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Abstract - The understanding of the oxidation reaction mechanism
of hydrocarbons, particularly the reaction initiation step, can

be achieved in a model system. In a hydroperoxide-free hydrocarbon
the oxidation reaction is initiated as the result of metal complex-
~hydrocarbon or metal complex - oxygen - hydrocarbon interaction.
The reactivity of intermediate complex strongly depends on solvent
properties.

INTRODUCTION

The understanding of the oxidation reaction mechanism of hydrocarbons is
essential both in problems of selective transformation to the required
products and in problems of the resistance of organic materials (polymers)
containing the C-H and C-C bonds accessible to the action of molecular
oxygen or oxidizers as well as of other factors, such as temperature, pre-
ssure, trace amounts of metal ions and solvents of various polar and donor-
-acceptor properties.

The present state of knowledge makes possible satisfactory explanation of
the hydrocarbon oxidation reaction mechanism catalyzed by transition metal
ions in liquid phase. This mechanism is usually treated as a free-radical
mechani sm, analogical to that describing the high-temperature uncatalyzed
oxidation reactions (Refs.1-5). The catalytic decomposition of hydropero-
xides is of essential importance in this mechanism (1,2):

M™ 4+ ROOH -~ (ROOH-----M™) —e 0" + M1 4 on~ (1)

M & ROOH —= (ROOH----M**')— n0Z + M** 4 gt (2)

2

The formation of intermediate complexes between the catalyst and hydropero-
xide which are decomposed later yielding free radicals, was confirmed by
both kinetic (Refs, 6-9) and spectroscopic (Refs. 10,11) methods.

A computer analysis of the model tetraline autooxidation reaction (Ref. 12)
performed by assuming a possibility for the formation of a catalyst-hydro~
peroxide intermediate complex led to the elucidation of several important
experimental facts, demonstrating thus the validity of the approved assum-
ption. Nevertheless, it should be noted that it is not sutficient to assume
only one mechanism for description of the initiation effect for the hydro-
carbon oxidation reaction, since this requires the presnce of hydroperoxides
in the hydrocarbon, Meanwhile it is well known that in some cases the reac-
tion is rapidly initiated also when the hydrocarbon is very throughly puri-
fied from hydroperoxides (Refs. 13,14) or, if hydroperoxide is not formed
during the autooxidation prxess (Refs. 15,17), or, if the catalyst does not
decompose the hydroperoxide (Refs. 18~21). Under such circumstances the
hydrocarbon oxidation reaction may be initiated by direct activation of the
parent substances ﬂhydrocarbon and/or molecular oxygen) by the transition
metal complex acting as a catalyst. Many authors noted this type of inter-
actions (Refs. 22-24), In the case of olefins one postulates a mechanism
based upon the activation of the hydrocarbon molecule by the metal complex
which facilitates the reaction with molecular oxygen leading to the forma-
tion of radical or molecular products (Refs. 25-28).

For the catalyst based upon the metal complexes of high oxidation potentials
a mechanism based upon splitting of the C-H bond, formation of the RH radi-
cal and reduced catalyst form was suggested. This mechanism is particularly
effective in the case of Co(III) and Mn(III) carboxylate complexes in highly
polar carboxylic acids, such as CF,COOH (Refs. 30,31). For the alkylaromatic
hydrocarbons the oxidation reactioﬂ is initiated as a result of % electron
transfer from the RH molecule to the catalyst (Rets. 32,33), leading to the
formation of the cationic radical “RH which, as a result of further rearran-
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gements, yields the 'R radical and H*. Such an activation mechani sm of' the
aromatic hydrocarbon molecules of various ionization potentials was sugges-
ted on the ground of spectroscopic studies (Ref.534) which demonstrated the
existence of the following equilib+'a (3):

KH + Co(III) —» Eppu-Co(III) ==f§ﬁ ----- Co(II)] — K+ U" + Co(II) (3)

(a) (v) ()

The formation of a charge-transfer complex (3b) depends on the hydrocarbon
ionization potential (IP_.) and may be found in the UV-VIS spectrum as a band
characteristic of a given hydrocarbon. If the oxidation potential of metal
~dion in the complex or the hydrocarbon ionization potential do not indicate
any possibility for the formation of a charge-~transfer complex, the hydro-
carbon oxidation reaction may be initiated by activation of the molecular
oxygen. The mechanism of such a process consists of at least two important
stages: i) activation of molecular oxygen by coordination to the metal
complex, ii) reaction between activated oxygen and the parent substance
(hydrocarbon). Typical examples of such reactions may be the autooxidation
reactions of styrene (Ref. 15), <« -methylstyrene (Ref.16), cumene (Ref.22),
cyclohexene (Ref.21) and ethylbenzene (Kef. 37) to their corresponding
hydroperoxides. However, activation of the molecular oxygen by the metal
complex is not always essential for the autooxidation process and is very
of ten masked by other reactions, above all, by the catalytic decomposition
reaction of hydroperoxide with the same metal complex involved. The genera-
tion of free radicals as a result of the catalytic hydroperoxide decomposi-
tion reaction (reactions 1,2) proceeds as a rule with much higher rates as
compared to the effects of a direct reaction between the hydrocarbon and
oxygen activated by the metal complex., This fact renders difficult investi-
gation of the catalytic systems activating the molecular oxygen and does
not allow to determine explicitly both the electron structure of the coordi-
nated oxygen and its part in the hydrocarbon oxidation reactions.

Attempts to elucidate the hydrocarbton oxidation mechanism undertai.en by many
authors indicate on one hand how complex is the process and, on the other
hand, how important is the investigation of elementary reactions involved
in the process and particularly of these reactions which are essential for
initiation of the oxidation process.
The low-temperature oxidation processes of hydrocarbons in the presence of
transition metal complexes, or, under conditions in which the formation of
hydroperoxides and their free-radical decomposition is not very probable,
are of particular interest. Such conditions correspond to actual conditions
under which the hydrocarbon or an organic compound in general (in the ggse-
ous og condensed phase), containing small quantities of metal ions (10 -
- 10 M) is exposed to oxygen (air). In order to apprehend the stability
and resistance to oxidation of certain organic compounds and unusual oxi-
dizability of other compounds it is necessary to elucidate the nature of
interactions appearing in such a systems. The nature of these interactions
could not always be considered in terms of one of the generally approved
concepts of the metal-oxygen, metal-hydroperoxide or metal-olefin bond and
quite frequently it requires taking into consideration much weaker inter-
actions, e.g. ion-ionic radical, ion-dipole, dipole-dipole and taking into
account the function of the solvent (for processes occurring in the liquid
phase)., The above mentioned relationships may be investigated only in model
systems, under suitable experimental conditions, such as: i) electron and
molecular structure of the catalyst, ii) reactant concentration and degree
of parent substance conversion, iii) type of solvent, iv) temperature,

In the real system which contains the hydrocarbon, oxygen and metal complex
compound (e.g. cobalt, manganese) the oxidation reaction and generation of
free radicals may be initiated according to one or more, or very often to
all the following reactions:

KH + 0, + Co(II) 1,1 (%
RH + Co(III) (5)
ROOH + Co(II)/Co(III) —f free radicals (6)
ROOH i,h

A RO €3]
RH + 0, I:i (7a)

Depending on the reaction conditions, the contributions of particular ini-
tiation mechanisms (4-7d) may differ considerably and their shares in the
overall initiation reaction rate R, (8) may be different.

. 1
Ri = Ri,1 + Ri,2 + Ri,3 + Ri,h + Ri,5 (8)
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The initiation rate affects the overall rate (R) of the hydrocarbon autooxi-
dation reaction (9):

: . -0.

R = R)"3 K [ru] ()03 (9
where: k_ - propagation reaction rate constant

k¥ - termination reaction rate constant
During tﬁe initial period of the oxidation process carried out under mild
conditions when the hydrocarbon is free from hydroperoxides, two formation
mechanisms of free radicals are possible (reactions 4,5), whose contribu-
tions are mainly determined by the electron structure of the catalyst. As
the hydroperoxide becomes accumulated, the contribution and rate of the
initiation reaction increase according to reactions (6) and (7) which might
limit the maximum oxidation reaction rate (R). The rate of the non-catalyzed
reaction between the hydrocarbon and molecular oxygen (7a) at low temperatu-
res is very low in comparison to the rates of other initiation reactions
(4-7) and its contribution to the overall initiation rate may be neglected.

EFFECT OF THE CATALYST ELECTRON STRUCTURE ON THE INITIATION OXIDATION
REACTION OF HYDROCARBONS

The effect of the metal complex electron structure on the initiation reac-
tion rate will be discussed on the ground of two model systems:
1) homogeneous oxidation reaction of cyclohexene by oxygen with
Co(octanoate),, Co(acac),, (Cosalen)z(OH)(OC H9) and [Co(OAc)(OCHB)z_Jx
(Refs. 40,41)%as catalys%s in variou$ solvents’(S), and
2) catalytic oxidation reaction of the oleate ligand in Co(oleate)2~2H (o]

. . 2
by oxygen at room temperature in the solid phase.

Catalytic oxidation reaction of cyclohexene
Studies of the model system

00H OH  Q
+0. Colll/Colil; S 20-45°C @ @@
2 p02100—620mmHg

where Co(II)-Co(octanocate),; Co(acac)z; Co(III)-(Cosalen), (OH)(OC H_ );
[Co(OAc)(OCH )2] ; S - solVent: PhNO,; PhF, PhCl, PhBr, PROCH,, Pﬁo h and
PhH and cyclghexgne made it possible” to elucidate the effect gf the cobalt
catalyst electron structure, oxygen concentration and solvent structure

on the oxidation reaction rate during the induction period (R, ) and on the
maximum oxidation reaction rate (R ) after the induction period. The reac-
tion was carried out in the equipmgﬁ¥ provided with an automatic oxygen
feeding rate recorder (in 0.05 cc portions) at constant pressure accurate

to £ 0.3 mm Hg (Ref. 42). The reactant cgncentration variation range was:
cyclohexene 1-8 M, cobalt compound 1x10™° - 4x10=5 M (Ref. 43) in order to
eliminate the effect of the limiting reaction rate and reaction inhibition
Ly the catalyst, The data summarized in Table 1 indicate that the catalysts
applied do not, in fact, participate in the termination reactions.

TABLE 1. Oxidation reaction rate for cyclohexene (4.94 M) in benzene
at 45°C initiated by the cobalt catalyst (Rcat)7AIBN (RAIBN) and by
a mixture of the catalyst and AIBN (Rcat ATBN

?

Catalyst Cyclohexene oxidatlgﬁazgactlon rate
' IBN
Reat (iol 1-1 g1y Neat,AIBN
Co(octanoate)2 14.5 7.0 171
(Cosalen)z(OH)(OCéﬂg) 6.1 6.9 9.2
Co(octandate) | - 3.7x107OM; (Cosalen), (0H)(0C H, )] - 2.7x1077M;
21 2 679

[ATBN]- 9.76x1072 M
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The effect of partial oxygen pressure on the initiation rate of the oxida-
tion reaction of cyclohexene catalyzed by various cobalt complexes is
illustrated in Table 2.

TABLE 2., Effect of the catalyst electron structure and partial

oxygen pressure(P,) on the induction period and maximum rate (R %)
of the cyclohexene oxidation reaction (4.94 M) at 30°C ma.
. P Induction R
Catalyst 02 period m?f 5 solvent
[mm Hg] [min ] [M s ]10
- 620 720 - benzene
Co(octanoate)2 620 15.5 2.80
4.,0) 100 28.5 2.76 "
Co(acac)2 610 8.5 4,25 "
(5.8) 125 12.0 3.70 "
Co salen 625 600 - nitrobenzene
(3.2)
(Cosalen) 2 620 600 - "
(3.5)
(Cosalen)(3.2)+ 620 48.0 1.12 "

+ ROOH (8.5)

(Cosalen)z(OH)(OR) 615 72.0 0.72 benzene
(2.85) 120 70.0 0.7k -
[co(oac) (ocn,), ], 625 6.0 4.50 acetic
(1.8) 110 6.2 b.52 acid

N

R = C6H9; concentrations in brackets [M]x 10

The Co(II) complexes Co(octanoate), and Co(acac), of a a’ electron configu-
ration exhibit an increase in cataiytic activity with the increasing partial
oxygen pressure which is manifested by shorter induction periods. This is
evidence of a considerable contribution of the Co(IL) - molecular oxygen
interaction in the initiation of the oxidation reaction during the induction
period (reaction 4). For (Cosalen) and its oxidized modification (Cosalen)~202
the induction period is very long (more than 600 min ) which may be explaiZ
ned as due to irreversibility of the oxygen bonding process (Cosalen), i.e.
elimination of the catalyst from the reacting system. The inert salen comp-
1ex may be activated by adding small amounts of cyclohexene hydroperoxide

H OOH) which leads to the formation of the actlve form
(co(fll) saleu),(OH)(0CgH,).

The Co(III) complexes of a d6 electron configuration (Losalen) (OH)(OC6H9)
and [Co(OAc)(OCHB) 1, initiate very effectively the oxidation r€action
although they do notxexhlblt any changes in catalytic activities at various
partial oxygen pressures. This leads to a conclusion that for the Co(III)
complexes the oxidation reaction is initiated as a result of the Co(III)-RH
interaction according to the scheme (3).

Effect of partial oxygen pressure

The induction period of the cyclohexene oxidation reaction catalyzed by the
Co(II) complexes depends to a high degree on partial oxygen pressure

(Table 2) which indicates that in the initial oxidation period reaction (4)
is predominant. Taking into account equations (8) and (9) one can assume
that during the induction period and a very low degree of hydrocarbon con-
version (below O, 02% M) the contribution of other reactions is insignifie-
cant and constant for a given system (10).

R, 1 > Ry ,2 + ’3 + Ry ot i 5 (10)

Under such circumstances the oxidatlon reaction rate during the induction
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period (R d) and for a very low degree of conversion will depend mainly
on the ra%g of trimolecular initiation reaction (4) and may be expressed
by equation (11): '

-0. 0.
RoF R [RE](K,) 5 (k, [rRu][0,][co(xr)] + c}°°3 (11)
where: C - constan§ determining the contribution of the initiation reaction
(4). The plot of R = £(Pp, ) shown in Fig. 1 is not exactly rectilinear
and the curve does not intersect the origin of co-ordinate axes. This is

indicative of other reactions participating in initiation of the oxidation
process in which the molecular oxygen is not involved directly.

5 L
= -
N‘; “r
o
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=
~E2b 9
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0 200 400 600
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Fig. 1. Effect of partial oxygen pressure on the oxidation reaction
rate for cyclohexene (4.94 M) during the induction period (for
0.,02% M degree of conversion). The reactions yere carried out at
30°C in benzene with Co(octanoate)2 - 3.8x107 M as catalyst.

Effect of solvent
The effect of solvent on the rate of oxidation reaction taking place in so-
lution may be described by the following general relationship:

KT In k™ = f (e,/Ai, ajr i, ri) +Z)Di + const, (12)
where: k and T are the Boltzmann constant and temperature, respectively,

k’ is the reaction rate constant in a given solvent. The first term of the
relationship (12) describes the unspecific contribution of solvation inter-
actions whose magnitudes depend on the dielectric constant of a solvent €
and also on the dipole moments ¢, quadrupole moments q, polarizability oc
and molecular radii r of the reacting molecules and intermediate complex.
On the other hand, the second term describes the contribution of specific
interactions consisting in the formation of complexes with the hydrogen
bonds or EDA complexes., Sometimes, particularly for the reactions of non-
-polar reactants and intermediate complex, one should also consider the
effect of internal solvent pressure (Ref. 47). The formation of complexes
with the hydrogen bonds in aprotic solvents may be neglected. Then the
expressiornE:S?. in equation (12) may be interpreted as a sum of energies
between the ddiior solvent molecules and reactants as well as the interme-
diate complex. The effect of the solvent dielectric constant on the auto-
oxidation reaction rate of hydrocarbons (without catalysts) was investiga-
ted by several authors (Refs. 44-46). These studies demonstrated that both
the autooxidation reaction rate (R) and constant k_(2k )‘0-5 increase with
the increasing € of the solvent. This applies pargicufarly to solvents of
high dielectric constants in which polar structure of the intermediate
complex may contribute considerably to the chain prolongation reaction (13).
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Variatins of the reaction rate in particular solvent are evegolgrger,than
it might result from relatively small changes of the k (2kt) °“ constant.
The values of the k_(2k,)~Y+J2 constants in particular golvents were deter-
mined by the Ingoldpmetﬁod (Ref . 48) using AIBN as initiator and f -naphtol
as inhibitor, taking advantage of extrapolation of the relationship

log k_(2k )'6'5 = £(1/T) down to 30°C. For instance, for the Co(ocganoate)2
catalyst in nitrobenzene and cyclohexane is 48.5 and 16.0x10"° M
respectiveT%f whereas the k_(2k )'0'5 gonstants differ to a lesser extent
and are 4.3 and 2.65x10"3 M -0.5" 4-0. respectively, This effect may be
explained as due to an increase in the initiation reaction rate in polar
solvents as indicated by an increase in R/k (2kt)’0'5, progortional to the
initiation reaction rate (R, )9:5. The value® of ‘R/k (2kt)' *3 are given in
brackets. . P

The results summarized in Tables 3 and 4 indicate that polar structures in
the intermediate complexes are very essential for initiation of the oxida-
tion process according to mechanisms (5) and (6):

o) ]
RH , Co(II) R

RH + Co(III) —= 3 —12 o R+ H' + Co(II) (14)
R, HY, co(II)
— —
ROOH +----Co(II)

ROOH + Co(II) —mm Rig o RO + Co(III)OH (15)
| KO’ OH™, Co(III)] ‘

On the other hand, in the case of Co(octanoate), the effect of solvent on
the reaction rate during the induction period (ﬁ. d) is positively different.
1In solvents ot higher dielectric constants both tHE rate in the induction
period (R, d) and the value of (R, d)/k (2k,)-0:5 are lower than their cor-
respondinén values in solvents oflfowerpdiefectric constants, for instance
in nitrobenzene and benzene. This is indicative of a different reaction
initiation mechanism during the induction period, This effect may be explai-
ned as due to stronger solvation of the parent substances by the polar
solvent than solvation of the intermediate complex in the initiation reac-
tion (16).

RH-*---03-----Co(II)
3 " .
RH + 0, + Co(II) — t —Ll gy HO3 + Co(II) (16)

2

For the solvents of low and similar dielectric constants € and dipole mo-
ments A+ one could find out the contribution of specific solvent interac-
tions (second term of equation 12). This effect results from electron donor
properties of the solvent (whose measure is the ionization potential I_)

and from the free-radical nature of the initiation reaction. This is eviden-
ced by substantial differences between the relationship of the reaction
rate R and also the values of R k_(2k, )-0.5 versus the ionization po-
tential3*of the solvent and that £0&%a For Ehe kp(2kt)- 5 constants.

R, HOS, Co(II)

Catalytic oxidation reaction of ligand in Co(oleate),

Co(II) oleate may be considered a model compound for“investigating interac—
tions in the Co(II) - olefin ~ oxygen system (reaction 4) in solid phase.
The olefin fragment in the CH -(CHz) CH:CH—(CHz) CO0~ ligand causes that
within the Co(II)(oleate), moleculé under oxygen7favourable conditions for
the formation of a ternary intermediate complex may be created (Fig. 2).

The Co(II) ion in Co(oleate) *ni,0, (n €4) has its ligand environment typi-
cal of the homogeneous oxidation"catalyst. The reaction between Co(II)oleate
and oxygen is fairly slow in the solid phase which makes possible following
of particular reaction stages and particularly the initiation reaction.
However, this process is very complex as indicated by changes in weight of
the sample during reaction with oxygen (Fig. 3). Co(oleate)z’BH 0 prepared
under argon is stable but under oxygen it reacts without any induction pe-
riod. This reaction is accompanied by changes in the electron spectrum

(in CHC1, or in Nujol) indicating a change in the ligand field symmetry from
octahedrzl to tetrahedral (Table 5). At the same time a new band appears

at about 36800 cm'1, which may be assigned to the [Co(II)-02] charge-~transfer
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transition in the intermediate complex EJo-Oz-RH].
0

Vi
C/—+CH2‘)6—C<
! 0 —Collll/fp

~ I /|0
~Colll) ll

/ I \(|)\ ,’c

: \\C// \H

H \(CH2+,;-CH3

Fig. 2. Proposal structure of ternary intermediate complex
[co(x1 )---05----0leate]

30

[ gmole™]

20

Am

10

50 150 250

t/h

Fig. 3. Changes in weight of Co(II) oleate during reaction with
oxygen

This band disap?ears af ter more than ten hours and a new band appears at
about 16000 om ' which is typical of Co(III) in the octahedral oxygen ligand
environment. It is highly probable that a [Co (III)Co(II)O(oleate)éj complex
is formed as one of the stable forms of the active intermediate complex.

'H nmr studies of Co(oleate)2'2H 0 before the reaction and after 48 hours

of reacting with oxygen suggeést %hat an olefin (allyl) group participates
in the active complex. This is indicated by a change in the band intensity
ratio for the olefin (5.24 ppm) and methyl (0.86 ppm) protons after 48 h
reaction from 0.63 to 0,012, These data suggest that the reaction is ini-
tiated as a result of synergetic interaction of oxygen with the olefin
group and the Co(II) ion without participation of the hydroperoxide and its
decomposition products. In the later period this reaction is very complex,
mainly because it involves the intermediates of the oleinic ligand oxidation
process, formation of the carbon chain degradation products and polymeric
products (Table 6). This process is known and utilized in autooxidative
polymerisation and drying of paints (38).
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