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Based on the experimental results obtained studying the oxidative decarboxylation of cyclohexane monocarboxyl-
ic acid and published earlier, a mechanism is suggested, according to which in the thermal oxidation two main
chain carrier radicals exist: tertiary and secondary peroxy radicals yielding cyclohexanone as well as hydroxy and
keto acids in parallel reaction sequences. Carbon dioxide is formed in both pathways independently.

The corresponding hydroperoxide molecules, formed during oxidation, decompose partly into radicals and
partly into molecules resulting in degenerate branching and chemiluminescence phenomena, respectively. The rate
determining termination is the cross combination process between secondary and tertiary peroxy radicals.

The combinatorial generation of the mechanism of the thermal process and its reduction enabled the construc-
tion of the sequence network of the formation of products indicating that the primary attack of the hydrogen

abstraction (secondary or tertiary) determines the product distribution.

Introduction

In Part I [1] we have summarized results on the oxidative
decarboxylation of cyclohexane monocarboxylic acid car-
ried out in the absence of catalyst. The practical purpose of
the studies was the possibly enhanced production of cyclo-
hexanone.

According to the kinetic approach, it has been established
that under the experimental conditions applied, the overall
process corresponds to a degenerate chain branching reac-
tion. Based on GCMS measurements, the accumulation of
the various products vs. time has been determined at dif-
ferent temperatures, while chemiluminescence results indi-
cated the pathways of the formation of cyclohexanone.

The kinetic treatment of the experimental data yielded the
rates of the primary initiation, the rates of the secondary in-
itiation and the rates of the consumption of one of the pri-
mary products, cyclohexanone, vs. conversion.

Furthermore, the rate constant of the main chain propa-
gation process of the simultaneous formation of cyclohex-
anone and carbon dioxide has been calculated together with
the temperature dependence of the above parameter. In ad-
dition, it has been established that with respect to the for-
mation of CO,, at least two pathways exist: one results in
the accumulation of cyclohexanone, while the other omits
this route.

In the present paper, based on these data [1] and
literature evidence [2 — 5} in compiling and handling the cor-
responding set of elementary processes, a detailed mecha-
nism is assumed describing the experimental observations
for the early stages of the overall process.

1. Mechanism of the Oxidative Decarboxylation
of Cyclohexane Monocarboxylic Acid
in the Initial Period of the Overall Process

Primary Initiation

In contrast to earlier assumptions [6] initiation does not
take place by hydrogen abstraction from the carboxyl
group, but by the attack of oxygen on the tertiary a-
hydrogen. This is supported by the lack of the formation of
cyclohexyl hydroperoxide among the products [1]:
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Chain Propagations I. (Oxidation of the Substrate)
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The H-abstraction from the carboxyl group is neglected
also in step (3) for the same reason as in reaction (1). Less
selective radicals (e.g. *OH or alkoxy radicals, RO*) formed
in the overall reaction, as shown later, can attack easily also
secondary hydrogen atoms:
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or OCOOH(B) (42)

(4b)

Because of the small differences in the strength of B, v, &
C—H bonds, these types of attack are not distinguishable
kinetically and further on notation P refers also for vy, &
hydrogen abstraction. Processes (4a and 4b) are followed by
processes (2) and (3) or (5) and (6):
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Radicals HO; formed in process (1) attack also the tertiary
hydrogen atom of the substrate:

ke
HO, + QCOOH . H,0,+ OLCOOH(Q)
(67

It has been assumed [1] that k}, =&k, where 1<¢; <4,
while processes (6) and (6’) have closely identical rate
constants, that is kg ~ k, [7].

Beside process (3), tertiary peroxy radicals undergo also
isomerization:
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Thus, according to process (7), cyclohexanone is formed in
a chain propagation supported by its amounts accumulated
during the oxidation [1]. Namely, if we would assume that
it is formed in a radical-radical interaction, which is highly
unlikely as it will be seen later, its rate of accumulation
would be essentially less than measured.

Chain Propagations II.
(Oxidation of the Intermediate Cyclohexanone)

The oxidation of cyclohexanone has been reviewed in
detail in the literature [8 — 10). Therefore, here only those
steps are referred to, which affect essentially the kinetics
and product distribution of the overall oxidative decarbox-
ylation. Among such reactions, the main chain propaga-
tions of the consumption of cyclohexanone are shown. Ac-
cordingly, two types of main chain propagations have been
suggested: hydrogen abstraction from and addition of
peroxy radicals to cyclohexanone:
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. OOH
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followed by
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Instead of hydrogen abstraction given by (8), both a and f3
peroxy radicals (RO3) of the substrate or HO3 radicals may
form an adduct with cyclohexanone:

O: O+RO5(a,p) or HO3

OOR(a,B) OOH

—_><:>ZO' or <___>ZO' (10)
followed by:
OOR(a, B) OOH
OFF P O
O
_— C//LO—FRO'(O!,B) or ‘OH (1)

At low conversions the role of the keto-peroxy radicals,
formed in (9), as main chain carriers can be neglected.

Secondary Initiation or Degenerate Branching

In liquid phase oxidation, as a rule, the decomposition of
hydroperoxide molecules results in secondary initiation

[11}]:
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OZ COOH(a) or

OH

0]

C;COOH(B) —— "OH+RO'(a,B) (12)
However, according to our chemiluminescence measure-
ments excited triplet cyclohexanone has been formed in a
molecular process [1] and not in radical-radical interactions
as expected. Therefore it has to be assumed that the a-
hydroperoxide molecules undergo also the following pro-
cess beside (12) which does not lead to branching:

OOH

QZ COOH (0) —— H,0+C0,+{ =0

Thermochemically process (12a) can lead to triplet ketone
molecules resulting in chemiluminescence.

(12a)

Radical-radical interactions and termination

Since in the autoxidation the RO; radicals are the main
chain carriers and all other radicals (hydroxyl, alkoxy, etc.)
are transformed into the former ones, only the interactions
of peroxy radicals should be considered.

It is widely accepted, that tertiary peroxy radicals do not
undergo Russell-type termination [12,13], but form oxy
radicals and consequently lead to chain propagation:

00"’ o
2 OZCOOH(a) —— 2 (Y coon+0,

The a-oxy radicals react according to (4b) yielding hy-
droxy-cyclohexane monocarboxylic acid.

At the same time, secondary peroxy radicals lead to
stable products in their interactions:

(13)

00’

2 g COOH(B) —
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The cross combination between tertiary and secondary
peroxy radicals also corresponds to a Russell-type reaction:

(o]0}

00* "
OZ COOH (o) + C; COOH(B) —»

(14)

O

OH F
OZ COOH (a) + 6 COOH + O, (15)
In contrast to (13), both processes (14) and (15) are termina-
tions, although, due to the concentration relations, the rate
of the cross combination, (15), exceeds considerably that of
combination (13).

Chain Propagations III. (Oxidation of Hydroxy- and
Keto-Acids)

Since the kinetic chain lengths of the oxidative decarbox-
ylation of the substrate are relatively small [1] (around 3 -5
at 140°C), radical-radical interactions can considerably
contribute to the accumulation of hydroxy- and keto-acids,
respectively.

Consequently, the oxidation of hydroxy- and keto-cyclo-
hexane monocarboxylic acids, formed in (4b), (14) and
(15), proceeds parallel to the oxidation of cyclohexanone
and is represented by overall processes (16) and (17):

OH
C; COOH

OH
+ C; COOH — products + CO,

RO3(a, B) or HO3
_ROMB) o HOY - b OOH (H,0,)

O3, substrate

(16)

0
Ci COOH

o

+ C? COOH —— products + CO,
OOH

where ROOH corresponds to hydroperoxide derivative of
the substrate and “products” do rnot include cyclohexanone
and are likely to be hydroxy-ketones and di-ketones.
Overall processes (16) — (17) are important in order to ex-
plain the formation of a part of CO, without the simulita-
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Fig. 1
Scheme of heuristic pathways in the oxidative decarboxylation of

cyclohexane monocarboxylic acid. Rad’ refers to any radical abstract-
ing hydrogen
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neous formation of cyclohexanone as indicated by direct
measurements described in Part I. Above assumed (“heu-
ristic”) mechanism, suggested for low conversions, can be
represented by the scheme of pathways shown in Fig. 1.

Rad’ stands for any radical abstracting hydrogen. Fig. 1
summarizes processes (1) —(17) and indicates the sequence
of the formation of stable products and the two main routes
in which CO, is formed independently.

2. Combinatorial Generation of the Mechanism
and the Corresponding Network

Beside the kinetic and “heuristic” approach, attempt has
been made to compile the mechanism generated com-
binatorically according to the computational procedure sug-
gested earlier [14]. This requires the definition of the species
participating in the process, separately for the left hand side
of the reactions (reactants) and for the right hand side
(products). Table 1 lists the set of species, chosen to limit
the description of the process to low conversion (until the
reactions of products can be neglected, except for the reac-
tions of the hydroperoxides, which provide secondary in-
itiation being already important at early stages).

Table t
Set of species of the oxidative decarboxylation of cyclohexane mono-
carboxylic acid

Reactants Products
0, 0,
Substrate Substrate
RO, (o) RO; (a)
RO, (B) RO; (B)
ROOH (o) ROOH (u)
ROOH (B) ROOH (@)
RO’ (o) RO’ (0)
RO (®) RO (B)
H,0, H,0,

*OH ‘OH

HO; HO,

Hydroxy-acid (o)
Hydroxy-acid (B)
Keto-acid (B)
B-lactone
Cyclohexanone
H,0

CO,

Furthermore, it has been assumed, that alkyl radicals
react very fast and exclusively with oxygen, consequently
these species were not included among the reactants.

All stoichiometrically possible reactions have been gener-
ated by computer under conditions that in each elementary
reaction the number of reactants does not exceed two and
the number of products does not exceed three.

Two characteristic numbers were calculated for each
elementary reaction:

— ¥, the number of pairs of atoms, between which there
was no bond before the reaction occurred and a new

bond is formed in the reaction, as suggested by Hajdu
[15] (this number reflects the geometric constraints of an
elementary process),

— standard reaction heats of the elementary processes.

The first reduction of the mechanism generated com-
binatorically (consisting of 970 stoichiometrically possible
reactions) was made with the help of y: a reaction was con-
sidered to be an elementary reaction (i.e. to be retained in
the mechanism) if ¢ does not exceed unity [15] (253 reac-
tions satisfied this condition). The second reduction was
made on the basis of thermochemical kinetic treatment as
outlined in {11]. As a result 192 reactions remained in the
mechanism. Earlier we introduced the concept of the se-
quence network [14] which shows all precursor-product
relations of a given reaction mechanism in a visually easily
perceptible manner. It contains only selected species and
follows the transformation of any selected atom or group of
atoms (thus for the same mechanism many sequence net-
works can be constructed). Its most important feature is
that the existence of an arrow between two species shows
that the selected atom (or atomic group) is transfered from
one species to the other without being transfered through
any other species included in the sequence network, whereas
the lack of an arrow shows that such a transfer of atom
(atomic group) is not realized.

The sequence network of the transformation of the car-
bon ring of cyclohexane monocarboxylic acid during oxida-
tion is shown in Fig. 2.

OH
OOH (a)

OCH

00H («)

\ O
/
O_coou
TN
\ O:

OCH

0

!
c

1]
. 0
Fig.2
Sequence network of the transformation of the carbon ring of
cyclohexane monocarboxylic acid during oxidation
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As it can be seen from Fig. 2, the primary attack on the
substrate plays a decisive role. In case the a-hydrogen is
abstracted, a-hydroperoxide, a-hydroxy-carboxylic acid
and cyclohexanone can be formed; if the f-hydrogen is ab-
stracted, another series of products is formed. There is no
cross-communication between the two series of products.

If e.g. production of cyclohexanone is the aim of the
decarboxylation this means that less selective radicals,
which are capable to abstract the B-hydrogen, produce part-
ly undesired products. Since these radicals are formed in the
secondary initiation processes (which become the rate-deter-
mining initiation steps at very low conversion already), and
the chain length of the overall process is rather small, the
formation of considerable amounts of undesired by-prod-
ucts cannot be avoided.

This qualitative picture remains unchanged independent-
Iy of the actual values of the corresponding (and mostly un-
known) rate constants making certain arrows either negligi-
ble or rate determining but not resulting in new arrows.

The work described herein was supported by RI.C.E. Friuli. The
algorithm for the combinatorial generation of the mechanism, its
reduction and its implementation for a personal computer has been
elaborated by Dr. I.P. Hajdu and Dr. Zs. Kuti, whose work and ideas
are gratefully acknowledged.
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