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Oxidation of cyclohexane to cyclohexanone via the
electrochemical reduction of molecular oxygen:

the HCI effect
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OH radicals, produced by the electrochemical reduction of solutions containing both oxygen and
iron(IIT) oxidize cyclohexane to cyclohexanone in z-BuOH/H,O/HCl media; in some experiments
cyclohexanol was also produced. The use of a non-chloride medium or the use of Ti(III) instead of
Fe(I1) leads to a remarkable decrease in the yields. These results are interpreted by a mechanism

involving the intermediate formation of Cl radicals.

1. Introduction

The production of cyclohexanone, an intermediate
in the preparation of nylon 66, is a multistage pro-
cess, usually carried out through the reduction of
phenol to cyclohexanol followed by oxidation in
the gas-phase. This paper reports an investigation
of the one-step electrochemical oxidation of cyclo-
hexane to cyclohexanone and is part of a study of
the controlled oxidation of alkanes. The formation
of a carbon-oxygen bond could be achieved by
hydrogen abstraction to give a free radical and
reaction of the radical with molecular oxygen.

OH radicals are suitable for the H abstraction
process and they are generated at room tempera-
ture from H,0, and a reducing metal ion, M,¢q,
such as Fe(II), Ti(IIT) or Cu(l). In particular, the
production of OH radicals via H,0, and M,q4, in
the system H

I
_(I:_Hs O2y Mox:

(where My is Fe(III), Ti(IV) or Cu(II)) by the
cathodic reduction of My, and O, appears
particularly promising for the controlled oxidation
of C-H bonds. High selectivities and oxidation
yields as high as 100% were obtained in the
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oxidation of methyl toluenes {1, 2]. In these
electrochemical reactions a positive ‘Cl1~ effect’
on the yields was observed [2].

2. Experimental
2.1. Chemicals

All the chemicals were reagent grade products.
High-purity oxygen was employed to saturate the
solutions. Water and mercury were twice distilled.

2.2. Apparatus and procedure

The experimental apparatus and instrumentation
have already been described [ 1, 2]. Because of the
very low solubility of cyclohexane in H,O, ¢-butyl
alcohol was used as a co-solvent. The electrolysis
system composition was: ¢-buty! alcohol (15 cm?),
cyclohexane (10 cm®), aqueous HCI 12M (2 cm?),
to which various amounts of a concentrated FeCly
solution were added in such a way to prevent
phase separation. The electrolyses were carried out
at Po, = 1 atm and at a potential of — 0.2 V versus
SCE, a potential in the limiting current region for
Fe(III) and O, reduction.

After electrolysis the reaction mixture was
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neutralized with sodium bicarbonate and
analysed by GL chromatography, employing
1-hexanol as an external standard. The column
(200 x 0.5 cm, 115° G) was packed with
diethylene glycol succinate (LAC 728) on
Chromosorb W (80-100 mesh), and N, was the
carrier gas (40 cm® min ™).

Retention times were: 1-hexanol (679s),
cyclohexanone (935 s), cyclohexanol (1067 s).
The experimental results reported in the following
section were, unless otherwise stated, obtained
with the electrolyses carried out at 50° C.

3. Results and discussion

OH radicals were generated from H,0, and M, o4
produced by a simultaneous cathodic reduction of
molecular oxygen (2 electrons) and of M,y (1
electron) according to the overall reaction:

k
H,0, + Mg — OH+ OH™ + M,

ki = 5x10*°M™ s ' (M, g = Ti**[3])
ky = 60M1s71(M,q = Fe**[4])

¢y

The current yields were calculated on the basis of
a consumption of 3 Fmol ™! of cyclohexane
oxidized, since in these conditions 3 electrons are
engaged in the generation of an OH radical from
0, and M,,. The results obtained in a series of
preliminary runs are summarized in Table 1.

Table 1. Cyclohexanone yields in the electrochemical
activation of cyclohexane at — 0.2V versus S.C.E.,
Moy =2 X 107°M; P = 1 atm, temperature: 50°C.

Composition of the oxidation My

medium

Fe(ITl) Ti(IV)

(A) Cyclohexane; H,0; 1M
HCIO, (biphasic)

(B) Cyclohexane; H,0 (8%)%;
+-BuOH (55%)¥; 1M
HCIO, (monophasic)

(C) Cyclohexane; H,0 8%)%;
+-BuOH (55%)%; 0.9M
HC! (monophasic)

2%* -
12%* 5%

48%F 20%*

* trace of cyclohexanol.
* cyclohexanol 6%.
¥ by volume.

3.1.Reaction in the system cyclohexane—
H,0-HCIO,

Only traces of cyclohexanone were detected in
experiments carried out in these conditions in the
presence of Fe(IIT) or of Ti(IV). This result, com-
pared with the oxidation yields of about 60%
obtained with methyl-substituted aromatic com-
pounds [1, 2], could be ascribed to the lower
reactivity of the OH radical towards the cyclo-
hexane C-H bonds. In fact, from the data of
Anbar et al. [5] it appears that the rate constant
for reaction of aliphatic secondary C-H bonds
with the OH radical, (k = 3 x 108 M~1s71)is at
least an order of magnitude lower than that of
aromatic hydrocarbons. This lower reaction rate
together with the poorer solubility in water of the
cyclohexane [6], leads to wastage of the OH
radicals in reactions such as

Mred +HO ~ Mox + HO™ (2)
3.2. Electrooxidation in the system cyclohexane—
t-BuOH-H,0-HCIO,

The cyclohexane oxidation yields obtained in this
system for different ratios of [M,]/[0,] were
always lower than 12% with Fe(III) and 5% with
Ti(IV). No marked increase was observed by
substituting H,SO, for HCIO,.

The high concentration of cyclohexane in the
solution should make the ‘OH wastage by reaction
2 negligible. However, the -BuOH, whose concen-
tration is about twice that of the alkane, competes
effectively with the cyclohexane for the OH
radicals (k;.ppom+-on = 4.2 X 108M 157! [7])
with a consequent negative effect on the cyclo-
hexanone yields.

The oxidation of the C-H bond to C=0 should
occur in at least three distinct and consecutive
steps:

(I) H-abstraction by OH radicals:
CgHj, + 'OH - - CcHy + H,0
(IT) O, insertion
*C¢Hyy + 0, - 0,C4Hy,y

This reaction appears the most probable among
the possible reactions of the cyclohexyl radical
formed in step I because of the relatively high
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concentration of molecular oxygen (about
1073 M) which is a very efficient trap of radicals.

(IIT) conversion of the cyclohexyl-oxygen adduct
to cyclohexanone,

Some authors [8] have reported that at tempera-
tures below 100° C aliphatic peroxy radicals
undergo a rearrangement by a 1-3 hydrogen
shift. Under the conditions of the electrolyses
the product of the rearrangement, C4H;oO0H,
will react with Fe(II)

SC-00H + Fe(I) > C=0 + Fe(IIl) + OH".

This hypothesis is difficult to prove exper-
imentally, but can explain the ratio [CgHy00]/
[Ce¢H;;OH] & 1) found in this study. The small
yield of cyclohexanol, which is independent of
[0,]/[Fe(II)] ratio, may be due to a parallel
disproportionation of the peroxy radical [9]:

2 OZCéHll - C6H100 + C6H110H + 02

3.3. Electrooxidation in the system cyclohexane—
t-BuOH-H,0-HCl

The use of HCl instead of HCIO4 or H,SO, in the
system B increases the cyclohexane oxidation
yields by a factor of about 5. Thus in the presence
of about 1 M HCI the cyclohexanone plus
cyclohexanol current yield is higher than 50%
when M, = Fe(III) and is about 20% when

Myx = Ti(IV) assuming again that 3e are involved
for each cyclohexane C-H bond oxidized.

This dramatic increase of the yields can only be
explained by direct involvement of a chlorine
species in the reaction mechanism. At pH = O the
reaction

'OH+ HCl > Cl'+ H,0 k = 4 x 10°M~s71[10]

is competitive with the reaction between t-BuOH
and OH radicals. In fact, taking into account the
relative concentrations and rate constants, about
70% of the generated OH radicals react with the

HCI giving Cl atoms.

Since the reactivity of chlorine atoms towards
an aliphatic C-H bond is almost two orders of
magnitude higher than that of OH radicals [11]
the H-abstraction from cyclohexane probably
occurs mainly via Cl atoms

C6H12 +Cl'—>- C6H11 + HCI.

As a consequence, the activation of cyclohexane is
controlled by the relative reactivities of Cl atoms
towards the cyclohexane and £-BuOH molecules,
which were calculated to be approximately 4:1 by
Huyser [12]. On this basis and taking into account
the relative concentrations present in the electro-
lysis solution about 70% of the Cl atoms react
with cyclohexane. Thus about one-half of the
electrochemically generated OH radicals should
react, via the Cl" atom, with the cyclohexane
molecule and this estimate agrees quite well with
the experimental results obtained with Fe(III), see
Table 1. In particular, the plots of the cyclohexane
oxidation yields versus Fe(III), at three different
temperatures, show a maximum at a Fe (IIT) con-
centration of about 2 x 1073 M, see Fig. 1, as was
obtained for the methyl-substituted benzenes
[1,2]. This value corresponds to a comparable
rate of H,0, and Fe(II) generation, taking into
account the O, solubility and the diffusion
coefficient of Fe(IIT) and O,. With an increase

of HCl concentration from 0.2 to 1.2 M, the
presence of 2 x 1073 M Fe(I1I) gives rise to a
monotonic increase in the cyclohexanone yield
from 30% to 55%. The cyclohexanone yield
versus the Ti(IV) concentration, reported in

Fig. 2, shows a behaviour similar to that observed
with Fe(IIT) (Fig. 1). This result indicates the
general validity of the C-H bond activation

. . Mpeq . . HCI ..
reaction via an O, » H,0,—— 'OH — (]

mechanism.
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Fig. 1. Percentage current yields of cyclohexanone
(curves: a, b, ¢) and cyclohexanol (d) against Fe(III)
bulk concentration at various temperatures. 37% cyclo-
hexane, 55% t-BuOH, 8% H,O (by volume), 0.9 M HCl;
total charge: 250 C. Temperature: (#) 30° C; (®) 50° C;
(&) 65° C. The cyclohexanol yields are independent of
the temperature and therefore the mean values are
reported.
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Fig. 2. Percentage current yields of cyclohexanone against
Ti(IV) bulk concentration at 50° C. 37% cyclohexane,
55% t-BuOH, 8% H,O (by volume), 0.9 M HCI; total
charge; 250C.

In addition to the higher reactivity of ClI’
compared to ‘'OH toward the C—H band, two
possibilities should be considered to explain the
‘Cleffect’

(i) C1~ ions form complexes with both Fe(1II)
and Fe(III) ions, with a consequent change of
their redox potentials and of the kinetic rate
constants;

(ii) Cl atoms are involved in many reactions
with both Fe(II) and CI~ ions [13].

The lower yields obtained with Ti(IV) could be
ascribed to the much higher reactivity of the OH
radicals towards Ti(If) {3].

In conclusion it appears that the selective

oxidation of an aliphatic -C-H bond to —C=0

group could be easily achieved by the electro-
chemical activation of molecular oxygen in the
presence of the simultaneously electrogenerated
Fe(II) or Ti(TIT). Furthermore, the massive

increase of the yield in the presence of HCI calls
for the involvement of the Cl atom in the func-
tionalization of the aliphatic system.
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