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Our recent investigations have been devoted to the
elaboration of highly efficient catalytic systems based
on transition metal complexes for selective hydrocar-
bon oxidation. On the one hand, such systems should
be active in chain initiation; on the other hand, they
should not be active in the free-radical decomposition
of active intermediates. This problem is of importance
in catalytic oxidation of hydrocarbons to hydroperox-
ides (ROOH). The high rates of ROOH decomposition
in the presence of most of the known homogeneous and
heterogeneous complexes of transition metals [1] do
not allow one to use these compounds as selective cat-
alysts for hydrocarbon oxidation to ROOH.

We found previously that the initial rate of alkyl-
arene oxidation with dioxygen catalyzed by nickel(II)
or cobalt(II) bis(acetylacetonate) [
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L

 

1

 

)

 

2

 

], the ROOH
selectivity of this process, and RH conversion are
higher in the presence of electron-donor monodentate
ligands L

 

2

 

 (
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 = HMFA, DMFA, 

 

N

 

-methylpyrrolidone-2,
nontransition metal salts) [2, 3]. An increase in selectiv-
ity (

 

S

 

ROOH

 

) and conversion (

 

C

 

) is due to the transforma-
tion of the complexes 
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L
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2

 

L

 

2

 

 to more active catalysts
of RH oxidation into ROOH in the course of the process
[4]. We proposed methods for optimizing 
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catalytic systems, including the use of quaternary
ammonium salts and macrocyclic polyethers as L

 

2

 

ligands [4–9].

As distinct from catalysis by M
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)(

 

acac

 

)
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 (M = Ni,
Co), the mechanism of ethylbenzene oxidation cata-
lyzed by 

 

[

 

Fe

 

(

 

III

 

)(

 

acac

 

)

 

3

 

] 

 

≈

 

 10

 

–3

 

 was not clearly under-
stood [10]. We found that the oxidation rate at

 

[

 

Fe

 

(

 

III

 

)(

 

acac

 

)

 

3

 

] 

 

≈

 

 10

 

–3

 

 mol/l is considerably higher than

the oxidation rate in the absence of a catalyst. However,
the selectivity of the process with respect to 1-phenyl-
ethyl hydroperoxide (PEHP) and RH conversion were
not high (

 

S

 

PEHP

 

 

 

≈

 

 50%; 

 

C

 

 = 5–6%). Addition of HMFA
or DMFA increased the rate of oxidation but had no sig-
nificant effect on RH conversion or PEHP selectivity. In
order to understand why 

 

S

 

PEHP

 

 is low in the presence of
Fe

 

(

 

III

 

)(

 

acac

 

)

 

3

 

, it is necessary to elucidate the mecha-
nism of formation of PEHP, acetophenone (AP), and
methyl phenyl carbinol (MPC). Furthermore, there is a
need to evaluate the role of Fe

 

(

 

III

 

)(

 

acac

 

)

 

3

 

 in the elemen-
tary steps of the oxidation reaction.

EXPERIMENTAL

The catalytic oxidation of ethylbenzene with dioxy-
gen was performed at 120

 

°

 

C and an Fe

 

(

 

III

 

)(

 

acac

 

)

 

3

 

 con-
centration of (0.5–7.5) 

 

×

 

 10

 

–3

 

 mol/l.
Ethylbenzene and the products of its oxidation—

MPC, AP, and phenol (Ph)—were analyzed using GLC
[2]. PEHP concentration was measured by the iodomet-
ric method. The overall rate of the process was deter-
mined as the rate of accumulation of the totality of oxi-
dation products. A correlation between RH consump-
tion and product accumulation was established:

 

∆

 

[

 

RH

 

]

 

 = [PEHP] + [P] + [Ph], where P = AP + MPC.
The overall rate of the reaction (

 

w

 

) and the rates of
product accumulation (

 

w

 

P

 

) were determined with an
accuracy of 

 

±

 

5%

 

 by a method described in [5]. The cat-
alytic oxidation of RH with dioxygen was carried out in
the O

 

2

 

–solution two-phase system in a glass bubbler
under kinetic control.
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Abstract

 

—The catalytic activity of Fe

 

(

 

III

 

)(

 

acac

 

)

 

3

 

 (Cat) in ethylbenzene oxidation with dioxygen is studied.
1-Phenylethyl hydroperoxide (PEHP), acetophenone (AP), and methyl phenyl carbinol (MPC) are the main
products of the process throughout the Cat concentration range examined. Phenol (Ph) is formed in much
smaller amounts. The highest PEHP selectivity, 

 

S

 

PEHP

 

 = 65%, is observed at an ethylbenzene conversion of

 

C

 

 

 

≈

 

 2% at low [Cat] values. PEHP and the other main oxidation products (AP and MPC) form by parallel reac-
tions at any Cat concentration. Depending on [Cat], AP and MPC form by parallel or consecutive reactions.
When [Cat] is high enough, AP results from MPC oxidation. At the initial stages of the reaction, the MPC selec-
tivity (

 

S

 

MPC

 

 = 50%) exceeds the PEHP selectivity (

 

S

 

PEHP

 

 = 25–30%). The mechanism of ethylbenzene oxidation
catalyzed by Fe(III)(acac)

 

3

 

 and the role of active complexes in its steps are considered.
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The order in which PEHP, AP, and MPC formed was
determined from the time dependence of product accu-
mulation rate ratios at 

 

t

 

  0

 

. The variation of these
ratios with time was evaluated by graphic differentia-
tion [9]. PEHP selectivity and RH conversion were cal-

culated using the formulas 

 

S

 

PEHP

 

 =

 

  

 

×

 

 100%

and 

 

C

 

 =  

 

×

 

 100%, respectively.

RESULTS AND DISCUSSION

Three main products—PEHP, AP, and MPC—result
from ethylbenzene oxidation at 

 

120°

 

C in the presence
of (0.5–7.5) 

 

×

 

 10

 

–3

 

 mol/l of Fe

 

(

 

III

 

)(

 

acac

 

)

 

3

 

. Phenol is
accumulated in considerably smaller amounts ([Ph] is
lower than [PEHP], [AP], or [MPC] by a factor of 100)
(Fig. 1).

PEHP[ ]
∆ RH[ ]
-------------------

∆ RH[ ]
RH[ ]0

-----------------

 

Ethylbenzene oxidation in the presence of
Fe

 

(

 

III

 

)(

 

acac

 

)

 

3

 

 depends strongly on the initial concentra-
tion of the catalyst.

1. At [Cat] = (0.5–5.0) 

 

×

 

 10

 

–3

 

 mol/l, MPC and AP
accumulate at a rate of 

 

w

 

P

 

 = 

 

w

 

max

 

 starting at the very
beginning of the reaction (the autoacceleration period is

 

τ ≈ 

 

3–5

 

 min). At [Cat] 

 

= 5.0 

 

×

 

 10

 

–3

 

, 3.0 

 

×

 

 10–3, and
0.5 × 10–3 mol/l, the maximum rate of PEHP accumula-
tion is attained at τ ≈ 5, τ ≤ 10, and τ ≤ 20 min, respec-
tively. The rates wAP and wMPC remain invariable after
the [PEHP] maximum is reached (wP = wmax = const);
wAP ≥ wMPC (at [Cat] = 3.0 × 10–3 and 5.0 × 10–3 mol/l,
wAP = wMPC). The PEHP selectivity is constant up to the
conversion corresponding to [PEHP] = [PEHP]max
(Fig. 2). SPEHP = 65–45% at C = 1.5–6.0% (Fig. 2). The
rate of phenol accumulation grows with increasing eth-
ylbenzene conversion. Typical product accumulation
curves are presented in Fig. 1.

2. The experimental data obtained at Fe(III)(acac)3

concentrations slightly exceeding 5.0 × 10–3 mol/l, spe-
cifically, 6.0 × 10–3 and 7.5 × 10–3 mol/l, indicate a
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Fig. 1. Kinetics of accumulation of the products of ethylbenzene oxidation by dioxygen catalyzed by Fe(III)(acac)3 : (1) 1-phenyl-
ethyl hydroperoxide (PEHP), (2) methyl phenyl carbinol (MPC), (2' ) acetophenone (AP), (3) phenol (Ph); [Cat] = (a) 5.0 × 10–3

and (b) 7.5 × 10–3 mol/l; T = 120°C.
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change in the mechanism of catalysis. The initial for-
mation rate is the highest for all oxidation products,
including phenol. The initial rate of MPC accumulation
(w0, MPC) is twice as high as that of AP accumulation
(w0, AP) ([MPC]/[AP] ≈ 2 up to t = 30 min). At the early
stages of ethylbenzene oxidation, MPC is the main prod-

uct of the reaction: SMPC =  ≈ 50%; S(MPC + PEHP) ≈

75% (Fig. 1b). The dependence of SPEHP on C has a
well-defined extremum (Fig. 2a). Smax, PEHP is 45 and
55% at [Cat] = 6.0 × 10–3 and 7.5 × 10–3 mol/l, respec-
tively. The growth of SPEHP is accompanied by a consid-
erable decrease in the rates of PEHP, MPC, AP, and Ph
accumulation. This phenomenon can be explained by
the transformation of the iron complex into new catalyt-
ically active complexes. The observed changes in S and
w during oxidation are similar to those detected in eth-

MPC[ ]
∆ RH[ ]
-----------------

ylbenzene oxidation in the presence of M(L1)2 (M = Ni,
Co) and Ni(Co)-based composite catalysts. The rates of
MPC, AP, and Ph accumulation begin to grow once the
PEHP concentration has passed through a maximum
(Fig. 1b).

The highest concentration of PEHP in the process
catalyzed by Fe(III)(acac)3  is equal to 0.22–0.24 mol/l
(Fig. 1); that is, it is considerably lower than the
[PEHP]max value observed in the presence of nickel or
cobalt bis(acetylacetonate) (0.9–1.0 mol/l) [2–9].

The table presents the maximum rates of ethylben-
zene oxidation wmax at various initial concentrations of
Fe(III)(acac)3. The observed rates are 10–100 times
higher than the maximum rate of oxidation without a
catalyst.

As in the case of ethylbenzene oxidation catalyzed
by nickel and cobalt complexes [10], the maximum
PEHP selectivity of the process increases as [Cat] is
reduced. However, this increase is insignificant, from
S = 45–55% to S = 65% (Fig. 2). Analysis of the com-
plete scheme of radical chain hydrocarbon oxidation
catalyzed by transition metal compounds, which
involves the reaction of Cat with  (chain propaga-
tion) along with catalytic radical decomposition of
ROOH, leads to the following conclusions. [ROOH]max
must gradually increase and the rate of the reaction
must fall with decreasing [Cat] [11]. We did observe
these trends in the process catalyzed by nickel and
cobalt complexes [10]. We also observed a reduction in
the rate of ethylbenzene oxidation as [Fe(III)(acac)3]
decreased. However, the dependence of [PEHP]max on
[Fe(III)(acac)3] shows an extremum (Fig. 3), suggest-
ing that the mechanism of catalysis is more compli-
cated in this case.

Estimation of the ratio of the (AP + MPC) and
PEHP accumulation rates demonstrated that wP/wPEHP
is constant and nonzero at t  0 throughout the
Fe(III)(acac)3 concentration range examined. Thus, AP
and MPC do not form from PEHP and result from paral-
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Fig. 2. PEHP selectivity of ethylbenzene oxidation (S) ver-
sus ethylbenzene conversion (C) at various initial concen-
trations of Fe(III)(acac)3 (×103 mol/l): (1) 0.5, (2) 3.0,
(3) 5.0, (4) 6.0, and (5) 7.5; T = 120°C.

Rates of accumulation of ethylbenzene oxidation products (mol l–1 s–1)* and the rates of chain initiation (wi) and chain prop-
agation (wp) calculated for various initial concentrations of Fe(III)(acac)3

[Fe(III)(acac)3] × 103,
mol/l wPEHP × 105 wAP + MPC × 105 wPEHP + P + Ph × 105 wi × 106 wp × 105 (wi /wp) × 100%

– 0.15 0.07 0.22 – – –

0.5 1.75 1.11 3.13 0.23 1.09 2.1

3.0 4.44 3.27 7.86 1.56 3.2 4.8

5.0 6.58 7.13 13.7 3.32 6.8 4.9

6.0 8.27 12.8 21.2 – – –

7.5 7.86 20.8 24.6 – – –

* w = wmax ([Cat] = (0.5–5.0) × 10–3 mol/l), w = w0 = wmax ([Cat] = 6.0 × 10–3 and 7.5 × 10–3 mol/l).
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lel reactions. At [Cat] = 6.0 × 10–3 and 7.5 × 10–3 mol/l,
wAP/wMPC  0 at t  0; in other words, AP results
from MPC oxidation. Note that, at [Cat] ≤ 5 × 10–3 mol/l,
AP and MPC result from parallel reactions
(wAP/wMPC ≠ 0 at t  0).

At Fe(III)(acac)3 concentrations of (0.5–5.0) ×
10−3 mol/l, it was possible to evaluate the role of the
catalyst in the chain initiation and propagation steps of
the radical chain ethylbenzene oxidation using the
method described in our earlier publications [5–7, 9].
We found that AP and MPC form simultaneously with
PEHP until [PEHP]max is attained; therefore, ROOH
decomposition can be neglected. This inference is sup-
ported by the fact that Fe(III)(acac)3 is inactive in the
decomposition of cumyl hydroperoxide (in a nonpolar
medium) [12] and of PEHP (in chlorobenzene in con-
tact with flowing O2) [13].

It is likely that AP and MPC result from simulta-
neous reactions of chain propagation (I) and chain ter-
mination (II)

  R'C=O(ROH) + , (I)

2   R'C=O + ROH + O2. (II)

The relationship w ~ [Cat]1/2 (where w = wPEHP +
w(AP + MPC)) is valid at [Cat] ≤ 5.0 × 10–3 mol/l, suggest-
ing that linear chain termination involving the catalyst
can be ignored. The relationship w ~ [Cat]1/2 also points
to the radical chain mechanism of the reaction under the
above conditions (at [Cat] > 5.0 × 10–3 mol/l, the order
of the reaction with respect to the catalyst is above 1/2).
Assuming that bimolecular recombination of the 
radicals takes place and the rate of the homolytic

RO2

. Cat R
.

RO2

.

RO2

.

decomposition of PEHP is equal to zero, we obtain the
following equation for the rate of quadratic chain termi-
nation:

(1)

where wPEHP is the rate of PEHP accumulation.
In our calculations, we used the following values of the

rate constants and [RH] (120°C): k2 = 19.2 l mol–1 s–1, k6 =
1.9 × 107 l mol–1 s–1, and [RH]0 = 8.2 mol/l [11]. Under

quasi-steady-state conditions with respect to  rad-
icals, wt calculated for [Cat] = (0.5–5.0) × 10–3 mol/l is
equal to the rate of chain initiation (wi) (table). As in the
case of catalysis by Ni(L1)2 [6, 10], the relationship
wi ~ [Cat] is true (Fig. 4). In the absence of linear chain

termination (involving  and the catalyst), the rate
of AP and MPC formation in reaction (I) may be esti-
mated as

wp = w(AP + MPC) – wt , (2)

where w(AP + MPC) is the observed rate of AP and MPC
accumulation. The method suggested for estimating wt
and wp is substantiated by the linear dependences of wp

and wi on [Cat] ([Cat] = (0.5–5.0) × 10–3 mol/l) (Fig. 4).
As is seen from the table, the rate of chain initiation

is much higher in the presence of (0.5–5.0) × 10–3 mol/l
of Fe(III)(acac)3 than in the noncatalytic reaction
(wi ≈ 10–9 mol l–1 s–1 [6]).

wt k6[RO2

.
]

2
k6

wPEHP

k2 RH[ ]
------------------
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 
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2
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Fig. 3. The highest PEHP concentration attained in ethyl-
benzene oxidation catalyzed by Fe(III)(acac)3 as a function
of the initial concentration of the catalyst.
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Fig. 4. Rates of chain initiation (wi) and chain propagation

Cat +   (wp) as a function of [Cat] in ethylbenzene

oxidation with dioxygen catalyzed by Fe(III)(acac)3 at
120°C.
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The ratio wi/wp = 2–5% means that the iron com-
plexes are more active in chain propagation (Cat +

 ) than in chain initiation. Furthermore, this

value indicates that the reaction Cat +  plays a
greater role in ethylbenzene oxidation catalyzed by the
iron(III) complex than in the same reaction catalyzed
by Ni(II) or Co(II) complexes. In the latter case, wi/wp
ranges from 11 to 50%, depending on the nature of the
metal ion and its ligand environment, or wp = 0, as in the
case of Ni(II) (L1)2 complexes with 18K6 [5, 7].

Chain initiation in ethylbenzene oxidation by diox-
ygen in the presence of Fe(III)(acac)3 can be repre-
sented by the following reaction [14]:

Fe(III)(acac)3 + RH  Fe(II)(acac)2…H(acac) + . (III)

Electron transfer between RH and Fe(III)(acac)3 is
quite possible for alkylarenes with relatively weak C–H
bonds. Reaction (III) and the interaction of the resulting
Fe(II) complex with dioxygen appear to be responsible
for chain initiation in the reaction catalyzed by
Fe(III)(acac)3 at relatively low [Cat] concentrations at
120°C.

The change in the mechanism of catalysis at
[Fe(III)(acac)3]0 > 5.0 × 10–3 mol/l may be due to the
variation of the reactivity of iron complexes because of
the transformation of the original iron tris(acetylaceto-
nate) into a new catalytically active form (perhaps,
Fe(II)(acac)2Q). The Q radical, which can result from
the oxidation of the (acac)– ligand by the Fe(III) ion, is
stable and inactive as an initiator of radical chain reac-
tions [15, 16]. The relative Fe(II)(acac)2Q content
appears to grow with increasing [Cat] under our exper-
imental conditions:

At [Cat] concentrations of (0.5–5.0) × 10–3 mol/l,
the above transformation can apparently be neglected.

The comparatively high concentrations of phenol at
the initial stage of ethylbenzene oxidation at
[Fe(III)(acac)3] > 5.0 × 10–3 mol/l (Fig. 1b) can be
explained by PEHP heterolysis catalyzed by
Q(L1)2Fe(II) · PhOH. It was shown previously that the
coordination of phenol to Ni(acac)2 is favorable for het-
erolytic decomposition of PEHP with the formation of
phenol [17, 18].

The presence of an extremum in the dependence of
SPEHP on C (Fig. 2a) appears to be due to the transfor-
mation of the Q(L1)2Fe(II) complexes by a mechanism
analogous to the mechanism of the oxidative conver-
sion of nickel complexes. This conversion is a result of
the regioselective addition of O2 to the nucleophilic γ-C
atom of the (acac)– ligand [19, 20]. The resulting
Fex(acac)y(OAc)zQn species are likely to be inactive in

RO2

.

RO2

.

R
.

Q: CH3 C CH C CH3

OO

.

the heterolytic decomposition of PEHP and in the reac-
tion with the  radicals (Figs. 1b, 2).

The ligand environment of Fe(III) has a profound
effect on the catalytic mechanism of ethylbenzene oxi-
dation. In ethylbenzene oxidation (70°–110°ë) cata-
lyzed by [Fe(III)TPFPP]Cl (where TPFPP is
5,10,15,20-tetrakis(pentafluorophenyl)porphyrin), PEHP,
MPC, and AP are also the main oxidation products and
SPEHP ~ 50% [21]. A radical chain mechanism was pro-
posed for the last process [22]. According to this mech-
anism, chain initiation is due to the catalytic decompo-
sition of PEHP; AP and MPC result from quadratic
chain termination and linear chain termination involv-
ing the catalyst. As this takes place, the catalyst is rap-
idly deactivated, and the process is terminated at a low
RH conversion.

Thus, the PEHP selectivity of ethylbenzene oxida-
tion with dioxygen in the presence of Fe(III)(acac)3
varies only slightly over a wide range of Cat concentra-
tions ([Cat] = (0.5–7.5) × 10–3 mol/l), being equal to
45–65%.

We established that the relatively low efficiency of
Fe(III)(acac)3 (as a selective catalyst for ethylbenzene
oxidation to PEHP) as compared to the efficiency of
previously studied Ni(II) and Co(II) complexes is due
to the simultaneous formation of PEHP, MPC, and AP
throughout the Cat concentration range examined.

The mechanism of catalysis was found to change at
a certain initial [Cat] value.

At [Cat] ≤ 5.0 × 10–3 mol/l, AP and MPC are also
formed by parallel reactions. The kinetics of ethylben-
zene oxidation is consistent with a radical chain mech-
anism including the bimolecular recombination of

 radicals. The estimated ratio between the rates of

chain initiation and chain propagation (Cat + 
(wi/wp = 2–5%)), suggests that AP and MPC form
mainly in the chain propagation step (conceivably,
through the homolytic decomposition of the intermedi-
ate complex [Fe(III)–OOR] [23, 24]). Furthermore, this
ratio points to an essential contribution from the chain
propagation reaction to the overall rate of the process.

At [Cat] > 5.0 × 10–3 mol/l, MPC and AP form in
another order: the ketone results from the oxidation of
the alcohol. At the initial stages of the reaction, MPC is
the main oxidation product (SMPC ≈ 50%; SPEHP ≈ 25–
30%). An extremum is observed in the dependence of
SPEHP on C (SPEHP, max ≈ 45–55%). The maximum rate of
the phenol formation is observed starting at the reaction
onset. The kinetic changes in ethylbenzene oxidation
under the conditions examined appear to be due to the
oxidative transformation of Fe(III)(acac)3, which
shows up in the range of high Cat concentrations and
results in essential structural changes in the coordina-
tion sphere of iron.

RO2

.

RO2

.

RO2
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