinone
and adenosine triphosphoric acid:92

(ΓΑ1Χ) <LXX)

It has been established that in the presence of an excess
of polyphosphoric acid (PPA), quinone dioxime dispropor-
tionates with formation of p-nitroaniline and p-nitrosoaniline,
which can be isolated respectively from diluted and neutral-
ised solutions:93

NOH

IIπυ
II
N O H

Ν = Ο

II

~ Υ
ΗΝΟΗ

NO, NO

I

NH, NHa

The anion of the phenyl ester of phosphoric acid, which is
an active nucleophile, interacts with fluoranil. The frag-
mentation of the intermediate (LXXI) formed initially leads
to the final reaction products :91*

This reaction can be used as a method of synthesis of phos-
phorofluoridic acids.

Dialkylphosphoric acids do not interact with 6,7-dichloro-
quinoline-5,8-quinone, but in the presence of transition metal
ions the reaction does occur. The products of the catalytic
process are substituted quinolinequinones (LXXII). The
activating effect of the metal ion has been explained by the
increase of the deficiency of electron density at the C(6)
atom, which promotes the substitution of the chloro-group
in this position (as the chloride anion) by the phosphoryl
group:95

ο
I!

R.PO CN

SCN
Π\/

II
Ο

Phosphoramidates having the Ν—Η bond interact with
quinones, forming phosphorylated 1,4-adducts:1*7

(RO a ) Ρ

0
li

C\Ι ι\/
II

ο

y
I:

(RO)jP-NRv

!

OH

Ύ1!
V\

1

OH

It has been established that quinoneimines can be aminated
by N-chlorophosphoramidates:97

Ο

0 χ " χ
/ II (RO)2P \

«Q).P A/ \ A/

ι ι ··
\/\

II
Υ

R=Ar, X=NSO2Ar. Y=NSO2Ar, Ο .

Among compounds of tetracoordinate phosphorus, sulphur-
containing phosphates have been studied in greatest detail in
their reactions with quinones because their preparative and
kinetic investigation is easy.

The interaction of phosphorodithioates with quinones pro-
ceeds readily and fairly selectively in the absence of cata-
lysts. The reaction products can be isolated from the reac-
tion mixture quantitatively, do not require special purification,
and their identification presents no difficulties. Phosphoro-
dithioates and quinones are uncommonly suitable reactants
for kinetic and spectroscopic studies. The advantages
enumerated above as well as the ready availability and
stability of the initial compounds have made the reactions
of phosphorodithioic acids with quinones irreplaceable as
objects of comprehensive and profound study.

Phosphorodithioic acids enter into addition98 or substitu-
tion99 reactions with quinones and their halogeno-derivatives:

/>
Ο (RO),P OH

I J/\A
II
ο

I
OH

(RO),P Ο

(RO), Ρ
\

ys H a l \ A
SH

(OR)2

Ο
II

(RO),P-OH

(RO),P

o
\/\/
γ

ο
(LXXll)

A rare variant of the nucleophilic addition to a C=O bond
of the quinone occurs in the reactions of phosphinic acid
cyanides with p-benzoquinone:96

The products have found applications in veterinary science
and the pharmaceutical industry and are used as antioxidants
and insecticides. As representatives of the class of phos-
phorodithioates, they are characterised by a broad spectrum
of insectoacaricidal activity, rapidity of action, small con-
sumption of the preparation per unit area treated, and the
absence of toxic residues. They are most effective in the
fight against insect species resistant to other organophos-
phorus insectoacaricides.100

It has been found that the silyl esters of phosphorodithioic
acid are also capable of adding to ρ-quinones with formation
of 1,4-addition products.101
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Spectrophotometric study of the reaction involving the
addition of phosphorodithioic acids and silyl phosphorodi-
thioates to p-benzoquinone showed that the rate of reaction
is described by a second-order equation, of first order with
respect to each reactant. Silyl phosphorodithioates are less
reactive in heptane than the corresponding acids and the
sensitivity of the reaction to the influence of substituents
at the phosphorus atom is low. Whereas a tendency for
the reaction to be accelerated with increase of the acidity of
individual groups of dithio-derivatives of phosphorus (phos-
phates, phosphonates, and phosphinates) has been traced,
overall there is no such trend. This may be a consequence
of the important role of not only the acid but also the nucleo-
philic properties of phosphorodithioates in the addition reac-
tion. 1 0 3

An appreciable increase of the rate of reaction is observed
in basic solvents. In the correlation equations taking into
account the influence of the polarity, polarisability, and
specific properties of the medium102 on the rate of reaction
of OO-diethylphosphorodithioic acid and its S-trimethylsilyl
ester with p-benzoquinone, only the contribution of the
nucleophilic solvation of the solvent is statistically signifi-
cant . 1 0 3

On passing to media with pronounced nucleophilic proper-
ties, the reactivity of silyl phosphorodithioates becomes
comparable in terms of rate of reaction to that of phosphoro-
dithioic acids.

In order to elucidate the cause of such relations, the
deuterium kinetic isotope effects (KIE) have been investi-
gated for phosphorodithioic acids and p-benzoquinone in
various solvents. In all cases the "reverse" KIE is observed
for the dithio-acids, which indicates an appreciable strength-
ening of the binding of the hydrogen atom in the transition
state of the proton transfer stage from the phosphorus-con-
taining reactant (LXXIIIa) to p-benzoquinone and may be a
consequence of the fact that the activated complex has a
structure resembling that of the intermediate (LXXV).1Oif

When deuteriated p-benzoquinone was used, the KIE for
the reaction with phosphorodithioates (LXXIIIa, b) in heptane
and benzene proved to be unity, i.e. the migration of the
ring proton takes place after the rate-limiting stage of the
reaction. In basic media (dioxan, acetonitrile), where the
KIE exceeds unity, the conversion of the intermediate (LXXV)
into the product (LXXVI) becomes rate-determining. An
analogous pattern of changes in the KIE for p-benzoquinone
has been observed also in the reaction with OO-diethyl S-tri-
methylsilyl phosphorodithioate.

(RU)2P(S)SRr

(LXXIII)

( a ) R ' = Η

(LXXVI)

The set of data examined suggests that the addition of
phosphorodithioates to p-benzoquinone proceeds in accor-
dance with the scheme presented above. The fact that
the same mechanism operates in the interaction of phosphoro-
dithioic acids (LXXIIIa) and their S-trimethylsilyl esters
(LXXIIIb) with quinone has been confirmed by the correla-
tion between Igk for both processes in the media employed.103

In view of the high electron-accepting capacity of p-benzo-
quinone 1 0 S and the appreciable nucleophilicity of the sulphur
in phosphorodithioates,1 0 6 the initial formation of a complex
of the η—π type (LXXIV) may be postulated. Its concentra-
tion and stability are evidently low, since it is not detected
spectroscopically. This factor does not in its turn rule out
the possibility of the reversal of the initial step of the inter-
action under certain experimental conditions. Next, the
complex is converted endothermically into the intermediate
(LXXV) and in weakly basic media this process is rate-
determining, so the silyl phosphorodithioates are more
reactive than phosphorus acids. The presence of the com-
plex formation stage and the appearance of a late rate-limiting
transition state explain the low sensitivity of the rate of
reaction to the influence of substituents at the phosphorus
atom and to the dielectric properties of the medium.107 In
markedly nucleophilic solvents, the transfer of the ring
proton to the carbonyl group of the intermediate, (LXXV) -»·
(LXXVI), becomes rate-determining and the reactivity of
silyl phosphorodithioates is comparable, in terms of the rate
of reaction, to that of phorphorus acids.

The interaction of phosphorodithioic acids and silyl phos-
phorodithioates with 1,4-naphthoquinone proceeds in accor-
dance with a mechanism formally analogous to that in the
reaction with p-benzoquinone. In the case of silyl phos-
phorodithioates, the 1,4-adduct (LXXVII) is formed as an
intermediate, as in the reaction with p-benzoquinone:

(RO),P (RO)3P OH

(RO),P(S)S-SiMe, + |

\ ς

I
OSiMe,

(LXXVII)
OSiMe,

(LXXVIII)

However, it follows from the analysis of the time variation of
the IR spectra of a mixture of solutions of 1,4-naphthoquinone
and the dithio-acid that a product (LXXIX) of the addition to
a C=C bond of the quinone is formed initially and is then
gradually converted into dihydroxyphosphorothioylthio-
naphthalene (LXXX):108

(RO),P(S)SH +

Ο (RO),P Ο

\A/V
I « I
X/X/'

I!
Ο

(LXXIX)

(RO), OH
\ς. !.

'\/\/'

OH
(LXXX)

The reaction of phosphorodithioic acids with 1,2-naphtho-
quinone is unusual. The intermediate (LXXXI), detected by
IR spectroscopy, isomerises over a period of time to the final
adduct (LXXXII): H.

(RO),P(S)SH +

HO

(RO),P(S)S
(LXXXI)

<RO),P(S)S
(LXXXII)

The stability of the enolic form of the intermediate (LXXXI)
is apparently due to the energy gain by the system as a
result of the formation of a stable intramolecular hydrogen-
bonded complex.108

Thus the mechanism of the reactions of phosphorodithioic
acids with quinones depends on the structure of the unsatu-
rated reactant and involves the initial addition either to a
C=C double bond or to the C = C - C = O conjugated system;
silyl phosphorodithioates form initially 1,4-adducts in all
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The final products of the reactions of phosphorodithioates
with the p-quinones (LXXVI), (LXXVIII), and (LXXX) are
capable of isomerising on heating to the corresponding phos-
phoromonothioates.103»107 The mechanism of the rearrange-
ment involve β the intermediate formation of mercaptophos-
phoranes:

R'-ll, SiVe3 .

Kinetic study of the isomerisation,1 0 3 '1 0 7 which takes place
via a unimolecular mechanism, showed that the influence of
the nature of the substituents at the phosphorus atom is
determined by a set of electronic and steric factors and
obeys the rules of the "hydroxyphosphorane concept". 1 1 0

The interaction of phosphorodithioates with N-benzene-
sulphonyl-l,4-quinoneimine affords 5-(N-benzenesulphon-
amido)-2-hydroxyphenyl phosphorodithioates (LXXXIII),
which isomerise to the corresponding phosphoromonothioates
(LXXXIV):

(RO),P

(RO),P-S-R' η
I

NX

OH
I

R'=H. SiMe,; X=SO, CH, .

\s

R'NX
(LXXXIII)

On passing to 1,4-quinonediimines, the reaction stops at
the adduct (LXXXV) formation stage: 1 0 1

NX (RO), Ρ ΗΝΧ

(RO),P-SR' + |
\

li
NX

(LXXXV)
R ' = H , SiMe,; X=SO»Ph .

Phosphates and phosphorodithioates also add to quinone
methides, the reaction resulting in the formation of 1,6-
adducts: 1 1 1

X X

(RO), PXH + Me,C=<

X=O. S .

(RO),PXC (Me,)-

It is noteworthy that not only phosphorodithioic acids but
also other organic compounds with a mobile hydrogen atom,
for example, alcohols, amines, 1 1 ' 1 2 ' 1 1 2 ' 1 1 3 mercaptans,1 1"1 '1 1 5

and carboxylic , 1 1 6 sulphinic, and sulphonic acids and their
derivatives 1 1 7 ' 1 1 8 react readily with quinones. The reduc-
tive aromatisation of the quinonoid systems is the driving
force of these processes.

Comparison of the reactivities of phosphites and phos-
phates has shown that, apart from aromatisation, the forma-
tion of the extremely stable P=O bond promotes the reactions
with quinones. This factor gives rise to process energetics
such that in the case of phosphites addition in the 1,6-posi-
tions in the p-quinone takes place.

On the whole, Ad processes of this kind are encountered
extremely rarely in the chemistry of p-quinones and occur
only in certain cases . 7 8 ' 1 1 9 · 1 2 0

The structure of phosphates rules out the possibility of the
formation of the phosphoryl group, so that the interaction
with p-quinone follows the usual pathway and leads to the
traditional 1,4-adducts, observed in the majority of reactions.

3. Reactions of Phosphoranes with Quinones

The quinonemethides (LXXXVI) are formed as intermediates
in the reactions of alkylidenetriphenylphosphoranes with
o- and p-quinones. They react with the initial phosphorane
and give rise to the unstable betaines (LXXXVII). Depen-
ding on the substituents of the phosphorane component and
in the ring, the betaines (LXXXVII) are either converted into
the tautomer (LXXXVIII) or undergo the Hofmann degrada-
tion with formation of the olefin (LXXXIX):121

— <i Ph3T>=CHR — "£
PL1P=CHR + OjC 6 H n X 4 . n —»· OC6nnX4.nCHR *- OC6HnX4-nCHRCHRt>Ph3

(LXXXVI)

X4-n .

R=COOMe, Ph;X = Cl,Ph; n = 2,4.

The reaction of o-phenylenebismethylenephosphorane (XC)
with o-quinones can be used as a method of single-stage
synthesis of complex carbocyclic aromatic compounds:122

Ph,P=CH

(XC)

(XC) +

(XC) +

The interaction of phosphorus pentachloride with 1-amino-
anthraquinone is of interest. It results in the formation of
Ν-tetrachlorophosphoranyl- 1-amino-anthraquinone (XCI)—
a crystalline substance, which does not change after pro-
longed storage:

O N H , Ο N H P C 1 4 Ο N = P C 1 ,
il I II I II I

PC1S+ ||

II

ο
(XCI)

II

ο
(XCII)

Aminotetrachlorophosphoranes of the type RNHPCU had
been postulated earlier as intermediates in the reactions
involving the phosphorylation of a wide variety of amines
by phosphorus pentachloride. However, they were not
isolated in a pure state. N-Tetrachlorophosphoranyl-1-
aminoanthraquinone is the first representative of such com-
pounds. Its stability may be associated with stabilisation by
an intramolecular hydrogen bond. On treatment with tertiary
bases, the phosphorane (XCI) is converted into trichloro-
phosphazoanthraquinone (XCII).123
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The dioxaphospholen (XCIII), obtained by the reaction of
trimethyl phosphite with diacetyl, is capable of reacting with
phenanthrenequinone. It has been suggested that the
phospholen (XCIII), which exhibits a high phosphorylating
activity, attacks the carbonyl group of phenanthrenequi-
none, which results in the formation of the dipolar adduct
(XCIV).12* At 20 °C, the adduct (XCIV) decomposes and
the final products of reaction are diacetyl and the phos-
phorane (XCV):

The reaction of the phospholen (XCIII) with p-quinone
leads to the formation of the phosphorane adducts (XCVI),
which are unstable above 20 °C and whose hydrolysis affords
p-hydroxyaryl dimethyl phosphates (XCVII):1 2*'1 2 5

(M»0);P,

-(MeO),P ( + M-OH.

(XCVI)

The interaction of [3,6-di(t-butyl)-l, 2-phenylenedioxy]-
diphenylphosphorane with o-quinones on exposure to UV
radiation, gives rise to the radical species (XCVIII), which
has also been obtained in reactions with participation of
[3,6-di(t-butyl)-l,2-phenylenedioxy]triphenylphosphorane:126

(XCVI II)

It follows from the data examined that the reactions of
phosphorus-containing reagents with quinones and quinonoid
systems frequently lead to non-trivial and sometimes
unexpected results. The knowledge of such reactions
undoubtedly enriches theoretical organic chemistry, opens
up new ways to the synthesis of compounds with unique
structures which had been hitherto inaccessible, and also
provides unlimited possibilities for obtaining a wide variety
of substances with properties of practical value: polymeric
materials, biologically active compounds, and medicinal
preparations.

—oOo

During the preparation of the manuscript for printing,
several interesting publications devoted to the interactions
of organophosphorus compounds with quinones appeared in
the literature. The results of a study of the reactions of
dialkyl phosphites with sterically hindered ρ-quinones have
been described. 1 2 7 ' 1 2 8 The interaction takes place with the
addition, usual in such cases, in the 1,6-positions of
p-quinone with formation of adducts having the phosphate
structure. An unusual reaction of dialkyl phosphites with
the monoanil of o-naphthoquinone has been discovered.1 2 9

Instead of the expected addition via the system of conjugated
bonds of the anil X= C-C = Y, where X = C, O, or Ν and
Υ = Ο or Ν, with formation of phosphates, the reaction
involving the rupture of the C=N bond and leading to the
formation of adducts with the phosphonate structure takes
place:

ο
NPh (RO)2 Ρ NHPh

(RO)2PHO +

An analogous C = N bond rupture with retention of the
remainder of the molecule has been found in the interaction
of dialkyl phosphites with the anil of a sterically hindered
quinone. 1 2 8 Radical processes with participation of quinonoid
and phosphorus-containing reagents have been investigated
in two studies. 1 3 0 ' 1 3 1 Lawesson reported a new reaction of
the "Lawesson reagent", which is popular in the chemistry
of organophosphorus compounds at the present time. On
reaction with substituted and unsubstituted p-quinones of
the benzene, naphthalene, and anthracene series, it forms
in certain cases phosphorus- and sulphur-containing cyclic
products of a new type. 1 3 2 It has been shown133 that the
hydrazides of phosphoric acids react with p-benzoquinone in
two ways: with formation of oxidation-reduction and con-
densation products. The operation of a particular reaction
pathway depends on the expermental conditions.1 3 3 The
products of the interaction of phosphorus pentachloride with
p-benzoquinone have been described .131f
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The principal aspects of the asymmetric synthesis of α-aminoacids with a large variety of structures are surveyed and the
questions of the appearance of asymmetric induction as a result of the chirality of the catalyst, the initial compound, the
reagent, or the leaving group are discussed. Studies carried out in recent years using chiral reagents capable of being
regenerated and catalytic methods are examined in detail. The asymmetric reactions of α-aminoacids and other methods of
synthesis are discussed briefly. Examples of the synthesis of aminoacids from chiral compounds without involving the
chirality centres are not considered.
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I. INTRODUCTION

Aminoacids are widely distributed in nature and more than
500 have been discovered hitherto. 1 Despite the wide variety
of the existing methods, 2 ' 3 the search for new ways of syn-
thesising α-aminoacids (AA) remains of current inerest,
racemic AA being usually synthesised from readily available
compounds under conditions ruling out multistage reactions, "*
for example:

PhCHjCI + MeCONHs + MeCOBu • (R, 5)-Phe.

T h e development of t h e asymmetr ic s y n t h e s i s of AA in
recent years was dictated, on the one hand, by the need
arising from the synthesis of natural products containing
chiral carbon atoms with a AA fragment, and, on the other
hand, by the necessity to develop the asymmetric synthesis
of simple AA from available compounds using chiral reagents
or catalysts capable of being regenerated.

Optically active AA are nowadays widely used as chiral
synthons—chiral units—for the preparation of physiologically
active substances, 5~7 including antiobiotics.8 The application
of A A successfully supplemented the use of carbohydrates9 '1 0

for the synthesis of natural products with a complex struc-
ture and, in contrast to carbohydrates, usually the entire
AA molecule is employed without degradation. Furthermore,
in view of their simpler structure, AA are usually available
in the form of both stereoisomers. A large number of reac-
tions involving the formation of a new chiral centre, induced
with the aid of AA, are also known. Thus AA and their
derivatives are used as cocatalysts of asymmetric reduction,
the aldol reaction, and the Strecker synthesis. 1 1 > 1 2 The
employment of polyaminoacids makes it possible to simulate
successfully the action of enzymes. For example, the
epoxidation of chalcones by hydrogen peroxide in the H2O—
CCl^—poly-AA system has been carried out with an optical
yield up to 96%.1 3

The reviews on the chemical asymmetric synthesis of AA
3,m,i5 ^β£12 mainly wjth old studies concerned with the
development of classical methods. The synthesis of AA has

been partly considered in a number of reviews1 5 2 0 and in
monographs. 2 1 ' 2 2

We shall examine the principal aspects of the asymmetric
synthesis of AA, elucidating whenever possible the causes
of asymmetric induction, concentrating attention on synthe-
ses using chiral reagents capable of being regenerated and
on catalytic methods. Examples of asymmetric transformation
without the involvement of the centre of chirality, as in the
synthesis of (K)-AA from (S)-Ser 2 3 (see the scheme below)
will not be discussed.

Κ >55% HO Ι Π gift ^ 5
NHZ

(B)-AA

The questions of micellar catalysis and the use of enzymic
reactions and their combinations with chemical methods for
the synthesis of optically active A A have already been con-
sidered. 2 1 t"2 6

Asymmetric synthesis is the term applied to a process in
which a prochiral molecule or its fragment is converted into
a chiral molecule with unequal amounts of stereoisomeric
products. 2 7 The process proceeds under the influence of
a chiral reagent, the chiral component of the initial molecule,
or a chiral catalyst. The interaction of the chiral and pro-
chiral molecules inevitably results in the formation of inter-
mediate diastereoisomeric compounds and (or) diastereoiso-
meric transition states, the energy difference between which
actually determines the ratio of the diastereoisomers or
enantiomers formed. This result is estimated in practice
in terms of the diastereoisomeric (enantiomeric) excess of
the reaction products or the optical yield (OY):

IS] - IR]

IS] + IR]
100% =

[«]„
100%

The aim of the asymmetric synthesis is to carry out the
reaction with the maximum value of ρ for which it is sufficient
to have low values of AAG, comparable to the energy of rota-
tion about the C—C bond:
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AAG, kcal mor1 0.82 1.30
p, % 60 80

1.74 2.72
00 98

Kinetically and thermodynamically controlled asymmetric
syntheses are distinguished. The most striking example of
kinetic control is the asymmetric reduction of N-acyldehydro-
aminoacids or chiral phosphinerhodium catalysts, where the
activity of the minor intermediate diastereoisomer (I) [its
content does not exceed 5% relative to compound (II)], which
is higher by a factor of 102—103, determines the stereochem-
ical course of the process and the formation of the diastereo-
isomer (III) with ρ 5; 95% 2 8 (Fig . l ) .

As an example of thermodynamic control, we may quote the
retroracemisation of the aminoacid fragment in transition
metal complexes (V) of Schiff bases derived from chiral
carbonyl compounds. 2 9~ 3 1 As a result of the epimerisation
of the α-carbon atom of the aminoacid fragment, the mixture
of the complexes (V) and (VI) formed initially is converted
via compound (VII) into an equilibrium mixture with the ratio
(V)/(VI) up to 10 : 1. After the decomposition of the mixture,
AA with ρ up to 90% are isolated:

(V)

Ni>Cu: R=H,Me PIT-

Ε k

(VII)

lSO-Pr, Ph : CH2Ph e t c .

(ΠΙ)

Figure 1. The energy diagram for the stage involving the
formation of the rhodium hydride complex. 2 8

In most studies on the synthesis of AA, only the reaction
result (the optical yield) is considered, without elucidating
the causes of the asymmetric induction. Its manifestation is
usually explained from stereochemical standpoints, 3 2 although

the influence of electronic factors has also been demonstrated
in a number of instances.

I I . CHIRAL RECOGNITION AND TRANSPORT OF AMINO-
ACIDS

The success of asymmetric synthesis is associated with the
elucidation of the nature and extent of the chiral recognition
in complexes of aminoacid enantiomers with chiral compounds.
Crown ethers are known to form readily 1 : 1 complexes with
AA.33 The complex-forming properties of crown ethers in
relation to ammonium ions have attracted attention in view of
their similarity to natural ionophores—antibiotics capable of
binding metals, biologically important amines, and AA. 31* The
chiral recognition of amines and AA by chiral crown ethers

of type (VIII) with binaphthyl fragments, spiro-crown
e t h e r s , 3 9 pyridinocrown ethers,1*0 various crown and aza-
crown compounds, 1*1'i>2 and other compounds31*'1*3 has been
studied recently. Thus the diasteroisomers (S,S,S)-(IX)
and (S,S,R)-(X) have been obtained from salts formed by
AA esters with acids and from compound (VIII). The experi-
mental value of AAG (up to 2 kcal mole"1) is actually related
to the difference between the interactions of the chiral
binaphthyl fragments with Η or the CCOR' group r1*1*

The enantioselective thiolysis of the p-nitrophenyl esters of
AA (AA—OAr) on treatment with an analogue of compound
(VIII) containing one binaphthyl fragment with the group
R = CHaOCeH^SH is an example of the reaction with esters
of type (VIII) whose stereoselectivity can be explained by
considering molecular models of the intermediate complex.36

Comparison of the structures of (S.S)-(XI) and (S.R)-(XII)
indicates that the complex (XI) is preferable because of the
interaction of the chiral barrier with the hydrogen atom and
not with an alkyl group of the AA, as in the case of compound
(XII). This explains satisfactorily the difference between the
relative thiolysis rate constants; the ratio of the constants
increases from 1 to 8.3 and 9.2 respectively with increasing
bulk of the side chain on passing from Ala to Phe and Val.

5, Λ-(XII)
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The transport of AA through synthetic and natural mem-
branes , which takes place stereoselectively in living organ-
isms through lipophilic cell membranes, is associated with
the phenomenon of recognition.lfl* A number of biomimetic
systems—crown ethers, 35'1*i* their spirobiindan derivatives,1*5

and azacrown ethers31*—have been developed for the selec-
tive transport of one of the enantiomers of the AA esters in
the form of the hydrochloride. The transport is from one
aqueous phase to another via a liquid membrane made up of
a layer of organic solvent containing the chiral transferring
agent. The cation associated with the given compound, for
example Na+, is transported in the opposite direction simul-
taneously with the transport of the AA salt. The driving
force of the process is the entropy of solution and the change
in the solvation energy when an inorganic salt is replaced by
an organic salt. The use of (S.S)-(VII, R = Me) in the cell
(Fig.2) made it possible to isolated (0 °C, 22 h) (S)-PGly-
OMe with ρ up to 86% in the right-hand limb from the racemate
in the left-hand limb, while the use of (R,R)-(VIU) affords
(R)-PGly-OMe with ρ up to 90%. AAG reaches Ι.θβΙα^ΙπιοΓ1

for p-HO-PGly-OMe l f0 and -2.15 kcal moP1 for Phe-OMe. 3 5

Such high results have so far been obtained only for AA
esters. The study of the transport of free AA has so far
yielded low values of ρ, which depend greatly on the experi-
mental conditions. 31*'1*6 The PGly enantiomers with ρ = 91.6%
have been separated by means of a liquid membrane contain-
ing a chiral crown ether and a polymer. "*7

Figure 2. Cell for the phase-transfer enantioselective trans-
port of aminoacid esters: 3 5 1) 0.1 Μ HC1; 2) 0.027 Μ solu-
tion of (S,S-)- or (R,R)-(VIII) in CHC13; 3) aqueous solu-
tion of 0.08 Μ HC1, 0.08 Μ LiPF6, and 0.05-0.08 Μ AA.HC1.

Crown ethers (XIII) with functional groups have been used
as models of enzymes in the synthesis of peptides1*6 (Scheme 1).
The reaction involves the usual stages of peptide synthesis:
the formation of a covalent intermediate, followed by the cata-
lytic complex (XIV), and the reaction of the latter with the
second substrate and the formation of the product (XV).

Scheme 1

SH SH

A specific chiral environment can be created for the pur-
pose of the recognition of AA enantiomers also by local
synthesis, for example, by the copolymerisation of the
cobalt(III) complex of (fi)-Phe, containing a number of
chiral groups and activated double bonds, with styrene and
divinylbenzene:5 0

-(S)-Phe.

The polymeric gel obtained retains its initial structure of
a "chiral lacuna" after hydrolysis, because, as a result of
treatment with an excess of (R,S)-Phe, it forms preferen-
tially a complex with (R)-Phe (p = 74%).

The diasteroisomeric interactions with AA are extremely
varied. There is a possibility of the chiral recognition of
N-Ac-PGly and N-Ac-Phe as a result of the formation of
diastereoisomer solvates with tartaric acid derivatives via
the formation of hydrogen bonds. 5 1 The study of chiral
recognition in the formation of complexes with esters of
(K)-, (S)-, and (R,S)-N-[4(l-pyrenyl)butanoyl]trypto-
phans in methanol and optically active octanols showed that
it is associated with the differences between electrostatic,
dispersion, and resonance interactions. 5 2

Examples of the chiral recognition of prochiral substrates
as a result of diastereoisomeric interactions, which are used
for the asymmetric synthesis of AA, will be examined below.

I I I . ASYMMETRIC REACTIONS OF AMINOACIDS

The asymmetric transformations, sometimes referred to as
anti- or retro-raeemisation, include, in the stage determining
the stereochemistry of the process, the inversion of the con-
figuration of the α-carbon atom of the AA, which justifies
their consideration in this review.

periodic addition

HQTs (R,S)-HO-?Gly seed

CR)-HO-PGlyHOTs

racemisation
(SAL)

(S)-HO-PGlyHOTs

crystallisation
-(R)-HO-PGlyHC

supersaturated solution in 95% AcOH

(tf)-HO-PGly

77.2%

(XIV), 33* (XV), 81%

Figure 3. Schematic illustration of the asymmetric transforma-
tion of toluene-p-sulphonate of (R.S)-p-hydroxyphenyl-
glycine. 55

The conditions in the asymmetric transformations of Ν-Ac-
Leu, N-butyroyl-Pro, JV-benzoyl-PGly,53 Ala and PGly, 51* and
p-HO-Pgly 5 5 have now been worked out in detail. The
essential feature of these transformations is a combination of
the preferential crystallisation of one of the enantiomers in
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saturated solutions of the racemate with the racemisation of
the other enantiomer. Thus a supersaturated solution of
N-Ac(R,S)-Leu in acetic acid with catalytic amounts of acetic
anhydride was cooled at a rate of 10 Κ h" 1 from 100° to 40 °C
after the addition of crystals of the (S)-isomer as a seed.
This resulted in the formation of almost optically pure (S)-N-
Ac-Leu in 70% yield relative to the initial racemic mixture. 5 3

The toluene-p-sulphonate salts of (R,S)-p-HO-PGly-[(R,S)-
HO-PGly .HOTs] are racemised using 95% of acetic acid and a
catalytic amount of salicylaldehyde (SAL) 5 5 (Fig. 3).

The use of the faster racemistation of intermediate Schiff
base derived from the ester (R.S)-PGly compared with the
ester of one of the PGly enantiomers, which accumulates in
solution, in the presence of (+)-tartaric acid affords, as a
result of the asymmetric transformation of the second kind,
the pure (R)-enantiomer in 85% yield. 5 6 The transition from
(R.S)-Ala to (R)-Ala via the readily epimerising imidazolines
(XVI), obtained using (S)-2-aminomethylpyrrolidine (XVII),
has been achieved: 5 7

Z-NHCHC^ •(XV11)..» a - s , S-(XVI) 7 ».-ff, S-(XVI) — a-R, S-(XVI),

Me 35% phase 65% crystals, 9 0 %
ρ = 93.8%

<T
Z-NHCHC<

Ι Λ Ν —
Me

(XVI)

By combining the epimerisation and preferential crystallisa-
tion of the complex with NiCl2, the asymmetric transformation
of ot-amino-e-caprolactam (a precursor of lysine) has been
carried out analogously in 50% yield (p = 96%).58 The asym-
metric transformations of AA via the intermediate formation
of chiral complexes of Schiff bases with transition metals2 9

are considered in Section VI.

IV. ASYMMETRIC INDUCTION BY THE CHIRAL LEAVING
CROUP

Asymmetric protonation or alkylation of carbanions by
chiral electrophiles is also included in the electrophilic asym-
metric synthesis of AA after asymmetric transformations.5 9

An example of the asymmetric induction by the leaving group
in the nucleophilic aromatic substitution using 2-methoxy-
1-naphthylmagnesium bromide (XVIII) as the nuclophile and
the quininoxy-group (OQ*) as the leaving group in the
electrophile (XIX) is known. 6 0 The yield of the product
(XX) reached 88% (p = 95%):

\ / V

OMe

MgBr

(XVIII)

OQ*

(XIX)

ο ι

(XX)

This result can be explained by the intermediate formation
of two diastereoisomeric chelates with Mo2+, LAG reaching
2.4 kcal mol"1. Induction by chiral lithium amides can be
achieved analogously, for example, in the catalysis of the
addition of alkyl-lithium to aldehydes via compound (XXI)
with formation of alcohols (yield 35-75%, ρ = 23-95%):61

H \ / R

c

(XXI)

A rare instance of the use of electrophilic asymmetric
amination for the synthesis of AA from the chiral reagent
(XXII), prepared for (-)-ephedrine, has been described:

PhCRCOOEtLi+ PhCR (COOEt) NMc,

R = Η (yield 50%,ρ = 23%); R = Me (yield 56%, ρ = 21%);

ON Me

0SO3M*

(-)-(XXII) (XXIII)

The enantioselective alkylation by compounds (XXIII) of
lithium enolates obtained from a Schiff base of the glycine
ester (XXIV) has been reported recently: 6 3

,OMe

R1

Ra

Yield of
(S)-Ala, %

P. %

R \

Η
Ph

50
0

/

'••Li-
(XXIV)

iso-Pr
iso-Bu

69
35

\

0

Ph
t-Bu -

72
61

(xxiii)
H+ •""

p-NMe2<
t-Bu

70
66

' (S)-Ala;

^gH4 p-NMe2CgH4
adamantyl (Ad)

90
71

The result obtained is explained by the intermediate coor-
dination of the enolate (XXIV) to the chiral alkylating agent
(XXIII), which hinders the attack on the double bond from
the re-side, the hindrance increasing with increasing bulk
of the substituents in compound (XXIV). Asymmetric pro-
tonation for the synthesis of AA has been developed in
detail. 5 9 The essential feature of the method consists in the
protonation of the lithium enolates of the Schiff bases derived
from AA esters by chiral acids, which are usually (2R, 3R)-
or (2S, 3S)-diacyltartaric acids (XXV):

OCOR COOH

COOH OCOR

(XXV) R .

\ R 3

(XXVIII)

As a consequence of the high coordinating capacity of
lithium in relation to the electron-donating atoms, the prod-
uct is the syn-enolate (XXVI), whose protonation by (R)-
or (S)-(XXV) under the conditions of kinetic control affords
AA enriched in one of the enantiomers. It has been estab-
lished in relation to the transformations in PGly (Table 1)
that the stereoselectivity increases with increasing bulk of
the substituents in the amide and the acid and also with
enhancement of the electron-donating character of the group
in the aromatic ring of the Schiff base, which leads to the
formation of a "harder" enolate. For all the AA investigated
(Ala, Trp, Leu, Phe, Val, Met, PGly, NLe), the protonation
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of the enolate of type (XVI) by treatment with (2fi, 3K)-
(XXV) yielded the (S)-product, 5 9 while the chiral acids were
recovered without loss of optical activity. On double asym-
metric induction using (ft)-(XXVIII), ρ increases to 70% with
a chemical yield of 90%. In the case of chiral aminocarbonyl
compounds, protonation by the derivatives (XXV) proceeds
with ρ up to 92%.66 According to Duhamel et al., 5 9 it can be
used for the transformation of carboxylic acids, ketones (via
enamines), allyl alcohols (via α-hydroxyketones), allyl
halides (via α-halogenoketones), etc. Asymmetric protona-
tion can be achieved also without the loss of the chiral group;
for example, the reaction of phthalimido-t-butylketen (XXIX)
with an (R)-Ala ester, results in the formation of the (jR.fi)-
dipeptide with ρ = 70%: "

\ β (Jg)-Ala-OR̂

' \raz
(XXIX)

SHZ > 4 ^ Ο KHZ

Table 1. The influence of substituents on the optical yield
of (S)-PGly in the reaction of compound (XXV) with the
enolate (XXVI).59'63"65

R in (XXV)

Ale
iso-Pr
t-Bu
t-BuCH2

Ad

f
a.

ci

2.6
12
50
16
54

—

ι (
X

X
V

I)
 1

a!

CN
Cl
Η
Me
MeO
Me,N

II

S? 3
s i ~

12
31
50
53
57
61

(X
X

V
Il

J

,s
X

C e H n

Et
iso-Pr

—

—

—

m
i)

PC

Me
Et
—

Β I
II ~

£ & - II

35
28
50
60
70
—

χ

2/?, 3/?
2S, 3S
meso-
racemate

—
—

χ 3 " C

II - ^

cc See's

70
5.5

24
39

—
—

*The reaction was carried out with (2K,3i?)-(XXV).

The asymmetric protonation method can be developed fur-
ther using chiral polyacid. The protonation of chiral anions
by achiral acids has been investigated more widely and is
examined below.

V. ENANTIOSELECTIVE REACTIONS OF CARBANIONS

In recent years notable advances have been made in the
asymmetric synthesis involving the enantioselective formation
of C—C bonds. 6 8 Stabilised carbanions, which exist in the
form of metal complexes are frequently used for this purpose,
the complexes being obtained from carbanion compounds, for
example, a-alkyl-3-ketoesters,89 α-hydroxyesters, 7 0 or
nitrogen-containing compounds—hydrazones71'72 or amidines.73

The enantioselective alkylation of such carbanions proceeds
with a high value of p.

AA are frequently obtained by alkylating the chiral Schiff
bases (XXX) derived from the simplest AA, which can be
readily synthesised from chiral carbonyl compounds and AA
esters. 7 9 The use of the Schiff bases increases the CH acid-
ity of the aminoacid fragment of the A A 8 0 and makes it pos-
sible to carry out reactions even with weak electrophiles
(alkyl halides), ensures the ready regeneration of the chiral
carbonyl compound (R1)*=O, and leads to comparatively high
values of ρ (Table 2):

( x x x )

R2 OR3

( Κ ' ) = Ν ' iv 4 J NOLi

(XXXI)

R2C(H4)COOH

NH,

Table 2. Alkylation of chiral Schiff bases (XXX).

Chiral
reagent,
(Rl)* = 0

(XXXII)

(XXXIII)

(XXXII)

(XXXIV)

(XXXV)

R·

x
x
x
x
x

Me
Me

Me
Me

n-Pr
n-Pr

Η
Η

Me
Me
Me

R·

t-Bu
t-Bu
t-Bu
t-Bu
Ale

t-Bu
t-Bu

Ale
Me
Ale
Ale

t-Bu
t-Bu

.Me
Ale
Ale

Me
n-Pr
PhCHj
3,4-(HO) 2C,H,CH s

( C H s ) 6 C H = C H 2

3,4-(HO) a C e H 3 CH 2

PhCH 2

n-Pr
C H 2 C = C H
Me
< : Η 2 ( : Η = < ; Η 2

PhCHOH
o-MeC«HiCHOH

PhCHu
CH 2 CH=CH 2

CH 2 CH=CHPh

Yield of
AA, %

52
50
70
62
40

74
55

81
78
87
70

67
67

83
85
65

P. %

83
83

06
05

24
21

83
52

15

64*
70**

83
85
60

Refs.

[74)

[74]
174|
[7.31

[7(51
[7BJ

77]
77]
77]
77]

[7S]
[78]

7!)]
[701

Hhreo : allo = 3 : 1 .
**threo : allo = 12 : 1.

The Schiff base is deprotonated, for example, with lithium
diisopropylamide (LDA) in tetrahydrofuran (THF) to give the
enolate (XXXI), which is alkylated with alkyl halides, the
use of the (S)-reagent (R1)* giving rise to an excess of the
(u)-product. Asymmetric induction can be achieved for
achiral Schiff bases by means of chiral lithium amides obtained
from (S)-Pro or (S)-Leu, but ρ does not exceed 31%.81 The
induction is also weak when the chiral centre is moved away
from the α-carbon atom of the AA by employing menthyl
esters, whose derivatives afford, after deprotonation and
alkylation, AA in yields of 90% and ρ = 5-55%.82 A 48%
yield of (S)-Ala is reached when the menthyl ester of iso-
cyanic acid is metallated.83 The use of other AA derivatives,
for example, N-formyl-N-alkylaminoacetonitrile, likewise
produces low values of p. 81*

ixxxu; (XXXIII) (XXXIV)

In another alkylation method, proposed by Enders8 5 and
used to synthesise AA, 7 1 one begins with lithiohydrazones
or lithioamidines derived from (S)-l-amino-2-methoxymethyl-
pyrrolidine. The structure of the lithio-derivatives of
hydrazones has not been accurately established, in contrast
to that of lithium enolates. The structure (XXXVI) (Fig. 4)
has been proposed from spectroscopic data and confirm by
an MNDO calculation. The result of the electrophilic sub-
stitution of the Li+ ion is determined by the rotation about
the N-N bonds if it is assumed that the negative end of the
dipole of the electrophile forms a complex with the Li+ ion.
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Since the electrophile attacks the anion (XXXVI) from below
with formation of an (ft)-product, then, for the more favour-
able Ν Ν-conformation in compound (XXXVI), syn-substitution
takes place in relation to lithium. These features can be
attributed also to electrophilic substitution in the amidines
(XXXVII), where the preferential formation of the (S,R)-
product is associated with the preferential syn-substitution
of the lithium complex, which yields (R)-AA with ρ = 15 to
51%.7 1 The result of the alkylation of enolates obtained from
Schiff bases (XXXI) can be explained analogously.

Russian Chemical Reviews, 5 6 (11), 1 9 8 7

Scheme 2

(XLI)

Η Η

Figure 4. The structure of the lithio-derivative of the
hydrazone (XXXVI).85

Rigid cyclic systems give rise to better results than their
linear analogues. Thus the alkylation of the carbanion
obtained from derivatives of the chiral l,4-benzodiazepin-2-
one yielded an AA with ρ up to 85%. 8 6 The advantages of
the use of cyclic systems have been demonstrated particu-
larly strikingly in two general methods of synthesis of a whole
series of AA, developed by Seebach et al. 8 7and Schollkopf; 8 8 ' 8 9

in both cases, the rigid chiral carbanion is attacked by the
electrophile with an exceptionally high diastereoselectivity.
The method of "self-reproducing chirality", proposed by
Seebach, consists in effecting 1,3-asymmetric induction; it
is convenient for the synthesis of α-C derivatives of the AA
for which direct formation of enolates is impossible owing to
3-elimination: Ser, 9 0 T h r , 9 1 Cys, 9 2 ' 9 3 and P r o . 8 7 The prin-
cipal feature of the method is the synthesis of chiral enolates
from optically pure cyclic products: substituted oxazolines
(XXXVIII) for Thr, oxazolidines (XXXIX) for Ser, and
bicyclic compounds of the type (XL) for Pro and Cys:

(XXX VI I) (XXXV111) (XXXIN)

As shown in Scheme 2 for the adduct (XL, Υ = CH 2 ), 8 7 the
nucleophilic centre of the enolate is attacked by all kinds of
electrophiles (D3O

 + , alkyl halides, carbonyl compounds, and
alkenes) with restoration of the initial chiral centre and the
formation of virtually only one of the possible diastereo-
isomers even in the case of three chiral centres (Table 3).

Table 3. The interaction of enolates obtained from com-
pounds (XXXVIII), (XXXIX), and (XL) with electrophiles.

Initial
compound

(XL), Υ = CH2

(XXXIX)

(XXXVIII)

(XL), Y = S

Electrophile

Mel
PhCH.Br
MeCOOCH2Br
PhCHO
MeCHO
MejCO
MeCOCH2COOMe

\ /=°
»

PhCHsBr
MeOD
Me2CO
PhCHO

Mel
PhCH,Br
Me2CO

PhCHO

U - C H O

Ιχ /I-CHO

PhCH=CHCHO

Reaction product

yield, %

93
91
40
72
88
93
62

50*

21**

52
71
58
70

94
93
68

64
68

45

44

48

P. %

95
95
95
94
94
95
51

95

95

99
98
99
99

93
99
99

92
96

88

94

89

Refs.

[87]

[90]

[94]

193]

*1,2-Addition. ** 1,4-Addition.

The stereochemical result is because the electrophile does
not distinguish kinetically the two sides of the chiral enolate
(XLI) obtained from the adduct of (S)-proline with pivalic
aldehyde (XL). The formation of compound (XL) is rigor-
rously distereoselective, because the existence of the
(S.S)-diastereoisomer is unfavourable—in this case the
pseudoaxial t-Bu group is in the eclipsed conformation rela-
tive to the 5' -CH2 group of the pyrrolidine ring. The
enolate (XLI) is formed with disappearance of the initial
centre of chirality S-(2) and retention of the new centre
R-(5). Presumably the Li+ ion is coordinated to the oxygen
of the enolate preferentially from the re-side of the plane
(from below) in order to reduce the extent of the non-
bonding interactions from the side of the pseudoaxial Η(5)
and the pyrrolidine fragment. This should lead to attack
by the electrophile coordinated to the Li+ ion from the
re-side and the restoration of the initial centre of chirality
S-(2), which has in fact been observed. The high stability
of the carbanion (XLI) makes it possible to carry out also
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the Michael reaction, for example, with cyclohexenone,
whereupon adducts with ρ = 95% are produced.87 The
method has been extended to Ala and Phe by converting
them into chiral cis- 2-aryl-2-benzyloxycarbonyloxazolidinones
(XLII) and (XLIII); the alkylation of their potassium
enolates at C(4) by treatment with Mel and PhCH2Br afforded
(i?)- or (S)-ot-Me-Phe after alkaline hydrolysis with hydro-
genolysis.91*

Z-N,

Ar

(XLII)

Ar

(XUII)

The method is applicable to the synthesis of natural AA
from other AA. (S)-p-O-benzyl-Ser was converted on
interaction with pivalic aldehyde into the trans-imidazolidin-
one (XLIV), which gives rise, after oxidation and decar-
boxylation, to the imidazolidinone (XLV) containing the Gly
fragment. The alkylation of its chiral enolate with Mel or
PhCH2Br (produced the (2S, 5S)-imidazolidinones (XLVI)
in 51 and 45% yields respectively for ρ = 95%: 9 5

t-Bui

Mf

/ν
|
COrh

(XLIV)

'"•CH2OCH2Fh

t-Bu·

Mv
1

1

<>
Ν

COPh

(XLV)

:<->

0» t-Bu
K

CQVh

The attempts to obtain the enolate from the chiral lactone
(XLVII) were unsuccessful, but the generation of an elec-
trophilic centre by passing to compound (XLVIII) made it
possible to carry out the reactions with various nucleophiles,
leading to the lactone (XLIX), and to isolate the AA [(S)-
Ala, (S)-NVa, (S)-NLe, e t c . ] : 9 6

COO"

(XLVII) p> 96%

The alkylation of Asp, via acyclic enolates, gave ρ =60%.97

In Schollkopf's method,8 8 '8 9 one initially synthesises the
dioxopiperazines (L) from Gly or the available racemic AA
(for example, Ala) and a chiral reagent—(S)-Ala, (S)-t-Leu,
(S)-Val, or (S)-ct-Me-3,4-(MeO)2Phe. The dioxopiperazines
are alkylated to give the bislactim ethers (LI), which exhibit
a high CH acidity and form the chiral carbanions (LII) and
(LIU) (Fig.5); the latter react with a wide range of electro-
philes diastereoselectively with a high ρ value. The hetero-
cycle obtained is hydrolysed with liberation of the auxiliary
chiral reagent and of a new optically active AA in the form
of an ester, as shown in Scheme 3 for the reaction with
cyclo-[(S)-Ala, (i?,S)-Ala]:93

ô Scheme 3

:(^)-Ala-( ,̂5)-Ala-^H

Μι·< y

7k /^ <

OMc
/

- H

BuLi
( I . H ) , ( L I I 1 )

1 - u
R - K - M e

( R ? ) ^ H ^

if

Η

(D

OMc

| .Me

(SO-Ala-OMe + (R)-M*CR7—C

NH,

(5,^)-isomer

R = Me, iso-Pr, t-Bu; R1 = H, Me.

Figure 5. Schematic representation of the addition of an
electrophile to the heterocyclic anion ( L I I ) - ( L I I I ) . 8 8

The authors assume that the dihydropyrazine anion is planar
by virtue of the fulfillment of the Huckel condition and one
of its diastereotopic sides is greatly shielded by the sub-
stituent R (Fig. 5). It has been suggested that the Li+ ion is
close to the N(l) atom, which has the maximum electron
density according to calculations. Thus the equilibrium is
displaced towards compound (LII) virtue of the steric hin-
drance by the group R. The attack by the electrophile on
the anion (LIII) is sterically hindered and the reaction pro-
ceeds mainly via the energetically more favourable state
(LIV). The favourable combination of kinetic and thermo-
dynamic factors is responsible for the high value of ρ
(usually >95%). The role of the metal and the structure
of the ion pairs were not discussed by Schollkopf, 88>89>98

although he showed that the replacement of Li by a metal
with shorter bonds [for example, Ti(NMe3)3] leads to greater
asymmetric induction. 9 9 The structure of the alkylated prod-
ucts (LVI) and (LVII), obtained from compound (LII, R,
R1 = Me, R2 = CH2Ph) and corresponding to a folded con-
formation in which the benzene ring overhangs the hetero-
cyclic ring, serves as evidence in support of the proposed
mechanism. 8 9

(LI)

Κ =H, H3=Me (LVI)

R'»Mc,R3=H (LVII)
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Such a structure, which is unfavourable as regards steric
considerations, is realised also for cyclic dipeptides of the
phenylalanine ser ies . 1 0 0 Thus the stereoselectivity of the
reactions of the chelate complexes of lithium considered in
this Section is determined by the preferred introduction of
the coordinated lithium atom on the re- or si-side relative to
the nucleophilic centre of the anion and the subsequent elec-
trophilic attack from the same side via the intermediate bind-
ing of lithium, which is the reason for the preferred syn-sub-
stitution mechanism. The knowledge and control of the steric
and electronic factors in the stage determining the degree of
asymmetric induction make it possible to regulate the stereo-
selectivity. Thus, the replacement of R = Me by R = t-Bu
in compound (L) increases the stereoselectivity sharply,
while the introduction of the phenyl group (R = Ph) gives
rise to the opposite resul t . 8 9

Table 4. The yields of the products of the interaction of
carbanions of types (LII) and (LIII) with electrophiles.

Carb anion

(LII), (LIII)
R = t-Bu
R1=H

{from cyclo-[(S)-Val-Gly]

(LII), (LIII)
R = t-Bu, R 1 = Me
{from cyclo-[(S)-Val-Ala

(LII), (LIII)
R = R* = t-Bu
{from cyclo-[(5)-t-Leu] 2 '

(LII), (LIII)
R 1 = c-Bu, R = Η
{from cyclo-
[(S)-t-Leu-Gly]}

(LII), (LIII)
R = 3,4-(MeO)2C6H3.

.CH2.R1 = H

[from cyclo-[(S)-a-Me-3,4-
(MeO)2Phe-Gly]}

from (LVIII)

from (LX)
R = CMe3,
Rl = 2-furyl

R·

CH(Me)OH
CH(Me)OH
C(Me)2OH
CMe(Ph)OH
CH(CH,Ph)OH
CH,=CPh
CH.Ph
3,4-(MeO),C,H3CH2

PhCH=CHCH2

CH,=CHCHa

Me(CH,)e

PhOCH,
MeOC(Me)2

CF(Me)2

JV-Boc-(3-indolyl)CH2
CR(CH,C1)CH2ON

CMe,OH
C(Me)PhOH
A^-Boc-(3-indolyl)CH2
PhCH2OCH8

PhCHs

n-C7H15

PhCH=CHCH2

CH2=CHCH,
Pb(CH2),
Q ' H ] ,

Me
CH,=CHCH2

PhCHsO
n-MeOCMe2

CH,=CHCH2

t-BuOCOCH2

PhCH2O

MeOCMes

CH,=CHCH2

n-C 7 H 1 5

PhCH,

IMLCH,

CH,=CHCH,
cyclo-C6HnCH2

PhCH, · · ·
Me···CH,=CHCH,
PhCH,
Me

Yield, %

—
—
—

90
81
91
90
88
62
SI
SO
46
83
90

94
93
81
91
68
43
80
90
79
—

91
78

87
58
84
86
89

74

79
70

_

94

87

66
20

90
95
85
92
92

P. % '

95(91)·
85 (63)

95
95 (38)
89 (66)

95
91—95

85
95

60—65
75-80

93
95
95
88
95

95
95
95
95
95
95
95
95
95
95

95
95

95
93
93
93
93

95

93
80

85

95

95

17
35

95
90
95
95
95

Refs.

[1)9]
[101]
[101]
[101]
HOI]
[102]

[104]
[104]
[104]
[1041
[1051
[105]
[106]
[107]
[10S1

[103]
[103]
[107]

1091
110]
110]
110]
110]
H I ]

11121

[1131
[113]

[114]
[114]
[114]
1141
1141

[103]

[115]
[1151

[115]

[116]

[116]

[116]
[116]

[117]
1171
118]
118]

[118]

*The values of ρ (with respect to C(3) are indicated in
brackets.

**Ti(NMe3)3 was used as the counterion.
***RX = Rh.

Cyclo-[(S)-Val-Gly] or cyclo][(S)-Val-Ala] is used most
often in the Schollkopf's method, which makes it possible to
obtain various (R)-AA (Table 4). High optical yields have
been achieved using (S)-t-Leu, which, however, is difficult
to obtain. 8 9 Ketones also react with (LI) (p = 95%), while
aldehydes react with additional induction at C (3), (6S, 3R,
3'S)-diastereoisomers being formed preferentially. 1 0 1 Dehy-
dration leads to (R)-ot-vinyl-Ala and (R)-vinyl-Gly. 1 0 2 ' 1 0 3

Hydrolysis to the A A esters proceeds without racemisation
(Table 4). The large number of stages, the long reaction
time, and the difficulty of separating the AA esters lead to
the formation of products in yields of only 17—24% relative to
the initial AA. The alkylation of the anions of chirally 1-sub-
stituted 4-methyl-2-imdazolin-5-ones (LVII), obtained from
the chiral amides of carboxylic α-isocyano-acids (LVIII), also
gives rise to high values of ρ when the alkylating agents are
benzyl halides, but the yield falls sharply (to 17—35%) when
alkyl halides are employed:1 1 6

JMeCH(NC)CONHR* ·

(LVIII)

MeC(NO)CONHR

MeCHiNOCONR

As in the alkylation of dihydropyrazine anions, the diastereo-
selectivity of the process is probably determined in this
instance by the more favourable transition state of type
(LIX). 1 1 6 The degree of asymmetric induction can be lower
in this case than for the anion (LII), since the chiral centre
is located further from the reaction centre and the difference
between the two diastereoisomers of compound (LVII), in
which the metal ion is located above and below the plane of
the anion (there is a difference in the interaction of the
metal with the Me and R groups), is smaller than in the case
of the anion (LII) (the difference between the group A and
the atom Η).

The conversion of 2-furyl- or phenyl-glycines by condensa-
tion with hydroxyacids to the corresponding 3,6-dihydro-2//-
l,4-oxazine-2,5-diones (LX), which react diastereoselectively
with R2X via the C(3) atom, also does not differ fundamentally
from the methods considered above: 1 1 7 ' 1 1 8

(LX)

R = Ph, 2-furyl
R' = CHMc,.C:Me,

(LXI)

In view of its laborious nature, the method can be usefully
employed only in the synthesis of exotic AA (see, for example,
Weihrauch and Liebfritz 1 1 2). Thus, the condensation of
cyclo-[(S)-Ala-(S)-Ala] with L-glyceraldehyde yielded the
biologically active lactone (LXI). 1 2 0 The use of chiral com-
plexes of the Schiff bases derived from AA, examined in the
previous Section, is more promising for the synthesis of
substituted optically active AA. Interesting results may be
expected also in the alkylation of the AA Schiff bases under
interfacial conditions in the presence of chiral catalysts,
since it is known that the alkylation of racemic phenylindanols
with Mel in the presence of N-(p-trifluoromethylbenzyl)-
quinine bromide gives rise to a product with ρ = 90%.121
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V I . SYNTHESIS AND REACTIONS OF AMINOACIDS VIA
TRANSITION METAL COMPLEXES

The ligand in the chiral complexes of transition metals has
a rigid orientation and X-ray diffraction analysis provides
reliable information about their s t r u c t u r e . 1 2 2 The intraligand
interactions, responsible for the enantioselectivity in these
systems, can therefore be assessed very accurately, which
facilitates the search for useful synthetic reagents based on
them. The stereochemically inert cobalt(III) complexes with
amine chiral ligands and aminoacids123'121* have been used for
such purposes for years, for example the cleavage of AA.1 2 5

The chiral recognition of the enantiomers and chiral groups
in such complexes occurs mainly as a result of the sterically
preferred interaction of one chiral ligand with another or with
the prochiral groups of a neighbouring ligand. 1 2 6 The intro-
duction into the complex of bonding interligand interactions,
which occur for polydentate ligands, enhances the possibility
of the chiral recognition of AA. 1 2 3 > 1 2 4 The use of chiral
derivatives of amines as tetradentate ligands leads to dia-
stereoisomeric Λ and Δ complexes of cobalt (III) with amino-
acids, their ratio corresponding to the ratio of the pure A A
enantiomers. 1 2 7 The epimerisation of the CH aminoacid frag-
ment in the Λ and Δ complexes is catalysed by OH~ (Scheme 4):

Scheme 4

--T>.R(H)

The diastereoselectivity is sometimes high and reaches
h,R/h,S = 91 : 1 for the complexes with Asp. 1 2 Θ Treatment
of the racemic a-dichlorotriethylenetetraminecobalt(III)
chloride with (S)-Pro and Et3N in boiling alcohol results in
94.5% of the cobalt(III) complex, existing as the Δ complex.129

Analogous complexes with α-amino-a-methylmalonic acid are
used for the acid-catalysed asymmetric carboxylation to Ala.129

The racemisation of the AA fragment in the isolation stage
usually diminishes p , 1 3 0 but, for the chiral complexes with
(6R, 8i?)-6,8-dimethyl-2,5,9,12-tetra-azatridecane131 and
NN-di(2-picolinyl)-(li?,2i?)-diaminocyclohexanone,132 the
value of ρ corresponding to (i?)-Ala is 66 and 78% respec-
tively. According to Goodwin et a l . , 1 3 2 the decarboxylation
of the cobalt(III) pro-(S)-aminomethylmalonate complex
affords the (R)-alanine complex, i .e. the α-carbon atom
undergoes inversion. The mechanism involves the cyclic
intermediate (LXIII):

\

( L X I I ) (LXIII)

Taking into account the data in Section IV, it has been sug-
gested that the asymmetric induction in compound (LXIII) is
effected by the selective intramolecular proton transfer to
the enolate fragment from the protonated pyridinium fragment
in a chiral environment. The asymmetric decarboxylation of

the Λ- or Δ-tetramine complex of cobalt(III) with pyrrolidine-
2,2-dicarboxylic acid gives rise to (S)-Pro and (ii)-Pro with
ρ = 20 and 24% respectively. 1 3 3 Asymmetric transformations
of the AA fragment are possible also in the chiral complexes
of dicarbonyl(ns-cyclopentadienyl) derivatives of molybdenum
and tungsten with AA.131* These complexes are configura-
tionally stable in a neutral solution, while in an alkaline
medium rapid inter con version of the diastereoisomers is
attained. The epimerisation of the AA fragment suggested1 3 5

and led to the development136 of the method of synthesis of
chiral [2H]Gly and other [2-2H]AA by the enantioselective
substitution of the α-proton of the AA by deuterium. It
consists in the formation of ethylenediaminecobalt(III) com-
plexes with (S)-AA, the separation of the diastereoisomeric
complexes by chromatography, deuterium exchange by treat-
ment with OD" in D2O, repeated separation of the A,S and
Δ,ίϊ or Λ,S and K,R diastereoisomers, and the isolation of
AA from the complexes by reduction with NaBH^.131 The
chiral complexes of transition metals have also been used
for the asymmetric synthesis of Thr from Gly and MeCHO in
26-33% yield and with ρ = 16-35% 1 3 7 (Scheme 4). The use
of simple AA complexes of transition metals suffers from a
number of disadvantages, for example, the a-amino-group
of the ligand is subjected to electrophilic attack, which pre-
vents the effective synthesis of α-substituted AA by alkyla-
tion with alkyl halides. 1 3 7 There are also difficulties in
selecting the chiral ligands, since the interactions within the
complex are readily smoothed o u t ; 1 2 6 finally the CH acidity
of the complexes is low. 1 3 8

The use of chiral complexes of Schiff bases derived from
AA for the synthesis of biomimetic reagents for asymmetric
synthesis of AA is more successful. In these complexes,
where the kinetic CH acidity of the AA fragment is h igh, 1 3 9

the α-amino-group is reliably protected and the polydentate
ligand (the Schiff base) forms a harder complex than the
free AA. The relevant studies were carried out initially
mainly with stereochemically inert octahedral cobalt (III)
complexes, which retain their configuration in the chemical
reactions of the ligands. 1 2 7 > 1 2 8 The AA Schiff bases with
aldehydes form planar tridentate ligands, which can be
arranged perpendicularly to one another in the octahedral
complexes. The complexes with Gly can be resolved into
the enantiomers, while those with other AA can be resolved
into diastereoisomers, for example, A(SS) and

I C O ( H O ) J +(S>NH2CHHCOOH + Il'ceH3(OH)CHO /

70-90% A(SS)

For the A(SS)- and Λ(SS)-diastereoisomers, ΔΔσ =-0.45-1.32
kcal mol"1 at 78 °C, which has been attributed to the ener-
getically unfavourable interaction of the benzene ring in the
A(SS)-isomers, while the introduction of the methyl group in
the 3-position in salicylaldehyde (SAL) inverts the stereo-
selectivity owing to the interaction of the alkyl groups of
the AA fragment and the 3-methyl group in the A(SS)-com-
plexes, which is almost absent in the A(SS)-isomers. l l t 0 These
results make it passible to achieve the synthesis of the partly
enriched (R)-[2H]Gly and (S)-[2H]Gly " 7 by analogy with
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the study of Keges and Legg. 1 3 6 The steric shielding of
the re- and si-sides of the intermediate planar carbanion in
the complexes A-(LXIV) (re-side) and A-(LXV) (si-side)
with 3-Me-SAL, which hinders the attack on the pro-(R)-
proton in the Λ-complexes and the pro-(S)-proton in the
Δ-complexes and leads to different rates of their exchange
with the ratio of the constants up to 1: 10 (Fig.6), has also
been used. Therefore, after the exchange of 50% of the
hydrogen for deuterium, (S)-[2H]Gly was isolated from the
Λ-complex and (R)-[2H]Gly was isolated from the Δ-complex
with ρ = 20—40% m without the preliminary separation of the
diastereoisomers, as in the study of Keges and Legg. 1 3 6 The
employment of such separation made it possible to obtain the
following deuteriated AA with high values of p : (R)-Tyr
68%, (S)-Tyr (94%), (R)-Val (96%), (S)-Val )98.8%), (R)-NVa
(93.4%), (S)-NVa (94%), (R)-Met (82%), (S)-Met (90%), and
(R)-Ala (90%). l l+1 The stereochemistry of the formation of
the C—C bond obeys the same rule as that for the formation
of the C—Η bond, but ultimately the thermodynamically stable
complex predominates in the final mixture obtained in the
condensation with aldehyde. Thus (S)-Thr with ρ = 60% and
(R)-Thr with ρ = 73% have been obtained by the reaction
with acetaldehyde.139>11*0 The interaction with methyl acrylate
in H2O at pH 11.4 afforded a mixture of complexes, after the
decomposition of which (S)-Gly (p = 10-46%) was isolated
quantitatively.11*2 Thus both the kinetic acidity of the AA
fragment and the enantioselectivity of the formation of the
C-C and C—Η bonds can be appreciably increased with the
aid of chiral cobalt(III) complexes based on the Schiff bases
derived from SAL and AA. The use of menthol derivatives
as the carbonyl components of the Schiff bases permitted the
asymmetric transformation of the AA fragment in the com-
plexes with racemic AA with ρ = 22% S for Ala, 12.6% S for
Val, and 11.4% S for L e u . 1 M

Figure 6. Steric shielding of the re- and si-sides of the
carbanion formed as an intermediate in the A(SS)- and
Λ (SS)-complexes of c o b a l t ( I I I ) . m

The asymmetric induction in the complexes considered
was achieved as a result of the chiral disposition of the lig-
ands within the structure of the complex, which is inert as
regards substitution, but effective biomimetic reagents and
catalysts1'*2 must be based on stereochemically labile com-
plexes , capable of ready exchange of the ligands, which
inevitably leads to the racemisation at the metal atom. In
order to retain the asymmetry of such a labile system, SAL
must be replaced by a chiral analogue permitting the use of
Ni 2 +, Cu2 +, and possibly Zn2+ for the asymmetric synthesis
of AA. The use of optically active peptides permitted only
the epimerisation of the Ν-terminal AA of the dipeptide in
the copper(II) complexes (LXVI):

CHjNMe2

(LXYI) (LXV1II), κ = 1,2

R=H,Me, Ph

Dipeptides with ρ = 63% S for R = Me and 66% S for R = Ph
have been isolated. l k 5 The enantiomers of l-(NN-dimethyl-
aminomethyl)-2-formylcymantrene (LXVII) 3 Λ 6 · 1 Λ 7 have been
used as chiral reagents, capable of being regenerated, for
the asymmetric synthesis and transformations of AA. Thus
the interaction of (+)-(LXVII) with racemic Ala-NVa in the
presence of Cu2+ and MeONa gives rise to a mixture of
diastereoisomers whose ratio shifts towards the most favour-
able diastereoisomer with (S)-Ala (p = 55%) as a consequence
of the mobility of the α-proton of the N-terminal AA. (S)-Thr
(p = 92-98%) and (S)-allo-Thr (p = 95-100%) were isolated
in proportions of 2.15—2.42 and in high yields (after the
hydrolysis of the dipeptides) by condensing acetaldehyde
with the complex obtained from compound (LXVII), Gly-Gly,
and Cu(II):

Scheme 5

Cly-Gly + (LXVII)

(R)-Thr (p = 93-96%) and (R)-allo-Thr (p = 100%) were
obtained in proportions of 2,3 in the case of (-)-(LXVII) 11>6

(Scheme 5). The greater stability of the complex with
(S)-Thr can be explained by the fact that, as a consequence
of the marked distortion of the chelate rings, the alkyl sub-
stituent in the complex assumes the pseudo-axial position,
in which the interaction with the aldimine hydrogen is mini-
mal.

(5,i?)-diastereoisomer (LXIX)
R = H,Me,Ph; R1 - alkyl
Μ = Ni, Cu
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The use of the chiral reagents (LXVIII), having a greater
number of coordination sites compared with compound
(LXVII), makes it possible to achieve asymmetric transforma-
tions also with AA. "-^'"β-ι 1* 9 ΐ η the copper(II) and nickel-
(II) complexes of type (LXIX), obtained in 80-90% yields
from the AA and the reagent (LXVIII) in alcohol, the dis-
tortions caused by the presence of the asymmetric carbon
atom are transmitted to the chelate ring, which entails dif-
ferent interactions of the alkyl residue of the AA and other
groups in the complex. 3 1 These distortions, which are
clearly seen in the crystalline state, are retained in solution
according to spectroscopic data. 2 9 ' 3 1

The use of such hard systems makes it possible to alter the
enantioselective effects by introducing substituents R in
compound (LXIX), i .e. one can alter the ratio of the dia-
stereoisomeric complexes under equilibrium conditions.
According to Belokon et a l . , 3 1 this ratio is determined by
the difference between the energies of orientation of the alkyl
group of the AA towards the benzyl group (upwards from the
coordination plane) for the (S,J?)-diastereoisomer (LXIX) or
towards the proline fragment for the (S,S )-diastereoisomer.
Non-bonding interactions of the alkyl substituent with the
benzyl group, shielding the apical position, are observed in
the complex (LXIX), and the increase of the bulk of the
group R1 therefore diminishes the content of the complex
with (K)-AA. The increase of the bulk of R on passing from
Η to Me leads to additional distortion of the metallocycles and
the assumption of the pseudoaxial position by the alkyl group
of the AA. Under these conditions, there is an additional
increase of the excess of the complex with (S)-AA. The
occurrence of large diastereoselective effects in the copper-
(II) complexes29 and especially in the nickel(II) complexes,30'31

reaching ρ = 90% for the complex with (S)-Val, made it pos-
sible to achieve the retroracemisation of a series of AA 29""31>150

(Table 5).

Table 5. The enantiomeric composition of the AA after the
retroracemisation of the complex (LXIX) [0.2 Ν MeONa,
40° (A); 0.1 JV MeONa, 25° (B)].

R in (V)

Η
Η
Η
Η
Η
Η
Η
Me
Me
Me

AA

Ala
Ala
Phe
Trp
Val
Val
NVa
Ala
Va!
AdAla · * *

p, % for GS)-AA

Nl (II)

15
15
40
64
78
78.5
42
82
76
52

Cu (II)

0
0

42
—
54
60
12
30
38
—

Conditions

A

B*
A
A
A
Β
A
B*
B**
Β

Refs.

[29. 30J
[31]

[29. 30]
[30]

[29. 30]
[31]

[29. 30)
[31]
[31]
[31]

*0.012 Ν MeONa.
alanine.

**0.33 Ν Ν MeONa. ***AdAla = adamantyl-

The retention of the characteristic features of the diastereo-
selective effects also on formation of the C—C bond made it
possible to develop a general method of diastereoselective and
enantioselective synthesis of β-hydroxy-a-AA by condensing
aldehydes or ketones with the nickel(II) and copper(II) com-
plexes of glycine, 1 5 1 ~ 1 5 3 leading to the complexes (LXX) and
(LXXI) (Table 6). According to Belokon' et a l . , 1 5 1 the con-
densation of compound (V, R = Ph, R1 = H) with aldehydes

under equilibrium conditions leads to the preferential forma-
tion of the product (LXX) with the AA side chain directed
away from the benzyl group and with the Ο atom located
under the metal atom, which ensures an even greater prefer-
ence for the (S,S)-diastereoisomer:

Ν
R2K3CO

Ν Μ Ο ·* ;," r n m p l e v

(V)

M = Ni:Cu

HOCVR3

(LXXI)

Table 6. Condensation of the glycine complex (V) with
carbonyl compounds.1 5 1

R

Me
Me
Ph
Ph
Ph
Ph
Ph
Ph
Me
Me
Me
Ph
Ph

Μ

Ni
Ni
Ni
Ni
Ni
Ni
Ni
Ni
Cu
Cu
Ni
Ni
Cu

CH S O
CH..O
CHIO
CH,*O
MeCHO
MeCHO
Me,CO
Me^CO
Me2CO
PhCHO
PhCHO
PhCHO
PhCHO

Base

Et3N
MeONa
Et,N
MeONa
MeONa
Et3N
MeONa
MeONa
MeONa
MeONa
MeONa
MeONa
MeONa

Yield of
AA, %

75—82
06—G7

75
95
72
32
54
5(i
55
fi7
67
67
59

threo :allo

—

—
20:1
2:1
—

50:1
34:1
34:1
50:1

p. %

96
87—89

S3
88
84
78
72
98
70
74
82
82
80

Configura-
tion

S
R
S
R
R
S
R
R
R
R
R
R
R

The observed high value ρ = 95% for the diastereoisomer
with (S)-Ser (LXX, R2 = R = H) at low pH is in full agree-
ment with theoretical ideas. At a high pH of the solution,
only the (S,i?)-diastereoisomer (LXXII) is formed, which is
associated with the ionisation of the hydroxy-group in com-
pounds (LXXI) and (LXXII) and the rearrangement of the
complex with coordination of the metal to the ionised hydroxy-
group :

Ν M - - - (R)-AA.

(LXXII)

It is noteworthy that, owing to steric hindrance, the second
CH2O molecule does not add to the complex with formation of
α-hydroxymethylserine—the main product in the earlier
attempts to synthesis Ser from Gly.151* The preferential
formation of the threo-products for other aldehydes is also
associated with the ionisation of the hydroxy-group at a
high pH and the rearrangement of the complexes. 1 5 1 The
complexes (LXX) and (LXXI) have been converted by acetyla-
tion and the elimination of AcOH into the dehydroalanine com-
plex (LXXIII),1 5 5 which combines with thiophenol and phenyl-
methanethiol via the double bond with formation of the
diastereoisomeric complexes of L- and D-S-phenyl- or L- and
D-S-benzyl-cysteines:

(LXXIII)
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Chromatographic separation on silica after decomposition
yields the enantiomerically pure L- and D-S-phenyl- or L-
and D-S-benzyl-cysteines in an overall yield of 80%. 1 5 6 > 1 5 7

The thermodynamic CH acidity of the complexes (LXIX)
reaches high values [pKa = 19.5 (R = R1 = H), 19.2 (R = H,
R = Me), 21.2 (R = H, R1 = CHMe2), and 18.8 (R = Ph,
R1 = H) in DMSO 1 5 8 ] and is comparable to the acidity of
malonic ester. The high CH acidity of the complexes and
their stability have been used to carry out reactions with
weak electrophiles—alkyl halides, which made it possible to
obtain a series of optically pure a-Me-α-ΑΑ for both the
(S)- and the (R)-series 1 5 9 (Table 7):

•*• R- and (S)-a-Me-AK

reagent(LXvm)

(LXIX) (R = H, R' = Me) -^-»-anion(vii) ;;.u> Ν Ni—(

Table 7. The yields of the products of the alkylation of the
complex (LXIX, R = H, R1 = Me) by alkyl halides. 1 5 9

R'X

Mel
PhCH,Br
CH2=CHCH,Br

BuLi, THF

(S. S): (S. R)

5)2
51; 40
56; 33

10% NaOH. CH2CIS

(S, S): (S, Λ)

63; 31
02; 22

In contrast to the known methods for the alkylation of
chiral enolates, 7"~79 in this case the deprotonation can be
achieved not only with BuLi in THF but also with aqueous
alkali under the conditions of phase-transfer catalysis. The
separation of the complexes on silica yielded, after decom-
position, the optically pure α-Me-AA. Under the conditions
of kinetic control, the alkylation of the complex (LXIX,
R = R1 = H) by alkyl halides proceeds with a low value of p,
which indicates a small difference between the rates of attack
by the electrophile on the anion from different sides of the
coordination plane. Attack from below, the side opposite to
that of the benzyl group, leading to the (S.S)-diastereo-
isomer, is somehwat preferable. 1 5 9 The use of complexes
containing the phenyl group (R = Ph), which imparts the
pseudo-axial conformation to the pro-(S)-proton, facilitates
the attack from below with formation of the (S)-AA fragment
and increases ρ to 90%.16°

The general method of asymmetric synthesis of A A via
transition metal complexes has many advantages over other
procedures. These are the ease of formation of the chiral
complexes, mild conditions of the reactions with electrophiles,
the high value of ρ for AA, and the virtually complete
regeneration of the chiral reagent.

V I I . CATALYTIC ASYMMETRIC TRANSAMINATION

The biomimetic approach to the synthesis of a simplified
model of enzymic transamination1 6 1 has been applied in a
study 1 6 2 where the chiral pyridoxamine (LXXIV) with an

ansa-chain in the molecule, capable of effecting the trans-
amination of α-ketoacids to give AA with ρ up to 9.4% on
catalysis by Zn2 +, was obtained:

R
Me
PhCH,
Me,CH
Me,CHCH,
Me,CHCH,
3-indolyl

RCOCOC
Yield, %

72
60
57
68
66
62

>H *; n Zir«.

P. %
69
61
79
96
94
60

*ΛΛΐν J . A A
PH4, MeOH ' ' " *

AA Configuration of (LXXIV)

S-Ala
S-Pbe
S-Va!
S-Leu
R-Uu
«-Trp

R
R
R
R
S
S

In the case of MeO[2H], α-deuteriated AA with ρ = 40-90%
are isolated: 1 6 3

The asymmetric induction can be explained by the kinetically
controlled stereoselective protonation of the carbanion formed
in the intermediate Zn2+ Λ-complex (LXXV). Best results
have been obtained with the model (LXXVI), whose activity
is even closer to that of an enzyme containing the ε-amino-
group in a chiral environment16"1—an analogue of the ε-amino-
group of lysine in the active centre of pyridoxal. 1 6 1 The
dimethylamino-group in the complex (LXXVII) acts as a base
for the removal of the pro-(S)-hydrogen from 4'-methylket-
imine, after which the dimethylammonium group approaches,
as a consequence of the chiral structure of the complex, the
same side of the intermediate (LXXVIII) and, acting as an
acid, protonates the α-position from the si-side, giving rise
to the chiral aldimine (LXXIX) with subsequent liberation of
the AA.

AA.

(LXXIX)
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The following (K)-AA were obtained: Ala (yield 83%, ρ =86%),
NVa (68%, ρ = 92%), and Trp (89%, ρ = 88%). The use of
compound (LXXVI) accelerates the reaction by an order of
magnitude owing to the intermolecular general acid—base
catalysis compared with the analogue without the NMe2 group,
which a 75% yield of NVa with ρ = 16%. Thus the chiral
aldimine can be obtained in two ways—by introducing a
steric hindrance through the attack by the carbanion from
one side 1 6 3 or by the stereoselective protonation of the carb-
anion. 16<* The feasibility of the method is associated with the
availability of α-ketoacids and the necessity to employ a
metal. The possibility of transamination also without a metal
using the achiral N-laurylpyridoxal (LXXX) in a cationic
micelle under conditions close to physiological conditions has
been recently demonstrated. 1 6 5 The pyridoxal catalysis has
been induced by means of a laser (3371 A), which also leads
to transamination in the absence of enzymes: 1 6 6

Me ==L

Η (LXXXl)

Another approach is associated with the use of metal com-
plexes of Schiff bases obtained from pyridoxamine and the
ketoacid containing compound (LXXXI) as a chiral ligand;
a diastereoselective conversion of a ketimine into an aldimine
then takes place in the complex.1 6 7 When an (S)-ligand is
used, the values of ρ for (S)-Ala, (S)-Val, and (S)-Leu are
respectively 54, 29, and 48%:

Scheme 6

VIII. CATALYTIC ASYMMETRIC REDUCTION

The most effective way of using chiral compounds in the
asymmetric synthesis of AA involves their application as
catalysts. 1 6 8 Striking results have been achieved primarily
in the asymmetric reduction of derivatives of prochiral
a3-dehydro-AA (Δ-ΑΑ) to the corresponding optically active
AA using neutral or, more often, cationic rhodium complexes,
containing chiral phosphine ligands, as catalysts . 1 6 9 In the
reduction of derivatives of α-Ν-acylaminocinnamic acid
(AACA), the value of ρ for many chiral phosphines is close
to 100%. 1 7 0 > 1 7 1 The results have been described in a series
of reviews 2 8 ' 1 7 2 " 1 7 7 and monographs. 1 7 8 ' 1 7 9 We shall examine
data for the determination of the reaction mechanism, the
present trends, and the prospects for the method.

The best rhodium-based catalysts exhibit not only a high
enantioselectivity but also a high activity, which approaches
that of enzymes and therefore the determination of the
mechanism of the reduction of AACA on the basis of the ideas
of organometallic and coordination chemistry of rhodium com-
plexes helps also in understanding the effective chiral recog-
nition in such systems. Scheme 6 presents the mechanism of
the rhodium complex-catalysed reduction of the AACA ester
by Halpern's method. 2 8 The structure of intermediates was
established by spectroscopic methods, resorting in a number
of instances to X-ray diffraction; 1 8 0~ 1 8 3 the kinetic param-
eters of all the stages of the catalytic cycle have been deter-
mined . 2 8

Ph Η

In the first stage, the formation of a complex with the sub-
strate and the ligand proceeds fairly rapidly and is almost
complete even at a low substrate concentration. At 20 °C the
second stage of the catalytic cycle—the oxidative addition
of hydrogen to the complex—is rate determining and gives
rise to a hydride complex in the form of a mixture of the two
diastereoisomers (III) and (IV) (Fig . l ) , characterised at low
temperatures as the product of the next stage—reductive
elimination. 2 8 Examination of the structure of the principal
diastereoisomer (II) [(II)/(I) > 10 : 1] in solution and in the
crystalline state showed that the re-side of the substrate is
coordinated to rhodium and that the endo-addition of hydro-
gen should give rise to the (S)-product, whereas the reac-
tion leads to the isolation of the (K)-product with ρ > 95%. 2 8

It has been shown that the preferential formation of the
(R)-product is determined by the much higher reactivity of
the minor diastereoisomer (I) (Fig. 1). 2 8 > 1 8 l t ' 1 8 5

Ojima and co-workers 1 8 6 ' 1 8 7 do not dispute this mechanism
for the normal reduction conditions but propose an alternative
pathway at high hydrogen pressures:

H2 + Rh*

Τ
I

Rh*H2
Rh*H2 Rh*H - C - C H '

Λ ι ι
I fast

CH-CH

I I
where Rh* is a rhodium complex with a chiral phosphine.

The oxidative addition of H2 to the complex with the ligand
proceeds initially and only then, in the rate-determining
stage, does the substrate add o n , 1 8 6 ' 1 8 7 which also agrees
with experiment. 1 8 8

One of the important factors influencing the enantioselec-
tivity is the hardness of the complexes (I) and (II) formed.
It has been suggested that the lower yields in the reduction
of the (£)-isomers of AACA compared with the (Z)-isomers
are associated with the lesser degree of hardness of the
complex formed. 1 8 6 Effective asymmetric reduction requires
the optimum ratio of the rates of the competing reactions in
the individual stages of the process, which depends very
greatly on the substrate and only AACA or compounds with
very similar structures satisfy these requirements. 1 8 9 Numer-
ous findings indicating the influence of the form and con-
formation of the chelate phosphine rings on ρ have demon-
strated that five- and seven-membered rings are preferable
to six-membered rings owing to the existence of the latter in
the rigid chiral C2-twist conformation. 1 8 2 ' 1 8 9 ' 1 9 0 According to
Butler et a l . , 1 8 3 in a number of instances the size of the
chelate ring is of little importance and the principal factor is
the nature of the substituent in the phosphine. The main
postulate important for the understanding of the stereochem-
ical mechanism of asymmetric hydrogenation has been sur-
veyed by Pavlov and Klabunovskii.1 9 1 It was noted that the
stereochemistry of the reaction is determined in the olefin
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coordination stage with formation of a chelate complex and
that the main source of discrimination between the sides of
the coordinated prochiral olefin and the catalyst molecule is
the chiral disposition of the benzene rings around the phos-
phorus atom.

A wide scale search for new and for the modification of
the existing phosphine ligands, giving rise to values of ρ
close to 100% in asymmetric reduction, has been prosecuted
in recent y e a r s . 1 8 3 ' 1 9 2 " 1 9 6 However, the high sensitivity of
rhodium catalysts to oxygen and moisture, their high cost,
their non-technological nature, and the impossibility of
using them at high temperatures, limit their application.
There have been only a few successful attempts to reuse a
homogeneous rhodium catalyst 1 9 7 and also water-soluble
diphosphines. 1 9 8 > 1 9 9 The problem of the synthesis of chiral
organometallic catalysts free from such disadvantages is
solved in general by the familiar heterogenisation methods.2 0 0

the synthesis of the rhodium catalyst is usually achieved by
introducing a chiral functional group, capable of complex
formation, into the achiral matrix. However, the binding
of the complexes to mineral clays significantly reduces ρ as
a result of the selective absorption of the reduced product
by the car r ie r . 2 0 1 Immobilisation on cellulose derivatives
gives rise to a low value of p , 2 0 2 as in the case where a
protein is employed as both the carrier and the catalyst. 2 0 3

The rhodium complex of BPPM, deposited on charcoal and
treated with chromium acetate and Et3N, gives rise to yields
comparable to those of homogeneous reduction (p up to 86.5%),
which do not fall when the catalyst is reused: 201*

achiral Wilkinson catalyst—Rh(PPh3)3—in cholesteryl tr i-
decanoate as a chiral liquid crystal matrix. The tempera-
ture dependence of ρ has a maximum corresponding to the
middle of the temperature range of the existence of the meso-
phase. The yield of Phe was 98-100% (p = 16%).

Another limitation of rhodium catalysts which prevents their
wide scale use in reduction is the small number of substrates
which can be used successfully. Thus, satisfactory results
have been obtained for eight aminoacids: DOPA, Tyr, Phe,
Trp, Ala, Lys, Leu, Val, and some of their derivatives. 1 7 1 ' 1 7 2 '
209,210 Their number is now being rapidly expanded. The
asymmetric synthesis of the phosphorus analogue of Ala,
namely α-aminophosphonic acid, has been carried out over
[Rh-DIOP]+: 2 1

Ί \ ,NHCHO

MQMe),

ο
II

M e C H P ( O H ) ,

99%, ρ = 76%

The reduction of ten N-acyl-S-heteryl-a-aminoacrylates on
this catalyst showed that 2-thienyl, 3-thienyl, 1-methyl-
pyrrolyl, and 3-quinolinyl derivatives are reduced com-
paratively rapidly with ρ = 20—70%, while the corresponding
pyridyl and imidazolyl derivatives are inactive. 2 1 2 The
photochemical oxidation of cleavage of trisubstituted imid-
azoles (LXXXIV) with subsequent reduction of the deriva-
tives of Δ-ΑΑ amides (LXXXV) has been achieved: 2 1 3

CH2=CH.

XT
PL, Ρ /

(LXXXIO R = H.COPh (LXXX1II)

Best results have been achieved with polymers as carriers.
205,206 Thus optically active phosphine-pyrrolidine monomers
(LXXXII) have been obtained, their copolymerisation with
hydrophilic monomers and the divinyl monomer affording a
cross-linked polymer containing 3—5% of the (LXXXII) frag-
ments, and swelling effectively in the usual hydrogenation
solvents. 2 0 5 The catalyst was obtained in the usual way by
the interaction of [RhCl(C2H4)2]2 with an optically active
polymer. Its employment yields ρ = 88—91% for both ( # ) -
and (S)-N-acylated Phe and DOPA derivatives, the results
being equivalent to those obtained under homogeneous
reduction conditions. The essential feature of the method
consists in a selection of the swellability characteristics of
the polymer in the system of solvents employed such that
the catalytic section of the polymer is open to interaction
with the substrate and is not affected by the functional
groups of the main polymer chain. 2 0 5 High results have
been obtained with (R.R)-(LXXXIII), synthesised in 8 stages
from (R.R)-tartaric acid with an overall yield of 36%. 2 0 7 The
rhodium complex of this ligand on the Merrifield resin or SiO2

permitted the reduction of AACA with ρ = 95% (catalyst/sub-
strate = 1 : 10", pressure 50 bar, time h, MeOH). The
hydrogenation then proceeds only slightly more slowly than
under homogeneous conditions; filtration of the catalyst
when the reactions have been completed makes it possible
to use it more than once without loss of activity. 2 0 7 There is
no doubt that the elimination of a whole series of disadvan-
tages of homogeneous rhodium catalysts by their heterogen-
isation will serve in the future as a stimulus for an even
wider employment of these systems. A new approach has
been proposed in a s tudy 2 0 8 in which the enantioselective
aydrogenation of AACA was carried out with the aid of the

Γ [«'.·]

CH2R

(LXXXIV)

B=H. CHMcj.Ph .

(LXXXV)

Overall, the development of the asymmetric reduction stimu-
lated also the develooment of new ways of synthesising Δ-ΑΑ
which were previously difficult to obtain. 2 1 k On the other
hand, reduction with formation of chiral dipeptides 1 7 3 ' 1 7 9 ' 1 9 7 '

2 1 5 and complex analogues of polypeptides of the type of
encephalin 1 8 7 ' 2 1 6 as well as deuteriated and tritiated poly-
pept ides , 1 9 9 ' 2 1 7 ' 2 1 8 which are difficult to obtain, has also
been developing on a wide scale, for example,

[Ή],

ΗΝ Ν Λ Ι Ν Η -

° (R, Λ. S). ρ = 981ϊο

Pb

(S.S.S), p = 9fl.5%

This makes it possible to modify the physiological activity of
peptides by inverting the configuration of one or several
chiral centres by replacing series of A A by unnatural AA,
for example in enkephalin, vasopressin, e t c . 1 8 7

The effectiveness of rhodium catalysts in the synthesis
of peptides differs somewhat from that for AA.1 8 7 On the
other hand, in the reduction of peptides by AACA, ligands
forming seven-membered rings produce better results than
those forming five-membered rings in view of their greater
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flexibility, which becomes an important factor when the sub-
strate is poly functional.1 8 6 The high enantioselectivity in
the reduction of Ν-terminal dehydropeptides (DHP) com-
pared with the C-terminal dehydropeptides2 1 9 and also the
important role of the N-acyl groups, associated with the
possibility of their coordination to the Rh atom with forma-
tion of a five-membered chelate r i n g , 2 1 8 known also for Δ-ΑΑ,
has been established. The chiral AA residue in DHP has
less influence, since the coordination of its carboxy-group
to Rh prevents the oxidative addition of H 2 . 2 1 8 A detailed
study has not been made, but the principal data support
the general mechanism proposed for the reduction of AACA 2 8

(see Scheme 3).

Ar2I'O

(LXXXVI)

(LXXXVil)

It is of interest that, in the presence of the ω-dimethylamino-
group in the ligand (LXXXVI), the diastereoselectivity is
inverted also for N-Ac-APhe-(S)-Phe and the (S.S)-dipep-
tide with ρ = 98% is produced. 2 2 0 This finding can be
explained by the interaction between the NMe2 group and
the COOH group of the peptides, which fixes a definite
disposition of the substrate on the catalyst (LXXXVII), while
in the case of AACA, where the distance between the groups
are large, such interaction does not occur and the yields of
(S)-Phe are low. The only example of the reduction of bis-
DHP over [Rh-DIOP]+ immediately to a mixture of the Phe-Phe
dipeptides (S,S + R,R and R,S + S,R) is quoted with ρ = 9%
and 79% respectively. 2 2 1 Examples with double asymmetric
induction frequently lead to high values of p. A stereochem-
ical analysis of such induction within the framework of the
interaction of two chiral reagents has been carried o u t . 1 7 3

The search for effective catalysts using other metals,
namely R u , 2 2 2 ' 2 2 3 lr,2Zk P d , 2 2 5 and Ni and C o , 2 2 6 has been
expanded recently. Systems with non-phosphine ligands
are promising. 2 2 5 > 2 2 7 The development of effective catalysts
without platinum group metals is of special interest. A reduc-
tion catalysts comprising the complex [Co(dimethylglyoxime)2.
.base] or [Co(DMG)2.B], used with a chiral catalytic system
containing a tertiary amino-group in the a- or β-position
relative to the amide group, has been proposed. 2 2 7 In the
case of PhCH2NH2 or P(Ph) 3 as the base and (S)-N-[(R)-1-
phenylethyl]quinuclidine-2-carboxamide (LXXXVII) as the
chiral catalyst, the reduction of NN-dimethyl-5-benzylidene-
hydantoin via compound (LXXXVIII) has been achieved with
93% yield and ρ = 79%:

Me

,CONHCHPh

Η

(LXXXVII)

(LXXXVIII)

Thus, the asymmetric protonation of carbanions by chiral
acids (Section IV) is a model reaction of the observed cata-
lytic process. The reduction of the AACA ester [in the
presence of the chiral catalytic system CoCl2-(+)-neomenthyl-
PPh2-NaBHiJ gave ρ = 37% for a maximum degree of conver-
sion of 77.5%.228

In hydrogenation on heterogeneous catalysts, two proce-
dures are possible—firstly, the use of catalysts modified by
treatment with optically active compounds capable of complex
formation2 2 9 '2 3 0 and, secondly, the hydrogenation of the
C=C and C=N bonds of the prochiral groups in compounds
containing one or more chiral centres. Thus, hydrogenation
of derivatives of the AA (LXXXIX) is well known: 2 3 1

MeCOCUOEt + PGly-OR >- PhCHN=CCOOEt

COOR Me

(LXXXIX)

|— ROOC Η

Ph

Me OEt

In the latest studies, the AA themselves have been used as
the chiral amine, 2 3 2 but the values of ρ do not exceed 72% for
a yield of 58%. The inadequate rigidity of the binding of the
substrate to the catalyst, demonstrated by studying the
influence of the solvent and temperature on transamination
in compound (LXXXIX),232 limits the application of the
method. Indeed, for the more rigid cyclic systems, for
example, in the reductive amination of 2-(ft)-methylcyclo-
hexanones over Raney nickel, ρ increases to 92—98%. 2 3 3 The
reduction of acyclic chiral AA amides231f or DHP 2 3 5 proceeds
with low values of ρ, while their increase to 40—60% in the
case of aromatic compounds can be explained by the forma-
tion of structures of type (XC), 2 3 5 in which one of the sides
of the double bond is shielded and which are analogous to
structures (LII)-(LIII), where one of the sides of the chiral
carbanion is shielded.

HOOCv

The formation of a rigid surface chelate complex has also been
proposed in a s tudy 2 3 6 where a high value of ρ was obtained
in the reduction of linear JV-Ac-DHP on a nickel catalyst.
Indeed the reduction of cyclic DHP on Pd/C usually affords
dipeptides with high values of ρ (up to 96-99%). 2 3 7 Cyclo-
[(S)-AA-(S)-AA] have been obtained from cyclo-[A-AA-(S)-
AA]; they are hydrolysed to give (S)-AA. The reduction
of the linear chiral tripeptides (XCI), containing the Δ-ΑΑ
fragment in the middle unit, has been carried out with
ρ = 84—93%, the use of a C-terminal substituted AA giving
better results than the use of N-terminal AA:2 3 8

Boc-AA-NHCCO-(S)-Pro-NH- (t-Bu)
II
CH, (XCI)

•*Boc-AA(/?)-Ala-(S)-Pro-NH-(t-Bu).

A diastereoselective synthesis of chiral peptides via
3-lactams (XCII) has been developed. 3-Lactams are
obtained from the Schiff bases of chiral AA and azidoacetyl
chloride and are reduced after the separation of the dia-
stereoisomers (XCII). The essential feature of the method
consists in the highly selective cleavage of the N—C(4) bond
in the reduction of compound (XCII) on Pd/C:
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A n . H = N — ^ /

\:ooMc

(XCU). !)Oi

98'/,. p > !)9%

The use of Schiff bases derived from chiral amines leads to
chiral AA amides. 21*° The application of β-lactams as chiral
synthons 9 made it possible to obtain a series of diastereo-
isomerically pure oligopeptides, for example a new synthesis
of Leu-enkephalin from compound (XCIII) has been
achieved: 21*°

/C.H4OR

-NL /CONHCHSCON
x / (XCIII)

(*,S)-Tyr-(Gly)2-(/?,S)
-Phe-î -Leu.

The reductive ammonolysis of the azlactones (XCIV), for
which the rhodium-phosphine catalysts are ineffective, makes
it possible to synthesise a wide variety of natural AA. 2l*2 The
reduction of compound (XCIV) on PdCl2 with subsequent
ammonolysis leads to the corresponding amides N-acetyl-AA:

R'R'CHCHCONH C H P h .
I I

NHCOMc Me

(XCIV)
R1, R*-=H, Me, CHMes, Ar .

A yield of 98% with ρ = 50% (S,S) has been attained for
R1 = 3-MeO-4-AcOC6H3 and R2 = H, which made it possible
to obtain optically pure (S)-DOPA in 39.5% yield after recrys-
tallisation and hydrolysis. 21*3

Asymmetric hydroformylation is used little in the synthesis
of AA. Zltl* The Ν-vinyl derivatives of phthalimides have been
converted into (S)-Ala with a yield of 33% (p = 27%) 2 4 5 and
in a number of instances the yields are even lower: 21*6

CHO KMnO,
—"Hci—

(S)-Ala.

However, when account is taken of the latest advances in
hydroformylation,168 this application is promising.

IX. THE STRECKER SYNTHESIS

A series of reviews have been devoted to the asymmetric
Strecker reaction. 2 ' 3 ' 1 5 In practice, HCN is usually allowed
to react with chiral amines and carbonyl compounds21*7 or
with the Schiff bases obtained from them beforehand. 21*8 The
recrystallisation of the resulting aminonitriles (XCV) using
(R)-PhCH(Me)NH2 makes it possible in a number of instances
to raise the yield of the optically active diastereoisomers to
54%. 21 f7 The formation of aminonitriles proceeds subject to
thermodynamic control. 1 5

RCHO + NaCN + PhCHNH, · HC1 -+ RCHNHCHPh

Me CN Me

(XCV).
R.R
R,S

— 2,5 -r. 4.5

The reaction of acetophenone with HCN and (S)-PhCH(Me).
.NH2 results in the preferential formation of the (S,R)-
diastereoisomer analogue of compound (XCV), while the
(S,S)-diastereoisomer is formed from ρ-methoxyacetophen-
one. 21*9 If the reaction of the readily available (4S, 5S)-5-
amino-2,2-dimethyl-4-phenyl-l,3-dioxolan (XCVI) 25° with
thiophen-2-aldehyde or thiophen-3-aldehyde and HCN is
carried out in one stage, (R,S,S)-aminonitriles (XCVII) and
respectively (R)-2-thienyl- or (R)-3-thienyl-glycine are
formed preferentially, while the intermediate isolation of
the imine (XCVIII) results in the preferential formation of
the corresponding (S)-AA 21*8 (Scheme 7):

Scheme 7

(XCVI)

NH—C—R 1

r

(XCVIII)

Η yR 2 (CN)

iiOCH2 — N H — C — R1

1 ^CN(R2)

P h ~ • NnH
(S)- or (R)-XA.

(XCVII)

Optically pure α-Me-AA, 2 6 7 (S)-phenyl- and (S)-anisyl-
Gly, 2 5 1 (S)-Leu, and (2S.4R)- and (2S,4S)-5,5,5-trifluoro-
Leu 2 5 2 have also been obtained. The essential feature of the
proposed method is the formation of diastereoisomeric readily
crystallising aminonitriles (XCVII), whose ratio determines
the optical yield of the AA isolated after their decomposition.
In a number of instances, only the (S,S,S)-diastereoisomer
(with R1 = CH2CMe20Ph and R2 = Me) or only the (R,S,S)-
diastereoisomer (with R1 = CH2OPh and R2 = Me) is formed.253

In other cases the separation is carried out by recrystallisa-
tion.

The Strecker synthesis is nowadays widely used in the
multistage method for the preparation of non-protein AA.
Pure (S)-y-carboxy-Glu has been obtained in a low yield
from formylmethylmalonic ester in seven stages using
(S)-PhCH(Me)NH2.

25" The use of cyanotrimethylsilane
(XCIX) is convenient in practice: 2 5 5

RCH=NCHMePh + Me3SiCN

(XCIX)

-• RCHN
I

CN

^SiMes ^ +

R = alkyl
RCHNHCHMePh

CHMePh

RCHNHS

- (XCV)

I I
COOH COOH

> 97o/o, p = 6 1 - 7 5 %

The interaction of compound (XCIX) with chiral acetals gives
rise to the corresponding cyanohydrins with ρ = 95%. 2 5 6

Thus the Strecker synthesis continues to develop towards the
use of new chiral amines in order to eliminate its principal
disadvantage—the ready racemisation of diastereoisomeric
α-aminonitriles. The use of chiral aminonitriles is being
steadily expanded; thus they have been used to synthesise
substituted α-hydroxyketones with ρ up to 97%. 2 5 7

There are great possibilities in the asymmetric catalytic
Strecker synthesis. The formation of benzaldehyde
(R)-cyanohydrin in the presence of cyclo[(S)-Phe-(S)-His].
• H2O takes place with ρ = 90% for a 40% degree of conversion
(PhH, 35 °C, 0.5 h, substrate/catalyst = 1 : I ) . 2 5 8 The value
of ρ diminishes markedly with increase of the degree of con-
version as a result of racemisation.2 5 9 The attempts to carry
out the absolute asymmetric synthesis of AA using cyanide
compounds, modelling the prebiotic synthesis of AA,2 2 '2 6 0

gave low values of p.
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X. OTHER REACTIONS

A successful example of the use of the four-component
condensation by the Ugi method is provided by the synthesis
of the optically pure peptide (+)-(2i?,5K,7R)-13-demethyl-
dysidenin (C) and its (2#,5S,7R)-isomer in 17 and 13%
yields respectively: 2 6 1

Me CCI 3

Me
/

H'

{2R,bFt. 7/?)-(C

(2/?.5S,7/?)-isomer.

Enantiometrically and diastereoisomerically pure esters of
γ-οχο-ΑΑ have been obtained 2 6 2 via a reaction of the Diels—
Alder type, which can be explained by the transition state
model (CD*.

Here the cooperative effect of the two chiral substituents
ensures the stereospecific course of the process and the
use of (-)-menthyl ester lowers p. 2 6 2 The possibility of
using the [2,3]sigmatropic rearrangement of substituted
optically active selenides for the synthesis of Ν-substituted
(J?)-AA in yields of 58-72% and with ρ = 78-84% has been
demonstrated: 2 6 3

SoPh

PhSe \ 0 C H 2 P h

Λ rK

e< \—:•/

NlU;OOCH.,Ph HOOO

R = H, Pr, Ph.
NHCOOCH2Pti.

In the last stage, the oxidation of the double bond results in
the formation of the COOH group of the aminoacid without
involving the neighbouring chiral centre. In general the

oxidation of alcohols and olefins to obtain the carboxy-group
is widely used in the synthesis of AA from other optically
active compounds: of chiral Gly from D-glucose 2 6 " and of
(K)-AA from ( S ) - S e r . 2 3

Yet another example of the strong influence of the reaction
conditions on the optical yield is provided by the electro-
chemical synthesis of PGly from the oxime of phenylglyoxylic
acid in an acetate buffer solution in the presence of s trych-
n i n e : 2 6 5

%!^—>• PhCHCOOH ·

NOH
cathodic potential, V - 0 . 9 5 — 1 . 0 5 — 1 . 1 4 — 1 . 3 0 — 1 . 3 5

1 7 . 1 / ? 1 1 . 7 / ? 0 1 0 , 1 5 1 1 . I S

When a graphite electrode coated with poly-(S)-Val is used
in this reaction, ρ < 2%. 2 6 6

The range of photochemical asymmetric reactions investi-
gated is limited. The first example of asymmetric photolysis,
which is especially important for prebiotically valuable sub-
strates such as AA, has been descr ibed 2 6 7 in relation to the
use of (R,S)-Leu. It has been established that left-(S)-
circularly polarised light (LCPL), obtained from a laser
source with λ = 212.8 nm, effects the preferential photolysis
of (S)-Leu, while right-(R)-polarised light (RCPL) effects
the preferential photolysis of (J?)-Leu. An enantiomeric
excess of 1.98 has been obtained for a 52% degree of con-
version with RCPL and of 2.5 for a 75% degree of conversion
with LCPL. The stereocontrolled photoalkylation of the Gly
residue in the peptide chain proceeds with ρ up to 40%. 2 6 8

When the reaction

[(S)-Ala-Gly-OS)-Ala]B (S>Phe

is carried out in but-1-ene, it is possible to obtain (R)-NLe
with ρ up to 20%:

f(5)-Pro-Gly-(5)-Pro]r
(7?)-NLe.

The biomimetic formation of Cys with high chemical) up to
95%) and optical (p = 85%) yields has been achieved: 2 6 9

—oOo—

Chemical asymmetric synthesis makes it possible to obtain
any aminoacids with natural and non-natural s t ructures and
configurations in virtually quantitative optical yields. A
particular advances has been attained in the use of general
methods such as catalytic asymmetric hydrogenation and
enantioselective alkylation of carbanions generated from
aminoacid derivatives. In a number of instances, high optical
yields have been attained with double asymmetric induction
when the enantioselectivity of the process is determined by
two asymmetry centres already present .

The theory of asymmetric induction has been developed to
only a very slight extent, because the small differences
between the energies of the diastereoisomeric transition or
final states which are sufficient for the attainment of a high
enantioselectivity of the synthesis are a consequence of
slight steric or electronic requirements, which are as a rule
difficult to take into account.

The majority of asymmetric syntheses have not been devel-
oped as preparative syntheses of aminoacids—their assess-
ment is frequently based on the NMR or GLC analysis of the
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reaction mixtures. None of the asymmetric syntheses of
aminoacids has so far found a serious industrial application,
while the separation of enantiomers by crystallisation is very
common. Analysis of the literature shows that this is caused
by, on the one hand, the high cost and the difficulty of
regenerating chiral rhodium compounds, the most effective
catalyst of asymmetric synthesis, and, on the other hand, by
the fact that the known chiral reagents for asymmetric syn-
thesis, capable of being regenerated, are not as yet capable
of propagating the catalytic process. These deficiencies
predetermine the direction of the most promising research.
Certain optically active aminoacids have become a readily
available and cheap source of chirality. In many methods
for asymmetric synthesis, they are used as a basis for the
preparation of chiral reagents and catalysts.

—oOo

During the preparation of the review for printing, addi-
tional data have appeared in literature. In particular, a
chiral polymeric rhodium catalyst based on 3,4-(i?,R)-bis-
(diphenylphosphino)pyrrolidine has been obtained. When
AACA and its methyl ester were reduced in its presence,
products with ρ up to 100% were obtained. 27° The activity
of the catalyst falls after repeated use. The possibility of
the quantitative isolation of rhodium after the completion of
the reaction has been demonstrated. 2 7 1 New data concerning
the mechanism of asymmetric reduction have been published.2 7 2

The use of a chiral polymeric platinum catalyst based on DIOP
derivatives permitted the hydroformylation of N-vinylphthal-
imide with ρ up to 70%.273 The asymmetric aldol reaction of alde-
hydes with isocyanates, catalysed by the chiral ferrocenyl-
phosphine gold(I) complex, leads to AA with a high value of p. 27k

Poly-L-Val (2%) on CdS catalyses the synthesis of Asp from
fumaric acid and NHijCl on UV irradiation with ρ = 60%. 2 7 5

A review has been devoted to the biomimetic transamination
of α-ketoacids. 2 7 6

The synthesis of AA with ρ > 95% from a-halogenosulphon-
amidoisobornyl ethers has been published. 2 7 7

(R)-N-substituted AA have been synthesised from
(S )-hydroxyacids.2 7 8

A review has been published on the regio-, diastereo, and
enantiostereoselective reactions leading to the formation of
a C—C bond using metallated derivatives of aminonitriles,
e t c . 2 7 9

The aldol reaction of a chiral enolate containing the Gly
fragment with RCHO made it possible to obtain a series of
enantiomerically pure β-hydroxy-N-methyl-AA. 28°

The catalytic asymmetric synthesis of chiral AA amides
unsubstituted in the ot-amino-group from trifluoromethyl
derivatives of azlactones has been achieved. 2 8 1

The use of 2-t-butyl-l,3-oxazolin-5-ones for the synthesis
of optically pure α-vinyl-, 2 8 2 α-alkyl-, 2 8 3 and 3-hydroxy-AA

2Bh proved to be more convenient than the use of compound
(XLIV), which is their analogue.

In the continuation of studies on the bislactim method of
synthesis of AA, the reactions of cyclo[L-Val-Gly] with epox-
ides (p > 95%) and Michael addition to activated olefins
(p > 95%) with subsequent isolation of the corresponding
(R)-Ser " 5 and (R)-Glu 2 8 6 have been carried out. (K)-Pro,
2 8 7 cyclic optically pure AA,2 8 8 '2 8 9 and various non-protein
AA 29° have also been obtained. A simple synthesis of
α-aminocyclopropanecarboxylic acid has been described. 2 9 1

The use of the general asymmetric method of synthesis of
AA via chiral nickel(II) complexes of type (LXIX) made it
possible to synthesise enantiomerically and disastereomerically
pure β- and γ-substituted Glu and (S)-Pro by condensing
Gly with activated olefins;2 9 2 the reaction with alkyl halides
affords optically pure AA derivatives. 2 9 3

The possibility of the electrophilic asymmetric amination of
various chiral enolates, obtained from carboxylic acid deriva-
tives, by di-t-butyl diazodiformate, has been demonstrated
simultaneously in a number of studies. 2 9 i f~ 2 9 7 The optical
yield of α-hydrazinoacids and correspondingly the α-amino-
acids reached 99%.

The latest reviews on asymmetric synthesis include also
data on AA. 2 9 8 ' 2 9 9
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Structural Study of Organic Polymers by the Microdiffraction Electron
Microscope Method
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The advances achieved by the method of electron microdiffraction in the study of the crystal structures of organic polymers
with the aid of the transmission electron microscope are examined and the advantages and disadvantages of the method are
analysed. It is shown that the diffraction studies on polymers in a transmission electron microscope not only supplement X-ray
data but in many cases provide unique possibilities for structural analysis. The applied aspect of the structural studies of
polymers is examined and methods are described for the preparation of the specimens and for protecting the polymeric object
from the action of radiation.
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I. INTRODUCTION

Modern electron microscopy (EM) has an enormous poten-
tial, providing great possibilities for the study of the micro-
structures and compositions of substances and materials.1

The structural motif of the crystal at the level of the detailed
atomic structure can be visualised on high-voltage instru-
ments. The method for the recording of electron diffraction
in a selected region—electron microdiffraction (EMD), which
carries information about the crystal structure, has been
brought to a high degree of perfection. The EM results are
supplemented by using spectroscopic-analytical devices
(analysis of the energy losses by electrons, dispersion of
energy, and emission—X-ray, Auger, e tc . ) ; all the elements
ranging from sodium to uranium can be detected. Electron
microscopy has begun to be used in crystal-chemical studies
on polymers, which are difficult objects for EM because of
their lack of resistance to radiation damage by the electron
beam.

When transmission electron microscopy (TEM) is used for
the solution of structural problems in polymer chemistry, it
has now become possible to achieve in practice simultaneously
the recording of the EMD pattern and of the image of the
corresponding section of the object under the conditions of
light and dark fields. Quantitative analysis of the data
makes it possible to determine the structure of the crystalline
region of the polymer, including the chain conformation with
the coordinates of the atoms and the packing of the macro-
molecules. When the reflection intensities on the electron
diffraction pattern are used, both experimental and compu-
tational—theoretical problems arise. As regards the experi-
mental technique, there is the question of the development of
standard methods for the preparation of the specimens which
do not introduce artefacts into the investigation and which
are suitable for obtaining an electron diffraction pattern with
a high information content. This includes the problems of
protecting the object against radiation damage and of increas-
ing the quality of the EMD pattern, the accuracy of the mea-
surements, etc. Problems of another kind include those of
justifying the application of the kinematic approximation to
the calculation of the structural diffraction amplitudes, the

development of methods for the determination of the chain
conformation, etc. These questions are considered in the
present review, whose aim is to discuss the possibilities and
advances achieved by the EMD method in structural research
into organic polymers.

I I . THE INFORMATION CONTENT AND VALIDITY OF THE
RESULTS OF THE STRUCTURAL STUDY OF POLYMERS BY
ELECTRON MICRODIFFRACTION

The theoretical principles of electron diffraction have been
described in the monographs of Pinsker,2 Vainshtein,3

Cowley,1* etc. In relation to TEM, the theory and practice
of the use of the EMD method have been examined in a series
of monographs and manuals by Soviet and foreign authors.5"12

However, virtually no attention is devoted in these publica-
tions to the study of polymers and only Fischer's review,5

published in 1964, is wholly devoted to this question. Spe-
cific data, characterising the contribution of the EMD method
to structural research into polymeric compounds by the
beginning of the 1980's, have been described in a report to
a symposium of the American Chemical Society.13

It is noteworthy that, in relation to polymers, the electron
diffraction method is relatively new and has developed "in the
footsteps" of X-ray diffraction; therefore, in view of the
aims of this review, it is useful to consider briefly the gen-
eral postulates characterising the similarity and differences
between electron and X-ray diffraction.

The information content in the electron diffraction pattern
is determined primarily by the fact that (as in the case of
X-rays) it makes it possible to recreate the molecular and
atomic structure of a substance by means of calculations
based on the concept of the inverse space of the crystal. In
assessing the possibilities of the electron diffraction method,
it must be emphasised that the electron microscope has
undoubted advantages over the electron diffractometer, mak-
ing it possible to combine the analysis of the diffraction pat-
tern with the visual study of the microstructure of the cor-
responding section of the object. This is especially effective
in the direct resolution of the crystal lattice.
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In the microdiffraction mode of the operation of the trans-
mission electron microscope, one obtains electron diffraction
patterns of three main types depending on the phase state of
the polymer: ring patterns (from polycrystalline specimens),
point or arc patterns (from single crystal specimens), and
texture patterns (from axially extended films and fibres).

An electron diffraction pattern of the first type indicates
the crystallisation of the polymer and makes it possible to
characterise the structure of the crystalline region by a set
of interplanar spacings. The electron diffraction pattern of
a single crystal consists of one of the planar sections through
the inverse lattice; for the complete representation of the
inverse lattice in order to determine the geometry of the unit
cell, it is necessary to obtain a series of diffraction patterns
for different orientations of the specimen relative to the inci-
dent beam. A texture electron diffraction pattern with arc
reflections along the equator and layer lines is formed when
the incident beam is directed at right angles to the extension
axis of the specimen and represents either the entire or
almost the entire inverse lattice making it possible to calculate
the crystallographic parameters and the repeat period of the
macromolecule.

The first stage of the microdiffraction study yields struc-
tural characteristics such as the space group, the unit cell
parameters, the volume and density of the unit cell, the num-
ber of monomer units, and the number of chains in the cell.
Furthermore, the determination of the intensities of the
reflections and calculation of the experimental structural dif-
fraction amplitudes yield information for the determination of
the chain conformation and the atomic coordinates and also of
the molecular packing by mathematical procedures widely
developed previously in relation to X-ray diffraction. The
two diffraction methods are similar both as regards the
nature of the physical processes and the methodology of the
treatment of the experimental data, although they have their
advantages and limitations due to the characteristics of the
radiation and of the experimental techniques.

X-Rays are scattered by the electron clouds of atoms,
while electrons are scattered by the potential generated by
the atomic nuclei and their electron clouds. The advantages
of electron diffraction are associated primarily with the much
shorter wavelength of the electrons, which depends on the
accelerating potential:

X = hi(2meV)'ll=l 2.225/ V\

where h is the Planck constant, m the mass of the electron,
V the accelerating potential, and e the electronic charge. The
non-relativistic wavelength of the electrons at an accelerating
potential of, for example, 100 kV or 1 MV is 0.037 and 0.0087 A
respectively, while the wavelength of X-rays is 1.54 A
(copper anode, K a l i n e ) . High-voltage microscopes with
accelerating potentials ranging from 500 to 3000 kV have now
been developed, which possess a whole series of unique pos-
sibilities , in particular they make it possible to raise the
resolution on the image (which depends on the wavelength)
to the atomic-molecular level.

In connection with the appreciably shorter wavelength, the
region of the inverse space of the crystal detected by the
EMD method has expanded sharply, on the one hand, and the
energy of the interaction of the radiation with the substance
has increased, on the other. The characteristic features of
the scattering of electrons on passage through the object
result in a much greater number of reflections in the diffrac-
tion pattern and their intensity is 10ε-108 times greater than
in the scattering of X-rays. For example, structural analy-
sis by the electron diffraction method makes it possible to
determine the positions of the hydrogen atoms, although the
ratio of their structural amplitudes to the amplitudes of the
carbon atom is much higher than in X-ray diffraction.

Apart from the fundamental advantages indicated above,
there are also preparative advantages, namely electron
microscopy makes it possible to investigate single microcrys-
tals of the polymer, while the X-ray diffraction method
operates mainly with macrospecimens in an oriented crystal-
line state; therefore the EMD method provides a unique pos-
sibility for the structural study of crystalline polymers which
are incapable of orientational stretching. When the polymer
can be obtained in the form of an oriented crystalline speci-
men, the possibility of obtaining the electron diffraction pat-
tern of a single crystal together with a texture electron dif-
fraction pattern and a texture X-ray diffraction pattern is
also extremely important, since it makes it possible to over-
come a series of disadvantages which lower the information
content of the experimental data for the texture.1 1* The
disadvantages of the difraction pattern of the axial texture
include the small number of Bragg maxima and the rela-
tively low intensity, which has an especially negative effect
on the reflections which require a high resolution; further-
more, a partial loss of reflections is observed owing to their
overlap and disappearance against the diffuse scattering
background due to the amorphous regions of the specimen.

The electron diffraction patterns of single crystals are free
from the above limitations. They exhibit a greater number
of reflections in the basal plane and their intensity is higher,
which increases the information content of the diffraction
data and in particular it makes it possible to refine the char-
acter of the systematic extinctions.1 3 For example, in the
study of poly(trimethylene terephthalate) it was shown15

that the X-ray diffraction pattern of the fibre has 5-10
equatorial reflections with hkO indices, while the electron
diffraction pattern of a single crystal contains at least five
times more reflections due to the basal plane, from which the
space group and the unit cell parameters were determined
acurately.

As regards the comparison of the X-ray and electron dif-
fraction patterns of the axial texture, both methods provide
analogous information, although the higher intensity of the
reflections on the remote layer lines of the texture electron
diffraction pattern makes it possible to determine more accu-
rately the repeat period of the macromolecule.16 It is note-
worthy that the advantages of the texture electron diffrac-
tion patterns were elucidated already at an early stage in the
development of electron diffraction and were demonstrated in
a study 1 7 of the structure of cellulose.

The disadvantages of the EMD method are caused primarily
by the fact that the electron microscope equipment is much
more complex than the X-ray diffraction equipment and much
more stringent requirements must be met by the technical
state of the microscope, the correct focusing of the objective,
the quality of the calibration of the apparatus constant, etc.
Furthermore, the probability of error increases as a conse-
quence of the effect of radiation on the microspecimen. For
example, in the study of the structure of poly(trifluoroeth-
ylene) it was established1 8 that the damage of the specimen
on irradiation leads to unduly high unit cell parameters com-
pared with X-ray diffraction data. The authors of special
manuals on practical electron microscopy have arrived at the
unambiguous conclusion that the accuracy of measurements
based on electron diffraction patterns with the maximum pos-
sible prevention of errors is at least to within 0.1% of the
measured interplanar spacings. One of the most important
factors governing the improvement of accuracy is the calibra-
tion of each electron diffraction pattern by the vacuum sput-
tering of a test object (T1C1, Au, Al) on the electron micro-
scope grid holder.

The fundamental problem of taking into account the
dependence of the intensity of the reflections on structural
amplitudes arises in structural analysis based on electron
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diffraction data.3'1*'8 The corresponding calculations in
electron diffraction studies are carried out in terms of the so
called kinematic theory of the scattering of waves by crys-
tals. This presupposes that, under the influence of the
primary beam, each atom becomes a source of secondary
spherical waves, whose amplitude is much smaller than the
amplitude of the initial wave. The scattering process is not
accompanied by a change in wave length and there is no
repeated scattering of the waves already scattered or such
scattering may be neglected. Being propagated in all direc-
tions with phase relations determined by the geometry of the
relative positions of the scattering centres, the secondary
waves interfere with one another and determine the overall
intensity of the reflections. However, since in the absence
of X-rays the electrons strongly interact with the substance,
the application of the kinematic theory is limited by the con-
ditions stipulating a small thickness of the crystal (100-150 %)
and the absence of its bending on the support. Otherwise
the intensity of the diffraction maxima may be influenced by
dynamic scattering, i .e. by the repeated scattering of the
already scattered electrons.

The two-wave approximation of the dynamic theory presup-
poses that only two waves—primary and diffracted-interact
in the crystal. The multiwave theory takes into account
both the multiple interaction of the diffracted waves and the
finite size of the object, the different energy losses, etc.
The role of dynamic scattering increases if the molecule con-
tains heavy atoms and also with increase in the accelerating
potential. Cowley,19 Goodman and Moodie,20 as well as
Dorset and Moss 2 1" 2 3 have been concerned with the influence
of dynamic scattering on structural diffraction amplitudes. In
relation to the analysis of diffraction by thin and deformed
crystals of paraffins, the last workers demonstrated that the
kinematic theory of scattering can be adopted as a suitable
approximation in the calculation of the atomic structure, but
in each specific case it is necessary to check the influence of
the dynamic scattering in order to complete the investigation
and to obtain a reasonable agreement between the experimen-
tal and calculated structural amplitudes.

I I I . ADVANCES AND PROSPECTS IN THE APPLICATION OF
THE MICRODIFFRACTION METHOD TO THE DETERMINATION

OF THE CRYSTAL STRUCTURES OF ORGANIC POLYMERS

The first studies on polymers by the electron diffraction
method were carried out by Soviet workers using an electron
diffractometer at the beginning of the 195O's.2lf~28 Precision
studies involved the determination of the structure of a syn-
thetic polypeptide—poly(Y-methyl-L-glutamate)29 and the
refinement of the atomic coordinates (including hydrogen) in
the poly(ethylene terephthalate) macromolecule.30 There is
no doubt that studies at this level prepare the ground, as it
were, for the development of quantitative microdiffraction
methods.

Systematic studies on organic polymeric compounds by the
TEM method began at the end of the 1950's and the possibility
of microdiffraction observations was already used in the first
classical investigations by Till,3 1 Keller,32 and Fisher. 3 3 The
results obtained by the EMD method played an important role
in the development of ideas about the characteristic features
of the crystallisation of macromolecules31*"36 and the hypothe-
sis of the folding of polymer chains was put forward on the
basis of the electron diffraction patterns of a thin film of
guttapercha long before the start of systematic research into
the crystallisation of polymers.3 7 However, the problem of
applying EMD to the structural analysis of polymers was not
formulated and solved until 1574 when Claffey et al. demon-
strated the possibility of using the reflection intensities in

the electron diffraction pattern of a single crystal in a study
of poly[3,3-di(chloromethyl)-oxacyclobutane].38 The
authors were able to confirm the X-ray diffraction data for
the cell geometry, to refine the space group, and to deter-
mine the atomic coordinates and the conformation of the side
chains.

The crystal structures of polymers according to electron
microdiffraction data.

No.

(I)

(Η)

(HI)

(IV)

(V)

(VI)

(VII)

(VIII)

<IX)

(X)

(XI)

(XII)

(XIII)

(Xiv)

(XV)

(XVI)

(XVII)

fill)

(XIX)

(XX)

(XXI)

Polymer

Poly ( p-oxypheny lene-
m-carbaboranyl)

Poly(dipropyl-
siloxane)

Poly[diphenyl(phenyl-
p-tolyl)siloxane]

Poly(phenyl-p-tolyl-
siloxane)

Poly(vinylidene
fluoride), γ-form

Poly(bistrifluoro-
ethoxyphosphazene)

Poly(bisphenoxyphos-
phazene)

Poly (p-oxybenzoyl)

Poly[3,3-bis(chloro-
methyl)oxacyclo-
butane], o-form

Poly(ethylene sulphide)

Cellulose triacetate

Poly(trimethylene
terephthalate)

Poly(p-oxybutyroyl)

Poly(hexamethylene
terephthalate), form I

Poly(hexamethylene

terephthalate), form Η

Poly(hexamethylene
terephthalate),
form III

t ran j-Poly ace ty lene

Poly(p-xylylene),
(3-form

Poly(2,4-rrans-cy clo-
hexanediyldimethyl-

ene succinate)

Poly(dodeca-l,ll-
diyne) macromonomer

Product of solid-phase
polymerisation of the
macromonomer (XX)

Unit cell parameters

Orthorhombic; a = 11.40,
6 — 7.70, c —18.0;
p c = 1 . 2 9 , p a = 1 . 1 7 ;
< = 4. η = 2

Tetragonal; Ρ^,α =

-9.52.6 = 9.40; pc =
-1.015: 2-4. n = l

Orthorhombic; a = 21.06,

6=10,53, e = 10,36;
p c = 1.17; z = 8,n = 2

Orthorhombic; a = 21.0,
6 = 10.86. c = 9.97;
P c = 1.24; z = 8,n = 2

Monoclinic; a = 4.96
6 = 9.67, e = 9.20;
Υ = 93"
Monoclinic; a = 10.03,3,
6 = 9,37, c = 4,86;

Monoclinic; a = 16.6,
0 = 13,8, c-4,91;
γ = 83°

Orthorhombic; P2j2i2i or
P222!, a = 7.62, 6 =
= 5.70, c = 12.56;
p c = 1.46; z = 4,n = 2

Orthorhombic; Pna2\\ a =
— 17.85, 6 = 8.15,
c = 4.78: 2== 4- « = 4

Orthorhombic; a = 8.508,
6 = 4.93, c = 6.686;
2 = 4. n = 2

Orthorhombic; P2i2i2i,a =
= 24.68, 6 = 11.52,
c = 10,54; 2 = 8, η = 4

Triclinic; a = 4.637,
6 = 6.266, c = 18.64;
α = 98.4°, ρ = 93.0°.
γ = 111.1°, p c = 1.138,

2 = 2, η = 1
Orthorhombic; P2\l\2\;

α = 5,76, 6 = 13.2,
c = 5,96; 2 = 2, n = 2

Triclinic; PI,a =
= 5,217. 6 = 5.284.
c = 15.738; α =12.94°,
Ρ = 9.76°, γ = 95.6°.

Triclinic; β = 5.217,
6 = 10,568; c = 15.738;
α = 129.4°. Ρ = 97.6°,
Υ = 95°. P c = 1.278;
2 = 2, η = 2

Monoclinic; a = 9.10,
6 = 17.56, c = 15.74;
ο = 127°; 2 = 6, η = 6

Orthorhombic; Pna, a =
= 7.32, 6 = 4,24; c =

= 15.74; pc=1.13;
ζ = 4, η = 2

Trigonal; ΡΤ,,α =
- 2 0 . 5 3 , c = 6.55;

γ =120°; pc=i.58;
2 — 16, η = 16

Monoclinic; P2\n,a =
= 6.486, 6 = 9.482,
c - 1 3 . 5 1 ; Ρ = 45.9°;
p c = 1.259; ζ = 2,7! = 2

Monoclinic; P2\ln,a =
= 13.25, 6 = 14.15,
c = 7,63; Ρ = 118,5°;
ζ =: 2, η = 4

Monoclinic; P2\jn, a =
= 9.17. 6 = 12.25,
c = 9.92; 2 = 4, n = 4

Chain con-
formation

_

H(4/l)

ff(4/l)

//(4/1)

P(TjGTtG)

Z(TT)

Ρ

H[2/l)

P(TGCT)

ff(2/l)

Ρ

Ρ

Ρ

2(2/1)

Ρ

P(GG7T)

Ρ

Ρ

Λ

factor

_ .

__

_

_

_

_

—

0.247;
Λί-20

0,33;
JV=20

0.26;
Λ/=40

0.255;
ΛΤ=25

0,33;
JV:=28

0 172;
JV = 19

0.161;
Af=19

Η

0.196;

Ν=2ΐ
—

0.24;
Ν=23

0.21;
Af=25

0199;

0.13;

0.13;

Refs.

(39]

[40]

[41]

[41]

[42]

[43]

[43]

[44
45!

[38]

[14]

[48]

[15]

[49]

[13-
50 51]

(50.
51]

[50
51]

[52]

[53-
541

ft
[57]

[571

Notation: p c is the density of the crystal, p a the density
of the amorphous specimen, ζ the number of units in the
unit cell, η the number of chains in the unit cell, Ν the
number of reflections on the electron diffraction pattern;
the following notation has been adopted for the chain con-
formation: Η — helix, Ρ = planar, Ζ = zigzag, Τ = trans,
and G — gauche.
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Figure 1. The electron microscope study of poly(p-xylene):5 3 a) single crystal of the β-form;
b) image of the crystal lattice obtained with the aid of a high-voltage microscope having a resolution
of 0.20-0.15 nm; each dark spot corresponds to the projection of the macromolecule onto the basal
plane and the white circles indicate the position of the macromolecules in the unit cell; c) electron
diffraction pattern of a single crystal of the β-form; the numerals denote the indices of the
corresponding reflections.

One of the most important results of their study 3 8 was the
demonstration of the applicability of the kinematic approxima-
tion to the calculation of structural diffraction amplitudes.
This study influenced the general level of electron microscope
investigations of polymers and opened up ways to the use of
TEM as a method for structural analysis. Since its publica-
tion, 3 8 more than 10 years have elapsed, but one must con-
clude that the development of research on these lines is rela-
tively slow evidently due to the experimental difficulties in
the preparation of the objects and the determination of elec-
tron diffraction patterns of a sufficiently high quality and
with an adequate information content; the main bulk of the
determinations of the structure of polymers are therefore
carried out at the present time by the X-ray diffraction
method. On the other hand, in recent years there have
been undoubted advances in the use of EMD.

The advances achieved with the aid of EMD can be analysed
by means of a Table which presents the most accurate studies
demonstrating the level of modern research and the charac-
teristic range of objects. The publications included in the
Table can be divided into two groups—those carried out with-
out taking into account the reflection intensities in the elec-
tron diffraction pattern for compounds (I)-(VIII) and those
using them in order to carry out a complete structural analy-
sis of compounds (IX)-(XXI).

In the studies of the first group, the determinations were
made of the space group, of the unit cell parameters, and of
the packing elements and, for compounds (II)-(IV), (V),

and (VIII), the hypothesis concerning the chain conformation
was justified. The value of studies of this kind consists
primarily in the fact that the structures of the compounds
investigated cannot be studied by X-ray diffraction because
neither oriented specimens nor sufficiently large crystals can
be obtained for such compounds. Polymers of this type
include poly(p-oxyphenylene-m-carbaboranyl),39 poly(dipro-
pylsiloxane) ,1*0 ard also weakly orientable poly(diarylsilox-
anes).1*1 All the polymers enumerated were first investi-
gated with the aid of EMD. Poly(vinylidene fluoride) had
been studied earlier by X-ray diffraction but the controversy
concerning the structure of its γ-form extended over a
decade and it was shown that mechanical deformation leads to
a polymorphic transformation (the transition from the γ-form
to the β-form). The study of single crystals with the aid of
the electron microscope, which rules out the necessity for
the mechanical deformation of the specimen, made it possible
to determine unambiguously the structure of the γ-form and
also to observe the phase transition to the ε-form on thermal
annealing of crystals of the γ-form . "2

Analysis of the examples presented in the Table shows that
polymers whose properties have attracted attention have been
most often the objects of electron microscope studies. Such
objects include, for example, the class of polyphosphazenes,
forming liquid crystal systems, whose representatives are
poly(bistrifluoroethoxyphosphazene) and poly(bisphenoxy-
phosphazene). 4 3 Poly(p-oxybenzoyl) also has interesting
properties,'*'l>'f5 because its copolymers with other polyesters
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make it possible to obtain liquid crystal systems.lf6>1*7 This
polymer was first investigated in 1976, but the structure
proposed for the double helix was not confirmed by other
physical methods. A precision reinvestigation carried out in
1984 made it possible to correct the initial data and to deter-
mine unambiguously the crystal structure of the compound."5

In assessing the advances achieved with the aid of the EMD
method in polymer chemistry on the basis of the results of
compounds (IX)-(XXI) (see Table), one may conclude that
this method permits crystal-chemical determinations whose
aim is to establish the atomic structure and the molecular
packing of high-molecular-weight compounds. A number of
compounds of this group had been investigated earlier by
the X-ray method. These include poly[3,3-di(chloromethyl)
oxacyclobutane],3 8 poly(ethylene sulphide),1" cellulose tri-
acetate, "8 polyip-oxybutyroyl),"9 polyesters of terephthalic
acid and aliphatic glycols, 1 3 ' 1 5 ' 5 1 ' 5 2 and also trans- poly acetyl-
ene. 5 2 For these polymers, the results of EMD studies con-
firmed, revised, or supplemented the existing X-ray diffrac-
tion data. In other cases, the structure of the compound
was determined for the first time by the EMD method, for
example, those of poly(p-xylylene),53'51* poly(1,4-trans-
cyclohexanediyldimethylene succinate) , 5 5 ' 5 6 and poly (1,11-
dodecadiyne).5 ?
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When the total structural analysis of the polymer by the
EMD method is carried out, this problem is greatly facilitated
in those cases where data are available for the structures of
the individual fragments of the polymer unit and the way
that they are linked together. The structures of low-molec-
ular-weight compounds serving as models of the monomer
units of the macromolecules have been determined for this
purpose. For example, the structure of cellulose triacetate
has been deduced from data on the structure of the trimer."*8

Dimethyl terephthalate and the diphenyl ethers of the corre-
sponding glycols have been investigated as models of the
units in polyesters. 15>1*9~51 An analogous procedure has
been used in the study of poly(l,4-trans-cyclohexanediyldi-
methylene succinate). 5 5 ' 5 6

A number of the publications presented in the Table reveal
very great advantages of diffraction electron microscopy in
the study of polymorphism. Thus it has been found that the
texture X-ray diffraction pattern of poly(hexamethylene
terephthalate) contains reflections from several polymorphic
phases which are superimposed and cannot therefore be used
to establish the structure of each of these phases. On the
other hand, in the study by the TEM method the crystals of
each phase have their own characteristic form and give rise
to an individual EMD pattern; furthermore, in the polymer

Figure 2. The molecular structure of poly(p-xylylene): a) trans-zigzag conformation of the macromolecule
with a repeat period of 0.655 nm; φ = 90° is the angle between the plane of the benzene ring and the
plane of the -CH 2-CH 2-linkage; b) three-dimensional structure of a single crystal of the p-form in
projection onto the basal plane; the filled and open circles denote carbon and hydrogen atoms respectively;
the unit cell contains 16 macromolecules, one of which assumes one of three equivalent positions in accordance
with the P3 symmetry.
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phase I it is possible to distinguish two similar structures.
Separate analysis of electron diffraction patterns of single
crystals made it possible to characterise all three polymorphic
phases [(XIV)-(XVII), Table] and to index fully the reflec-
tions on the X-ray diffraction pattern. The problem of iso-
lating one of the polymorphic phases has been solved also for
poly(p-xylylene) [(XVIII), Table] in an investigation by
Japanese workers,53'51* which demonstrated the high level of
the advances in the application of TEM to the study of polymers.
Electron microscopes of two types were used—with a potential
of 80 kV (JEM-7) and a high-voltage microscope (JEM-500).
In both cases images of both the microstructure and of the
EMD pattern were obtained (Fig . l ) . The structure of the
3-form with an β-factor of 0.21 was analysed on the basis of
quantitative microdiffraction data; the application of the
high-voltage instrument enhanced the local nature and the
resolution of the EMD patterns and also reduced the radiation
damage during the recording of the pattern. A series of
focal photomicrographs with a resolution of 1.5—2 A were
obtained. The photomicrographs, representing a direct
resolution of the crystal lattice of the 3-form, were treated
by the optical filtration method. The optical diffractometer
trace for the image coincided with the EMD pattern of the
single crystal.

The resolution of the interplanar spacings on the photo-
micrograph was achieved for polydiacetylene single crystals
on the basis of 1, 6-di(N-carbazolyl)hexa-2,4-diyne 5 8 and
also poly(p-phenyleneterephthalimide).5 9 However, only in
the case of poly(p-xylene) did the combination of the analysis
of the high resolution image and the EMD patterns lead to the
determination of the chain conformation and the atomic coor-
dinates and to the discovery of the characteristic features of
the molecular packing in the crystal (Fig. 2).

The methodological procedures in the crystal-chemical
determinations of the structures of polymeric compounds are
extremely individual and depend to a large extent on the
complexity of the structure of the object and the complete-
ness of the available experimental data. A general approach
to the solution of the problem usually involves the conform a-
tional analysis of the postulated model, which makes it pos-
sible to determine the chain parameters influencing the
repeat period and also the internal energy of the system.
Then the conformation in best agreement with experimental
data is selected by trial and error. Apart from conforma-
tional analysis the Fourier synthesis of the electron density
has been used, for example, by Claffey et a l . 3 8 and Roche
et a l . 4 8

The model is refined by the method of least squares, famil-
iar from X-ray diffraction, modified for the determination of
the structure of the macromolecule by introducing stereo-
chemical limitations.6 0 '6 1 The method involving the minimisa-
tion of the packing energy6 2 and the combination of the two
methods mentioned63 are also used. The R factor defining
the agreement between the calculated theoretical and exper-
imental structural diffraction amplitudes in accordance with
the formula8

where Φβ are the observed structural amplitudes and i>t are
the theoretical structural amplitudes for the proposed model,
serves as the criterion of accuracy.

As can be seen from the corresponding columns in the
Table, in modern studies the R factor is approximately 0.3 to
0.2, which indicates a fairly high accuracy of the results,
bearing in mind the complexity of the macromolecule as an
object of structural study.

Much attention has been devoted in studies of compounds
(IX)—(XXI) to the validity of the application of the kinematic
approximation to the calculation of structural diffraction

amplitudes. Claffey et a l . 3 8 proposed the agreement between
the results of EMD and X-ray diffraction and also a weak
influence of dynamic scattering on the R factor in test calcu-
lations as validity criteria. In a special appendix to a com-
munication concerning the study of the structure of poly(l,4-
trcms-cyclohexanediyldimethylene succinate), 5 6 it was shown
that ideal single crystals 100 A thick are bent by not more
than 2° and that dynamic scattering exerts only a weak influ-
ence on the R factor. In a study of poly(hexamethylene
terephthalate), no bending of the crystals whatever was
observed. 5 0 Under these conditions, the kinematic theory
is fully applicable.

It must be emphasised that, in selecting the section for
microdiffraction study, it is essential to employ a combination
of the light field and the dark field modes of the operation of
the electron microscope in order to choose suitable crystals.
In the studies quoted above special attention was devoted to
the reproducibility of the experimental results and to the
accuracy of the measurements of the intensities. For this
purpose, several tens of EMD patterns were photographed
and the intensities were measured with the aid of automatic
scanning microphotometers.

IV. THE PRACTICAL VALUE OF THE RESULTS OF STRUC-
TURAL STUDIES ON POLYMERS

Analysis of publications on the structural analysis of poly-
mers by the EMD method has shown that in such investiga-
tions the authors endeavour to relate the characteristics of
the structure of macromolecules to the physicochemical prop-
erties of the materials. Thus in a study of poly(trimethyl-
ene terephthalate), it was established1 5 that the aliphatic
fragment of the chain has the trans, gauche, gauche, trans-
conformation and that the transition from the gauche-to the
trans-conformation does not require much expenditure of
energy, which accounts for the high capacity of this material
for orientational stretching. As a result of a study of tolyl-
substituted poly(diarylsiloxanes), it was found1*1 that, with
increase in the number of substituents in the benzene ring,
the crystallographic cell parameters are altered, which
increases the interchain distance; in its turn, this improves
the solubilities and lowers the melting points of the materials.

A characteristic example of the direct relation between the
structural results and the solution of problems of practical
importance is provided by the study of the structure of poly-
acetylene. It has been shown that the conductivity of the
material depends on the ratio of the cis- and irans-isomers
and that only the latter isomer is thermodynamically stable.52'61*
Evidently, the knowledge of the structural characteristics of
each isomer is extremely important for the solution of the
problem of the specific influences on the properties of the
materials in the synthesis of the polymer and its subsequent
doping. However, the X-ray diffraction data obtained are
controversial because of the thermodynamic instability of the
cis -isomer and also because of the dependence of the struc-
ture of the compound on the polymerisation catalyst used.
Furthermore, polyacetylene films cannot be made into highly
oriented objects, which limits the scope of X-ray diffraction.

The electron microscope method provides much more infor-
mation in the study of the structure of polyacetylene, since
it makes it possible to carry out its formation reaction
directly on the electron microscope grid, the fibrillar crys-
tals giving rise to a high quality texture electron diffraction
pattern. The first studies on these lines were performed in
1980.65 Then Shimamura et al . 5 2 were able to carry out a
complete structural analysis and to obtain the crystallographic
characteristics of the trans-isomer (XVII) (see Table), which
were then confirmed also in other investigations. 6 6 ' 6 7 In
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1984 Dickenson et a l . 6 8 studied the isomerisation of polyacet-
ylene directly on the electron microscope grid and proposed
a method for the determination of the cis—trans-isomeric com-
position of the polymer with the aid of EMD patterns. Simul-
taneously with the study of the structure of polyacetylene,
the investigation of the doped materials by the EMD method
was begun. Analysis of the studies on polyacetylene shows
that, although they have not yet been completed and the
structural data are so far contradictory,6 9 nevertheless the
electron microscope method is irreplaceable in the investiga-
tion of the initial polymer and of the conducting materials
based on it.

Yet another example of the large amount of information
derivable by the microdiffraction method is provided by the
investigation of the solid-phase polymerisation of diacetyl-
enes. The structural analysis of poly(dodeca-l,ll-diyne)
and of the insoluble product obtained by its γ-irradiation has
been carried out . 5 7 This study led to interesting conclu-
sions about the mechanism of structure formation in the final
product (XXI). Namely, it was shown that the reaction
involving the cross-linking of the chains is of the solid-phase
type, because a secondary product is formed following a
slight rotation and migration of the molecules along the crys-
tallographic c axis when the closest packing of the parallel
layers of polymer chains is achieved. This was indicated by
the absence of a change in the space group and by the
decrease in the volume of the unit cell of the crystal.

An electron microscope study of polydiacetylene based on
l,6-di(N-carbazolyl)hexa-2,4-diyne has been carried out
(using TEM, scanning EM, and high-resolution TEM), which
made it possible to obtain crystallographic data and a direct
image of the structural motif of the crystal. 5 8 Polydiacetyl-
ene based on 2,4-hexadiynylene bistoluene-p-sulphonate was
investigated in solid-phase polymerisation on the electron
microscope grid7 0 and also directly in the chamber of the
electron microscope.71 In the latter case it was claimed that
the results of the investigation are of practical interest for
the preparation of photoresistors. An important structural
result of the studies of the solid-phase polymerisation of
diacetylenes is the demonstration of the formation of fully
straightened chains distributed in the plane of lamellar and
fibrillar crystals. 7 0

An application of electron microscopy with practical import-
ance involves the study of the structure of highly modular
thermostable fibres of the type of poly(p-benzamide)59 and
poly(p-phenylenebenzothiazole).72 The crystal structures
of these compounds have been investigated, by X-ray dif-
fraction, but the joint application of scanning and transmis-
sion EM (the light and dark field of modes, EMD) also helped
to elucidate the structural organisation of these materials
which determines their unique properties.

Thus one may conclude that the importance of the microdif-
fraction method consists not only in the determination of data
on the structures of the crystalline regions of polymers, but
also in the possibility of using the structural results for the
solution of applied technological problems.

V. MODERN SOLUTIONS OF EXPERIMENTAL PROBLEMS
INVOLVING THE APPLICATION OF THE ELECTRON MICRO-
DIFFRACTION METHOD TO THE STUDY OF POLYMERIC
COMPOUNDS

The success of the structural analysis of polymers depends
in many respects on the solution of a series of experimental
problems, such as, for example, the preparation and correct
recording of data for the test objects. As shown above,
electron diffraction patterns of single crystals have the
highest information content (based on the resolution of the

reflections and their intensities). A general method for the
preparation of single crystals involves crystallisation from
solutions and systematic studies of the structures of polymers
were begun with its a i d . 3 1 " 3 3 In the Soviet Union this field
was pioneered by members of Kargin's School. 7 3" 7 5 Various
methods of crystallisation from solutions were developed by
the end of the 1970's. These methods are characterised by
two main procedures: the use of highly dilute solutions
(0.001—0.1%) and rigorously controlled crystallisation temper-
atures. The long crystallisation period, necessary for the
preparation of perfect crystals, is noteworthy (for example,
several days in the crystallisation of polyacrylonitrile76 or
even several weeks in the case of isotactic polystyrenes 7 7).
Even readily crystallising polymers, such as, for example,
poly(p-xylylene) (XVIII) (see Table), have to be maintained
at the crystallisation temperature for several days.

The method and mechanism of crystallisation from solutions
have been examined in greatest detail in the paper of Blundel
et a l . 7 8 and in Keller's review.7 9 It was shown that, in the
course of repeated dissolution and precipitation of polymers,
a crystallisation "memory" is retained in the form of the
spontaneous formation of nuclei on which the macromolecules
are recrystallised. There exists a limiting redissolution
temperature at which the crystals formed have a monolayer
character with a perfect habit and a uniform thickness even
at a relatively high concentration of the initial solution (0.1%),
although an increase in concentration usually complicates the
morphology of the supermolecular formations. For example,
the temperature of the primary dissolution of polyethylene in
xylene was 120 °C and was determined visually from the
transparency of the solution and by dilatometric measure-
ments. On cooling to 75 °C, exhaustive crystallisation
occurred with appearance of turbidity in the solution, which
again became transparent at 98 °C. Repeated isothermal
crystallisation at temperatures in the range 98—105 °C led to
the formation of perfect crystals giving rise to a distinct EMD
pattern. This method is general for the crystallisation of
polymers from solutions, naturally with an individual selection
of crystallisation temperatures. It has been used in studies
on the crystallisation of compounds (IV), (V), and (IX)-(XVI).

For polymers which are readily soluble in organic solvents
and which are not precipitated from the solution on cooling,
hot concentrated solutions are mixed with a suitable amount
of precipitant. This procedure was proposed in early stud-
ies5 8 '5 9»8 0 and is again used nowadays, for example, in the
preparation of polymers such as derivatives of polyphospha-
zene (VI) and (VII) (see Table). A difficult feature of the
method is the need to eliminate the possibility of contact
between the polymer and an excess of the precipitant, which
is achieved by rigorous stirring or by breaking the tube with
the solution in the flask containing the precipitant. Polymers
also crystallise when solutions are cooled very slowly, for
example, at a rate of 0.5 Κ h " 1 and less, as was done in the
crystallisation of poly(ethylene terephthalate). 8 1

In carrying out crystallisation from solution, one should
bear in mind that polymers can form solvates with the sol-
vent . 8 2 ' 8 3 A specific feature of the solvates is the break-
down of their crystal structure after the removal of the sol-
vent or after its replacement by another liquid, as a result
of which the diffraction patterns of the electron microscope
preparation vanish.6I*'8If In order to rule out the possibility
of the formation of solvates in the preparation of perfect
polymer single crystals, it is necessary to use mixtures of a
poor solvent with the precipitant and a high crystallisation
temperature. It is then also essential to subject the suspen-
sions to hot filtration with subsequent drying in vacuo.85

A simpler method of preparation of single crystals has been
proposed. 6 6 ' 8 6 It actually consists in isothermal crystallisa-
tion from a dilute solution in an atmosphere of the solvent
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itself. The authors of these investigations obtained poly-
ethylene, polypropylene, isotactic polybut-1-ene, polyacryl-
onitrile, and cellulose triacetate single crystals in the follow-
ing manner: a glass plate attached to a string was lowered
vertically into a thermostatted solution of the polymer and,
after being kept there for a short time, was removed with the
aid of a mechanical device at a rate of 1 cm h " 1 ; after it had
risen fully, the plate was kept for a further 1 h in the solvent
vapour, the polymer film was transferred to the surface of
water by a standard method, and was fished out onto the grid
holder. This method has not come to be widely used but it has
been tested successfully on a series of polymers, for example,
in the crystallisation of carbaborane-containing polyesters and
polydiarylsiloxanes (I), (III), and (IV) (see Table).

The preparation of electron microscope objects, synthesised
by solid-phase polymerisation, is also closely related to
methods of crystallisation from solution. The question of
preparing almost defect-free polymer single crystals by the
topochemical polymerisation of diacetylene derivatives has
been examined in a review,8 7 which also includes electron
microscope results. The usual method of preparation of the
objects [for example, compound (XIX)—see Table] involves
the initial growing from the solution of perfect monomer crys-
tals in the form of lamellae57 or needles, 5 9 · 6 9 which are depos-
ited on a grid holder with a carbon support and are then
subjected to various types of treatment to polymerise them ,
for example γ-irradiation from a 60CO source. Similar
methods have been used in the preparation of polyacetylene
(XX) specimens (see Table): a solution of the catalyst is
deposited on the grid with the support, dried, cooled to
-78 °C, and maintained in a stream of acetylene at a pres-
sure of 3—5 mmHg for 20 s; the cis-isomer is converted into
the trans-isomer by heating the object on the grid at 200 °C
for 2 h . 5 2

In the preparation of crystals from solution, an extremely
important stage involves the deposition of the object on the
grid holder, because kinematic scattering conditions break
down not only when the thickness of the crystals increases
but also when they are bent. It has been shown that the
best support for the preparation may be a thin carbon film,
although it does in fact increase the diffuse background on
the image and on the EMD patterns. 5 2 ' 5 1* The orientation of
the crystals on evaporation of the solution can be specified
by the surface of the base, for example, the cleavage surface
of NaCl or mica. A precision study by this method has been
carried out1*2 [compound (V)—see Table]. It was shown
that, in the thermal crystallisation of poly(vinylidene fluo-
ride), epitaxial growth in two mutually perpendicular direc-
tions is observed on the NaCl surface. Analysis of the EMD
patterns of the object crystallised on mica and on the NaCl
surface, with the aid of goniometric measurements, yielded
information for the most accurate determination of the crys-
tallographic parameters of the γ-phase.

As already stated in Section II, the texture electron dif-
fraction patterns of films or fibres can be used in addition to
the electron diffraction patterns of single crystals for the
determination of the crystal structures of polymers. The
development of methods for the orientational crystallisation
of thin polymer films was dictated not only by the need to
determine the molecular structure but also by the possibility
of investigating the supermolecular structures of partly
crystallised specimens under low-angle diffraction conditions.
We shall not deal with this field of study, but procedures for
the preparation of oriented crystalline specimens for electron
microscopy have been described. 8 8 " 9 0

The methods of preparation of thin oriented films have been
described for poly(vinylidene fluoride), 9 1 " 9 3 poly(alkane-
imides),1 6 poly(diarylsiloxanes) [compounds (III) and (IV)—
see Table] and pody(ethylene sulphide) (X). In the main,

the preparation of the specimens reduces to casting thin films
from dilute solutions (0.5-0.25%) and their monoaxial stretch-
ing with simultaneous or subsequent annealing at a tempera-
ture close to the glass point. This procedure involves consider-
able experimental difficulties in view of the small thickness
(and hence low strength) of the films. Miniature devices in
the form of frames of different design, to which the films are
attached by adhesion on being withdrawn from water, are
used for stretching. Devices for stretching in the micro-
scope itself have also been proposed.91* It is noteworthy
that many investigations prefer to use the primitive method
involving the stretching of the films on water with the aid of
forceps9 5 or on glass in a softened state with the aid of a
spatula. For example, during this preparation procedure, it
has been possible11* [compounds (X)—see Table] to obtain the
EMD pattern of a film of crystalline oriented poly(ethylene
sulphide), which was suitable for complete structural analy-
sis (in combination with electron diffraction patterns of single
crystals). The polymer can also be subjected to deformation
not only by stretching the specimen but also by shear, as
has been done, for example, in the study of poly(p-phenyl-
eneterephthalimide)96 and also polyacetylene.97

Whereas the preparation of oriented crystalline films pre-
sents major difficulties to the investigator, the study of the
structures of crystalline fibres is greatly facilitated, since in
this case one can use the ultrasonic dispersion method with
subsequent deposition of the object on grid holders with a
support. Dispersion methods and devices have been
described in practical manuals.9 8 As an example of the use
of dispersion in EMD studies, one may quote the investiga-
tions of highly modular thermostable fibres. 5 9 An unexpec-
ted result was obtained in the preparation of a poly(p-oxy-
benzoyl) (VIII) specimen, where the dispersion of the initial
powder made it possible to observe in the electron microscope
both polymer crystals and fibres giving rise to a texture
electron diffraction pattern.

In addition to the methods described, mention should be
made of the preparation of replicas and subsequent removal
of the test substance, which had been proposed already at
an early stage of the development of electron microscopy9 9 '1 0 0

and has been used successfully in modern research. 1 0 1

Apparently the most complex method for the preparation of
polymer specimens involves the use of an ultramicrotome,
because it can be accompanied by the mechanical deformation
of the specimens and the introduction of artefacts into the
investigation. This method has been developed mainly for
the study of biological objects and has been described in
special manuals. 1 0 2 One of the first objects investigated by
the EMD of thin sections was carbon fibres. 1 0 3 It was found
that a suitable casting material for the fixation of the polymer
specimens in the ultramicrotome holder is molten sulphur.101*
However, at present organic polymers are fixed with the aid
of casting materials based on epoxide compositions and cryo-
ultramicrotomes are used for the preparation of sections.105'10*
It is noteworthy that hitherto the method of EMD of sections
has been used to investigate the local order in the specimen;
there have been no publications on structural analysis using
this technique.

Examination of the methods of preparation of polymer
objects for microdiffraction studies shows that in many cases
this procedure can introduce artefacts associated, for exam-
ple, with the influence of the rate of evaporation of the sol-
vent, random deformation, etc. These processes must be
investigated in order to eliminate the artefacts and to make
the results of the investigation more correct. On the other
hand, phenomena of this kind are also studied specially in
order to reveal a whole series of properties of polymers and
in this respect electron microscopy has a considerable scope.
Overall, the literature data show that there is no universal
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method of preparation of polymer specimens. Each object
requires an individual approach and considerable preparatory
work in order to select the correct conditions and success
depends in many respects on the skill of the experimenter.

The problem of protecting the polymer specimen from radia-
tion during focussing and photography merits special attention
not only from the standpoint of the reliability of the diffraction
data but also from the standpoint of the very possibility of
such an investigation. This is especially important when the
goniometric method is used, where, in the course of the short
lifetime of the crystal, it is necessary to rotate the specimen
in order to obtain a three-dimensional diffraction pattern, as
has been done, for example, in studies of compounds (V) and
(XII)-(XVI) (see Table).

One of the causes of damage to the specimen by the electron
beam is ionisation and excitation of atoms and molecules, as a
consequence of which the initial equilibrium state of the sub-
stance breaks down. There are special publications on this
question in the literature.107 The mechanism of the effects
of irradiation on organic objects has not been finally eluci-
dated but it has been established in relation to polymers, for
the maximum irradiation dose, which is specific to each poly-
mer , that the specimen is fully converted into an amorphous
form while the morphology of the supermolecular formations
is retained.79 '108 The sensitivity of the polymer specimen to
irradiation is associated with its chemical structure. In par-
ticular , as aromatic fragments accumulate in the macromole-
cule, the resistance to irradiation increases. Thus, it has
been found that crystals of poly(p-xylylene) are fully con-
verted into an amorphous form in an electron microscope with
an accelerating potential of 500 kV for an overall irradiation
dose exceeding by a factor of 20 that for polyethylene.51*
Polymers with a higher resistance to irradiation can be suc-
cessfully investigated by the EMD method, but it has been
shown by a number of workers that objects sensitive to irra-
diation are also susceptible to electron diffraction observa-
tions and special precautions are taken against damage [com-
pounds (XII)-(XVI)—see Table].

The method of protecting the object is to reduce to the
maximum extent the intensity of the electron beam and also
to shorten the residence time of the specimen under irradia-
tion, especially the exposure time. The procedures for the pro-
tection of the object against irradiation have been examined in
extremely great detail by Dobb et al.,109 who suggested that a
special disc covering the central portion of the beam during the
focussing of the image be inserted in the aperture holder of
the second condenser. On the other hand, the exposure of
the object to the electron beam entails the appearance of car-
bon contaminations, which reduce the information content of
both the image and of the electron diffraction pattern as a
result of the enhancement of the diffuse scattering back-
ground. The question of the nature of the contaminations
and of the methods of dealing with this phenomenon is con-
sidered in special manuals98 (p.25). Devices for cooling the
object to the temperature of liquid nitrogen are constantly
used in studies involving the measurement of reflection inten-
sities for protection against irradiation [compounds (IX) to
(XXI)—see Table]. Such devices are present in all modern
microscopes.1 The use of highly sensitive photographic
emulsions plays an important role in diminishing the exposure
time during photography. The latest transmission electron
microscopes are fitted with devices which make it possible to
reduce the period during which the electron beam acts on the
specimen with the aid of two pairs of deflecting systems.1

The use of high-voltage microscopes makes it possible to
enhance the local nature of the diffraction and also to reduce
the exposure time.

However, the problem of protecting the specimen against
irradiation has been solved most radically with the aid of a
new technique of diffraction studies developed towards the
end of the 1970's, which consists in the joint use of trans-
mission of and scanning with an electron beam having a small
diameter.110"112 Whereas in the usual TEM the size of the
irradiated part of the object is determined by the diameter of
the selective diaphragm located below the object holder and
amounts to ~1 pm or more, in the scanning-transmitting EM
the beam diameter is itself limited and the diffraction area,
determined by the diameter of the probe, can be reduced to
300-100 A. The new method used in the scanning-transmit-
ting electron microscope permits an enhancement of the local
nature of the diffraction, an increase of its resolution, and
the maximum protection against irradiation of the parts of
the object adjoining the test region, as has been demonstrated
in a study of polyethylene.110 An example of the use of this
method for the study of crystal structures is provided by the
investigation of poly(p-oxybenzoyl) (VIII) (see Table).

Overall, the results of modern studies on diffraction EM
have shown that, although the problem of protecting the
polymer against irradiation requires constant attention,
nevertheless it is not an obstacle to the use of the given
method in the structural analysis of high-molecular-weight
compounds.

—oOo—

The review of publications on the electron microscopy of
polymers permits the conclusion that this method has
advanced appreciably not only in connection with the devel-
opment of high-resolution instruments but also as a conse-
quence of the development of methods for the quantitative
analysis of electron microdiffraction patterns. However, one
must also conclude that the structural analysis of polymers
with the aid of TEM has still not become a standard proce-
dure. The reason for this is the inadequate availability of
improved electron microscopes and also the difficulties in the
preparation of the specimens and in the interpretation of
electron microscope data. As regards the interpretation of
visual high-resolution TEM images, it is useful to bear in
mind the words of Kabayashi, the renowned specialist in this
field, that to see in the electron microscope does not neces-
sarily mean to believe.113

The determination of the crystal structures of polymers
requires their combined study by means of several indepen-
dent methods, among which electron microdiffraction plays
an important role. The accumulation of experience concern-
ing the application of EMD and the continuing improvement of
the instrumental technique undoubtedly open up prospects
for the development of electron microscopy up to a readily
accessible standard method for the structural analysis of
high-molecular-weight compounds.

During the preparation of the review for printing, a series
of communications, both methodological and of a review char-
acter , concerning the use of electron microscopy for the
structural investigation of polymers were published. Thus
a method has been developedlllf for the epitaxial growth of
polyethylene crystals in order to obtain and analyse EMD
patterns. The same workers in another communication115

analysed in detail the possibilities of the epitaxial method for
the quantitative EMD analysis in comparison to crystallisation
from solutions; the comparison was carried out in relation to
a series of polymers, especially biological polymers.

Review data on the use of the EMD method in polymer chem-
istry have been included in the publication by Dorset.116 The
advances of electron microscopy in securing quantitative
information about the structure and composition of polymers
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have been described in a review1 1 7 which deals with problems
of the use of spectroscopic-analytical information and also
with the protection of the test object against damage by
irradiation. A novel microdiffraction method involving the
shift of the aperature diaphragm, which replaces, in the
authors' view, the goniometric technique, has been proposed.118

Data on the structure of poly(butylene terephthalate) and
of its block copolymers have been obtained by the EMD
method in the scanning-transmission mode. 1 1 9 The structure
of poly(3-hydroxybutyrate) has been determined.1 2 0 Studies
by Japanese workers, using the entire range of the diffrac-
tion and visual possibilities of high-voltage TEM, have been
continued—in particular, the structures of a conducting
polymer, namely poly(l,4-phenylene) , 1 2 1 and also of isotactic
polystyrene1 2 2 have been studied.

The results of the studies quoted above demonstrate the
continuously increasing contribution of the microdiffraction
electron microscope method to the crystal-chemical research
into high-molecular-weight compounds.
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Polyorgano-polysiloxane Block Copolymers

I.M.Raigorodskii and E.Sh.GoI'dberg
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The literature data on the principal methods for the synthesis of polyorgano-polysiloxane block copolymers incorporating
carbochain and heterochain organic fragments are examined and surveyed. It is shown that the microphase separation,
associated with the differences between the chemical natures of the blocks, exerts a decisive influence on the morphological,
physicochemical, and mechanical properties of such block copolymers. The wide scope of the applications of polyorgano-
polysiloxane copolymers is demonstrated.
The bibliography includes 229 references.
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I. INTRODUCTION

One of the problems in polymer chemistry of current
interest involves the development of methods of synthesis and
the study of the properties of a relatively new class of poly-
meric materials—block copolymers. Linear copolymers
having the structure (AB)n, in which the contributions by
blocks of different nature create a set of specific properties,
are of considerable interest in this connection. On the
other hand, the introduction as one of the blocks into such
copolymers of a polyorganosiloxane, which is characterised
by a low glass point, good chemical, hydrolytic, radiation,
and thermal stabilities, a high permeability to gases, a weak
temperature dependence of its physicochemical properties, a
low surface tension, a pronounced hydrophobic character,
and a high frost resistance, makes it possible to obtain
materials with properties of practical value.

The thermodynamic incompatibility of the organic and
organosilicon blocks leads to the appearance in such systems
of microphase separation, which makes it possible to regard
them as pseudo-filled systems. The physical network
arising under these conditions increases the deformation-
strength characteristics and influences the physicochemical
properties of block copolymers. The above features of poly-
organo-polysiloxane s permit the segregation of these block
copolymers as a separate group of polymers.

Polyorgano-polysiloxane block copolymers are of special
interest for biology and medicine. The stability of these
materials in biologically active media is high, they are
readily sterilised, exhibit high haemo- and tissue composti-
bility, are resistant to ageing and the action of micro-
organisms, are optically transparent, and are permeable to
vapours and gases. Such block copolymers can be used as
implants of different rigidity, which can be achieved by
regulating the composition of the copolymer.

In the reviews devoted to block copolymers published
hitherto,1"5 siloxane-containing copolymers incorporating
carbochain and heterochain organic fragments have been
examined. However, these publications deal with only cer-
tain individual examples of the synthesis and investigation of
the properties of linear polyorgano-polysiloxane systems.
We thought it timely to survey in the present review the
available literature data on siloxane-containing block copoly-
mers.

•it

I I . METHODS OF SYNTHESIS OF POLYORGANO-POLYSILOX
ANE BLOCK COPOLYMERS

Two main methods of synthesis of block copolymers con-
taining siloxane fragments have now been proposed.

1. Polycondensation of organic oligomers, synthesised
beforehand, with silicon-containing oligomers having the
structure

R \ R R / R

- S i - X or X—R1—SI—/ —OSI1—
I I I I
R R \ R

where R,R' is a carbon containing group and X is a functional
group (hydroxy-, halogeno-, amino-, aminoalkyl, carboxy-,
etc.).

2. Methods based on the use of cyclic organosiloxanes.
The principal methods of synthesis of linear oligomers and

cyclic organosiloxanes have been examined in detail in mono-
graphs. 6 ~ 8 Depending on the nature of the initial compo-
nents, block copolymers containing Si-C, Si-O-Si, Si-O-C,
and Si—Ν interblock linkages have been described.

Polycondensation with Participation of au)-Bis(dialkylamino)-
oligosiloxanes

The commonest method of synthesis of polyorgano-poly-
siloxane block copolymers involves the interaction of αω-bis-
(dimethylamino)oligodimethylsiloxanes with organic oligomers
in organic solvents in accordance with the mechanism

CH, / CH,NI / I \
(CH,), N - S i - - O S I - I —Ν (CHJ, + HO-R-OH -

CH, V O V »

CH, / CH,\

•+(CH,),NH .r ΪΎ r\ ι
_r _ I _ S i — j —OSi— I — O—R-O— —

L CH,\ αν» J»

The structure of the organic blocks in the copolymers
obtained and the reaction conditions are indicated in \
Table I. 9 " 2 6 The polycondensation results in the formation
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of regularly alternating block copolymers in which the molec-
ular weight of the blocks is equivalent to the average molec-
ular weight of the oligomers.

The dimethylamine evolved is readily removed and the
reaction is therefore simple and effective and can be used to
synthesise copolymer blocks of different lengths. However,
the dimethylamine evolved can induce side reactions in the
synthesis of copolymers containing ester linkages. It has
been noted1 1 '2 5 '2 7 that, when oligomers with a sufficiently
high molecular weight are used, it is not possible to ensure
reliably the equimolar reactant ratio, which leads to the
formation of block copolymers with low molecular weights
and a broad molecular weight distribution. In order to
obtain block copolymers with a high molecular weight, it has
been suggested that one of the components be gradually
injected into the reaction zone; the character of the end
groups and blocks of the copolymer then depends on the spe-
cific stoichiometry of the reaction. In order to avoid hydrol-
ysis and homocondensation of alkylaminosiloxanes, the sol-
vents must be carefully dried. The process temperature
varies from 25° to 108 °C depending on the nature of the
organic oligomer and the solvent employed.

When oligomers with aliphatic OH groups are used, the
above reaction is much slower than with aromatic OH groups,
as has been demonstrated in relation to dihydroxymethyl-
styrenes. 25>26

Dimethylaminosiloxanes have successfully used recently for
the synthesis of polyblock polytetramethyl-p-silphenylene-
siloxane-polysiloxane copolymers with a regular alternation
of blocks:28

CH3

HO— - N (CH,), - .

(CH3)2NH

In the above example both oligomers contain silicon. How-
ever, it is useful to consider such systems in the present
review because the principal features of polyorgano-polysilox-
anes mentioned above can in fact be observed in them also.

Polycondensation with Participation of αω-Dichloro-oligosilox-
anes

Oligodimethylsiloxanes with terminal chlorine atoms are used
mainly to synthesise polycarbonate-polysiloxane block copoly-
mers. It has been noted2 9"3 1 that the reaction of αω-dichlo-
ro-oligosiloxane with an excess of a bisphenol in solution in
chlorinated hydrocarbons in the presence of a hydrogen
chloride acceptor results in the formation of a αω-dihydroxy-
derivative, which is treated with phosgene in the presence
of an excess of the bisphenol until the attainment of the maxi-
mum viscosity of the reaction mixture:

CHS
C H S

I
CHa

Cl-Si- -OSi- -Cl + HO-/ S - C - / ^-OH -
•\.

HO— —OH -

iii_ - 1 - o s i - j - ο -

ι V CH,'n+i

- | -O-C-O-

O

CH3

CH,

The resulting copolymer consists of statistically alternating
polydisperse blocks and has a low molecular weight.

Table 1. The structure of 1 he organic block and the conditions in the synthesis of \
block copolymers.

Organic block

Polysulphone

Poly(phenylene oxide)

Polycarbonate

Polyhydroxyester

Polyarylate

Poly-a-methylstyrene

Structure

CH, r CH, -j

CH, L CH, Jm

-

CH, -

C.H, .

C.H,

\ /
I

m C,H,
CH, r CH, η

-o-f o ^ajor -
CH, 1- CH, 0 Jm

r CH, -ι
- -f \-C-f %-O-CH,-CH-CH,- -x — / 1 N — ' 1

L CH, OH Jm

-Ar-Γ - 0 - C - ^ "S-C-O-Ar-1 - ; - Γ -Ar-0-C-Ar-O-C-l - ;
η x — / ii ii ii I

L Ο 0 Jm L 0 0 JmCH, -C,H< , 0 s

1 \ / Ν
Ar =. - C H 4 - C - C H 4 - . C C-=0

CH$ —~ CfH^ t^^^*\

CH.r a . ,

—(—CH,—),—C——1 — C H , — C — |~-(~"CHJ,—

C.H,Jm

T'. C

25—120

130

40—130

120-180

120-180

solyor gano- poly siloxane

Solvent

Chlorobenzene,
THF

Chlorobenzene

Chlorobenzene

Methylene chloride,
THF, chloro-
benzene

Trichlorobenzene

Chlorobenzene, o-di- ·
chlorobenzene

Refs.

19-14]

[15—17]

[18-20]

[21]

[22—24]

[25—26]
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The synthesis of a polyester-polysiloxane containing frag-
ments of organic acids together with polycarbonate units has
been described in a patent: 3 2

O_c-<f~~S-c-
II x = ' II

ο ο

—0-C-O-
II

ο

CH.

O S i -
I

CH,
CH;

I
I

CH,

- o -

CHS

CH,

In order to obtain block copolymers with a regular struc-
ture, it has been suggested that αω-dichloro-oligodimethyl-
siloxanes be condensed with oligomeric dihydroxycarbonates
in solution in chlorobenzene in the presence of a tertiary
amine (pyridine, triethylamine). 3 3 ~ 3 6 The molecular weights
of the copolymer synthesised are 105.

It has been shown3 7 '3 8 that the interaction of oligodimethyl-
siloxanes having terminal chlorine atoms with the disodio-
derivatives of styrene, α-alkylstyrene, or a-phenylstyrene
in solution in tetrahydrofuran (THF) at room temperature can
yield linear block copolymers:

CH3 CH.

C l - S i — —OSi— —
i l l /

C H V
CH3 / CH

I
Q H

l a - C - - C H C-— Na

, _ | _ S i _ | - O S i
I

CH CH

I
C.H,

R

-|-C-,-CH,C-

C 6 H 5 \ Ο,Η

Polycondensation with Participation of αω-Dihydroxy-oligo-

siloxanes

The high mobility of the hydrogen atom in the hydroxy-
group in dihydroxyoligosiloxanes makes it possible to use
them for the synthesis of a whole series of block copolymers:
polysilarylene-polysiloxanes, polyurethane-polysiloxanes,
polyamidepolysiloxanes, and polyimide-polysiloxanes.

The synthesis of polysilarylene-polysiloxane block copoly-
mers proceeds in accordance with the scheme

CH

tExcess of DFP (in Russian;
CH2C12) (Ed. of Translation).

Ref.32 states Me3N in

The reaction is carried out in solution in aromatic hydrocar-
bons at elevated temperatures in the presence of catalysts
which do not cause a redistribution of units between siloxane
blocks of different type, for example, tetramethylguanidine-
bis-2-ethylhexanoate, N-hexylamine-2-ethylhexanoate, or a
salt of formic acid and t-butylamine. 3 9 " t l Since both initial
components have the same functional groups, the condensa-
tion is statistical and the resulting high-molecular-weight
copolymer contains blocks whose average length depends
both on the ratio of the initial substances and on the molecu-
lar weight of the oligodimethylsiloxanes. Similar block
copolymers with a more ordered structure have been
obtained1*2 by the reaction of diols having the formula

CH 3 ·
I

CH3 CHa
CH,

H - | -OSi— I - O - S i - X - S i - | - O S i - ) -OH

O V η CH3 CH, V CH/

[n = 0-1; X = 1,3 or 1,4-phenylene or the Υ—Ζ-Υ fragment,
where Υ = 1,3- or 1,4-phenylene and Ζ = Ο or OC(O)O] with
phosgene in solution in pyridine.

Polyurethane-polysiloxanes can be obtained by polyaddition:

CH,

H O - | - S i O - | - H + OCN-R-NCO-

CH. -H
C H , ,

SiO— - C — N H R N H — C — —
1 ΛCH3 Ο Ο

The reaction is carried out in two stages: in the first stage,
the hydroxylated oligodimethylsiloxane reacts with the
organic diisocyanate, while in the second stage a "chain
lengthening agent"—an organic diol or diamine—is introduced
into the reaction mixture.lt3>1*'*

Prepolymers with terminal NCO groups, based on di- and
poly-isocyanates and organic diols, can also be used as the
organic component.1*3'1*5'1'6

It has been shown that the reactivity of oligosiloxane-
glycols in urethane formation reactions is higher than that
of aliphatic glycols, "*7 which made it possible to synthesise
successfully polyurethane-siloxane block copolymers contain-
ing alkylene bridges between the organic and organosilicon
blocks. "*8 Diamines, "*9 organic oligodiols and oligodithiols, 5 0

as well as l,3-bis(4-hydroxybutyl)tetramethyldisiloxane51

have been used as the "chain lengthening agents".
Polyester-siloxane-urethanes with polyester and polydi-

methylsiloxane blocks alternating statistically in the chain
have been obtained; 5 2 the synthesis was carried out in one
stage by introducing the intermonomer [di(4-isocyanato-
phenyl)methane or 2,2'-di-(p-isocyanatophenyl)hexafluoro-
propane] into a mixture of oligodiols [poly(ethylene glycol)
or poly(ethylene glycol adipate) and αω-bisi 8-hydroxy-
ethoxymethyl)oligosiloxane] at elevated temperatures in solu-
tion in chlorobenzene in the presence of tin dibutyl-laurate as
the catalyst.

Polyblock polyamide-polysiloxanes have been obtained by
the reaction of dihydroxyoligodimethylsiloxane with an excess
of terephthalic acid chloride and subsequent condensation of
the resulting polyester with hexamethylenediamine; 5 3 how-
ever, it was not possible to achieve a high molecular weight
of the polymer, whose intrinsic viscosity did not exceed
0.3 dl g"1.

A method for the modification of polycaprolactam in the
synthesis of polyamide by polyorganosiloxane compounds
having the structure

( ' \

H O — - S i O - I — H , R = C H S , C,H5

V Η Λ
has been described. 5I* The reaction yielded block copolymer:
containing siloxane linkages in the carbamide groups; an
increase of the content of the organosilicon component in the
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reaction mixture above 2 wt.% inhibits the polarisation of
caprolactam and impairs the physicomechanical characteristics
of the block copolymer.

Treatment of a mixture of aoo-bis(3-propoxy)oligodimethyl-
siloxane, di(hydroxyphenyl)propane, and terephthalic acid
chloride in solution with phosgene afforded high yields of
block copolymers with a high molecular weight.3 2 The
attempts to use oligosiloxanes with terminal hydroxypropyl
and hydroxybutyl groups to synthesise polycarbonate-poly-
siloxanes by direct treatment with phosgene of a mixture of
the oligosiloxane and di(hydroxyphenyl)propane under the
conditions of interfacial condensation led to the formation
of block copolymers with a statistical alternation of blocks
and the degree of conversion of the oligodimethylsiloxane
was low. Investigations2 0 '5 5 led to the discovery of the need
for the preliminary treatment of the organosilicon oligomer
with phosgene in order to obtain block copolymers having a
high molecular weight and a high content of the organosilicon
blocks. It is therefore useful to use the bischloroformates
of oligomeric organosilicon diols in order to obtain poly-
organopolysiloxanes by heterophase polycondensation.

Polycondensation with Participation of aoj-Bis(chloroformato-
organo)oligosiloxanes

The heterophase method of synthesis of block copolymers
based on au-bis(chloroformatoethoxymethyl)oligodimethyl-
siloxanes makes it possible to obtain high yields of regularly
alternating polycarbonate-polysiloxanes56 and polycarbonate-
urethane-polysiloxanes with a unimodal molecular weight dis-
tribution (Fig.l) in accordance with the scheme57»58

Polycondensation with Participation of α,ω-Diamino-oligosiIox-
anes

These oligomers react readily at room temperature in solu-
tion or under the conditions of interfacial polycondensation
with aliphatic and aromatic acid dichlorides61* to produce high
yields of high-molecular-weight soluble polyamide-polysilox-

IV 16 18 20 21 2H
VR, counts

Figure 1. Chromatograms of polycarbonate-urethane-poly-
siloxanes with different compositions Ngj: NQJJ: 1) 45: 6;
2)45:10; 3 ) 4 5 : 3 ; 4 ) 4 5 : 2 ; N$i = number of siloxane
units, Ncu = number of carbonate-urethane units, and
Vj> = volume of eluent (one count = 2.5 ml) . 5 8

CH, / CH 3

I / I ,
— Γ— /—O-Ar—O-C—\ —(-X—)m~Ί —O-Ar-O-C—O-(-CH2—)a—O-CH,-Si- -OSi- — CH2-O-(-CH2—),-O-C—

II n I v "n Ι ι) ι y ι I n

O CH3[-(• ο 1 ο
Η- Γ- /-O-Ar-O-C-\ -(-X-) m -" | -O-Ar-OH

L V Ο Ji-m Jy
CH, CHj

C l — C - O — ( - C H , — ) 2 — O - C H j - S i — —OSi— — C H 2 - O - ( - C H 2 - ) , - O — C — C l
II I

Ο CH3

H O - A r - O - /— C—O-Ar—O-\ —Η
II
ο

CHa / CH
ι I / Ι ι ι

— — /—C-O-Ar-O—\ — C - O - (-CH,—), — O-CH,-Si— —OSi— -CH,—O— (-CH,—),-O— -i

O

CHa

+i Ο
V I

CH 3 > CH

|
Ar-=-C,H 4 —C—C,H,—; X = — N H - (-CHa—)„ - N H — C — or N

| ' II
CII3 Ο

X C H , - C H /
N - C -

The bischloroformatosiloxanes presented in the scheme were
used to obtain polyurethane-siloxanes in a heterophase
system59 and also copolymeric siloxane-carbonates60 and
siloxane-urethanes6 1 '6 2 with a statistical distribution of
organic and organosilicon blocks.

Polyarylate-polysiloxanes have been synthesised by inter-
facial polycondensation to form au)-bis(chloroformato-organo)-
oligosiloxanes and oligoarylate diols from phenolphthalein
and di(hydroxyphenyl)propane.6 3

Polyamide-polysiloxanes containing polyarylate fragments
have been obtained by the reaction6 5

*HO-

+ (I - x) H,N- (-CH,-)3 -Si - 1 -OSi - | - (-CH,-)S -NH, -•



Russian Chemical Reviews, 5 6 (11), 1 9 8 7 1 0 8 3

[ C H , / α ν

- N H - (-CH,-), - i l l- ί—OSi—1 —

CH,V CH,/n

Despite the fact that the condensation conditions rule out
side reactions and make it possible to obtain block copolymers
with a high molecular weight, the reaction has not as yet
found extensive application owing to the complexity and
the multistage nature of the synthesis of the initial vinyl-
containing organic oligomers and the need to employ expen-
sive catalysts.

The yield of the target product is 80—90% and the intrinsic
viscosity is 0.89 dl g"1.

The reaction of oligodimethylsiloxane having terminal NH2

groups with N-carboxyanhydrides of aminoacids of the type
of DL-phenylaniline or γ-benzyl-L-glutamine in solution in
chloroform at 200 °C leads to the formation of block copoly-
mers of polysiloxane with polypeptides.6 6

Soluble polyimide-polysiloxanes have been synthesised by
heating a prepolymer based on an excess of an aromatic
dianhydride and an aromatic diamine67 or the dianhydride of
benzophenonetetracarboxylic acid6 8 with aminoalkyl-contain-
ing oligodimethylsiloxanes.

The synthesis of polyimide-polysiloxanes whose nitrogen
atoms are linked directly to silicon atoms has been described
in a patent: 6 9

ο Ο
,, II

CH3 , CH,
' I \

-NH,ΗΝ
/dyyc\ . ,
/ I I )NH + H,N-Si-1 -OSi-
Nq/\/\c/

II II

ο ο
ο Ο

- N <

CH, / CH:

•NN-S'I-I-OS'I-
I \ I

CH3 \ CH3

+ NH,

au)-Bis(aminopropyl)oligodimethylsiloxanes interact with an
organic diisocyanate in 2-ethoxyethyl ether or THF with
formation of polysiloxane-urea: 7 0

CH3
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Polycondensation with Participation of Oligosiloxanes having
Terminal Silicon Hydride Croups

Polycondensation with Participation of Other Oligosiloxanes

There are literature data on the synthesis of polyorgano-
siloxane block copolymers using oligodimethylsiloxanes having
terminal acetoxy-groups. The process consists in the con-
densation of the terminal hydroxy-groups of polyester-ure-
thanes obtained beforehand with the terminal acetoxy-groups
of the oligosiloxane.76

The possibility of obtaining polyester-polysiloxanes by the
heterophase condensation based on au)-bis(carboxypropyl)-
oligosiloxanes in accordance with the scheme77
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has been demonstrated. The authors note the need for the
preliminary treatment of the oligosiloxane with phosgene to
convert it into an acid chloride in order to increase the
yield and the molecular weight of the copolymer.

Polystyrene-polysiloxane block copolymers containing
regularly alternating blocks have been synthesised by the
reaction of the oligostyrene anion with the oligomethylsilox-
ane cation in solution in THF: 7 8
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Copolymers with regularly alternating blocks have been
obtained from oligodimethylsiloxanes having H—Si groups by
the hydrosilylation reaction:

CH, / CH3
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The polysulphone-polysiloxane,71 polystyrene-polysiloxane
and poly-a-methylstyrene-polysiloxane, 7 2 ' 7 3 " and polyure-
thane-polysiloxane71*»75 block copolymers have been synthe-
sised by this method.

Reactions with Participation of Cyclic Organosiloxanes

Polystyrene-polysiloxanes have been obtained by the joint
anionic polymerisation of organosilicon cyclic compounds and
styrenes:
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The process includes the following stages: the polymerisa-
tion of styrene with a lithium initiator in the presence of a
solvent (THF, benzene, or toluene) until "living chains" are
formed, the introduction and polymerisation of hexamethyl-
cyclotrisiloxane on such chains, and the joining together of
the resulting blocks with bifunctional alkylsilanes. 7 9~ 8 3

There is no chain termination in this process, which makes
it possible to obtain a copolymer with a narrow molecular
weight distribution. The block copolymer contains virtually
no homopolymers nor cyclic compounds which failed to react.

Dialkyldichlorosilane, diacetoxydiphenylsilane, and
difluoromethyltrifluoropropylsilane83 can be used as cross-
linking agents.

In a modified synthetic scheme, the polysiloxane-polysty-
rene copolymer with terminal lithium atoms is treated with
hydrochloric or acetic acid81»81* to form blocks with terminal
silanol groups. On further dehydropolycondensation in the
presence of tin octanoate or caprylate, block copolymers
having the following structure are obtained:

r ?v ?-\ ι
- - S i - - O S i - - ' _ C H - C H 2 - \ - C H - -

L CH,\ CH/n \ QH6 }m C8H6Jp

The copolymers of poly-a-methylstyrene with polydimethyl-
siloxane, containing short polystyrene8 5 or a-alkylstyrene86'87

blocks, have been obtained by analogous methods.
Polycarbonate-urethane-polysiloxane block copolymers can

be obtained by the condensation in the melt of the oligocar-
bonate prepolymer with methylphenylcyclotrisiloxane in the
presence of alkali metal hydroxides at 200—220 °C with sub-
sequent interaction of the product with tolylene diisocyanate
at 70-90 °C. 8 8

Treatment of the oligocarbonate-siloxanediol synthesised
in the first stage with methylphenylcyclotrisilazane in the
melt at 180 °C yields polycarbonate-silazasiloxane block
copolymers.8 9 However, the process is complicated by the
formation of isocyanate groups in side reactions, which are
particularly vigorous for low molecular weights of the poly-
siloxane blocks. As a result of this, the block copolymers
contain urethane linkages together with the polycarbonate
and silazane blocks and have a branched or a cross-linked
structure.

All the methods of synthesis of siloxane-containing block
copolymers described above make it possible to obtain linear
soluble products of different types with a predictable struc-
ture. The choice of particular conditions of synthesis per-
mits the variation of the size of the blocks, the order in
which they alternate, the molecular weight, the molecular
weight distribution, and ultimately the properties of the
polymers c

I I I . STRUCTURAL CHARACTERISTICS AND PHYSICOCHEMI-
CAL PROPERTIES

1. The Morphology of Polyorgano-polsiloxanes

The chemical structure of the macromolecule influences the
temperature dependent transitions, the chemical stability,
the thermal stability, and the permeability of the block
copolymers. However, the specific properties of elasto-
plastics, namely the elasticity, strength, and rheology of
the solutions and melts, are determined by the morphology of
the block copolymer and are the result of its structural
heterogeneity, i .e. the incompatibility of the blocks leading
to their separation into microphases.

The fundamental morphological model of silicon-containing
block copolymers can be represented by a continuous matrix
formed by a flexible siloxane block in which rigid blocks,
associated into dispersed formations (domains) chemically
linked to the continuous matrix, are distributed in a discrete
fashion. The domains fulfil the function of the nodes of a
chemical network or filler.1

The appearance of a two-phase supermolecular structure
and the degree of separation into phases depend on the struc-
ture of the copolymer macromolecule and are determined by
the degree of incompatibility of the components forming the
blocks. A quantitative characteristic of the degree of incom-
patibility may be the difference between the solubility param-
eters of the constituent blocks of the polymer. The depen-
dence of the degree of separation on the difference between
the solubility parameters is illustrated by the quantitative
correlation90 between the solubility parameters of segments
of polyorgano-polysiloxane block copolymers and their
capacity for being worked in the melt (Table 2).

Table 2. The Theological characteristics of the block copoly-

Organic block

'oly-a-methylstyrene
'oly styrene
3oly carbonate
?olyarylate
Polysulphone

Δ·

1,3
1,6
2,2
2,6
3,3

Mouldability

Good
Good
Satisfactory
Satisfactory
Poor

*The difference between the solubility parameters of the
blocks.

Table 2 shows that the smaller the difference between the
solubility parameters of the rigid and flexible blocks of the
copolymer, the more easily can it be worked in the melt.
The explanation is that a large difference between the solu-
bility parameters promotes an appreciable phase separation
of the system even as far as the retention of a physical net-
work in the melt, which significantly impairs the capacity of
the copolymer for being worked. Microphase separation is
also promoted by the increase in the molecular weight of the
blocks and by the tendency of the rigid block to crystallise.

Despite the large number of methods at the disposal of
investigators (transmission and scanning electron microscopy,
large- and low-angle X-ray scattering, reversed gas chro-
matography), which makes it possible to determine the shape
and size of the domains, the distance between them, and the
nature of the interfaces, only certain classes of polyorgano-
polysiloxane block copolymers have been investigated in
detail owing to the difficulty of interpreting the results.

The composition and method of preparation of the specimen
influences decisively the supermolecular structure of the
block copolymer.

The studies of the supermolecular structures of polyorgano-
polysiloxanes containing rigid amorphous blocks, comprising
polycarbonate-polysiloxanes, 9 1 ~ 9 7 polyarylate-polysiloxanes,98>

l t 2 polystyrene- and poly-α-methyl styrene-polysiloxanes82»
103>10'* polyimide-polysiloxanes,105 and polyamide-polysilox-
anes 1 0 5 made it possible to put forward a morphological model
of the block copolymer (Fig. 2) in which certain rigid blocks
are associated into domains, which act as a physical network,
while the matrix consists of polysiloxane blocks, whereupon
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there is a possibility of partial interpenetration of the phases.
When their content is low, the rigid blocks form a discrete
phase, for intermediate contents both components form part
of the continuous phase, and, for a high content of the rigid
blocks, the polydimethylsiloxane aggregates into a discrete
phase.

__ polycarbonate blocks
~-~ polysiloxane blocks

Figure 2. A morphological model of an amorphous polycar-
bonate—polysiloxane block copolymer. 91

Depending on the composiiton of the block copolymer, the
conditions in the preparation of the specimen, and the chemi-
cal nature of the organic blocks, the size of the domains
formed by the latter varies over the range 30—350 A.

The domains formed by the rigid blocks are separated by
a distance of approximately 300 A and the number of blocks
in the domain may reach 800. With decrease in the molecular
weight of the organic block, the presence of the mixed phase
is manifested to a greater extent and the content of the
polydimethylsiloxane component within the rigid domains
increases. It has been noted that polycarbonate domains
can contain up to 11 wt.% of the polydimethylsiloxane blocks.95

The statistically alternating block copolymers in which both
blocks are polydisperse have a less ordered morphology than
the block copolymers with a regular alternation of fragments.
It has been suggested91* that, in the formation of domains in
such copolymers, long blocks are initially aggregated and
small blocks are aggregated on the latter, which function as
seeds. For this reason the short blocks "draw" the flexible
polydimethylsiloxane blocks into the interior of the domain in
the course of the formation of the structure.

When the content of the organic or the organosilicon blocks
in the copolymer changes, the sizes of the domains can alter.
Thus the surface area of the polycarbonate domains can be
calculated from reverse gas chromatographic data,96 '97 and it
has been shown that the area of the domains diminishes sig-
nificantly with increase in the fraction of the carbonate block.
The authors attribute this to the transition from the structure
containing many small dispersed spherulites with a large sur-
face area to a structure with close-packed folded domains.

A change in the method of preparation of the specimen for
the same composition of the block copolymer results in a
significant alteration of its structure. The supermolecular
structure of film specimens then depends on the type of
solvent and reflects the nature of the molecular associated

species in solution. It has been shown103'106'107 that, even
in solutions of polyorganopolysiloxanes in selective and some-
times also in general solvents, the appearance of supermolec-
ular formations and of a network between the domains has
been observed, the microphase separation becoming more
pronounced with increase of solvent selectivity. The most
sensitive structural parameters under these conditions are
the dimensions of the particles and the distance between them.
For example, for polyarylate-polysiloxanes, increased selec-
tivity of the solvent with respect to polydimethylsiloxane
(enrichment of the solution in hexane) leads to a decrease in
both the size of the domains themselves and in the distance
between them. An analogous decrease of the distance
between the domains occurs also for other methods of increas-
ing the solvent selectivity and of altering the previous history
of the specimen.

When the film is obtained from a solution in chloroform in an
atmosphere of saturated xylene vapour with a gradual change
in solvent composition as the xylene condenses and the chlo-
roform evaporates, the distance between the domains
decreases from 215 to 165 A.100

Films based on polystyrene-polysiloxanes, obtained from
toluene (common solvent), have a structure in which the
polystyrene blocks produce agglomerates in the form of
spaghetti-like microphases 282 + 15 A in diameter. The poly-
dimethylsiloxane blocks give rise to a continuous matrix in
which the polystyrene formations are separated by a distance
of 170 + 20 A and the interpenetration of the phases is
observed. With increase in the content of the polystyrene
blocks, the agglomerates form cylindrical domains and there
is a possibility of phase inversion.

Phase inversion has been achieved by choosing selective
solvents for the same composition of the block copolymer.
The toluene—cyclohexane (solvent for polydimethylsiloxane)
mixture "displaces" polystyrene first on evaporation of the
solvent, while films containing a discrete polydimethylsilox-
ane phase have been obtained from a toluene—bromobenzene
(solvent for polystyrene) mixture.103 Heat treatment of
both blocks in the vicinity of the glass point promotes a
better phase separation of the domain structures.1Ok

Whereas the amorphous copolymers examined above exhibit
some compatibility of the flexible and rigid blocks in both
the continuous and discrete phases, the ability of the rigid
blocks to crystallise leads to phase separation with a distinct
interface.

Morphological studies of polysilphenylene-polysiloxanes
revealed a two-phase structure, with a discrete phase com-
prising the crystallised silarylene block and an amorphous
phase, consisting of non-crystallised polysilarylene and
polydimethylsiloxane blocks, which is fully excluded from
the crystal lattice regardless of the content of this phase in
the copolymer.108,109 The morpholigical model of the copoly-
mer consists of lamellae alternating with the less ordered
amorphous phase (Fig. 3).

The degree of crystallinity depends on the amount of the
polydimethylsiloxane component and diminishes from 53 to
15% with increase of the content of polydimethylsiloxane from
10 to 70 wt.%. 110 The temperature at which the maximum
rate of growth of the crystals is observed diminishes with
decrease in the content of the polysilarylene block. n i

The morphology and cohesion between the phases in the
block copolymer is influenced significantly by the solvent,
temperature, conditions, and the time of formation of the
structure.1 1 2

Thus the degree of microphase separation of polyorgano-
polysiloxane block copolymers is determined mainly by the
composition of the copolymer, the method of preparation of
the specimen, and also by the capacity of the rigid block for
crystallisation.
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\

> crystalline silphenylene blocks
— amorphous polysiloxane blocks
-"-* amorphous silphenylene blocks

Figure 3. A morphological model of a crystalline polysil-
phenylene-polysiloxane block copolymer.1 1 0

2. The Temperature Dependent Transitions in Polyorgano-
polysiloxane Block Copolymers

The most characteristic feature of polyorgano-polysiloxanes,
which follows from their ability to form morphological struc-
tures discussed above, is manifested by the presence of two
glass points, reflecting the individual properties of each
block (Table 3). Microlayer formation and the appearance
of two glass points caused by it are observed for polyorgano-
polysiloxanes, starting with relatively low (3000—5000) molec-
ular weights of the rigid block, which has been attributed to
the large difference between the solubility parameters of the
organic and polydimethylsiloxane blocks.

Table 3. Transition temperatures of polyorgano-polysilox-
anes.

Organic block

Polysulphone
Polycarbonate
Polycarbonate-urethane
Polyarylate
Polystyrene
Poly-ot-methylstyrene

+100
+ 149

+320
+88

+ 130

Transition temperatures of the block copolymer, °C

To

- 5 5

—53-i—66
- 5 0

— 4 0 H — 4 5
—45

-110-i—120
- 1 1 0

— 105-5—110
-110-s—120

—108
—105-i—120

h2

+140-i-+lG0
+37-*-+104
+36-=-+70

+320
+83

+ 8 ( M - + 1 3 0

Refs.

[11 113]
[114]
[58]
[24.100]
[81]
[25]

The majority of investigators claim (Table 3) that the tem-
perature dependent transition, which is attributed to glass
formation by the polydimethylsiloxane block ( T g l ) occurs at
lower temperatures (-105 to -120 °C) and is almost indepen-
dent of the molecular weights of the polydimethylsiloxane and
organic blocks for all the block copolymers considered
(Fig.4). Its temperature is close to the glass point of poly-
dimethylsiloxane rubber (-120 °C).

The independence of T^x of the molecular weight of
polydimethylsiloxane for comparatively short lengths of the
blocks (2000-3000) is probably associated with the appre-
ciable flexibility of the polydimethylsiloxane chain and hence
with the small length of the kinetic segments responsible for
the glass forming processes.

tan δ
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0,ti

0.1

U.Z

-

-

-

-

η

L·Ί Λ

ι Ι Ι ι Ι Ι ι

-WI -inn -co -ζο a r'c

Figure 4. Temperature variation of the tangent of the
mechanical loss angle (tan δ) for polyarylate-polysiloxane
specimens having different compositions NgiiN^r:
1) 420: 20; 2) 200: 20; Ngj = number of siloxane units and
^Ar = number of arylate u n i t s . l h

However, a sharp increase 8 9 ' 1 1 5 or decrease1 1 6 of Τ ~x in
polyorganopolysiloxanes compared with homopolyorganosilox-
ane has been noted in certain investigations. The authors
were unable to give an unambiguous explanation, suggesting
that such anomaly may be associated both with the change in
the character of the packing of organosiloxane blocks and
with the high degree of interpenetration of the phases
during their segregation.

An increase of T g 2 (the temperature dependent transition
associated with glass formation in the rigid block) increases
both with increase in the molecular weight of this block and
with increase in the length of the polydimethylsiloxane block
for constant lengths of the rigid block, which has been
explained25 by the increasing degree of phase separation.
However, in polyarylate-polysiloxane" and polystyrene-poly-
siloxane,8 2 T g 2 hardly differs from the glass point T g of the
homopolymer over the entire range of compositions of the
block copolymers investigated. The results obtained
indicate, according to the authors, a more complete phase
separation in these copolymers.

X-Ray diffraction studies have shown that the domains
formed by silphenylene units have a high degree of crystal-
Unity and the changes associated with glass formation by the
rigid block are therefore very slight in these copolymers.1 1 7

Studies of polyarylene-polysiloxanes by differential scan-
ning calorimetry also showed that there is a melting point of
the silarylene blocks. With increase in the number of silaryl-
ene-siloxane units, the melting point increases and the
decreased content of siloxane units also causes an increase
in the melting point of the silarylene-siloxane domains.1 1 5»1 1 8

The decreased melting points of the silarylene siloxane and
polydimethylsiloxane blocks compared with the melting points
of the corresponding homopolymers can probably be accounted
for by the fact that, although the structures of the crystal
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lattices of the domains of the homopolymers and the block
copolymers are identical (their X-ray diffraction parameters
are the same), the lattices of the domains in the block copoly-
mers are more defective, 1 1 7 ' 1 1 9 since the development of
crystallisation processes is limited by the incomplete segrega-
tion of the individual sections of the macromolecules to form
domains.

It is of interest to note that amorphous polyorgano-poly-
siloxanes, for example, polycarbonate-polysiloxanes, 12° can
be crystallised by being kept in the vapours of chlorinated
hydrocarbons. The degree of crystallinity determined by
the crystallisation of the polycarbonate component of the
block copolymer diminishes with increase in the content of
the siloxane component in the copolymer. The maximum
attainable degree of crystallinity (up to 45%) for block copoly-
mers with any silicon content is higher the greater the length
of the siloxane fragment.

The crystallisation of systems containing high-molecular-
weight polydimethylsiloxane blocks has been noted at a tem-
perature Tc. The degree of crystallinity depends little on
the length of the rigid block and is close to the degree of
crystallinity of the pure polydimethylsiloxane rubber. 1 2 1

The temperature dependent transitions are an important
characteristic of block copolymers, since they in fact deter-
mine the temperature ranges within which these materials
can be worked and used.

3. Deformation-strength Properties

The mechanical characteristics of elastoplastics are deter-
mined by the properties of the continuous phase and by the
frequency of the physical cross links and they therefore
depend on the same factors as the supermolecular structure:
the composition of the copolymer and the method of prepara-
tion of the specimen.

Table 4. The deformation-strength properties of polyorgano-
polysiloxane block copolymers.

Organic block

Polysulphone
Poly(phenylene oxide)
Polycarbonate
Polycarbonate-urethane
Polyarylate
Polysilarylene
Poly-a-methylstyrene

c, wt.%

55
49
51
56
60
50
52

σ, MPa

17
18
21
—0

15
13
13

8, %

350
450
150
500
180
750
370

E, MPa

140

—
ΙΟ3—104

500

Refs.

[11]
117]
1114]
158]
|90 |
[111.118]
1*5]

Notation: c is the content of the polydimethylsiloxane blocks,
σ the breaking tensile stress, ε the relative elongation on
rupture, and Ε the modulus of elasticity.

The main characteristic of the mechanical properties of the
copolymers is the relation between the breaking tensile
stress and the relative elongation on rupture. This rela-
tion determines the modulus of elasticity of the system, its
strength, and its deformability.

With increased content of the polydimethylsiloxane compo-
nent , the properties of all the polyorgano-polysiloxane block
copolymers vary from those of rigid materials, which are
difficult to deform, to flexible elastomeric compositions, which
is well illustrated by Fig. 5 for polycarbonate-urethane-poly-
siloxanes. 5 8

The different conditions in the preparation of the specimens
and in the tests preclude quantitative estimation of the influ-
ence of the chemical structure of the rigid block on the
deformation-strength properties of the copolymer. However
one may note that the presence in the block copolymer of
fragments with an increased tendency towards crystallisation
fpoly(phenylene oxide), polysilarylene] or capable of forming
interchain hydrogen bonds (polycarbonate-urethane)
increases its deformability (Table 4).

It is essential to note that the molecular weight of the block
copolymer has an appreciable influence on its deformation-
strength properties (Fig. 5).

500 woo
Figure 5. The influence of the composition and molecular
weight of polycarbonate-urethane-polysiloxanes on the break-
ing tensile stress σ and the relative elongation on rupture ε;
content of polydimethylsiloxane_blocks (wt.%); 1) 56;
2) 62; 3) and 4) 67; 5) 77; Mw: 3) 5 x 10"; 4) 11 χ 1 θ \ 5 8

The deformation-strength properties of films based on a
block copolymer of one composition can be varied within wide
limits by altering the method of their preparation. On pass-
ing from a common to a selective solvent, the properties of
the film approach those of the component with respect to
which the solvent is selective, which is associated with the
different character of structure formation in the solution
from which the film is obtained. 1 1 5 · 1 2 2 · 1 2 3

It has been shown in relation to polyarylate-polysiloxane122

that the change in strength is manifested to a greater extent
in systems enriched in the rigid block (the polyarylate) and
the change in deformability is manifested more in systems
enriched in polydimethylsiloxane. The influence of the
solvent and of the method of formation of the film is partic-
ularly marked in systems with similar weight fractions of the
components.

The expansion of the region of high elasticity occurs, as
can be seen from Table 5, when the film is obtained via a gel
stage, compared with the film obtained from the same solvent
via the solution stage or after swelling the film in a medium
in which it forms a gel and is then dried. 10°

A distinctive feature of almost all polyorgano-polysiloxane
block copolymers is their ability to be worked in the melt at
temperatures above the glass point of the rigid blocks. In
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thermal moulding, the material is usually oriented, which
leads to an appreciable increase of strength.1 2 1*

Table 5. Dependence of the deformation-strength properties
of a polyarylate-polysiloxane on the nature of the solvent and
the method of preparation of the film. 10°

Solvent

Chloroform
Tetrachloroethane
Xylene
Chloroform-hexane (60-40)
Chloroform-toluene (70-30)
Chloroform-hexane (60-40*)
Xylene (from the gel)

Solvent selectivity

common
polyarylate
polydimethylsiloxane

Ϊ

o.MPa

13.0
19.0

3.0
9.5
9.0

10.5
9.5

ε. %

160
95

220
280
420
375
270

£\MPa

66.0
100.0

7.5
10.0
29,0

—

*Film obtained from solution in chloroform, swollen in a chlo-
roform—hexane mixture, and dried.

t . Thermal and Thermo-oxidative Stability

The thermal and thermo-oxidative degradation of poly-
organo-polysiloxanes has been investigated to determine the
temperature and conditions for their processing and to esti-
mate the possibility of using these materials at elevated tem-
peratures. ",ζ?,63,125-127 I n t h e first p i a c e ( it j s essential
to note that the high energy and ionic character of the silox-
ane bond are responsible for the appreciable thermal stability
of polysiloxane. The Si-O-C bond is more vulnerable in this
respect . 1 2 8 Since the rigid blocks of the copolymers inves-
tigated also exhibit a high thermal stability, it follows that,
as was to be expected, the block copolymers are stable up
to high temperatures (Table 6).

Table 6. Thermal stability of polyorgano-polysiloxanes.

Organic block

Polysulphone
Polycarbonate
Polycarbonate-urethane
Polyarylene
Polysilarylene
Polyimide

Temperature of 10%
weight loss

in air

475
400

350—400
420
—
—

,°c
in nitrogen
atmosphere

510
450
—
480
427
500

Refs.

[11]
[127]

[581

[«I
[129]

[66]

As a rule, the weight content of the blocks in the copolymer
changes and no appreciable alteration of the thermal stability
is observed. 1 2 7 > 1 2 9 The reason for this is probably that the
stability of the macromolecule is determined by its weakest
bonds, which are located at the sites of contact between the
blocks (the Si—C or Si—O—C bonds). Polyarylene-poly-
siloxanes, whose thermal degradation takes place preferenti-
ally with rupture of the Si—O—Si linkage whereupon the
thermal stability of the copolymer diminishes with increasing
content of the polysiloxane block,1 3 C and polysulphone-poly-
iimethylsiloxane copolymers where the polydimethylsiloxane

blocks are the first to undergo thermal degradation with
formation of linear and cyclic oligodimethylsiloxanes,131 are
exceptions.

The change in the chemical structure of the rigid block
(within the framework of a single class) is reflected in the
thermal stability of the block copolymer. 80,129,132,133 T h e

poly-a-methylstyrene-polysiloxane block copolymers, for
example, exhibit a better thermo-oxidative stability than
polystyrene-polysiloxanes having the same composition.80

Whereas heating of polystyrene-polysiloxane in air for 80 h
at 150 °C diminishes its strength by a factor of 2, this is not
observed for poly-a-methylstyrene-polysiloxane.

The study of the time variation of the weight losses at
306—385 °C by polyarylate-polysiloxanes based on phenol-
phthalein and phenolfluorene terephthalates 1 3 3 showed that
the thermal stability of the latter copolymer is higher; this
has been attributed to the absence from it of the thermally
unstable lactone group. As has been frequently noted, 1 2 9 ' 1 3 4

copolymers without Si—O—C bonds in the main chain show a
higher thermal stability.

5. Hydrolytic Stability

The resistance of polyorgano-polysiloxane block copolymers
to hydrolysis is one of the principal indices indicating the
retention of the properties of polymeric articles under the
real conditions of their use. The hydrolytic stability of
polyorgano-polysiloxanes is lower than that of homopolymeric
polysiloxane and the degradation of the polymer takes place
as a rule at the bonds between the organic and organosilicon
blocks or within the organic block.

1013Pco,,
mol m/irr s Pa

Po2,mol m/m2 s Pa

10 -

5 - - 10

2/7 10 60 80
content of (CH3)2Si0 blocks,

wt.%

Figure 6. Dependence of the coefficient of gas permeability

to CO2 ( P c o ) (curve 1) and O2 (P_ ) (curve 2) on the com-

position of polycarbonate-polysiloxane at 20 ° C . l l k

It has been shown135 that the heterogeneous hydrolytic
degradation of polyarylate-polysiloxane in argon takes place
to an appreciable extent at 160 °C, while the hydrolysis of
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polydimethylsiloxane under analogous conditions does not
begin until 220 °C. It has been noted that the hydrolysis
proceeds preferentially at the Si—O-C linkage and that the
rate of hydrolysis increases with increase in its concentra-
tion per unit volume.

The stability of polysulphone-polysiloxanes containing the
Si—O—C bond can be increased by introducing large hydro-
phobic silicon-containing segments into the main chain of the
macromolecule.136 As a result of this, steric hindrance
arises in the hydrolysis of the Si—O—C bond and the concen-
tration of such bonds in the copolymer falls. The hydrolytic
stability of polyorganopolysiloxanes can be raised also by
introducing polyester-urethane7e fragments into the siloxane
chain.

An increase in the hydrolytic stability of the block copoly-
mers can be achieved by replacing the hydrolytically vulner-
able Si-O-C bond between the blocks by the Si-C bond.58 '63 '
66,137

Estimation of the hydrolytic stabilities of various polysilox-
anes showed138 that the replacement of the methyl groups in
polydimethylsiloxane by sterically more bulky substituents
(phenyl, ethyl, and trifluoropropyl groups) increases the
hydrolytic stability of homo- and co-polysiloxanes. One
can therefore assume that the synthesis of block copolymers
from such polysiloxanes would make it possible to increase
their hydrolytic stability.

6. The Resistance of Polyorgano-polysiloxanes to UV Radia-
tion

In connection with the possibility of using organosiloxane
block copolymers as transparent materials without a filler
such as carbon black, studies have been made of the resis-
tance of these polymers to UV radiation. The block copoly-
mers of polyorganosiloxane and polystyrene showed satisfac-
tory photostability.139 However, the stability of copolymers
containing aromatic rings in the main chain proved to be
limited.11'11*0

The study of the photodegradation of polyarylate-polysilox-
ane showed that the degradation takes place mainly in the
polyarylate block and that the most unstable structures in
relation to UV radiation are the ester bond and the phthalide
ring. The siloxane block does not absorb UV radiation but
does undergo degradation with evolution of methane, which
has been attributed to the occurrence of secondary radical
reactions. l l>0 The presence of oxygen appreciably acceler-
ates the degradative processes.

7. The Permeability of Polyorgano-polysiloxanes to Gases

Polyorganosiloxanes are known141 to be distinguished by a
high permeability to gases owing to the high flexibility and
mobility of the Si-O—Si bonds and also to the weak inter-
molecular interaction between such macromolecules.

An advantage of the two-phase polyorgano-polysiloxane
block copolymers is that strong thin film membranes can be
obtained from them without chemical cross-linking or the use
of a filler. The presence of the highly permeable siloxane
block therefore entails prospects for an important application
of the block copolymers considered as gas separating mem-
branes .

The permeability of such membranes to gases is up to 80%
of the permeability of siloxane rubber and increases with
increasing content of the polydimethylsiloxane blocks in
polyarylate-polysiloxanes,63>11*2 polycarbonate-polysiloxanes,m

polycarbonate-urethane-polysiloxanes,58 and polysulphone-
polysiloxanes.llt3

The study of the influence of the composition of polycar-
bonate-polysiloxane on the gas-permeability to CO2 and O2,
carried out by the gas-chromatographic method on film
specimens,111* revealed the S-shaped character of the depen-
dence of the gas-permeability coefficient on the content of
the polydimethylsiloxane blocks (Fig. 6). The sharp increase
in this coefficient in the region where the content of the
polydimethylsiloxane blocks is up to 50-60 wt.% suggests that
phase inversion takes place for this composition of the
copolymer.111*

The selectivity of the gas separation (CO2/O2) remains
approximately 6 regardless of the composition of the copoly-
mer. This has been attributed111* to the fact that the proper-
ties of the siloxane phase depend little on the composition of
the copolymer. It has also been noted that a characteristic
feature of the membranes in the region of compositions inves-
tigated is the virtual absence of a temperature dependence
of the permeability to CO2 in the range 20—90 °C as a func-
tion of the ratio of the block lengths. This has been
explained by the mutual compensation of the activation ener-
gies for the diffusion of CO2 and the heat of solution of CO2
in the block copolymer.

Since the permeability to gases is determined by the content
of the siloxane component regardless of the nature of the
rigid blocks constituting the relatively impermeable phase,
comparison of the block copolymers having different organic
blocks11*1* showed that they are to a large extent analogous in
their gas separating properties. For this reason, in select-
ing polymeric materials for gas separating membranes, the
criterion to be used as a guide should probably be their
physicochemical characteristics, their resistance to degrada-
tion, and the technological feasibility of their preparation.

Analysis of the literature data permits comparative estima-
tion of the properties of polyorgano-polysiloxane block
copolymers containing different rigid elements (Table 7).

Table 7. Comparative characteristics of the properties of
polyorgano-polysiloxane block copolymers*.

Rigid block

Polysulphone
Poly(phenylene oxide)
Polycarbonate
Polyarylate
Polysilarylene
Polystyrene
Poly-a-methylstyrene
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Notation: "*"—presence of given property; "-"—absence oi
given property (or information about it); "+"—advantage in
terms of the given property.

The Table shows that such block copolymers have a set of
useful properties. The choice of the material for each speci-
fic application is determined by the property which should
predominate.

It is noteworthy that, since modern economic trends are
characterised by a tendency towards further growth of
prices of petrochemical raw materials and energy, the manu-
facture of organosilicon products and materials based on them
will be one of the most promising branches of chemical
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industry due to the relatively low consumption of raw mater-
ials and energy per unit output.1<lS

IV. APPLICATIONS

Polyorgano-polysiloxane block copolymers can be used for
the modification of homopolymers whose structure is analogous
to that of the rigid fragment. Small amounts of added block
copolymer (approximately 5%) impart new and unexpected
properties to the homopolymer. The possibility of such
modification follows from the two-phase morphology and the
specific properties of the polyorganosiloxane block.

Thus the introduction of 5 wt. % of polysulphone-polysilox-
ane into the polysulphone homopolymer increases its impact
strength by a factor of 20; this is also accompanied by an
increase in the resistance to cracking.9'126 Such behaviour
can be explained by the solubility of the polysulphone frag-
ment of the block copolymer in the chemically identical homo-
polymer matrix and by the segregation of the polysiloxane
blocks into a discrete phase. This leads to the effective
dispersion of the copolymer in the matrix and a high degree
of interfacial adhesion.

A characteristic feature is that the modification is observed
only after the introduction of a copolymer exhibiting a two-
phase morphology.llf The increased deformation following
the rupture of polycarbonate-(polycarbonate-siloxane-
urethane) blends compared with the deformations of the two
components of the blend can be accounted for by analogous
causes.1"6

Another possible type of modification involves the decrease
in the wettability and of the coefficient of friction of the sur-
face of the homopolymer by introducing into the latter a
certain amount of the block copolymer.63>llf7

It has been shown by X-ray photoelectron microscopy 11|8>1119

and electronic spectroscopy for chemical analysis150 that the
surface of the block copolymer and of the homopolymer—block
copolymer blend is always enriched in the component with the
lower surface energy, i.e. in the polysiloxane,151 which
ensures the modifying effect.

The principal applications of polyorgano-polysiloxane block
copolymers are determined by the ability of these copolymers
to effect highly productive selective separation of gases. 1 5 2

Films based on polyarylate-polysiloxane are used as mem-
branes for the enrichment of natural gas in helium153 and for
the isolation of helium from petroleum gas,151* for the sepa-
ration of the "carbon dioxide—hydrogen" or "oxygen—nitro-
gen" gas mixtures, 6 2 ' 1 3 7 > 1 1 > ΐ 1 ' 1 5 5 and for the isolation of sulphur
dioxide from mixtures.156 Polycarbonate-polysiloxane is
used for the isolation of oxygen from "nitrogen-oxygen" mix-
tures.1 5 7 '1 5 8 Gas- and water-permeable coatings are obtained
from polystyrene-polysiloxane.159

Ultrathin membranes,160'161 thermostable films,162 and
films with thermal shrinking for the packing of food prod-
ucts1 5 can be obtained by processing polysiloxane block
copolymers. These materials are suitable for coatings with
improved dielectric properties66'163»161* and for non-shrinkable
coatings with improved strength characteristics.165 These
coatings adhere to metallic surfaces,166 exhibit a satisfactory
resistance to the action of light and weather,139 and, by
virtue of their hydrophobic nature, prevent the icing of
glass. 1 6 7

The block copolymers of the given type are believed to be
effective stabilisers of polymers168 and are used as part of
compositions with high impact strength,1 6 9"1 7 2 thermal
stability,173 and effective adhesion properties17I> and as part
of soil compositions.17S

Polyorgano-polysiloxane block copolymers exhibit a satis-
factory fire resistance,1 7 6"1 7 9 which increases with increas-
ing content of the siloxane blocks. This has been explained
by the formation during combustion of varieties of coke-con-
taining silicon, which increases the resistance of the material
to oxidation.180 Depending on the chemical structure of the
organic fragment, the first resistance increases in the
sequence polycarbonate based on di(hydroxyphenyl) pro-
pane = polycarbonate based on di(hydroxyphenyl)fluorene >
polystyrene-poly(2,6-diphenyl-l,4-phenylene oxide).1 β 1

These materials have found applications in electrical
engineering182 as electrically insulating materials and in
electronics183>1Bk as coatings for transistors, resistors, and
integrated circuits. They retain their useful properties at
both elevated185 and reduced186 temperatures.

Laminated materials, in which the inner adhesive layer is
a polycarbonate-polysiloxane,29'187·188 as well as technical
filaments made of polymethylstyrene-polysiloxanes189 have
been described.

A promising field in which polysiloxane block copolymers
may be used currently is medicine.190'191 Among all the
synthetic polymers used in medicine in the USSR, organo-
silicon compounds are the commonest.192 All the siloxane
elastomers are used as vulcanised materials, reinforced by a
filler, which are readily sterilised. However, their main
disadvantage, which significantly restricts their applications,
is their low mechanical strength and low anticlotting activity.

It is striking that the anticlotting properties of filled sili-
cone rubber are determined not by the chemical nature of the
rubber but by the presence on its surface of a filler—silicon
dioxide, whose silanol groups are capable of forming hydro-
gen bonds with plasma proteins and inducing the coagulation
of blood. 76>193 The use of polyorgano-polysiloxane block
copolymers for medical purposes permits the elimination of
these disadvantages. It was shown above that their strength
can vary within wide limits and can surpass the strength of
siloxane rubber by a factor of 2—3.

The copolymer containing 90 wt. % of polyester-urethane and
10 wt. % of polydimethylsiloxane is used nowadays as a blood-
compatible material, having the necessary set of formation-
strength characteristics. 76,150»191· Auxiliary devices for the
maintenance of cardiac activity, intra-aortal balloons, and
various types of pumps for ensuring the circulation of blood
and made from this material.

Polyorgano-polysiloxane block copolymers are used as
biomaterials, 73»77 medical hermetic sealing compounds,195 and
optical contact lenses correcting astigmatism.196

The possibility of obtaining selective gas-permeable films
from copolymeric materials permitted their use as the mem-
brane element in different types of "artificial lung" appara-
tus. 1 9 0

The polyorgano-polysiloxane block copolymers examined in
this review represent a new class of materials with a set of
useful practical properties determined by their microhetero-
geneity. Detailed investigation of the factors permitting a
fine regulation of the supermolecular structure of these
copolymers will assist in the creation of materials with proper-
ties specified beforehand.

oOo—

During the preparation of this review for printing, new
communications concerning research into polyorgano-poly-
siloxanes were published.

The synthesis of linear soluble block copolymers based on
αω-diepoxyoligosiloxanes and the diglycidyl ether of di(hy-
droxyphenyl)propane at 60 °C in dioxan in the presence of
stoichiometric amounts of piperazine has been examined.197
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The interaction of diepoxy-derivatives of oligosiloxane with
ato-di(hydroxyphenyl)oligosulphones in concentrated solution
at elevated temperatures resulted in the formation of poly-
sulphone-polysiloxanes,198 but the molecular weights of the
block copolymers synthesised proved to be low.

A number of publications deal with questions of the syn-
thesis and modification of polyamide-polysiloxanes,199»201

polyurea-polysiloxanes, 2 0 2 > 2 0 3 and polyimide-polysiloxanes201*"
2 0 7 with participation of αω-diaminosiloxanes. High-molecu-
lar-weight polyamide-polysiloxanes have also been obtained
by the copolymerisation in the melt at 130 °C of oligodimethyl-
siloxane having terminal anhydride groups with ε-caprolac-
tam in the presence of an anionic initiator. 2 0 8

The methods of synthesis of polyester- and polyurethane-
polysiloxanes using organic functional group-substituted
au)-dihydroxy(carboxy)oligosiloxanes2 0 2 '2 0 3 '2 0 9 '2 1 0 and
aco-di(chloroformyloxymethyl)oligosiloxanes211 and the hydro-
silylation reaction2 1 2»2 1 3 in the synthesis of polysulphone-
polysiloxanes are being developed.

The detailed study of the physicochemical properties of
polyorganopolysiloxanes is being continued. The composi-
tion and structure of block copolymers, 2 1 1 t > 2 1 5 their micro-
heterogeneity characterist ics, 2 1 6 " 2 2 2 their surfaces,2 2 3 ) 2 2 I + the
molecular mobility at the interface, 2 2 5 processes involving the
transport of gases across membranes made of such block
copolymers, 2 2 6 ' 2 2 7 their biodegradation, 2 2 8 and their opera-
ting properties 2 2 9 have been analysed by different methods in
recently published studies.
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Kinetic Aspects of the Irreversible Thermal Inactivation of Enzymes

D.I.Metelitsa and A.N.Eremin

The methods for the kinetic description and the mechanisms of the thermal inactivation of proteins (enzymes) in various media
(aqueous solutions, inverted surfactant micelles, and microsomal membranes) are examined critically. The effective kinetic
constants calculated from a first order equation and by approximate methods in conformity with an associative-dissociative
mechanism are compared. The temperature dependence of the effective inactivation rate constants is analysed for enzymes and
the causes of its deviation from the Arrhenius equation are discussed. The influence of polyols and detergents on the stability
of enzymes and their modified forms is analysed and the thermodynamic activation parameters (AH*, AS*, and Δ6*) for the
thermal inactivation of different enzymes in various media are compared and discussed. Recommendations are given
concerning the quantitative description of the thermal stability of proteins (enzymes) under the real conditions of their
application.
The bibliography includes 138 references.
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I. INTRODUCTION

Major advances have now been achieved in the study of the
structure and the principles governing the structural organi-
sation of proteins, 1 but the problem of establishing the inter-
relation between the structure and stability of biomacro-
molecules remains one of the unsolved problems in modern
biophysical chemistry. 2 It is well known that the changes
in the conformation of proteins affect their spectroscopic
and many other physicochemical characteristics. 1 - 3 Some-
times these characteristics fail to "notice" small and only at
first sight insignificant conformational transformations of
proteins. Slight changes in the structure of the active
centre of the biomacromolecule fairly frequently have a sig-
nificant influence on its stability and functional activity.
The study of the loss of stability and activity by proteins is
of fundamental importance for modern enzymology, bio-
organic chemistry, and related disciplines. On the other
hand, unless the principal structural factors determining the
stability of protein molecules in media of different nature are
known, it is impossible to solve practical problems con-
cerning the stabilisation of biologically important polymers.
The necessity for the solution of this problem is dictated by
the development of modern biotechnology and engineering
enzymology, which require the carrying out of many enzymic
processes under severe conditions, i.e. at elevated tempera-
tures, under the influence of mixtures of organic solvents,
in aqueous media with extreme pH values, in the presence
of detergents of different nature, etc.

Modern biotechnology requires accurate quantitative charac-
teristics of the stability of biopolymers. Numerous data
obtained under different conditions frequently cannot be
compared let alone used in calculations for enzyme reactors,
the permitted usage times of biopreparations, etc. because
of the lack of a quantitative treatment. The quantitative
characteristics of the stability of biopolymers are especially
important under the conditions of their practical application,

i.e. in aqueous media, in the presence of organic solvents,
detergents, denaturing additives, and stabilising substances,
and in the immobilised state.

The interest in the inactivation and reactivation of proteins
and enzymes was manifested very long ago1*'5 and this multi-
aspect problem still remains in the centre of attention of
specialists in various disciplines. 3»6~23 Various aspects of
the denaturation and inactivation of biopolymers have been
examined in monographs, 3>7~11'11*'16'18 review articles, 12>13.15,17»
Ά>η and textbooks. 1>2 The structure of proteins and the
role of conformational changes in their denaturation processes
have been described in detail in several books.1-3,9-11 The
thermodynamics of the reversible and irreversible denaturation
processes have been considered in a number of communica-
tions. 3 ' 7 ' 1 2 The methods for the investigation of the dena-
turation processes involving proteins and enzymes have been
described in detail in the books by Joly3 and Kushner. u The
biological aspects of the stability of multienzyme complexes
and other biopolymers have been dealt with by Kushner and
the kinetic aspects of this problem have been considered in
the monograph of Berezin and Varfolomeev.16 The principal
ways of stabilising enzymes have been examined in a number
of communications13"15'19'22 and two reviews2 0 '2 1 have been
devoted to problems of the reactivation of biocatalysts. The
general characteristics of the changes in the thermal stability
of proteins and enzymes after the chemical modification of
their functional groups have been considered in a review i l

and the relative contributions of thermodynamic and kinetic
factors to the stabilisation of immobilised proteins have been
dealt with by Kozlov.23

In our view, the extensive but by no means complete
literature data mentioned above reflect inadequately and
sometimes do not deal with many important kinetic aspects
of the irreversible inactivation of enzymes. Regarding the
stability of enzymes as a function of their structure, which
in many respects depends on the environment, and being
guided by the fundamental and practical problems mentioned
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above, we had several specific aims in the present review:
(1) to examine the methods for the rapid and correct charac-
terisation of the rates of enzyme inaetivation processes under
the real conditions of the application of enzymes; (2) to
characterise quantitatively the thermal stability of a number
of enzymes (lysozyme, lactate, malate, and glucose-6-phos-
phate dehydrogenases, horseradish peroxidase, and catalase)
and proteins (myoglobin and cytochrome b 5 ) by means of
these procedures; (3) to compare in relation to specific
examples the thermal stabilities of enzymes in aqueous solu-
tions and inverted surfactant micelles in organic solvents
(peroxidase, glucose-6-phosphate dehydrogenase, and cyto-
chromes bs and P-450) and also in aqueous solutions and in
native biological membranes (cytochrome P-450); (4) to
analyse the characteristic features of the stabilising action on
enzymes by polyols and detergents of different nature; (5) to
consider critically the thermodynamic activation characteristics
of the irreversible inaetivation of proteins under various con-
ditions and the possibility of their relation with the structure
of the biopolymers and the environment.

I I . METHODS FOR THE KINETIC CHARACTERISATION OF
THE INACTIVATION OF PROTEINS

The concept of "inaetivation" is frequently incorrectly
replaced in the literature by the term "denaturation".
Inaetivation is always associated with the loss of functional
activity by the protein and enzyme and can be due to a series
of causes which do not induce the denaturation of the bio-
polymer. The term "inaetivation" is much broader than
"denaturation". We shall attempt to define clearly these
concepts. Kushner has analysed the different definitions
of the denaturation of biopolymers. u As a result, he justi-
fied what he believed to be the most correct definition of this
process, namely that denaturation is a conformational change
in the biological macromolecule leading to the irreversible or
reversible loss of its ability to perform a specific biological
function. Denaturation can be induced by physical and
chemical factors (heating, ultrasound, irradiation, extreme
pH values) and may accompany protein aggregation pro-
cesses , the dissociation of the subunit biomacromolecules into
monomers, the thiol—disulphide exchange, and the cleavage of
S—S bonds and can also be the result of immobilisation and
chemical modification of the functional groups of the bio-
polymer. 3 , n , 2 0 - 2 3 it is assumed that the denaturation process
is not accompanied by the dissociation of covalent bonds in
the polymer chains of the biomacromolecule.1-3»11.13.11» The
denaturation of the protein always leads to its inaetivation.
However, inaetivation may be caused by factors which do not
entail conform ational consequences, i .e. denaturing: for
example, the interaction of macromolecules with one another
or the modification of functionally important groups which
does not alter the conformation of the biopolymer as a whole.20»21

Thus any change leading to the irreversible or reversible
loss of a specific biological function may be regarded as the
inaetivation of the biomacromolecule.

The reversible "native protein (nat) t- inactivated protein
(in)" process can be characterised by the equilibrium con-
stant Κ = [in]/[nat], where [in] and [nat] are the equilibrium
concentrations of the inactivated and native forms respec-
tively. In this case, if the protein is present in a highly
dilute solution, the equilibrium constant Κ can be related to
the characteristics of the equilibrium inaetivation (the
enthalpy AH and entropy AS) by the expression:

—In K=AG/RT=-bH/RT—bSlR

The enthalpy Δ Η can be determined from the van't Hoff

equation subject to the condition that AH and AS are inde-
pendent of temperature:

— [dIn/C/d(l/r)]=A///J?

The values of Δ Η and AS have now been measured by
various methods for the reversible inaetivation processes
involving a multiplicity of proteins. In order to determine
these thermodynamic characteristics, measurements are made
of the equilibrium constant between the native and denatured
forms or the heat of denaturation is found by scanning micro-
calorimetry. u Tables giving compilations of these data may
be found in monographs and reviews. 1~3>7>10~12

An experimental criterion in testing for irreversibility is
especially important in the study of irreversible protein
(enzyme) inaetivation processes. Those proteins whose
functional activity has changed in such a way that after the
removal of the given influence the initial level of functional
activity is not restored for a long time should be regarded
as irreversibly inactivated.2 0 A certain indefiniteness in
this concept is associated with the arbitrary choice of the
time after which the initial functional activity of the protein
is not restored.

inact.

inact. nat.

reaction coordinate

Figure 1. The energy diagram for the possible pathways
in the irreversible protein inaetivation process: a) thermo-
dynamic; b) kinetic. 2 0 ' 2 1

The nature of irreversible inaetivation can be both thermo-
dynamic and kinetic (Fig . l ) . 20>21 In the former case the
free energy of the stabilisation of the protein AG^n = G j n - G n a t

is greater than zero and the free energy of its destabilisation
AG = -AGjn < 0. The protein cannot be reactivated, since
the free energy of the native form is characterised by a local
minimum, while the free energy of the inactivated form is
characterised by a global minimum (Fig. la) . In the case of
the kinetic irreversibility, the protein passes from the
native state with a global free energy minimum to the inacti-
vated state with a local minimum in the Gibbs free energy: in
this case the free energy of the stabilisation of the protein
AG in < 0 and the energy of its destabilisation AG = -AGjn > 0.
The two states are separated by a high activation barrier,
which prevents the rapid reactivation of the protein (Fig.lb)
The practical separation of thermodynamic and kinetic irre-
versibility in the inaetivation of proteins is a complex prob-
lem , the ways for the solution of which are only being out-
lined.2 3 The aim of the present review is not the analysis of
the contributions to the thermodynamic parameters AG, AH,
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and AS by forces of different nature and the examination of
data on the reversible inactivation of proteins, since this
has already been done in a monograph3 and other reviews.12»17»22

In irreversible inactivation, the kinetic stability of proteins
has come to be characterised by the rate constant fqn, which
is usually determined from the variation of the properties of
proteins by fluorescence and electronic and circular dichroism
(CD) spectroscopic methods or from the change in activity.
In the general case, the retention of the activity of the
biocatalyst does not always correspond to the retention of
the integrity of the entire protein globule. a If one of the
postulates of the theory of absolute reaction rates, stating
that the rate of attainment of equilibrium between the reac-
tants and the activated complex is much greater than the
rate of the chemical reaction itself, is valid, then this theory
can be applied to protein inactivation processes. 3>6 Accord-
ing to Eyring, s we have the following expression for molec-
ular reactions:

-AC//?r) = («7/i)e*s'/«e-A"</*r » (1)

where ic is the Boltzman constant, h the Planck constant,
and AG*, AH*, and AS* are the increments in the free
energy, enthalpy, and entropy on formation of the activated
complex. The change in the activation enthalpy is linked
to the activation energy by the relation AH* = Eact-RT.

However, in the early studies, whose complete survey
may be found in a monograph,3 it was already shown that
the irreversible inactivation process can be described by a
kinetic first-order equation for by no means all enzymes and
not under all conditions. The enzyme inactivation kinetics
frequently do not obey the first order law from the beginning
of the process or are not described by this law when the
inactivation of proteins is continued until the attainment of
high degrees of inactivation. The first order equation is
usually inapplicable to the description of the inactivation of
subunit enzymes in buffer solutions. 21*~33 It has been
shown Ά~32 that, in the inactivation of alkaline phosphatase,3 1

kidney acylase,29 and glucose oxidase,26»27 these subunit
enzymes dissociate into the monomers, which are then irrever-
sibly inactivated. The dissociation of the enzyme into sub-
units is observed also in the inactivation of glyceraldehyde-
3-phosphate dehydrogenase,31* catalase,35»36 and many other
proteins with a quaternary structure.2 0»2 1 '3 7~3 9 The appear-
ance of subunits in the inactivation of enzymes has been
confirmed by gel-electrophoretic26'27*29'31* and sedimentation36

methods. Numerous experimental data have shown that the
inactivation of subunit enzymes can be described in the
simplest case by the scheme:21*"33

I ( 2 )

where Ε is the native enzyme, A its reversibly denatured form
which partly retains its catalytic activity or a subunit of the
oligomeric enzyme, and I the irreversibly inactivated form of
the protein lacking enzyme activity. For many enzymes, the
inactivation scheme may be much more complex, since the
process includes not one but several reversible stages, which
greatly hinders its kinetic description. For example, in the
presence of Mg2 + or Zn 2 + ions, alkaline phosphatase forms
tetramers, which are inactivated via a three-stage dissociative
mechanism:31

41 ( 3 )

In scheme (3), the tetramers E* and the dimers E2 are cata-
lytically active, while the monomers Ε are inactive and the
form I is irreversibly denatured. It has been stated that
only the alkaline phosphatase dimers Ε2 are catalytically active
in the enzymic process.1*0 The dissociative mechanism of the

inactivation of many subunit proteins is not unexpected,
since it reflects their complex structural organisation and
the important role which structural levels of different orders
play in the functioning of oligomeric protein.

At first sight, it is surprising that comparatively simple
monomeric proteins, for example, lysozyme, exhibit a complex
inactivation pattern both in solution and in the crystalline
state: at pH 3—7 the thermal inactivation of lysozyme is a
two-stage reversible process,1*1 which corresponds to scheme
(2). The stepwise character of the thermal denaturation of
lysozyme has been confirmed by the change in the optical
density of its solutions in the temperature range 20—90 °C.
At 60—70 °C con form ational changes take place in lysozyme
in solution, accompanied by a decrease of the content of
α-helices from 30 to ~10%. Conform ational transitions in
lysozyme in solution between 20° and 30 °C have been
observed also by 13C NMR.1*3 The inactivation of lysozyme
by ultrasound in the temperature range 20—80 °C showed that
the enzyme undergoes several conform ational transitions,
including one which occurs at ~30 °C.1*'* The study of the
thermal denaturation of lysozyme in weakly alkaline solutions
by fluorescence1*5 and circular dichroism1*6 methods confirmed
the validity of scheme (2) for this enzyme. In the first
irreversible stage of the inactivation of lysozyme, the α-helix
structure of the protein changes little, but in the second,
irreversible stage its complete breakdown is observed over
section 5-15 of the polypeptide chain together with the ionisa-
tion of the Glu-35 residue, which greatly destabilises the
adjoining α-helices. We obtained data indicating the
maximum rate of inactivation of the protein in solution at
pH 6.5, which confirmed the important role of Glu-35 in the
irreversible inactivation of the enzyme, w since pKQ = 6.5
which is characteristic of only the Glu-35 residue localised
in the lysozyme molecule in the vicinity of the active
centre. **8'1*9

We have examined two causes of the deviation of the inacti-
vation of enzymes from the kinetic first-order law—the sub-
unit nature of many proteins and the complex multistage
character of the inactivation of monomeric proteins. In a
study of the inactivation of enzymes in biological membranes,
the process kinetics are complicated still more by the
involvement in the process of isoenzymes of the same enzyme
or of different conformers of the same form of the protein.
This is the situation in the inactivation of cytochrome P-450
in microsomal membranes. 50 The heterogeneity of cyto-
chrome P-450 in liver microsomes leads to a break on the
kinetic curves in the semilogarithmic form, reflecting the
inactivation of different forms or different conformers of
cytochrome P-450 (Fig. 2). In this case the time variation of
the concentration of the catalytically active cytochrome is
represented by the sum of two exponential functions. The
rate constant iq n , determined graphically for the first pro-
cess stage from the semilogarithmic form of the kinetic curve,
approaches its true value provided that the rate of inactiva-
tion in the second stage is much lower than in the first.

Yet another cause of complication of the kinetics of the
inactivation of monomeric proteins is their association (aggre-
gation) in buffer solutions. 3,2 0,2 1,5 1 As a rule, inactivation
with formation of aggregates is described by the two-stage
kinetic scheme51 Ε J D -»• I, in which Ε is the native form,
Ε the denatured form, and I the inactivated form (aggregate).
Evidently, this scheme does not differ formally from scheme
(2).

Examination of extensive experimental data on the inactiva-
tion of monomeric and oligomeric (subunit) proteins led
Arens et al. 3 3 to the conclusion that the inactivation of all
proteins can be described by a general formal scheme which is
identical with scheme (2). The first reversible stage reflects
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the dissociation of subunit proteins and the conformational
changes (denaturation) in monomeric proteins. The presence
of the first reversible stage leads in both cases to the appear-
ance of breaks in the kinetic curves for the inactivation of
enzymes recorded in the low-temperature region, i .e. these
curves are not described by a first-order equation over the
entire time interval.21*"32 The positions of the breaks depend
on the initial protein concentration in solution. 21*~31

Figure 2. The semilogarithmic form of the kinetic curve for
the inactivation of cytochrome P-450 in rabbit liver microsomes
at 52 °C in tris-HCl buffer at pH 7.54. s o

The complete kinetic characterisation of the protein inacti-
vation process [scheme (2)] presupposes the determination
of the rate constants for the forward (kx and k2) and reverse
(k-i) reactions, the equilibrium constant between the native
enzyme Ε and its denatured form A (K = k1/k-1), and also
the expressions, in an integral form, for the concentrations
of Ε and A at a specific instant. Analysis of scheme (2)
subject to the initial conditions t = 0, [E]o = a, and [A]o =
[ I ] o = 0 yields the following expressions for the current
concentrations of Ε and A: ffi

Ε = a ( '*-*i~'** e -w + jLtLZh-e+v)
Ιλ,(λ2-λ3) λ3(λ,-λ3) Ι

[A] = α/λ2 — λ3 .(e-*·^ — e*'**'). where λ3 = Va (α + β);

λ3 = V2 (a — β); a = 1 + kjkx + k2ikx; β = [a2 — ik^f'

Evidently the current concentrations of the Ε and A forms
of the protein are described by extremely complex equations.
We may note that in practice it is frequently impossible to
measure the concentrations of the protein forms A and I and
one usually follows only the consumption of the initial enzyme
E.

The system of equations describing scheme (2) and other
similar schemes is non-linear and has no analytical solu-
tion. 3 0 ' 3 2 In a series of studies21*"32 dealing in detail with
the kinetics of the inactivation of oligomeric enzymes,
Poltorak, Chukhrai, and co-workers therefore proposed
several procedures for the approximate solution of the
equations for the determination of the kinetic constants kif

k-ι, and k2 and the dissociation constants of the subunit
enzymes Κ. One of the versions of the approximate solu-
tion makes it possible to obtain the rate constant for the
dissociation of the oligomeric protein from the equation31»32

where v 0 and ν are the rates of inactivation of the protein in
the initial instant and after time t, which must not exceed
the time τ corresponding to the break in the plot of In ν

against ί. In the second version of the approximate descrip-
tion of the kinetics of the inactivation of subunit enzymes,
the following equation is used: 30~32

(1 /0 InoA»« =· — *! + (*/e)*;*_i lEj./• , (5)

in which [E]o is the initial concentration of the enzyme and
the time ί must also be less than τ. The linearisation of
the kinetic inactivation curves with the aid of Eqn.(5) makes
it possible to calculate not only the rate constant kx but also
the rate constant k_x for the reverse reaction and then also
the constant for the dissociation of the subunit proteins into
monomers or dimers in the thermal transformation of the
tetrameric protein. Eqns.(4) and (5) have been used
successfully to characterise kinetically the inactivation pro-
cesses involving kidney acylase,2 9 alkaline phosphatase,3 1

and certain other oligomeric proteins.

Thus a correct kinetic description of the inactivation of
enzymes with an arbitrary choice of the initial concentration
reduces to a complex analysis of the kinetic curves, since
their semilogarithmic forms have breaks, while the effective
rate constants k j n , calculated with the aid of such semi-
logarithmic forms, are as a rule functions of the initial pro-
tein concentration and therefore strictly speaking are not
constants. It is therefore necessary to seek methods for
the approximate solution of the system of equations describ-
ing the associative-dissociative scheme (2) in order to find
simple ways of linearing the kinetic relations.

Does this imply that there can be no cases where the kinetic
curves for the thermal inactivation of enzymes can be linear-
ised in terms of plots of In ν against t? In our view this is
not so, since protein inactivation conditions such that the
reversible dissociation of the subunit enzyme or the first
reversible stage of the conformational transformation of the
monomeric protein are reduced to a minimum or are altogether
absent have been realised in practice.

First case. The subunit enzyme has been treated with
bifunctional reagents and its reversible dissociation into
monomers is difficult. 11*>15>29'31* For example, kidney acylase
modified by glutaraldehyde is inactivated in accordance with
a first order law, since the stage involving the reversible
dissociation of the enzyme has been virtually ruled out. 2 9

In this case, the semilogarithmic forms of the kinetic curves
show no breaks of any kind when inactivation is continued
up to extremely advanced stages.

Second case. The subunit enzyme dissociates into mono-
mers via an "all or nothing" mechanism and the process is
accompanied by the complete loss of catalytic function. As
an example, one may quote the dissociation of tetrameric
catalase into monomers in acid and alkaline media,35 on treat-
ment with denaturing agents,53'51* in the course of lyophilisa-
tion, κ and as a result of the introduction of succinyl groups
into the protein by treatment with succinic anhydride. 3 6

Regardless of how the dissociation of catalase is initiated,
this process is accompanied by the loss of catalase activity
and its kinetics obey a first-order law even for high degrees
of inactivation.35.36.56

Third case. The dissociation of the subunit protein into
monomers is the rate-limiting stage of the entire inactivation
process. In the study of an NAD-dependent hydrogenase,
the validity of the dissociative scheme for the thermal inacti-
vation of this tetrameric protein was demonstrated:3 8

where kj and k<j are the inactivation and denaturation rate
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constants. The authors showed38 that the rate of inactiva-
tion of the enzyme is determined by the dissociation of the
tetramers into dimers. The semilogarithmic forms of the
kinetic curves describing the loss of activity by hydrogenase
therefore have no breaks up to considerable degrees of
inactivation of the protein. In the case of monomeric pro-
teins , there is also a possibility of inactivation pathways in
which the rate of the entire process is limited by the first
stage. Such examples will be presented below.

Fourth case. The protein is inactivated in highly dilute
solutions where the association of the enzyme subunits or
the aggregation of the monomeric protein is hindered or

reduced to a minimum. In this case, subject to the condi-
tion that the rate-limiting stage of the entire process is the
first reaction stage [see Scheme (2)] , the inactivation kine-
tics obey a first order law and the semilogarithmic form of
the kinetic curves should have no breaks of any kind.

We shall consider next the kinetics of the inactivation of
proteins whose transformations under different conditions

have been investigated in our laboratory.
35.36. U7 .50 .56-70

They
include monomeric (lysozyme, "*7 myoglobin,60 cytochrome
b 5 )

 63>69 horseradish peroxidase, 6 1 ' 6 2 and cytochrome P-450
LM-2s0'6'*'66~69) and subunit biopolymers (lactate dehydrogen-
ase, M malate dehydrogenase,5 9 and catalase3 5·3 6·5 6). The
thermal inactivation of all the proteins enumerated was studied

Table 1. Thermodynamic activation parameters for the irreversible inactivation of enzymes in different media.

Enzyme

Glucose-6-phosphate dehydrogenase

EC 1.1.1.49

Lysozyme, EC 3.2.1.17

Lactate dehydrogenase,
EC 1.1.1.27

Malate dehydrogenase,
EC 1.1.1.37

Myoglobin from sperm whale heart

Catalase, AC 1.11.1.6
Complex of catalase

with strophanthin Κ

Catalase subunits

Succinylated catalase

Horseradish peroxidase, EC 1.11.1.7

Complex of peroxidase
with strophanthin Κ

Horseradish peroxidase

Cytochrome 65 from rabbit liver

Cytochrome P-450 LM-2,
EC 1.14.14.1

Cytochrome P-450 immobilised
on polyamide

Cytochrome P-450 in microsomes

Inactivation conditions

0.1 Μ NaOH-glycine buffer, pH 9.1

Inverted micelles; 0.1 Μ AOTC

0.1 Μ Triton X^»5, 12% of 0.1 Μ
NaOH-glycine buffer, pH 9.1

0.067 Μ phosphate buffer, pH 6.2

0.1 Μ phosphate buffer, pH 8.2

0.1 Μ phosphate buffer, pH 8.2

0.05 Μ phosphate buffer, pH 7.4
The same buffer with sodium cholate
The same buffer with Twin 20 and 15% of glycerol

0.1 Μ phosphate buffer, pH 6.6
The same buffer

0.1 Μ phosphate buffer, pH 3.28

0.1 Μ citrate-acetate buffer, pH 6.0

0.1 Μ citrate-acetate buffer, pH 6.0

The same buffer

0.05 Μ phosphate-citrate buffer, pH 7.0
Inverted micelles: 0.2 Μ ΑΟΤ, 6% of 3 mM

phosphate-citrate buffer, pH 4.6
Inverted micelles: 0.1MAOT,0.1M

Triton X-45, 6% of the same buffer, pH 4.0

0.05 Μ tris-H3PO4 buffer, pH 7.5 with
15% of glycerol

Inverted micelles: 0.25 Μ ΑΟΤ, 4.5% of
the same buffer

Inverted micelles: 0.13 Μ ΑΟΤ, 0.13 Μ
Triton X-45, 4.5% of the same buffer

0.05 Μ Tris-HCl buffer, pH 7.54, with
20% of glycerol

The same buffer

0.05 Μ phosphate buffer, pH 7.33, with
0-4.1 Μ glycerol

0.05 Μ tris-HCl buffer, pH 6.88, with
0-4.1 Μ glycerol

23—40

23—40

20—80

20-00

20-52

46-71
22-37
30—46

20—45
20-45

22-40

31—65

37—53

37-53

45-80
26—50;
50—60
19—55;
55-66

50—62

32—39

31—37

40-58

40—58

45-54

45-54

^act. .
kcal mol"1

4.34;
131.40

11». 40;
61,42

24.20

6.40:
44. Π0

43.00

17.70
17.10
31.80

14.60
22,80

14.70

15.50

19.90

20,60

47.40
26.40;
62.20

5,30;
62.40

4.80

2.00

6,60

23.50

22.40

111.0—54.0

110.0-98.0

C C

25
45

25
45

37

25
37

37

25
25

40
40

37

—

45

45

45
45;
50.5
45

50.5

37

37

45

45

50.4

50,5

AH*
kcal mol *

3.75;
130.80

18.80;
60.80

23.60

5.81
44.00

42.40

17,10
1C.50
31.20

14.00
22.20

14.10

-

19.20

19.90

46.77
25,77;
61.56
4,67

4.16

1.39

6.00

22.86

21,76

110.0-53.0

109.0—97,0

AS*,
cal mol-1 K"1

—70.20;
341 00

— 18.15;
118.80

-7.50

-60.06
63,50

63,60

—22.60
-24.00

—30.20
—4.20

—23.50

-

—14.90

-12.80

64.71
6.33;

122.60
-61.42

-63.84

—71.75

—54.74

—7,25

—8.47

280 0—89 0

265.0-220.0

AG*,
kcal mol'l

24,60;
22,•Ml

24,20;
23.02

25.90

23.70
24.40

22.70

23. ·>0
2-i.OO

23,43
23.50

21.40

—

24.00

24.00

26.19
23.76;
21.90
24.20

24.80

23.63

Zi.QO

25.17

24.46

19.70—24.80

23.80—26.20

Refs.

[57]

[57J

|47]

158]

I58,5!lj

[ti0|
l»i0|
l«0J

[50]
[SO]

[35]

(36]

[61]

[61]

[62]
[57.62]

[57.62]

[63]

[63]

163]

[50]

[50]

[64.65]

[64,65]

a Δί = temperature range.
'-'The temperatures for which the thermodynamic parameters were calculated.
CAOT = Aerosol OT (sodium salt of di-2-ethylhexyl ester of sulphosuccinic acid).
Pairs of activation parameters are quoted in those cases where the temperature variations of the constants exhibit
a break in the Arrhenius plots.
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in buffer solutions and, for some of them (peroxidases, 5 7 ' 6 2

glucose-6-phosphate dehydrogenase,5 7 cytochrome b 5 , M»69

and cytochrome P-450 LM-266"69), in inverted surfactant
micelles in organic solvents. The thermal inactivation of
the integral membrane enzyme cytochrome P-450 LM-2 was
studied in biomembranes (liver microsomes). s0»*.65 Among
the test objects, there are water-soluble (lysozyme, peroxi-
dase, catalase, myoglobin, and dehydrogenases) and hydro-
phobic biopolymers (cytochromes bs and P-450), as well as
modified enzymes (succinylated catalyse,3 6 systems obtained
by coupling strophanthin Κ to peroxidase, a and catalase5 6).
The choice of these test objects was dictated not only by
fundamental research but also the wide-scale employment of
the majority of them in practice. n~73 The proteins which
we investigated, the conditions and temperatures ranges in
which they are inactivated, and the thermodynamic activation
parameters are listed in Table 1.

We confined ourselves to a quantitative examination of
data obtained solely in our laboratory, although Table 1
might have been supplemented by the results of studies of
other groups in our country11*»15»19'20"3'*'7'''75 and abroad.17»
76-80 T n i g limitation of the range of kinetic studies of the
thermal inactivation of proteins (enzymes) considered is
due to the following causes: firstly, the data of other
workers have already been surveyed and examined critically
in earlier publications lk> 1 5> 1 9 - 2 2 or in the course of the prepara-
tion of the present review ^>75 and in our view does not
require a fresh analysis; secondly, the quantitative charac-
teristics of thermal inactivation have been frequently obtained
by different workers under different conditions, so that it
is sometimes difficult to establish the initial concentrations of
the proteins subjected to thermal inactivation, which leads
to contradictory results when the effective kinetic constants
are referred to particular stages of the protein inactivation
and reactivation processes investigated, which have been
analysed, for example, in a recent monograph. n Analysis
of the kinetic constants for the thermal inactivation of pro-
teins without referring them to the initial concentrations of
the inactivated objects is incorrect, as will be shown below,
and can lead to erroneous conclusions about the character
and mechanism of the thermal inactivation of biopolymers.
We have therefore confined ourselves to a quantitative con-
sideration of our own data, since the results analysed here
have been obtained under controlled conditions, which can
be readily compared for different objects in different media.

I I I . KINETICS OF THE INACTIVATION OF ENZYMES IN
DIFFERENT MEDIA

1. Kinetics of the Inactivation of Enzymes in Aqueous Media

Lysozyme (EC 3.2.1.17) is inactivated in accordance with
scheme (2).1*1» M*~%7 At protein concentrations in the range
0.14-5.48 Μ (in the temperature range 40-70 °C), the first
order rate constant depends on the initial concentration
(Fig. 3), the dependence being described by the equation

described by the equation

α=α,(1-γ/7-) (7)

km=kaexp(—α[Ε]0) , (6)

where [E] o is the initial protein concentration, k0 the inacti-
vation rate constant at infinite dilution of the protein which
is independent of [E] o , and α a coefficient which depends on
temperature and has the dimensions of the reciprocal of con-
centration.1*7 The temperature variation of α (Fig. 3) is

6 [Ε]0)μΜ

Figure 3. a) Dependence of the effective rate constants
for the inactivation of lysozyme on its initial concentration
at different temperatures (°C): 2) 40; 2) 50; 3) 60; 4) 70;
b) temperature dependence of a.1*7

Figure 4. Temperature dependence of the rate constants for
the inactivation of lysozyme at a concentration of 0.20 mg ml"1

(curve 1) and at infinite dilution of the enzyme (curve 2). "*7

The temperature variation of the effective inactivation
rate constants kin at high lysozyme concentrations is charac-
terised by breaks in the Arrhenius plot (Fig. 4), while the
temperature variation of the rate constants k0, obtained by
extrapolating ki n to zero protein concentration, does not
exhibit breaks (Fig. 4, line 2). # a c t and the expression for
the rate constants in a general form can be found from Fig. 4
(line 2):1*7

ko= 4.0x10" exp(-24 200/RT) . (8

From Eqns.(6)—(8), we obtain a general expression for the
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effective rate constant Jqn: k7

jfcta = 4.0 χ 10"exp{—24 200/RT—ao(l—t'T[E]u} (9)

Evidently, the temperature dependence of k j n is not described
by the Arrhenius law, since Jqn depends not only on tem-
perature but also on the protein concentration [E] o . The
correct kinetic constant characterising the inactivation of
lysozyme can only be k0, since it does not depend on the
protein concentration in solution.

0 U.I UM
[MDH], mg ml"1

Figure 5. a) Dependence of the effective rate constants
for the thermal inactivation of malate dehydrogenase (MDH)
on the initial enzyme concentration at 45 °C (curve 1) and
43 °C (curve 2); b) temperature dependence of the rate
constant k0 for the inactivation of malate dehydrogenase
corresponding to the infinite dilution of the protein. 59

Malate dehydrogenase (EC 1.1.1.37) is inactivated in
accordance with a scheme analogous to scheme (2):

in which E2 is the dimer, Ε the enzyme subunit, kx the rate
constant for the dissociation of the dimer, and k^ the rate
constant for the denaturation of the subunit. 59 For an
arbitrarily selected protein concentration, the inactivation
rate constants k j n , evaluated from the semilogarithmic
forms of the kinetic curves describing the decrease of the
activity of the enzyme, depend on the initial dimer concentra-
tion (Fig.5): 5 9

^in=^o/(l+afeolE2]o) (10)

where k0 is the rate constant for the inactivation of the
protein at infinite dilution and α is a constant which depends
on temperature and has the dimensions of the reciprocal of
the rate (litre mol"1 s ) . The temperature variation of the
rate constant for the inactivation of malate dehydrogenase
fc0 (Fig.5) is described by the equation:5 9

*b = 1.42 χ 1027 exp(—43 000/RT) (11)

The temperature variation of the effective rate constants

fcjn is not described by the Arrhenius equation, since they
depend on temperature, the enzyme concentration, and the
coefficient a.

Table 2. The rate constants k j n for the inactivation of
malate dehydrogenase (MDH), calculated from the lg v—time
relations, S9 and the rate constants fci calculated from
Eqn.(4). 3 1 · 3 2

i °C

20
25
26.5
28
30
34
37
40
45

[MDH] 0 = 0.01 mg

ΙΟ 4*;,,,*' 1

0.128
0.2«J4
0.31!)
0.437
0,511
0.766
1,440
2.920
9 590

ml-l

Ι Ο 4 * ! , * ' 1

0.139
0.278
0.296
0,389
0.407
0.714
i.-iso
3.180
9.170

/°C

28
30
34
37
38
40
43.5
46
4!)

[MDH]0=

105 * i n > s

0,798
3.220
10,01
11.70
11.80
19.30
69.00

115,00
478.00

= 0.05 mg ml"1

-1 105 * i , s"1

1670
2.900
9.52
12.30
12.50
17.20
62.50

105.00
400.00

It is of interest to compare the effective rate constants k j n ,
calculated for different initial protein concentrations and tem-
peratures, with the rate constants k1 (see the inactivation
scheme presented above) calculated from Eqn.(4). 31>32

Table 2 compares the values of fc^ and fci under different
conditions. At low enzyme concentrations, the two constants
differ little, but, with increase of the concentration of malate
dehydrogenase by a factor of 5, the difference between them
becomes significant. We believe that the agreement between
Jqn and k]. at low protein concentrations is not fortuitous.
The stage involving the dissociation of the enzyme dimers
is rate limiting in its inactivation and the reverse stage,
involving the reassociation of the malate dehydrogenase sub-
units at low enzyme concentrations, is difficult or does not
occur at all. Nor can one rule out the possibility that the
inactivation is limited by the conformational changes in
the dimer, occurring when it dissociates into subunits.

Lactate dehydrogenase (EC 1.1.1.27). It is a tetrameric
enzyme, whose inactivation can be described by several
schemes with successive dissociation into dimers and mono-
mers. M In the temperature range 20—60 °C, the effective
inactivation rate constant depends on the initial concentra-
tion of the tetramer E(,. This dependence is described by
Eqn.(10), in which the concentration of the dimer E2 has
been replaced by the concentration of the tetramer E^. In
the range 35-60 °C, the temperature dependence of k0 obeys
the equation: №

ko= 1.30 χ 1027exp(—44 600/RT)

Below 35 °C, E a c t falls to 6.40 kcal mol"1.

(12)

Catalase (EC 1.11.1.6) from ox liver. The dissociation of

the enzyme obeys the "all or nothing" principle: Ει, Ζ 4Ε. 5 3'5"
The enzyme subunits lack catalase activity.35,36,53,55 The
constant for the dissociation of catalase into subunits ki
depends strongly on the pH and is described by Eqns.(13)
and (14) respectively in acid and alkaline media: 35

= 5.0x 107[H+]2·3,

*,=5.0[H+]-'>

(13)

(14)
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In 0.1 Μ phosphate buffer at pH 6.6 at temperatures in the
range 20—45 °C, the thermal inactivation of catalase (investi-
gated in terms of the loss of its catalytic activity in the oxi-
dation of ethanol by cumenyl hydroperoxide) is characterised
by E act = 14.6 kcal moP 1. After its modification by 11 mole-
cules of strophanthin Κ, the activation energy for the thermal
degradation of the enzyme increases to 22.8 kcal moP 1. x

The temperature variation of the rate constant for the inactiva-
tion of catalase in the range 20—45 °C is described by the
equation *

*! = 4.13x 106exp(— 14600IRT) .

Horseradish peroxida.se (EC 1.11.1.7). The temperature
variation of k j n for the enzyme is described by the equation61

km = 1.7 χ 1010exp(—19900/^7) .

The modification of peroxidase by three strophanthin Κ
molecules alters little the activation characteristics for the
inactivation of the enzyme (Table 1). A change in the pH
has a marked influence on the rate constant for the inactiva-
tion of peroxidase and the activation characteristics of the
process: in 0.1 Μ citrate-acetate buffer at pH 6.0, the acti-
vation energy is 19.9 kcal moF1, a while in 0.05 Μ phosphate-
citrate buffer pH 7.0 it increases to 47.4 kcal mol"1.6 2

Cytochrome P-4S0 LM-2 (EC 1.14.14.1). In tris-HCl buffer
(pH 7.54) with 20% of glycerol, the enzyme loses its catalytic
activity in the range 40—58 °C. E a c t = 23.5 kcal moP1 corre-
sponds to this process. 50 It is important to note that the loss
of catalytic activity is accompanied by the simultaneous
decrease of the intensity of the Soret band of the carbonyl
complex of cytochrome P-450 and by the appearance of a
spectral band at 420 nm, corresponding to the inactive form
of the haemoprotein, namely P-420.6 5 ) 8 2 The immobilisation
of cytochrome P-450 LM-2 on poly amide does not induce an
appreciable change in E a c t for the thermal degradation of the
haemoprotein (22.4 kcal moF 1). 50 The kinetic curves for
the decrease of the catalytic activity of cytochrome P-450
LM-2 in solution as a rule correspond to several stages which
can be accounted for in two ways: firstly, the highly hydro-
phobic cytochrome P-450 forms aggregates in aqueous solu-
tion in which it is inactivated at different rates; secondly,
in dilute solutions the inactivation of different conformers
of the same form of cytochrome P-450 may be manifested, since
after extraction from microsomal membranes the haemoprotein
is unusually labile in aqueous media.

2. Kinetics of the Inactivation of Enzymes in Inverted
Surfactant Micelles in Organic Solvents

Inverted surfactant micelles, in which enzymes and proteins
are incorporated, constitute a realistic model of biological
membranes, reflecting many important aspects of their struc-
ture and complex lipid—protein and protein—protein inter-
actions. 66~69>83~85 Furthermore, microheterogeneous (protein-
surfactant—water-organic solvent) systems constitute an
extremely interesting medium for enzymic reactions. 83~85 It
has been frequently demonstrated that enzymes of different
classes, solubilised by inverted surfactant micelles, not only
retain their catalytic properties but are sometimes more
active than in aqueous media.6 9 '8 3"8 6 For the practical use
of proteins in inverted surfactant micelles, it is important to
know not only the catalytic activity of the biocatalysts under
these conditions but also their stability at different tempera-
tures and pH and on exposure to the influence of denaturing

additives. We have shown that the stability of haemoproteins
in inverted surfactant micelles depends on temperature, pH,
ionic strength, and protein stabilising additives, as in
aqueous media; the stability of haemoproteins is also influ-
enced by the physicochemical properties and composition of
the micelles, by the specific alteration of which it is possible
to stabilise significantly the solubilised proteins. 66~89 >83~85

0 BO WU 2'W
τ, min

Figure 6. Semilogarithmic forms of the kinetic curves for
the inactivation of glucose-6-phosphate dehydrogenase at
40 °C: 1) buffer solution; 2) AOT micelles in heptane;
3) mixed AOT-Triton X-45 micelles in heptane; 5 7 the condi-
tions are indicated in Table 1.

Glucose-6-phosphate dehydrogenase (EC 1.1.1.49, G6PDH)
is inactivated in inverted AOT micelles (AOT = sodium salt of
di-2-ethylhexyl ester of sulphosuccinic acid) in heptane in
accordance with a first-order kinetic law up to high degrees
of inactivation (Fig. 6). 5 7 We may note that the enzyme is
inactivated in aqueous solutions also in accordance with the
same law. However, in mixed micelles made up of AOT and
Triton X-45 (1 :1) , the inactivation of the enzyme deviates
from the first-order law (Fig. 6). The temperature variation
of the effective rate constants for the inactivation of G6PDH
in the range 23—46 °C is characterised by a break in the
Arrhenius plot at 34 °C. The activation energy is E a c t =
61.4 kcal mol"1 above the break and 19.4 kcal moP1 below
i t . 5 7 On inactivation of the enzyme in aqueous solutions, a
break is also observed at 36 °C and E a c t differs from the
values calculated for micellar systems (Table 1).

Horseradish peroxidase exhibits a "periodicity" in the
variation of its activity on inactivation in inverted AOT
micelles and in mixed micelles comprising AOT and Triton
X-45, which we attribute to complex cooperative transforma-
tions of the "water—protein-AOT-heptane" system. 5 7 ) 6 2 This
"periodicity" in the inactivation of the peroxidase is smoothed
out on raising the temperature to 50—55 °C (Fig. 7). We may
note that in buffer solutions the inactivation of peroxidase
is described by a first-order kinetic equation (Fig.7b,
lines 5 and 6), s7.61»62 i .e. the phenomenon of "periodicity"
in the variation of the catalytic activity of the enzyme is
associated solely with the nature of the inverted surfactant
micelles. The rate constants for the inactivation of the
peroxidase in micelles are also influenced by the concentratioi
of the buffer, its pH, the percentage content of the aqueous
phase, and the addition of the non-ionic detergent Triton
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X-45 or glycerol to the system. S7»e The temperature varia-
tion of the effective rate constants for the inactivation of the
peroxidase in micelles is characterised by a break at 55 °C
in the Arrhenius plot, and the values of E a c t above and
below this temperature differ markedly (Table 1).
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Figure 7. Kinetic curves for the variation of the catalytic
activity of peroxidase in inverted micelles; 0.2 Μ ΑΟΤ,
6% of polar phase comprising 0.05 Μ phosphate-citrate buffer
at pH 4.6 (13.5 nM enzyme): a) temperature (°C) [1) 37;
2) 43; 3) 54; 4) semilogarithmic form of the kinetic curve
at 40 °C]; b) semilogarithmic forms of the kinetic curves for
the variation of the activity of peroxidase (13.5 nM) in 0.05 Μ
phosphate-citrate buffer at pH 7.0 at different temperatures
(°C) [5) 45; 6) 55], 57
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Figure 8. The influence of the concentration of cytochrome
b 5 (c) on the rate constant for its transformation in AOT
micelles in octane at 31 °C; cytochrome b5 concentration
(μΜ): 2)0.68; 2)6.84; (0. 25 Μ ΑΟΤ , 45% of polar phase
in octane).63

Cytochrome b5 is inactivated in inverted micelles at rates
which depend on its initial concentration (Fig. 8). At low
protein concentrations, the breaks in the semilogarithmic

forms of the kinetic curves describing the decrease of
the intensity of the Soret band are absent but they appear
on raising the concentration of the haemoprotein.63 The
character of the variation of fqn with the initial concentration
is the same for both cytochrome b 5 in micellar systems and
for malate and lactate dehydrogenases in aqueous solutions
[Eqn. (10)]: ra with increase of the concentration of the
protein, the rate constant for its inactivation diminishes.

Cytochrome P-450 LM-2 is inactivated at different rates
in micelles of different composition. 6 6~6 9 By increasing the
complexity of the micelles, it is possible to achieve a signi-
ficant stabilisation of this labile protein in micellar systems.
At 40 °C, fcjn for cytochrome P-450 in micelles containing
AOT, cetyltrimethylammonium bromide, Twin 20, and Triton
X-45 is 2.9 χ 10"6 s"1, while in liver microsomes at the same
temperature it is 3.4 χ 10~6 s"1, №'67 i.e. the stability of the
haemoprotein in a specifically selected micellar system can
be actually greater than its stability in the native mem-
brane.6 6 '6 7 '6 9

Thus the inverted surfactant micelles not only protect
proteins against the denaturing influence of organic solvents
but in certain cases are capable of ensuring their relatively
high thermal stability in a hydrocarbon medium. 66~69 The
optimum composition of the inverted micelles ensuring the
retention of the catalytic activity of the enzyme or even its
increase is specific to each protein. However, the thermal
stability of enzymes in micelles is usually lower than in an
aqueous medium, although enzymes in micellar systems can
be stabilised by increasing the complexity of the composition
of the micelles in such a way that the stability of the enzyme
reaches a level characteristic of buffer solutions. For
example, at 45 °C the rate constant for the inactivation of
G6PDH in a buffer solution is 2.24 χ 10~3 s"1, while in mixed
1: 1 micelles comprising AOT and Triton X-45 it is 9.12 χ
10""* s"1, i.e. the enzyme is 2.4 times more stable in the
micelles. ^ Yet another way of stabilising proteins in organic
solvents has been proposed recently:87 by the covalent
incorporation of ct-chymotrypsin in particles of cross-linked
polyacrylamide gel with colloidal dimensions (100—400 A).
This catalyst is universal and can be used in both hydro-
carbon and aqueous solutions.

The quantitative description of the inactivation of proteins
and micelles is associated with the same difficulties as in
aqueous solutions: the effective inactivation rate constants
depend on the initial protein concentration;63'70 the tempera-
true variation of these constants is complicated by breaks in
the Arrhenius plots, which reflect not only the effective
character of the rate constants but also the characteristic
features of the behaviour of the micellar systems as the tem-
perature is raised.57'62'70

3. Kinetics of the Inactivation of Cytochrome P-450 in
Microsomal Membranes

Cytochrome P-450 is the terminal oxidase in many hydroxy-
lating multienzyme systems, widely distributed in nature. ffi

These systems are responsible for the hydroxylation of hydro-
phobic compounds to form more polar hydroxy-derivatives,
which are either removed from the organism or serve as key
compounds in the biosynthesis of bioactive substances. ffi

The majority of cytochromes P-450 are associated to different
extents with membranes and are distinguished by a high
lability after extraction from the native environment. The
unique ability of cytochrome P-450 to catalyse the conversion
of a wide variety of compounds into hydroxy-derivatives has
led investigators to seek ways of the practical utilisation of
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this family of biocatalysts. However, the difficulty of iso-
lating the cytochromes from the membrane, their low stability
in aqueous media, the high cost of the source of the raw
material, and also the multienzyme nature of the hydroxylat-
ing systems have made it necessary to seek procedures
whereby stabilised organelles (microsomes, mitochondria)
could be used in enzymic hydroxylation processes in vitro,,88'89

It is therefore a matter of great urgency to be able to charac-
terise the inactivation of cytochromes P-450 in native mem-
branes and to stabilise them in this medium, s0,6*,*5,82,88,89 We
investigated the inactivation of cytochrome P-450 in rabbit
liver microsomes on the basis of the loss of its catalytic
activity in the oxidation of aniline and the variation of its
spectroscopic properties. ^,61*»65
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Figure 9. Temperature dependence of the rate constants
for the thermal inactivation of cytochrome P-450 in rabbit
liver microsomes in the absence of glycerol from the solution:
1) first stage of the process; 2) second stage of the process.50

The decrease of the catalytic activity of the haemoprotein
in microsomes is accompanied by a decrease of the intensity
of the Soret band of its CO complex and an increase of the
concentration of the inactive form of the haemoprotein—cyto-
chrome P-420.65 The change in the activity of cytochrome
P-450 in microsomes takes place in several stages. № As a
rule, the effective rate constant has been determined solely
for the first stage of the process. The temperature variation
of iq n for cytochrome P-450 in microsomes is characterised
by a break in the Arrhenius plots for the first and second
stages of the haemoprotein inactivation process (Fig. 9). 50

The causes of the appearance of the breaks will be discussed
below. One of the ways of stabilising membrane proteins,
and cytochrome P-450 in particular, is by incorporation in
lipid dispersions and liposomes, modelling many aspects of
native biological membranes. This problem is discussed in
detail in a monograph. 90 The study of the thermodynamic
characteristics of the thermal inactivation of cytochrome P-450
in liposomes showed that they depend on the pH and tempera-
ture and vary, compared with aqueous solutions, in the
following ranges: ΔΗ from 78 to 80 kcal mol"1 and AS from

-163 to -184 cal mol"1 K" This indicates an increase of the
conformational "rigidity" of the protein in liposomes com-
pared with buffer solutions.9 1

An important task in the study of the thermal inactivation
of enzymes is the correlation of the kinetic characteristics of
the rate-limiting stage of this complex process and its molec-
ular mechanism. The solution of this problem by kinetic
procedures alone is impossible and requires the use of many
other methods (electronic, circular dichroism, and NMR
spectroscopy, sedimentation analysis, and electrophoresis).
The application of a set of physicochemical methods makes it
possible in many instances to relate the rate-limiting stage of
the thermal inactivation to fairly definite molecular mechanisms
of the transformations of the biopolymer. It has been already
noted that 13NMR,w fluorescence, hS and circular dichroism **
data, measurement of the optical density of lysozyme,1*2 and
the study of the kinetics of its in activation'*4'1'7 suggest that
the rate-limiting stage in the thermal inactivation of this
protein is associated with the ionisation of the Glu-35 residue
and the decomposition of the polypeptide chain along the
5—15 section. l*7"1*9 The rate-limiting stage in the thermal
inactivation of the more complex membrane enzyme cytochrome
P-450 is the cleavage of the coordinate bond between the
haem iron and the cysteine residue in the polypeptide chain,
which transforms the enzyme into the inactive form P-420.50'82'90

The determination of this rate-limiting stage became possible
solely from a series of studies of the kinetics of the thermal
inactivation of cytochrome P-45050»65 and of the changes in its
spectroscopic characteristics.6 5,8 2,9 0

Studies of Poltorak, Chukhrai and co-workers, 21*~33>71*
Berezin, Martinek, and Ugarova and co-workers11*'15'19"22'75

in our country and of Pfeil17 and Jaenicke 76~80 abroad have
been devoted to the solution of the complex problem of corre-
lating the kinetic parameters and the structural changes in
enzymes during their inactivation. Examination of these
problems is very important but is outside the framework of
this review, which is devoted solely to the kinetic aspects
of the thermal inactivation of proteins and enzymes. We
can only refer the reader to a recent review, 7I* which deals
in detail with the processes involving the dissociative thermal
inactivation of enzymes and the approximate methods of cal-
culation of the individual kinetic parameters of these pro-
cesses and indicates ways whereby subunit enzymes can be
stabilised by the fixation of their quaternary structure, and
also to a review 7 5 devoted to the principal structural and
physicochemical factors governing the stabilisation of pro-
tein macromolecules in solution and methods for the stabilisa-
tion of biocatalysts by chemical modification and point muta-
tions of proteins. A useful critical analysis of studies
concerning the correlation of the kinetic data for the inactiva-
tion and reactivation of subunit enzymes and their structural
changes has been carried out in a monograph.8 1

IV. THE INFLUENCE OF POLYOLS AND DETERGENTS ON
THE STABILITY OF ENZYMES IN SOLUTIONS

The medium in which proteins function in the living cell
differs to a large extent in composition, viscosity, polarity,
and other parameters from the solutions used in vitro. It
has long been known that various organic solvents greatly
reduce the stability of proteins. The addition of many low-
molecular-weight compounds (salts, sugars, polyols, deter-
gents, etc.) to protein solutions influences the stability of
the proteins (enzymes), since such substances alter the
properties of the solutions and the affinity of the protein
for the solvent. The influence of certain low-molecular-
weight additives on the thermal stability of proteins is
analysed in this Section and the mechanism of the stabilisa-
tion of the proteins is discussed.



1106 Russian Chemical Reviews, 56 (11), 1987

The stabilising effect of polyols on proteins is well known.92 102

The degree of denaturation of ovalbumin by urea decreases
in the presence of sucrose, 9 2 polyhydric alcohols increase the
temperature of the thermal transition of lysozyme and ribo-
nuclease,9 3 and sucrose has a stabilising effect on egg pro-
teins . 9 3 Various methods have been used to investigate the
quantitative characteristics of the stabilising action of polyols
on proteins:98»100»101 systematic studies have been made of the
influence of a series of polyols on the denaturation tempera-
tures of ovalbumin, lysozyme, conalbumin, and a-chymotryp-
sinogen by the calorimetric method98 and the interaction of a
number of proteins with aqueous solutions of lactose and glu-
cose has been studied in detail by the densitometric method.100

In our laboratory a kinetic approach has been used to charac-
terise quantitatively the influence of polyols on the thermal
stability of various proteins. 5 8 ' 6 1 ' 6 1 · ' 6 5 The stabilising influ-
ence of polyols has been studied in relation to horseradish
peroxidase modified with three strophanthin Κ molecules,61

lactate dehydrogenase in aqueous solutions, M and cytochrome
P-450 in rabbit liver microsomes.6I'»65 Regardless of the
nature of the protein (dissolved in water or hydrophobic) and
its structural organisation (monomeric or subunit) and also
regardless of the environment of the enzyme (aqueous solu-
tion or microsomal membranes), all the low-molecular-weight
polyols and dextrans decrease the rate of inactivation of
proteins. 5 8 ' 6 1 ' 6 4 ' 6 5
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Figure 10. Variation of the rate constants for the thermal
inactivation of horseradish peroxidase modified with stro-
phanthin Κ (α) and of cytochrome P-450 in microsomes (b)
with the number of OH groups in the polyol molecule;
a: 2) glycerol; 2) rhamnose; 3) glucose; 4) sorbitol;
5) maltose; 6) xylose; 7) sucrose; 50 °C; a b: 1) ethylene
glycol; 2) glycerol; 3) rhamnose; 4) xylose; 5) glucose;
6) sorbitol; 7) maltose; 50.5 °C. №

An increase of the concentration of glycerol and sugars in
solution is accompanied by a monotonic decrease of the rate
of inactivation of the peroxidase-strophanthin complex,61

lactate dehydrogenase, M and cytochrome P-450 in micro-
somes.61*'65 Poly(ethylene glycols) 600, 1000, and 6000 and
dextrans 20, 40, and 500 also stabilise the peroxidase—
strophanthin complex. Q However, dextran 20 and poly-
ethylene glycols) 300 and 1000 have no stabilising effect on
cytochrome P-450 in microsomes. № The question arises how
the data concerning the stabilising action of polyols can be
explained.

We showed that there is a direct relationship between the
rate constants for the inactivation of the peroxidase complex
and cytochrome P-450 and the number of OH groups in the
molecules of stabilising additives (Fig. 10): the greater the
number of OH groups present in the stabiliser, the lower the
value of fcin, i.e. the more stable the protein in solution or
in microsomes. 61>6lf»65 in order to account for these data,
we may recall the principal factors governing the stabilisation
of proteins. l l f>1 5 '9 8 The stability of proteins is promoted by
hydrogen bonds, electrostatic and hydrophobic interactions,
and complex formation with certain metals. It is known that
the dissolution of polyols in water has little effect on the
formation of hydrogen bonds by proteins. " Electrostatic
interactions are usually stronger in solutions of sugar than in
water, but their contribution to the stabilisation of proteins
is relatively small. The main factor stabilising the steric
structure of proteins is hydrophobic interactions, i"3,11»,15,98

Such interactions are determined to a large extent by the
nature of the solvent and hence depend greatly on the way
that sugars and other polyols influence the structure of
water. It has been shown that the interaction between
pairs of hydrophobic groups is much stronger in solutions of
glycerol and sugars than in pure water. * This is probably
the main mechanism by means of which polyols stabilise pro-
teins in aqueous solutions. The stabilising action of polyols
is determined by the extent of their stabilising effect on
aqueous solutions. The relative quantity f = (V2-Vw)/Vw,
where Vw is the van der Waals volume of the solute and V2

the partial molar volume of the same substance, including
the internal volume of the molecule and the changes in the
latter induced by the action of the solvent, has been sug-
gested98 as a structure formation characteristic of this kind.
As an example we may quote of_f for glycerol in water at
25 °C: 103 Vw = 51.4 ml mol"1, V2 = 73.5 ml mol"1, and f -
43.1%. The van der Waals volumes of sugars and other
polyols have been calculated. 1Vt The following equation is
used to determine the partial molar volumes V2:

<pr = Mr/i/o=lOOO(d—do)/cdo ,

where d and d0 are the densities of the solution and the sol-
vent , Mr is the molecular weight of the solute, and c the
molar concentration of the solute in the solution. * Evidently
φ ν varies linearly with c and extrapolation to zero concentra-
tion can yield the partial molar volume V2. The partial molar
volumes of many sugars have been calculated in this way and
have been published.1 0 5 Sugars induce effective structure
formation in water when their OH groups are oriented in
space in such a way that the distance between them corre-
sponds to the distance between the oxygen atoms in the
molecular lattice of water. * More accurate quantitative
characteristics of structure formation in water by polyols are
not at present available.

There exist also other explanations of the stabilising effect
of polyols on proteins. It has been suggested that polyol
molecules can penetrate into the protein globules, which tends
to intensify the hydrophobic interactions within the globule
and to lower its lability. " In certain cases there is a possi-
bility of specific binding of sugars and alcohols by proteins.
For example, in the crystalline state lysozyme interacts with
glucose, which stabilises the enzyme, since it is bound to it
at at least two centres. 1 0 6 The constant for the binding of
glucose to lysozyme is 2.3 M" 1 . 1 0 6

The stabilising influence of polyols on proteins of a wide
variety of kinds indicates the principal role of the structure
of the aqueous medium in which proteins are present and
the secondary role of the structural organisation of the pro-
teins themselves. It is of interest to analyse the influence
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of polyols on cytochrome P-450 in the microsomal membrane,
i .e. in a microenvironment different to that in its aqueous
solution.

Low-molecular-weight and high-molecular-weight polyols
act on microsomes in different ways. The low-molecular-
weight additives influence the membrane as mild surfactants:
with increase of temperature, they penetrate into the lipid
double layer, increase the degree of the hydration of phos-
pholipids, lower the surface viscosity of the double layer,
and increase the lateral mobility of the phospholipids. 1 0 7~n 0

High-molecular-weight additives poly(ethylene glycols) and
dextran do not penetrate the lipid double layer, but they
do reduce the surface potential of phospholipids and lead to
the aggregation of vesicles;111 by competing with phospho-
lipids for water, they cause the contraction of the liquid
crystal lattice of the double layer. 1 1 2 Thus low-molecular-
weight polyols can act on the membrane as a whole, while
high-molecular-weight polyols influence significantly only its
surface layer. This can explain the different effect of polyols
on the microsomal cytochrome P-450. ^ ' ^ The stabilising
effect of polyols must therefore be characterised taking into
account their influence on the hydrophobic interactions in
the protein globule and throughout the membrane as a whole.
By penetrating into microsomes, glycerol promotes hydrophobic
contact between pairs of non-polar groups of the cytochrome
P-450 molecule, while in the regions near the membrane the
polarity of the medium is reduced. Glycerol equalises the
properties of the entire system and greatly increases the
degree of structure formation in the medium. The consi-
derable decrease of the entropy of activation with increasing
glycerol concentration in the inactivation of microsomal cyto-
chrome P-450 can be understood from this standpoint. On
the other hand, glycerol decreases the enthalpy of activation
for the thermal denaturation of cytochrome P-450 by acting
on microsomes as a detergent and significantly facilitates the
mobility and lability of the haemoprotein in the lipid double

layer. The influence of glycerol on the enthalpy of
activation can be regarded as a destabilising factor in the
thermal inactivation of cytochrome P-450, while the influence
of glycerol on the entropy of activation is a stabilising factor
in the thermal inactivation of the haemoprotein. It follows
from our data that the ratio of these two factors favours the
entropic factor, as a result of which the free energy of acti-
vation for the degradation of cytochrome P-450 in the presence
of glycerol increases and the rate constant for the thermal
degradation of cytochrome P-450 therefore diminishes. We
may note that similar ratios of ΔΗ* and AS* have also been
observed for other methods of stabilishing proteins, for
example, when they are immobilised on carriers: 2 3 the bind-
ing to the matrix results in a deviation from the initial
structure of the enzyme towards its denaturation, in a
decrease of ΔΗ*, and in a simultaneous decrease of AS as
a consequence of the ordering of the structure of the immo-
bilised protein.

Compared with polyols, detergents have a greater influence
on proteins in aqueous solution. Systematic studies of the
interaction of detergents with proteins in aqueous solutions
are essential in view of their practical importance. Firstly,
the use of detergents is inevitable in the isolation from mem-
branes of the proteins bounds to them. 8 2, 1 1 3- 1 1 5 Secondly,
the solubilisation of water-insoluble substrates of lipolytic
enzyme is frequently necessary. 1 1 6 Thirdly, in order to
attain high rates of enzymic reactions, non-ionic detergents
are frequently added to buffer solutions. 1 1 7 ' 1 1 8 In most
cases the detergents are selected empirically. Extensive
experimental data on the interaction of detergents with
soluble and membrane proteins have been surveyed in a
number of reviews.1 1 5 , u 9, 1 2 0 However, the absence of

systematic studies of the interaction of various detergents
with proteins is still felt as an acute problem, which hinders
the survey and assessment of the prospects for the develop-
ment of this methodologically important field of enzymology.
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Figure 11. Dependence of Δ Η and AS* on the glycerol
concentration in the inactivation of cytochrome P-450 in
microsomes in a phosphate buffer at pH 7.3. 6 4

Systematic studies of the interactions of various detergents
in an aqueous medium with myoglobin and cytochromes c and
P-450 have been carried out in our laboratory. These
proteins differ not only in solubility and molecular weight but
also in the strength of binding of haem to the apoprotein.
The detergents employed were the zwitter-ionic surfactant
l-(N-C12H25-NN-dimethylamino)propane-3-sulphonate (TM 3-12)
and the non-ionic surfactants Twin 20 and Triton N-101,
belonging to type A, which embraces amphiphilic compounds
exhibiting lyotropic mesomorphism and forming spherical or
ellipsoidal micelles in an aqueous medium. u 9 We also used
sodium cholate, which belongs to the group of charged deter-
gents of type B, differing by the absence of lyotropic meso-
morphism and forming aggregates in an aqueous medium con-
taining from 2 to 8 surfactant molecules.119 The interaction
of the haemoprotein enumerated above with detergents of
both types is accompanied by a decrease of the intensity of
the Soret bands in the absorption spectra. The rate of this
process is determined by the nature of the detergents, their
concentration, and temperature and is a maximum for the
zwitter-ionic surfactant TM 3-12. The rate constants for
the transformation of the haemoproteins depend in a complex
manner on the detergent concentrations. Their influence on
the secondary structure and conformation of proteins, lead-
ing to the loss of haem, has been demonstrated by the CD
method and the method involving the second derivatives of
the absorption spectra of haemoproteins in the presence of
detergents. In conformity with the model proposed for the
interaction of detergents with haemoproteins, the process
takes place at two levels—molecular and supermolecular.60

At detergent concentrations below the critical concentration
for micelle formation, a bimolecular interaction of the surfac-
tants with the proteins is observed; above this concentra-
tion, not only surfactant molecules but also their micelles
(type A) or associated species (type B) interact with the
proteins. The molecular mechanism of the interaction of
surfactants with proteins consist in the fact that the surfac-
tant molecules penetrate via their hydrophobic fragments into
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the cavities and "cracks" in the protein molecules, making
more hydrophobic the regions adjoining the aromatic aminoacids,
which is confirmed by the increase of the amplitude of the
second derivatives in the absorption spectra of cytochrome
c and P-450 LM-2 following the addition of Twin 20 and
TM 3—12.60 Not only does the hydrophilic—hydrophobic
balance change within the protein globule but also the secon-
dary protein structures break down, which is confirmed by
CD spectra, reflecting the decrease of the content of the
α-helix sections in myoglobin molecules after the addition of
TM 3-13. 6 0 The zwitter-ionic surfactant TM 3-12 interacts
most strongly with proteins. The effect of surfactants on
haemoprotein leads to conformational changes in the protein,
facilitating the loss of haem. The transformation of myo-
globin in the presence of detergents of different types takes
place with E a c t = 17—23 kcal mo!"1, which can be attributed
to the dissociation of the haem iron—histidine nitrogen coordi-
nate bond. 6 0 Individual detergents and their mixtures
increase or decrease the values of AH* for the transformation
of myoglobin. A relation (compensation effect) is observed
between AH* and AS*, which is described by the equation
AH* = A + $AS*, where A = 22 000 cal mol"1 and β = 300 Κ.
The coefficient β should usually be close to the average
experimental temperature, which has in fact been observed
in the present case: T a v s β = 300 Κ.

Inverted surfactant micelles in organic solvents which
have solubilised the proteins constitute a special case. Pro-
teins are almost insoluble in pure organic solvents. In order
to increase their solubility, certain surfactants are employed.
In contrast to aqueous solutions, in the inverted micelles the
detergents interact with proteins mainly via polar fragments.
A mixed solvation shell consisting of surfactant molecules,
the organic solvent, and water is formed around the protein
globule. The composition of the solvation shell and the
ratio of the components in the micellar solution influence
directly the stability and activity Of the proteins in the sys-
tem. The reader can obtain exhaustive information about
the functioning and properties of the proteins in these sys-
tems from a number of reviews.83-85,121

V. TEMPERATURE DEPENDENCE OF THE RATE CONSTANTS
FOR THE INACTIVATION OF ENZYMES AND THE PHYSICO-
CHEMICAL SIGNIFICANCE OF THE THERMODYNAMIC ACTI-
VATION PARAMETERS FOR THIS PROCESS

The temperature variation of the rate constants for the
inactivation of enzymes is described by the Arrhenius equa-
tion and is characterised by a single value of E a c t only if
the enzymes have been studied in highly dilute solutions.
Only one #act is characteristic of dilute solutions of mono-
meric lysozyme "*7 and subunit lactate and malate dehydrogen-
ases. №'59 An increase of the protein concentration in solu-
tion leads to the appearance of breaks in the Arrhenius
plots (Fig. 4), since the constants ?qn depend on the initial
protein concentration and other parameters.<t7>5e>69 In all
cases, when the initial protein concentration has been chosen
arbitrarily, there are breaks in the Arrhenius plots reflecting
changes in the rate constants for the inactivation of enzymes
in concentrated solution. For membrane proteins, there are
other causes which explain the presence of breaks in the
Arrhenius plots: firstly, the conformation and stability of
the proteins in the membrane depend on the effect, nature,
and physical properties of the surrounding lipids, whose
phase transitions induce an abrupt change in Eaci in the
thermal transformation of the protein; 8 2 ' 9 0 >1 1 3.m secondly,
at certain temperatures there is a possibility of "phase"
transitions in the protein itself, leading to a sharp change

of its conformation l f l~*' 1 2 2 and hence to a change in E a c t for
the thermal degradation process; thirdly, there is a possibi-
lity of the existence of different conformers of the same form
of the biocatalyst, which are characterised by different Eaci

for the thermal denaturation process. All the possibilities
listed above can be realised not only in biomembranes but
also in liposomes123'12'* and possibly in inverted surfactant
micelles.

Clearly the rate constants for the inactivation of proteins
determined in highly dilute aqueous solutions are closest to
their true values, because in this case the possibility of the
association of the monomeric proteins and of the reassociation
of the subunits of oligomeric enzymes is reduced to a minimum.
It is therefore useful to consider E a c t on the activation
characteristics AH* and AS* obtained with the aid of the
Arrhenius—Eyring equation (1) in the first place for those
proteins whose inactivation has been characterised by the
rate constants k0 for their dilute solutions. Under such
conditions, we investigated three enzymes—lysozyme, w

malate dehydrogenase, ra and lactate dehydrogenase. a It
follows from the Arrhenius equations (8), (11), and (12) that
only in the case of lysozyme [Eqn.(8)] is the pre-exponential
factor for the rate constant close to its limiting value for uni-
molecular reactions. 6 > 5 2 For two subunit enzymes, the pre-
exponential factor exceeds by many orders of magnitude the
typical factors in the equation for unimolecular reaction rate
constants (1010—10u s"1) and corresponds to a high activa-
tion entropy (Table 1). This is not unexpected, because
it has already been known for a long time that the inactivation
of proteins is characterised by high values of AH* and
^g* 6-8,10,11,23,125

In applying the Arrhenius—Eyring equation (1) to the
transformations of enzymes and enzymic reactions, one must
remember that, as a consequence of the non-elementary
nature of these processes, the parameters determined from
the temperature variation of fqn for enzymes and the rate
constants for the enzymic reactions are always real quantities
reflecting the entire complexity of the macrostage being
characterised—the presence of microstages, which are not
outwardly manifested, the influence of the solvent and the
environment of the enzyme, e t c . 8 (pp.175-185). For this
reason, in the analysis of the thermodynamic and kinetic
parameters of the inactivation of enzymes, it is essential
to resort to additional considerations based on the theory of
chemical kinetics and empirical data for simpler chemical and
model systems and also to the results of the study of the
enzyme inactivation processes by NMR and CD spectroscopic
and densitometric methods, sedimentation analysis, etc.

As regards kinetic data, Likhtenshtein proposed three
types of methods for their analysis in the case of enzymic
processes: 8 (1) quantitative comparison of the energetic
and entropic parameters for enzymic and model reactions;
(2) theoretical estimation of the parameters for different
versions of the mechanism of the reactions investigated;
(3) correlation between the energetic and entropic param-
eters of enzymic processes (compensation effect). Since
the present level of the theory does not allow the calculation
of the absolute values of the energies and entropies of activa-
tion for reactions in a condensed phase, the third type of
analysis of enzymic processes is of great interest, parti-
cularly when one is dealing with series of reactions, with
the specific alteration of one of the parameters keeping the
others constant, or with changes in the conditions of a pro-
cess involving the same enzyme.

The correlation between the energetic and entropic param-
eters in an enzymic process was first noted by Doherty and
Vaslow. 126 On changing the pH, the authors observed
parallel compensating changes in the parameters AH and AS
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in the binding of the substrate to α-chymotrypsin. Since
then, numerous data concerning the compensating changes
in Δ Η and AS (AH* and AS*) in a wide variety of enzymic
processes have been published. These data have been
examined in detail and analysed in a series of investiga-
tions. β,11,12.125"130 The survey of the available information
about the inactivation of proteins shows that the principal
kinetic characteristics of this process are as follows: (1) sharp
changes in the rates of inactivation are observed within a
fairly narrow temperature range or within narrow ranges of
concentrations of hydrogen ions, organic solvents, and other
additives; (2) the inactivation is characterised by anoma-
lously large (compared with the parameters of the usual
chemical reactions) values of E a c t and AS*, which reach
180 kcal mol"1 and 600 e.u. per mole of the protein in some
cases (see Table 1 and also the compilations of data in Refs.
3, 6, 7-11, 22, 23, and 125); (3) the values of E a e t and AS*
are extremely sensitive to changes in the conditions within
the medium (pH, ionic strength, nature of the buffer,
the presence of stabilising additives, the introduction of
proteins into micelles, liposomes, and gels, e tc . ) ; (4) there
is a linear relation between the experimental values of Eact
and the activation entropy for different proteins and for the
same protein under different conditions, expressed by the
equation1 3 1 '1 3 2 E a c t = α + BAS*.

It follows from the numerous data discussed previously
and quoted in this review that, on passing from one protein
to another and also on changing the pH and the concentration
of ions and denaturing additives, the activation energy and
entropy almost always change in parallel (see, for example,
Fig. 11). The slope of the linear plots of E a c t against AS*
is known to be the same as the slope of the linear plots of
the reversible inactivation parameters AH and AS. 7~10,22,125

The kinetic and thermodynamic compensation effects are
characterised by similar coefficients β and identical scales
of the changes in the energetic and entropic parameters.8 ' 1 2 5

In conformity with existing ideas, the processes involving
the inactivation (denaturation) of biopolymers are cooperative
conformational transitions. The thermodynamic theory of
cooperative systems has been developed in a number of
studies in relation to biopolymers.133"137 Denaturation is
sometimes regarded as a "fusion" process, although in the
case of proteins one can speak of analogies with fusion pro-
cesses and "phase" transitions only approximately, since
proteins are regarded as "aperiodic" irregular crystals,
characterised by differences between the energies of the
cooperative linkage and by defects in various parts of large
molecules. The cooperative processes in proteins are inter-
mediate between the usual chemical reactions, in which a
small number of molecules participate, and large-scale phase
transitions with participation of an enormous number of
identical species. 8 We shall not consider here the different
kinetic models of the conformational transitions in proteins,
since they have been analysed in detail in monographs and
reviews.8.10.125-133-137

According to Privalov,1 3 8 there is at present no doubt
about the energetic discreteness of proteins, which reflects
their structural discreteness, since proteins are complex
systems consisting of more or less independent but fully
defined cooperative subsystems. The subdivision of the
macromolecule into cooperative subsystems (domains) is a
general principle of the structural organisation of protein
molecules, which has evolutionary, functional, and physical
bases. Eac{ and the activation characteristics AH*, AS*,
and AG* for the thermal inactivation (denaturation) of pro-
teins therefore refer to complex cooperative rearrangements
of a part of the protein molecule and of its immediate environ-
ment. The question arises whether it is possible to refer

in some cases the characteristics listed above to a rigorously
defined molecular stage in the inactivation of the protein.
The set of kinetic, "*7 thermodynamic, ̂  spectroscopic, 1 |2,' t5,w

and 13C NMR data1*3 obtained for the inactivation of lysozyme
permits the claim that this process begins with the ionisation
of the Glu-35 residue, which destabilises the adjoining
section of lysozymes and causes the breakdown of its α-helix
structure in the region of the active centre. Thus, even in
this comparatively simple object, which has been characterised
in detail, the rate-limiting step in the irreversible inactivation
is accompanied by complex conformational changes, which are
reflected quantitatively by the values of E a c t , ΔΗ , and
AS*. k7 A second example of a protein for which one can
speak quite definitely about the elementary inactivation stage
is cytochrome P-450. The loss of catalytic activity by this
protein is associated with the increase of the length and
rupture of the coordinate bond between the haem iron and

the sulphur atom of the cysteine residue. However,
a change in the conformation of the apoprotein precedes this
step, i .e. in this case the rate-limiting stage in the activation
process is associated with marked conformational changes in
the biocatalyst, which is reflected by the thermodynamic and
activation characteristics of the process. 50>№>65

The question arises in what cases is it legitimate to calcu-
late the activation characteristics of the thermal inactivation
of proteins from the temperature variation of Jqn, the effec-
tive character of which is known beforehand. We believe
that this can be usefully done only when one is dealing with
a comparison of the behaviour of the same enzyme under the
influence of different agents, a comparison of different
enzymes acted upon by the same agent under identical condi-
tions, or the modification of the enzyme by various agents
under the same conditions. There is no point in discussing
the absolute values of E a cj., AS* and AG* in such cases, since
only the character of the variation of these quantities when
a specific parameter is varied and all the remaining parameters
are kept constant, and not the values themselves, carries
information. Thus analysis of the activation characteristics
obtained reduces to the discussion of the compensation states
between their energetic and entropic components. 7>8>u>125>127~132

In discussing the enthalpy—entropy compensation in the
inactivation (denaturation) of proteins, one should remember
that there is a doubt about its existence as an independent
physical phenomenon.9 It has been claimed that, in all
enzymic reactions exhibiting the enthalpy—entropy compensa-
tion, a key role is played by the solvent (liquid water), which
is a constant participant in all physiological processes and
constitutes a natural inexhaustible reservoir of chemical free
energy in living nature. 1 2 5 ' 1 2 9 The conformational rearrange-
ment in proteins and the changes in their interactions with
water molecules which they entail alter significantly the struc-
ture of the entire mass of liquid water. This factor and also
the very narrow range of independent parameters (pH, tem-
perature, and the salt composition of the medium), which
determine the conditions of the enzymic process, lead to the
appearance of trivial linear relations between the enthalpy anc
entropy changes.125»129

Blyumenfel'd9 quite justifiably assumes that the enthalpy-
entropy relations do not reflect any special essential physical fea-
tures of the reactions and are a simple consequence of the general
laws of equilibrium thermodynamics and may not exist at all if
the equilibrium thermodynamic process (AG s const.) occurs
within a very narrow range of variation of an independent
variable (temperature, hydrogen ion concentration, e tc . ) .
In the study of the reactions of biopolymers, where equili-
brium statistical dynamics is applicable only subject to major
stipulations, any kind of serious analysis of compensation
relations frequently lacks physicochemical significance.
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V I . CONCLUSION

It follows from numerous experimental data that the thermal
inactivation of enzymes is a complex process consisting of
several consecutive-parallel stages and therefore it frequently
cannot be described in terms of the first order kinetic law.
As a rule, the semilogarithmic forms of kinetic curves have
breaks or are altogether non-linear. Even in those cases
where a first-order equation describes satisfactorily the
kinetic data, the effective inactivation rate constant Jqn

depends on the initial protein concentration.
Two approaches have been proposed to achieve a rapid and

correct quantitative characterisation of the process leading
to the thermal inactivation of proteins. One of them has
been used by Poltorak and co-workers; 2"~32 the thermal
inactivation scheme is described by equations which have
been solved by approximate methods permitting the deter-
mination of the rate constants for the first reversible and
second irreversible stages and the calculation of the equi-
librium constant between the native and reversibly inactivated
forms of the proteins. This method permits a quantitative
description of the kinetic curves for the thermal inactivation
of monomeric and subunit proteins at an arbitrarily selected
initial concentration of the latter.

The second method has been used in a series of our own
investigations1*7,58,59,70

 a n d consists in plotting kinetic inacti-
vation curves for different initial protein concentrations,
their linearisation in terms of a first order equation, the
determination of the dependence of k\n on the protein con-
centration, and the calculation of the rate constant ko at
infinite dilution of the protein. We believe that the rate
constant k0 is the most correct quantitative characteristic of
the thermal inactivation of proteins. The disadvantages of
our method are the approximate character of the equations
relating iq n to the initial protein concentration and the
difficulties in assigning a physicochemical significance to
the coefficients α and γ in these equations [see Eqns.O) and
(10)]. An advantage of the method is the fact that we
obtain the rate constant for infinitely dilute solutions and
hence can apply the equations of classical thermodynamics
in the analysis of the temperature variation of these con-
stants. The temperature variation of k0 is described by the
Arrhenius equation, while k i n - l/T plots are complicated by
breaks and the interpretation of these relations altogether
lacks physicochemical significance.

One should recall that the thermodynamic activation param-
eters (Δ//*, AS*, and AG*), obtained from the analysis of the
temperature variation of ko> cannot be referred to a single
rigorously defined molecular stage in the thermal inactivation
of proteins, because they always characterise a complex
cooperative process involving conformational transformations
in the biopolymer. This is the main cause of the difference
between these quantities and the activation parameters for
the thermolysis of low-molecular-weight chemical compounds.
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Methods for the Theoretical Description of the Energy of Resolvation of
Ions
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Present-day theories of ion solvation have been examined. The experimental values of the standard free energies of resolvation
and the standard redistribution potentials of ions between water and organic solvents have been given. The contribution of
dielectric saturation to the electrostatic component of the free energy of resolvation has been analysed. The results of
theoretical calculations have been compared with the experimental dependence of the standard free energy of solvation on the
static and optical dielectric constants of the solvents, and also on the size of the ions. The solvophobic contribution to the
energy of resolvation has been estimated.
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I . INTRODUCTION

In recent years there has been a sharp increase in interest
in the experimental and theoretical determination of the
values of the standard free energy of resolvation of ions.
A knowledge of these quantities is required in the study of
the electrochemistry of the interface between two immiscible
electrolyte solutions, 1~s the transport of ions through bio-
logical and synthetic membranes,6 the mechanisms of inter-
phase and surface catalysis, 7~10 the kinetics of charge trans-
fer through an oil—water interface,11"13 the coupling of
heterogeneous reactions in bioenergetics,5 extraction, l k and
the production of ion-selective electrodes.15

The term solvation refers to all the energetic and structure
changes taking place in a system in the transfer of ions from
the gas phase to the liquid phase of a solvent. The inter-
action of an ion with a solvent includes several effects:
1) electric polarisation of the medium; 2) the production in
the medium of a cavity to accommodate the ion; 3) a change
in the structure of the solvent, involving the breakdown of
the old structure and the production of a new structure
close to the ion (the formation of cavities and the change in
the structure of the solvent close to the ion are sometimes
combined in a single effect, called the solvophobic or hydro-
phobic effect); and 4) specific interaction of the ions with
the solvent molecules (the formation of hydrogen bonds,
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donor—acceptor interaction), etc. This division is to some
extent arbitrary, since different effects may overlap; for
example, the electric polarisation of a solution may have a
significant influence on its structure. It is possible, how-
ever , to carry out the theoretical calculation of individual
effects.1 6

In the present review, present-day theories of ion solva-
tion will be characterised briefly. To find the standard
free energy of resolvation /s.%Gf of an ion i, the Gibbs free
energies of the ion in two media, α and β, are compared. If
the phase β is a vacuum, the quantity

is called the energy of solvation of the ion i in the phase a.
The energy of resolvation can obviously be represented as
the difference between two solvation energies:

The standard free energies of resolvation of ions from
water into different organic solvents are found by cyclic
voltammetry, chronopotentiometry, polarography, data on
the spin-lattice relaxation of the quadrupole moments of the
nuclei of the ions, and also from solubility and extraction
data.1»12»11*'17"30 These quantities are given in Table 1,
which shows that the standard free energy of resolvation of
ions depends markedly on the nature of the ion and the sol-
vent.

Figs. 1 and 2 give the dependence of the energy of resolva-
tion on the static and optical dielectric constants of non-
aqueous solvents. Fig.3 gives the dependence of the stan-
dard free energy of hydration on the radius of the ion. Figs.

1-3 and Table 1 show that the energy of resolvation (and
hydration) decreases sharply with increase in the size of the
ion and the static and optical dielectric constants of the
medium.

W -

2.5 S.O 7,5 10.0
10 2/e s l

Figure 1. Dependence of the standard free energy of
resolvation on the static dielectric constant of the non-
aqueous phase; curves 1 (Mei»N+), 2 (ClOO, and 3 (I~)
give the experimental data from Table 1, and curve 4 gives
the results of the calculation using the Born equation for

Table 1. Standard free energies of resolvation of the ions ΔΟΓ^ G. (kJ mole"1) and distribution potentials

Δ Ο Γ | φ° (mV) of the ions between water and organic solvents at 298 Κ. "»№»17"30

water

Nitrobenzene Acetophenone Isobutyl methyl ketone

.org -0
AwaterGi

1,2-Dichloioethane

Aorg r 0 I .org 0
A wat« G i | A w a W i

1,1-Dichloroethane

r01 .org 0
G ; Awater*i

Dichloromethane

.org -~0| .org 0
*waterGi Krater*;

Ca i +

Sr*
H +

Ba**·
NH+
K*
Rb+
Cs +

(Me)4 N+
(Et)4 N+

(But)! N +

(Ph)4As+

Br"
I-
CIOJ
2,4-DNp-
Pi"
(Ph)4 B-
DCC-
SCN-
IO-

cio-

38.4
71.4
34.5
68.3
67.2
32-5
63.3
27.4
24.3
19.9
15.5
3.4

—5.8
—15.5
-24.2
—35.9
30.5
28.5
18.8

8.0

7.3
—4.5
—35.9
—50.2
16.0

6.9

—

24.4

11.0

—398

—370
—358
-354
—348
—337
—328
—284
—252
—206
—161
—35

60

161
248 * 127]

372
316
295
195

83

76
-48
-372
—520
176

75

—

253

121

—15.6
—16.2
—

12 4

1.8

—16.2

11.0

1.5

19.3

20.4

-

_

_

162
168

128

11)

—1B8

144

15

200

211

-

20.3

8.7

-19^3

50.2

,

11.6

—

_

_

-

210

—90

200

520

120

17.0
17.6

4.2
- 8 . 8

- 2 1 . 8
—35.2

48 5
38.5
26.4
17.2

—35.2

25.5

14.5

33.1

33.9

17.9

—185
-182

- 4 4
01

226
365
481
399
274
178

-365

264

159

343

351

197

28.9

29.7
28.9

17.5
10.8

—2.2
-11.7
—27.3

57.8
42.5
30.6
22.4

—27.3

—299

-307
-299

-181
-112

23
121
2ΗΆ
6U0
440
317
232

—283

18.8
4.2

- 8 . 8
-22.2

40.4
39.3
28.4
21.3

—6.7

—195
- 4 4

91
230

481
408
273
221

—69

Note: (ΑΠΟμΝ* = tetra-alkylammonium, DCC"
*255 mV,20 275 mV.26

= dicarbollylcobaltate, DNP" = dinitrophenolate, Pi" = picrate.
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The standard free energies of resolvation of ions, obtained
by different methods, do not always coincide exactly with one
another. These quantities can be calculated or measured
by two methods. It is possible to determine the energy of
solvation of the ion in the two pure solvents α and β, and
then to use Eqn.( l ) to find the standard free energy of the
transfer of the ion i from the solvent β to the solvent a. If
two immiscible liquids a and β are in contact and in equi-
librium , some solvent from each of these phases dissolves in
the other phase. In this case the phases α and β will be
mutually saturated. The corresponding energy of resolvation
of the ion on its transfer between the two equilibrated sol-
vents is called the standard free energy of distribution.2 2

For most known ions and solvents, the standard free energies
of transfer and distribution coincide with one another within
the limits of accuracy of the measurements. It is not
excluded, however, that for some solvents and ions these
quantities differ.

A°r

a

g

terG°, kJmole'

10 -

Figure 2. Dependence of the standard free energy of
resolvation of the ions on the optical dielectric constant of
the non-aqueous phase: curves 1 (I~), 2 (SCN~), and
3 (ClO^) give the experimental data from Table 1, and
curve 4 gives the results of the calculation using the Born
equation for I~, assuming that ε = eopt; the values of the
optical dielectric constant were taken from Table 2.

Thus in the analysis and application of the values of the
standard free energy of resolvation it is necessary to consider
whether ion transfer takes place between the pure solvents
or between the mutually saturated solvents.

I I . ELECTRIC CONTRIBUTION TO THE SOLVATION ENERGY

There are two groups of models for calculating the electric
component of the solvation energy. In the first group the
medium is regarded as a structureless continuum, and in the
second as a set of individual particles with real or simplified
properties. In early work, the structure of the solvent was
taken into account by calculating directly the energies of
specific configurations of the solvent molecules close to the
ion; the actual configuration and the number of molecules
included in it were selected somewhat arbitrarily from
various physical considerations, to give agreement between
the calculated and experimental data. In these models, the

statistical properties of the solution, which are undoubtedly
important for a correct description of the phenomenon of
solvation, were ignored completely. The modern approach
involves the development of a statistical theory of the ion—
dipole plasma, reflecting both the energetic and statistical
aspects of the phenomenon.

vac

700

№

300

WO

G", kJ mole '

- ·/
Ο Μ

_ c ]γ

- / l

/ \ 1 1

a

y

/

r"

I 1

/

/

/

° u «Li

1 ! 1 1 . . .

'G°, kJ mole'

12 16 a~\ nm'

Kr Λ r Ne He

1 Ι Γ

3 Η 5 6 7 8 3 10 11 α\ nm

100

0

-WO

~Z00

-300

-100

-500
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Figure 3. Dependence of the standard free energy of
hydration of inorganic ions on their radius; the ionic
radii were those of Gourary and Adrian ( I ) , 3 1 Waddington
( I I ) , 3 7 Goldschmidt (III), 36 and Pauling (IV); 3 5 a: experi-
mental data from Refs.29 and 30; b: 1) calculated using the
Born equation, 2) calculated with allowance for dielectric
saturation,2 3) experimental data from Refs.29 and 30,
4) standard free energies of solution of the inert gases (1 atn
in the gas phase and a mole fraction of 1 in the aqueous solu-
tion at 298 K), 5) sum of curves 2 and 4. 2

There is also an intermediate approach, in which, while
remaining within the framework of continuum theories,
attempts are made to take account of the influence of the
discrete nature of the solvent on the effective parameters of
the model. For this purpose, account is taken of non-linear
dielectric effects, and the mutual correlation of the polarisa-
tion vectors of the solvent molecules, situated at short dis-
tances from one another, is analysed using the theory of
non-local electrostatics. Each of these approaches, reflect-
ing the role of different effects, has its own advantages.
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1. The Born Model

In the first continuum model, developed by Born,3 2 the ion
was regarded as a solid sphere with a given radius a,
immersed in a continuous medium with a constant dielectric
constant ε (Fig.4α). This was a macroscopic theory, which
described the properties of the solvent at short distances
from the ion by macroscopic laws. The energy of solvation
(more accurately, its electric part) , calculated for one par-
ticle, is given according to the Born theory by the familiar
equation

A?acG°(el) = -
8πε 0α

(2)

where ε ο is the electric constant, ε α the dielectric constant
of the medium, ζ the charge number of the ion, and e0 the
charge of the electron. From this equation, the energy of
resolvation when an ion is transferred from the medium α to
the medium 3 (that is the difference between the energies in
the media β and a) is given by:

1

7F (3)

£

0 a

0 α β c r

Figure 4. Models of Born (a) and Abraham and Liszi (b).1*9'50

Calculations using the Born equation give values of the
solvation energy differing considerably from the experimental
values.2»33'31* Since the energy of resolvation is often the
small difference between two comparatively large solvation
energies, a relatively small uncertainty in the determination
of each of these quantities may lead to a considerable overall
uncertainty, even an incorrect sign. For example, it follows
from Eqn.(3) that for εα > ε^, it is more favourable for the
ion to be in the solvent a, irrespective of its actual size.

This is not always observed experimentally, however. Small
ions with a radius α < 0.2 nm are in fact found chiefly in a
polar solvent with a high dielectric constant, but at the same
time, large organic ions often enter the hydrophobic phase
preferentially.

Distribution coefficients1'11*'17 and extraction, solubility11*'17

and voltammetric data12»22'26 indicate that the standard free
energy of the transfer of an ion from water to a less polar
solvent is positive for ions with a small radius, and negative
for ions with a large radius, whereas according to Eqn.(3)
it is a constant-sign function of the radius.

Bom's equation gives values of the solvation energy which
are too high (too negative) (Figs.l and 3). When comparing
specific values with experimental data, it is necessary to
assign a radius to each ion. This procedure is to some
extent arbitrary, since the ionic radius is only an effective
parameter, the use of which makes possible the most success-
ful description of various properties of ionic systems. It is
often found that different properties of a system require the
choice of different ionic radii for their description. It is
pointless to raise the question of which value of the ionic
radius is correct, and which is not, although naturally there
are reasonable physical restrictions on the range within which
the value of the effective radius of an ion may lie.

This is reflected in the fact that there are at least four
scales of ionic radii, namely those of Pauling,3 5 Goldschmidt,36

Waddington,37 and Gourary and Adrian,3 1 calculated on the
basis of different assumptions. The first three scales differ
little from one another, but the fourth differs from the others.
Blandamer and Symons38 tried to select the most successful
scale of ionic radii by comparing thermodynamic data on the
Gibbs free energy and entropy of hydration of the ions. They
showed that if any of these quantities is plotted as a function
of I/a2, all the points corresponding to the alkali metal cations
and the halide anions lie on the same smooth curve if the
Gourary—Adrian radii are used. The other sets of radii give
two different curves, one for the cations and another for the
anions. It is difficult to say what importance should be
given to the observed regularity, since as yet it has no theo-
retical foundation.

Since Bom's equation (2) gives the dependence of the sol-
vation energy on I/a, the same coordinates are used in Fig.3.
Fig. 3a gives the experimental data for six cations and anions
on all four ionic radius scales. The data on the Gourary—
Adrian scale lie ideally on one straight line, confirming the
observation made in Ref.38. This fact undoubtedly deserves
attention. The data using the other scales deviate from this
straight line, although a significant deviation is observed
only for the small ions Li+, Na+, and K+, and the points for
Cl~, Br~, and I~ deviate little. The experimental points are
compared with the theoretical predictions in Fig. 3b. To
avoid overloading the Figure, the experimental points are
given only on the Gourary—Adrian scale (curve 3). The
non-electrostatic part of the free energy of hydration is given
by curve 4.

Different independent methods can be used to determine the
hydration energy of the inert gases. If the radii of the ions
and atoms of the inert gases coincide, the free energy of
solution of the gas is simply the non-electrostatic component
of the free energy of hydration.

The electrostatic part of the hydration energy, calculated
from the Born equation, is given by curve 1 in Fig.3b. It in
fact is greater (by ~50%) than the experimental values. It
may be noted that it is necessary to compare with experiment
the sum of curves 1 and 4; this improves the situation,
but only very slightly. The sum of the electrostatic and
non-electrostatic parts of the free energy of hydration corre-
sponds to curve 5; the values of the sum are in fact close
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to the experimental points. The discrepancy between theory
and experiment is smallest when the Gourary—Adrian scale of
ionic radii is used.

Thus the Born theory requires improvement. Eqn.(2)
contains only two experimental parameters, the ionic radius α
and the dielectric constant ε. In principle, it is possible to
achieve satisfactory agreement between theory and experi-
ment by changing either of these quantities in appropriate
fashion. This formal fitting of the parameters, however,
leads to physically unreasonable values of a and ε, which do
not lie on any one acceptable scale. Thus although this
fitting gives an empirical equation showing good agreement
with experiment, it cannot give a physical explanation of the
phenomenon of solvation.

The use of ideas on the dielectric saturation of the medium
in the field of the ion are more attractive from this view-
point. 2>39~52 Allowance for this effect decreases the absolute
magnitude of the electric component of the solvation energy.
Again, formally, it is possible to achieve very good agreement
between theory and experiment by selecting suitable satura-
tion range dimensions and dielectric constant values. Ideal
agreement was obtained in this way by Abraham and Liszi's
group. W7~52 There still remains the question, however, of
whether these results give a physical explanation of the
phenomenon of solvation, or only a successful empirical equa-
tion, convenient for practical applications. Since published
views on the role of saturation effects in the solvation of ions
are contradictory, this question will be examined specially.

2. Non-linear Dielectric Effects

The simplest approach to the calculation of the electrostatic
part of the solvation energy, based on the continuum descrip-
tion, and methods for its improvement by taking account of
the dielectric saturation of the medium in the field of the ion,
can be considered. Some time ago, it appeared that this
problem had been sufficiently elucidated; allowance for die-
lectric saturation gave too small a correction to the Born
theory. 1 7 ' 1 8 In recent years, however, interest has again
been shown in this problem. 2 ' 1 · 7 " 5 2 Allowance for dielectric
saturation gave new results, which unlike the previous results
show ideal agreement with experimental data.1*7"52 An attempt
has been made to analyse the situation that has arisen and to
propose simple equations for estimating the effect of dielectric
saturation and its role in the phenomenon of ion resolvation.

One method of improving the Born theory is by taking
account of non-linear dielectric effects. The dielectric con-
stant of a medium containing polar molecules should change
with change in the intensity of the external electric field.
This is due both to breakdown of the actual structure of the
associated dipoles and to dielectric saturation. 39~'tl

A theoretical analysis of the properties of water ^ within the
framework of the model used by the author showed that when
an electric field is applied, the dielectric constant of water
may decrease from the static value ε8^

 s 80 to the optical
value, equal to the square of the refractive index, that is
εορϊ = 1 . 8 . Saturation is reached in fields whose intensity
exceeds 109 V m" 1. Because of technical difficulties, it has
been possible to verify the theory only in fields with an
intensity not exceeding 2 χ 107 V m"1, where the decrease in
the dielectric constant did not exceed 1% (Fig. 5). A
detailed discussion of this question can be found in Refs.
43-45.

The first attempt to take account of the dielectric saturation
of the medium close to the ion in the calculation of the solva-
tion energy was made in 1926. ** Introduction of the corre-
sponding correction makes it possible to move the calculated

values obtained using the Born theory in the required direc-
tion. Subsequently, attempts to attribute the difference
between the experimental values of A°facG° and the values
calculated using the Born theory entirely to dielectric satura-
tion raised serious objections.3 3 '3 4

0 \(Γη Ε, V Γη-

Figure 5. Influence of the intensity of the electric field Ε
on the dielectric constant of nitrobenzene (1) and water
(2);"0'"1 Αε = est-e(E).

The density of the free energy of the electric field in a
dielectric in the general case is described by the integral

EdD ( 4 )

where Ε is the intensity of the electric field, and D the elec-
tric induction. In weak fields with a linear relationship
D = εοεΕ, integration of the density of the free energy (4)
over the whole of space outside the ion leads to the Born
equation (2).

In the general case, the electric induction can be repre-
sented as follows: hZ

D = e0eo p t£ + ΝμΙ(Ε)

where

( 5 )

( 6 )

Ν is the number of molecules of the dielectric in unit volume,
Mo their dipole moment in a vacuum, and ,g1//2 the Kirkwood
factor, which depends on the field and takes account of the
associated character of the dipolar molecules (in a non-
associated liquid and in high fields, g = 1). For the func-
tion L(E) it is usual to employ the Langevin model function,
but to estimate the effect it is sufficient to know the depen-
dence of D on Ε in the most general form. From general
physical considerations it is clear that with increase in Ε
the function L(E) should increase and tend to a limiting
value of 1. As a result, the dependence of D on Ε moves
from one limiting law to another. At low intensities

D = [e0eopt

and at high intensities

= e 0 e o p t £ ( 7 )

D a e0eopt£ + Νμ. (8)

On the graph giving the dependence of Ε on D (Fig. 6), the
straight line ac corresponds to the linear function. As
saturation takes place, the curve begins to rise steeply,
reaching another asymptote be. The density of the free
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energy in the linear approximation is equal to the area of the
triangle acd, and the value of the total integral (4) is equal
to the much larger area of the curvilinear triangle abd.
The difference between these values arises when the electric
induction D is greater than the characteristic value D s a t ,
which can readily be shown to be equal to

Since the electric induction in a spherically symmetrical
field is independent of the dielectric constant

(9)

(10)

it is possible to indicate the characteristic distance from the
centre of the ion, within which the saturation effect has
an influence:

\4ηΝμ)
(11)

Thus the characteristic saturation radius r s a t is independent
of the size of the ion and is determined only by its charge
and the properties of the dielectric. 2 t

D

Figure 6. Dependence of the intensity of the electric field
Ε on the electric induction D.

Comparison of the value of r s a t with the ionic radius α
makes it possible to estimate how large a contribution the
phenomenon of saturation may make to the energy of the
electric field of the actual ion. For univalent ions in nitro-
benzene with Ν = 6 χ 1027 m~3 and Uo = 3.9 D, it is found
that r s a t = 0.31 nm, and in acetonitrile with Ν = 1 . 1 χ lO^nf3

and μ0 = 3.97 D, r s a t = 0.29 nm. For water (N = 3.34 χ
1028 m"3, Mo = 1.84 D), the characteristic saturation radius
is 0.22 nm.

The values obtained are greater than the radii of monatomic
inorganic ions, and for these the contribution of dielectric
saturation to the energy of polarisation of the medium should
be considerable. To find this contribution, it is necessary
to calculate the density of the free energy of the electric
field fir, that is the integral (4). Approximating the latter

by the area of the triangles acd and fbd in Fig.6 gives:

g = -^~ iovD<Dsat

g = D2l2e^e + (D- Dsat)
2l2€^eopt fo rD>D s a t . (12)

Integrating the density of the energy over the whole of space
outside the ion gives the electric component of the solvation
energy:

. 1_ « ϊ

Λ ά

(13)

tSee V.S.Markin and A.G.Volkov, J.Electroanal.Chem.(1987)
(in the press).

where χ = a/rsai.
In addition to the Born term 1—1/εα, Eqn.(13) contains a

correction to it which depends on the ratio of the radius of
the ion α to the saturation radius. When α = r s a t , the
correction becomes zero; it increases with decrease in a.
This is understandable, since it is at short distances that
dielectric saturation has an influence. For clarity, the equa-
tion obtained can be illustrated by numerical examples.
Curve 2 in Fig.3 was constructed using Eqn.(13). It can
be seen that allowance for saturation moves the Born straight
line in the required direction, bringing it closer to the
experimental points. The magnitude of the correction is
different for different a. It is 16% for lithium ions. It was
previously pointed out that for cations with a small radius,
the deviation of the experimental points from the Born
straight line reaches 30%. Thus in the case of lithium,
allowance for saturation can eliminate more than half of the
discrepancy. For potassium, the correction amounts to 4%,
which covers 1/7 of the discrepancy between the theoretical
and experimental values. Subsequently, the contribution
from saturation decreases. It is 2.9% for rubidium, and
1.3% for caesium, corresponding to 0.1 and 0.04 times the
required correction respectively.

Thus saturation of the dielectric constant has a significant
influence on the electric component of the solvation energy
only for the smallest ions, but in this case its influence may
be extremely marked. Thus any continuum theory must take
account of the saturation of the dielectric constant, at least
in the calculation of the hydration energy of ions with a radius
smaller than 0.15 nm.

The above estimate of the solvation energy with allowance
for dielectric saturation was carried out within the framework
of a rigorous continuum model. All the quantities were cal-
culated from first principles. It was assumed that the dielec-
tric constant changes regularly in space, without undergoing
any sharp changes. For this reason, Eqn.(13) does not con-
tain fitting parameters. In its derivation, no attempt was
made to obtain a detailed description of the dependence of the
electric induction on the intensity of the external electric
field, and it was merely assumed that the true curve is fairly
close to the two asymptotes (see Fig. 6). For the complete
curve, as already noted, there is a model description in the
form of the Langevin function. It can be shown that in this
approximation, the function E(D) rapidly reaches the second
asymptote.

It should also be noted that the piecewise-linear approxima-
tion examined above leads to a slightly low value of Ε (for
a given D), so that the values obtained for the solvation
energy represent an upper estimate (absolute magnitude),
although they are apparently close to the true value. The
accuracy of the approximation increases with decrease in the
radius of the ion. Detailed calculations based on the use of
the Langevin function were carried out in Ref.53.

A simpler description of the phenomenon of saturation is
given in Refs. 47-52. To obtain simple analytical expres-
sions, it is assumed that the dielectric constant changes in
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stepwise fashion in space (see Fig. 4b). In this model it is
assumed that the ion of radius α is surrounded by two solvate
layers with radii b and c respectively. Within the first layer,
complete dielectric saturation is assumed, and the dielectric
constant is taken as equal to its optical value ( ε ι = e

O pt) ·
At the boundary between the two layers, the dielectric con-
stant undergoes an abrupt change, and in the second layer
it has a new constant value ε2, estimated from the Onsager—
Booth equations. hz Thus the electrostatic component of the
solvation energy is given by the equation

(14)

The use of the fitting parameters a, b, c, εχ, and ε2 gave
almost complete agreement between the calculated and experi-
mental data. w The value of A^acG°(el) is practically
insensitive to the parameter c; the use of the fitting param-
eter b gives the main contribution only if its value is so large
as to be unreasonable. According to Ref.48, to obtain the
closest agreement between the theoretical and experimental
results it must be assumed that for singly-charged inorganic
ions within a radius of 0.4 nm round the ion there is complete
dielectric saturation of the solvent, and ει = εΟΌχ. From
what has been said above, however, it is clear that this
approach is unsound.

fluctuations of the polarisation of the medium into three
modes related to different degrees of freedom: electronic
or optical (index 1), vibrational or infrared (index 2), and
orientational or Debye (index 3). If the radius of the corre-
lation of the i t n mode of a fluctuation is Af, then

ε (k)
(19)

The correlation radius of the electronic mode λ ι is here
taken as zero. It is impossible to indicate beforehand the
exact values of the correlation radii λ2 and λ3, but an
approximate estimate can be carried out from physical con-
siderations. For the infrared vibrations, the magnitude of
λ 3 depends on the type of liquid. For non-associated
liquids, the correlation radius of the orientational vibrations
is approximately equal to the intermolecular distance, but for
associated liquids, for example water, the scale of λ3 is
indicated by the characteristic length of the chain of hydro-
gen bonds, which amounts to ~0.5— 0.7 nm.33»31*

Integration in Eqn.(18) using the function (19) gives the
expression

8πεοα
,_J_ + /J.__LWJiL)+(_L._-L)

where

(20)

(21)

3. The Method of Non-local Electrostatics

To calculate the electrostatic contribution to the solvation
energy, use is made of another semi-macroscopic approach,
namely the method of non-local electrostatics, which has been
developed extremely intensively in recent years. The
method of non-local electrostatics takes account of the fact
that the fluctuations of the polarisation of the solvent corre-
late with one another in space as a result of the presence in
the liquid of a structure determined by the quantum-mechani-
cal interaction between its molecules. Thus the average
polarisation at each point depends on the induction at all
other points in space, correlating with the given one.51*

The relationship between the intensity of the electric field
Ε and the electric induction D in the method of non-local
electrostatics is expressed by means of the tensor ε^ η (τ) :

D'"(r) = 2 \dreoemn(r — r')£"(r') (15)

where m, η = χ, y, ζ. A noteworthy feature is that this
relationship, which has complex spatial character, remains
linear. The subsequent calculations are carried out by the
Fourier transformation of the tensor ε/τ?η(Γ), which is called
the static dielectric function

(16)ε (A) = 2 — fd(r — r')e-'k<r-r'>em,,(r — r')
m.n & J

The electric potential created in the medium by a charged
sphere with a radius α at a distance r from its centre is

2.-A. J
dk sin kr sin ka

(17)
ε (k) kr ka

ο

This gives the electric contribution to the solvation energy:

(18)

To calculate the integral in Eqn.(18), it is necessary to
specify in some way the functional dependence e(fc). It is
possible, as was done in Refs.33 and 34, to break down the

-A*a

c

terc;0, kJ mole-
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Figure 7. Dependence of the hydration energies of ions on
their radius; the points give the experimental data,2 9 '3 0 and
the continuous line the calculated data;31* the values of α
were taken from Ref. 31.

The electric contribution to the hydration energy, cal-
culated^ using these equations, is given in Fig.7, together
with the experimental data for a number of small univalent
ions. The dielectric constant values used are given in
Table 2. The correlation radii were chosen to be close to
the characteristic values indicated from the condition for best
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agreement between the theoretical and experimental data:
λ2 = 0.1 nm and λ3 = 0.7 nm. Fig.7 shows that good agree-
ment was obtained between theory and experiment. ^ As far
as the sensitivity of the results to the fitting parameters
Xj is concerned, λ2 has the greatest weight, and a less sig-
nificant role is played by λ3, as shown in Fig.8. A detailed
analysis was carried out in Ref. 33. The method of non-local
electrostatics essentially uses continuum models, but the
effective parameters required for the calculation are derived
from an analysis of the structure of the solvent. This
method makes it possible to obtain extremely accurate values
of the solvation energy for small ions, and then, using
Eqn.(l), the values of the energy of resolvation. At the
same time, for large ions, appreciable discrepancies are
observed between theory and experiment. This indicates
the need to take account of additional effects, in this case
the work of formation of a cavity in the solvent, or the
solvophobic effect.

Table 2. Values of the dielectric constants ε̂  2 8 used in the
model of three polarisation modes (T = 293 K).

Solvent

Water
Nitrobenzene
1,2-Dichloroethane
Acetophenone
Dichloromethane
Methyl butyl ketone

el ~ e o p t

1.8

2,40
2,04
l.'J

it

4 !>

e 3 = «st

78.8
:!:'),()
10.4
17.4
9.1

14,9

-&XStetG°, kJ mole"

20

0,! 0,2
•0J Q.V 0.5 a, nm

Figure 8. Influence of the spatial dispersion of the dielectric
constants of the aqueous and nitrobenzene phases on the
electrostatic contribution to the free energy of resolvation;
the calculation was carried out by the published method33

with X^ a t e r = 0.1 nm and X^ a t e r = 0.7 nm and the dielectric
constants from Table 2; correlation radii, nm: 1) Xn b =0.1,
Xnb = 0.5; 2) Xnb = 0.1, Anb = 0.3; 3) Xnb = 0.13, Xnb =
0.3; 4) Xnb = 0.1, Xnb = 0.7; 5) calculated using the Born
equation; the experimental data were taken from Table 1.

dielectric constant or correlation of the dipoles represents
an attempt to reflect the discrete properties of the solvent
while essentially remaining within the framework of the
continuum model. Other similar approaches are known,
in which, in the calculation of the thermodynamic properties
of the system, attempts are made to take account of the
unknown influence of the molecular structure of the sol-
vent . 5 S A true solution to the problem can be achieved,
however, only by taking account of the discrete structure
in the statistical theory of the solvent.

4. Statistical Models of the Solvent

A complete solution of the problem of solvation involves
the development of a statistical theory which would regard
the ions and solvent molecules "as equals", that is which
would take account of their discrete molecular nature, even
at the price of the introduction of model potentials.

In contrast to "primitive" models of an electrolyte, in which
a continuum description of the solvent is used, in the "non-
primitive" model used in present-day statistical analysis, or
the ion-dipole plasma model, a solution of an electrolyte is
regarded as a system of solid spheres with radii α and a^,
carrying at their centres a point electric charge or a constant
point dipole respectively. It is assumed that there are the
usual electrostatic interactions between the charges and the
dipoles. The system is described in terms of many-particle
correlation functions, for which corresponding chains of
equations are written. 56~58 For their solution it is necessary
to resort to various simplifications, among which the most
popular is the mean-spherical approximation.59 This model
should make it possible to calculate the solvation energy of
ions, and also the dielectric properties of a pure dipolar
liquid. #

The dielectric constant of a dipolar liquid in the mean-
spherical approximation was calculated in Ref. 58, where the
following equation was obtained:

e = q(2%)/q(—%) (22)

in which

q(x) = {\+2x)1l(\~xy- (23)

and the parameter ξ is obtained by solving the equation:

(24)

Here, n^ is the number of particles of the solvent in unit
volume, and μ the dipole moment of the solvent molecule.
This approach made it possible to refine considerably the
familiar Onsager equation.

For strongly associated liquids, the theoretical results do
not show very good agreement with the experimental data.
There is nothing surprising in this, since the model does not
include a whole range of complex forces acting between real
solvent molecules. For example, for a dipolar liquid having
the same dipole moment of the molecules (1.8 D) as water,
the dielectric constant obtained from Eqn.(22) at room tem-
perature is 48. To obtain the correct value of e s t = 80, it
is necessary to take the value 2.62 D for the dipole moment
of the molecules of the liquid.

The chief disadvantage of the continuum and semi-con-
tinuum approaches to the problem of solvation lies in the
actual model of the solvent. Allowance for saturation of the

# A dipolar liquid is a model system consisting of solid spheres
with dipoles situated at their centres. It is used in theo-
retical calculations of the properties of a liquid.
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A model in the form of a set of solid spheres with constant
dipole moments naturally cannot describe all the properties
of water, but this system may serve as a reasonable model
for organic solvents, and in any case this is the first neces-
sary step in obtaining a model of water. In particular, the
study of this model made it possible to detect a number of
fundamentally important effects related to the solvation and
interaction of ions and associated with the discrete nature of
the solvent.

In Ref.59, the solvation energy of an ion (the "Born"
energy) was calculated in the mean-spherical approximation:

8ne0 (a -f- ad/X)
ι ' ι
L ]

(25)

where a^ is the diameter of the solvent molecule. The value
of λ is determined by solving the equation

An important consequence should be noted. The inter-
action of ions in a discrete medium differs fundamentally
from that .predicted by the macroscopic theory. This inter-
action is described by a potential of mean force Wjj-, which,
in addition to the Coulomb potential, includes the averaged
interaction with all the solvent molecules. As shown by the
same authors, 5 9 the potential of mean force also oscillates
at short distances (Fig.9i>). For example, the curve for
ions of different kinds has a deep potential minimum W+_,
when the centres of the ions are at a distance of 4a. This
is a relatively stable configuration, in which the ions are
separated by one dipolar molecule; it can be regarded as the
result of the formation of ion pairs in the solution. The
potential for ions of the same kind W++ also has a deep mini-
mum, at r = 3a. This configuration gives as it were a
"double" ion, for which the increase in the Coulombic energy
is more than compensated by the negative displacement of the
Born energy of solvation of the highly charged structure.

— λ)'=16ε (26)

For all values of ε, the parameter λ lies in the range 1—3;
for ε = 80 it is equal to 2.6. This parameter, together with
the radius of the dipolar solvent molecule, defines in accor-
dance with Eqn.(25) a new characteristic length α^/λ, which
arises naturally from the solution of the equations. This
characteristic length is determined exclusively by the proper-
ties of the dipolar liquid, and depends on two of its param-
eters , the radius of the molecules and the dielectric constant.

Formally, Eqn.(25) looks like the equation for determining
the Born energy, with a renormalised ionic radius, which has
been increased by the section α^/λ. An interesting feature
is that there exists an empirical equation for describing the
experimental solvation energies and free energies of resolva-
tion, whose form is identical to that of Eqn.(25). 60 In
aqueous electrolyte solutions, this correction lies in the range
0.64—0.84 A for cations and 0.10—0.42 A for anions. Accord-
ing to Eqn.(25), if the radius of the solvent molecule is taken
as 1.5 A, then ad/X = 0.58 A.

The apparent increase in the radius of the ion in Eqn.(25)
is related to the discrete nature of the solvent. It is
obvious that the bulk value of the dielectric constant cannot
be established directly at the actual "surface" of the ion.
Eqn.(25) makes it possible to calculate that this value is
effectively reached at a distance of a + a^/X from the centre
of the ion. It should be remembered, however, that this
picture of a stepwise change in the dielectric constant repre-
sents only an effective approximation which can be used to
describe a fairly accurate physical result obtained using the
discrete model. Moreover, an analysis of this model shows
that it is in general impossible to use the concept of local
dielectric constant at such short distances, and it is neces-
sary to return to the more accurate concept of the polarisa-
tion of the medium. In the macroscopic description of a
dielectric, its polarisation at a distance r from the ion is given
by the familiar equation P m a c r ( r ) = (ε-1)ζβο/4πεΓ2.

Fig.9α gives the calculated59 dependence of the polarisation
of the medium, normalised to its macroscopic value Pmacr > o n

the distance r . The most important feature of this depen-
dence is its oscillatory character. This means that, as a
result of the strong ordering of the dipoles nearest to the
ion, the subsequent dipoles may adopt the opposite orienta-
tion. For this reason, the description of a medium in terms
of the local dielectric constant (for example, the use of the
stepwise function), even if it gives good agreement with
experiment, leads to erroneous ideas about the true physical
picture at short distances, and this description must be
approached with care.

PIPm*c<

8 10 r/a

8 10 r/a

m a c r

Figure 9. The normalised density of the polarisation p / P m

(a) and the potential of the average force W^ between two
univalent ions i and / (b) as a function of the distance r from
the centre of the ion. 59

The results obtained in the mean-spherical approximation
are mainly qualitative in character, but they make it possible
to obtain a more correct representation of the true physical
picture of solvation and to re-evaluate other theories on the
basis of an understanding of how they achieve agreement
with experiment.
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I I I . THE SOLVOPHOBIC EFFECT

Present-day approaches to the calculation of the energy
of the solvophobic interaction of an ion with a solvent are
based on phenomenological61'62 or statistical-mechanical
molecular models,63 which contain parameters, not always
unknown, characterising the ion and the solvent. To avoid
unnecessary indeterminacy, the estimation of the solvophobic
contribution to the free energy of resolvation is sometimes
carried out using Uhlig's semi-empirical equation, № the
essential features of which reduce to the following.

If the concept of the surface tension at the boundary of
the ion and the solvent γο,α * s used, the surface energy
is 4ττα2γο,α· The difference in the surface energies in the
media α and β is 4πα2(γ0 > α— γο,β)· According to Antonov's
rule

Vo.a — Ya (27)

where sgn χ = +1 if χ Ζ 0, and sgn χ = - 1 if χ < Ο, γ α β is
the interfacial tension at the planar boundary between the
media α and β, and γ α and yg the surface tensions at the
boundaries between air and the solvents α and β respectively
at the same pressure and temperature. In this case, Uhlig's
equation for the solvophobic contribution to the energy of
resolvation has the form:

A^G°(svph) = 4πα2γαρ sgn (γα — γρ) (28)

The contribution is obviously greater, the larger the radius
of the ion a.

From the theoretical viewpoint, the range of applicability
of Uhlig's equation is not quite clear. At the same time,
it has proved surprisingly useful in calculations of distribu-
tion coefficients in systems consisting of two immiscible
liquids.33»31* Slight deviations from Uhlig's equation are
observed when the interfacial tension between the two pure
immiscible solvents is less than 10 mN m"1 and the dissolved
species have dimensions of less than 0.2 nm. 3 5 This can
readily be explained, since Uhlig's equation neglects the
dependence of the surface tension on the curvature of the
surface. At low values of γ α ο and for small particles, the
contribution of the solvophobic effect is slight.

An important advantage of Uhlig's equation is that it does
not contain fitting parameters, since γ g is taken from
experiment. Fig. 10 gives as an example the dependence
of the solvophobic contribution to the energy of resolvation
on the radius of the particle, calculated from Eqn.(28), for
the water-nitrobenzene and water—1,2-dichloroethane sys-
tems.

IV. THE TOTAL ENERGY OF RESOLVATION

Various effects making a contribution to the energy of
resolvation of ions were listed above. For most solvents of
interest, the most significant role is played by electrostatic
and solvophobic effects.33 This has made it possible to
represent the energy of resolvation as the sum of the con-
tributions of two effects:33

A%G° = ( 29)

The non-electrostatic part of the energy is usually taken
as equal to the energy of solvation of the hypothetical
discharged ion, all of whose other characteristics remain
unchanged. It is usually estimated by comparing with a
suitable neutral analogue, for example a noble gas. It is
assumed that the energies of the formation of the cavity and
the change in the structure of the solvent are the same for
particles with the same shape and size, irrespective of the

charge. This approach has an important advantage, empha-
sized in Ref.48. If identical standard states in the gas
phase and the solution are taken for the ion and the neutral
species imitating it, this procedure removes completely the
problem of the recalculation and loss of the translational
entropy of the solute in the solution in the comparison of
the theoretical results with the experimental data.

a, nm

A%lufi°(svph), kJ mole'1

Figure 10. Solvophobic contribution to the energy of resolva-
tion of a particle of radius α from water into nitrobenzene (1)
and 1,2-dichloroethane (2), calculated using Uhlig's equa-
tion.31*

aterG°, kJ mole"1

Cl"
Br"

0:1 0,t 0,5 a,

to

30

20

10
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-10

20
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Figure 11. Dependence of the energy of resolvation on the
radius of the ion in the water—nitrobenzene system, calculated
from Eqn.(29): 1) using the method of non-local electro-
statics ; 3 3 > 3 H 2) using the Born equation; the points give
the experimental data (see Table 1).

In Ref.33, the electrostatic contribution was calculated by
the method of non-local electrostatics, and the solvophobic
contribution using Uhlig's equation. The results of the
calculation for the most extensively studied experimental
water—nitrobenzene system are given in Fig. 11 (curve I ) .
Comparison with curve 2, obtained by calculation using
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Bora's equation, shows that allowance for the solvophobic
effect alone does not make it possible to compensate the
inadequacies of this simple equation.

Fig.11 shows that as a result of the solvophobic effect,
the energy of resolvation may change sign with change in
the radius of the ions. The results of the calculation show
very good agreement with the experimental data. The devia-
tions observed for anions in the range of small radii may be
due to the formation of hydrogen bonds between the anions
and the solvent molecules, or to the phenomenon of defect
annihilation. The magnitude of these deviations corresponds
approximately to the energy gain resulting from the formation
of a weak hydrogen bond between the anion and the solvent.

The values of the energy of resolvation of small anions
obtained by different authors differ considerably from one
another.

V. STANDARD DISTRIBUTION POTENTIALS

When the energy of resolvation of an ion is known, it is
possible to calculate the standard distribution potential

from the equation

(30)

where F is the Faraday constant.
Table 1 gives the distribution potentials for different ions

between water and organic solvents. In the separation of
the standard free energy of resolvation into ionic components
and the determination of the distribution potentials, the tetra-
phenylborate hypothesis was used. 65~69

It is known from thermodynamics that the absolute value
of a difference in electric potentials can be measured only in
conductors with the same composition. For the same reason,
the difference in the galvanic potentials between a point in an
aqueous phase and a point in the depth of an organic solvent
cannot be measured experimentally.

If identical reversible electrodes are introduced into each
of the phases of two immiscible electrolyte solutions in
thermodynamic equilibrium, the inter-phase potential differ-
ence between them will be zero, since the system, being in
equilibrium, cannot perform work. 7C If the reversible elec-
trodes are different, the measured potential difference will
be equal to that which would have been observed if these
electrodes had been placed in the same solution. n

The following experimental methods are now used to
measure distribution potentials and also to determine
AgG°: polarography at a dropping electrolyte electrode;1'12'15»
2 7 > 7 1 ' 7 2 polarography with scanning of the current at a
dropping electrolyte electrode; 73~7S polarography at a rising
aqueous electrode;7 6 alternating-current polarography;7 7 8C

chronopotentiometry; chronoammetry; > cyclic vol-
tammetry; 1 2 ' 1 8 ' 2 2 ' 7 1 '^" 8 8 measurement of the EMF of liquid
circuits; 2 5 ' 8 9 ' 9 0 calculation using data on solubility, lk dis-
tribution coefficients, 2"'91~95 extraction, 9 1 ' 9 6 ' 9 7 the spin-
lattice relaxation of the quadrupolar nuclei of the ions, 2 3 ' 9 8 ' 9 9

and calorimetry. 10° The accuracy of the measurement of
Δοφ° and A^G0 reaches 1 mV and 0.1 kJ mole""1 respectively.

—oOo—

The present review has described the most effective
present-day methods for calculating the free energy of
resolvation of ions. The most successful approach involves
the use of the electrostatics of the media with spatial dis-
persion with allowance for solvophobic effects.
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The available information about the methods of synthesis of compounds of different classes containing the halogeno-imidoyl
I

group-N = C-Hal are surveyed and the application of the known methods of synthesis of such compounds to new objects is
I

examined. Data are presented on new methods of synthesis of compounds containing the-N = C-Hal group which have been
developed in recent years.
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I. INTRODUCTION

Compounds containing the halogenoimidoyl group -N = C—Hal
are extremely varied and have continually attracted the
interest of investigators as a consequence of the high reac-
tivity of the group, which makes it possible to involve them
in a large number of reactions with formation of various
acyclic and heterocyclic substances. 1" 3 Furthermore, the
interest in such compounds is due to the broad spectrum of
the physiological activity of either the compounds themselves
or the products of their reactions.1*"7

Monographs and reviews devoted to the methods of syn-
thesis and reactions of compounds of this large class are now
available but they were published more than 15 years ago.1»2

Thorough reviews covering the work of recent years are con-
cerned mainly with imidoyl fluoride and fluorinated imidoyl
halides, 8 " 1 1 hydrazonohalides [halogenocarbonyl hydrazones
(Ed.of Translation)], and halogenoazines.12"11* Fragmentary
data on compounds with halogenoimidoyl groups have been
included in several monographs. 1 5" 2 2

The aim of the present review is to survey data on the
I

methods of synthesis of compounds containing the -N = C—Hal
group published between 1970 and 1986. It includes as a
rule recent studies which have not been covered by the
existing reviews. For this reason, few data are presented
on imidoyl fluoride and difluorides and also on N-halogeno-
compounds. In the case of hydrazonohalides and halogeno-
azines, attention has been concentrated on studies published
after 1974 and 1977 respectively. With the exception of a
few examples, the review does not deal with heterocyclic com-
pounds in which the halogenoimidoyl group forms part of the
heterocycle or is attached to it.

Analysis of the literature data on the synthesis of various
compounds with halogenoimidoyl groups up to 1970 permits
the conclusion that, together with the development of the
traditional methods of synthesis of such compounds, funda-
mentally new methods of their synthesis have been developed
in the last 15 years and have expanded the range of these
compounds and their possible applications.

I I . SYNTHESES FROM AMINES, N-HALOGENOAMINES, AND
HYDRAZINES

1. Thermolytic and Photochemical Reactions of Amines and
N-Halogenoamines

A novel thermolytic method of synthesis of polyfluorinated
N-(aryl)-carboimidoyl dichlorides not described previously,
has been proposed comparatively recently. It consists in the
copyrolysis of polyfluorinated primary aromatic amines with
CHC13 or CCU in a flow system at 600-670 °C:23>2"

F-' γ XF
X X

X = H, Cl, Br, F, CF3, CN

The reaction is fairly general for polyfluorinated benzene
derivatives and has been extended also to 2-aminohepta-
fluoronaphthalene and 4-amino-2, 3, 5, 6-tetrafluoropyridine.
The yield of carboimidoyl dichloride is 14-34%. The
copyrolysis with CCU takes place at a lower temperature,
with a smaller excess of the halogenomethane and with a
higher yield than the reaction with CHC13. The polyfluori-
nated N-(aryl)carboimidoyl dichlorides are also formed on
copyrolysis of N-chloroamines with CHC13.

The disadvantages of the method include the low yield of
the carboimidoyl dichloride, the high content of the poly-
chlorinated products of the thermolysis of CHC13 and CCU
in the reaction mixture, and in certain cases side reactions
of the substituents in the initial amine.

The formation of carboimidoyl dichlorides from amines and
CHCI3 apparently includes the preliminary generation of
dichlorocarbene. However, the available data do not formally
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conflict with the participation in the reactions with CHC13 also
of the trichloromethyl radical. The latter process is appar-
ently the main one in the copyrolysis of amines with CCli,.

The method of synthesis of carboimidoyl dichlorides indi-
cated above has no analogies in the series of non-fluorinated
compounds. The attempts to extend it to non-fluorinated
amines, for example, aniline, was unsuccessful. The reason
may be the thermal instability of the initial amines at high
temperatures.

The copyrolysis of aromatic polyfluoroamines with penta-
fluorotrichloromethylbenzene at 500-520 °C leads to N-(poly-
fluoroaryl)pentafluorobenzimidoyl chlorides.25 The yield is
50—77% in most cases. It has been suggested that the reac-
tion proceeds via a radical pathway, although the possibility
of the nucleophilic substitution of chlorine in pentachlorotri-
chloromethylbenzene under severe copyrolysis conditions is
not ruled out.

The formation via a radical pathway of N-(pentafluoro-
phenyl)carboimidoyl fluoride chloride as one of the products
has been noted26 in the pyrolysis of N-4-dichloroperfluoro-
cyclohexa-2, 5-dienylideneamine (550°C, 1 mmHg) in a flow
system.

Unstable N-chloroamines also having a chlorine atom at the
α-carbon atom are very readily dechlorinated and are con-
verted into the corresponding imidoyl chlorides even at room

o-aminoarylamidoyl fluorides:31

temperature:

CF,CON-CF(CFa)2 —
1

Cl

- - [CF3CC12N-CF (CF3)21 -
1

Cl

* CF3C=N-CF (CF,)2
1

1
Cl

In the photolysis of a mixture of t-butylamine with tri-
fluoromethylbenzenes, N-(t-butyl)benzimidoyl fluorides are
formed as the main products, but their yields are low and the
process cannot be regarded as preparative.28

2. Reactions of Amines, N-Chloroamines, and Hydrazines in
the Presence of Lewis Acids

A new method of synthesis of carboimidoyl dichlorides and
chlorides involves the reaction of weakly basic amines with
compounds of the type CC13R in the presence of A1C13. Thus
heating of aromatic polyfluoroamines with CClij and A1C13 at
40—80 °C leads to Ν-(polyfluoroaryl)carboimidoyl dichlorides
in yields of 40-90%:29'30

ArFNH2 ArFN=CCl2

The reaction is fairly general for polyfluorinated benzene,
biphenyl, naphthalene, and heterocyclic amine derivatives.
The corresponding carboimidoyl dichlorides have been
obtained in this way from pentafluoroaniline and p-sub-
stituted tetrafluoroanilines (the p-Br, p-Cl, p-NO2, p-CN,
and p-CH3 derivatives and also the compound with Η in the
p-position), as well as pentachloroaniline. Compared with
the pyrolytic method,23'21* this procedure gives an increased
yield and a greater range of products.

Tetrafluoro-m-phenylenediamines and tetrafluoro-p-phen-
ylenediamines also enter into this reaction, which takes place
in steps and leads to a mixture of mono- and di-carboimidoyl
dichlorides with the latter predominating. On the other
hand, the interaction of tetrafluoro-o-phenylenediamine with
CCli» and A1C13 takes place in a more complex manner and
leads to 2-chloro-4, 5,6,7-tetrafluorobenzimidazole. It may
be that the reaction proceeds via the intermediate N-(2-amino-
3,4,5,6-tetrafluorophenyl)carboimidoyl dichloride, like the
formation of benzimidoyl derivatives from the intermediate

I II
NHS

NH,

\ / \ /
N=CC1, F\A/Nv

I I C-Cl .

F / \ / \ N /
F H

The reaction with 4-amino-2,3, 5,6-tetrachloropyridine takes
place fairly smoothly.32 In contrast to this, 4-amino-2,3,5,6-
tetrafluoropyridine does not react.30 Non-fluorinated amines
react with CCli, and A1C13 to form carboimidoyl dichloride only
if their basicity is sufficiently low. Thus p-nitroaniline is
converted into N-(p-nitrophenyl)carboimidoyl dichloride,
while aniline forms a high-melting salt-like product.30

Aluminium chloride is a specific catalyst in the process.
Other Lewis acids proved to be virtually ineffective.30 The
replacement of CCU by trichloromethylbenzene and its deriva-
tives leads to the formation of the corresponding imidoyl
chlorides even at room temperature.30'33 Polyhalogeno-
propenes containing the CC13 group at the C=C aliphatic
bond also react very readily with pentafluoroaniline,
affording a high yield of the corresponding azadienes:31*

F F

\ / " \ / NH2 \

F/y\F
F

N=CC1-CX=C1Y

Κ
= F,Y=--CI; •T, Y = C,F,

Hexafluorobenzene, CHC13, and CH2C12 are inert solvents for
these reactions. In the synthesis of carboimidoyl dichlo-
ride and chloride by the above method, account must be
taken of the side processes due to the effect of A1C13, for
example, the exchange of fluorine for chlorine in the fluoro-
alkyl groups.30

One of the possible mechanisms of the formation of imidoyl
chlorides and dichlorides from aromatic amines and compounds
with the trichloromethyl group in the presence of A1C13

involves the formation of complexes by A1C13 with the tri-
chloromethyl derivatives and the amine and subsequent con-
version of the amine into the chloroalkyl derivative and
further into the final product:30

ArNHj -f [RCC12 ... Cl ... AIC13] -» |ArNH..-CCl2R] _ - > [Ar\'HCC!2R] -*

_Hc\-* ArN = CClR

The reaction of nitrogen trichloride with CCli, in the pres-
ence of A1C13 also leads to carboimidoyl chlorides,35'36 but in
this case a mixture of compounds is formed, whose propor-
tions can be changed by varying the reaction conditions.
It is of interest that bis- and tris-(carboimidoyl dichlorides)
(I) and (II) have been obtained in this way. Small amounts
of compound (III) and cyanuric chloride (IV) were isolated
from the reaction mixture together with the above compound.
The following mechanism of the reactions has been proposed:

CCI4 + NC13 - — ' - » [CC13-NC12]

CC13—NC12—rcrr* C1N=CC12

C1N=CC12 ci~* C1-C*N - C 1 \ / N \ / C 1

II I

c l
(IV)

C1N=CC12 —§§-'-• CC13N=CC1,

C1N=CC12 + CCls-N=CCI, -

C1N=CC1, + CC12 (N=CC1,), -

(III)
-• CC12 (N=CC12)2

(I)
-* C1C (N=CC1,)S

(Π)
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On treatment of perfluorinated cyclic tertiary amines with
CClij and AICI3, imidoyl chlorides with a linear structure are
formed.37»38 In this case, the mobile fluorine atoms in the
α-position with respect to the nitrogen atom in the complex
of the amine and AICI3 are exchanged for chlorine under the
influence of the excess A1C13 with subsequent rearrangement
of the αα'α''-polychloroamines, which are unstable under
these conditions, to the sterically less hindered imidoyl
chlorides. The rearrangement is accompanied by the dis-
sociation of the C—Ν bond in the ring:

Aic.13
¥./ ν ,—CFo— RF ^^*- CCI3(CF2).,CC1—N—CCIRF

F , F 2 C!

RF = (CK 3 ) 2 CF—. CF 3 CF 2 CKj—

The weakly basic hydrazines (V) also react with compounds
having triehloromethyl groups and AICI3.39 Pentafluoro-
phenylhydrazine and p-nitrophenylhydrazine react with CC^
or trichloromethylbenzene and A1C13 and are converted into
the corresponding N-(aryl)hydrazonodichloromethanes or
N-(aryl)phenylhydrazonochlorides:

ArNHNH2+ R'CCV

(V)
Λ Γ = C6FS

C 9 F 6

R' = CI

C eH 5

c l

R2 = CC13

Η
Η
H4NO2-C6H4

The direct conversion of arylhydrazine into arylhydrazono-
chlorides had not been noted earlier in the literature.

A/-(Trifluoromethyl)carboimidoyl dibromide was obtained
in 93% yield by the reaction of bis(trifluoromethyl)amine
with CF2C12 and Β Β Γ 3 Λ °

3. Other Reactions of Amines with N-Halogenoamines

A method has been proposed for the synthesis of N-fluoro-
imidoyl fluorides (VI) in a satisfactory yield by dehalo-
genating amines of the type NFC1CF2R (VII) by heating with
mercury in the absence of a solvent. 1*1'lf2 The reaction
mechanism has not been established accurately, but it has
been suggested that it involves the insertion of mercury in
the N—Cl bond and subsequent formation of the intermediate
mercury compound:

C1FN—CFjR-

VII

RCFj—NHgCl 1 -> FN=CFR

F J (VI)

R = CF 3, C 2 F 6 l CF2NC1F

N-Fluorocarboimidoyl difluoride (VI, R = F) is formed in
this way from the amine (VII, R = F) in yields up to 60%,
but it cannot be separated from the impurities produced.
A product which was readily purified was obtained in 90%
yield by carrying out the reaction in trifluoroacetic anhy-
dride. The use of trifluoroacetic acid as the solvent at 0 °C
led to a mixture of the difluoride (VI, R = F) and N-(chloro-
difluoromethyl)-N-fluoramine. Apparently the intermediate
anion (VIII) is formed in the reaction in solvents and readily
loses Cl~, affording imidoyl difluoride, or abstracts a proton
from the solvent and is converted into an amine:

FCIN-CF.C1 + Hg-» [FN-CF.CI] -
(VIII)

. FN=CFj

• NFH—CF.C1

Other amines of the type RpNCIF are converted only into
N-(fluoroalkyl)-N-fluoramines under these conditions.
N-(Chloro)trifluoroacetimidoyl fluoride has been obtained

in a moderate yield from JVN-dichloro-N-(perfluoroethyl)-
amine on interaction with mercury in trifluoroacetic acid.

The coupling of diazotised anilines with methyl a-chloro-
acetate or fluoromalonaldehyde leads respectively to N-(aryl)
hydrazonochlorides or fluorides i1*3"1*5

ci'.M2(.oor.ii3

Ml (CMO);.

C:I,H

NHN=C
/ ' •

III. SYNTHESES FROM COMPOUNDS WITH THE -NHCO OR
-NHCS GROUP

The conversion of the -NHCO or -NHCS group into
I

-N=C—Hal on treatment with various halogen-containing
reagents is the basis of well known and widely used methods
of synthesis of halogenoimidoyl derivatives. Most of the
studies in recent years on these lines have been associated
with the involvement of new compounds in the reaction
already described previously.

1. Reactions with Halogeno-derivatives of Phosphorus and
Sulphur and with Halogens

One of the simplest and most convenient methods of syn-
thesis of imidoyl halides is the halogenation of amides by
phosphorus halides or SOC12. The following reactions have
been carried out using PC15 and SOC12:

R = C H 3

OCOCF 3

CC13CHOH, CHClBrCHCl
CC13CHC1, CC12 = CH

SF5

O C H 3 ) O C 2 H 5 , O C 3 H 7 - m
OC3H7-iso, OC 4H 9-n
4 - X C 6 H 4 C H 2 , C 6 H 5 C H 2

C 6 H 5 , 4 - X C 6 H 4

.Cl
RNHCOR1 -* RN=C<

\ R 1

R1 = C6HS, 4-XC6H4, COOC2H5 (Refs.46-48)
CF3 (Ref.49)
C6HS, 4-XC6H4, CH3 (Refs.50-52)
CHC12,CC13,C(CH3)3

CF3,CH3(Ref.53)
C6H5, 4-XC6H4 (Refs.54-57)
2,4-XYC6H3

C6H5, 4-NO2C6H4 (Ref .58)
2CF3SO2C6H4, C6HS, 4-XC6H4(Refs.59-60).

The corresponding imidoyl bromide has been obtained from
compound (IX, R = OCH3, R1 = C6H5) by reaction with PBr 3,
but its yield was low;56 an alternative method of synthesis
with a yield of 51% involves the nitrosative deamination of
o-methylbenzamide oxime in HBr. 5 7 N-Phenylbenzimidoyl
bromide can be obtained from benzanilide and PBr5 only in a
mixture with the product of the bromination in the p-posi-
tion of the aromatic ring attached to the nitrogen atom.61

It is of interest to note that the trichloroacetyl derivative
of pentachloroaniline is converted into N-(pentachloro-
phenyl)trichloroacetimidoyl chloride on reaction with PC1 5, 6 2

while N-(pentafluorophenyl)trichloro- or -trifluoro-acetimi-
doyl chloride cannot be obtained from the corresponding
anilides and PC15. Under the reaction conditions, they are
converted into trichlorophosphazopentafluorophenyl.63 The
formation of organophosphorus compounds instead of the
expected hydrazonochlorides has been observed also in the
interaction of N-phenyl- and N-methyl-N-trifluoroaceto-
hydrazides with PCl5.

61t

In the case of the o-azidobenzanilides or N-(o-azido-
benzoyl)anilides, the imidoyl chlorides formed rapidly cyclise
to derivatives of 2//-indazole or benzimidazole, so that they
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cannot be isolated, although there is no doubt about their
intermediate formation.65·66

An o-allyl-substituted imidoyl chloride has been obtained
from the o-allylbenzoyl derivative of p-nitrobenzylamine.67

Various 2-phenylethylamides react with reagents of the type
of PC15, POCI3, and SOC12 under mild conditions to form
imidoyl halides in high yields.68»69 This finding proved to
be extremely important for the understanding of the mecha-
nism of the formation of derivatives of dihydroisoquinoline
from amides and POCI3 in the classical Bischler—Napieralski
reaction. It permitted the conclusion that imidoyl chlorides
are formed as intermediates in this reaction and made it pos-
sible to modify the conditions for its occurrence in order to
attain the highest yield of the cyclisation product.

The chlorination of NN'-dichlorodimethylmalonamide with
chlorine under UV irradiation proceeds differently to the
reactions of amides described above, although it also leads
to a compound with imidoyl dichloride groups:70

CH,NHCOCC1,CONHCH,

Ο ο
II H

CC1,=N-C-CC1,-C-N=CC1,

Amide groups forming part of the heterocyclic ring are
converted into imidoyl chlorides on treatment with PCI5 or
POCI3. Chlorine-containing quinazolines,71 phthalazines,72

1,2,4-triazines,73 pyrazines,71* pyridazines,75'76 isoindo-
lenines,77 and phenanthridines78»79 have been synthesised
in this way. Cyclic benzamides of type (X) react with
PBr5 with ring opening and the formation of N-(u)-bromo-
alkyl)imidoyl bromides (XI). The reaction proceeds via the
intermediate iminium bromide (XII):80

(CH2)nBr

Ι κ Β Γ

N = C — C 6 H 5

τ. (XI)

H 5 C 6 — C = 0

(X)

H5C6—C—Br

(xii) :

A mixture of SOC12 and SO2C12 is as a rule used for the
synthesis of carboimidoyl dichloride from amides. The
corresponding N-arylcarboimidoyl dichlorides have been
obtained in this way from formanilide and its 2,6-dichloro-
and 2,4,5-trichloro-derivatives.81 However, the attempt to
use this method to synthesise N-pentafluorophenylcarbo-
imidoyl dichloride was not very successful.82

The synthesis of N-pentafluorophenyl)perfluoropropyl-
imidoyl fluoride by treating a tertiary amide with SFî  in HF
has been described:83

;), + SF«
F

C,F,

The yield of the product is 73%. The proposed reaction
pathway involves the rupture of the N-acyl bond by HF and
the formation of a secondary amide which is then converted
into the imidoyl fluoride. Thiobenzanilide reacts with SFij
and is converted into N-phenylbenzimidoyl fluoride in 52%
yield.8if

Like amides, hydrazides are readily chlorinated by SOC12

or PCI 5, being converted into the corresponding hydrazono-
chlorides:

R'CONHNR'R3 -• R1-C=N—NRSRS

Cl

R1 = 2-BrC6H4, 2-FC6H4; R2 = H; R3 = C6H5 (Ref.85); R1 = C6HS,
R2 = H, R3 = C6F5 (Ref.86); R1 = R3 = C6FS; R2 = H; R1 - t - C ^ , , C6H5

R2 = CH3; R3 = 2,4-(NO2)2C6H3, 4-NO2C6H4, C6H5 (Ref.87); R1 = C6H5;
R2 = H; R3 = Ts(Ref.l3);

R _ C O - N H - N H - C O R

Cl Cl

R-C=N-N=C-R [88], R

hydrazides with the POCl3.pyridine complex in an excess of
POC13.

12'89~91 On treatment with PC15, certain hydrazides
undergo a rearrangement in the course of which the inter-
mediate formation of compounds with the imidoyl chloride
functional groups is postulated.92

On treatment with PCI5, arylureas are converted in high
yields into N-arylbenzimidoyl chlorides,93 while N-alkylidene-
ureas are converted into chloro-l,3-diaza-l,3-dienes.9It

Compounds of a similar type with two conjugated imidoyl
chloride groups are obtained by chlorinating N-thioaroyl-N'-
arylthioureas.95

Chlorination of perfluoroalkylthioanilides leads to N-phenyl-
imidoyl chlorides in high yields :81*

ci.
C,H,NHCSCF, •- C<^

The formation of a small amount (up to 10%) of relatively
unstable N-pentafluorothioimidoyl chlorides, characterised
spectroscopically, has been noted in the reactions of
N-pentafluorothiourethanes or thiourethanes with PC15:

96

SFSN=(

A convenient modification of the method involves treating the

R = OCH5, SCH3, SCOHS

2. Reactions with the Vilsmeier Reagent and Its Analogues

The react ions of amides with the Vilsmeier r e a g e n t proceed
in a more complex manner . T h u s , when acetanil ides interact
with th i s r e a g e n t , imidoyl chlorides a r e formed only a s i n t e r -
mediates, which are subsequent ly converted into formamidines,
2-chloroquinolines, or o t h e r heterocyclic der ivat ives depen-
ding on the subs t i tuent in t h e acetanilide and the react ion
c o n d i t i o n s . 9 7 " 1 0 1 The interaction of the Vilsmeier r e a g e n t
with 2- and 3-acetamidothiophens proceeds analogously. 9 8 » 1 0 2

The reaction of the Vilsmeier r e a g e n t with NN-dimethylurea
h a s been descr ibed by Boyd et a l . 1 0 3

The intermediate formation of imidoyl chlorides h a s been
postulated in the react ions of anilides of the type
ArNHCOCH2R with the aza-analogues of the Vilsmeier
r e a g e n t obtained from POCI3 a n d N-nitrosodimethylamine or
its homologues. 1 0 0 However, N-(m-tolyl)carboimidoyl
dichloride is one of the side p r o d u c t s in the case of 3-methyl-
propioanil ide.

3. Reactions with Triphenylphosphine and Dihaiogenophos-
phoranes

A new convenient method of synthesis of imidoyl chlorides
and bromides in high yields has been proposed by Appel and
co-workers1014»105 using secondary amides, the corresponding
tetrahalogenomethane, and triphenylphosphine as the
starting materials:

RiCONHR" -f (C e H s ) s Ρ + CX4 -> R>CX=NR2 + (QH 6 ), PO + CHX, ·
R1 = CH3, C.H»; R* = C,H6, c y c l o - C 6 H n ; X = C l , Br

The study of the reaction mechanism suggested that the
reaction proceeds via the intermediate O-phosphorylated
compound formed from the amide on treatment with the com-
plex of the tetrahalogenomethane and triphenylphosphine or
the product of their reaction—a dihalogenophosphorane.
Taking this into account, a method of synthesis of imidoyl
chlorides and bromides from the corresponding dihalogeno-
phosphoranes in the presence of bases (to bind the HHal
formed) was developed. The yields of imidoyl halides
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obtained by this method are also fairly high. The reaction
with the less reactive dichlorophosphorane takes place at a
higher temperature than the reaction with dibromophos-
phorane.

The mild conditions in the synthesis of imidoyl chlorides
and bromides by this method make it possible to obtain even
relatively unstable compounds, which can be used for further
reactions without isolation. A convenient version of the
reaction has been proposed 1 0 6 using triphenylphosphine on
a support, which facilitates the separation of phosphorus
compounds from imidoyl halides.

The reaction with triphenylphosphine and CClit has been
successfully carried out for trihalogenoacetylpentafluoro-
anilines in order to synthesise JV-(pentafluorophenyl)halo-
genoacetimidoyl chlorides: 1 0 7

C,F6NHCOR -

R=CF,, CC1,

C,F5N=C<f
R

R = CF3, CC1,H

NJVJV'-Substituted ureas 1 0 5 . 1 0 8 ' 1 0 9 and the S-esters of thio-
carbamic acid 1 0 5 react with CCl^ and (C 6H 5) 3P like the amides.
The dione (XIII) reacts with trichloro-1, 2-phenylenedioxy-
phosphorane and is converted into the azine (XIV) in 70%
yield:1 1 0

(XIV)

IV. REACTIONS OF COMPOUNDS WITH A NITROGEN-CAR-
BON MULTIPLE BOND

1. Reactions of Ketoximes and Aldoximes

Aromatic and aryl-substituted aliphatic ketoximes undergo
the Beckmann rearrangement on treatment with CCli» and
(C 6 H 5 ) 3 P, affording imidoyl chlorides. The unsubstituted
aryl group then migrates in the diaromatic ketoximes, while
in aryl-substituted aliphatic ketoximes the aryl group
migrates. The yields are in the range 70— 90%:U1

<C,H5)3

R1

R2/

OH->R
I-C=N-R2

I
Cl

R1 = C2H5, C6HS, 4-ClC6H4; R2 = C6H5.

Under these conditions, the dialiphatic ketoximes are appar-
ently also converted into imidoyl chlorides, but the latter
cannot be isolated. 1 1 2 Imidoyl chlorides are likewise
obtained in the reactions of ketoximes with dichlorophos-
phorane in the presence of triethylamine.1 1 1 The inter-
mediate N-chloroketimines or their precursors, namely
O-phosphorylated ketoximes, undergo the Beckmann rear-
rangement in these reactions. 1 1 1

The Beckman rearrangement of Ο-substituted oxime deriva-
tives on treatment with trimethylsilyl iodide or diethylalumin-
ium iodide in an aprotic medium under mild conditions makes
it possible to obtain high yields of imidoyl iodides, which can
be used for further reactions with isolation in a pure form: 1 1 3

N>C=N—OX • >R'-N=
< ior (C2HS)2A1I

X = COCH,, COCHs, COOC.H,

Derivatives of acetone, diethyl ketone, acetophenone, cyclo-
hexanone, and cyclododecanone oximes have been investi-
gated in these reactions.

Aldoximes are converted into compounds with the imidoyl
chloride group on treatment with various chlorinating agents.
The chlorination of benzaldoximes with chlorine in chloroform
or methylene chloride, containing an admixture of ethanol or
in the presence of triethylamine as the catalyst, makes it
possible to obtain benzohydroximoyl chlorides in satisfactory
yields. l l l*~1 2 2 The reaction intermediates are chloronitroso-
compounds, which isomerise to hydroximoyl chlorides:

CH=N—OH CHCI—NO

R = 4-C6HS; 4-NH2; 2,6-Cl2; H, 3-NO2 and 4-NO2; 2-, 3-, and 4-C1; 2,6-Cl2.

The chlorination of pentachlorobenzaldoxime can be achieved
without a catalyst. In order to obtain pentafluorobenzo-
hydroximoyl chloride, nitrosyl chloride is used as the chlo-
rinating agent since the reaction hardly occurs with chlorine.

A convenient and selective method of synthesis of benzo-
hydroximoyl chlorides from the corresponding aldoximes on
treatment with N-chlorosuccinimide has been described .1 2 3 '1 2 1*
Chloral oxime is converted into trichloroacetohydroximoyl
chloride on treatment with chlorine. 1 2 5

2. Reactions of Aldimines and Aldazines

The formation of imidoyl chlorides has been postulated in
the reaction of N-benzylideneanilines with PC15. Imidoyl
chlorides were converted into the corresponding amides with-
out isolation.126 Satisfactory results have been obtained
with N-benzylideneaniline, JV-benzylidene-p-toluidine, and
N-benzylidene-p-chloroaniline, but N-benzylidene-p-nitro-
aniline could not be made to undergo this reaction:

C6H5CH=N-R ·
C6H

C=N-R — QHjCONHR

Aldazines of the type of 2,3-diazabuta-l,3-diene are con-
verted into monochloro- or dichloro-azines on treatment with
chlorine in inert solvents or in anhydrous acetic acid, while
their bromination and iodination proceed in a more complex
manner. These reactions have been described in detail by
Buzykin and co-workers.1 2·1 3 A convenient version of the
synthesis of such chlorides involves the interaction of aroyl-
hydrazones with thionyl chloride and subsequent chlorination
of the 1-chloro-derivatives formed to l,4-dichloro-2,3-diaza-
buta-l,3-dienes 1 2 7 [Pilgram and Skiles 1 2 8 described the
more complex reaction of aroylhydrazones of aliphatic per-
fluoroaldehydes with SOC12 in the presence of dimethyl-
formamide (DMF)]:

AiCONH.\=CHR- ArCCl=N-N=CHR • Ar-C=-\-X=C(

Ar = C6H5, 4-ClC6H4, 4-CH3C6H4; R = C6H5, 4-NO2C6H4, CF3, C2FS, C3F7.

The method makes it possible to obtain the compounds in
satisfactory yields and free of isomers, which is especially
important for asymmetric derivatives. However, when it is
used, one must take into account the symmetrisation side
reactions on treatment with SOC12.

13

3. Reactions of Hydrazones

New N-arylhydrazonobromides have been obtained by the
usual methods for the synthesis of compounds of this kind
involving treatment with the arylhydrazones of aromatic and
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aliphatic aldehydes with bromine in acetic acid. The reac-
tion kinetics has been investigated and the role of the elec-
tronic steric factors in the formation of the product has been
discovered, «.es.ws-isi

N-(Phenyl)trifluoroacetohydrazonobromide and the corre-
sponding chloride can be synthesised in yields up to 70% on
halogenation of the phenylhydrazone of trifluoroacetaldehyde
with N-bromo- and N-chloro-succinimide in DMF.1 3 2

A new group of reactive N-amidinohydrazonobromides have
been synthesised by brominating amidinohydrazones with
bromine in aqueous acetic acid. 1 3 3 The compounds were
isolated in the form of stable hydrobromides. The kinetic
data obtained agree with the reaction mechanism in which the
slow rate-determining step is the geometrical isomerisation of
the protonated form of the initial thermodynamically stable
(E)-isomer of the amidinohydrazone to the protonated form
of the (Z)-isomer followed by the rapid stage involving the
bromination of this form:

mechanism of the formation of 1,1-dibromo-derivatives:

Ar—C=N—NHC' A r — C = N

Η Ml—r.f

N 1 1 ! % - Ar—C—N=N—C ,

L
ArCBr=N—NH—C

\ v ,

Ar = 4-XC6H4; X = OCH3, CH3, (CH3)2CH, H, Cl, Br.

The formation of hydrazonobromides is also postulated in the
bromination of arylidenesemicarbazones with bromine in
anhydrous acetic acid, but the final products are tri-
azolones.131*

The pathway followed in the reactions of the tetrazolyl-
hydrazones of aromatic aldehydes with chlorine or bromine
in acetic acid depends on the conditions.1 3 On treatment
with halogens in glacial acetic acid, the methylidyne proton
of the hydrazone is slowly substituted by the halogen and
tetrazolylbenzohydrazonochlorides or the corresponding
bromides are obtained respectively. On treatment with
halogens in aqueous acetic acid, these compounds undergo
oxidative cleavage on the tetrazole ring and are converted
into l,l,4-trihalogeno-2,3-diazabutadienes. Treatment of
the initial tetrazolylhydrazones with halogens in aqueous
acetic acid also leads to the cleavage of the tetrazole ring.
The 1,1-dibromo- and 1,1,4-trichloro-derivatives are then
formed in the reactions with bromine and chlorine respec-
tively. The bromination of the 1,1-dibromo-derivative to
the 1,1,4-tribromo-derivative does not take place. Thus,
in order to obtain the 1,1,4-trihalogeno-derivatives of 2,3-
diazadienes, it is necessary that the methylidyne position be
halogenated before the cleavage of the tetrazole ring:

ArCH=N—NH—C
Ns'H—Ν

Χ,,ΑοΟΗ

Br,,AcOH H,O

ArCH=N-N=CBr,

Ji Ν
•ArCX=N-NH-C< ||

X N H — Ν
X,,AcOH,H,O

(X=Cl.Br)

• ArCX=N-N=CX»

The study of the bromination kinetics suggested the following

ArCH=N-NH-C
Ν Ν B r

|| lf ||
X NH—Ν

/N=N
ArCH=N-N=C< | ->· ArCH

Γ .N Ν
ArCH=N-N-|C< I -

L Ι χΝΗ—Ν
Br

= N - N = C ! -

J
ArCH=N-N=CBr,

The bromination of the 5-phenyltetrazolylhydrazones of
aromatic aldehydes has been described by Hegarty et a l · 1 3 5

The attempts to involve ketone tetrazolylhydrazones in the
bromination reaction were unsuccessful with the exception of
benzophenone tetrazolylhydrazone.1 3 6 On the other hand,
C-alkoxycarbonyl derivatives of N-arylhydrazonobromides
have been obtained1 3 7 by brominating hydrazones (XV) in a
mixture of glacial acetic acid and acetic anhydride in the
presence of sodium acetate:

/y V /COR1 // ^ /C°Kl

R-< /-NH-N=C< -̂ R—f V-NH-N-=C<
N = x X COCH S \=/ \Br ;

(XV)
R = Br, CH3; R l = OCjH5, OCH3

4. Reactions of Dichloromethyleneammonium Salts

The highly reactive dichloromethyleneammonium salts having

R \ +the general formula N=CC12.X~, which have been vigor-
R x

ously investigated in recent years, can serve as starting
materials in the synthesis of carboimidoyl dichlorides and
chlorides. Thus thermolysis of dichloromethylenedimethyl-
ammonium chloride above 100 °C leads to N-methylcarbo-
imidoyl dichloride and its reaction with compounds containing
the amino-group makes it possible to obtain smoothly chloro-
form am idines:

CHjr

CH.
=CC1,-C1--

/Cl
VN (CH3),

. CH3N=CC12

HN<| N (CH3)2

C1

HjN—C—CN
II

NH
•N VN-C/

Cl

Ν (CH,),

Ν (CH 3),

° ' s ( N H l ) l

 (.(CH,)2N-CCl=N-SO2-N=Ca-N(CH3) l .

The reactions of dichloromethyleneammonium salts are
described in greater detail in Refs. 138—141.

5. Reactions of Imidoyl Hal ides

For the synthesis of new imidoyl halides, it is possible to
use the reactions of the compounds themselves involving the
substitution of the halogen atom at the N=C bond, the
reactions of other substituents, and also isomerisation not

I
involving the N=C-Hal group. The methods associated with
the reactions of the first type have been examined in a
review.11*2 The reactions of the second type are extremely
Varied. Thus difluoroacetohydroximoyl chloride can be
obtained from 0-(trifluoroacetyl)trifluoroaeetohydroximoyl
chloride with methanol."*6"1*9'11*3 The reverse reaction makes
it possible to synthesise O-acylhydroximoyl chlorides from
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hydroximoyl chlorides:1 2 2'1'*'·'1''5

CF3-C=N-OCOCF3—SiOiL, CF,C=N-OH
I I

Cl Cl

Pyrolysis of benzohydroximoyl chlorides containing elec-
tron-accepting substituents in the ring leads to O-benzoyl-
benzohydroximoyl chlorides, but the yields of the products
are low.11*6 The reaction mechanism involves the reactions
of intermediate benzonitriles:

R = 3-NO2,4-NO2,4-C1.

On interaction with sulphur in the presence of a chloride ion
donor (tetrabutyl or tetraethyl-ammonium chloride), N-chloro-
formimidoyl chlorides are converted into N-chlorothioform-
imidoyl chlorides.1 < l 7 The proposed reaction mechanism is
presented below:

^ C = N - C I + ci — ̂ -1 \ : = N ^ RCN -f- οί-

ε + Clj -> SCI,

" : = N + SCI,-» \ C = N - S C I - C I -
cvcv

When R = Cl or CC13, the products can be isolated, but,
when R = CN or -CC12—CN, further reactions take place.
N-Alkylthio- or N-phenylthio-formimidoyl chlorides are
formed in the reactions with disulphides.11*8 Bis-N-chloro-
formimidoyl chlorides react with disulphides analogously.

The chlorination of N-(trifluoromethylthio)trifluoromethyl-
dithioimidoyl fluoride or chloride takes place with cleavage
of the S-S b o n d s : 1 "

Hal Hal .Hal

Hal=F.Cl

Another example of reactions with cleavage of the S-S bond
has been described: 1 5 0

C C 1 3 . c i , C C I S V

>C=N-S-S-C1 -7ΓΓ- )C=N-SC1
CK ' CK

N-Chlorocarboimidoyl difluoride reacts via a radical mecha-
nism with fluoro-olefins at a high temperature affording
N-halogenoalkylcarboimidoyl difluorides.151»152 The degree
of conversion of the initial imidoyl difluoride reaches 75—95%:

C1N=CFS + CFj^CXF - CF,=N-CF,-CXFC1 ;
X = F, Cl, Br

The reaction does not take place with hydrogen-containing
olefins.

The conversion of N-trichloromethylcarboimidoyl dichloride
into JV-chloroformylcarboimidoyl dichloride in a high yield
in reactions with aliphatic aldehydes and acid anhydrides
has been described.153

NN'-Bisalkylideneureas have been isolated in the reactions
of ketimines with trichloromethyl isocyanate, which exists
preferentially in the form of JV-ehloroformylcarboimidoyl
dichloride, under mild conditions in the absence of HC1.15"
In the presence of HC1 and on heating, the reaction proceeds

further and ot-chloroalkyl isocyanates are formed in 75—80%
yields:

ο ο
CF33 s i

">C=NH + C1C-N-CC12 -^Fici

CFa !|
C=N-C-N-CC)2

N=C=O

R = C6H5, 4-ClC6H4, 4-CF3C6H4.

The reaction of a substituent, accompanied by intramolec-
ular cyclisation, has been observed on treating A/-aryl-
hydrazonochloroacetyl-N-benzoylhydrazines with POC13:1 5 5

CONHNHCOAr»
x C = Ν
/ \
Ο Ν

The isomerisation of (Z)-isomers of O-alkylbenzohydroximoyl
chlorides to the (£)-isomers takes place on irradiation with
UV light or under the conditions of acid catalysis. 5 5 ' 5 6 ' 1 5 6

The reactions of substituents in imidoyl chlorides involving
chlorination have been described. 5 1 ' 5 2 ' 1 5 7 Some examples are
presented below:

CC13CC1 = NCH2C6H5 ^l CCl3CCl=NCHCICeH5

RR'C=CClN=CClCiH 5 Q- RR'CC1-CCI2—N=CCIC6HS

R = H. Br, CH3CHCC1; R'=C1, Br

6. Reactions of Carbodiimides

Trichloromethanesulphenyl chloride or a-halogenoacid
chlorides add under mild conditions to the C=N bond in
carbodiimides affording the corresponding chloroform-
amidines:2 0 · 1 5 8

/C3H7-n
n-C3H7N=C=N-C3H7-n + C1S-CC13 -• n-C3H7N=C-NN

I SCC13

Cl
R1

iso-C3H7N=C=N-C3H7-iso + R-C-COC1 -» R-C-CO-N-C=N-C3H7-iso;

ι
X

X = CI, Br; R, R l = H, CH3

|
C 3H 7-iso

On treatment with water, chloroalkylcarbodiimides are con-
verted into the hydrochloride of chloroformamidine:159

C»H}
QHS

|

ci
C1

OH

—N=C=N—C-R -
I

Cl
/C.H.-1

. H N = C - N = C < -«HN^C-NHj.I
I ^ R I

CI J Cl

R = CF3,t-C4H9.
Diisopropyl- or dicyclohexyl-carbodiimide reacts with bromo-
dichloromethylphenylmercury, as a source of dichlorocar-
bene, giving rise to the corresponding carboimidoyl dichlo-
ride: 1 6 0

R - N = C = N - R + Q,H6HgCCI,Br -» RN=CC1,

7. The Synthesis from Isocyanates and Isothiocyanates

An unusual intramolecular rearrangement with oxygen
transfer in a series of o-trichloromethylphenyl isocyanates
leads to N-phenylcarboimidoyl dichlorides. 1 6 1 ' 1 6 2 It has
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been detected in the high temperature thermolysis of these
compounds and, in addition, apparently also when the latter
were treated with HF:

NHCF3

Chloro-l,3-diaza-l,3-dienes can be obtained from per-
chloroethyl isocyanate and triphenylphosphazo-compounds
as a result of the 1,3-chlorotropic shift in the —C-N=C-
triad in the carbodiimides formed initially:91*

CC13CC12N=C^O + (C,H5)SP=NR -»ICC13CC12N=C=N-R] -* CC13CCI=N-CC1=NR ;
R = iso-C3H7,C6HS.

Carboimidoyl dichlorides can be obtained by chlorinating
isocyanates or isothiocyanates:

PCI,
SF5—N=C=O SF s -N=CCl l (Ref.163),

R_N=C=S — - * | RN=C< - R-N=CC12 (Refs.164, 165);
L xscij

R=CH3, CHjCeH», QH», CFtCl. CFS ,

F (S) C - N = C = S — - » CFC1,-N=CC1, (Ref.165).

An unusual pathway leading to carboimidoyl dichloride has
been discovered in the case of the chloride of chlorofluoroiso-
thiocyanatomethanesulphenic acid. 1 6 5 On heating, this com-
pound undergoes intramolecular cyclisation to a 1,2,4-di-
thiazole derivative. Such dithiazoles or their hydrolysis
products afford carboimidoyl dichlorides on treatment with
chlorine:

ClFC—N=C=S
1

SCI

~ F
C

C 1

Ν/
o=c-

s

•Ν

U

K, / F C 1 \ / C 1

C \ + C Ν CCl3N=CCl,

!-α

•—Cl

*%• C1OC-N=CC1S

- C l

8. Addition to Nitriles, Cyanates, and Isonitriles

A large number of various imidoyl chlorides and dichlo-
rides have been obtained by adding chlorine, sulphenyl
chlorides, disulphides, sulphur dichloride, thionyl chloride,
and sulphuryl chloride to the C Ξ Ν bonds of various
nitriles. The chlorination of nitriles with electron-accepting
substituents leads to substituted N-chloroformimidoyl chlo-
rides. 1 6 6» 1 6 7 The addition of chlorine to the activated C = Ν
bond in sulphonyl cyanides takes place readily and with a
quantitative yield:

R S O , C E N + C 1 2 - • R S O , C = N - C 1

X c .

In the case of less activated nitriles, such as, for example,
cyanogen or trichloroacetonitrile, the reaction is performed
in the presence of catalysts—tetramethylammonium chloride
or charcoal:

Cl

N « C — O - N + Cl.

Cl\

CN'
1—Cl + C1N=CC

X C1

=NC1

80%

CCl,-C»N + Cl,
CCli

Ss>C=N-Cl
CK

The first stage of the chlorination reaction is nucleophilic
attack by the chloride ion on the electron-deficient carbon
atom of the cyano-group.

The high-temperature chlorination of dimethylaminoaceto-
nitrile to biscarboimidoyl dichloride (XVI) proceeds via the
intermediate formation of an N-methylimidazole derivative and
subsequent ring opening:

CH,N (CHS),

-Cl

V-N
I ' II

c c

c l t CC12-N=CC12

~" CC1,-N=CC1,

Cl ^ Cl
CH, .
(XVI)

The reactions of nitriles with chloro-derivatives of sulphur
proceed in the presence of catalysts (sources of chloride
ions) and make it possible to obtain sulphur-containing
imidoyl chlorides and dichlorides.1 ' '8 '1 '*9 '1 6 8 '"1 7 1

Cyclic imidoyl chlorides are formed in satisfactory yields in
the reactions involving the addition of HC1 to nitriles, accom-
panied by intramolecular cyclisation,172 for example:

The interaction of ethyl cyanoformate and HC1 in acetic
acid leads to the unstable ethoxycarbonylformimidoyl chlo-
ride , which has been detected from the presence of products
of its reactions with nucleophiles added to the system.
Ethyl 4-quinazolone-2-carboxylate has been obtained in this
way in 50% yield in the presence of o-ethoxycarbonylaniline:173

NC—COOC.H» >C-COOC,H6
N

\
NH

s N ^

The Ritter condensation of nitriles with olefins in the pres-
ence of HF led to imidoyl fluorides, which were .isolated in a
pure form.171*»175 This reaction made it possible to obtain
imidoyl fluorides, little known hitherto, and to investigate
their properties:

/ \ /
R=CH3 (33%). C,H5 (59%)

The use in these reactions of not only cyclic but also linear
olefins with branched and unbranched chains at the C=C
bond showed that alkenes with branched alkyl groups do not
form imidoyl fluorides, while those with unbranched groups
react normally. For example, pent-1-ene reacts with benzo-
nitrile to form a mixture of N-(2-pentyl)benzimidoyl fluoride
and the corresponding 3-pentyl derivative in 62% yield. The
different behaviour in these processes of the two types of
olefins is determined by the possibility of further reactions of
the ions formed as intermediates in the addition of HF to
olefins.

A preparative method of synthesis of aliphatic N-(f5-chloro-
alkyl)carboimidoyl dichlorides consists in the electrophilic
addition of chlorine to olefins in the presence of chloro-
icyanogen:176

Cl R3

R \ /R s I I
>C=Of + Cl, + Cl—C«N -» R1— C—C—N=CC1,
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Especially satisfactory yields have been obtained with vinyl
chloride or butadiene. When α-halogenocarboimidoyl chlo-
rides are formed, dehydrohalogenation, which takes place
readily, makes it possible to obtain at once αβ-unsaturated
carboimidoyl dichlorides:

H,C=C-CH,
I

Cl
[

Cl η

CICH^-CH, L c i -

N=CC1, J

-CH=C-CH3
I

N=CCli

However, in those cases where the olefin contains an acid
group or an electrophile capable of introducing such groups
is used, the reaction does not stop with formation of carbo-
imidoyl dichloride:

Γ C 1

CH3 Η Ι
> C = C < 4- Cl, -f C1CN -• C H 3 - C H - C H - C O O H

Η κ X C O O H I
I. N=CC1 2

Cl

CHj.

CH3

— CH3-CH-CH-COCI

,\=C=O

:=CH 2 + CJ-SO3H + C1CN

CH3

-> | CH 3-C-CH 2-SO 3H

CH3

CH3-C-CH2SO2C1

N=C=O

N-Polychloroalkylimidoyl chlorides or dichlorides are formed
on interaction of activated nitriles, such as chlorocyanogen,
trichloroacetonitrile, 2,2,3-trichloropropionitrile, and
dichloromalonidinitrile with compounds having the CC13 or
CC12H groups. 1 7 7» 1 7 8 The reactions are catalysed by FeCl3 or
AICI3. The addition of chlorine-containing compounds to the
activated nitrile group takes place in the first stage and is
followed by the migration of chlorine (chlorotropism), which
results in the formation of imidoyl chlorides or dichlorides.
In a number of instances at low temperatures, the processes
can be arrested at this stage. In other cases the formation
of heterocyclic compounds is observed. Thus imidoyl chlo-
rides are the main products of the reaction of dichloroaceto-
nitrile with trichloromethylbenzenes,177 but in the reaction
with chlorocyanogen cyclisation to substituted triazines takes
place readily and the intermediate carboimidoyl dichloride
(XVII) could be isolated in small amounts only in the case of
2,4-dichloro-l-trichloromethylbenzene:178

C1=N—CCI2CCI2CN

Imidoyl chlorides have also been isolated in the reactions of
trichloromethylbenzenes with dichloromalonodinitrile,177 while
the reaction with benzylidenechloro-derivatives gave rise to
pyrimidine derivatives.178 Trichloromethoxybenzenes and
carboimidoyl dichlorides with perchloroalkyl groups have also

been used as the polychloroalkyl component: 1 7 7" 1 7 9

RN=CC1,

I
N = C C I 2

It has also been found that, in the presence of Lewis acids
and at elevated temperatures, carboimidoyl dichlorides of the
type RCC12N=CC12 react with nitriles having two hydrogen
atoms in the α-position, affording chloropyrimidines.180 The
elimination of HC1 is rate determining in this two-stage reac-
tion . In most cases the reaction can be stopped at the first
stage involving the formation of carboimidoyl dichloride:

R N=CCI2 R1

R-CCl2-N=CCl,-f R'-CHj-CN — — ' - * Q -»
I!

R^ CN

R=C1, CC13, Ο,Η4: R'^H, CI, CH3, C6H5 etc.

The reaction proceeds analogously also when the α-chlorine
atoms in carboimidoyl dichloride have been substituted by
hydrogen and the α-hydrogen atoms of the nitrile have been
substituted by chlorine. N-Acylimidoyl chlorides and
dichlorides can be obtained from nitriles and acyl chlorides:

Cl-C-N + COCI» Sc-N=cci2 (Ref.181),
•1/

CI

R.,N-C=N . R2N-C=N-COR1 (Ref.182).

Like nitriles, phenyl isocyanates react with N-trichloro-
methylcarboimidoyl dichloride, giving rise to heterocyclic
derivatives.1 7 8 In some cases it is possible to isolate small
amounts of the primary products of the chlorotropic rear-
rangement :

C(:i3N=CCli; •+- R
•OCCI2N=CCI—N=CCI2

H,Cl-4,C.I2-2,4, (CH3)2-2 :4

Cyanates react with acyl chlorides similarly to nitriles. 1 8 2

The reaction is carried out by heating in inert solvents, the
yield of products being 45-90%. Phosgene reacts at 0-20 °C ,

The electrophilic addition of chloroformyl isocyanate to
aromatic cyanates leads to compounds of type (XIX): 1 8 1 ' 1 8 3

N + Cl (O) C—N=C=O -* ArOC=N—C-N=C=O
I

Cl (XIX)
Ar = C 6 H S , 4-CH 3 C 6 H 4 , 4-ClC 6 H 4 .
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The interaction of chlorocyanogen with hexafluoroacetone
in the presence of pyridine results in the formation of chloro-
dioxazine:181*

The overall yield of the

Cl-C^N -f (CF3)2 CO ·

CF3

CFa

c/
(CF,)iCO

Cl
/ C F 3

F 3 C X / O - C - C F 3

F 3 C / X V N = C /

N-Bromocarboimidoyl difluoride has been obtained by
brominating fluorocyanogen in the presence of alkali metal
fluorides:1 8 5

FC=N + Br2 -
M=K, Cs, Rb

[CFa=N M] · CF,=K-Br

It has been suggested that Ν-pentafluorotelluro imidoyl chlo-
ride and dichloride be obtained by the photolysis of chloro-
cyanogen or trifluoromethylcyanogen with TeF 5Cl. Up to
10% of tetrachloro-2,3-diazabuta-l,4-diene is then obtained
as a side p r o d u c t . 1 8 6

The radical addition of perfluoroalkyl iodides to isonitriles
with primary or secondary alkyl groups is a method of syn-
thesis of imidoyl iodides with perfluoroalkyl groups: 1 8 7 » 1 8 8

R =

/I
RNC-f RF1 -* RN=Cr

XRF

, cyclo-C6Hn; RFCF3 (CF2)n (« = 3,5, 7).

However, there is no condensation with t-alkyl or aromatic
isonitriles under these conditions. By carrying out the
reactions in the presence of copper, it has been possible to
involve in them also the nitriles indicated above. The yields
of imidoyl iodides are mainly 70-90%. The mechanism of the
copper-catalysed reaction involves the oxidative addition of
Rpl to the copper complex of the isonitrile and the subse-
quent migration of the perfluoroalkyl group and iodine to the
isonitrile ligand.

Direct fluorination of isonitriles by a stream of elemental
fluorine diluted with argon or nitrogen makes it possible to
obtain carboimidoyl difluoride:1 8 9

RNC + F, - RN=CF2

R = t-C4H9, C6HS, 2-FC6H4, 4-ClC6H4.

N-Trifluoromethylimidoyl halides are formed in the reac-
tions of N-trifluoromethylisonitrile with HHal or SFsBr.1 9 0

V. REACTIONS OF COMPOUNDS WITH A NITROGEN-NITRO-
GEN MULTIPLE BOND

Azides, azo-compounds, and azoxy-compounds react with
dichlorocarbene, generated in the course of the reaction from
phenyltrihalogenomethylmercury, giving rise to carboimidoyl
dichlorides. 1 9 1 ' 1 9 2 Thus the decomposition of phenyl azide
in the presence of phenyltrichloromethylmercury leads to
N-phenylcarboimidoyl dichloride in 70% yield. Sodium tri-
chloroacetate or ethyl trichloroacetate can also serve as a
source of dichlorocarbene. The reaction kinetics has been
investigated for phenyl, ρ-methoxyphenyl, and p-chloro-
phenyl azides. 1 9 2

The reaction of an excess of azo- and azoxy-benzenes with
bromodichloromethylphenylmercury results in the formation
of a mixture of the same carboimidoyl chlorides. The azoxy-
compounds are apparently initially deoxygenated by the
organomercury derivative and the resulting azobenzenes

react with dichlorocarbene.
products is low:1 9 1

ArN = N-Ar»J

Ar = C6H5, 4-ClC6H4, 4-CH3C6H4; Ar1 = C6H5, 4-ClC6H4.

The mechanism of the formation of carboimidoyl dichloride
can include the participation of open-chain or cyclic inter-
mediates, for example:

ArN=N—Ar>

ArN=NAr1

-CHal,

,N-Ar l

ArN< I

Ar^CHalj+Ar'N:

The reaction of trihalogenomethylmercury derivatives with
aliphatic azo-compounds proceeds differently.1 9 3 Depending
on the mercury compound, azodicarboxylate esters afford
dichloro-, dibromo-, or bromochloro-derivatives of com-
pound (XX):

ROOC-N=N-COOR

ROOC
RCOCX + _ M M

NU-N-COOR - V ί?
CHal,

I
Hal-C C—OR

! \ o /
Hal u

(XXI)
> (ROOC)2 N—N=CHal,

(XX)
R=CH,, C,H6; H a l = d , Br

The reaction begins with the electrophilic attack by the
nitrogen atom on the dihalogenocarbene with subsequent
formation of intermediate 1,3,4-oxadiazolines (XXI), which
have been detected spectroscopically.

V I . REACTIONS OF COMPOUNDS WITH A CARBON-CARBON
MULTIPLE BOND

Compounds with the imidoyl chloride or imidoyl fluoride
groups incorporated in a ring are formed in the photochemi-
cal Diels—Alder addition of unsaturated hydrocarbons to
nitrogen-containing heterocycles. Thus the reactions of
pentafluoropyridine with linear and cyclic olefins and also
with acetylenic derivatives give rise to 1:1 and 2:1 adducts
containing the imidoyl fluoride group : 1 9 I | ~ 1 9 6

The thermal reactions of 3, 5,6-trifluoro- or 3,5,6-tri-
chloro-1, 2,4-triazines with olefins proceed in a more complex
manner, but in this case too the products are compounds with
a halogenoimidoyl group , 1 9 7 for example:

F,C1
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V I I . THERMOLYSIS OF 3,3-DIHALOGENOAZIRIDINES

3, 3-Dihalogeno-l, 2-diphenylaziridines are converted into
N-phenylimidoyl halides in various solvents at 80-100 °C: 1 9 8

C,HSCH NQH, Λ C,HiCHYCX=NC,H, .

X = Y = C 1 , Br; X=C1, Y=Br; X = F , Y=Br; X = F , Y=C1 .

This thermal isomerisation involves the 1,2-migration of
the halogen and the dissociation of the adjoining C—Ν bond
with the opening of the aziridine ring. The study of the
reaction kinetics and analysis of the calculated data made it
possible to establish the reaction mechanism. The series
based on the capacity of the halogens for migration, namely
Br > Cl > F, found is consistent with the C—Hal bond
energies. The rate of isomerisation depends not only on the
nature of the migrating halogen but also on the halogen
which remains. Fluorine significantly facilitates migration
compared with chlorine and bromine.

The yields of the imidoyl halides are fairly high. 3,3-
Dibromo-1, 2-diphenylaziridine is thermally less stable than
the corresponding dichloro-derivative. Tetrachloroaziridines
are thermally more stable than dichloroaziridines, but at
180 °C the two isomerise to imidoyl chlorides: 1 9 1

1135

opening of the heterocyclic ring:

CH2Br 0
\

C1-C=.\-OH
*o

CH, * CH 3

CH3

HCI

"SOT-* CH,NHC (CH,) S C - C - C l

Ο N - O H

Hydroximoyl bromides have been obtained in satisfactory
yields by the reactions of isopropyl nitrite with sulphonium
bromides.2 0 6 Under these conditions, the salt (XXII) is
apparently formed initially and then undergoes intramolecular
nucleophilic substitution by the bromide ion with formation
of a sulphide:

CH.
)S-CH2COR ; iso-C3H7ONO •

CH3
,COR

R = Q H 5 , CH3, OC2H5 .

CH.," <••

Bi N ~ 0 H

(XXII)

HO-N=G
.Br

\:OR ;

^CCL

S CC! 2

V C C 1 3

The rearrangement of tetrachloro-N-isopropylaziridine does
not take place even on prolonged heating.

V I I I . OTHER METHODS

New diarylacetohydroximoyl chlorides have been obtained
by the reaction, already known previously, of β-nitro-
styrenes with aromatic hydrocarbons in the presence of
Lewis acids, which proceeds via 1,4-addition to the con-
jugated nitro-olefin chain: 1 9 9 ' 2 0 0

CH=CH—NO 2

X = 2-Br; 2,4-Cl2; 2,6-Cl2;2-Cl, 6-F;
Υ = H, 4-CH3, 4-C2Hs, 4-iso-C3H7, 4-Br, 4-F, 4-C1.

The reactions of β-nitrostyrenes with acetyl chloride form
under these conditions, together with other products,
N-acetoxyphenylchloroacetotrihydroximoyl chlorides, whose
yield depends significantly on the Lewis acid employed (it is
a maximum for TiCli,) and the substituents in the nitro-
styrene molecule.2 0 1 '2 0 2 In the reaction with benzoyl chlo-
ride in the presence of triethylamine, trifluoronitroethane
is converted into trifluoroacetohydroximoyl chloride (yield
30%).203 Certain heterocyclic hydroximoyl chlorides have
been obtained by the conversion of the corresponding halo-
genomethyl derivatives into oximes by treatment with iso-
pentyl nitrite in hydrochloric acid.2 0 1*'2 0 5 In a series of
3-imidazoline 3-oxides, the formation of the hydroximoyl
chloride at an elevated temperature is accompanied by the

The nitrosation of dimethylphenylacylsulphonium bromide
with sodium nitrite and HCI in aqueous dioxan leads to
benzoylhydroximoyl chloride, also in a high yield.2 0 7 Similar
chlorides are formed effectively also in the nitrosation of
β-ketosulphoxides with sodium nitrite in HCI, which is a
fairly convenient and general method of synthesis of
hydroximoyl chlorides of this kind. 2 0 8

The azo-coupling reaction between sulphonium bromides
and N-nitrosoacetanilides, which is similar to their nitrosa-
tion reaction, in non-aqueous solvents leads to hydrazono-
bromides:2 0 9

CH
)S-CH 2 COC«H 4 R 4- RiCeH

I
RC eH 4COC=NNHC 6H JR

1 ;

Br NO

R = H, 4-CH3, 4-Br, 4-NO2; R
1 = H, 4-CH3, 4-OCH3, 4-C1.

Imidoyl fluorides and difluorides are also formed in the
photolysis of various polyfluoro-compounds. Thus per-
fluoroimidoyl fluorides and difluorides with a linear structure
have been obtained in this way from perfluoroaza- and per-
fluorodiaza-cyclohexadienes;210 N-( 1-Chloro-octafluoro-
butyl)carboimidoyl difluoride has been obtained in 22% yield
from N-ehloroperfluoropiperidine.211 The low-temperature
photolysis of 1-adamantyl nitrite in the presence of tri-
chloronitrosomethane results in the formation of up to 5%
of N-[0-(l-adamantyl)]carboimidoyl chloride, which was
isolated and characterised. 2 1 2

Relatively unstable cyclic imidoyl fluorides and chlorides
are formed from 2-fluoro and 2-chloro-pyridines by their
reaction with butyl-lithium:2 1 3

X=F. Cl



1136 Russian Chemical Reviews, 56 (12), 1987

The thermolysis of 2,3-dihydro-l,4,2,X5-oxazaphosphole
derivatives leads to reactive N-vinylimidoyl chlorides:211*

C 1 F S C X /

c
C1F,C/ X

N=C-RX

\
Ο CF a=C—N=C( /

CF2C1

Cl

|
0RJ

R 1 = t-C 4 H 9 , C 6 H 5 , 4-CH 3 C 6 H 4 , 4-ClC6H4, CH = C H - C 6 H S ; R 2 = CH 3 , C 6 H S .

oOo

During the preparation of the manuscript for printing, new
data were published on the synthesis of various compounds
with halogenoimidoyl groups or on their formation as inter-
mediates. Most of these communications are concerned with
the reactions of nitriles and isonitriles with acyl halides,215""219

sulphenyl chlorides or sulphur dichloride, 2 2 0 " 2 2 2 and the
halogens (chlorine and bromine) in the presence of mercury
difluoride,223 and also with the reactions of amide groups on
treatment with PCl 5 . 2 2 1 f ~ 2 2 7 Halogenoimidoyl derivatives have
also been obtained or have been postulated in the chlorina-
tion of aldoximes,228 in the interaction of perhalogenoalkyl-
amines with SbF5

 2 2 9 or in their thermolysis,2 2 3 in the reac-
tions of substituents in compounds already containing the
halogenoimidoyl group, 2 2 2 ' 2 3 0 and in certain other reac-
t ions . 2 3 1 - 2 3 7

The main trend in these investigations has been the study
of the configurations of different halogenoimidoyl groups
by spectroscopic methods and the synthesis of the individual
isomers and their interconversions. 2 2 8» 2 3 7" 2 3 9
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The methods of synthesis and the chemical and biological properties of pyrido[2,3-e/] pyrimidines are described.
The bibliography includes 270 references.
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I. INTRODUCTION

In recent years investigators have shown much interest
in pyrido[2,3-d]pyrimidines—heterocyclic systems with a
broad spectrum of biological properties ^ ^ some of which
have found applications in medicine as medicinal prepara-
tions . 5 · 6 Only one review has been published on the syn-
thesis of pyrido[2,3,d]pyrimidines, covering the literature
data up to 1968 7 including also recent information about
their chemical reactions and biological properties.

As a result of the theoretical and practical interest in
pyrido[2,3-d]pyrimidines, many publications devoted to new
methods of synthesis, chemical reactions, and biological
properties of compounds of this class have appeared during
the last 15 years, so that it is of interest to survey and treat
systematically the available literature data.

I I . METHODS OF SYNTHESIS

Condensed pyridopyrimidines can be synthesised from both
pyridine and pyridimine derivatives.

1. Synthesis from Pyridines

This section deals with the synthesis of pyrido[2,3-d]-
pyrimidines with various functions group substituents in
the pyrimidine ring from pyridines containing active groups
in the 2- and 3-positions, which interact with the correspond-
ing reactants, the reaction leading to closure of the pyrimi-
dine ring.

(a) 2-Oxo-derivatives

2-Oxo-4-phenyl-1,2-dihydropyrido[ 2,3-d ]pyrimidines have
been synthesised from 2-amino-2-cyanopyridines by reaction
with a Grignard reagent and then with phosgene: 8~10

Another method consists of the condensation of 2-amino-3-
benzoylpyridines with urethane 9 or urea . X 1 Under analogous
conditions, 2-amino-3-hydroxymethyloyridines cyclise to the

corresponding oxotetrahydropyridof 2,3-d]-pyrimidines:1 2

/VcHsOH

;'-NHR

NH,COtC,H.

or N H 2 C O N H 2 ~

y\/\
II N

Ι!
N

Analogues of these compounds containing substituents in
the 3-position in the pyridine ring have been obtained by
condensing 2-amino-3-aminomethylpyridines with various
carbonic acid derivatives: 1 3

/\-CHjNHR>
+ X-C-Y N - R l

X = halogen, alkoxy-group, amino-group; Υ = halogen,
alkoxy- group, trihalogenoalky 1.

2,2-Dialkoxy-2-methylpiperidine has been used to synthe-
sise Ν-methyl-2-oxohexahydropyridopyrimidines by its con-
densation with urethane to form an ami dine. The reaction of
the latter with dimethylformamide acetal yielded amino-
methylene-ethoxycarbonyliminopiperidine whose treatment
with aqueous ammonia led to the closure of the pyrimidine
ring with the simultaneous elimination of dimethylamine: l l f

/ \

CH,

+ (CH3),N-CH(OC1!Hi)1 - |

£HN (CHj),

V \ _
CH3

=CHN (CH,),

NCONH.

L CH.
I H

CH,

2-Oxodihydropyrido[2,3-d]pyrimidines have also been
obtained by condensing 3-acetyl-2-pyridones with u r e a . 1 5

(b) 4-Oxo-derivatives

Methods of synthesis of 2-substituted 4-oxo-3,4,5,6,7,8-
hexahydropyrido[2,3-d]pyrimidines from 3-ethoxycarbonyl-
2-ethoxy-3,4,5,6-tetrahydropyridine have been developed:1 6

N

-OC,H.

A
NH

R=NHS, CH,
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The methods of synthesis of analogous pyridopyrimidines
containing alkyl groups at the nitrogen atom of the piperidine
r ing 1 7 ' 1 8 and an angular substituent in the 10-position16 have
also been investigated.

2-Amino-3-carbamoylpyridines, whose condensation with
orthoesters leads to the closure of the pyrimidine ring, are
convenient starting materials for the synthesis of 1-sub-
stituted 4-oxo-l,4-dihydropyrido[2,3-d]pyrimidines: 1 9~2 5

R2=H, alkyl, phenyl

The reactions of 2-amino-3-carbamoylpyridines with alde-
hydes or ketones, 2 6 diethyl oxalate, 2 9 and acid chlorides3 0

result in the formation of the corresponding 4-oxopyrido-
pyrimidines:

On treatment with alcoholic ammonia, 2-acylamino-3-ethoxy-
carbonylpyridines cyclise to form 2-substituted 4-oxodihydro-
pyrido[2,3-d]pyrimidines: 30~32

The hydrochlorides of various amines are used instead of
ammonia as the cyclising agents for the synthesis of 2,3-sub-
stituted 4-oxodihydropyridopyrimidines from acylamino-
pyridines and the reaction is carried out in the presence of
phosphorus pentoxide. 3 3

2-Acylamino-3-cyanopyridines undergo an interesting reac-
tion with sodium hydroxide and hydrogen peroxide, which
yields 4-oxodihydropyridopyrimidines: 3 l*'35

ΝHCOR'

3-Amino-4-oxodihydropyrido[2,3-d]pyrimidine has been
synthesised by condensing 2-amino-3-ethoxycarbonylpyridine
with ethyl ethoxymethylenecyanoacetate or dimethylformamide

acetal, this being followed by treating the intermediates with
hydrazine hydrate: 3 6

CNn-CO,C?H, C.HtOCH=C~CO,Ctf. , / ^ - Ο Ο , Ο , Η , C M

I (CH,),NCH(OCiH,),
I

'V-CQAH,

Λ J-N=CHN(CH3)2

-NHCH=O

N,H.

Ο
II

S\/\
N—NH 2

The reaction of 2-amino-3-hydrazinocarbonylpyridine with
dimethylformamide diacetal gives an analogous result. 3 7

On treatment of N-(2-pyridyl)amidines with various amines,
intramolecular cyclisation takes place with formation of 3-sub-
stituted 4-oxodihydropyrido[2,3-d]pyrimidines: 3 8

-CO2C2H5 ^ ^ R Ν—R 1

The reaction of thiourea derivatives with 1-substituted
2,4-dioxo-1,2-dihydro- 4//-pyrido [ 2,3-d ] 1,3-oxazines,
obtained by condensing aminopyridines with phosgene,
has been used to synthesise various derivatives of 4-oxo-
pyridopyrimidines: 39>l*°

ο ο
SCH3

ΛΛ)) R1N=C-NHRS N-R 2

(c) 2, 4-Dioxo-derivatives

One of the commonest methods of synthesis of 1,3-disub-
stituted 2,4-dioxotetrahydropyrido[2,3-d]pyrimidines is the
condensation of derivatives of 2-amino-3-carbamoylpyridines
with isocyanates in the presence of sodium amide: hl~h5

,-CONHR 3

- N H R 1
RNCO

y\/\
NaNH, „ II N - R J

Analogous compounds have been obtained by cyclising amino-
carbamoylpyridines with phosgene, chlorocarbonic acid ester
or amide, and urea. 1*6~51

The interaction of 2-chloro-3-carbamoylpyridines with urea
afforded high yields of 3-substituted 2,4-dioxotetrahydro-
pyridopyrimidines: 5 2 > 5 3

H.NCONH,

- C l

1,3-Disubstituted 2,4-dioxotetrahydro[2,3-d]pyrimidines
can be synthesised from derivatives of 2-chloro-3-carbamoyl-
pyridines containing the ethoxycarbonyl group at the nitrogen
atom in the amide group condensing with amines: 5I*

ο

J-ci
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The synthesis of 1,3-disubstituted pyridopyrimidines from
2-chloro-3-carbamoylpyridines and isocyanates has been
described. 5 5

The corresponding 1,3-disubstituted dioxopyrimidines have
been synthesised by condensing 3-substituted 2-halogeno-
carbamoylpyridines with carbamates in the presence of sodium
hydride in dimethylformamide (DMF). 5 6 The interaction of
the same carbamates with 2-amino-3-ethoxycarbonyl- or
2-amino-3-carbamoyl-pyridines results in the formation of
analogous pyridopyrimidines with a different disposition of
the substituents in the pyrimidine ring—in the 1- and
3-positions: 5 7

Λι-COR
-NHR

I II + R2NHCOR3

I P—NHR1

N-R

R1

R=OC2H5, NH2; Rs=halogen, heterocycle.

One of the ways of synthesising 2,4-dioxopyrido[2,3-d]-
pyrimidines is condensation of 2-amino-3-carboxy- or
2-amino-3-ethoxycarbonyl-pyridines with urea, urethanes,
or isocyanates. 5 8" 6 5

It has been shown that refluxing of 2-amino-3-ethoxy-
carbonylpyridine with chlorocarbonic esters or amide leads
to the formation of 2-alkoxycarbonylamino- or ureido-deriva-
tives of pyridine, which cyclise on treatment with amines to
the corresponding dioxopyridopyrimidines:66

y \ I CO2C2H5

I-NHCOX

ο
II

Χ = alkoxy-group, NH2.
Η Η

The interaction of 2-amino-3-ethoxycarbonyl-l,4,5,6-tetra-
hydropyridine with isocyanate yielded diureido-derivatives
which cyclise in the presence of pyridine or potassium
hydroxide to the corresponding 2,4-dioxo-octahydropyrido-
pyrimidines:6 7

pyridine

"N J
I

CONHR

-NHCONHR

/ \
N-R

I H
RHNCO

A novel method of synthesis of 3-butyl-2,4-dioxotetra-
hydropyrido[2,3-d]pyrimidine involves the refluxing of
2,3-dicarbamoylpyridine in DMF in the presence of palladium
tetra-acetate: 6 8

Russian Chemical Reviews, 56 (12), 1987

with the scheme

/ \ / \
N—Ar

s ArCH

Δ ArNCO

/\—CONHAr
CH3

CH,

have been proposed. 69>7° The use of aryl isothiocyanates
makes it possible to obtain the corresponding 2,4-dithiono-
derivatives. n

2,4-Dioxopyridopyrimidines can also be synthesised from
dioxopyrido[2,3-d]-l,3-oxazine by treatment with amines
and phosgene. 7 2 > 7 3

(d) 4-Oxo-2-thionopyrido[2, 3-d]pyrimidines

One of the convenient methods of synthesis of 4-oxo-2-
thionotetrahydropyrido[2,3-d]pyrimidines involves the
thermal cyclisation of 3-alkoxycarbonyl-2-aminopyridines
by reaction with isothiocyanates with or without the isolation
of the intermediate thioureidopyridines: 7<*~78

:υ2Γ.2Η5

1,3-Disubstituted compounds have been obtained from the
esters or amides of 2-aminopyridine-3-carboxylic acids and
various isothiocyanates79 or carbon disulphide: 8 0 ' 8 1

1—CONHR5

—NHR1 + CS2

τ*

Analogous pyridopyrimides have been obtained by the reac-
tion of 3-carbamoylpyridines, containing halogeno-, alkoxy-,
alkylthio-, and sulphoxy-groups in the 2-position in the
pyridine ring, with isothiocyanates: 82~81*

Ο
II

—CONHCiH9 (CH,coo),Pd

UCONH,

Single-stage and two-stage syntheses of 1,3-diary 1-2,4-
dioxo-octahydropyridopyrimidines from l-methyl-2-methyl-
thiotetrahydropyridine and aryl isocyanates in accordance

-CONHR R , N C S N — R
I

R1

When 2-chloro-3-ethoxycarbonylpyridines are refluxed with
thiourea derivatives in ethanol saturated with hydrogen
chloride, the corresponding pyridopyrimidines are formed
in low yields. 8 5 " 8 7
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1,3-Disubstituted 4-oxo-2-thionotetrahydropyridopyrimi-
dines have been synthesised by cyclising 2-chloroicotinoyl-
thioureas in the presence of lithium hydride: 8 8

ο

scheme 9 5 ' 9 6

/X-

I !
CONHCNHR

NH

ιI
R

1,3-Diary 1- 8-met hyl- 4-oxo- 2-thiono-1,2,3,4,5,6,7,8-octa-
hydropyrido[2,3-d]pyrimidines have been obtained by the
reaction of 3-arylcarbamoyl-l-methyl-2-methylthiotetrahydro-
pyridine with aryl isothiocyanate.6 9

The esters of the lactim form of 3-ethoxycarbonylpiperidin-
2-ones are convenient starting compounds for the synthesis
of various pyridof 2,3-d]pyrimidines which cannot be synthe-
sised in other ways: 1 6~1 8

/\ ι—CCV.3H3 NH.CSNH,. ι Jj

ο

C 2 H 5

I H
R

Ο
H5QI

κ\!/\
N

NH

The synthesis of 4-imino-l,3-dimethyl-2-thionotetrahydro-
pyrido[2,3-d]pyrimidine by condensing 2-chloro-3-cyano-
pyridine with NN'-dimethylthiourea has been reported. 8 9

(e) 2, 4-Diaminopyrido[2, 3-d]pyrimidines and Other
Derivatives

2-Amino-3-cyanopyridines readily react with guanidine to
form derivatives of 2,4-diaminopyrido[2,3-d]pyrimidines: 9 0 > 9 1

|(CjH5O)2CHN(CH3)2

CN

N=CHN(CH 3) 2

- C N

- N H C O C H 3

NH,

Ν -,<
I

which have been described in the literature, are of interest.
The unsubstituted 5,6,7,8-tetrahydropyrido[2,3-d]pyrimi-

dine has been obtained by condensing 2-piperidinone with
formamide in the presence of phosphoryl chloride. 9 7 ' 9 8

2. Synthesis from Pyrimidines

The methods described in this Section make it possible to
obtain pyridopyrimidines with various substituents in the
pyridine ring by forming the pyridine ring from pyrimidines
with functional group substituents.

One of the commonest methods of synthesis of pyrido-
[2,3-d]pyrimidines involves the condensation of 4-amino-
pyrimidines with ethoxymethylenemalonic ester with subse-
quent cyclisation of the resulting compounds by treatment
with phosphoryl chloride 9 9 ' 1 0 0 or by refluxing in diphenyl
ether. 1 0 1 ~ 1 0 5 Cyclisation in polyphosphoric acid (PPA) results
in the formation of pyridopyrimidines with a carboxy-group
in the pyridine r i n g : 1 0 6

NH

+ H 2 N—C—NH 2

Another method of synthesis of 2,4-diaminopyridopyrimi-
dines involves the reaction of 3-cyano-2-methoxypyridines
with guanidine: 9 2

R R NH 2

NH

ΠΓ H,N—C—NH2

A pyridopyrimidine with an analogous structure has also
been synthesised by condensing ethyl 4,4-dicyanobutyrate
with guanidine. 9 3

The reaction of l-methyl-2-methylthiotetrahydropyridine
with phenyl isothiocyanate afforded the corresponding thio-
amide, which cyclises on treatment with guanidine: 9 3

/ \

NHC.H,
I

II s\ sk
j — C — N H C e H g NH,C(NH)NHt I II Ν

CH3
CH3

The methods of synthesis of certain pyrido[2,3-d]pyrimi-
dines, in particular the 3-N-oxides of 4-aminopyridopyrimi-
dines, from 2-amino-3-cyanopyridines in accordance with the

HCOC.H.

(C2H5OCO)2 C +

Ο R-

The reaction of 4-aminopyrimidines with cyanoethoxy-
methyleneacetic acid esters afforded the corresponding
methyleneaminopyrimidines whose cyclisation is achieved in
ethyl phosphate with subsequent hydrolysis by sodium
hydroxide. 1 0 7 The condensation of 1,3-disubstituted 6-amino-
uracils with 2-cyano-3,3-bis(methylthio)acrylonitrile results
in the formation in a single stage of 1,3-disubstituted
5-amino-6-cyano-7-methylthio-2,4-dioxo-l, 2,3,4-tetrahydro-
pyridof2,3-d]pyrimidines. However, the reaction of the
same 6-aminouracils with 2-cyano-3,3-bis(methylthio)acrylate
under analogous conditions is accompanied by the formation of
intermediates the heating of which in diphenyl ether also
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leads to the formation of pyridopyrimidines:1 0 8

CN

c

ο ο
II

H

? r?
H,COC-

N-R»

Other pyrido[2,3-d]pyrimidines containing various substitu-
ents in the pyridine ring were synthesised in the same study
from 6-aminouracils in accordance with the scheme

H,CS Ο

<H,CS>,C-C-COR
/ \

N-R*

Rl

HO Ο

II
(H 3 CS) 2 C=C(CO 2 CH 3 )2 H,COC— /^/ \ j _ R

R1

New derivatives of pyridopyrimidines have been obtained
by refluxing aminouracils with dimethyl acetylenedicarboxyl-
ate in protic solvents. 1 0 9 ' 1 1 0

The reaction of 6-amino-l,3-dimethyluracil with unsaturated
diketones also proceeds with formation of the pyridine r ing . 1 1 1

It has been shown that tetrahydropyrido[2,3-d]pyrimidines
can be obtained in high yields by the reaction of 6-amino-
uracils with 3-aminovinyl ketones: 1 1 2 > 1 1 3

R1 Ο

XOR1

R s / XNRSR«

N H

/ \
NH

Methods of synthesis of 2-substituted 4-methyl-7-oxo-
py ridopyrimidines based on the reaction of 2-substituted
4-amino-5-iodo-6-methyl- and 5-iodo-6-methyl-4-oxo-pyrimi-
dines with ethyl acrylate in accordance with the scheme

CH»
Η Η

CH,

II Η Η '
H,C,OC-C=C-/S

CH,

- I 1

have been described. 1 1 7 Derivatives of 7-oxopyrido-
pyrimidines can also be obtained by condensing 6-aminouracils
with ethyl acrylate. 1 1 8

6-Formylpyridopyrimidines have been synthesised by the
reaction of 2,4-diaminopyridines with DMF in the presence of
phosphorus trichloride or phosphoryl chloride. 1 1 9 Other
derivatives of 6-formylpyrido[2,3-d]pyrimidines have been
synthesised under analogous conditions from 5-acetyl-4-ethyl-
aminopyrimidines:1 2 0 '1 2 1

Ο
Ο

HC

1 Ι
C.H, C.H,

A method of synthesis of 6-(2-hydroxybenzoyl)tetrahydro-
pyrido[2,3-d]pyrimidines involves the cyclisation of 4-amino-
uracils by reaction with chromene derivatives in acetic acid:122

-CHO

ο
I!

i N
CH,COOH NH

JC=O, S

A new method of synthesising derivatives of 6-carboxy-
pyridopyrimidines via the scheme 1 2 3" 1 2 5

R» R*

The cyclisation of 6-amino-1,3-dimethyluracil by reaction with
unsaturated carbonyl compounds is carried out in the pres-
ence of basic or acid catalysts.1X1*

Heating of 6-aminouracils with β-chloro-substituted
αβ-unsaturated carbonyl compounds in DMF leads to the
formation of 6,7,8-trisubstituted pyridopyrimidines:1 1 5

o
I I

HC

ο
II

/ \
W-i NH

ι Η I

R R

A novel method of synthesis of certain pyridopyrimidine
derivatives involves the interaction of 6-aminouracils with
bisacetonitrile and aldehydes: 1 1 6

RCHO + »XX
R Ο
I II

has been developed. A single-stage synthesis of pyrido-
pyrimidines from two molecules of substituted uracils has
been proposed: 1 2 6 > 1 2 7

X - / X N - C H ,

' I +

II
AN-R
I I

x \

CH, R
X=H, CN, NO,, COCH,

H i

4-(2-Cyanoethyl)- or 4-(2-ethoxycarbonylethyl)-amino-5-
ethoxycarbonyl pyrimidines, obtained by the reaction of
4-chloro-5-ethoxycarbonylpyrimidines with the nitriles or
esters of 3-aminopropionic acids, cyclise on treatment with
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sodium alkoxides or hydride with formation of the correspond-
ing 5-OXO-5,6,7,8-tetrahydropyrido[ 2,3-d]pyrimidines: 128~1>tl

When 4-amino-5-ethoxycarbonylpyrimidines are acylated
with the chloride of the monoethyl ester of malonic acid in the
presence of alkoxide, intramolecular cyclisation takes place
with formation of 5,7-dioxo-5,6,7,8-tetrahydropyridopyrimi-

2

The amines formed as a result of the condensation of
4-amino-5-ethoxycarbonylpyrimidines with the diethyl acetal
of dimethylacetamide in the presence of sodium alkoxide
cyclise to 5-hydroxypyridopyrimidines: l l |S»1' t6

Ο
HSC,OC-/\N

OH

(CH,),N-C=N/

CH,

The condensation of 4-amino-5-methoxycarbonylpyrimidines
with butenal, which led to the synthesis of N-substituted
5-oxo-6-vinyl-5,6-dihydropyridopyrimidine, has also been
investigated. l l f 7

The reaction of 4-aminopyrimidines containing the formyl
group in the 5-position with aryl acetonitriles, ketones, and
cyanoacetamides yields the corresponding pyrido[2,3-d]-
pyrimidines.1 1*8"1 5 3

The condensation of 5-cyano-l,3-dimethyluracil with
acetone involves the closure of the pyridine ring with forma-
tion of the trimethyl derivative, while treatement with buta-
none under the same conditions yields a mixture of the two
isomeric dioxotetrahydropyrido[2,3-d]pyramidines:1 5 k

An interesting condensation of 2-amino-4-(l-N -methyl-
hydra zino)pyrimidine with ethyl 3-acetylpyruvate takes place
with formation of 8-amino-3-ethoxycarbonyl-l,5-dimethyl-6-
oxo-6,7-dihydropyrimido[4,5-c]-l,2-diazepine, whose treat-
ment with potassium hydroxide leads to 2,7-diamino-5,8-
dimethyl-4-oxo-4,8-dihydropyrido[ 2,3-d ]pyrimidine: *56

H3C

HSC2<

The synthesis of 8-phenylpyrido[2,3-d]pyrimidinium salts
from 4,6-dihydroxypyrimidines and diketones via salts of
pyrylio[2,3-d]pyrimidines in accordance with the following
scheme has been reported: 1 5 8

B \

CM,

c=o

X = OH. S H . N H 2 . S C H 3 : A - CIO4. H J , P O 4 . CF3COO

Treatment of pyrano[2,3-d]pyrimidine with aqueous ammo-
nia solution leads to the replacement of the pyran ring by the
pyridine ring, which results in the formation of 2,4-dioxo-
pyridopyrimidine.1 5 8

I I I . CHEMICAL REACTIONS

The chemical reactions of condensed pyridopyrimidines can
be carried out selectively, via the pyridine or pyrimidine
ring, which makes it possible to obtain a large number of
new derivatives of this series. The chemical reactions of
pyridopyrimidines involving the opening of the pyrimidine
ring have also been studied.

1. Reactions Via the Pyridine Component of the Molecule

NC-/XN-CH,
I I CH.COC.H,

CH,

CHrfXJCH,

CH,

Ο CH,

N-CH,

CH,

The reaction with malonodinitrile results in the formation of
7-amino-6-cyanodioxotetrahydropyrido[ 2,3-d] pyrimidine.1SI*

Various derivatives of 2-thionopyridopyrimidines have been
obtained by condensing arylidenethiobarbituric acid with
malonodinitrile, ethyl cyanoacetate, and ethyl acetoacetate
in the presence of ammonium acetate.1 S S

It has been shown that 2,8-disubstituted 6-alkoxycarbonyl-
5-oxo- or 6-cyano-5-oxo-tetrahydropyrido[2,3-d]pyrimidines
are dehydrogenated on treatment with various dehydrogenat-
ing agent s : 1 3 2 ' 1 5 9 " 1 6 3

R— \ N

An analogous result has been obtained on brominating
2,8-disubstituted 5-oxotetrahydropyridopyrimidines with
subsequent dehydrobromination of the products. 1 3 1 ' 1 3 3 > 1 3 7

5-Oxopyridopyrimidines are readily alkylated with ethyl
iodide to form the corresponding 8-ethyl derivatives:1Ο2~1Οί>>

OH.
, αχ-ious methods of synthesis of derivatives of condensed

pyridopyrimidines containing the carboxy-group in the 6-posi-
tion have been developed. i°2-io-,i32,i33,i66-i7- T h u s i t h a s
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been shown that the hydrolysis of 6-ethoxycarbonylpyrido-
pyrimidines leads to 6-carboxypyridopyrimidines in high
yields. 1°™*^^'™* 6-Formyl and 6-acyl derivatives of
pyridopyrimidines are oxidised on treatment with various
oxidants to the corresponding carboxypyridopyrimidines.167'169

Heating of 6-oxazolidinylpyridopyrimidines in hydrochloric acid
leads to the same result. 17°

6-Carboxy-derivatives have been obtained in one or three
stages from 8-alkyl-5-oxo-5,8-dihydropyridopyrimidines and
phosgene: 1 7 1 " 1 7 3

Ο

en HOCH,CH,OH

Ο Ο

NN'\NK\

Rl

ID COCI,

J2)OH-

_2"Z. Cl-C-ιί νΊ

5-Alkylamino-6-carboxypyrido[2,3-d]pyrimidines can be
obtained by hydrolysing 6-alkoxycarbony 1-5-alkylamino-
pyridopyrimidines.171* Other workers established l l*7 that the
oxidation of 6-vinylpyridopyrimidine with potassium perman-
ganate leads to its 6-carboxy-derivative.

The alkylation of 8-alkyl-6-cyano- or 6-alkoxycarbony 1-8-
alkyl-5-oxopyridopyrimidines has been investigated and it
has been shown that the alkyl group enters the 6-position
in the presence of sodium alkoxide. 1 3 2 > 1 3 6

In the presence of sodium alkoxirle, derivatives of 6-ethoxy-
carbonyl-5-oxo-5,8-dihydropyridopyrimidines are converted
into the corresponding 6-formyl-5-hydroxy-7-oxopyrido-
[2,3-d]pyrimidines:1 7 5

NaOCH,

Ο

H - C -

OH

CH,CH=CH, CH2CH=CH,

In the sams study the authors proposed the synthesis of
7-amino-8-ethyl-6-formyl-5-oxo-2-( l-pyrrolidino)-5,8-di-
hydropyridot2,3-d]pyrimidine from 6-carboxypyridopyrimi-
dine:

Ο

II

H O C -

The oxo-group is substituted by chlorine atome when
5-oxopyridopyrimidines are treated with phosphoryl chloride.
The subsequent interaction of 5-chloropyridopyrimidines with
alcohols and amines leads to 5-alkoxy- and 5-amino-deriva-
tives. 1* 6

2. Reactions Via the Pyrimidine Component of the Molecule

The alkylation of monosubstituted dioxotetrahydropyrido-
pyrimidines has been investigated and it has been shown that,
regardless of the alkylating agents used, 1,3-disubstituted
derivatives are obtained in high yields: l t 7 > 1 7 6 ~ 1 8 1

NH
ι

ΛΛΝ-R

11

The alkylation of 1-substituted 2-oxo-l,2,3,4-tetrahydro-
pyrido[2,3-d]pyrimidines also takes place readily. 182~181*

The interaction of 1-substituted 4-oxo-l,4-dihydropyrido-
pyrimidines with alkyl halides and dialkyl sulphates results
in the formation of the corresponding salts of the 3-N-alkyl
derivatives, whose treatment with sodium tetrahydroborate
is accompanied by the reduction of the C=N double bond in
the pyrimidine r i n g . 1 8 5 The same workers 1 8 6 proposed
another method for the 3-N-alkylation of pyridopyrimidines,
which involves essentially the initial reduction of the C=N
double bond in the initial pyridopyrimidines with subsequent
alkylation of the products:

N-R

One of the important reactions of 2-oxo-, 4-oxo-, and 2,4-
dioxo-pyrido pyrimidines is their conversion by treatment
with phosphoryl chloride into the 2-chloro-, 4-chloro-, and
2,4-dichloro-derivatives—the starting materials for the
synthesis of many pyridopyrimidine derivatives by the
nucleophilic substitution of the chlorine atom. Thus the
interaction of chloropyridopyrimidines with alcohols, amines,
and ketones yielded the corresponding alkoxy-, amino-, and
oxomethyl derivatives. 3 2 ) 1 8 7 ~ 1 9 2

The interaction of 2-chloro-4-oxodihydropyridopyrimidine
with alkanethiols in the presence of hydrogen iodide afforded
the corresponding 2-alkylthio-derivatives, while the reaction
with hydrogen sulphide under the same conditions leads to the
formation of the disulphide, which is converted into the
2-thiono-derivative as a result of hydrolysis: 1 9 3

-NH
HI + RSH

1HI+H.S

Ο Ο
ιι

Ιm
Ι β β I

-2£-. /VXNH
Kuk

Y N
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4-Oxodihydro- and 2,4-dioxotetrahydro-pyridopyrimidines
are converted into the corresponding 4-thionopyridopyrimi-
dines in high yields on treatment with phosphorus penta-
sulphide: 1 8 7 ' 1 9 *

The conversion of thionopyridopyrimidines into oxopyrido-
pyrimidines by oxidising the thiono-group with hydrogen
peroxide is also possible. 1 9 5 ~ 1 9 7

Thionopyridopyrimidines are desulphurised in the presence
of Raney nickel as catalyst: 1 9 8» 1 9 9

V J / N V /\N_R.
I

R1

Ο

R a n e y N i l I V
' i ! .'

It has been shown that, on treatment with a 5% solution of
sodium hydroxide, 2,4-diaminopyrido[2,3-d]pyrimidine is
converted into 4-amino-2-oxo-l,2-dihydropyridopyrimidine.91

2,4-Dioxopyridopyrimidines are obtained by oxidising vari-
ous pyridopyrimidine derivatives with chromium trioxide:200"202

A study of the decarboxylation of 3-alkoxycarbonyl-2,4-
dioxotetrahydropyridopyrimidines showed that different
products are obtained depending on the temperature. Thus
the corresponding 3-alkyl derivatives are formed at 210 °C,
while on raising the temperature to 300 °C the alkyl group
migrates from the nitrogen atom in the 3-position in the
pyrimidine ring to the oxygen atom in the 4-position: 203>20<·

6-Substituted 8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]-
pyrimidines, containing the 2-methylthio-, 2-methylsulphoxy-,
and 2-chloro-substituents, undergo substitution reactions
with amines, forming the corresponding amino-derivatives.1 0 1 '
121,205-210

It has been shown that the interaction of 3-amino-4-oxo-
3,4-dihydropyridopyrimidine with pentyl nitrite in the pres-
ence of acetic acid entails its deamination, while in the reac-
tion with acetic anhydride the amino-group is acylated: 3 6

Ο

N—NHa

NH
I

N-NHCOCH,

CH.COOH

(CHjCOljO

The 2-methyl-group in 1-substituted dioxopyridopyrimi-
dines reacts with acid anhydrides and with aromatic alde-
hydes to form the corresponding 2-acylmethyl and 2-styryl
derivatives. 2 U ~ 2 1 3

Various chemical reactions of 2-amino-6-methyl-4-oxohexa-
hydropyridopyrimidine, in particular those making it possible
to obtain new derivatives with angular substituents, have
been investigated: m » 2 1 5

R ο
HiC\/\ /\

I ii"
R=HOO, OH. Br

Hexhydropyridopyrimidine containing an angular bromine
atom is converted by treatment with sodium tetrahydroborate
into the initial pyridopyrimidine, while treatment with water
entails an addition reaction which results in the formation of
octahydropyridopyrimidine with two angular substituents (OH
and Br) , which readily splits off hypobromous acid: 2 1 5

H,C

BrO

H,C
NH

NaBH,
\

Ο
II

\ / \
II NH

t-HOBr

Br Ο

NH

The reactions of substituted pyridopyrimidines via the
substituents in the pyrimidine ring, which lead to the forma-
tion of tricyclic systems, are of great interest. Thus the
condensation of 4-aminopyridopyrimidine with β-diketones
and of 4-hydrazinopyridopyrimidine with formic acid or its
orthoester afforded the corresponding l-(4-pyrazolyl)pyrido-
pyrimidine and triazolo[3,4-/"]pyridopyrimidine: 2 1 6

NH,

\ CH.COCHRCOCH,

NHNH,

Co«•NNV <"HC(OCH3)3
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l-Subsituted 5-oxo[H ]triazole[3,4-f ]pyridopyrimidines
have been obtained by an analogous procedure. 2 1 7

The interaction of 2-amino-3-(5-tetrazolyl)pyridine with
orthoesters leads to a condensed tricyclic system—pyrido-
[2,3-d]tetrazolo[5,l-f]pyrimidine.2 1 8·2 1 9

Imidazopyridopyrimidine has been synthesised by the reac-
tion of 2-(B-hydroxyethylamino)pyridopyrimidine with thionyl
chloride: 2 2 0

II
HOC-ZN/^N

I I
C , H 5 CH3

Ο
II

H O C -

N

C.H, CH,

rm
C H, CH,

X=OH, OCH,. OC,H4. CH.COCH,

l-Allyl-4-oxo-2-thiono-l, 2,3,4-tetrahydropyrido[ 2,3- d ] -
pyrimidine undergoes intramolecular cyclisation in the pres-
ence of concentrated sulphuric acid with formation of the
condensed thiazolidinopyridopyrimidine:85

ο

rYV H,so,

CH,CH=CH S
-CH,

One of the interesting reactions of 1-substituted 3-(β-
chloroethyl)-2,4-dioxotetrahydropyridopyrimidines is their
conversion into derivatives of pyrido-l,4-diazepines by
treatment with an alcoholic solution of potassium hydroxide:2 2 1

,CH,C! KOH

by treatment with acetic anhydride has been described in the
same study:

OH- /\-CHO

(CHjCOhO

The condensation of 3-hydroxypyridopyrimidine with
ketones has also been investigated and it has been established
that a mixture of three compounds with the following struc-
tures is formed: 221t

-CN -CH=NH-OH

V\NH, v- N H ·
The opening of the pyrimidine ring has been studied in the

dimethyl acetal of 4-pyridopyrimidinylaminoacetaldehyde and
4-chloropyridopyrimidine when the latter are treated with
polyphosphoric acid (PPA) and sodium azide respectively:218'219

HN—CH.CH (OCH,),

^N P P A .

The condensation of the 2-amino-10-hydroxy-4-oxo-deriva-
tives with methoxyamine and semicarbazide, which results in
the formation of spiro-oxazolopiperidine derivatives, is also
of interest : 2 1 5

HO Ο

HjC
\ / \ ^NH XNH.

H a N v

NX

y

IV. BIOLOGICAL PROPERTIES

A number of reactions of pyridopyrimidine 3-oxide deriva-
tives with ethyl cyanoacetate, ethyl acetoacetate, and malono-
dinitrile, leading to the corresponding 1,8-naphthyridines,
have been carried out: 2 2 2

Λ
, . R«=NH,; R*=CN. R»

CCsC,H,, R»=CH,

3. Reactions Involving the Opening of the Pyridine Ring

The pyramidine ring in pyrido[2,3-d]pyrimidines is known
to be opened in the presence of both bases and acids.
2-Amino-3-carboxypyridines are obtained in the former
case 8 7 ' 2 2 3 and the 2-amino-3-formyl derivatives are formed
in the latter case. m Treatment of 3-hydroxypyridopyrimi-
dine with sodium or potassium hydroxide also leads to an
aminoformylpyridine. 2 2 2 The opening of the pyrimidine ring

As mentioned above, derivatives belonging to the class of
pyrido[2,3-d]pyrimidines exhibit a broad spectrum of bio-
logical activity, two representatives being used as effective
antibacterial agents in medical practice under the names
"pipemidic acid" 5 · 2 2 5 - 2 - - and "piromidic acid". 6'21t5~251*

C.H,

The study of the antibacterial activity of analogous deriva-
tives containing various substituents in the 2-, 6-, and
8-positions showed that, for identical substituents in the
2- and 8-positions, the highest activity is shown by com-
pounds with a carboxy-group in the 6-position. The most
effective compounds are pyridopyrimidines with ethyl and
amino-groups in the 2- and 8-positions respectively.1 0 0 > 1 0 3 > 1 0 '*'
^s-iae.ieo.ie^.ieeay^zoa^ss-aeo F u r t h e r m o r e , certain derivatives
of this series exhibit anti-inflammatory analgesic, 2 0 6 · 2 6 1 and
hypotensive l l»9»205 activities.
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8-Substituted 6-cyano-5-oxo-2-phenyl-5,6,7,8-tetrahydro-
pyridopyrimidines128"130 exert a depressing activity on the
central nervous system.

ο

I
R

An effective hypotensive agent has been found among
2-substituted 7-amino-6-aryl derivatives: 3>11*9·ι50

Cl

Η,Ν

2-Substituted 4-oxodihydropyrido[2,3-d]pyrimidines exhibit
antiallergic 2 5 ' 2 9 ' 2 6 2 and diuret ic 2 6 - 2 8 ' 3 0 ' 2 6 3 " 2 6 5 activities.
3-Aryl-2-methyl-4-oxodihydropyridopyrimidines containing
different substituents in the benzene ring are effective inhib-
itors of xanthine oxidase: 4

Among derivatives of 2-alkyl(or halogenoalkyl)-4-oxo-3,4-
dihydropyridopyrimidines, containing various substituents in
the pyridine ring, the 6-chloro-2-trifluoromethyl derivative
with a strong herbicidal activity has been discovered:2

Ο

CI "
u \

l-Aryl-4-oxotetrahydropyridopyrimidines exhibit diuretic,
hypotensive anti-inflammatory, and tranquillising activities.
is-2* 2-Substituted derivatives of this series are also anal-
gesics and depressants: 23»21*>21i»212

rn
Ar

Almost all 2-oxo-derivatives,1 2·1 3 '1 8 2-1 8*'2 0 9 4-oxo-deriva-
tives, Ι85,ιβ6,χ95,2ΐο,266 a n d 2,4-dioxo-derivatives
i76-i8i,i96-20i o f ι, 3_di s ub stituted tetrahydropyrido[2,3-d]-
pyrimidines show analgesic and anti-inflammatory activities
and are depressants:

,/\N_Ri

ο
η

\/\N_R»

Ο
I!

NR*

Rl Rl R1

4-Oxo-2-thiono- and 2-oxo-4-thiono-tetrahydropyrido-
pyrimidines possess the same properties 79-82»191· and some of
them exhibit antihistamine76 and diuretic 1 9 2 activities.

Whereas 4-chloropyridopyrimidines are neuroleptic sub-
stances, 1 8 7 the 4-alkoxy(or 4-amino)-derivatives are spasmo-
lytic substances. 32»i88 This series also includes a powerful
antifungal agent—4-(3-phenoxypropylamino)pyrido[2,3-d]-
pyrimidine: 2 6 7

a;

The series of 1-substituted 4, 7-diaminopyridopyrimidines
includes effective depressants of the central nervous sys-
t e m . 1 5 2 · 1 5 3

Among derivatives of 2,4-diaminopyridopyrimidines, it is
possible to distinguish two compounds: the first is an effec-
tive inhibitor of several enzymes1 and the second inhibits
the aggregation of thrombocytes: 2 6 8

OCH, CH, NH2

OCH, •NH,

Antibacterial properties have been found in certain deriva-
tives of pyridopyrimidines containing the penicillanic acid
res idue. 2 6 9 ' 2 7 0

In conclusion it should be stated that a more far-reaching
study of the methods of synthesis and new derivatives of
pyrido[2,3-d]pyrimidines, directed towards the development
of other methods or the simplification of individual stages of
existing methods of synthesis, is of great theoretical and
practical interest for the preparation of new, hitherto
unknown, biologically active compounds and medicinal prepa-
rations.
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Radical Polymerisation in the Associated Species of lonogenic Surface-
active Monomers in Water

V.V.Egorov and V.P.Zubov

The radical polymerisation in water of ionogenic monomers of the cationic and anionic type exhibiting surface-active
properties is discussed. Together with kinetic phenomena, which can be accounted for within the framework of the hypothesis
of a homophase course of the process, effects which require the assumption of the possibility of the association of the
monomeric molecules are observed in the polymerisation of monomers with a low surface activity in aqueous solutions. The
polymerisation of monomers with a high surface activity in micellar dispersions differs from the processes in solutions by a
number of features associated with the influence of structure formation in the monomer on the kinetics of polymerisation and
the macrostructure of the polymer formed. The kinetic effects induced by the increasing concentration and microviscosity of
the monomer solutions and also by the change in the relative positions of its molecules in the associated species compared with
the solution are discussed. Examples of the influence of processes involving the rearrangement of the associated speices on the
process kinetics are presented. The possibility, in principle, of the fixation of the structure of the associated species (micelles)
as a consequence of polymerisation is noted.
The kinetics of the polymerisation process in micellar and vesicular dispersions of two-chain surface-active monomers and also
in monolayers at the water-gas interface are discussed.
The bibliography includes 118 references.
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I. INTRODUCTION

The branch of polymer chemistry associated with the syn-
thesis of surface-active monomers and the study of the char-
acteristic features of their polymerisation in various media
has developed widely during the last decade. The applica-
tion of these compounds makes it possible to investigate the
influence of processes involving the association of monomeric
molecules on the kinetics of radical polymerisation in solution.
Here one may expect, on the one hand, the appearance of
kinetic effects associated with the formation of micelles in
aqueous dispersions of surface-active monomers (SAM) (con-
centration effect associated with the appearance of an inter-
face and others), which are known for a number of organic
reactions in such systems. 1~t> On the other hand, there
appears a possibility of studying the role of the mutual
orientation of the molecules or their fragments in chemical
reactions and hence of modelling certain enzymic processes. 5" 7

It is known from the literature that the kinetics of polymer-
isation in solution is influenced by processes involving the
association of monomeric molecules induced by hydrophobic,8

electrostatic,9 and π—π interactions1 0 as well as association
processes via the formation of hydrogen bonds between mole-
cules. n The manifestation of effects of this kind is to be
expected also in micellar SAM solutions. Organic solutions
of ionogenic monomers, in which association phenomena have
also been observed, 12~11* are not considered in this review.
Attention will be concentrated on micellar and vesicular SAM
dispersions in water and also on monolayers of monomers at
the water—gas interface.

The practical importance of surface-active monomers is
associated with the synthesis of the corresponding polyelec-
trolytes (via homo- and co-polymerisation) which have found

applications in various branches of science and engineering
as sorbents, flocculants, emulsion stabilisers e t c . 1 5 One of
the newest and most promising developments is the creation
on their bases of carriers for the immobilisation of biological
and medical preparat ions. 1 6 ' 1 7 Emulsion polymerisation using
SAM as copolymerising emulsifying agents is of independent
importance. 1 8 ) 1 9

I I . CLASSIFICATION OF SURFACE-ACTIVE MONOMERS

Table 1 presents the principal classes of SAM and indicates
their typical representatives. It follows from the table that
the number of SAM known at the present time is fairly large.
Individual SAM differ by the nature of the hydrophilic com-
ponent, the so called "head" (anionic, cationic, non-ionic,
mixed, and complex), the activity of the polymerising group
(vinyl, allyl, acrylic, styrene, maleic, e tc . ) , and also the
length of the aliphatic chain—the "tail".

In water, the above compounds, which are typical organic
surfactants, are capable of forming both true and micellar
solutions. 7 0 Furthermore, monomers which are structural
analogues of phospholipids, containing in the molecule two
extended aliphatic chains, are able to form structures resemb-
ling biological membranes in solution (vesicles, liposomes)16

and at the interface (monolayers and polylayers1 6).
Yet another type of structural organisation of SAM is

associated with the preparation in their presence of stable
direct and inverted emulsions of compounds which are spar-
ingly soluble respectively in water or oil, in particular vinyl
monomers.19 However, in such systems the SAM association
effects have not been observed in an explicit form. There-
fore, despite the enormous industrial importance of the
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emulsion polymerisation process in the presence of copolymer-
ising emulsifying agents , 1 9 it is not considered in this review.

Table 1. Surface-active monomers (X = Cl , Br~
CH3SO"; anion; Μ = Na+, K + , or NH£ cation).

I , or

Cationic type

I CH^=CH-N N+-CUH» Χ-
Ι \s J

Anionic type

CH.-CH-OSO.Na

SO,Na
CH,=C(CHd-a>-N-CBHln-COONa

CnH ln+l-CHaCH-CH=CH-CnH l r t-COOM

CnH^n-OOC—CH—CH—COO Μ

CnH lm.1-OOC-CH=CH-COO-C^H ln-SO,M

CIJH1/1+1-NH-OC-CH=CH-COO-C^l ln-Os0^1

CHr-COOM

SO,Na

Non-ionic type

c n H v i+i
-OCH,

CH,=C(CHJ-COO-<yian-O(C^H,O)m-H

Mixed type

CH^sCM—Ο,,Η,,,

[20. 21]

[22-26]

[27]

[28 29]

[30]

[31]

[32],

[33]

[34. 3SJJ

[36]

[37]

[381

[30]

[39. 4OJ|

[41]

[42. 43]4

[44. 49],

[49]

[50]

[51]

[52]

[53]

[38]

[30. 54];

[53]

[56. 57]

[58. 59]

[60]

[61]

[61. 62]

[61]

[61]
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Monomer

Mixed type

CnHJn+l-O-<(W»)m-CX3-CH=CH-COO-C^r-SO,Ka

Complex type

+,-(l'~~s-S0';) [R-N(O«r-C№-CH-CH,]

O;] J"HO-0O-CH=CH-COO-CH.i!iCH.C»NH,l

[33)

[6i]

[64]

[64]

[51]

[65]

[66]

[67]

[68]

[69]

I I I . POLYMERISATION IN SOLUTIONS OF MONOMERS HAVING
A LOW SURFACE ACTIVITY

The phenomenon of the organisation of monomeric molecules
in solution has been observed for ionogenic monomers without
pronounced surface-active properties. The spontaneous
(in the absence of material initiators and other sources of free
radicals, ions, etc.) polymerisation of vinylpyridine salts in
solutions has been investigated. 2 0 ' 2 1 ' 7 0 ~ 7 '* Fig.la presents
the dependence of the initial rate of the spontaneous polymer-
isation of compounds based on 2-vinylpyridine or 2-methyl-
5-vinylpyridine and dimethyl sulphate on the concentration of
the monomers in water: 7 1

CH2—CH CHj
I

CH,SO7 I V - C H a i f^ l CH,SO7

\ /

(I)
CH3

(Π)

Contrary to expectation, the rate of the process in the given
system increases non-linearly with the monomer concentration,
which is a consequence, according to the authors, of the
formation from the monomer molecules of associated species
with the following structure

This hypothesis makes it possible to explain the extremum
in the temperature dependence of the rate of polymerisation
of the above monomers (Fig. lb) : the usual increase of the
rate of the process with increasing temperature should be
accompanied in this case by an increase in the contribution
by the competing process involving the decomposition of the
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associated species and the consequent decrease in the rate of
polymerisation. The hypothesis of the association of the
monomeric molecules has been confirmed78 by the character of
the dependence of the viscosity of the solutions of pyridinium
salts on their concentration in water (Fig. 2):

CH 3

CH3SO; CH3SO7

V
CH,

(III)

V
I

CH3
(IV)

Above a certain concentration, the slope of the straight line
increases and it is known22 that this may be associated with
the appearance of associated surfactants species in solution.

take place over the entire range of monomer concentrations
and that a plot, in terms of double logarithmic coordinates,
of the rate of the process against the monomer concentration
for each reaction considered separately does not exhibit a
break. According to the authors , 2 7 this indicates the
absence of the influence of monomer association on the poly-
merisation kinetics in the given system. However, the entire
set of data, including the data of the above authors, 2 7 shows
that the associated form of the monomer undergoes prefer-
ential polymerisation of the kind known for concentrated solu-
tions of vinylpyridinium sa l t s , 7 5 whereas in dilute solutions
polyaddition takes place. 2 8 ' 2 9 It is also essential to take
into account the authors' view2 7 '2 8 that, in the analysis of
the reactions of the monomers indicated in concentrated solu-
tions , it is necessary to include not only the effect of associ-
ation but also the influence of the ionic strength of the solu-
tion on the degree of dissociation of the monomeric salt and
hence on its behaviour in the homopolymerisation reaction.

VMut ν
Ό.ΟΜ

a 03

0,02

O.01

a

-

-

/ Ζ
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\

I3

ι
f](V

I
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b

X
(I) iL

Ι ι

20 ifO T,\

Figure 1. Dependence of the reduced initial rate of poly-
merisation of the vinylpyridinium monomers (I) and (II) in
water on their initial concentration at 50 °C (a) and on tem-
perature at [M] = 4 Μ ( b ) . n

The influence of the association of the monomers on the
kinetics and mechanism of the spontaneous polymerisation has
been demonstrated in relation to acid vinylpyridinium salts,
which are capable of forming micelles in water above a certain
concentration (CCM). 72~71t Fig.3 illustrates the dependence
of the critical concentration for the formation of micelles from
a monomer based on 4-vinylpyridine and perchloric acid on
the concentration of inert electrolyte in solution.7 k In the
course of the spontaneous polymerisation over the entire
range of monomer concentrations (at a fixed electrolyte con-
centration) below the CCM, the formation of ionene via a poly-
addition mechanism is observed, 7 3 while above the CCM the
1,2-polymer is formed. A more detailed study of the forma-
tion reactions of these products showed27 that both reactions

u

/ ζ s u
[M],M

Figure 2. Concentration dependence of the specific viscosity
of aqueous solutions of the pyridinium salts (III) and (IV)
at 25 °C. 7 8

Another type of cationic monomer—allylammonium salts—
has been investigated. 22»23»76»77 The study of the kinetics of
the radical polymerisation of dimethylallylammonium chloride in
water yielded high reactions orders with respect to the mono-
mer (2.9) and the initiator (0.8). 2 3 The rate of the process
and the viscosity of the solution increased non-linearly with
increase in the monomer concentration. The addition of an
inert electrolyte increased the rate of the reaction and
reduced its order with respect to the monomer. The
observed effects are a consequence, according to the
authors, 2 3 of the electrostatic interactions of the reaction
components in solution and they are associated primarily with
the influence on the overall process rate of the changes in
the constants for chain initiation and propagation as a func-
tion of the monomer concentration. However, the data of
Topchiev and Nazhmetdinova76 show that the change in the
termination rate constant fct also plays a significant role.
The fact that the dependence of the rate of polymerisation
Vp on the monomer concentration [M] can be expressed by a
linear plot of lg VD against lg[M]n 0 · 5 , where η , is the
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relative viscosity of the solution, indicates unambiguously,
according to the above investigators, 7 e the decisive influence
of viscosity on the chain termination rate constant and hence
on the overall rate of the process. At the same time, the
non-linearity of the dependence of the viscosity of aqueous
solutions of the monomers on the concentration of the mono-
mer salt2 3 is striking, which may be a consequence of the
association of the monomeric molecules. 2 2 However, this
finding is not discussed by Wandrey et a l . 2 3

[M],M

0,5

KKM

1 Ζ 3 U
[NaC104], Μ

Figure 3. Dependence of the critical concentration for micelle
formation of the salt of 4-vinylpyridine and perchloric acid
on the sodium perchlorate concentration in water at 20 °C: 7 h

I) region corresponding to the formation of polyionene;
II) region corresponding to the formation of the 1,2-polymer
in the polymerisation of 4-vinylpyridinium perchlorate at a
fixed electrolyte concentration; the circles correspond to the
monomer and electrolyte concentrations used.

5/k t

0·5

been observed after the addition of a neutral salt. On the
other hand, in a dilute solution the ionisation of the reaction
components, leading to their mutual repulsion, lowers the
rate of chain propagation. At the same time, one must not
fail to take into account the influence of the ionisation of
radicals also on the rate of the bimolecular chain termination.
This effect has been observed in the radical polymerisation in
water of another anionic monomer—sodium 2-sulphoethyl
methacrylate.3t* The increase in the ratio kp(fk d e c )°- 5 /

(Fig. 4) of the rate constants for the decomposition of the
initiator ( k d e c ) , chain propagation ( k p ) , and chain termina-
tion ( k t ) (where f is the initiation factor), which has been
observed experimentally following a decrease of the monomer
concentration and is usually for radical polymerisation, has
been explained3" by the effect of the ionic strength of the
solution on the degree of dissociation of the monomer and the
growing radical. The decrease in ionic strength owing to
the dilution of the solution, leading to an increased degree
of dissociation of the ionogenic groups of the monomer and
the radical, induces an increase in their effective charge,
which should lower both the rate of propagation and the rate
of bimolecular chain termination as a result of the mutual
repulsion of the reaction components. However, this effect
is much more marked for the reaction between two radicals
(the calculated effective charge on the macroradical is three),
which decreases the rate of chain termination to a greater
extent than the rate of chain propagation, as a result of
which the overall rate of the process increases. At high
monomer concentrations, the lack of dependence of the rate
of the process on the concentration of the monomer salt
(Fig.4) is associated, according to the authors, 3 1* with the
fact that the polymerisation of the fully undissociated salt is
observed. The addition of a neutral electrolyte influences
the rate of polymerisation in the same direction as the
increase in the monomer concentration (Table 2).

A high order of the reaction has been observed also in the
study of the spontaneous (radical) polymerisation of the
hydrochloride of NN-diethylaminoethyl methacrylate in water.7 8

It was found that at 60 °C, below a certain critical concentra-
tion of the monomer (2-2.5 M), the rate of reaction increases
in proportion to the monomer concentration raised to the
power of 1.2 and that above this concentration it increases in
proportion to the concentration raised to the power of 4.7.
Under these conditions, the increase in the concentration of
the monomer salt is accompanied by a decrease in the vis-
cosity of the polymer formed, which is associated, according
to the a u t h o r s , 7 8 with the occurrence of chain transfer to the
monomer. When the process temperature is reduced to
20 °C, the dependence of the initial rate of polymerisation on
the monomer concentration passes through a maximum. The
increase in the rate of the process with increasing concen-
tration along the initial section of the relation has been
explained7 8 by the appearance of aggregates of the mono-
meric molecules in the system.

An extremum in the dependence of the rate of radical
polymerisation on the monomer concentration in water has also
been observed for an anionic monomer—sodium ethylenesulpho-
n a t e . 3 6 The increase in the rate of the process may be
caused by the partial neutralisation of the charges of the
monomer and of the growing radical in the range of high con-
centrations of the monomer salt. An analogous effect has

103fcpfc^-5(/fedec)
0·5, litre05 mol"0·5 s"1

28

20

Ζ [Μ], Μ

Figure 4. Dependence of the ratio of the rate constants for
chain propagation (kp), chain termination (k^), and decom-
position of the initiator (k<je c) on the monomer concentration
in water in the radical polymerisation of sodium 2-sulphoethyl
methacrylate at 60 °C; f = initiation factor. 3"

The data concerning the influence of a neutral salt on the
kinetics of the polymerisation of an anionic monomer obtained
in two investigations3*»36 are contradictory. The cause of
this should apparently be sought in the different effects of
the ionic strength of the solution on the chain propagation
and termination rate constants for specific monomers.
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The absence of the influence of a neutral salt on the kin-
etics of the radical polymerisation of derivatives of NN-dial-
kylaminoethyl methacrylate in water at a fixed pH has been
observed. i k For the complete ionisation of the monomer,
this phenomenon may be attributed to the increased ability
of comparatively hydrophobic polycations to bind low-molec-
ular-weight ions even at a low ionic strength of the solution
and thereby abolish the effective positive charge on the end
of the chain. Not wishing to dwell especially on the question
of the influence of the pH of the solution on the kinetics of
the radical polymerisation of ionogenic monomers in water, we
refer the reader to Kabanov and Topchiev,9 who deal with
this process in detail.

Table 2. The influence of the concentrations of the monomer
and a neutral salt on the ratio of the kinetic constants for
the polymerisation of sodium 2-sulphoethylmethaerylate in
water at 60 °C. 31t

Monomer,
Μ

0.12
0.107
ι . 1 ;>5

NaNO3,M

1

Ionic strength

0.12
1,107
1.195

10 V ^ d e c ) 0 - 5 / * , 0 5 , l i tre 0 5 mol-0-5

s"1

23.4
11 9
HI.4

In a number of studies, an increase in the rate of the
radical polymerisation of ionising monomers with increased
solvent polarity has been noted (including the situation where
there is a change from organic to aqueous organic solutions30'
7 9 ~ 8 1 ) . This effect is explained, on the one hand, within
the framework of the electrostatic interactions between the
reaction components in solution and, on the other, by the
association of the monomeric molecules.81 The influence of
the nature of the counterion on the association process and
hence on the kinetics of the polymerisation of ionogenic mono-
mers in water has also been noted. 8 2

The polymerisation of a series of ionic monomers, namely
metal p-styrene-, ethylene-, and 2-propene-sulphonates, has
been described. 3 6 ' 8 3

In considering the polymerisation in aqueous solutions of
ionogenic monomers with a low surface activity, account must
be taken of the fact that these systems occupy an intermediate
position between true isotropie solutions and colloidal dis-
persions. The kinetic effects observed in polymerisation in
such systems are therefore complex and their interpretation
is largely contradictory. On the one hand, a number of
features can be accounted for within the framework of the
kinetics of homophase reactions when account is taken of the
state of the ionogenic groups of the reactants (monomers,
radicals). On the other hand, facts appear which do not fit
within this framework and require the assumption of the pos-
sibility of the association of the monomeric molecules. One
may expect that, on passing to typical surface-active mono-
mers, the association effects will predominate and will deter-
mine the characteristics of the kinetic behaviour of such
systems.

IV. POLYMERISATION IN MICELLAR DISPERSIONS OF SUR-
FACE-ACTIVE MONOMERS

According to the general colloidal-chemical ideas concerning
the behaviour of surfactants in water, one may assume that
in the case of SAM, whose molecular structure is similar to
that of typical organic micelle-forming surfactants, the for-
mation of monomeric molecule—micelle associated species will
be observed at SAM concentrations in water above the CCM.
On the one hand, the appearance of micelles is reflected in a
series of physicochemical characteristics of the system (vis-

cosity, light scattering, surface tension, etc. and,
on the other, it can alter significantly the rates of many
organic reactions in solution. V This served as a basis for
the hypothesis that many characteristics of the SAM polymer-
isation process in water are also associated with the formation
of monomer micelles.2 7

One of the first examples of the polymerisation of monomers
of this kind has been the polymerisation of the sodium salts of
the allyl esters of ct-sulphopalmitic and ct-sulphostearic
acids. 3 7 Preliminary experiments showed that the above
compounds are able to reduce considerably the interfacial
tension, i .e. are typical surfactants. Their radical polymer-
isation yielded water-soluble polymers with an average degree
of polymerisation of 10.

The micelle-forming properties of vinylimidazolium salts
and polymers based on them have been investigated. 8 6 ' 8 7

With increase in the length of the aliphatic chain in the mono-
mer and the polymer, a transition is observed from the water-
soluble to micelle-forming surfactants. The appearance of
micelle-forming properties in polymers has been observed for
a shorter alkyl substituent than in monomers, which indicates
that the polymers are more hydrophobic than the correspond-
ing monomers.

A study of the radical copolymerisation of the above mono-
mers with vinylpyrrolidinone in water and ethanol revealed8 8 '8 9

that, for vinyl imidazolium salts, the tendency to add to "its
own" radical is significantly greater for the monomer whose
molecule contains a longer aliphatic substituent and hence
exhibits a greater surface activity. It has been suggested
that this is a consequence of the formation of associated
species (micelles) in the SAM solution. The enrichment of
the micelles in the vinylimidazolium SAM compared with
vinylpyrrolidinone should promote the preferential incorpora-
tion of the former in the copolymer. On the other hand,
the relatively low solubility of vinylpyrrolidinone in the
hydrophobic part of the micelles reduces its contribution to
the final product. The copolymerisation of vinylimidazolium
salts with other monomers (styrene, acrylates) has also been
described. 8 9

A study of the radical polymerisation of methacryloyloxy-
alkylammonium salts with an alkyl fragment of equal length
showed that in certain cases the effects associated with the
ionic character of the SAM may have a greater influence on
the polymerisation kinetics in solution than the association
phenomenon.9 0 '9 1 The rate constant ratio kp(fkaec)°-5/k^·5

increased with decrease in the monomer concentration in solu-
tion to a greater extent the shorter was the length of the
alkyl chain in the monomer (Fig. 5). Measurements of the
electrical conductivities of solutions of monomeric salts at
different concentrations characterise the SAM indicated as
electrolytes rather than detergents. At the same time, the
"open chain" association of the monomeric molecules is not
ruled o u t . 9 1 The increased rate constant ratio quoted above
with decreased concentration of the monomeric salt having the
hexyl substituent (Fig. 5) as well as the analogous phenome-
non for the sodium salt of 2-sulphoethyl methacrylate (Fig. 4)
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have been attributed to a more significant decrease in k̂  com-
pared with kp as a result of the dissociation of the ionogenic
groups of the monomer and of the growing radical on dilu-
tion. 9 0 The absence of this effect in the polymerisation of
the monomer having the ethyl fragment has been explained by
the decrease in the effective charge on the ammonium group
as a result of its interaction with the unshared electron pair
of the oxygen atom.

accompanied by the increase in the ratio of the propagation
rate constant to the square root of the chain termination rate
constant, i .e. kp/k^·5, and also in the rate of initiation.
The correlation of the observed relations with the results of
rheological studies on the same SAM solution (Fig. 7b) enabled
the authors91* to postulate a relation between the observed
kinetic effect and the structural changes in solution.

kpk?-5afkdec)
os, litre05 mol"0·5 s'1

Fp[In]-°-5, molos litre"0·5 s"05

tO'%

Figure 5. Dependence of the rate constant ratio for the
radical polymerisation of compounds of the series [CH2=
C(CH 3)-COO(CH 2)n-N(CH 3)3]Cr at 60 °C on the monomer
concentration in water: 9 0 1) η = 2; 2) η = 3; 3) η = 6.

At the same time, Ringsdorf and Thunig9 0 virtually rule out
the possible influence of the aggregation of the monomeric
molecules on the polymerisation process and fail to explain
the increase in the rate constant ratio in the series of mono-
mers with increase of η from 2 to 6 (Fig. 5). One of the most
probable causes of this effect may be association of the SAM
solution at η = 6. Plots of Vp/[In]0 '5 against [M], where
[In] is the initiator concentration, obtained in the study of
the influence of the monomer concentration [M]o over a wide
range of the latter on the rate of the process Vp, have breaks
(Fig.6) whose nature has not been discussed. Other
workers91*'95 observed a similar effect and have attributed it
to association phenomena (the arrangement of associated
species) involving the monomeric molecules in solution (see
below).

In contrast to the substance-initiated polymerisation con-
sidered above, the spontaneous polymerisation of methacryl-
oyloxyalkylammonium salts in water, which has been shown to

have a radical mechanism, has been described. It was
found that the order of the polymerisation reaction with
respect to the monomer increases with increasing length of
the aliphatic chain in its molecule.

The kinetics of the radical polymerisation of vinylpyridi-
nium salts in water has been investigated in a number of
s tudies . 9 2 " 9 5 Fig.7a presents the dependence of the initial
rate of polymerisation on the concentration in water of SAM
with short and long aliphatic chains in the molecule. Whereas
a linear increase in the rate of the process with increasing
monomer concentration in the experimental range is observed
for the former, for the latter a sharp increase in the slope
of the straight line is noted at a certain concentration. It
has been shown94 that the increased rate of the process is

W
-2

to
,-J

to'2 to'1 w°
[M],M

Figure 6. Variation of the ratio of the rate of polymerisation
of the monomer [CH2=C(CH3)COO(CH2)nft(CH3)3]Cr to the
concentration of the initiator K2S2O8 at 60 °C as a function of
the initial monomer concentration in water: 9 0 1) η = 2;
2) η = 6.

XH NMR study of the above systems confirmed the hypothe-
sis put forward. Analysis of the chemical shifts showed93

that, whereas for the monomer with a short chain the presence
of only the lowest order associated species may be postulated
in the experimental concentration range, for the long-chain
monomer multilayer micellar aggregates (lamellae) appear at
high SAM concentrations in addition to the spherical micelles.
The higher degree of organisation of SAM with an extended
aliphatic chain and also the characteristic features of the dis-
position of the double bonds of the monomer in the micelles,
promoting the occurrence of polymerisation, may in fact be
the causes of the observed kinetic effect. The application
of the XH NMR method made it possible to determine the con-
formation of the SAM molecules at the interface in the micelles.93

The scheme below illustrates the change in the conformation
of the molecule as a function of the structure of the associ-
ated species:

oil
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Figure 7. Dependence of the initial rate of polymerisation (a)
and of the absolute viscosity of solutions of the salts (b) . 9 5

where η = 10 (line 1) and η = 4 (line 2), on the monomer
concentration in water. 9 5

Subsequently finer kinetic effects, occurring in the radical
polymerisation of cationic SAM in water, were observed. Thus
in a study of aqueous dispersion of SAM based on methacryloyl-
ethylammonium and allylammonium salts, it was found96'97 that,
in the region corresponding to the existence of micellar solu-
tions , the plot of the dependence of the initial rate of poly-
merisation on the monomer concentration has three sections:
a initial linear growth section, a middle section with a constant
rate, and then a new section corresponding to growth (Fig.8a).
Three linear sections with different slopes are also observed
on the plot of the viscosity of aqueous monomer solutions
against concentration (Fig. 8b). The satisfactory agreement
between the concentrations at the points of inflection on the
rheologieal curves and on the "rate—monomer concentration"
plots is striking. These data were interpreted as follows. 9 7

The initial section corresponding to an increasing rate of the
process appears as a result of the increase in the total amount
of the monomer in the system, in the first place within the
spherical micelles, which are responsible for the process
kinetics in the experimental SAM concentration range (two
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orders of magnitude larger than the CCM). The section
with a constant rate corresponds to the appearance in the
system of anisotropic SAM micelles (confirmed by the XH NMR
method 9 6), in which there is virtually no polymerisation (it is
observed only in the spherical micelle phase). According to
the authors , 9 7 this is associated with the disposition of the
double bonds of the monomer in the associated species indi-
cated which is unfavourable for polymerisation. The sub-
sequent increase in the rate of the process with increasing
concentration is a consequence of the appearance in the dis-
persion of SAM asssociated species with a high level of organ-
isation, namely aggregates of micelles—multilayer lamellae.
The mutual approach of the surfaces of neighbouring micelles
in such lamellae induces an increase in the effective concen-
tration of the double bonds of the monomer in the reaction
zone and a change in their relative positions.

107Fp,mol litre"1 s"1

0.05-

0.1 0.2 03
[M],M

Figure 8. Dependence of the monomer concentration in water
in the initial rate of polymerisation at 70 °C (a) and of the
absolute viscosity at 40 °C of solutions of different salts1 9 (b)
1) [(CH2=CH-C^2)2N(CH3)CH2COOC1 2H2 5]Br~; 2) [CH2 =
C(CH3)COOC2H1(N(CH3)2CH2COOC12H25]Br~; 3) [CH2 =

The intrinsic viscosities of polymers in all three SAM con-
centration ranges have been published. 9 7 The agreement
between these values for the products corresponding to the
first and second sections supports the view that at these
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monomer concentrations the process takes place in the same
phase, namely in the spherical micelles. The increase in the
viscosity of the polymer on passing to the third section is
an argument in support of the appearance in the system of
SAM aggregates more complex than the micelles and with a
higher degree of association (lamellae). Electron microscopy
data for the specimens after polymerisation confirm these
hypotheses. 9 7 Comparison of data for the polymerisation of
cationic SAM of two types—with acrylic and allyl polymeris-
able groups—shows that, as in the isotropic solution, in the
micellar dispersion the first type exhibits a higher activity in
the polymerisation process than the second, as a result of
which the overall rate of the process is much higher in the
former case. 9 7

Structural transitions in a micellar SAM dispersion have
also been observed for N-dodecyl-N'-vinylimidazolium iodide.98

However, the radiation-initiated polymerisation of this mono-
mer at concentrations corresponding to both true and micellar
solutions afforded identical yields of polymers having similar
solubilities in organic solvents and molecular weights propor-
tional to the initial concentration of the monomer in water.
This permitted the conclusion that the association of the SAM
has no influence on the morphology and degree of polymerisa-
tion of the polymer formed. According to the authors, 9 8 the
polymerisation in the micellar dispersions of the SAM indicated
proceeds analogously to the reaction in the isotropic medium
(monomer solution). However, this conclusion appears insuf-
ficiently convincing owing to the lack of data on the rate of
polymerisation. This precludes the estimation of the influ-
ence of the association of the monomer on the process kinr-
etics.

The polymerisation in water of monomers with hydrophilic
"heads" of different nature has been investigated:3 0

CH,=C(CH J)-COO-^^^-(CHj)n-X, where rt=3, 7,

X=-COONa(A), -CO (OC,H4)m-OH (B),

-CH2-NH (CHs).,cr(C),-CH,-N (CH3)aBi"(D).

Preliminary experiments showed that all the compounds indi-
cated are surface-active. Their CCM were determined.
When the polymerisation of the SAM (C) with η = 3 and with
η = 7 was initiated with potassium persulphate, reaction
orders of 0.33 and 0.27 respectively with respect to the
initiator were obtained. The low reaction order may be asso-
ciated with the positive absorption of the persulphate anion
on the surfaces of the positively charged SAM micelles.
When dimethyl azoisobutyrate (DAI) was used as initiator,
the rate of polymerisation of the cationic monomers increased
significantly on passing from the true solution in aqueous
ethanol to the micellar solution in water. 3 0 It is suggested
that this is associated with the enrichment of the SAM micelles
in the oil-soluble initiator.

An increase in the rate of the process has also been
observed following an increase in the length of the alkyl chain
in the monomer and a decrease in the latter in solution (the
range of dilute SAM solutions), which is correlated with the
data presented in Fig.5. In concentrated surfactant solu-
tions, the rate of polymerisation depended less on the length
of the aliphatic fragment in the monomer than in a dilute
solution and hardly changed on formation of monomer micelles
in the system. The latter effect has been explained30 by the
fact that the polymeric radical is more hydrophobic than the
corresponding ionogenic monomer86»87 and can therefore form
its micelle regardless of the state of the monomer solution
(true or micellar) (Fig. 9). If it were supposed that the rate
of polymerisation is determined solely by the behaviour of the
polymeric radicals, then the rate of the process would be
independent of the degree of organisation of the monomer

over a certain range of the concentrations of the latter.
However, this hypothesis is fairly controversial because the
influence of the association of the monomeric molecules on the
kinetics of polymerisation in micellar SAM dispersions where,
as in the case under discussion, the polymeric radicals are
present as micelles, has been demonstrated for a large number
of examples. 9 2 ~ 9 7 In reality, it follows from the data of the
above study 3 0 that there is a significant dependence of the
rate of polymerisation in the given system on the monomer
concentration (Fig. 10). The analogy between the relation
described and the data of Egorov et a l . 9 7 (Fig.8a) suggests a
relation between the observed phenomena and the structure
formation in the SAM dispersion.

[M] >CCM

[M] <CCM

θ

Figure 9. The formation of growth radicals in the polymer-
isation of methacryloylphenylalkylammonium salts in water. 3 0

The radiation-initiated polymerisation of sodium undec-10-
enoate in water has been investigated.1*1 The polymerisation
takes place only at monomer concentrations exceeding the CCM.
This is probably associated with the fact that the monomer
double bonds are located in the hydrophobic nuclei of the
micelles in such a way that this facilitates the polymerisation.

The colloidal properties of monomers, especially micelle
formation in the solutions of any cationic, anionic and non-
ionic polymers which are surfactants, have been investigated
in a series of s tudies . 9 3 ' 9 6 ' 9 9 Structure formation and poly-
merisation in solutions of monomers which are structural
analogues of glycolipids56'57 and phospholipids100 have also
been described.

Together with single-stranded SAM, cationic monomers
based on diallylammonium salts containing two extended ali-
phatic chains have been investigated: 9 7

(CH^CH-CH,),^'
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Since the structure of the above compounds resembles the
structure of natural phospholipids, they will henceforth be
referred to as lipid-like. The dependences of the initial rate
of polymerisation and of the viscosity of the aqueous solutions
of the SAM quoted, obtained by simple dissolution, on the
monomer concentration in water are analogous to the depen-
dences obtained for the typical SAM with a single aliphatic
chain (Fig. 8a), which indicates an analogy in the behaviour of
the lipid-like and single-stranded SAM in the polymerisation
process and hence in the association process and in the rear-
rangement of the associated monomers in water. As for the
usual SAM, the transition from the spherical to the anisotropic
monomer micelles with increase in its concentration is accom-
panied under these conditions by a change in the order of
the polymerisation reaction with respect to the monomer from
1 to 0. Further increase in the concentration leads to the
appearance of lamellar SAM formations, which induces an addi-
tional increase in the rate of the process proportional to the
monomer concentration. The explanation of the phenomena
indicated, proposed by the authors,9 7 is analogous to that
quoted above for single-stranded SAM.

20

0,U 0.8
[ M ] , M

Figure 10. Dependence of the rate of polymerisation of tr i-
methylf 3- (4-methacryloyloxyphenyl)propyl]ammonium bro-
mide in the presence of DAI at 50 °C on the monomer concen-
tration in water according to Siol's data. 30

On passing from a symmetrical lipid-like monomer (aliphatic
chains of similar length) to a monomer with an asymmetric
hydrophobic component (with aliphatic substituents appre-
ciably differing in length), the critical concentrations for the
rearrangement of the associated species diminish, i .e . the
SAM becomes more hydrophobic.97 This entails an increase
in the overall rate of the polymerisation process, which is
analogous to the behaviour of the single-stranded SAM with
increase in the length of the aliphatic chain in the molecule.

Attempts have been made in a number of studies to fix the
structure of the micelles by polymerisation. The use of the
monomers

FcH,=CH-N N+-IC12H2511" (V) (Ref.98);

L \ ^ J
CHj=C (CH,) CON (R) — (CH,)io — COONa (VI) (Refs.27, 38);

CHa=C (CH,) CON (R)- (CH,)!, -CO (OCH«)9 -OCH3 (VII) (Refs.27, 38);
[CH,=C(CH3) COOCH4N(CH,),CH,COOR]Br (VIII) (Ref. 19).

did not lead to success, which may be associated, for example,
with the need to employ large amounts of the initiator, as in
the case of the monomers (VI) and (VII), which polymerise
at a slow rate. 2 7

It has been noted27 that one of the first positive results was
obtained in the polymerisation of the compound

)—(CH2)1()— COONa.

The polymer obtained had a micellar structure, which was
achieved by introducing a cross-linking agent.

Another example of the preparation of polymeric micelles
has been described in studies1*1'102 of the polymerisation of
sodium undec-10-enoate: CH2=CH(CH2)8COONa. Below the
CCM, this monomer is incapable of homopolymerisation, but
above this concentration the process proceeds with formation
of macromolecules, whose degree of polymerisation is equal
to the number of SAM molecules aggregated in the micelles.
NMR data confirm the fixation of the micellar structure on
polymerisation.

In the study quoted above, 9? it was possible to achieve the
fixation of not only spherical micelles but also of lamellar
formations, by polymerising the monomer (CH2=CH—CH2)2.

.N(CH3)CH2COORBr~, which was confirmed by electron micro-
scopy.

Analysis of data on the fixation of SAM micelles by polymer-
isation shows that a positive result has been achieved either
by using monomers with a double bond whose reactivity is low
in the polymerisation process or by the introduction of an
additional cross-linking agent.

Thus the polymerisation of SAM in aqueous micellar dis-
persions differs from solution (homogeneous) polymerisation
by a number of features associated in the first place with
the influence of structure formation in the monomeric mole-
cules on the process kinetics and on the macrostructure of
the polymer formed. We may note that there are systems
where this influence cannot be traced in an explicit form.
The appearance of SAM micelles in the solution induces as a
rule an increase in the overall rate of polymerisation. This
is associated, on the one hand, with the increase in the local
monomer concentration in the associated species compared
with the isotropic solution. On the other hand, a change in
the elementary reaction constants and also in the reaction
order with respect to the initator (for example, as a result of
the concentration of the latter on the oppositely charged
interface) or with respect to the monomer (for example, as
a result of a change in the relative positions of the SAM mole-
cules on passing from the true solution to the associated
species) has been observed. Presumably the role of the lat-
ter factor increases significantly on passing to structural SAM
formations with a higher level of organisation than in micelles,
such as vesicles (as a rule made up of monomers whose molec-
ular structure is similar to that of natural phospholipids) or
highly organised monolayers of monomers at the water—air
interface. Yet another factor influencing the polymerisation
kinetics in such systems is the formation of polymeric radicals
in the form of individual micelles separated by an electrostatic
barrier. This should increase the overall rate of the process
compared with the system where the polymer exists in the
form of a true solution, as a result of the decreased contribu-
tion by the bimolecular chain termination. This has been
demonstated, for example, in a study100 where the radicals
were induced directly in the surfactant micelles.

Together with the micelle formation proper, the SAM poly-
merisation reaction in water can depend significantly on the
growth and rearrangement of the monomer micelles and on the
appearance of associated species with a higher level of org-
anisation (lamellae). In a number of instances it has been
possible to fix this structure of the SAM associated species
by polymerisation, but so far this is an exception rather than
the rule.
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V. POLYMERISATION IN LIPOSOMES AND MONOLAYERS OF
SURFACE-ACTIVE MONOMERS

This field has been developing vigorously in recent years,
as shown by the progressive increase in the number of com-
munications devoted to monomeric and polymeric monolayers
and liposomes. A number of reviews describe fairly com-
pletely the state of affairs in this field.1 6 '2 7 '1 0 3 We shall deal
with the factors which are important in the context of the
present article. This concerns the kinetic effects in the
polymerisation process in monolayers and vesicular SAM dis-
persions.

The study of the polymerisation conditions in a monolayer55

showed the advantage of UV initiation over chemical initiation,
the need to eliminate atmospheric oxygen, etc. It has been
established in relation to the CH2=C(CH3)COOC18H37 monomer
that an increase in the lateral pressure, leading to a change
(ordering) of the monomer monolayer structure at the water-
gas interface, may promote or hinder the polymerisation pro-
cess (Fig. l la) . It is seen from Fig. lla that, with increase
in the external pressure, the rate of polymerisation initially
increases and above a certain critical pressure it begins to
decrease. The observed phenomena have been explained in
the following manner.55 At a low lateral pressure, the mono-
mer in the disordered state (A) (see scheme in Fig. lib) forms
the polymer (D) at a low rate. With increase in the pres-
sure, the monomer passes to the ordered state (B), the rate
of polymerisation increases, and the polymer with the struc-
ture (E) is the result. Further increase of the pressure
leads to the state (C) in which the monomer is incapable of
polymerisation owing to steric hindrance.

An analogy can be seen between the effects observed in the
transition from the monomer state (B) to (C) and the data
obtained in a study97 where a change in the order of the poly-
merisation reaction with respect to the monomer from first to
second was observed on passing from spherical to anisotropic

monomer micelles (as the aqueous SAM solution was concen-
trated) during the ordering of the SAM associated species
(Fig.8a). The observed effect has also been discussed from
the standpoint of the dispositions of the monomer molecules at
the interface in the associated species which are favourable
and unfavourable for polymerisation.

It has also been noted101* that, with increase in the lateral
pressure in the octadecyl methacrylate monolayers, an
increase in the rate of polymerisation is observed. Cases
are known where the increase in the lateral pressure induces
a decrease in the rate of polymerisation.105 These phenomena
can be explained within the framework of the scheme pre-
sented above.

It has been observed3 9 '1 0 6 '1 0 7 that polymerisation in mono-
layers of monomers of a series of diacetylenic carboxylic acids
of the type CH3-(CH2)n-CEEC-C^C-C8H16COOH occurs at
20 °C if η is 11-15 and at 2 °C if η = 9 and does not occur at
all if η = 4-7. The salts of the above acids with the Na+ and
K+ counterions polymerise at high pH and those with Li+ and
bivalent cations are incapable of polymerisation under these
conditions, which is associated, according to the authors,106'107

with the differences in the packing densities of the monomers
in the monolayer. It is of interest to note that the salts
containing Li+ are able to polymerise at pH < 6. It is
believed that this induced by a rearrangement of the associ-
ated monomer species and that in this instance a polymer
having a regular structure is formed. The retention of order
in the monolayers in the polymerisation process has also been
noted in a number of other studies. " 0 > 1 0 8 ~ 1 0 9

Two studies have been devoted to aqueous dispersions of
liposomes obtained from cationic monomers based on diallyl-
ammonium salts. 9 6 ' 9 7 The rate of radical polymerisation of
monomers with two extended aliphatic chains in the molecule
(lipid-like monomers), initiated by the thermal decomposition
of DAI, increases overall on passing from dispersions obtained
by simple dissolution of the monomer in water, to systems

0,04-
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Figure 11. The behaviour of octadecyl methacrylate in the polymerisation process in a monolayer at the water-nitrogen
interface at 23 °C and at different surface pressures:5 5 a) pressure dependence of the rate of polymerisation:
b) schematic illustration of behaviour: the arrows directed to the right correspond to a decrease of surface pressure
and those directed to the left correspond to its increase; the symbol -? denotes polymerisation under the influence
of radiation.
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formed by dispersing the monomer with the aid of ultrasound.
The inflections in the plots of the viscosity of the solution
against the monomer concentration, which correspond, as
mentioned above, to a rearrangement in the colloidal SAM dis-
persions, then vanish. At the same time it is known110 that,
when aqueous dispersions of lipids and their synthetic ana-
logues are dispersed with ultrasound, the formation of lipo-
somes is observed. All this enabled the above investigators96'
97 to interpret the results as follows. Ultrasonic treatment
of aqueous dispersions of diallylammonium lipid-like SAM leads
to the formation of monomer liposomes, in which the level of
organisation of the molecules is significantly higher than in
the micelles. In the first place, in the liposomes the effec-
tive monomer concentration is higher and the disposition of
the double bonds is more favourable, which increases the
overall rate of the process. At the same time, one cannot fail
to take into account the possible decrease in the chain ter-
mination rate constant as a result of the formation of highly
organised layers, where the mobility, in the first place lateral
mobility, of the molecules themselves and even more so of
the polymeric radicals is significantly lower than in the
micelles. The virtual identity of the initial sections of the
plots of the rate of polymerisation against the monomer con-
centration for a micellar solution and a dispersion of liposomes
suggested the possibility of the spontaneous formation of
liposomes-like structures at comparatively high monomer con-
centrations in water, which had been established earlier for
dispersions of the given SAM at a low concentration.1U The
existence of lamellar and liposome structures of these SAM
in the monomer dispersion and their fixation on polymerisation
have been confirmed by electronic spectroscopy.112

In respect of the lipid-like ammonium monomer

(Ci5HSI-COOC2H4)2N(CH,)CH2 — — CH=CH2C1-

it has been shown113 that the rate of radical polymerisation
increases significantly on passing from the isotropic solution
in ethanol to a vesicular dispersion (in water) as a conse-
quence of the orientation of the monomer in the structure of
the vesicle.

Thus, in the case of double-stranded lipid-like SAM, the
kinetics of the polymerisation process in micellar dispersions,
known for single-stranded SAM, is reproduced, on the one
hand, and the appearance of higher-order structures, struc-
turally similar to the liposomes of natural lipids, becomes
possible on the other hand. The kinetics of polymerisation
in such structures are determined primarily by the very high
degree of order in their monomer units, which entails as a
rule a high rate of the process. Another characteristic
feature of these systems, compared with micellar systems,
is the possibility of their fixation by polymerisation, which
is almost independent of the monomer structure (only the
negative influence of the size of the counterion has been
noted), of the activity of its polymerising group, and also of
the method of initiation. The extremely high stability (with
respect to time and mechanical and other influences) of the
newly formed polymeric liposomes compared with the initial
monomeric liposomes, which has been noted in a number of
publications,75'103'11'*~116 leads to extensive possibilities for
their application.

V I . PROSPECTS FOR THE ULTILISATION OF SURFACE-
ACTIVE MONOMERS

The first studies on the synthesis of monomers of this new
class and their polymerisation in an aqueous medium had a
purely applied aim—the preparation of colloidal (micellar)

surfactant structures fixed by means of polymerisation.
This provided a reliable method for the investigation of the
shape and structure of the micellar formations. Furthermore,
the new surfactant structures proved to be effective in the
investigation of the microstructure of associated species. For
example, the use of a monomer containing simultaneously
glycoside and styrene groups,5 6 i .e .

gave definite advantages in the study of the influence of the
concentration of aqueous SAM solutions on association pro-
cesses (rearrangement of the associated species) involving
monomers, especially in the testing of changes in the micro-
structure of micelles.

The fixation of micellar structures by means of the polymer-
isation of SAM undoubtedly has a practical value, apart from
its purely theoretical importance, especially for the synthe-
sis of ion-exchange resins, carriers for medicinal and bio-
logical preparations, etc.

One of the most vigorously developing fields has been
recently the synthesis of lipid-like SAM and their use for the
preparation of polymeric analogues of biomembranes in the
form of monolayer films, liposomes, and vesicles,16 '37 '40 for
the modelling with their aid of membrane processes,16 and for
the incorporation (inclusion, grafting) in the polymer of bio-
logical and medicinal preparations, 17>27 used in biology, bio-
technology and medicine.

The synthesis of SAM by the modification of natural lipids117

and other natural products118 is of special interest. It is
apparently possible to obtain in this way SAM capable of
imparting a whole spectrum of unique properties of natural
objects to polymers as a result of homopolymerisation and
copolymerisation.

Thus it has been shown57 that the inclusion in phospholipid
liposomes of a monomer containing a carbohydrate fragment,

)—(CH. . ) , .— C H = C I

and its subsequent polymerisation make it possible to obtain
stable models of biological membranes capable of surface
"recognition" by the corresponding proteins.

Overall, the chemistry of SAM is still in the initial stage of
its development. However, the likely usefulness of these
objects for the solution of a whole series of problems in theor-
etical and practical chemistry, biology, and medicine has
already been demonstrated. Presumably the development of
this field will extend the existing applications of SAM and will
create new ones.
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The Influence of Ligands on the Catalytic Properties of Nickel-
containing Systems in Oligomerisation and Polymerisation Reactions
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The results of studies on the activating influence of ligands on the catalytic properties of nickel-containing systems in
oligomerisation, co-oligomerisation, and polymerisation reactions are surveyed and the electronic and steric aspects of this
phenomenon are analysed from the standpoint of an SeCi mechanism. The possibility of a homolytic and heterolytic
activation of the Ni-C bond in catalytic centres by electron-accepting and electron-donating ligands respectively is examined.
It is shown that the molecular weight of the oligomerisation and polymerisation products is determined by the steric effect of
the ligands and that the stability of the catalytic centres depend primarily on the frequency of the active centre ̂  potential
centre transitions.
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I. INTRODUCTION

In the presence of nickel-containing catalysts it is possible
to obtain a broad spectrum of oligomers and polymers of
unsaturated hydrocarbons. The composition, structure,
and molecular weight of these products depends on the nature
of the monomers, the ligand environment of the nickel in cata-
lytic centres, the composition of the catalyst, and the reaction
conditions. 1~6 It is now generally recognised that the active
centres in nickel-containing catalysts for linear dimerisation,
oligomerisation, and polymerisation are in most cases organo-

metallic and hydride derivatives of nickel. However,
these compounds by themselves exhibit only an insignificant
activity. Their catalytic action is greatly enhanced in the
presence of electron-accepting additives capable of increasing
the effective positive charge on the nickel atom as a result of
the formation of charge-transfer complexes on an anion.1

The influence of electron-donating additives in different reac-
tions is manifested in different ways: they reduce the activ-
ity and stereoselectivity of the action of the catalyst in diene
polymerisation processes, while in olefin dimerisation and
codimerisation reactions they increase its activity and
stability. l|~e

There is as yet no unique approach in the literature to
the explanation of the mechanisms of the activating influence
of ligands on the catalytic properties of nickel-containing
systems in various reactions. This is apparently associated
with the fact that, although the studies by individual groups
of investigators do cover a broad range of catalytic proper-
ties, each separate study was devoted to the investigation
of the behaviour of nickel-containing systems only in specific
reactions. The mechanisms of the formation and destruction
of the active centres, and the role of the electronic and steric
factors in the activation of nickel-containing systems and in
the formation of the structures and the establishment of the

molecular weight of the oligomerisation and polymerisation
products have not been ultimately elucidated. The elucida-
tion of these fundamental questions requires a comparative
analysis of the activating influence of ligands on the catalytic
properties of the same systems in different reactions and,
conversely, on different systems in a single standard reac-
tion.

Valuable information about the role of electronic and
steric effects of ligands can be obtained by the systematic
study of their influence on the kinetic parameters of the
elementary stages of the reactions in the transition from
dimerisation and codimerisation to oligomerisation and poly-
merisation of unsaturated hydrocarbons. Evidently, the
model reactions should then be selective to the maximum
possible extent and readily controllable. The highly selec-
tive oligomerisation and co-oligomerisation reactions with
α-olefins of styrene and its derivatives, which occupy an
intermediate position between olefins and dienes 1 ' 5 as
regards their polymer-forming capacities, are convenient
objects of study.

In the present review, the experimental data are analysed
on the basis of ideas about the electrophilic mechanisms of
the reactions of organometallic compounds proceeding via the
nucleophilic coordination of the substrate to the metal atom
with subsequent electrophilic attack on the negatively charged
α-carbon atom in a many-centre cyclic transition state. A
similar mechanism, called the SgCi mechanism was proposed
previously,9 for substitution and addition reactions between
organometallic compounds of non-transition metals and Ε—Ν
electrophiles, which consist of electrophilic (E) and nucleo-
philic (N) components:

ΠΜΧη R—MX n

it')

-RE + ΝΜΧΛ



Russian Chemical Reviews, 56 (12), 1987 1167

An analogous mechanism can be used also in discussing
the reactions involving the addition of unsaturated hydro-
carbons to organometallic and hydride derivatives of nickel.
These reactions are the key stages in the oligomerisation
and polymerisation processes. Indeed, it has now come to
be assumed that the addition of unsaturated hydrocarbons
to hydride and organometallic centres takes place in two
stages: (1) the formation of an intermediate ττ-complex with
the transition metal and (2) the subsequent insertion of the
coordinated olefin molecule via a polar cyclic transition state.

According to the Dewar—Chatt—Duncanson model, the
binding of olefins to the metal in the π-complexes is achieved
as a result of the direct donor—acceptor and the reverse
dative interactions. 1 0> u The contribution of the dative
interaction diminishes with increase of the degree of oxida-
tion of the complex-forming metal and is minimal for high
degrees of oxidation of the metal.1 2 This means that the
π-complex formation processes at the nickel(II)-containing
active centres is a nucleophilic reaction in the sense in which
it has been considered by Moiseev.13·11* On the other hand,
in the coordinated state, the olefin molecule acquires the
capacity for electrophilic attack, 1 5 because the partial charge
appearing on it as a result of the donor—acceptor interaction
is not fully compensated by the dative interaction. Under
these conditions, in the many-centre transition state the d
orbitals of the metal and the sp3 orbitals of the α-carbon
atom (or the s orbitals of hydrogen) interact with the bonding
orbitals of the olefin.16"18 As a result, the thermal addition
reaction is symmetry-allowed or, according to Pearson's
terminology, is partly prohibited.1 9

The formal analogy with the SgCi mechanism is manifested
by the fact that the nucleophilic attack on the transition
metal atom by the substrate molecule takes place before its
electrophilic insertion in the polarised R"~—Μ bond via
an intermediate cyclic transition state. Consequently, one
can assume that the characteristics of the reactions involving
the addition of an olefin (diene) to organometallic and hydride
derivatives of nickel should not differ significantly in their
character from the characteristics of the reactions involving
the SgCi mechanism. In this case, the opposite effects of
the ligands on the catalytic properties of nickel-containing
systems in dimerisation reactions, on the one hand, and in
oligomerisation (polymerisation) reactions, on the other, can
be accounted for by the different nature of the rate-limiting
stages in these processes. Analysis of the experimental
results confirms this hypothesis.

I I . THE INFLUENCE OF LIGANDS ON THE MOLECULAR
WEIGHT OF OLIGOSTYRENE AND THE CHARACTER OF THE
CHAIN TERMINATION IN THE OLICOMERISATION OF
STYRENE

It has been shown20"23 that the degree of polymerisation of
styrene in the presence of π-alkenylnickel halides depends
on the nature of the halide ion. Thus π-crotylnickel iodide
induces the formation of the styrene dimer (1,3-diphenylbut-
1-ene), while the bromide and chloride complexes lead to the
formation of oligostyrenes with average degrees of polymerisa-
tion of 5-6 and 8—12 respectively. An even greater increase
in the length of the chain (up to 200-500 units) is attained
when electron acceptors such as MnCl2 and Ni(OCOCCl3)2

are introduced into the system. Ά

The molecular weight of the styrene oligomerisation products
in the presence of systems of the Ziegler—Natta type also
depends on the catalyst. Ά The two-component system con-
taining NJV-diethyldithiocarbamate or nickel OO-dialkyl (or
OO-diaryl) phosphorodithioate and diethylaluminium chloride

directs the process towards the formation of a dimer, while
the additional introduction of a phosphorus-containing ligand
(phosphine, phosphite) results in the formation of oligomers
with an average degree of polymerisation of 4—9. This
difference between the two- and three-component systems
is due to the change in the character of chain termination in
the presence of a phosphorus-containing ligand in the coor-
dination sphere of nickel: instead of spontaneous chain
transfer (β-elimination), the chain is transferred to the
monomer, which increases the average degree of polymerisa-
tion. Comparison of the results of Azizov et al. Ά with the
data of Makovetskii and co-workers 20~22 shows that the
introduction of both electron-accepting and electron-donating
ligands can increase the molecular weight of the styrene
oligomerisation products.

I I I . THE SELECTIVITY OF THE CO-OLIGOMERISATION
REACTIONS OF STYRENE WITH ETHYLENE AND PROPENE

In the co-oligomerisation of styrene with ct-olefins, the
latter add "head to tail" and "tail to tail". The structure
of the products of the reaction with participation of ethylene
corresponds to formulae (I) and (II) and that of the products
of the reaction involving propene corresponds to formulae
(III) and (IV):

C H 3 - C H — Γ— C H j - C H — "1 —CH =CH2 CH 3 —CH-
I I 1

Hs-CH-r-CHj-CH-"]
CH, [ C.H. J,

(I)

CH,

(Π)
:·Η. J,,

•CH- Γ-CH,—CH-1
1 >

C H 6 L CeH5 J

-CH,—CH-1 —C-CH~CH3

c.

C H 3

IC H 3 — C H - Γ - C H j - C H - I -CH 2 -CH=CH, C H 3 - C H - r - C H 2 - C H - l —C=
I I

- " ]

6 J n(Ill) (IV)

The products (I)—(III) are formed as a result of the "head to
tail" addition, while the product (IV) results from the "tail to
tail" addition. In the limiting case, where η = 0, the product
of the co-oligomerisation of styrene with ethylene is 3-phenyl-
but-1-ene and those of the co-oligomerisation with propene
are 4-phenylpent-2-ene, 4-phenylpent-l-ene, and 2-methyl-
3-phenylbut-l-ene (2-M-3-PB-1). 25»26

In contrast to the codimerisation of other pairs of the lowest
olefins (for example, ethylene and propeneh>5>7), in the
codimerisation of styrene with ethylene1 9 only a single pro-
duct, namely 3-phenylbut-l-ene, is formed up to appreciable
degrees of conversion. For very high conversions, 2-phenyl-
but-1-ene isomerises to 2-phenylbut-l-ene. The curve for
the accumulation of 3-phenylbut-l-ene as a function of time
therefore passes through a maximum, which corresponds to
80—100% conversion of styrene. 8>19 The nature of the com-
ponents of the catalytic system has a considerable influence
on the process selectivity. The highest yield of 3-phenylbut-
l-ene (100%) is observed in the presence of catalytic systems
based on organic dithio-derivatives of nickel (dithiocarbamate,
phosphorodithioate). 2I>>27 The dimerisation of ethylene in
the presence of a tertiary phosphine or a phosphite in the
catalyst is appreciable only for a high degree of conversion
of styrene (>90%). When a two-component system is used,
the yield of 3-phenylbut-l-ene falls sharply with respect to
both monomers which have reacted (it is particularly marked
with respect to the ethylene which has reacted) compared
with the three-components systems. 8 ' 2 5 ' 2 8 3-Phenylbut-l-ene
isomerises after the complete conversion of styrene.

The yields of the reaction products pass through a maxi-
mum also in the codimerisation of p-chlorostyrene and vinyl-
toluene with ethylene. On the other hand, in the codimerisa
tion of α-methylstyrene with ethylene isomerisation is not
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observed and the yield of 3-methyl-3-phenylbut-l-ene
corresponds fully to the consumption of α-methylstyrene. 2 5

The codimerisation of styrene with propenes takes place
both "head to tail" and "tail to tail". The former type leads
to the formation of a mixture of 4-phenylpentenes and the
latter to the formation of 2-methyl-3-phenylbut-l-ene. In
certain cases propene dimers, phenyloctenes, and styrene
oligomers are also formed. 27~30 In the given case the selec-
tivity of the codimerisation also depends, other conditions
being equal, on the nature of the components and on the
composition of the catalyst: in the presence of two-component
systems, an appreciable amount of styrene (up to 42%) is con-
verted into oligomers and co-oligomers. Dithio-systems
ensure the exclusive formation of codimers—phenylpentenes
(PP). Up to the complete conversion of styrene, they cata-
lyse the addition of the monomers of the "head to tail" type
only and, in contrast to acetylacetonate systems, the increase
of the Al: Ni ratio to 200: 1 does not lower the selectivity of
their action.29»30

Regardless of the nature of the catalyst components, the
4-PP-l and 4-PP-2 codimers are formed from the very begin-
ning of the process, which is consistent with the hypothesis
of their formation from the same intermediate as a result of
β-elimination reactions via different pathways:

intermediate complexes results in the formation in the system
of organometallic nickel complexes of the type

CH3

CH,-CH-CH 2-CH-NiX ^ΗΝ

Q.H,

» CH 3-CH-CH 2-CH =CH2

I
C.H,

— • CH 3-CH-CH=CH-CH 3

However, the isomerisation of 4-PP-l to 4-PP-2 also takes
place during the process. The isomerisation continues
further after the formation of 2-PP-2. In contrast to
4-PP-l, 4-PP-2 isomerises to 2-PP-2 only after the complete
conversion of styrene. This fact, together with the low rate
of isomerisation of 3-phenylbut-l-ene, indicates a decrease
of the rate of isomerisation as the double bond is located
closer to the benzene ring. Comparison of the results of a
thermodynamic calculation of the equilibrium composition of
phenylpentenes with experimental data leads to the same
conclusion. 29>3° Regardless of the nature of the catalyst
components, the yield of 4-PP isomers for any degree of
conversion of styrene greatly exceeds their maximum equi-
librium concentrations, which are 0.1% for 4-PP-l, 72% for
trans-4-PP-2, and 15% for cis-4-PP-2 at 10-50 °C. With
increase of the degree of conversion, the content of 4-PP-l
in the codimerisation products diminishes, approaching the
equilibrium value, while that of 4-PP-2 increases to 50-
95 wt.%. The yield of 2-PP-2 (1-9%) is much smaller than
the theoretical value (28—94%), which is due to the slow iso-
merisation of 4-PP-2.

The nature of the organoaluminium compound has a signi-
ficant influence on the yield of the codimerisation products. 2 7

Catalytic systems based on triethylaluminium and not contain-
ing activating additives have a very low efficiency. When
CH2C12, A1C13, TiCU, BF3.(C2H5)2O, and C2H5A1C12 are
introduced into such systems, the rate of the process and
the overall yield of the codimerisation products increase
sharply, indicating that the most active codimerisation centres
contain electron-accepting ligands or the products of their
interaction with the organoaluminium compounds. This
postulate is confirmed by the results of studies3 1·3 2 of the
interaction of the components of the Ni(acac)2 + P(OC6H5)3 +
A1(C2H5)3 and Ni(acac)2 + P(OC6H5)3 + Al(C2H5)t + BF3(C2.
.H5)2O catalytic systems in solution in halogenohydrocarbons.
The oxidative addition of the halogenohydrocarbon to the

R-Ni<

ί

! Μ =[ΤΓ [MHalF]"

where Μ = Β or Al, L = phosphorus-containing ligand, and
X = halide ion.

The nature of the activating ligand influences also the com-
position of the codimerisation products. Chlorine-containing
compounds direct the process towards the preferential forma-
tion of 4-PP-2. 2 7 In the presence of boron trifluoride
etherate, the reaction products contain a large amount of
4-PP-l. Catalytic systems containing A1(C2H5)2C1 exhibit
a high activity without electron-accepting additives and the
isomeric composition of the phenylpentenes depends in this
case on the nature of the electron-donating ligand and the
Ρ : Ni ratio. For the ratio Ρ : Ni = 1, 2-methyl-3-phenylbut-
l-ene, the product of the "tail to tail" addition (yield up to
15%), is present among the reaction products together with
4-phenylpentenes. The increase of the Ρ : Ni ratio to 4: 1 or
the replacement of the phosphorus-containing ligand by
bipyridyl fully suppresses the "tail to tail" addition. The
main reaction product is then 4-PP-2 (95—96%). In the
absence of electron-donating ligands, a large amount of sty-
rene oligomerises, which reduces the yield of phenylpen-
tenes. 2 7 ' 2 9 ' 3 0

Thus the introduction of phosphorus-containing ligands
into the coordination sphere of nickel increases the selectivity
of the codimerisation of styrene with ethylene and propene.
The most active catalytic centres contain electron-accepting
acido-ligands and neutral ligands. The nature of the acido-
ligand in the initial nickel compound has a significant influence
on the activity and selectivity of the action of nickel-contain-
ing systems of the type of Ziegler-Natta catalysts, which
indicates the retention of the bond between this ligand and
nickel in the catalytic centres. This is also indicated by
the results of kinetic studies. ,̂27,29,30-33

IV. GENERAL KINETIC FEATURES OF THE STYRENE
OLIGOMERISATION AND CO-OLIGOMERISATION REACTIONS

The orders of the oligomerisation and co-oligomerisation
with respect to the monomers depend on the nature of the
components, the composition of the catalytic systems, and
the reaction temperature. In the dimerisation of styrene in
the presence of the nickel NN-diethyldithiocarbamate + diethyl-
aluminium chloride two-component system, the reaction order
depends on temperature and varies from 0.43 to 0.95 in the
range 10—33 °C. When triphenyl phosphite is introduced
into the catalyst, the reaction order with respect to styrene
becomes unity and is independent of temperature but the
molecular weight of the oligostyrene is then found to
increase. 2I*

A change in reaction order is observed also in the codi-
merisation reactions of styrene or α-methylstyrene with
ethylene and propene.8 '2 8"^0 '3 3 In this case, the rates of
formation of the codimers obey the complex relation ν =
K[catalyst][styrene]n[olefin]m, where Κ is the codimerisa-
tion rate constant and η and m depend on the nature and
concentration of the olefin, the nature of the catalyst com-
ponents, and temperature, varying in the range from 0 to 1
(Table 1). Thus, in the codimerisation of styrene with
ethylene in the presence of the Ni(acac)2 + P(OC 6H5)3 +
A1(C2H5)3 + BF3(C2H5)2O catalytic system, which exhibits a
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moderate activity, at -30 °C the rate of formation of 3-phen-
ylbut-1-ene is almost independent of both the initial styrene
concentration and time, i .e. η = m = 0. 32

Table 1. The orders of the codimerisation reactions of
styrene and α-methylstyrene with ethylene.

Catalytic systems*

Reaction order

a-methyl-
styrene

w.r.t.
ethylene

Styrene

Ni (acac), Ρ (OCeH5)3 + (C,H,)S Al +
+ BF,-(CaH5)jO, where Ni:P:Al:B = 1:1:3:5

Ni (acac)2 + Li -f- (C2H5),A1 + BF s-(CaH5),-O,
where Ni:bipy:Al:B = 1:1:3:5

Ni (acac)u + Ρ (OC«H.,)3 + (C2HS), AI, where
Ni:P:Al = 1:1:100

Ni(DEDTC)2 + P(OCeH5)3 + (C2H5)2A1C1, where
Ni:P:Al= 1:1:100

Ni(DEPDT)2 + P(OC6H5)3 + (C2H5)2A1CI, where
Ni:P:Al= 1:1:100

- 3 0
5

l.i
25 **

25

—30
—20

- 2 0
—10

2 **

—20
- 1 0

10

0
0.7

1.0

0

0
0

0
0
0

0
0
0
0

0.7
0 7
0.9
1,0

0.4

-

—

1 
1 I

I

[33]

[33]

[33]

18]

18]

a-Methylstyrene

Ni(DPPDT)2 + (C2H5)2A1C1, where Ni: Al =
1:100

Ni (acac), + Ρ (ΟΟ,Η4)3 + (C,H6)S Al +

+ BF, (C,H5)2 O, where Ni:P:Al:B = 1:1:3:5

—10
2

10

23
15
5

0
0
0

0.8
0
0

—

—

0.9
—
0.7

[8]

[33]

*DEDTC = diethyldithiocarbamate, DEPDT = diethyl
phosphorodithioate, DPPDT = diphenylphosphorodithioate,
and bipy = bipyridyl.
** The reaction order with respect to nickel is 1.

An analogous behaviour has been observed also in the
codimerisation of α-methylstyrene with ethylene at 15 °C. 3 3

With increase of temperature to 25 °C, there is a transition

from the zero reaction order with respect to α-methylstyrene
to the first order process. When phosphite in the catalyst
is replaced by αα'-bipyridyl, the zero order with respect to
styrene is retained also at 25 °C. The same reaction order
is observed also in the presence of highly active catalytic
systems containing organic dithio-derivatives of nickel
(dithio-systems).8'29»30 The reaction order with respect
to ethylene likewise depends on temperature and, when the
reaction order with respect to styrene (or α-methylstyrene)
is zero, it is less than unity, while under the conditions
where the rate of codimerisation is directly proportional to
the styrene concentration the order with respect to ethylene
is also unity. At a methylene pressure above 0.3 MPa, the
rate of codimerisation in the presence of the dithio-systems
is independent of the styrene and ethylene concentrations.8

In the codimerisation of styrene with propene, the reaction
order with respect to propene in the range of concentrations
of the latter 1—7 Μ is independent of the nature of the cata-
lyst and is close to unity, while the order with respect to
styrene varies from 0 to 1 (Table 2). Depending on the
nature of the catalyst components, the kinetic curves can
be S-shaped or can be straight lines, the latter being
observed in the presence of three-component dithio-sys-
tems. 27.29>30 Linear kinetic plots imply that in the presence
of these systems the rate of codimerisation does not change
when the concentrations of the monomers are varied with
time, i .e. in thife case a zero reaction order with respect to
both monomers is attained.

V. DEPENDENCE OF THE FORM OF THE KINETIC EQUATIONS
FOR THE OLICOMERISATION AND CO-OLICOMERISATION
OF\STYRENE ON THE NATURE OF THE LICANDS

A common stage in the processes involving the oligomerisa-
tion of styrene and its codimerisation with olefins is the
addition of the first styrene molecule to nickel hydride. The
second monomer added in oligomerisation is again styrene,
while in co-dimerisation it is ethylene or propene. The
dependence of the reaction order with respect to the reacting
monomers on the nature of the catalyst components and the
experimental conditions indicates in general the equilibrium
character of the stages in which the monomers are added
to the active centres and confirms the two-stage nature of

Table 2. The orders of the codimerisation reaction of styrene with propene with respect to the monomers.2 9 '3 0

Catalytic system

Ni(acac)2 + bipy + (C2H5)2A1C1

NI (acac), + Ρ (OC.H,), f (C,H,), A1CI

Ditto

NI (acac), -f- Ρ (OC.H,), + fC,Hs), A1C1

NI (acac), + Ρ (O-CH,C,H4O)3 +
+ (C,H5),A1C1

Ni(DPPDT)2 + P(OC6H5)3 +
+ (C,H,),AIC1

Ni(DEDTC)2 + P(OC6H5)3 +
+ (CH.) A1C1

Ni(DEDTC)2 + P(OC6H5)3 +
+ (C,H,),AIC1·

T, °C

23

23

•2

23

23

2

2

2

2-M-3-PB-1

-

0.00

1.30

0.80

0.87

—

-

—

m

-

1.10

0.77

0.85

1.20

—

—

—

4-PP-l

0

0.92

1.08

0 8 0

0.00

0

0

0

m

1.24

1.10

1.14

0.70

1.20

1.07

0.95

1.00

4-PP-2

" 1 m

0

1.20

0.8!)

0.90

1.00

0

0

0

1,11

1.17

1.11

1.14

0.92

1.10

1.00

1.06

Sum of codimers

η

0

1.04

1 00

0.98

1.10

0

0

0

m

1 0

1.08

IJ.HZ

1 17

0.88

1.10

1.00

1.04

•Catalyst prepared in the presence of styrene.
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this reaction (the presence of coordination and insertion
stages):

HNiL + H,C-=CH

(V) C H 5

|
C H - Q H 5

CH3-CH-NiL !!:uf—

|
QHr>

(VII)
H^CHR R

i k. I
CH3-CH-NiL -*• CH3-CH-CH.-CH-NiL —

C,,H5

(VIII)
C.H.

(IX)

HNiL + phenylalkene
(1,3-diphenylbut-
1-ene),

C H 3 - C H N i L 4-
I

C H 5

"h phenylalkene
(oligostyrene),

where R = C6H5 in oligomerisation and R = Η or CH3 in codi-
merisation.

It has been shown29»30'33 that the rate of codimerisation
is satisfactorily described by the general kinetic equation

(1)
'K· '\-WK"Kmp)[St]0

and when the reaction order with respect to styrene is zero
by the equations

+ (k,

(2)

(3)

where vx and v 2 are the rates of formation of the codimers
via pathways α and b respectively, a is the fraction of active
codimerisation centres relative to the initial concentration of
the nickel compound, β the solubility coefficient of the olefin,
k3, k_3, kit, k-ι,, and k5 are the rate constants for the corre-
sponding elementary stages, K' , K", and K"' the stability
constants of the complexes (VI), (VII), and (VIII) respec-
tively, ρ is the olefin pressure, and [Ni] 0 and [St] 0 are the
initial concentrations of the nickel compound and styrene
respectively.

For zero order with respect to both reacting monomers, the
rate of codimerisation via pathway b obeys the equation8

_ akA [Nil, (4)

or, when k 5 S ki», the equation

t'2=afc4[Ni]o (5)

When the reaction order with respect to styrene is zero and
that with respect to olefins is unity, we have

(6)

(7)

K' + K'K"

If k_3 » ki,, then according to Eqn.(7) the effective codi-
merisation rate constant keff = agk^K"' , i .e. it depends
both on the stability constant K"' and on the rate constant
kn for the insertion stage. If the temperature coefficient
of the constant Κ"' is then low, the activation energy for
the overall codimerisation process is determined mainly by
the activation energy for the insertion stage. On the other
hand, if k-3 « ku, then keff = a0k3 and the activation
energy is determined by the temperature dependence of the
rate constant for the complex formation stage. Usually
k_3 » ku in the codimerisation of styrene with ethylene and
propene,8>29>30»33 while in the oligomerisation of styrene we
have the opposite situation with k_3 « k^.27"29 Conse-
quently the first order of the oligomerisation reaction is a

consequence of an appreciable contribution by the complex
formation step in the propagation stage to the overall process
kinetics. The effective rate constant for chain propagation
in then identical with the complex formation rate constant. 8

The experimental results are described satisfactorily by the
equation Ά

(8)

(9)

(10)

Bo1 = a(*;+fct*)[NiUSt]0,

_ kl

where v^ and v o i are the rates of dimerisation and oligo-
merisation of styrene respectively, Pp is the average degree
of polymerisation of styrene, k* and k* are the effective
rate constants for the stages involving the addition of the
first and second molecules of styrene in dimerisation, k%
is the effective rate constant for the elimination of the
dimerisation product (1,3-diphenylbut-l-ene) from the com-
plex (IX), and kp and k* are the effective rate constant
for chain propagation and chain transfer to the monomer in
the oligomerisation of styrene. The remaining notation was
explained above.

V I . KINETIC PARAMETERS OF THE ELEMENTARY STAGES
IN THE STYRENE OLIGOMERISATION AND CO-OLIGOMERISA-
TION PROCESSES

Eqns. (1)—(10) and their forms in terms of the variables
1/VJ and 1/[M], where VJ is the rate of formation of the ith
produce and [M] the concentration of one of the reacting
monomers, make it possible to determine the rate constants
for the elementary stages or their combinations and to estimate
how they vary as a function of the nature of the components
and the composition and conditions governing the preparation
of the catalyst.

The kinetic parameters of the dimerisation and oligomerisa-
tion of styrene calculated with the aid of Eqns.(1)—(3) have
been published.21* The introduction of a phosphorus-con-
taining ligand into the catalyst increases the activation
energy for chain propagation (39 kJ mol"1 in the two-com-
ponent system and 58-63 kJ mol"1 in the three-component
system). At the same time, as shown above, the character
of the chain termination changes on passing from dimerisation
to oligomerisation: instead of the β-elimination of nickel
hydride, chain transfer to the monomer takes place. The
activation energy for chain termination then changes little
but the ratio of the chain propagation and chain termination
rate constants increases, which ultimately promotes the forma-
tion of an oligomer with a high molecular weight. 2k

Phosphorus-containing ligands exert the opposite influence
on the activation energy for the codimerisation of styrene
with ethylene.8»28 On passing from the two-component to
the three-component system, the activation energy for codi-
merisation falls sharply (almost by a factor of two), while the
rate constant increases by a factor greater than 10.

The kinetic parameters change also in the codimerisation
of styrene with propene: 29>30 depending on the nature of
the catalyst components, the activation energy Ea ranges from
29—33 to 63—64 kJ mol"1. It decreases on passing from the
two-component to the three-component system and from the
acetylacetonate system to the dithio-system. The activation
energy for the formation of 4-PP-2 is in all cases greater
than that for the formation of 4-PP-l (by 8-16 kJ mol"1).
However, the rate of formation of 4-PP-2 is higher than the
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rate of formation of 4-PP-l even along the initial sections
of the kinetic curves, where the degree of isomerisation
of 4-PP-l to 4-PP-2 is very low. 27>29>30>3lt Hence it follows
that at least in the initial instant 4-PP-l and 4-PP-2 are
formed on different centres, the centres for the formation
of the second isomer predominating.

The opposite influence of phosphorus-containing ligands
on the activation energies for styrene oligomerisation and
codimerisation processes is a direct consequence of the
different nature of the rate-limiting stages in these processes.
The presence of a phosphorus-containing ligand in the coor-
dination sphere of nickel diminishes the activation energy
for the insertion stage and increases that for the olefin
coordination stage.

Table 3. Kinetic parameters of the polymerisation of
butadiene. 1 . 3 5 . 3 7 . 3 8

Catalytic system

(C,M 7 \iCl i . dichloroquinone

(C,HT NiCI), chloranil*

(CjH : NiCI)., — flu or anil

C.,HH NiCI - chloranil

[(C,H5O),PS,J., Ni - (C2H5j2 AlCl **

τ, -• c

20
.'![)

50

0

10
20
3 0
40

7
20

30

22

45
25
35
45

Mp.%

1

8

10

9
<)

8 . 5

—

ie
17
17

-

44
36
28
20

kp, litre

II
18
4o

12
20

27
4 d

:>s
32

4!)
85

153

437
8! 18
907

1415

kd. litre

4 4

58
US

30
3i>
50
B3
73

41)
ri7
82

SO

34!)
107(5

1370
3028

Activ ation
energy***.
kJ mof1

tp

33.4

2i;.o

3o.o

_

30.5

•20.r,

15.7

17.0

-

49.7

* The rate constants for the chain transfer to the
monomer (k^/k ) and to the catalyst (kcat/k ) at 25 °C

are lS/k = 2 χ 10~" and
'•cat'

= 5 χ 1(Γ 3 .

**kM/k = ! , 3 χ ΐ(Γ2 and kc a t/fc = 1.1 x 10 2 .

*** The activation energy for the polymerisation of butadiene
in the presence of pure ττ-alkenylnickel is 60—70 kJ mol" 1, 1

while in the presence of the [(C2H5O)2PS2]2Ni + bipyridyl +
(C2H5)2A1C1 catalytic system it amounts to 56.2 kJ moF 1. 37

V I I . KINETIC PARAMETERS OF THE ELEMENTARY STAGES
OF THE POLYMERISATION OF BUTADIENE

The dependence of the kinetic parameters of the elementary
stages of the process on the nature of the ligands can be
traced in relation to the polymerisation of butadiene in the
presence of catalytic systems of three different types:
Tr-alkenylnickel chloride + quinones, 35>36 nickel NA/-diethyl-
dithiocarbamate + diethylaluminium chloride, and nickel
NN-diethyldithiocarbamate + diethylaluminium chloride +
bipyridyl.3 7 '3 8 The kinetic constants were calculated from the
rates and degrees of polymerisation with the aid of the
corresponding kinetic equations. The initial concentrations
of the chain propagation centres in the π-alkenyl systems

were estimated from the initial concentration of the growing
chains. 3 6 The standard deviation of the calculated values of
the parameters listed in Table 3 from the experimental values
was less than 3%.

Table 3 shows that the concentration of the propagation
centres Ν is in all systems less than the initial concentration
of the nickel compound, amounting to not more than 44% of
[Ni]0 depending on the nature of the catalyst components and
the experimental conditions. In the case of the dithio-
system, the calculated maximum concentration of the propaga-
tion centres diminishes with increase of temperature, which
is due to their bimolecular deactivation.3 7·3 8 The activation
energy for the destruction of the centres E^ in this system
exceeds that for the chain propagation E p by -18 kJ mof1.
In the presence of an electron-donating ligand (bipyridyl), a
sharp increase of the process activation energy is observed. 37

The introduction of electron-accepting ligands (quinones)
into ττ-alkenyl systems tends to decrease the activation
energy for polymerisation. 1 Both the propagation rate con-
stants kp and the bimolecular deactivation rate constants k^
increase on passing from a weaker ττ-electron acceptor
(dichloroquinone) to a stronger acceptor (chloranil, fluoranil),
while the corresponding activation energy diminishes under
these conditions.

The stronger activating effect of fluoranil (compared with
chloranil) is a consequence of the increased concentration
of the propagation centres and the high activation energy
for chain propagation (25—30 kJ mol"1), while the difference
between the electron affinities of these quinones is small
(the half-wave potentials for chloranil and fluoranil are
respectively +0.01 and -0.04 V). 3 5 · 3 6

The presence in the catalyst of a strongly nephelauxetic
dithio-ligand 39 increases appreciably (by two orders of mag-
nitude and above) the rate constants for the elementary
stages compared with powerful π-electron acceptors such as
halogenoquinones. However, this increase is achieved by
virtue of the more favourable steric conditions and not as
a result of the decrease of the activation energy, because
the Ea in the highly active dithio-system either differs little
from the Ea in the ττ-alkenylnickel chloride + quinone systems
or exceeds it (cf. Ep and E^ in Table 3).

As for the π-alkenyl systems, one of the principal chain
termination reactions in the presence of dithio-systems is
chain transfer to the monomer. However, the rate constant
for this last stage in the presence of dithio-systems is higher
by two orders of magnitude, which causes the formation of
low-molecular-weipht polybutadiene, 37 while the less active
π-alkenyl systems lead to the formation of high-molecular-
weight polybutadiene. J

Thus, in the polymerisation of butadiene electron-accepting
ligands diminish the activation energy for the chain propaga-
tion stage, while electron-donating ligands increase it. The
molecular weight is determined not so much by the steric
characteristics of the ligands as by their energetic (electronic)
characteristics.

V I I I . THE SECi MECHANISMS OF THE CATALYTIC ACTION
OF NICKEL-CONTAINING SYSTEMS. THE ROLE OF
ELECTRONIC AND STERIC PROPERTIES OF THE LIGANDS

The study of the influence of various electron-donating
and electron-accepting ligands on the activity and selectivity
of nickel-containing systems in dimerisation, codimerisation,
oligodimerisation, and polymerisation processes and also
on the kinetic parameters of these reactions has shown that
electron-accepting ligands as a rule tend to decrease the acti
vation energy and to increase the rate of the process. The
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influence of electron-donating ligands in various reactions is
manifested in different ways: they increase the activation
energies for the oligomerisation of styrene and the poly-
merisation of butadiene, while they decrease the activation
energy for the codimerisation of styrene with ethylene and
propene.

The results obtained make it possible to regard the ele-
mentary stage involving the addition of the monomer to the
catalytic hydride or organometallic centre as an electrophilic
reaction proceeding via a stage in which the monomer under-
goes nucleophilic coordination to the metal (Abraham's
mechanism):9

11-.C CHX

6- \i+-J

R—Μ

H 2 C=CHX
R—CH,—CH— M —

H 2 C = C H

R CH

•k CH., CH—CI1.R

L '
where R = Η, alkyl, benzyl, or alkenyl and L n = set of
remaining ligands.

This approach makes it possible to classify the catalytic
mechanisms of nickel-containing systems in linear oligomerisa-
tion and polymerisation processes in terms of the kinetic
features of the reactions and the electronic effects of the
ligands from a single standpoint and to explain the causes
of the opposite influence of the introduction of phosphorus-
containing ligands on the activation energies for various
processes.

According to these ideas, in those cases where the rate-
limiting stage is the nucleophilic coordination of the monomer
to the metal, the introduction of an electron-donating ligand
into the coordination sphere of nickel increases the activation
energy for the process. On the other hand, if the electro-
philic insertion of a coordinated monomer molecule becomes
the rate-limiting stage, then electron-donating ligands tend
to decrease the activation energy, apparently as a consequence
of the increase under their influence of the electron density
at the α-carbon atom in the Ni—C bond. The activation of
the system reacting via the first mechanism takes place under
the influence of electron-accepting ligands, while the pres-
cence of electron-donating ligands is essential for the acti-
vation of systems reacting via the second mechanism. The
first type of activation is manifested in styrene oligomerisation
reactions31»32 and also in the polymerisation of butadiene. 1»w~1*2

The codimerisation reactions of styrene with ethylene and
propene are examples of activation of the second type.8»29»30

The styrene oligomerisation and co-oligomerisation reactions
then proceed via different versions of the SgCi mechanism,
which differ by the nature of the rate-limiting stages and
correspondingly by the overall orders with respect to the
reactants.

Investigations have shown that the overall kinetic features
of the dimerisation, oligomerisation, and polymerisation reac-
tions in the presence of nickel-containing systems vary
within wide limits, so that the rates of the overall processes
can be described by first-, second-, third-, and fractional-
order kinetic equations.β,?*,»,»,»,»,* Ι η t e r m s o f t h e

S£Ci mechanism, the corresponding versions can be classi-
fied as the SglCi, SE2CI, SEZCi, and SsnCi mechanisms.

Such mechanisms obtain when the nucleophilic coordination
of the monomer is a rapid non-equilibrium process and the
kinetics of the overall reaction is determined by the electro-
philic insertion stage. The effective rate constant is then

identical with the overall rate constant for the insertion pro-
cess. A characteristic feature of the SglCi mechanism is
the independence of the rate of the process of the concentra-
tions of the reacting monomers. The activation of systems
acting via the SglCi mechanism is possible when electron-
donating ligands, increasing the heteropolar character of the
R6~—IVJ6+ bond, are introduced into the coordination sphere
of the metal. This is achieved by reducing the activation
energy for the insertion stage. Examples of the SglCi
mechanism are provided by the codimerisation reactions of
styrene with ethylene and propene in the presence of dithio-
systems.

The Sg2Ci mechanism is determined by the contribution
of the nucleophilic coordination of the monomer to the overall
process kinetics, whereupon the effective rate constant is
either equal to the complex formation rate constant (keff =

kx) or represents a combination of the rate constants for
elementary stages (for example, keff = k ^ / k ^ , where k2

is the overall rate constant for the insertion stage). When
the equality keff = ki holds, the process activation energy
increases in the presence of electron-donating ligands, which
diminish the effective positive charge on the metal and thereby
retard the nucleophilic monomer coordination stage, which
determines the overall rate of reaction. In order to increase
the efficiency of the catalytic action of the system, it is
essential to introduce electron-accepting, neutral and
nephelauxetic acido-ligands into the coordination sphere of
the metal. The introduction of these ligands increases the
effective positive charge on the metal as a result of the forma-
tion of inner-sphere π-bonds or bridging σ-bonds (M...X...L)
and also anisotropic or outer-sphere complexes with transfer
of charge (and the anion), which ultimately diminishes the
process activation energy. Such influence of the ligand is
characteristic of styrene oligomerisation and butadiene poly-
merisation processes. If keff = kikj/k-i, then the intro-
duction of electron-donating ligands into the coordination
sphere of the metal decreases the process activation energy,
because the stage involving the electrophilic insertion of
the coordinated monomer molecule becomes rate-determining.
This version of the S£2Ci mechanism operates in the codi-
merisation of styrene with ethylene and propene in the
presence of acetylacetonate systems. Apart from the first
order with respect to the monomer, its characteristic feature
is the decrease of the process activation energy after the
introduction of electron-donating ligands into the cata-
lyst. 2 W 3

The Sjj3Ci mechanism is manifested when the effective
rate constant for the process includes the rate constants
(or equilibrium constants) for the nucleophilic stages in
which two molecules of the same monomer or the molecule of
different monomers are coordinated (for example, keff =
K' K"k2, where K' and K" are the stability constants of the
π-complexes incorporating one and two molecules of identical
or different monomers respectively and k2 is the insertion
rate constant). The addition of two molecules can take
place either consecutively or simultaneously, while the
insertion of one molecule is accompanied by the reversible
coordination of another. The principal distinctive feature
of this mechanism is the overall second order with respect
to the reacting monomers (monomer) and the first order with
respect to the catalyst. The influence of electron-donating
and electron-accepting molecules on the process activation
energy is the same as in the Sf;2Ci mechanism. This case
obtains in the codimerisation of styrene with ethylene and
propene in the presence of acetylacetonate systems at ele-
vated temperatures (>15 °C). It apparently occurs also in
many other instances of the homo- and co-oligomerisation of
olefins and also in polymerisation under the influence of metal
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complex systems when the overall order with respect to
the monomer is two.1»*

The SgnCi mechanism occupies an intermediate position
between the SglCi and Sjy2Ci mechanisms or between the
S£2Ci and Sjg3Ci mechanisms. It obtains when the con-
tributions of the nucleophilic and electrophilic components
in the S^Ci addition are comparable. The effective process
rate constant is a complex combination of rate constants and
at least one of the terms in the denominator of the rate equa-
tion includes the monomer concentration [for example, Eqns.
(1), (2), and (8)]. A characteristic feature of this mecha-
nism is the fractional overall order with respect to the mono-
mers (1 < η < 2 or 2 < η < 3). The temperature dependence
of the reaction orders with respect to the monomers must be
regarded as a second characteristic feature. The activating
influence of the ligands on the properties of catalytic systems
is in this case indefinite. It depends on the ratio of the
rate constants for the nucleophilic and electrophilic stages in
the S^Ci addition. In particular, electron-donating ligands
can both decrease and increase the process activation energy
or they may not influence it at all. The SEnCi mechanism
is apparently encountered more often than the other mecha-
nisms. It can be clearly traced in the styrene dimerisation
reactions and in the codimerisation of styrene with ethylene
and propene and is apparently also observed in diene poly-
merisation reactions.1»8»2'·»29»30

The proposed classification of the mechanisms of catalytic
action make it possible to make sense of th'e wide variety
of kinetic features observed in the linear oligomerisation and
polymerisation processes catalysed by nickel-containing and
other systems. It helps in many respects to predict the
mechanisms of the activating action of ligands and to under-
stand the causes of opposing influences on the catalytic
efficiency of systems in various ologomerisation and poly-
merisation reactions. The influence of polar solvents on
the rate of catalytic processes can be satisfactorily explained
from the standpoint of the SgCi mechanisms: highly basic
solvents (ethers, sulphides, amines) hinder the nucleophilic
coordination of the monomer, competing with the latter for
the inner coordination sphere of the metal, while halogeno-
hydrocarbons, capable of forming anisotropic or outer-sphere
charge-transfer complexes, accelerate it. This leads ulti-
mately to an increase in the rate of the process, which has
been demonstrated for the codimerisation of styrene with
ethylene. 8

The changes, not only in the rate of polymerisation of
butadiene, but also in the stereospecificity of the catalytic
action of the systems under the influence of electron-
donating and electron-accepting additives can be explained
in terms of the SgCi mechanisms. In the presence of
electron-donating ligands in the coordination sphere of the
metal, the rate of the nucleophilic coordination of the monomer
is diminished, on the one hand, and the probability of such
coordination of the penultimate unit, which fixes the terminal
unit in the anti-configuration, decreases, on the other hand.
The π—σ and anti—syn isomerisation processes in the terminal
unit are then facilitated, which is also promoted by the
increase of the heteropolar character of the M°+—C°~ bond.
As a result, the polymer microstructure shifts towards the
1,4-trans-configuration of the units. On the other hand,
in the presence of electron-accepting ligands, both the rate
of the nucleophilic coordination of the monomer and the
probability of the fixation of the terminal unit in the anti-
configuration as a result of the nucleophilic coordination of the
penultimate unit increase, which leads to the 1,4-cis-structure
of the polymer. The fact that in certain cases the influence
of electron-donating ligands on the microstructure of poly-
butadiene, obtained in the presence of nickel-containing

systems, resembles their influence in anionic systems is
also striking in this respect: in both cases the content of
1,2-units increases. Thus it has been established"*3"55 that
the addition of triphenylphosphine to the nickel acetylaceton-
ate + diethylaluminium chloride system with the ratios Ni :
ΑΙ: Ρ = 1:10:4 ensures the formation of polybutadiene con-
taining 49% of the cis-units, 11% of the trans-units, and 40%
of the 1,2-units.

However, one should note that this approach cannot explain
all the features of the influence of ligands on the catalytic
properties of the systems. In the SgCi mechanisms, account
is taken only of the influence of electronic factors from the
standpoint of nucleophilic coordination and electrophilic inser-
tion. Evidently, many oligomerisation reactions, proceeding
via oxidation-reduction stages, cannot be treated, in prin-
ciple, in terms of the SgCi mechanisms. They include the
majority of cyclic oligomerisation and co-oligomerisation reac-
tions and certain linear oligomerisation reactions,5 the key
stages of which are oxidative addition (including those which
lead to the formation of metallocycles) and reductive elimina-
tion. The catalysis mechanisms of these reactions constitute
a special class and they are probably best referred to as
redox mechanisms.

The steric effects of the ligands, which frequently play a
decisive role in the overall catalytic action of the system,
remain outside the range of phenomena which can be
explained by the SECI mechanisms. These effects influence
the mode of addition of the monomers, the process selectivity,
the absolute rate constants for the elementary stages, and
their ratios.

Ligands also have different effects on the number of
catalytic centres. It has been established for the ττ-alkenyl-
nickel chloride + quinone systems'*1 that electron-accepting
ligands diminish appreciably the concentration of such
centres (4-10% of the concentration of the initial nickel
compound). This conclusion was subsequently confirmed
by a number of studies on the polymerisation of butadiene
in the presence of catalytic systems based on π-alkenylnickel
derivatives.l

It has been shownw that the interaction of π-alkenylnickel
halides with electron acceptors (quinones) involves an oxi-
dation-reduction polycomplex formation reaction leading to
the formation of oligomeric and polymeric complexes with
terminal alkenylmetal and metal hydride fragments containing
electron-acceptor molecules bound in complexes. The for-
mation of catalytic centres is accompanied by the formation
of the products of the dimerisation of the alkenyl groups,
which indicates the homolytic destabilisation of the Ni—C
bond under the influence of electron-accepting ligands. The
overall polycomplex formation scheme for the interaction of
bis-it-crotylnickel chloride with chloranil is as follows : t

(n-C,H.)Ni

(n-C4H;)N

(n-C4H7)Ni i

N

A = chloranil, A

Ni Ni etc

t Other possible reactions occurring in the polycomplex for-
mation process have been considered by Azizov.1*2
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It has been suggested that the polycomplex grows via an
intermediate cyclic state of the type

y -A...A-7 \

whose cleavage leads to the formation of the dimerisation
products CgHii, and the addition of a new unit to the growing
end of the polycomplex. Mainly the terminal nickel atoms,
constituting only a small fraction of the total number of nickel
atoms, participate in the initiation of polymerisation. A low
concentration of propagation centres obtains also in two-
component systems of the Ziegler—Natta type, which has
been established for the system based on organic dithio-
derivatives of nickel and diethylaluminium chloride—10—40%
of [Na]0 depending on the reaction temperature.37>1*0

Electron-donating ligands exert opposite influences on the
number of catalytic centres and the activation of the Ni-C
bond. The increase of the effective propagation rate con-
stant (akp) and the overall oligomerisation rate constant in
the presence of a phosphorus-containing ligand, which is
inconsistent with the increase of the activation energy for
chain propagation, is striking.2"* This finding has been
explained by the increase of the number of catalytic centres
(or a) owing to their stabilisation as a result of complex for-
mation with phosphorus-containing ligands. Such increase
predominates over the decrease of kp, which ultimately
entails the growth of akp and of the overall rate of oligo-
merisation .

The conditions in the formation of the catalyst and the
nature of the acido-ligand in the initial nickel compound also
exert an appreciable influence on the number of catalytic
centres in the system and hence on the effective codimerisa-
tion rate constant. 8 The preliminary formation of a three-
component dithio-system in the presence of styrene entails
a significant increase of the effective codimerisation rate
constant.8»2 8 On the other hand, the conditions governing
the formation of the three-component acetylacetonate system
do not exert an appreciable influence on this quantity. The
activation energy depends little on the nature of the acido-
ligand and on the catalyst formation conditions, but these
factors do influence the pre-exponential factor, which reflects
indirectly the changes in the concentration of the active
centres in the system. Analysis of the changes in the pre-
exponential factor in three-component systems, characterised
by identical general kinetic features of the codimerisation
reaction, permit the conclusion that the concentration of the
active centres increases on passing from diethylphosphoro-
dithioate to diethyl dithiocarbamate and when the catalyst is
formed beforehand. The results of spectroscopic, cryoscopic,
and kinetic measurements8 have shown that this difference
between the dithio-system and the acetylacetonate system is
due to the slowness of the complex formation reaction between
the dithio-derivative of nickel and the phosphorus-containing
ligand, which takes place only after the interaction of the
nickel compound with alkylaluminium halide:

NiX2 -- (C 2H 5) 2A1C1-
• NiXCl-A -*LNiX-A

(CH.), AIC1

' RNiX· A 4RNiXA·

I
Thus, depending on the nature of the activating ligands,

there is a possibility of both homolytic and heterolytic activa-
tion of the Ni—C bond in the catalytic centres. The former
takes place under the influence of electron-accepting ligands,
which is indicated, in particular, by the isolation of the
products of the "quasi-radical" dimerisation of the alkenyl
group in the reactions of π-alkenylnickel halides with elec-
tron-accepting compounds. The heterolytic activation of

the Ni-C bond occurs under the influence of electron-
donating ligands, which tends to decrease the activation
energy for the insertion stage in the codimerisation of sty-
rene with ethylene8»28 and propene2 9 and to increase the
fraction of 1,2-units in the polymerisation of butadiene. 1*3~55

The heterolytic activation of the metal—carbon bond is in
certain cases apparently so great that the organometallic
derivative of the transition metal becomes a catalyst of the
anionic polymerisation of polar monomers, as happens, for
example, in the polymerisation of methyl methacrylate in the
presence of tris-iT-allylchromium or the Cr(acac)3-Al(iso-
butyl) system in combination with electron donors and also
in the presence of complex catalytic systems based on vana-
dium and chromium compounds.56 An analogous behaviour
has been observed in the polymerisation of polar vinyl mono-
mers under the influence of bipyridyl complexes of iron(II)
and cobalt(I), having the d6 and d8 electronic configurations
respectively. 57>58

Homolytic activation is the main cause of the bimolecular
destruction of active centres, occurring in the polymerisa-
tion of butadiene in the presence of the ττ-alkenyl halide +
quinones1*1 and nickel NN-diethyldithiocarbamate + diethyl-
aluminium chloride1* catalytic system. However, overall,
the stability of the catalytic action of the system depends
not only on the nature of the activating ligand but also on the
type of reaction catalysed. Thus the nickel NN-diethyl-
dithiocarbamate + diethylaluminium chloride system, which
propagates the polymerisation of butadiene in an unstable
manner (the active centres are destroyed as a function of
time1*0), proved to be entirely stable in styrene oligomerisa-
tion and codimerisation processes. 8'2'*>3^ In our view, the
stability of the action of the system is determined not so
much by the thermodynamic stability as by the kinetic stability
of the Ni—C bond in the intermediate organometallic centres,
which is reflected in the frequency of the transitions: poten-
tial centre -> actual centre and actual centre ->• potential
centre. The hydride or organometallic derivatives of nickel
are then regarded as the potential centres, while the actual
centres are only its organometallic derivatives.

The intensity of these transitions depend on the ease of
σ,π-isomerisation59 in the intermediate organometallic deriva-
tives of nickel. In principle, the isomerisation can proceed
without a thermal effect or with only a small positive thermal
effect. This is indicated by the comparison of the ener-
gies 2>60~62 and the bonds ruptured and newly formed in the
reaction:

I
R—CHj-CH—Ni

H-c/
II

H-C Ni-H

Bond
HC

Ni-C Ni—Η C-C C-C C.-H II —Μ
HC

Energy, kJ m o l " 1 251 293 251 427 305 63—101

The intensity of the above transitions is therefore fairly high
in the dimerisation, codimerisation, and oligomerisation
processes in which intermediate alkylnickel derivatives are
formed. There is insufficient time for the destruction of the
catalytic centres via a bimolecular mechanism in any of the
intermediate forms and the system proves to be stable. The
transition: actual centre (growing chain) •> potential centre
(hydride or alkenyl derivative of nickel) in the polymerisation
of butadiene is a slow reaction, which entails the possibility
of a bimolecular destruction of the growing chains.

The intensity of the above transitions, which are in essence
chain termination processes, determines also the molecular
weight of the oligomerisation and polymerisation products.
Among these transitions, hydrogen transfer, which proceeds
with or without the elimination of a hydride complex from the
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intermediate organometallic derivatives of nickel has special
importance. The transfer with elimination occurs, as stated
above, in dimerisation and codimerisation reactions and that
without elimination takes place in oligomerisation and poly-
merisation processes. The ease of hydrogen transfer depends
on the degree of σ,ττ hyperconjugation between the d orbitals
of the metal atom and the σ bonding orbitals of the β-C—Η
bond. 2 ' 6 3 Therefore all the factors leading to a decrease of
the degree of σ, π conjugation (increase of the multiplicity of
the bonding of the organic group to nickel in the sequence
σ-alkyl < ττ-benzyl < π-alkenyl, the presence of bulky ligands
in the coordination sphere of the metal, decrease of tempera-
ture, stereochemical factors) in the intermediate complexes
can promote an increase of the molecular weight of the reaction
products. The fact that the introduction of both electron-
donating (tertiary phosphines, phosphites21*) and electron-
accepting (metal trichloroacetates 2<h22) ligands into the cata-
lyst increases the molecular weight of oligostyrene, although
it has different effects on the activation energy for the
overall process, is important in this respect. Consequently,
the molecular weight of the oligomerisation products depends
primarily on the steric effects of the ligands and not on
their electronic effects.

An analogous picture has been observed also in the poly-
merisation of butadiene; the less active π-alkenylnickel
chloride + halogenoquinones systems ensure the formation
of high-molecular-weight polybutadiene,35>lf0>6'* while the
highly active catalysts based on organic dithio-derivatives
of nickel lead to the formation of only low-molecular-weight
products. 37»1*0 Analysis of the results of kinetic measure-
ments3 5 '3 8 has shown that the former systems are sterically
less favourable at the chain termination stage involving trans-
fer to the monomer or the transfer of a β-hydrogen atom.
In the latter systems, the transfer to the monomer is a
hundred times and more faster (Table 3).

It is noteworthy that in the absence from the monomer of
a β-hydrogen atom which can be readily split off, the poly-
merisation process in the presence of nickel systems can
proceed via the mechanism of "living" chains. Thus the
polymerisation of 1,1-dimethylallene in the presence of bis-
ττ-allylnickel bromide takes place via this mechanism.65 The
"living" chains mechanism is observed also in the early
stages of the 1,4-polymerisation of butadiene in the presence
of ττ-alkenyl systems,1'36'1*1'66 which has also been explained
by the absence of a β-hydrogen atom capable of being readily
split off from the growing alkenylnickel derivative formed
on 1,4-dissociation of the double bonds of butadiene (path-
way a ) :

R—CHj—CH=CH—CH 2 —Ni—X

P,—CH2—CH—Ni—X

I /
C C H

RNi—X + C 4H 6

It is therefore entirely possible that chain termination in the
polymerisation of butadiene in the presence of nickel-con-
taining systems via hydrogen transfer mechanisms takes place
mainly as a result of 1,2-dissociation of the double bond (path-
way b ) . The relation between the molecular weight and the
microstructure of polybutadiene synthesised in the presence
of cis-directing systems may serve, in our view, as important
evidence in support of this hypothesis.6 7 The relation is
explained by the fact that the processes concerned with the
regulation of both the molecular weight and the microstructure
involve the formation of the same intermediate σ-complex (via
pathway b), in which there is a possibility of interaction
between the β-C—Η bond and nickel.

The results of a study, Μ in which the possibility of the
polymerisation of butadiene via the "living" chain mechanism
up to high degrees of conversion of the monomer in the
presence of the bis-Tr-allylnickel trifluoroacetate + triphenyl-
phosphine or chloranil catalytic system has been established,
constitute convincing confirmation of the above considerations.
In the polymerisation in heptane at 55 °C (with the ratio
P/Ni = 0.18), a linear relation is observed between the
number-average molecular weight and the degree of conver-
sion and a satisfactory correlation between the experimental
and calculated degree of polymerisation. After the exhaus-
tion of the first and the addition of new portions of the
monomer, polymerisation continues and there is a further
increase of Mn . It must be specially emphasised that the
content of 1,4-units in the polymer investigated reaches 99%
and above and also the fact that the increase of the molecular
weight is promoted by both electron-donating (triphenyl
phosphite) and electron-accepting (chloranil) ligands.

The conclusion that steric factors play a decisive role
provides a key to the understanding of the principles
governing the regulation of the structures and molecular
weights of the products of the oligomerisation and poly-
merisation of unsaturated hydrocarbons in the presence of
obtaining higher olefins and polyethylene from ethylene in
the presence of these systems, 69~73 which had been previously
thought to be unsuitable for these processes.

Steric effects influence also the selectivity of the codi-
merisation reactions of styrene with ethylene and propene.
As shown above, on passing from a three-component to a
two-component system, the selectivity of the codimerisation
with respect to be ethylene (propene) which has reacted
falls. Consequently, in the addition of the second monomer
molecule to the active centres, steric hindrance in the coordi-
nation and insertion stages plays the main role and not the
stabilisation energy of the newly formed Ni—C bond (which
decreases in the sequence π-benzyl > σ-alkyl). In the
presence of bulky phosphorus-containing ligands, the coor-
dination of styrene is greatly hindered, as a result of which
the ethylene (propene) molecule adds exclusively (or pre-
ferentially) to the intermediate benzyl derivative. In the
absence of such ligands, the probability of the addition of the
second styrene molecule increases and this lowers the selec-
tivity of the codimerisation with respect to the styrene which
has reacted.8 '2^'2 7-2 9 '3 0

The opposite picture is observed in the addition of the
first monomer molecule to hydride centres. As shown above,
in the absence of phosphorus-containing ligands, the selec-
tivity of the codimerisation with respect to the ethylene
which has reacted, amounts to only 18%. 8>2" The remaining
ethylene is converted into butenes, which means that ethylene
and not styrene adds to a considerable proportion of the
hydride centres. On the other hand, in the presence of
phosphorus-containing ligands, styrene adds to them pre-
ferentially. The selectivity of the codimerisation with respect
to the ethylene which has reacted then reaches 90-95%. 8>2lf

These results are also explained by the decrease of the
probability of β-elimination from the benzyl derivative of
nickel in the presence of phosphorus-containing ligands,
hindering the σ,π-interaction, in the coordination sphere.
Thus the steric effect of the ligands regulates not only the
molecular weights but also the structures of the oligomerisa-
tion and polymerisation products.

However, one should note that, whereas the influence of
electronic factors can be readily explained qualitatively from
the standpoint of the SgCi mechanism, this cannot be said of
the steric factors. The latter apparently influence the
geometry of the catalytic complexes, which in fact deter-
mines the very possibility of the catalytic process. In the
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dimerisation and oligomerisation reactions catalysed by transi-
tion metal complexes, there may be transitions between 14-,
16-, and 18-electron complexes.71*»75 For nickel, the 18-elec-
tron complexes are less stable than the 16-electron complexes.
Therefore, if the initial centre is a 16-electron organometallic
or hydride complex, the coordination of the first monomer
molecule can be completed by its insertion in the Ni-C or
Ni-H bond. If, on the other hand, the coordination of one
monomer molecule results merely in building up the coordina-
tion sphere of the metal with formation of a stable 16-electron
square-planar complex, then insertion requires the coordina-
tion of a second monomer molecule. This results in the forma-
tion of a less stable pentacoordinate 18-electron nickel com-
plex , which readily isomerises to the tetracoordinate 16-electron
complex in the insertion process:

i(ll) / + —CH=CH—

L D

14-electron complex
: H —

16-electron complex

Μ CH
— H C = C H — |

18-electron complex

number of vacancies in the coordination sphere of the metal.
In the presence of a single free site, the olefin is more
readily coordinated because it is more basic than the diene.
In the presence of two vacancies, the coordination of the
bidentate diene is more f; ourable. This mechanism explains
satisfactorily the possibility of the formation of alternating
copolymers of butadiene with ot-olefins, but it can hardly
operate in the codimerisation of olefins, each of which is
capable of occupying only one coordination site. Appa-
rently, depending on the nature of the metal, its ligand
environment, and valence state as well as the geometry of
the active complex, both versions of the alternation mecha-
nism are possible.

Finally, one should point out that the mode of codimerisa-
tion is affected very strongly by the possibility of additional
conjugation of any type. In the case of propene the
greater probability of σ, ττ conjugation in the complex (X)
compared with (XI) is apparently the main cause of the
addition of nickel to the second carbon atom (contrary to
the Markovnikov rule), which leads to the preferential forma-
tion of 4-phenylpent-2-ene:

8-/ \»+.
H---N1

Γ
R —CH CHv/

H " Ni

R—CH C—Ηv/
Ni Η

R — C H — C — Η

Ni Η

16-electron complex (X) (XI)

There is at present no information about the geometry of
the active centres and it is therefore difficult to judge which
of the geometrical dispositions is energetically most favour-
able. However, presumably the very possibility of the con-
trol of the sequence of the addition of monomers is determined
primarily by the geometry of the intermediate states. The
question of the monomer coordination and insertion sites
is important in this respect. The few available experimental
data show that, of the two mechanisms of the addition of
olefins at the C—metal bond (cis-migration or insertion), cis-
migration is preferred. 76 Evidently, in this case, for a
specific disposition of the initial ligands, after each insertion
stage three coordination sites appear alternately in the cts-
and trans-positions relative to the ligand L. In relation to the
organic group (or the α-carbon atom), the vacancy is always
found to be in the cis-position.

The influence of the ligands on the selectivity of the codi-
merisation is probably determined by the different accessi-
bilities of the cis- and trans-positions with respect to the
ligand L in the coordination of monomers. In the codimerisa-
tion of styrene with ethylene (propene), ethylene (propene)
is more readily coordinated in the cis-position in the inter-
mediate benzyl derivative, while in the sterically less hindered
trans-position in the initial hydride complex, the coordination
of styrene is more favourable. The ό π , π π interaction between
the non-bonding d orbitals of the metal and the IT orbitals of
the benzene ring is then facilitated, which yields an additional
energy gain. In the case of the sterically less favourable
derivative of L having cis-vacancies, the ό π , ττπ interaction
is insignificant owing to the shielding of the non-bonding d
orbitals of nickel by the bulky groups of the ligand L. Such
alternation of the order in which the monomers are coordi-
nated in combination with the cis-migration mechanism of
insertion in the Ni-R bond ensures the exceptional selectivity
of the codimerisation reaction.

Another version of the alternation mechanism has been
proposed. 1 ' 7 7 · 7 8 It has been suggested that the order in
which the monomers are coordinated is determined by the

In the presence of bulky ligands, the probability of σ,π
conjugation diminishes, as a result of which there is in some
cases an increase of the contribution by the addition of nickel
to the first carbon atom and hence an increase of the content
of the "tail-to-tail" adduct—2-methyl-3-phenylbut-l-ene.27'29'30

The same effect probably occurs also in the dimerisation of
propene, where the bulky phosphorus-containing ligands
direct the process towards the formation of 2,3-dimethyl-
but-l-ene. 1 ·" 7

Systematic studies 5 ' 6 have shown that the influence of
phosphines on the mode of addition of propene to the Ni—C
and Ni—Η bonds is determined to a large extent by steric
factors, because among the ortho-, meta-, and para-sub-
stituted triphenylphosphines, an increase of the yield of
2,3-dimethylbut-l-ene and a decrease of the yield of hexenes
are promoted solely by the ortho-substituted compounds. In
the presence of aliphatic phosphines with similar electron-
donating properties containing large organic groups, nickel
forms a bond preferentially with the first carbon atom of
propene in the first stage of the addition of propene to Ni-C,
while in the absence of ligands it forms a bond preferentially
with the second carbon atom [C(2)].

This has been explained by Henrici-Olive and Olive. n The
authors suggest that, in the absence of steric hindrance by
the ligand, the polarity of the double bond of propene is
reversed in the coordination of the latter, as a result of which
a negative charge appears on C(2). However, there are
data according to which the addition of propene to the nickel
hydride centres proceeds preferentially in the direction of
Ni—C(2) even in the presence of phosphorus-containing
ligands. 5>6 Consequently, the formation of the Ni-C(2) bond
is presumably caused by the energy gain owing to the addi-
tional conjugation of the σ, IT or d^pv type and not by the
reversal of the polarity of the double bond. On the other
hand, if such interaction is blocked by the bulky groups of
the ligand, then the addition takes place in accordance with
the Markovnikov rule, i.e. in the direction Ni-C(l) . Overall,
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the addition takes place via the SgCf mechanism when both
carbon atoms in the coordinated olefin molecule carry a partial
positive charge.
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