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INTRODUCTION

The catalysis of the oxidation of organic substances by
the addition of compounds of variable-valency metals is an
important section of chemical kinetics. The mechanism of
this catalysis includes elementary stages which are typical
of ionic and radical reactions. We are therefore dealing
with the border-land between the two most important types
of chemical reactions: those in which ions take part, and
free-radical processes. This type of catalysis has par-
ticular theoretical interest and practical significance for
the stimulation of slow branched-chain reactions (processes
with degenerate branching).

December 1960

The catalysts normally used in the oxidation of hydro-
carbons are the salts of organic acids with such metals as
cobalt, manganese, iron, copper, chromium, lead, and
nickel. The salt catalysts are widely used in laboratory
practice and in various industrial processes. Potassium
permanganate, for instance, is used as catalyst for the
oxidation of paraffins by atmospheric oxygen in the produc-
tion of fatty acids; cobalt and manganese acetates are used
as catalysts for the oxidation of acetaldehyde to acetic acic
and anhydride. The catalysts permit oxidation at a lower
temperature, i.e., under milder conditions, and so decrease
the development of more extensive oxidation processes.
The study of the mechanism of such processes is also of
undoubted interest in biochemistry, since such metals are
components of many enzymes. For instance, the cyto-
chromes (enzymes which take part in tissue respiration)
contain iron. ’

A large number of investigations on the catalysis of
liquid-phase oxidation reactions by metals of variable oxi-
dation state have been reported in the last ten years. These
experimental data provide the general outlines of the
mechanism of the action of salt catalysts in the oxidation of
aldehydes and hydrocarbons.

The acceleration of certain oxidation-reduction reactions
by salts of iron and copper has long been known!, In 1931
Haber and Willstatter? based the mechanism of the action of
ions of variable oxidation state on chain oxidation and de-
composition reactions. They introduced the concept of the
elementary reaction between the ion and the reacting com-
pound, in which the oxidation state of the ion changes and a
free radical is formed. This radical then commences the
chain reaction. This mechanism was proved 20 years later
by Bawn and coworkers®~® in the oxidation of aldehydes,
which is catalysed by cobalt saits. The mechanism of salt
catalysis proved much more complex in the oxidation re-
actions of hydrocarbons: after taking part in the oxidation
reaction, the catalyst reacts with the oxidised products,
causing the process to take place in several successive
stages. Tsyskovskii and Kiseleva’ showed that in the oxi-
dation of kerosene, the catalyst accelerates the reaction
only at its outset, and is then precipitated and does not
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further affect the course of the oxidation. The present
authors have studied the mechanism of the catalysis of the
oxidation of n-decane and cyclohexane by cobalt and man-
ganese salts®™12,

In the absence of a catalyst, the autooxidation of hydro-
carbons takes place by means of degenerate-branching
chain reactions!®, In the pure hydrocarbon free radicals
may be formed by reaction with oxygen:

RH + O, = R + HO;,
2RH + O, — 2R- + H,0,.

Each radical causes a chain in which hydrocarbon and oxy-
gen molecules form the hydroperoxide4:

R. + O, — RO;,
RO; + RH — ROOH + R-.

With a dissolved-oxygen concentration greater than
107 M (when the partial pressure of oxygen is above
100 mm Hg) the radicals R- are very rapidly converted into
peroxide radicals, so that [R-] «[RO;]. The breaking of
the chain therefore takes place as a result of collision and
reaction between two peroxide radicals, e.g., by the re-~
action!® '

2R,R,CHOO- — R,COR, + R,R,CHOH + O,.

From time to time the hydroperoxide formed decomposes
into free radicals by the reactions

ROOH — RO- + OH,
2ROO0OH — RO; + H,0 + RO-.

At a sufficiently high temperature this method of forma-
tion of free radicals (degenerate branching of chains) be-
comes predominant in the reaction. When considering the
action of catalysts on the oxidation of hydrocarbons, it is
therefore necessary to bear in mind the possible occurrence
of the above elementary reactions. The action of catalysts
has a number of special features. The main property of a *
catalyst is its ability to initiate chains, i.e. to create free
radicals in the reaction zone. It is also necessary to take
into account the ability of the catalysts to break chains.
There are cases where the action of catalysts may be
likened to an initial “push” of the branched-chain process,
after which the further presence of the catalyst in the re-
action zone becomes unnecessary. There are also many
cases where a change in the properties of the catalyst and
the loss of its activity leads to a decrease in the rate of re-
action. Sometimes the catalyst influences the composition
of the oxidation products. The mechanisms of these
phenomena will be reviewed here.

INITIATION OF CHAINS BY CATALYSTS

The uncatalysed oxidation of hydrocarbons usually pro-
ceeds with a self-accelerating effect and with a typical
period of induction. Catalysts of variable oxidation state
as a rule accelerate the oxidation and reduce the induction
period, for instance cobalt, chromium, and manganese
naphthenates in the oxidation of cyclohexane'® and cobalt
acetate in the oxidation of tetralin!”, In the oxidation of
cyclohexane in the presence of cobalt stearate at 130°, the
more catalyst is introduced, the shorter the induction
period'®. Salt catalysts sometimes slow down the oxidation;
these cases will be considered later,

The accelerating action of catalysts of variable oxidation
state is due to their ability to generate free radicals. The
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Fig. 1. Kinetic curves for the accumulation of the inter-
mediate in oxidation: 1) withouta catalyst; 2) witha cata-
lyst; 3) with removal of the catalyst from the reaction
zone. Upper figure — theoretical curves constructed
from formulae (I) - (II) with w, = 1. Lower figure —
kinetics of the accumulation of cyclohexanone at 130°,
using 0.06 mole% of St,Co.

direct participation of the catalyst in chain initiation is
demonstrated by experiments in which the catalyst dis-
solved in the hydrocarbon is removed from the reaction
zone' (the cobalt catalyst precipitates on cooling partially
oxidised cyclohexane, and the oxidation continues after
filtration).

Fig.1 shows kinetic curves for the accumulation of
cyclohexanone (an intermediate in the oxidation of cyclo-
hexane) in experiments in which the cobalt catalyst was
removed from the reaction zone; after such removal, the
rate of accumulation of cyclohexanone immediately falls.
These results support the view that the catalyst is an agent
which ensures a high rate of formation of free radicals.

To demonstrate this, consider a simple mechanism for the
oxidation as a degenerate-chain reaction with a single
intermediate. Let the initial reactant RH be converted by
a chain mechanism into the intermediate product P at a
rate k,[RH|n, where n is the concentration of free radicals.
The product P decomposes by the chain mechanism at a
rate k,[Pjn and produces degenerate branching of the chains
at a rate k,[P|. The catalyst sets up a constant high rate
of chain-initiation W,. With quadratic termination of the
chains, the stationary concentration of free radicals is

Vo ky[P} s
2kq ’

"=

where &, is the rate of quadratic termination of chains. The
rate of accumulation of P in the presence of the catalyst is
described by the differential equation

d [P}

i = (ke [RH] — kg (P)) (Hot 2 PLYY:

Converting to dimensionless parameters, we obtain

_ ka [P]

7 koky
" ke (RH]’

2kgke

= kWo
0 kokg [RH]

RHI) . o

T =k;
dn —
= = (] — =) V(DD—F’K .

Integrating this equation with the initial conditions 7 = 0 and
7 = 0, we obtain for the accumulation of P with time:

‘T(Aem_i)laz—m‘,, A:a+)/m—., a=VTFo )

AT 1 a— Vo,
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In the absence of the catalyst, when w,=0,

dr — © et 2

=l — = =, P it .

dt ( ) V ( Y ) (H)
The removal of catalyst from the reaction zone at a time ¢
is equivalent to saying that at the corresponding moment of
dimensionless time 7, w, becomes zero (more exactly,

becomes very small). Up to time 7, the accumulation of P
is described Kkinetically by formula (I), and from time 7,,

by the formula
T:’Be"—l : V1+7‘1+l’7‘1
’ ( Be -1 ) ’ Vicm—Va

which is obtained by integration of the equation

(1)

dn —
Fe==mVr
with the initial conditions 7= 1, 7=m7,.

Fig.l shows the kinetic curves for the accumulation of P
constructed from formulae (I)-(III). The calculatedresults
are in good agreement with experiment.

The rate of chain initiation can be measured by making
use of strong liquid-phase oxidation inhibitors!8,®, The
inhibitor is added to the hydrocarbon, and the rate of for-
mation of free radicals determined from the rate of dis-
appearance of the inhibitor (which usually decomposes only
by reaction with free radicals). In the oxidation of lubri-
cating oil in the presence of iron and copper stearates, the
use of inhibitors has shown?° that the rate of chain initiation
at the commencement of the reaction is directly propor-
tional to the concentration of catalyst (at sufficiently low
concentrations). At the start of the oxidation of cyclo-
hexane, with a cobalt stearate concentration of 0.06 mole %,
the rate of chain initiation is 4.7 x 10-7 mole litre-!sec~!,2
In the absence of catalyst, and at a higher temperature, the
initial rate of formation of chains in the oxidation of cyclo-
hexane is much lower — 0.46 X 1077 mole litre~! sec™,1?
These results show that the catalysts accelerate the re-
action by providing a high rate of formation of chains.

The mechanism of chain initiation by cobalt ions has
been studied in detail in the oxidation of benzaldehyde in
glacial acetic acid solution at room temperature with cobalt
acetate as catalyst®»%. The rate of oxidation V o« [RCHO*/2
[catalyst]/?. The strong decelerating influence of added
B -naphthol shows that the reaction is a chain process. With
quadratic chain termination the velocity of the chain re-
action must be v = const.[RCHO|vw;, where w; is the rate
of formation of free radicals. Consequently, in the pre-
sence of the catalyst the rate of chain initiation must be
proportional to w; « [RCHO|[catalyst|. Experiments with
added inhibitor enabled the rate of chain initiation to be
determined. It was found that w; = £,[RCHO|[catalyst| and
k, = 3 X 10° exp(-14,800/RT) litre mole~* sec™. The
kinetics of the reaction of Co®t with benzaldehyde in acetic
acid solution were studied in independent experiments in
the absence of oxygen; the velocity constant found for the
reaction of Co®*t with RCHO was practically identical with
the velocity constant for chain initiation in the experiments
with the inhibitor. This agreement proves conclusively
that the chains are initiated by reaction of cobalt(III) with
benzaldehyde. The mechanism of the catalysed oxidation of
benzaldehyde is in entirely consistent with the scheme

RCO- + O, — RCOO0O0-, 1)
RCO00- + RCHO — RCOOOH +RCO, (2)
Co?* + RCOOOH — Co®** + OH™ + RCOO-, (3)

Co** + RCHO — Co?* + RCO- + HY, 4)
Co*t + RCOOOH — Co?t + RCOOO- + H, (5)
2RCOOO: — mol. products. (6)

The perbenzoic acid formed by the oxidation oxidises the
cobalt(IT) to cobalt(IIl) in a fast step. The reaction between
cobalt(Ill) and perbenzoic acid does not play any substantial
part, since it takes place very slowly. The limiting stage
in the cycle of cobalt oxidation-state changes is the reaction
of cobalt(IlI) with the benzaldehyde. Each reaction in-
volving a change in the oxidation state of the catalyst is
accompanied by the formation of a free radical; the rate of
chain initiation is, naturally, determined by the limiting
stage, the reaction of cobalt(Ill) with the aldehyde. Under
stationary conditions of initiation and termination of chains,

2k, [CO“’][RCHOI - 2kg [RCO,-1*

RCO;) - (Al IRCHOL s

v = ky [RCHO] [RCO, ] = 2472 {RCHOP: [Co™)

which is found experimentally.

The oxidation of acetaldehyde* differs from the oxidation
of benzaldehyde in the formation of a peroxide X by the re-
action

0

7
CHCHO + CH,C=-O0H T X

The peroxide X has been assigned the structure

OOH O
CH;,—éH—O— g—CH;;.
The equilibrium constant K = X
e equilibrium constant K = | &5 GHGICH,CO0OH]

=0.3 at 25°.

In the presence of catalysts (cobalt, manganese, and
copper acetates) the peroxide X is rapidly decomposed,
oxidising Co?* and Mn?* to Co®t and Mn®**. The rate of
oxidation of acetaldehyde inacetic acidsolution is - dlO,l _

=k [CH, CHO]S’Z[catalyst Y2(Q,]°, k& = 67litres mole-! gltm“
at 25°. As in the oxidation o?} benzaldehyde, the rate of
chain initiation by the catalyst is limited by the reaction

Co®t + CH,CHO — Co?* + CH,CO + H*.
Therefore

w; = ks [RCHOJ] [Co® |,

d [Oe]
dt

n == (ky [RCHOJ] [Co%*1/kg)'/2,

~ by [RCHOY n = ky /2 [RCHOP (o™},

The peroxide X reacts with the catalyst more rapidly than
peracetic acid. The velocity constant for the reaction of
Mn?t with X at 25° is 102 litres mole~! sec!, while for the
reaction of Mn?* with CH,COOOH itis 61 litres mole~* sec =1 ¢

Woodward and Mesrobian!? studied the oxidation of tet-
ralin in acetic acid solution in the presence of cobalt
acetate, and showed that the maximum concentration of

hydroperoxide in this reaction is

{RH] 3
[ROOH]max ([«:Tooh—o)])

and the maximum rate of absorption of oxygen,

d[0s]
———‘#m [RHJ?,
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is independent of the concentration of catalyst. Experi- D, em
ments on the decomposition of the hydroperoxide in a F\\
nitrogen atmosphere showed that z £ :
_“RZOHI = ks [ROOH] {(CH,COO), Co}?, ) J )! j
kg = 40 litre® mole~ sec™* at 81°, These facts agree well > /\z’ ™
with the reaction mechanism proposed by the authors: )
4 60 120 180 240 300 min‘
R: + O, — RO;,
RO; + RH — ROOH + R°, (2) Fig.3. Kinetics of accumulation of Mn**
N during the oxidation of n-decane with a cat-
2 C Co —
ROOH + 2(CH,C00),Co — free radical, @) alyst concentration 0.012 M at: 1) 120°;
2RO; — mol. products. (6) 2) 130° 3) 140°.
According to this mechanism,
4IROOH) _ 4, [RH) [RO,-] — ks [ROOH] [AcsCol?,
.1 — (s [ROOH] [Ac,Co]2\1/, __ kJIRH] mmole
(RO, ]_< 2kg ) » [ROOH)pox = Sksks [AcaCol® o:o_o_
410 2 [RH]? # !
— () | =k RHJRO, | = S »
5 2z
The relationships obtained from this mechanism agree 0 @ @ i wm
with the experimental data. The energies of activation
were obtained from the temperature variation of 2, and
Fig.4. Change of oxidation state of

- (d[0,]/dt }max : E, = 8.2 kcal mole™ and E, = 23 kcal mole™

The oxidation of aldehydes shows convincingly that the
initiation of chains by salts of such metals is closely bound
up with the change in their oxidation state. A change in
oxidation state of cations such as those of cobalt and man-
ganese has been observed in many studies of catalysed
oxidation. Oxidation of cobalt(Il) and manganese(II) is
easily observed from the change of colour of their solutions.
A solution of cobaltous stearate or naphthenate in a hydro-
carbon is pale violet if the salt contains water of crystal-
lisation, or pink if it is anhydrous. In a hydrocarbon which
is being oxidised, the cobalt is converted to the +3-state,
and the solution takes on an intense green colour?,0,21-25
The spectrum of cobalt(IIl) from an oxidised hydrocarbon is
the same as the spectrum of a solution of pure cobaltic
acetylacetonate 2'»2¢, The spectrum of cobalt (III) in
solution in a hydrocarbon has an absorption maximum at
600 my, a minimum at 520 my, and strong absorption in
the ultra-violet. Study of the kinetics of the accumulation
of cobalt(Ill) in cyclohexane which is being oxidised has
shown that not all of the cobalt is converted to the +3-state
during the course of the reaction; the concentration of
Co®* reaches a maximum and then decreases (Fig.2).

0 /o 27

t, min

Fig.2. Kinetic curves for the accumu-~
lation of 1) Co®* and 2) hydroperoxide in
the catalysed oxidation of cyclohexane
(124°, 3 mmoles of cobalt stearate per
litre).
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iron in the oxidation of cyclohexane:
1) at 110° with 0. 018 mole% of StzFe;
2) at 130° with 0. 017 mole% of StyFe.

A solution of a manganous salt in a hydrocarbon is
colourless. During the oxidation a brown colour appears,
typical of manganese in a higher oxidation state7,8,21,24,26,
The spectrum of an oxidised manganese catalyst coincides
with that of manganese(III) benzoate?*, and consequently
manganese, like cobalt, is converted to the +3-state during
the oxidation. The concentration of manganese(III) in the
course of the oxidation of n-decane?® passes through a
maximum (Fig.3); the maximum concentration of Mn®* is
20-30% of its total concentration of 0.012 moles per litre.
Manganese is completely converted to the +3-state in the
oxidation of cumene and tetralin?®, This difference is due
to the different composition of the oxidation products in
these reactions and to their differing reducing action on
Mnd+,

A change in the oxidation state of iron in an oxidised
hydrocarbon has been demonstrated? (Fig.4). The more
rapid the oxidation (the higher the reaction temperature),
the more rapid is the onset of the reduction of iron(IIl) to
iron(Il). This shows the close link between the formation
of the oxidation products and the reduction of the catalyst.
The reduction of copper(II) to copper(I) has been observed
in the oxidation of decane®,

The oxidation of aldehydes and observations on the cata-
lysed oxidation of hydrocarbons and the reaction between
salts of such metals and hydroperoxides indicate the close
connection between oxidation-state changes of the catalysts
and their part in chain initiation. It is often found that the
start of a catalysed oxidation coincides with a change in the
oxidation state of the catalyst, which is easily seen from
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the change of colour of the solution. In the oxidation of
acetaldehyde with manganese acetate®, of branched-chain
paraffins with cobalt stearate®, and in the oxidation of
decane®, o-pinene?®, and cyclohexane'® with cobalt stearate,
it has been observed that the oxidation commences after an
induction period, and coincides with a change in the oxida-
tion state of the catalyst (with a rapid oxidation of Co?* to
Co®* and of Mn?* to Mr+).

In general, the one-electron transfer reaction between a
molecule (a species of saturated valency) and a metal of
variable oxidation state, must invariably lead to the for-
mation of a free radical or atom. For example, in the re-
action between cobalt(II) and a molecule A:B, cobalt(III)
and a free radical or atom is formed:

Co?t + A:B— Co®t + A- + BT (or AT + B-).

An analogous effect is observed in the reverse transition
of cobalt from the +3-state to the +2-state:

Co*t + A:B— Co?* + AT + B- (or A: + BY).

The classical example of oxidation-reduction reactions
in which such cations participate are the reactions of
peroxides with the ions of iron, copper, and cobalt. Since
these reactions are closely related to the catalysed oxida-
tion of hydrocarbons, they will be considered in more de-
tail, Hydroperoxides are the primary molecular products
of the oxidation of hydrocarbons, and play an important
role in uncatalysed oxidation, since they ensure degenerate
chain branching.

Of great significance also is the participation of hydro-
peroxides in catalysed oxidation reactions, in which re-
action between a hydroperoxide and the catalyst is a
powerful source of free radicals. A mechanism for the
decomposition of peroxides by cations of variable oxidation
state was first proposed by Haber and Weiss®®, with the
decomposition of hydrogen peroxide in the presence of
ferrous ions as an example. The primary elementary re-
action between hydrogen peroxide and Fe?" is

Fe?* + H,0, —» Fe?* + OH™ + +OH.
The resulting hydroxyl radical causes chain decomposi-
tion of the hydrogen peroxide; in the presence of a
monomer (e.g. methyl methacrylate) the hydroxyl radi-
cals cause radical polymerisation®. The velocity

constant of the reaction between Fe?' and H,O, is % =
= 1.8 x 10° exp(— 10000/RT) litres mole~! sec™.%

Hydroperoxides also decompose very rapidly in aqueous
solution in the presence of iron ions, with the formation of
alkoxy radicals:

Fe?* + ROOH — Fe** + OH™ + RO:,

as was shown by Kharasch®, who decomposed cumene,
tetralin and t-butyl hydroperoxides with iron ions in the
presence of butadiene; the reaction products included the
compounds (A) and (B), formed by the addition of the alkoxy
radical to a butadiene molecule, with subsequent recom-
bination of the radicals:

ROCH,CH = CHCH,CH,CH--CHCH,OR, (A)
ROCH,CH = CHCH;CH—CH,OR , (B)
|
CH=CH,

Table 1 gives the velocity constants for reactions of
Fe?t with ROOH33,34,

The thermal decompositioh of the hydroperoxides to
form free radicals takes place with an energy of acti-

TABLE 1. Velocity constants for the
reaction of Fe? with ROOH

for some hydroperoxides.

Velocity constant,

Hydroperoxide i
litres mole™ sec

CH,
| 1.07 X 10* exp
{———)~c-oon (<12000/RT)
CH,
CH, CH,
L NS 4.0x10
H—C~¢ N . exp
) e (- 10800/RT)
CH, CH,
CH, CH,
CH;—C—¢ \>J: OOH 1.8 X 10° exp
| —— ! -
CH, CH, (~9900/RT})

vation ~ 30 kcal;mole. The iron ions react with the
hydroperoxides with much lower energies of activation

of 10-12 kcal/mole. The rate of reaction of cumene hydro-
peroxide with Fe?t relative to its rate of thermal decom-
position at 100° is 4.1 X 108[Fe?*], i.e. with[Fe?*|=10"% M,
the reaction between ROOH and Fe?* is 4000 times as rapid
as the thermal decomposition.

In the oxidation of hydrocarbons the catalysis is not by
ions, but by the molecules of salts.of metals of variable
oxidation state; therefore the reaction between the hydro-
peroxide and the catalyst takes place with the formation of
a free radical and a new polar bond (and not an ion, as in
aqueous solution), for example:

$taCo+ROOH — RO-+8t2Co0H,
where St = n-C,,H;;COO.

This reaction apparently takes place more slowly than
the analogous one in aqueous solution, but much faster than
the thermal decomposition of the hydroperoxide. The rapid
decomposition of hydroperoxides in solution in hydro-
carbons in the presence of small amounts of the stearates
or naphthenates of cobalt, manganese, and iron is well
known, and the strong catalytic action of these salts on the
decomposition of hydroperoxides is not open to doubt.
However, the kinetics and mechanism of the catalysed de-
composition of hydroperoxides in solution in hydrocarbons
have been little studied. The kinetics of the reaction be-
tween manganese stearate and n-decyl hydroperoxide have
been studied®; this reaction takes place very rapidly, with
decomposition of the hydroperoxide and oxidation of part of
the manganese(II) to manganese(IIl). The kinetic curves
depicting the change of optical density of the reactants, in-
dicating the formation of manganese(III) are shown in Fig.5.
The amount of manganese oxidised to the +3-state is less
than the quantity of hydroperoxide decomposed, but with in-

= ) =
crease of the ratio a ROOHJ ’ the ratio b = [E 0 CIIJd

also increases: when a = 3.23, b = 48%, and when a =
=9.7, b = 80%. In addition to the reaction between St,Mn
and ROOH, there is apparently an induced decomposition
of the hydroperoxide also. The initial rate of oxidation
of manganese(ll) is % [St,Mn| [ROOH|, where k& = 2.8 X
x 10** exp(~-18,000/RT) litres mole™ sec™. At90°k =
= 4.1 litres mole™ sec™, while for the reaction between
Fe?** and ROOH in aqueous solution, £ = 910 litres X

X moles~! sec~l. Since manganese is a more active cata-

649



VOL. 29, NO. 12

RUSSIAN CHEMICAL REVIEWS

DECEMBER 1960

5
12

o8 7/ 4
0 wo 200 300 0

Fig.5. Kinetic curves for the change of

optical density of a solution of St,Mn and n~

decyl hydroperoxide in decane, showing the
oxidation of the catalyst by the hydroperoxide

500 sec

at: 1) 80°% 2) 85% 3) 90°; 4) 95° 5) 104°.
[St;Mn] = 4.86 X 10~*M, [ROOH] = 1.56 X
x 1073 M.

lyst than iron, this-difference must be due to the much
greater reactivity of ions than of molecules of the organic-
-acid salts. However, the reactivity of such catalysts in
the decomposition of hydroperoxides must still be consid-
ered as very high even in hydrocarbon solutions. For
example, the rate of reaction of manganese stearate (0.01 M)
with n-decyl hydroperoxide at 140° is 3.7 X 10% times the
rate of decomposition of this hydroperoxide intofree radicals
in the decane being oxidised, where the velocity constantfor
the decomposition is # = 6 X 108 exp(-24,000/RT)sec™ . In
catalysis with ferric salts the catalyst first forms a com-
plex with the hydroperoxide, which then decomposes toform
free radicals®,%:;

FeSt,+ ROOH 7> [FeSt,...ROCH] ,
[FeSt;...ROOH] — FeSt;+RO- - - OH.

The formation of an analogous complex has been ob-
served in the decomposition of ethylbenzene hydroperoxide
in the presence of copper stearate3®.

This account has shown convincingly that the reaction
between catalysts of variable oxidation state and hydro-
peroxides plays an important part in the mechanism of the
catalysed oxidation of hydrocarbons.

Figs.3 and 4 show that in the hydrocarbon being oxidised,
reduction of the oxidised form of the catalyst also occurs.
It has been suggested that this takes place only as a result
of reaction with the hydroperoxide;

$t3CoOH+ROOH - StyCo 4RO, +H;0.

This reaction takes place in aqueous solutions*’, but it is
much slower than the reaction between Co?* and ROOH,
and in fact takes place between the cobalt and hydroper-
oxide ions:

Co%*+RO0O- — Co?*+-RO;-.

In a hydrocarbon, where the hydroperoxide is known not to
dissociate, this reaction takes place extremely slowly, if
at all. Moreover, it does not explain the reduction of the
catalyst to the lower oxidation state during the reaction, as
the following kinetic calculation shows. Let us denote the
reduced form of the catalyst by M2t and the oxidised form
by M3+, and let us examine the kinetics of the accumulation
of M3* during the oxidation, assuming that both forms of
the catalyst react only with the hydroperoxide. Let the
catalyst be introduced at the commencement of the reaction
in the lower oxidation state, M>* being formed by reaction
between M2t and ROOH with a velocity constant &;, and
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disappearing by reaction with ROOH with a velocity constant
ks. The rate of accumulation of M3* is

d [‘xﬂ*] == (ky [M?*) — k; {M?]) [ROOH].

$ = (% — 1) (ka £ k) [ROOH], where x = [ ongx, = o
0

ki ks
’4
— { Gea k) (ROOH] g1
X=Xy [ —e ° ’

hence,

Irrespective of the actual form of the kinetic curve for the
accurnulation of the hydroperoxide, [ *[ROOH|dt >0 and in-

creases with £, Consequently, in the course of this re-
action, x —x,, and having reached this kinetic equilibrium
value, remains constant, i.e. the concentration of M3* in
the course of the reaction cannot decrease. To obtain a
concrete form of x = x(f), let us assume that chain initiation
during the oxidation occurs by reactions (3) and (5), for
simplicity of calculation assuming that 2,[M?*| + kg[M3*] =
= kg[M?*],, that chain termination is quadratic (velocity
constant k), and that the loss of peroxide at the com-
mencement of the reaction can be ignored. Then the rate
of formation of hydroperoxide in this reaction will be

d [ROOH] ( ks [M?+], [ROOH]"2
ar— = ka IRH] [ 2242 [ROOHT)

(k, relates to the reaction between RO; and RH),

Kyky [RH]? [M2+],

{ROOH] == 4 2, A —
ke ’

and for the accumulation of the oxidised form of the cata-
lyst we have the formula
)

fm (I —e), «om [ Lkl Ty

Fig.6 shows that in such a reaction the oxidised form of
the catalyst accumulates at an increasing rate (auto-accele-
ration) until its concentration reaches a constant value and
then remains unchanged.

Experimentally, quite a different picture is found (Figs.2
and 3). The rapid reduction of the oxidised form of the
catalyst in the course of the oxidation may be due to accu-
mulation of easily oxidised oxidation products which are
produced after the hydroperoxide. Let us make one change

Fig. 6. Theoretical kinetic curves for the accumulation of
the oxidised form of the catalyst in an oxidation reaction.
Upper figure - M? and M® react only with the hydroperoxide
[formula (IV): 1) b= 0.9; 2) b= 0.7]. Lower figure -
M% is reduced by products formed from the hydroperoxide
[formula (V): 1) a= 0.5; 2) ga= 1)}.
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in the above scheme, replacing the reaction M3* with ROOH
by the reaction

(M3* + K — M2t + radical [3']),

where K is a product of the chain conversion of the hydro-
peroxide, formed at a rate X ROOH|n:

4K

k2 |ROOH] V&, |M¥], [ROOH] / £° |

K] =B ¢4 =AY R Y kg (M) ks .

The oxidised form of the catalyst will then accumulate at
the rate:

U1 = g (M1 [ROOH] — ky (M) [K]

or in dimensionless variables

‘}X/—f(l*\f)'t — axt?,

where [M#+

sy T (d)l @ = kB (kA

Fig.6 (lower curve) shows the change of x during the
reaction, calculated with this formula; it is seen that this
mechanism gives a good explanation of the experimentally
observed kinetic curves for the accumulation of the oxidised
form of the catalyst. Oxidation-reduction reactions be-
tween the catalyst and hydrocarbon oxidation products, such
as alcohols, ketones, and aldehydes, are quite probable,

It is known, for instance, that in aqueous acid solutions
Co?* rapidly oxidises formaldehyde and methyl and ethyl
alcohols*',%2, Analogous reactions apparently take place in
solution in a hydrocarbon much more slowly, but at 100°—~
150° they may proceed fairly rapidly. These facts show
convincingly that the reaction of cobalt(Ill) with aldehydes
and other easily oxidised products of the incomplete oxida-
tion has undoubted advantages over the reaction between
Co®* and ROOH— It is appropriate here to recall that in
the oxidation of aldehydes in acetic acid solutions the re-
action of Co®" with RCHO— is much more rapid than the re-
action between Co®+ and RCOOOH —,

In studying the catalysed oxidation of cyclohexane?®!, it
was noted that the rapid reduction of cobalt(III) coincides
with the appearance of aldehydes in the cyclohexane. It is
apparently these aldehydes which reduce the cobalt(III)
during the oxidation reaction. Since the hydrocarbon
undergoing oxidation contains hydroperoxides and aldehydes,
the catalyst is continually being converted from one oxida-
tion state to the other and back. Each transition is accom-
panied by the formation of a free radical, which starts a
chain of conversions:

ROOH +S$t,Co -+ RO-
St:CoOH 4-R,CHO — $t2Co+ Hy,0+R€0.

+St,CoOH ,

Alcohols and ketones may react with the oxidised
form of the catalyst similarly to aldehydes. Since the
composition of the oxidation products changes continuously
during the oxidation reaction, there is a continuous change
in the relative amounts of oxidised and reduced forms of
the catalyst. At the start of the reaction, only a hydro-
peroxide is formed, so that the concentration of the oxidised
form increases. With the appearance of products pos-
sessing reducing properties (aldehydes, alcohols, etc.),the
oxidised form of the catalyst ts rapidly reduced, and its
concentration diminishes,

The reaction of the catalyst with the oxidation products,
with the formation of free radicals, may be considered as a
degenerate branching of the chains which is accelerated by
the catalyst. Of great interest, therefore, is the possibility
of the initiation of chains by the catalyst in the initial sys-
tem, containing only the hydrocarbon, dissolved oxygen,
and the catalyst. If the catalyst is added to the hydro-
carbon in a higher oxidation state, it can apparently form
free radicals by the reaction

StzCo4-RH — StpCo+StH4R-.

Free radicals are in fact formed by this type of reaction
in the oxidation of trimethylethylene in acetic acid solution*s,
The study of the reactions of cobalt(III) with olefines has
shown that the reaction of Co®* with RH is rapid in aqueous
acid solutions at room temperature*t, The energy of acti-
vation of such a reaction is 27-29 kcal/mole, with a pre-
-exponential factor of 10%° litres mole™ sec™, At
room temperature, k(Co®**. olefine) varies from 0.3 to
6 litres mole™ sec™, depending on the hydrocarbon. Such
reactions must proceed more slowly in solution in a hydro-
carbon, where the catalyst is undissociated, but possibly
occur at a rate sufficient to provide a reliable source of
free radicals. In later stages of the oxidation such re-~
actions do not apparently play a decisive part, reactions of
the catalyst with the oxidation products predominating.

Catalysts such as cobalt and manganese salts are usually
added to the hydrocarbon in the oxidation state(II).  The
question arises: do they participate in chain initiation at
the start of the reaction, or does their initiating activity
appear only with the appearance of a hydroperoxide? The
possibility has been suggested!!»®* of chain initiation by re-
action between cobalt(II) and oxygen under certam condi-
tions:

St;Co + 0, ZSt,Co ... O,
St,Co ... O, +RH — St,CoOOH + R-
or St,Co.. .02+ RB— St,CoOH+RG-.

Results supporting this mechanism were obtained in the
oxidation of linoleic acid in benzene in the presence of
cobalt stearate?®®, The rate of this reaction is independent
of the concentration of hydroperoxide and is given by
d [ROOH]|
—[—Ci:,———‘ =k [RH| [St,Co|.
medium by adding nitrobenzene strongly affects the rate of
the reaction (Table 2). Uri suggested that the catalyst
forms a complex with oxygen which then reacts with another
molecule of catalyst to form free radicals. A polar solvent
(nitrobenzene) solvates the cobalt cations and hinders the
formation of the complex with oxygen, and consequently,
the formation of free radicals:

Changing the polarity of the

St,Co + 0, ZSt,Co ... O,
St,Co . .. O, 4 StyCo (HX) — St,Co + St;CoX + HO,

The activity of a catalyst of variable oxidation state de-
pends primarily upon the cation. To a first approximation,
the higher the redox potential of its cation, the more active
is the catalyst (Table 3)%, Table 3 shows that there is only
a qualitative relationship between the maximum rate of oxi-
dation and the redox potential. The relative activities of
the catalysts change on passing from one oxidation process
to another. This is quite understandable, since the ability
of a catalyst to initiate a chain depends not only on its cat-
ion, but also on the composition of the reaction products,
their activity in reactions with the catalyst, and the state of
the catalyst in the reaction. In most cases the most active
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TABLE 2. Effect of the polarity of

the solvent on the rate of
oxidation of methyl lino-
leate (0.2 M) with 1.87 X

% 1074 mole of St;Co per

litre.
[ s ®
4 02§ SXT
Rl oged |_5sd
23 s82 |sgge
g Sg2 |ezER
z 247 |BEE
0 — 14.4
25 3.74 13.4
30 2.70 12.3
35 2.14 7.6
40 1.74 3.8!
45 1.42 1.86
50 1.16 0.68
75 0.385 0.0
100 — 0.0

catalysts are the salts of cobalt and manganese.

The lower the temperature, the more pronounced is the
effect of the catalyst on the oxidation. At a low temperature
the catalysed oxidation is much more rapid than the uncat-
alysed; as the temperature is raised, the difference in
these rates decreases, because at a sufficiently high tem-
perature the chain oxidation process can develop rapidly
independently: the salt catalyst rapidly precipitates
because of the accumulation of acids, and almost ceases
to participate in the reaction. .

The addition to the hydrocarbon of compounds which
form complexes with metals of variable oxidation state
affects their activity?” because of the blocking action of the
complex-forming agent, and possibly, because of a change
in its redox potential. These complexing agents are used
in practice; for example, very slight traces of copper in
petrol (0.01 p.p.m.) decrease its stability. Disalicyli-
dene-1,2-diaminopropane,

m OH HO\(\
‘ CH:N»CH”CH,—N;CH-—I ,
|

NS NA

CH;

which forms chelate complexes with copper and deactivates
it, is added to the petrol as a stabiliser*®,%°,

The data on the catalysed oxidation of organic compounds
leads to the following conclusion. In oxidation reactions
catalysts of variable oxidation state play an active part in
the initiation of chains. They react with the oxidation
products (hydroperoxides, aldehydes, etc.), and in so doing
change their oxidation state and produce free radicals.
Each catalyst molecule can participate many times in the
initiation of chains, converting the molecular oxidation
products into free radicals. In this respect such catalysts
differ substantially from initiators of the peroxide and azo-
-compound types. It must be emphasised that the detailed
mechanism of the initiation of chains by catalysts has been
insufficiently studied. Wide, strictly quantitative investi-
gations of the individual elementary reactions in which
various catalysts take part, are required.
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TABLE 3. Effect of the redox potential of the catalyst on
the maximum rate of oxidation of 2. 5-dimethyl-
hexane (61.4 mmoles) with 0.11 mmole of the

stearates of various metals.

= =
59 2 53
v = x3
5g |E8.5va $58
2 |T5e8foe 5%
2% ($T2.rel &S
o 2 XE £8€ s
Coz+ 35 1.82
Mn2+ 32 1.51
Ces+ 20 1.55
Fedt 13 0.77
Cdz+ 4 =

BREAKING OF CHAINS BY CATALYSTS OF VARIABLE
OXIDATION STATE

The initiation of chains with participation of a catalyst
takes place as a result of reactions of one or more “satu-
rated-valency” molecules with a cation of variable oxidation
state, in which the oxidation state of the catalyst changes
and free radicals are formed. In principle the reverse re-
actions are also possible, reactions of free radicals with
cations of variable oxidation state, leading to loss of the
free valency. Since peroxide radicals are strong oxidising
agents, they would be expected to react with the reduced
form of the catalyst, e.g. by the reaction

ROq-+StyCo — ROO—CoSts (or  StsCoOH- ketone).

In such a reaction, the peroxide radical forms a coordinate
link, RO,-CoSt,, with the cation of variable oxidation state,
using an unpaired electron of the cobalt(Il). Reversible re-
actions of such ions are well known in aqueous solution, for
example30s51,

Fet+4OH- 7 Fer*--.OH and FeS*--H,0, 7 Fet*+HO,--LH'

Thus, the ability of such cations to donate or accept an
electron in reactions with molecules leads to the formation
of free radicals, and in their reactions with free radicals,
to the loss of these, with the formation of molecular pro-
ducts. In oxidation reactions such a catalyst initiates
chains by reacting with molecular products, and breaks
them by reacting with free radicals. The initiating action
of the catalyst is usually much the stronger, and masks its
inhibitory effect. The breaking of chains on variable —oxi~
dation-state catalysts has been detected where the initiating
action of the catalyst ceased to be effective after a time,
and the catalyst (cobaltous or manganous stearate) showed
only its inhibiting action'*»?!, The experiments were car-
ried out as follows. The catalyst was added to cyclohexane,
heated to 100°~110°, and the concentration of oxidation pro-
ducts and cobalt(IlI) was determined by sensitive analytical
methods in samples of the oxidised cyclohexane taken during
the course of the oxidation. When the catalyst had a high
cobalt(ITI) content, the oxidation began immediately, at a
constant and fairly high rate (Fig.7).

The situation is different if cobaltous stearate is added
to the cyclohexane in concentrations of 0.01-0.05 mole %;
a small part of the cobalt is converted to the +3-state, but
most remains in the +2-state; for a time the oxidation is
inhibited. This inhibition ceases when the cobalt has been
converted to the +3-state and a hydroperoxide appears
(Fig.8). The more cobalt(Il) is added, the longer is the
period of inhibition. This indicates a deceleration of the
reaction by cobalt(II). An even clearer inhibiting action of
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Fig.7. Kinetic curves for the
formation of 1) cyclohexanol and
2) cyclohexanone in the oxidation
of cyclohexane in the presence of
cobalt stearate containing 40% Co®*
(110°, [Co¥™] + [Co¥'] = 0.07%).
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Fig.8. Kinetics of the formation of cyclohexanone (upper
figure) and of the change in the valency state of the catalyst
(lower figure) in experiments on the oxidation of cyclohexane
at 110° and 30 atm with various concentrations of St,Co cat-
alyst: 1) 0.003 mole% 2) 0.02 mole% 3) 0.07 mole%.

cobalt(II) on the oxidation of cyclohexane is observed when
further catalyst is added to the reaction. A small quantity
(0.003 mole %) of cobalt(ll) added to the cyclohexane is
completely converted to the +3-state, and the reaction
starts immediately, without any inhibition (Fig.9, curve 1).
¥ to this reaction, once started, a further quantity of
cobalt(Il) is added, oxidation ceases for a time (Fig.9, curve
2); the inhibition itself ceases with the conversion of a
considerable part of the cobalt to the +3-state. An ana-
logous effect is observed when a considerable quantity of
cobalt(Il) is needed in the reaction (Fig.9, curve 3).

These facts are apparently contradictory — the more
catalyst added to the hydrocarbon, the greater the inhibition
of the oxidation — although it is known that cobalt(ll) can
initiate chains by reaction with a hydroperoxide. The
behaviour of the catalyst in these experiments is explained
in this way: at the start of the reaction, no hydroperoxide
has yet been formed, and the cobalt(Il) cannot act as an

initiator of chains; it therefore behaves only as aninhibitor,
reacting with free radicals and breaking the chains. An
analogous effect is found in catalysis with manganese(II): at
the start of low-temperature oxidation it functions as an
oxidation inhibitor. From the very commencement of the
reaction, cobalt(IlI) and manganese(III) act as chain initia-
tors. The comparatively smooth converstion of cobalt(II)
to cobalt(IlI) therefore causes a sudden change in the re-
action, from inhibited to strongly catalysed.

Considering this in more detail, we shall attempt to
construct the kinetic curves for the accumulation of the
oxidised form of the catalyst and the oxidation products P,
using a simple reaction scheme.

mmoles/litre
10 +

8+

6’L

4 N . . L "

%Co®" Z

50K
j\

/) ? 25 50 75 00 125

min

Fig.9. Experiments on the oxidation of cyclohexane at 110°
and 30 atm: 1) 0.003 mole% of St;Co added initially; 2)
0.003 mole% of StyCoadded initially anda further 0.016 mole%
in the fourth minute; 3) 0.018 mole% of St,Co added initially.
Upper figure - kinetics of the formation of the ketone; lower
figure - kinetics of the formation of Co®* in % of total Co
concentration.

Assume that in the chain-oxidation reaction, proceeding
at a rate k,[RH|n, the free radicals are formed mainly by
the action of the oxidised form of the catalyst M®*" at a
rate £, [RH]| [M3*], and that the chains are broken with the
participation of the reduced form of the catalyst at a rate
k,[M?*|n, and without the participation of the catalyst at a
rate k{n. Linear, and not quadratic, chain termination is
assumed here for simplicity of calculation. At a stationary
free radical concentration,

kRHIM3*]= (k' +kd M2+,

diP] __ kst [RH]2 M) dy x
dt =k [RHIn = k:+k7[M2*] b & Tari—x’ (VI)
& zdt
Y=Y+ \ gyt

where x is the fraction of catalyst in the higher oxidation
State: .
_ [M3+] _ ky _ R [P}
P (M) By (W] - (M) Y =rnmH

< =k, [RH] ¢,
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Fig. 10. Kinetic curves for the accumulation of 1) M*" and
2) the oxidation product P in the initial period of the oxidation,
with chain breaking by M and chain initiation by M®*. Upper
figure - theoretical curves constructed from formulae (VI)
and (VII) (xp = 0.1, a = 0.05, y, = 0.05). Lower figure -
experimental data on the oxidation of cyclohexane at 110°,

30 atm, and St,Co concentration 0.02 mole%: 1) Co%; 2)
cyclohexanone.

Assuming that M®* is formed only by reaction of M?" with
a free radical, we obtain

dIM™] ke RHJIME M dx x(1—x)
dt ky - By [MEF) dv T a+1—x

'

(vin)

x A—xo _
1n7°+a1nm*

The change of x and y is shown in Fig.10, where they are
compared with the kinetic curves for the accumulation of
cobalt(ITI) and cyclohexanone in the oxidation of cyclohex-
ane. The good agreement between calculation and experi-
ment once more confirms the correctness of the suggested
inhibitory action of cobalt(II) at the start of the reaction.
The maximum in the experimental curve for the accumula-
tion of cobalt(Il) is associated with the appearance of alde-
hydes, which reduce the metal to the +2-state. The appear-
ance in the reaction of a hydroperoxide converts even co-
balt(II) from an inhibitor to a chain initiator.

The inhibiting action of cobalt(II) and manganese(I) is
also shown by a number of other facts, which have not been
correctly interpreted. Prolonged induction periods have
been observed by Wibaut and Strong?? in the oxidation of
paraffinic hydrocarbons with cobaltous stearate; for ex-
ample, in the oxidation of n-octane at 125°, in the presence
of 1% cobalt stearate, the induction period is 10 h. The
end of the induction period coincides with the rapid conver-
sion of cobalt(Il) to the +3-state. The addition of a hydro-
peroxide eliminates the induction period. In the oxidation
of a-pinene? there is also a long induction period (8 h), but
if cobaltic stearate is used instead of the cobaltous salt, the
oxidation commences immediately, as is the case if cobalt(II)
is added to a-pinene containing a hydroperoxide. The use
of manganous stearate causes an induction period in the
oxidation of Synthin®¢; the induction period is longer the
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more manganese Stearate is used.

These facts are explained simply if breaking of the chains
by the +2-state of the catalyst is taken into account, At the
start of the reaction, the cobalt(Il) [or manganese(II)] only
breaks the chains, and so creates a long induction period.
The addition of cobalt(Ill), which does not react with per-
oxide radicals but initiates chains, only accelerates the re-
action, and there is no induction period. A hyderoperoxide
added to the system, hydrocarbon — oxygen — catalyst re-
acts with cobalt(Il) to form free radicals and thus elimin-
ates the induction period.

In the later stages of the reaction the initiation of chains
by the reaction of the reduced form of the catalyst with the
hydroperoxide predominates over the breaking of chains by
the catalyst molecules. Moreover, in the later stages of
the oxidation the free radical concentration » is much
greater than at the start of the process. Under these con-
ditions the rate of quadratic chain termination, kgn2, is
much greater than the rate of linear chain termination by
the catalyst, k,[M2*|n. Hence, in the later stages of the
reaction the inhibitory action of the catalyst hardly appears.
It can be detected by measuring the order of the reaction
relative to the catalyst. With quadratic termination of
chains and their initiation with the participation of one mole-
cule of catalyst, v cn o« [catalyst[2, If the catalyst also
participates in the breaking of chains, the order of the re-
action relative to the catalyst concentration must be less
than 0.5. In the oxidation of cyclohexene in the presence of
the stearates of cobalt(II), copper(II), and manganese(II), 38
it was found that the order of the reaction relative to the
manganese stearate concentration was 0.36, and relative to
the copper stearate concentration, 0.40; with manganese
stearate the induction periods are long. The inhibiting
action of copper(II) on the oxidation of n-decane is signifi-
cant®’, In this reaction copper stearate produces an in-
duction period which depends in a very singular fashion on
the concentration of added catalyst. Up to a copper con-
centration of 0.6 mole % the induction period increases
smoothly with concentration, but a further slight increase
in its concentration causes a much increased induction
period (Fig.11). The presence of a critical copper stearate
concentration of 0.6 mole % in the oxidation of decane is
connected with the double function of this catalyst and the
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Fig.11. Effect of the concentration
of added copper stearate on the in-
duction period in the oxidation of
n-decane at 140°,
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degenerate-branching chain mechanism of the reaction.
The inhibiting action of copper stearate on oxidation re-
actions has been observed in the case of the oxidation of
octenes®? and paraffins®?., On the other hand, the oxidation
of ethylbenzene®?, cyclohexane?', and lubricating 0il? is
accelerated by a copper catalyst. The inhibitory effect of
copper(II) is usually found when it is present in fairly high
concentration; traces of copper, as a rule, accelerate
oxidation.

Catalysts of variable oxidation state (salts of cobalt,
manganese, and copper) can thus not only initiate chains,
but can break them also. Depending on the conditions, one
of these functions predominates, so that the catalyst can act
as an initiator or as an inhibitor. The detailed quantitative
investigation of the inhibitory function of the catalyst merits
very serious attention. It is important to compare the
effectiveness of inhibition by different cations of variable
oxidation state, to investigate how this effect varies with
the medium (solvent), the nature of the anion of the catalyst,
and the structure of the peroxide radicals, to determine the
velocity constants of the elementary reactions of peroxide
radicals with the catalyst, and so on. Investigations of this
type are only just beginning, and data on all these questions
are not available.

PHYSICOCHEMICAL PROPERTIES OF SOLUTIONS
OF SALT CATALYSTS IN HYDROCARBONS

In addition to the chemical properties of catalysts, their
physicochemical state in the hydrocarbon solution has a
substantial influence. Knowledge of solutions of metal salts
of organic acids in hydrocarbons provides a correct under-
standing of certain kinetic features of the catalysed oxida-
tion of hydrocarbons and of the changes which the catalyst
undergoes during the reaction as a result of the accumula-
tion of various oxidation products. Catalysts of variable
oxidation state are added to the hydrocarbon as salts of
fatty or naphthenic acids; in a polar solvent the salts dis-
sociate into ions, but in a hydrocarbon solvent dissociation
does not occur. This is shown by conductivity measure-
ments on hydrocarbon solutions of metal salts of fatty acids:
the conductivity of benzene solutions of copper, nickel, and
cobalt oleates is practically the same as that of pure ben-
zene®3, and the conductivity of dilute toluene solutions of
zinc, lead, copper, magnesium, and calcium oleates is
little different from that of pure toluene®. As the salt
concentration increases, the equivalent conductance also
increases, because of the formation of micelles from the
salt molecules, and their easier dissociation into ions54.

Each molecule of carboxylic acid metal salt is a dipole,
and the electrostatic attraction of these dipoles in the non-
-polar solvent causes the salt molecules to combine into
micelles. The formation of micelles can be considered as
a series of successive equilibria:

MA+MA, 2 (MA,)e |
MAL+ (MAg), 7 (MA,); N

MAg+ (MAg),_; T (MA),

Experimental proof of the association of salt molecules in
the hydrocarbon solution is furnished by the higher mole-
cular weight of the dissolved salt, determined ebullio-
scopically. For example, the molecular weight of copper
stearate at a concentration of 0.02-0.08% in lubricating oil
is 5000 instead of 347, and the molecular weight of iron
stearate, at a concentration of 0.01-0.04%, is 1700 instead

TABLE 4. Micellar weights of various soaps
in toluene*.
Zn laurate Zn stearate l Cu stearate
[ M N C M N C M N
0.653 [ 2310 | 4,98 | 0.938] 3460 | 5.47 | 1.038| 4040 | 6.43
1.335 | 2840 | 6.13 | 1.690] 3400 | 5.38 | 1.647| 4220 | 6.70
1.935 | 3040 | 6.56 | 2.650| 3530 | 5.58 | 2.580| 4470 | 7.10

* C =concn. of soap in g/100g; M = micellar weight;
N = number of slat molecules per micelle.

of 339.2° The association of salts in toluene solutions has
been studied in detail®®~%7, The degree of association in-
creases with the salt concentration (Table 4), in good
agreement with the existence of such equilibria.

Since the combination of salt molecules into micelles
occurs as a result of the electrostatic interaction between
the dipoles of the molecules, the micellar weight must in-
crease with the dipole moment, and this is found in practice
(Table 5).

TABLE 5. Micellar weight of metal
laurates as a function of
dipole moment.

Metal !Micellur weight moDn:z:r’:f
of laurate laurate
Zn ' 2600 0.29
Cu 3500 1.20
Mg 6000 1.66
Ni 20000 2.67

The degree of association depends on the length of the
acid residue, and decreases as this length increases. The
degree of association falls as the temperature is raised.
To a first approximation, all these features of the be-
haviour of hydrocarbon solutions of salts of fatty acids can
be explained by the electrostatic attraction of the polar
molecules in the non-polar solvent. The mean interaction
potential between two isolated dipoles N = -2p2u2 /37%4T,
where p, and p, are the dipole moments of the species, 7 is
their radius, %2 the Boltzmann constant, and T the absolute
temperature. It follows from this expression that the de-
gree of association will be smatler the smaller the polarity
of the cation of the salt, the larger the number of C atoms
in the acid residue (the larger »), and the higher the tem-
perature.

In some cases the association of catalyst molecules into
larger particles takes place by the formation of polynuclear
complexes, i.e. it is chemical in nature. For example,
cobalt(Ill) tends to form polynuclear complexes of the type

OH
I(Czo4)zC0<OH>Co (C205)e7 14
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The formation of the complex

o X X

RN | /OH\ | /St
Co o,

st Nons | Net
X X

where St is the stearic acid residue and X is water or alco-
hol, has been suggested in the catalysed oxidation of
a-pinene??, Freidin?! isolated the salt of cobalt(Ill) formed
in the oxidation of Synthin and determined its empirical
formula and molecular weight, concluding that the cobalt(III)
is present in the hydrocarbon as the trinuclear complex:

St OH. OH. St
Neo T Neo? T Nco/ S
St/CO\OH/CO\OH/CO\St St-.

The formation of salt molecules into micelles must be
taken into account in considering the mechanism of the
catalysed oxidation of hydrocarbons. The activity of the
catalyst depends upon the degree of association of its mole-
cules and the activity is proportional to a first approxima-
tion, to the number of catalyst particles in unit volume of
the hydrocarbon being oxidised. The closer the approach
of the catalyst solution to a true solution, the higher its
activity, other conditions being equal. The influence of the
acid residue on the catalyst activity is apparently due to
this circumstance. The higher the molecular weight of the
acid component of the salt, the more active is the catalyst®®,%®,
Exceptions to this rule are apparently caused by the dif-
ferent methods of preparing the catalysts, which might con-
tain water of crystallisation, might be partly present as a
basic salt, and so on, which would affect the state of the
catalyst in the hydrocarbon solution.

The combination of molecules of the salts into micelles
is closely connected with the relation between the concen-
tration of the catalyst and its effect on the reaction. If the
catalyst forms a true solution in the hydrocarbon, the rate
of initiation of chains by the catalyst should increase
linearly with its concentration. The formation of micelles
changes the picture: as the concentration of dissolved salt
increases, the number of particles in unit volume first in-
creases in proportion to the concentration, but then the in-
crease slows down and practically levels off — further
increase in the salt concentration causes an increase in the
size of the micelles. Accordingly, the initiation of chains
by the catalyst firstincreases as its concentration increases,
and then this increase ceases. Fig.12 shows how the rate
of chain initiation varies with the concentration of copper
stearate in the oxidation of lubricating 0il?°,

The rate of formation of free radicals determines the
rate of oxidation, and so the same relation is observed be-
tween the maximum rate of the catalysed oxidation and the
catalyst concentration??,88,50-64¢, Some workers consider
this relation between the rate of oxidation and the catalyst
concentration as proof that the catalyst takes part in the
breaking of chains. Since the association of the catalyst
molecules leads to an analogous picture and the effect of
this association on the initiating capacity of the catalyst has
been demonstrated experimentally?°, the above interpreta-
tion of the dependence of the rate of oxidation on the cata-
lyst concentration is not necessarily valid. This is shown
also by the fact that in acetic acid, where the catalyst
forms a true solution, both the rate of chain initiation and
the rate of oxidation increase linearly with the catalyst
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Fig.12. Dependence of the rate of
initiation &, (in relative units) on the
concentration of added copper stear-
ate in the oxidation of liquid paraffin
at 150°.

concentration3:,5,43, It does not follow from this that vari-
able—oxidation-state catalysts do not break chains in the
advanced stages of the reaction; breaking of chains by the
catalyst does apparently take place, but under these con-
ditions the initiating function of the catalyst is much
stronger than its inhibitory capacity. Moreover, with a
high free-radical concentration in the later stages of the
reaction, the rate of quadratic termination is high, and in
comparison with this, the linear termination of chains by
the catalyst molecules is insignificant. The inhibitory
function of the catalyst is clearly shown, as we have seen,
at the start of the reaction, when the catalyst does not
initiate chains.

MACROSCOPIC STAGES IN THE CATALYTIC
OXIDATION OF HYDROCARBONS

The vapour -phase oxidation of hydrocarbons in the
presence of homogeneous catalysts takes place®, as a
succession of macroscopic stages separated in time®. The
decisive part is played by the first macroscopic stage, the
completion of which at the start of the process determines
further development of the latter. Such separate stages
were detected and studied in the oxidation of propane with
hydrogen bromide as catalyst. It was shown that at the
start, there is an initiating reaction which forms an inter-
mediate product, and soon ceases. During the reaction
this intermediate decomposes to form free radicals which
initiate the second stage, the oxidation of propane to
acetone. Later studies of the oxidation of propane, ethane,
and methane in the presence of HBr, Cl,, and NO,, estab-
lished that macroscopic stages in oxidation reactions with
a homogeneous catalyst are widespread®s%¢. Macroscopic
stages are also observed in the liquid-phase oxidation of
hydrocarbons with catalysts of variable oxidation state.
Tsyskovskii and Kiseleva’-*° first drew attention to the fact
that in the oxidation of kerosene with manganese naphthenate,
the catalyst is in the dissolved state and initiates the re-
action only at the start of the oxidation. The catalyst then
precipitates completely and takes no further part in the
Knorre,et al.® studied the kinetics of the oxida-
tion of n-decane in the presence of cobalt and manganese
stearates, and showed that the catalyst first undergoes a
change of oxidation state, and then precipitates and takes no
noticeable part in the oxidation. Thus the catalysed oxi-



VOL. 29, NO. 12 RUSSIAN

CHEMICAL

REVIEWS DECEMBER 1960

dation of hydrocarbons often takes place in two stages: in
the first, the catalyst is in solution and accelerates the
oxidation by initiating chains; in the second, it is in the
precipitate, and takes no part in chain initiation. This
sharp separation of the reaction into two stages is not al-
ways found: for instance, in the catalysed oxidation of
cyclohexane the catalyst is not completely precipitated, so
that its effect on the reaction decreases gradually during
the course of the oxidation!®.

The presence of macroscopic stages in the catalysed
oxidation of hydrocarbons is apparently caused by a change
in the physicochemical stage of the catalyst in the hydro-
carbon solution as the molecular oxidation products ac-
cumulate. In acetic acid, where the catalyst is always
present as jons, macroscopic stages are not observed. In
a hydrocarbon the catalyst is extremely sensitive to the
presence of pelar substances; its solubility depends greatly
on the polarity of the medium and the anionic component of
the salt. The formation of complexes with the oxidation
products can affect its activity. Of the oxidation products
which act upon the state of aggregation of the catalyst, the
acids are important. It has often been found in experiments
that the catalyst is precipitated in oxidation reactions as
salts of acids formed by the oxidation. Thus in the oxida-
tion of kerosene the catalyst precipitates as a salt of low-
~-molecular weight acids formed in the reaction®®; in the
oxidation of cyclohexane, the cobalt, added as stearate,
precipitates as the adipate!®, However, the precipitation
of the catalyst during the oxidation is not the result of a
simple exchange reaction between the salt and the acid, but
of a more complex physiocochemical process in which other
reaction products, particularly water, take part as well as
the acids.

Some workers have noted a decreased catalyst activity
even when it is not precipitated. In the oxidation of cyclo-
hexane in the presence of copper stearate the rate of oxi-
dation falls rapidly in the course of the reaction; with the
introduction of fresh catalyst, the reaction again proceeds
rapidly, and then slows down* (Fig.13). Possibly, the
catalyst loses its activity by undergoing a change in the
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Fig. 13. Oxidation of cyclohexane at 110° with the introduc-
tion of St,Cu (0.75 mmole/litre) initially, and 1.0 mmole/litre
in the 60th minute: [30th minute ? (Ed. of Translation)]

1) cyclohexanol; 2) cyclohexanone; 3) cyclohexyl hydroper-

oxide.
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Fig. 14. Change of the rate of oxidation of
n-decane at 140° in the course of the oxida-
tion; 1) without catalyst; 2) with0.3mole%
StzCO.

chain initiation process itself, for example by reaction with
a hydroperoxide. The activity of copper stearate also de-
creases rapidly in the catalysed decomposition of ethyl-
benzene hydroperoxide®®,

The presence of an initial macroscopic stage is shown in
the oxidation kinetics by the initial rapid increase in the
rate of oxidation, which reaches a maximum and then
rapidly falls (Fig.14). The decreased rate in later stages
of the reaction is due to precipitation of the catalyst. At
the commencement of the reactjon the catalyst takes an
active part in the initiation of chains, and, as hydroper-
oxides and other oxidation products accumulate, the rate
of chain initiation by the catalyst grows. The appearance
of products which cause precipitation of the catalyst or re-
duce its activity because of the formation of complexes,
decreases the role of the catalyst in the initiation of chains.
This naturally affects the rate of oxidation. The reasonfor
the catalysed oxidation cccurring in stages can be explained
only in very general terms. Further and more detailed
study of these phenomena is necessary, in particular, the
development of methods for preventing the deactivation of
the catalysts in the course of the oxidation.

CONTROLLING FUNCTION OF THE CATALYST
IN OXIDATION REACTIONS

The role of the catalyst in an oxidation reaction is con-
fined, in many cases,to its participation in the initiation and
breaking of chains. Often, however, the catalysts affect
not only the rate, but also the composition of the products
of the oxidation, i.e. they have a controlling function. The
direct influence of the catalyst on the composition of the
oxidation products is seen in the catalysed oxidation of
cyciohexane. The main intermediate oxidation products
in the oxidation of cyclohexane are cyclohexanone andcyclo-
hexanol. In the absence of catalyst the ketone forms in
about twice the quantity of the alcohol; in the presence of
cobalt stearate the amount of the alcohol is about 1.5 times
that of the ketone!®,!,

The controlling action of the catalyst is not connected
with its initiating capacity, as is shown by comparing the
oxidation of cyclohexane in the presence of cobalt stearate
and cobalt adipate (Fig.15). The latter is poorly soluble in
cyclohexane and does not accelerate the oxidation, but both
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Fig.15. Kinetic curves for the accumulation of 1) cyclo-
hexanol, 2) cyclohexanone, and 3) cyclohexyl hydroper-

oxide in the oxidation of cyclohexane in the presence of
0.06 mole% St,Co (upper figure) and 0.055 mole% of cobalt
adipate (lower figure).

catalysts provide the alcohol :ketone ratio characteristic of
the catalysed oxidation. If the catalyst is removed from
the cyclohexane, this ratio rapidly changes and becomes
that for the uncatalysed reaction.

The controlling action of the catalyst has been observed
in the oxidation of paraffin with a manganese catalystS?,

In the catalysed oxidation of cyclohexane the alcohol and
ketone are formed and react by a chain mechanism?®. The
relative proportions of the products are completely deter-
mined by the chain-propagation reactions and are independent
of the initiation and breaking of chains. This proportion can
only be altered by acting upon the chain-propagation re-
actions; consequently, the influence of the catalyst on the
composition of the products of the chain reaction must be
the result of its participation in the chain-propagation re-
action. In this connection, the following feature of the re-
action is interesting. The addition of cobaltous stearate to
cyclohexane at 100° slows down the formation of the ketone
and the alcohol; at 120° the catalyst is immediately con-
verted into the +3-state and both products simultaneously
accumulate in the reaction. At 110° the catalyst is only
partially converted into the +3-form, and the remaining
cobalt(II) slows down the formation of the ketone, but not of
the alcohol*! (Fig.16). Analogous effects are found in the
oxidation of cyclohexane with manganese stearate, where
the alcohol begins to form much earlier than the ketone
(Fig.17).2* This indicates that in the presence of acatalyst,
the alcohol and ketone are formed by two parallel indepen-
dent routes. In the uncatalysed oxidation, they are formed
according to the scheme®8,8° .
alcohol
hydrocarbon — RO, — hydroperoxide / { N acids .

\ ketone

The catalyst apparently changes the rcutes of formation of
these products, since this scheme cannot explain why the
catalyst slows down the formation of the ketone, but not of
the alcohol.

Experiments on the oxidation of cyclohexane with iron
and nickel stearates have shown that at the start of the re-
action there is parallel formation of the hydropercxide,
alcohol, and ketone!? (Fig.18). This indicates the conver-
sion of part of the peroxide radicals, in the presence of the
catalyst, into the alcohol and ketone, without passing through
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Fig.16. Kinetic curves for the accumulation of cyclo-
hexanone (A) and cyclohexanol (B) at the commencement of
the oxidation of cyclohexane inthe presence of 0.017 mole%
St;Co at: 1) 100°; 2) 110°% 3) 121°,
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Fig.17. Kinetic curves for the formation of 1) the alcohol
and 2) the ketone in the oxidation of cyclohexane in the
presence of 0.004 mole% St;Mn, and similarly 3) and 4) in
the presence of 0.017 mole% St,Mn, at 110°.
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Fig.18. Kinetic curves for the formation of 1) cyclo-
hexanol, 2)cyclohexyl hydroperoxide, and 3) cyclohexanone
at the commencement of oxidation of cyclohexane at 110° in
the presence of 0.018 mole% StzFe.

the stage of hydroperoxide formation, i.e. it indicates that
the catalyst participates in the chain-propagation reaction.
To substantiate this conclusion, consider the two mechan-
isms for the chain oxidation of the hydrocarbon. Consider
first the oxidation through hydroperoxide formation. Let
the hydrocarbon be completely converted in the oxidation to
hydroperoxide, at a rate 2,[RH|z, and let the hydroperoxide
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be converted by a chain mechanism to product P at a rate
k,JROOH|n. I the chains are initiated at a constant rate
w,, then with quadratic chain termination n = vw,/2k,, and
the rates of accumulation of ROOH and P are

4IROOH] __ (k, (RH) — &, [ROOH]) /%0

491 g Room 5

On introduction of the notation

__ _[ROOH] _ ks [RH]
™ ——[ROOH]M‘“ f [ROOH]mux _k‘ ,
Tw, P]
t=ky7/ 2 [ROOH]max 9= —ed .
“V 2k,1[ Im = IROOHI o,

the equations take the form

m=1—eT, 7):':«}—6“"*1‘

At the start of the reaction ﬂ' =1 and @ =0,
dar ar

The change of 7 and n with time is shown in Fig.19,
where it is seen that at the start of the reaction 7 (curve 1)
increases linearly, and n autocatalytically (curve 2).

hence

Consider now the second mechanism, assuming part of
the peroxide radicals to be converted by reaction with the
catalyst M into product P and radical X, which can continue
the chain. To a first approximation, it can be assumed,
as before, that all the radicals combine quadratically at a
rate 2kgn?. Here the product P will form as a result of
two reactions:

ROOH +- RO, -(or X-), andRO, - 4- M (7)

at a rate

L, [ROOH] 1 - ; [M] [RO, ]

or in dimensionless variables

where
kykz [M] [RH]

k4 (ROOH] gy (ks [M] -1 £, [RH])

R} relates to the reaction X+ + RH —

he=(a-+ 1)+ e —1.

At sufficiently high values of a the kinetic curves for n
are in this case similar to those of 7 (Fig.19). Comparison
of Figs.18 and 19 shows the good agreement between the
calculated and the experimental data. A similar situation
is observed in experiments on the oxidation of cyclohexane
in the presence of nickel and cadmium stearates (Table 6).

The participation of the catalyst in the chain-propagation
reaction can be considered either as a reaction between a
radical and the catalyst, forming a molecular product and a
new radical, or as the formation of a complex between the
chtalyst and a free radical, the complex being active in the
chain propagation reaction. Recent.studies”™ ™ indicate the
formation of complexes between free radicals or atoms and
molecules, for instance aromatic hydrocarbons. Similar

Fig.19. Curves of 7 and 7 as functions of 7 calculated
from the formulae: 1) 7= 1-¢77; 2) n=717+e"T-1;
3)n=321+e T-1;, 4)qn=27+eT-1; 5) =37+

+e T -1
TABLE 6. Initial rates of accumulation of
peroxide, alcohol, and ketone in
the oxidation of cyclohexaneat 110°
(v = URoOH * Valedhdl + Vketone)
) v v,
Catalyst Conen. RO”OH X 1009, ﬂ|Czh°_| xm%,_l“:’"’ X100%
StyFe 0.018 29 55 16
StoNi 0.024% 32 34 34
StoCd 0.011 55 28 17

/
N N T 1,/f1.- R

H 1 —
40 80 120 160 200 240 280 320 360.min

Fig.20. Kinetics of the accumulation of hydroperoxide in
the oxidation of n-decane at 140°: 1) without a catalyst;

2) with 0.3 mole% StyCo; 3) with removal of the catalyst
from the reaction zone (time of removal arrowed).

complexes may be formed between peroxide radicals and
cations of metal salts; such complexes might gradually de-
compose or react with the hydrocarbon to form the alcohol
or ketone. If the catalysts participate in the chain propa-
gation reaction as suggested, the catalysts must influence
the rate of chain propagation; in principle, this can be
established by the intermittent-illumination methcd’s.

The suggested participation of the catalyst in chain
propagation can explain the effect of the catalyst concentra-
tion on the maximum concentration of hydroperoxide and the
maximum rate of reaction. It has frequently been observed
that as the catalyst concentration is increased, the maxi-
mum concentration of hydroperoxide decreases, while the
maximum reaction velocity increases. The catalyst causes
the diminished hydroperoxide concentration, since its re-
moval from the reaction zone produces a rapid increase in
hydroperoxide concentration®® (Fig.20).
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These two simple facts are incorrectly explained in a
number of proposed mechanisms. The following mechan-
ism for the oxidation, for instance, is widely quoted:

ROOH — RO + -OH, 1)

R- + 0, —~ RO;, RO, + RH— ROOH + R*, (2)
ROOH + M —M"* + OH- + RO-, (3)
2RO;— mol. products. 6)

According to this mechanism, the maximum hydroperoxide
concentration decreases with increased catalyst concentra-
tion:

(4IROOHInax _ _ , (RH] (RO, | — (ks IM]+k:) [ROOH] =0 .
dt
#2 [RH]?

(ks + k3 [M]) [ROOH] -_
— o 2 (kg [M] - k1)

S1/2
J . [ROOH] g =
2k

[RO; 1= [

However, the maximum rate of oxidation is independent of
the catalyst concentration:
ARGIE

2ke

Umax k:[RH] [ROZ 1=

When the maximum hydroperoxide concentration is
reached, the process changes from a chain reaction to a
radical reaction:

o [RHY [ROL‘ 1= (k4 by [M){ROOH].

Such a mechanism is justified in some cases, e.g. in the
oxidation of tetralin in acetic acid solution'?. It does not,
however, take into account the reaction between free radi-
cals and the hydroperoxide, i.e. the chain decomposition of
the hydroperoxide; let us consider therefore a mechanism
which allows for this:

ROOH — RO- + *OH,
R- + O, — RO;, RO; + RH — ROOH + R-,
ROOH + M — M* + OH- + RO,
ROOH + RO; —» P + R', 4)
2R0O; — mol. products. (6)

If the chain decomposition of the hydroperoxide predomi-
nates, then

@
@)
®)

d{ROOH|max

— — (ks [RH] — &, [ROOH) 71 = 0, [ROOH]pax = :— (RH],

:ll/z

This mechanism explains the growth of v with increase
of [M], but is inconsistent with the dependence of [ROOH |y
on [M].

Good agreement between experiment and calculation is
obtained if the catalyst is assumed to take part in the chain
propagation by the reaction given above with the additional
step

ky [RH] (kg 4 ks [M])
Ukegk

max

Umex = by [RH] 1 = ks [RH] [

RO; + M— X"+ P. Q)

Let us denote the velocity constant of the reaction be-
tween RH and X by &4} and assume that the rate of second-
-order chain breaking is independent of the type of chain.
The concentrations of RO; and X- in the reaction are in
kinetic equilibrium:

k; [RH|[X"| = &;[M|[RO;]

660

hence we find:
ky[RH] n

RO, = ——v—,
ky [RH] + &2[M]

2 n=[RO;]+[X"].
The rate of accumulation of hydroperoxide in this reaction
is

koky [RH]®

- — k3 {[ROOH] )n,
kLIRH] + ks [M]

‘?LR%@E =k, [RH] [RO;-] — k; [ROOH] n = (
t

hence
ket [RH]?

[ROOH]may = —— 220770
kg (k7 [M] + £, [RH])

and decreases with increase of [M].

The maximum rate of oxidation at small values of [M]
increases with catalyst concentration, but the reaction re-
mains a chain one all the time:

Omax = (£ [RO; | + ks [X-]) [RH] == &} [RHJ? L2 [RHL =8 [M] -
£} [RH] + k7 [M]

(b1 + kg [MD ko, _
2kak, (ky [RH] + &7 [M])

~RKRHP Y/ Bl
2kgke (ke [RH] + k2 [M])

Another reaction mechanism is also possible to explain
the decrease in [ROOH |rax and the increase in vmax as the
catalyst concentration is increased. Assume that the
hydroperoxide decomposes under the action of the catalyst
by two routes: (i) without the formation of free radicals,
and (i7) with the formation of free radicals, all the peroxide
radicals being converted into hydroperoxide:

ROOH — RO- + -OH, 1)
R- + 0, RO; RO, + RH — ROOH + R, @
(
(

(when ky = kyond By [M] 3 k).

~

ROOH + M — PO- + M + *OH, 3
ROOH + M — mol. products, 5
2RO, — mol. products. (6)

~ o~

According to this mechanism,

B2 IRHE (ky -+ by [M 12k [RH]?
(ROOH|pgy - /R b IND Gk [RHE
Dy [k = (g k) [M]]E 2ke (kg ke)? [M)
Ky [RH® (y + ks [M]) K2y [RH]2
Umax =5 — : ‘ _ -
2k, (kg 4 (ks ks) [M]} Dy (fog + k)

All the data obtained up to the present indicate a complex
and multiple action of salt catalysts in an oxidation reaction.
The catalysts react with oxidation products such as hydro-
peroxides and aldehydes to form free radicals. Moreover,
some catalysts react with the free radicals and so break the
chains; under certain conditions, such catalysts act as
oxidation inhibitors. Furthermore, salt catalysts partici-
pate in chain-propagation reactions, and affect the composi-
tion of the resulting oxidation products. The catalysts
undergo complex physicochemical modifications in the course
of the oxidation. The final products of the reaction, par-
ticularly acids, precipitate the catalyst, and the reaction
then proceeds with only very slight participation of the
catalyst.

It is extremely important, however, that in spite of the
great complexity of the catalysed oxidation of hydrocarWons,
there is already sufficient understanding of a number of the
phenomena involved to enable various problems in the con-
trol of the oxidation process to be recognised and solved.
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Further study will undoubtedly lead to the establishment of
a detailed mechanism, and to the explanation of the many
singular features of catalysis by salts of metals of variable

oxidation state.

These studies will enable precise methods

of controlled oxidation to be achieved in practice, based on
the knowledge of the elementary processes involved in the
catalysed oxidation of hydrocarbons and other organic sub-
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INTRODUCTION
The term polyphenyls is used for compounds whose

molecules consist of a chain of substituted or unsubstituted
phenyl and phenylene units.

AL D

n

662

Each inner, phenylene, link of the molecule carries two
aromatic residues in the o7tho-, meta-, or para-position
to one another; hence the existence of ortho-, meta-, and
para-polyphenyls as well as mixed ones. The nomencla-
ture is based on the use of latin numerical prefixes to give
the number of aromatic nuclei in the molecule (e.g. ter-
phenyl, quaterphenyl), the type of the polyphenyl also being
indicated. The carbon atoms in each ring are numbered
from the one linked tothe preceding nucleus. In the "leading"
phenyl radical the numbering starts either at the carbon
linked to another nucleus or the one in the para -position to
it. In the former case the rings are designated byprimes,
the position of the substituent being indicated by numerals.
In the latter case the numeral denotes the ring containing
the substituent and the numerical superscript the position
of the substituent in the ring. Both methods are illustrated
below:

1.
Hj CHs CH,

S5 ST
G e [
2% 2%, 3’ -trimethyl-p-quinquiphenyl
2.
CHy CHs CH;
23, 43 «trimethyl-p~quinquiphenvl
The second method is more convenient for compounds with
a large number of rings'.

Mixed polyphenyls are named by taking a part of the
polycyclic chain with the same relative positions of the
units and considering it as the main one, e.g.

3-phenyl-3°*" - m -biphenylyl-2-quarterphenyl

We suggest an extension of the numeral method to
mixed polyphenyls in the following way 1 :

1*, 6*-dimethylseptiphenyl®»*1?»*s?

the superscript numerals following the name indicating the
points of attachment of subsequent rings, starting from the

second one.

The interaction of non-condensed aromatic rings gives
rise to a characteristic electronic structure of the poly-
phenyl chain and gives these compounds their specific pro-
perties which justify their classification as a separate group
of compounds. Biphenyl is the first representative of the
group of linear aromatic polycyclic hydrocarbons, just as
the fused-ring analogue, naphthalene, is the first member
of condensed aromatic hydrocarbons.

1 The nomenclature based on the use of primes which has been
more widely employed is adhered to in this review.



