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Aerobic oxidation of cumene photocatalyzed by iron salts
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Photooxidation of cumene by air in an agueous emulsion in the presence of Fe(ClOy),
results in the formation of considerable amounts of acctophenone, the product of the C—C

bond cleavage.
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Photocatalytic oxidation of saturated and alkylaro-
matic hydrocarbons catalyzed by metal complexes under
light irradiation can be a convenient method for the
transformation of these hydrocarbons into valuable prod-
ucts (ketones, alcohols, peroxides, erc.).1'? In a continu-
ation of the studies in this area,3—8 we established that
irradiation of an aqueous emulsion of cyclohexane in
the presence of iron perchlorate in air resulted, accord-
ing to the GLC data, in the formation of cyclohex-
anone, while only insignificant amounts of cyclohexanol
and cyclohexyl hydroperoxide were present in the mix-
ture of the reaction products.® It can be assumed that
this "unusual” selectivity ("ketonization” of the CH,
groups of this hydrocarbon) is caused by the fact that
cyclohexyl hydroperoxide decomposes under the action
of iron ions and light in the presence of considerable
amounts of water to form only ketone and a complex
mixture of products of oxidation followed by the cleav-
age of the C—H bond in alkane. It has been previously
reported that up to 100 peaks of a mixture of reaction
products are observed on the chromatogram upon the
autooxidation of cyclohexane in the presence of metal
complexes.!® The identification of the products is suffi-
ciently difficult.

In order to obtain additional information, which
would allow one to explain the highly selective ketoni-
zation in the photochemical aerobic oxygenation of
hydrocarbons promoted by an iron ion, it was important
to study the oxidation of branched hydrocarbons (con-
taining tertiary C—H bonds) under these conditions.
Cumene seems to be an especially convenient model for
investigation in which acetophenone is easily identified.
In this work, the first results of this study are presented.

For the purpose of the subsequent comparison of the
results, the photooxygenation of cumene was studied by
the method developed previously (in acetonitrile in the
presence of ferric chloride). Irradiation of a solution of
cumene in acetonitrile in air in the presence of
FeCly+ 6H,0 (5.0 107* mol L7!) resulted in the forma-

tion of dimethylphenylcarbinol, acetophenone, and cumyl
hydroperoxide (Table |, method A). The two first prod-
ucts were determined by GLC. Relatively unstable cumyl
hydroperoxide decomposes completely upon chroma-
tography to form the two first compounds. Unfortu-
nately, we did not manage to determine the concentra-
tion of cumyl hydroperoxide. However, the compari-
son'!=13 of the concentrations of stable products
(PhCMe,OH and PhCOMe) before the reduction of a
sample of the reaction mixture with triphenylphosphine
(when PhCMe,O0H decomposing in a chromatograph
to form both stable products is also present in the
mixture) and after the reduction (when all hydroperox-
ide transforms quantitatively into alcohol) showed that
cumyl hydroperoxide was formed in a noticeable con-
centration in the photooxidation, and at the irradiation
time >1 h it decomposed in parallel with the accumula-
tion to form PhCMe,OH and acetophenone (see Table |,
method A). It is likely that an iron ion and light strongly
accelerate this decomposition. It is noteworthy that, as
has been supposed,3—7 the FeCls-catalyzed oxygenation
of hydrocarbons in acetonitrile involves chlorine radicals
at the key stage of the reaction.

Irradiation of an emulsion of cumene and an aque-
ous solution of Fe(ClOy), gives a considerable amount
of PhCOMe and undecomposed PhCMe,O0H along
with PhCMe,OH (see Table 1, method B). The oxida-
tion occurs with a noticeable induction period and be-
gins only in 0.5 h after irradiation. The maximum con-
centration of cumyl hydroperoxide is achieved in ~1.5 I
then its concentration begins to decrease, while the
concentrations of cumyl alcohol and acetophenone in-
crease monotonically. Unlike the reaction in acetoni-
trile, the oxidation in an aqueous emulsion gives an
amount of acetophenone somewhat greater than the
concentration of alcohol.

It is of interest that the photooxidation of cumene
(0.16 mL, 0.46 M, homogeneous solution) in an aque-
ous solution of acetone (0.25 mL of H,0 and 2.25 mL
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Table 1. Photooxidation of cumenc upon light irradiation

Time Concentrations of products according to the GLC data Estimation of concentrations of products
/min /mmol L7 in the reaction solution®/mmol L™!
before reduction? after reduction?
PhCOMe PhCMc,0H PhCOMe PhCMe,0H PhCMc,00H  PhCMe;OH PhCOMe

Mecthod A

60 0.94 0.85 0.12 1.69 1.55 0.12 0.12

105 1.89 1.60 0.49 2.88 2.61 0.49 0.49

150 2.60 2.34 0.71 4.26 3.52 0.71 0.71

180 3.66 2.55 0.94 4.69 4.33 0.94 0.94

270 4.98 3.41 1.20 5.80 6.88 1.20 1.20
Mcthod B

30 0.006 0.006 0 0.01 0.01 0 0

75 0.23 0.21 0.10 0.23 0.24 0.10 0.10

120 0.24 0.18 0.15 0.15 0.12 0.15 0.15

180 045 0.25 0.35 0.25 0.10 0.25 0.35

240 0.54 0.34 0.48 0.33 0.06 0.34 0.48

Note. A, photooxidation of a solution of cumenc (0.46 M) in MeCN in the presence of FeCly-6H,0
(0.5 mmol L™") and B, photooxidation of its emulsion (2.25 mL, 22 mmol) with an aqueous solution

(0.25 mL) of Fe(ClOy4)3 (0.0125 mmol).

7 Reduction was carried out for [5—20 min by an cxcess of solid triphenylphosphine added to a sample of the
rcaction solution: concentrations of the product (mmol L™') in a homogencous solution of MeCN for
cxperiment A and in a cumene solution for experiment B arc presented. ® By the GLC data; sec Experimental.

of acetone) in the presence of Fe(ClOy4); (0.0125 mmol,
ferric salt in the form of gel) mainly results in the
formation of cumyl hydroperoxide (concentrations of
products, mmol L7!):

Time Before reduction After reduction

/min PhiCOMe PhCMc,0H  PhCOMe PhCMe,0OH

120 7.2 6.3 0.5 13.5

220 1.2 94 0.9 25.2

The photooxidation of cumene in an aqueous solu-
tion of the emulsion in the presence of Fe(ClO,), gives
very small amounts of the products of hydroxylation at
the phenyl ring. These products were not anailyzed.
Phenol (0.0075 mmol) was obtained by the hydroxyla-
tion (irradiation for 2 h) of benzene (25 mmol) in water
(0.25 mL) in the presence of Fe(ClO4); (0.0125 mmol).
{t is known that a similar reaction gives phenol in a
higher yield at the higher concentration of HO™ ions.!4

Preliminary results showed that irradiation of an
emulsion (0.1 mL) of 3-methylhexane with an ageuous
solution of Fe(ClO)y (1.125-1075 mol in 2.5 mL of
water) in air for 1.5 h results in the formation of a
mixture of products, including oxo derivatives of
3-methyihexane, whose relative concentrations were de-
termined after the reduction of a chloroform extract of
the reaction solution with triphenylphosphine. The
amount of tertiary alcohol is small. The ratio of the
amounts of the obtained products of oxygenation (both
alcohols and carbonyl compounds) to the C—H bonds
of primary (1°), secondary (2°), and tertiary (3°) carbon
atoms with consideration for the number of hydrogen
atoms at these carbon atoms was | : 2.6 : 0.7. It is

noteworthy that the "normal series” of selectivity in
oxygenation of branched alkanes is 1° < 2° <« 3°. When
the reaction solution was chromatographed without
preliminary reduction of the sample with triphenyl-
phosphine, the peak corresponding to tertiary alcohol
was not observed on the chromatogram.

Thus, the "unusual” selectivity (see, e.g., Refs. 15—
18) in hydrocarbon oxidation, ie., the predominant
formation of ketones, the predomination of products of
the oxidation of the secondary C—H bond (and, hence,
a relatively low content of tertiary alcohols in the mix-
ture of the products), can be caused in some cases by an
increase in the contribution of the channel of decompo-
sition of alkyl hydroperoxide accompanied by the cleav-
age of the adjacent C—C bond. The contribution of this
channel increases as the solvent changes, and the cleav-
age of C—C bonds is fastest in water. Presently, we are
carrying out the studies to elucidate whether this ap-
proach can be widely used for the explanation of selec-
tivities in oxidation of alkanes by various systems.

Experimental

The oxidation was carricd out in air in glass cylindrical
vessels equipped with water jackets for cooling (~15 °C). A
solution or an emulsion was rigorously stirred by a magnetic
stirrer during irradiation. Irradiation was carricd out by the
complete light of a luminescent lamp (DRL, 125 W,
A > 300 nm). Concentrations of reaction products were deter-
mined by GLC (LKhM 80/6 chromatograph, columns 2 m in
length packed with 5 % Carbowax 1500 on Incrton AW-HMDS,
argon as a carricr gas). Each sample was twice analyzed (before
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and after the reduction with cxcess triphenylphosphine for
15—20 min) to determinc alcohol, ketone, and alkyl hydrop-
croxide. as has been described previously, =13
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