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Reactions of 1,2-Dimethylcyclohexene
with Alkaline Hydrogen Peroxide

ROLAND AGNEMO, GORAN GELLERSTEDT
and EVA-LISA LINDFORS

Swedish Forest Products Research Laboratory,
Chemistry Department, Box 5604, S-114 86 Stock-
holm, Sweden

Under alkaline conditions, hydrogen peroxide
decomposes into hydroxyl radicals and super-
oxide 1ons according to eqn. (1).

H,0,+HO;~»HO" + 0, +H,0 1

The hydroxyl radicals so formed may react
further either with themselves, with superoxide
ions or with hydrogen peroxide, these reactions
giving rise to the formation of hydrogen perox-
ide, oxygen or hydroperoxy radicals, respec-
tively. On the other hand, superoxide ions may
also react with hydrogen peroxide with the
formation of oxygen and hydroxy radicals * or
recombine to give hydrogen peroxide and singlet
oxygen.? It has also been demonstrated that,
under aqueous conditions, superoxide ions are
able to quench the singlet oxygen formed.®*
The presence of heavy metal ions generally in-
creases the rate of decomposition of hydrogen
peroxide, and the formation of both hydroxyl
radicals and superoxide ions in such reactions
has been demonstrated.*’

In order to clarify the relative importance
of the various species formed in the decomposi-
tion of hydrogen peroxide for the reactions
between hydrogen peroxide and organic sub-
strates under alkaline conditions, 1,2-dimethyl-
cyclohexene was used as & model compound.

1,2-Dimethyleyclohexene (I) is known to
react with singlet oxygen to give 1-methyl-2-
methylenecyclohexanol (2) (after reduction) as
the predominant product (> 75 %).%* By anal-
ogy with other olefins, I should also react with
hydroxyl radicals to give 1,2-dimethyl-cyclo-
hexanof(;?). The reaction between 1 and ground-
state oxygen in aqueous solution was shown
(pH=10.0, 0 °C, water —methanol 5:1) to yield
1,2-dimethyl-2-cyclohexen-1-ol (4) and 2,3-di-
methyl-2-cyclohexen-1-0l (5) (after reduction)
as major products, which is analogous to the
autoxidation of I in the presence of di-t-butyl
peroxide.! The formation of these products is
consistent with a mechanism proceeding via
the allylic radical 6. The same intermediate
may also be formed in a reaction between I
and superoxide ions. Since the latter, in the
presence of proton sources, can disproportionate
to oxygen and hydrogen peroxide ** it is, how-
ever, impossible to distinguish between oxygen
and superoxide ions as the actual oxidant in
the formation of alcohols 4 and 5. The various
reactions of 1 are outlined in Scheme 1.
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Scheme 1. Mechanism for the formation of dif-
ferent alcohols from 1,2-dimethylcyclohexene.
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Oxidations carried out in the presence of
manganese ions at pH=10.0 yielded the satu-
rated aleohol 3 (two isomers) as the predomi-
nant product together with the alcohols 4 and
4, 1.e. products consistent with a mechanism
for the decomposition of hydrogen peroxide
leading to the formation of hydroxyl radicals
and superoxide ions. At pH=11.5, the alcohols
4 and 6 were the predominant products together
with smaller amounts of 2 and 3. At this pH,
the hydroxyl radicals are obviously quenched
to a large extent by the increased amount of
ionized hydrogen peroxide present.* The small
amount of 2 formed may be explained by the
increased formation of superoxide ions which
decompose to singlet oxygen and hydrogen
peroxide.

Sodium gluconate is known to form a red
complex with manganese (IV) ions under alka-
line conditions.” When this complex was added
to the hydrogen peroxide solution at pH =10.0,
a large decrease in the rate of decomposition
of hydrogen peroxide was observed but the
composition of products from I was the same
as without gluconate ions, %.e. I competes
favourably with the gluconate as quencher for
hydroxyl radicals.

Sodium silicate, frequently used as a stabilizer
for alkaline solutions of hydrogen peroxide,
when added together with manganese ions also
substantially decreased the rate of decomposi-
tion of hydrogen peroxide. In this case, a de-
crease was also observed in the amount of 3
formed indicating that silicate ions may react
as a quencher for hydroxyl radicals.

The influence of ferric ions on the decomposi-
tion of hydrogen peroxide was investigated in
the presence as well as in the absence of the
chelating agent diethylenetriaminepentaacetic
acid (DTPA) (¢f. Refs. 6, 13). Experiments car-

* HO'4+H,0,»HO, +H,0 k=3x 107 M1 g1
HO +HO, >0, "+ H,0 k=8x10® M s
(Ref. 12)
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Table 1. Reaction products from oxidations of 1,2-dimethylcyclohexene.

Relative yield/%,

Product H,0,/NaOCl O,/di-t-butyl  H,O,/Fe(III)-DTPA  H,0,/Mn(II) H,0,
peroxide (pPH=11.5) (pH=10.0) (pPH=11.5)

2 92 6 8 1 17

34 73

4 8 39 53 13 61

5 55 38 13 22

% Two stereoisomers.

ried out at pH=10.0, in the absence of DTPA,
gave by analogy with the manganese ion-
catalysed oxidation the alcohols 3, 4 and 5 as
dominating products. In the presence of DTPA,
however, the formation of 3 was almost com-
pletely inhibited, demonstrating the high re-
activity of DTPA with hydroxyl radicals. At
pH=11.5, the composition of products from 1
resembled. those obtained from the correspond-
ing experiments with manganese ions present.

Oxidation of 1 in the absence of heavy metal
ions gave, at pH=10.0, the alcohols 4 and §
as the predominant products together with
smaller amounts of the alcohols 2 and 3. Ob-
viously, the lower rate of decomposition of hy-
drogen peroxide decreases the concentration
of hydroxyl radicals available for reaction with
1 and the more stable superoxide ions (or ox-
ygen) determine to a large extent the reaction

ath. A low concentration of singlet oxygen,
})ormed from the decomposition of superoxide
ions, seems also to be present, as indicated by
the formation of 2. The same oxidation carried
out at pH=11.5 also resulted in formation of 4
and § as the predominant products, but a sub-
stantial amount of 2 was also present. At this
pH, only trace amounts of 3 could be detected.

The results presented in this communication
support the view that aqueous alkaline hy-
drogen peroxide decomposes via a radical chain
mechanism in the presence as well as in the
absence of heavy metal ions (¢f. Ref. 14). At
pH=10.0 the concentration of hydroxyl radi-
cals is high enough to react with I whereas at
pH=11.5 quenching of hydroxyl radicals by
hydrogen peroxide seems to compete favour-
ably with the reaction with I. Superoxide ions
which are quite stable under alkaline condi-
tions !® react either directly with I or decompose
to oxygen and hydrogen peroxide. The oxygen
so formed should be in the singlet state but is
rapidly quenched to the ground state by super-
oxide ions. Nevertheless, 2 was formed in some
of the experiments.

The importance of these results for the ox-
idation of lignin with alkaline hydrogen perox-
ide will be the subject of further communica-
tions in this series.

Experimental. The oxidation of 1 was car-
ried out by adding 20 ml of dioxane containing
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44 mg (0.4 mmol) of 1% to 80 ml of an aque-
ous alkaline solution of hydrogen peroxide
(40 mmol) saturated with nitrogen. The pH
was kept constant at 10.0 or 11.5 by means
of an automatic titration equipment and the
temperature was 40 °C. The influence of metal
ions on the composition of products from I was
investigated by adding 0.01 mmol of ferric
chloride or manganese(1I) sulfate to the aque-
ous solution. When approximately half the
original amount of hydrogen peroxide had
decomposed, an excess of sodium borohydride
was added to the solution to reduce all perox-
ides present. Extraction with pentane afforded
the alcohols which were analysed by GLC
(2 % carbowax 1540 on chromosorb G DMCS
60— 80 mesh, 5 min at 60 °C, 60—130 °C; 3
°C/min) using dodecane as internal standard.
For reference purposes, I was also oxidized
with hydrogen peroxide—sodium hypochlorite
(formation of 2) and with oxygen-di-¢-butyl
peroxide (formation of 4 and §) according to
Ref. 8. The results from some typical runs are
shown in Table 1.
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