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The decomposition of 1-methyl-1-phenylethyl hydroperoxide and #-butyl hydroperoxide with Mn(II)(acac),
and the autoxidation of cumene with Mn(II)(acac),, Mn(III)(acac);, and MnCOj; have been studied at 323 K.
In the decomposition of the hydroperoxides with Mn(II)(acac),, the peroxyl radicals are observed only when the

initial ratio of hydroperoxide to catalyst amount exceeds a certain value.
in the oxidation of cumene with Mn(II)(acac), and also with MnCOj.

phenomena has been proposed.

It has been reported that, in the liquid phase oxidation
of hydrocarbons with metal oxides, there is a critical
amount of catalyst above which the reaction does not
proceed.’19 A similar critical phnomenon was observed
in the autoxidation with homogeneous catalysts.11:12)
Decrease of the oxidation rate at a high catalyst amount
indicates that the solid acts as an inhibitor rather than
as a catalyst. However, causes for the same substance
having dual functions, 7.e. it accelerates the oxidation
rate at lower catalyst amount and inhibits the reaction
at higher catalyst amount, and for the change from
catalysis to inhibition occurring abruptly, have not been
clarified.

As regards catalysis, it is accepted that the decom-
position of the hydroperoxide on solid surface produces
free radicals, which in turn, propagate the chain reac-
tions in liquid phase.1-10

Interaction of hydroperoxide with surfaces also seems
to cause the critical phenomena. Thus, a critical catalyst
amount has been reported to depend on the initial
concentration of the hydroperoxide.’»®?)  Mukherjee
and Graydon? found that there is a critical hydroper-
oxide to catalyst ratio, below which no reaction takes
place in the oxidation of tetraline with Mn,O;. They
assumed that there are two distinct sites on the catalyst,
one preferentially adsorbing the hydroperoxide and the
other taking part in the production of free radicals.
‘When the amount of hydroperoxide is small, no reaction
takes place, since all of it is consumed to saturate the
inactive sites which do not contribute to radical forma-
tion.

The inhibiting action of the surface might depend
also on the oxidation state of the metal cations. Manga-
nese-catalyzed autoxidation was observed to start when
Mn(II) was converted into Mn(III).*® Inhibition of
autoxidations by transition metals in low oxidation
states such as Co(II) or Mn(II) was reported.1,14-16)
In cyclohexene oxidation with manganous heptanoate,
Chalk and Smith!? observed long induction periods,
which do not terminate until sufficient hydroperoxide is
formed to convert nearly all the manganous manganese
into manganic state. The reaction of metal cations with
peroxyl radicals has been postulated as one of the
termination reactions also in the autoxidation with metal
oxides.”10

In the present work, we have found a critical

The critical phenomenon is observed
A scheme for the cause of the critical

phenomenon in the decomposition of hydroperoxides
with bis(acetylacetonato)manganese(II), Mn(II) (acac),,
and also in the oxidation of cumene with Mn(II) (acac),.
No such phenomenon is observed in the oxidation with
tris (acetylacetonato) manganese (IIT), Mn (III) (acac)s,
indicating the importance of the oxidation state of the
cations for critical phenomena. The critical phenome-
non in the oxidation and that in the hydroperoxide
decomposition are closely related. A scheme for the
cause of the critical phenomena is proposed. The
critical phenomenon in the oxidation of cumene with
MnCO; is also mentioned.

Experimental

Materials. Commercial cumene (reagent grade) was
distilled and percolated through an activated alumina column
three times prior to use in order to remove any trace of hydro-
peroxide. #-Butyl hydroperoxide and 1-methyl-1-phenylethyl-
hydroperoxide(Nakarai Chem. Ltd.), were purified by vacuum
distillation. Commercial Mn(II)(acac),, Mn(III)(acac)s, and
MnCO; were used.

Apparatus and Procedure. The apparatus has been
described in detail.’8-29 Carbon tetrachloride was used as a
solvent, since it is an inert solvent in autoxidation or hydro-
peroxide decomposition.’*-19) For example, the decay rate of
1-methyl-1-phenylethylperoxyl radical in CCl, was the same
as that in cumene.?V Measurements of the peroxyl radical
concentration during the course of decomposition of hydroper-
oxide were performed as follows. The solvent (CCl, 70 cm?)
and the catalyst (Mn(II)(acac),) were stirred in a flask and
the part of the solution with the colloidal catalyst was circu-
lated with use of a roller pump through the ESR cavity. The
reaction was started by the addition of hydroperoxide (20—
123 ul). ESR intensity of the peroxyl radicals was monitored
with time by use of a JEOL-X-band spectrometer (JEOL-PE-
1X) with 100 kHz magnetic modulation. The radical concen-
tration was determined using 1,1-diphenyl-2-picrylhydrazyl in
benzene as a reférence.

The rates of oxygen absorption during the course of autoxi-
dation of cumene with Mn(II)(acac),, Mn(III)(acac)s, and
MnCO; were measured with a gas burette or a gasometer.
The radical concentration during the course of oxidation was
determined in the same manner as above.

Results

Critical Phenomena in the Decomposition of Hydroperoxides
by Mn(Il)(acac),. The ESR spectrum of the
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I-methyl-1-phenylethyl-peroxyl radical(RO,-, g=2.015
40.0002) or the i-butylperoxyl (BO,, g=2.01444
0.0002) was observed, when an amount of 1-methyl-
I-phenylethyl hydroperoxide (ROOH) or ¢-butyl hydro-
peroxide (BOOH) exceeding a certain value was added
to 70 cm3 of CCl, solution containing 0.2 g of Mn(II)-
(acac),, indicating the decomposition of hydroperoxide.
The radical concentration increased markedly with
reaction time, reaching a maximum, then decreasing.
Typical examples are shown in Fig. 1.

The maximum concentration of the peroxyl radicals,
[RO, ] maxs are plotted against the initial concentration
of the hydroperoxides in Fig. 2. For concentrations of
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Fig. 1. Concentration of peroxyl radicals during the
decomposition of f-butyl hydroperoxide and cumene
hydroperoxide with Mn(II)(ffcac), at 323 K plotted
against reaction time; Mn(II)(acac), 2.86g 11, A
[BOOH] 4.47x 103 M, @[BOOH] 7.83x 102 M, O
[ROOH] 8.18x 102 M.
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Fig. 2. Maximum concentration of peroxyl radicals
during the decomposition of #-butyl hydroperoxide
and cumene hydroperoxide with Mn(II)(acac), at
323K plotted against initial hydroperoxide concentra-
tion; Mn(II) (acac), 2.86 g 1-2, solvent CCl,, @ BOOH,
O ROOH.
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Fig. 3. Cumulative amount of oxygen absorbed and the
concentration of cumylperoxyl radical during the aut-
oxidation of cumene with Mn(II)(acac), at 323 K
plotted against reaction time; Mn(II)(acac), 1.54 g 11,
cumene 65 cm3; Initial ROOH concentration is zero,
10 1 of ROOH was added at 12 min (] ) and another
10 1 of ROOH was added at 19 min (] ).

the hydroperoxides lower than 4.0 x 10-3 M, no peroxyl
radicals were observed. By a slight increase of hydroper-
oxide concentration above 4.0x10-3 M, the peroxyl
radicals were observed, the maximum radical concen-
tration increasing linearly with an increase in initial
hydroperoxide concentration. It is evident that critical
phenomenon exists in the decomposition of hydroper-
oxides. The critical concentration of the hydroperoxides
is the same (4.0x 103 M) for ROOH and BOOH, the
critical ratio of hydroperoxide to Mn(II)(acac), amount
being 1.4 x 10-3 mol/g-Mn(II)(acac),.

Critical Phenomena in the Autoxidation of Cumene with
Mn(II) (acac),. In order to see whether the critical
phenomenon is also observed in autoxidation with Mn-

o s e,
=
w  10f .
o
~ : . °
g | .
b o
S L
2 5t
0 T B e S —
0 1 2 3 4 5

{ROOH), 7 1072M

Fig. 4. Rate of oxygen absorption during the autoxida-
tion of cumene with Mn(II)(acac), at 323 K plotted
against initial hydroperoxide concentration; Mn(II)-

(acac)y; O 10.34g 11, @ 20.7 g 11,
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(IT)(acac),, the autoxidation of cumene with Mn(II)-
(acac), was studied at 323 K. As shown in Fig. 3, no
peroxyl radicals were observed when no hydroperoxide
was added, though a slow oxygen uptake was observed.
Addition of 10 ul of ROOH caused no change in the
situation. However, when another 10 pl of ROOH was
added, peroxyl radicals were observed, the radical con-
centration and rate of oxygen absorption increasing
markedly with time to reach a steady concentration and
a steady rate, respectively.

Figure 4 shows the steady rate of oxygen absorption
as a function of the initial hydroperoxide concentration.
The rate of oxygen absorption is almost zero when the
initial hydroperoxide concentrations are lower than 1.6
x10-2 M and 3.1x10-2M for 10.3 and 20.7 g 1-? of
[Mn(II)(acac),], respectively. A slight increase in
hydroperoxide concentration in excess of these values
causes an abrupt increase in the oxidation rate, which
does not change significantly by further increase in the
hydroperoxide concentration (Fig. 4). The critical ratio
of hydroperoxide to catalyst amount is 1.5 x 10-3 mol/
g-Mn(II) (acac),.

It should be noted that the critical hydroperoxide
concentration is doubled by doubling the amount of the
catalyst, indicating that the parameter determining criti-
cal phenomenon is not hydroperoxide concentration but
the ratio of the concentration to the catalyst amount, in
agreement with the results of Mukherjee and Graydon,?
and Neuberg et al.®) This was confirmed also by exam-
ining the effect of catalyst amount on the rate of
oxidation and on the concentration of peroxyl radical
at a constant hydroperoxide concentration (1.56 x 10-2
M). The maximum rate of oxygen absorption and the
maximum concentration of the peroxyl radical are
plotted against the catalyst amount in Fig. 5. The
rate of oxygen absorption increases with increases in
the catalyst amount, reaching a constant value, and
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Fig. 5. The rate of oxygen absorption and the concen-
tration of cumylperoxyl radical as a function of the
catalyst weight to liquid volume ratio in the autoxida-
tion of cumene with Mn(II)(acac), at 323 K; ROOH
1.56 x 10-2 M, @ [RO,-], O —d[O,]/d¢.
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decreasing drastically above 12.1 g1-1 of Mn(II)-
(acac),. The critical ratio of hydroperoxide to cata-
lyst amount is 1.3 X 10~3 mol/g-Mn(II)(acac),, which is
very close to that given in Fig. 4.

It should be noted that the critical ratio of hydroper-
oxide to catalyst (1.3—1.5X10-3mol/g) in cumene
autoxidation with Mn(IT)(acac), is the same as that in
the decomposition of hydroperoxides with the same
catalyst (1.4 x 10-3 mol/g).

As shown in Fig. 5, the rate of oxygen absorption and
radical concentration behave in exactly the same
manner, viZ., the rate of oxygen absorption is propor-
tional to the concentration of peroxyl radical. This
indicates that oxygen is absorbed mainly by the elemen-
tary reactions, R:+4-O0,—RO,-, and RO,-+RH—
ROOH+R..

Autoxidation of Cumene with Mn(III)(acac),. In
order to find the effect of the oxidation state of manga-
nese cation, the oxidation of cumene was studied with
Mn(III)(acac)s. The concentration of the peroxyl
radical and the rate of oxygen absorption were measured
simultaneously at 323 K. In the oxidation with Mn-
(III)(acac),, the reaction proceeds even when the initial
hydroperoxide concentration is much lower than the
critical concentration in the oxidation with Mn(II)-
(acac),. Figure 6 shows typical examples of the change
in the rate of oxygen absorption and the peroxyl radical
concentration with reaction time. When 4 ul of ROOH
was added to 70 cm? of CCl, solution containing 0.60 g
of Mn(III)(acac),, the peroxyl radical and the absorp-
tion of oxygen were observed after standing for 30 min.
The hydroperoxide formed after prolonged standing
might cause the reaction to proceed. When 150 pl of
ROOH was added, the reaction proceeded immediately.
In the case of Mn(II)(acac),, the reaction does not
proceed when the initial ratio of hydroperoxide to
catalyst amount is less than 1.5%10-3 mol/g-Mn(II)-
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Fig. 6. Change in the rate of oxygen absorption and the
concentration of cumylperoxyl radical with time in the
autoxidation of cumene with Mn(III)(acac), at 323 K.
O @ Mn(I1II)(acac); 8.57 g 1-1, ROOH 4.0 10* M,
RH 7.18 M; A A Mn(III)(acac); 0.17 g 1-*, ROOH
1.56x 102 M, RH 7.18 M.
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Fig. 7. The naximum rate of oxygen absorption and the
maximum concentration of cumylperoxyl radical as a
function of the catalyst weight to liquid volume ratio in
the autoxidation of cumene with Mn(III)(acac),;
—d[O,]/d¢: A ROOH 4.0x 10+ M, A ROOH 1.50
X102 M; [RO,]: O ROOH 4.0x 10* M, @ ROOH
1.50x 102 M.

(acac),; e.g., ROOH 120 pl for Mn(II)(acac), 0.60 g

The radical concentration and the rate of oxygen
absorption increase with reaction time, reaching a maxi-
mum, then decreasing (Fig. 6). This might be due to
the deactivation of catalyst. The effects of catalyst
amount on the maximum rate of oxygen absorption and
the maximum concentration of RO,+ are shown in Fig.
7. The rate of oxygen absorption and the radical
concentration increase with increase in catalyst amount
and reach a constant value, independent of the initial
hydroperoxide concentration. As is the case of Mn(II)-
(acac),, the rate of oxygen absorption and the radical
concentration behave in the same manner, showing that
the rate of oxygen absorption is proportional to the
radical concentration in the case of Mn(III)(acac); as
well.

ESR Spectra during Autoxidation of Cumene with Mn(II)-
(acac)y, and Mn(III) (acac)g. The ESR spectrum
during the course of autoxidation of cumene with Mn-
(IT)(acac), was measured. When the concentration of
the hydroperoxide is below the critical concentration,
the broad signal due to Mn(II) is observed. When a
sufficient amount of hydroperoxide is introduced to
start the oxidation, the intensity due to Mn(II) decreases
with time and becomes constant, a sharp signal due to
peroxyl radical being observed. The essentially same
ESR spectrum was observed during cumene oxidation
with Mn(III)(acac),, indicating that the state of manga-
nese ion is the same irrespective of the valency of the
starting complexes, once oxidation is started.

Critical Phenomenon in the Autoxidation of Cumene by
MnCOj,. The autoxidation of cumene by MnCO,
was studied for 2.33 X 10~ M of initial hydroperoxide
concentration at 323 K. As shown in Fig. 8, the rate
of oxygen absorption increases with an increase in the
catalyst amount, the rate declining drastically at high
catalyst amount. The critical ratio of hydroperoxide
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Fig. 8. Rate of oxygen absorption during the autoxida-
tion of cumene by MnCOj; at 323 K plotted against the
ratio of catalyst weight to liquid volume; RH 7.18 M,
ROOH 2.33x 10— M.

to catalyst amount is 2.1 X 10-% mol/g-MnCO,, much
less than the value in the case of oxidation with Mn(II)-
(acac),.

Discussion

Resuiis. The results in this study can be sum-
marized as follows.

1. In the decomposition of ROOH and BOOH with
Mn(IT) (acac), there is a critical ratio of hydroperoxide
to catalyst amount (1.4 103 mol/g-Mn(II)(acac),)
below which no peroxyl radicals are observed during
the course of reaction.

2. In the autoxidation of cumene with Mn(II)-
(acac),, there is a critical ratio of hydroperoxide to
catalyst amount below which the oxidation does not
proceed, the ratio being the same as that found in the
hydroperoxide decomposition.

3. In the autoxidation of cumene with Mn(III)-
(acac)s, no critical phenomenon is observed.

4. The ESR signals due to manganese ion during
the course of autoxidation of cumene with Mn(II)-
(acac), are the same as those with Mn(III)(acac)s,.

5. In the autoxidation of cumene by MnCOQ,, there
is also a critical ratio of hydroperoxide to catalyst amount
(2.1 X 1073 mol/g-MnCQy), the critical value being
much smaller than that in the case of Mn(II)(acac),.

Reaction Mechanism. Agreement of critical ratios
in the hydroperoxide decompositions and in cumene
oxidation (observations 1 and 2) indicates that the
critical phenomenon in the autoxidation is substantially
identical to the critical phenomenon in the hydroper-
oxide decomposition. Inhibition of oxidation below a
critical hydroperoxide concentration might be caused by
the fact that the hydroperoxide decomposition gives no
peroxyl radicals available for chain propagation.

From the results given in 3, we see that the Mn(II)
and not Mn(III) species play an essential role in the
appearance of the critical phenomena. 4 suggests that
there is a redox interconversion between Mn(II) and
Mn(I1I1) during the course of reaction. The mechanism
for the autoxidation of cumene with Mn(II)(acac), and



August, 1979]
Mn(III) (acac), can be written as follows:

Initiation

fast
ROOH + Mn(II) —— RO. + Mn(III) + OH- (1)

ROOH + Mn(III) —> RO,. + Mn(II) + H  (2)

Propagation
RO,. + RH —— ROOH + R. (3)
fast
R. + O, — RO,- 4)
RO,. + RO, —> 2RO- + O, (5)
fast
RO. + ROOH — ROH + RO,- (6)
Termination

RO, + Mn(II) — (RO, --- Mn(II))

—— inactive product (7)
RO,., RO —— decay (8)

The reaction mechanism is the same as that proposed
for the cumene oxidation with PbO,,!®) except for
elementary Reactions 1,2,and 7. The initiation Reac-
tions 1 and 2 are accepted for homogeneous systems.22:23)
Reaction 7 is included to account for the inhibiting
action of the catalyst. The radical scavenging action of
the lower oxidation state of metal cation has been
postulated by several authors,?-11,14:16,17,24) and the rate
constants for reactions of peroxyl radicals and the metal
cations have been estimated.15:25,26)

Origin of Critical Phenomena. In order to confirm
the origin of the critical phenomena in oxidation and
hydroperoxide decomposition, we should consider rela-
tive rates of elementary reactions. Reaction 1 is much
faster than Reaction 2 in the manganese system.23)
Reaction 7 is much faster than Reaction 3, hydrogen
abstraction from RH by RO,. Thus, the rate constant
for the reaction of cumylperoxyl radical with manganous
cation is 4.3 X104 M-1s-1 at 308 K, while the rate
constant for the reaction of the same radical and cumene
is estimated to be 7.6 M—!s~! at the same temperature.!?
Thus, in the presence of sufficient amount of Mn(II),
the peroxyl radicals formed by Reactions 1 and 6 are
scavanged by Mn(II), the autoxidation being inhibited.
Above the critical ratio of hydroperoxide to Mn(II)
amount, most of Mn(II) species are converted into
Mn(III) by Reaction 1 and the remaining ROOH
molecules are converted into peroxyl radicals by Reac-
tion 2 and the oxidation can proceed through Reactions
4 and 5. Under these conditions, Reaction 7 is negligible
because of low concentration of Mn(II). For the same
reason, no critical phenomena would be observed if
Mn(III) is used as a catalyst from the beginning.

Reactions 1 and 7 are only known in the case of
transition metal cations which have variable oxidation
states, such as Co(II)/Co(III) and Mn(II)/Mn(III).
The fact that critical phenomena in the autoxidation
of hydrocarbons have been observed only with such
transition metal ions!—19 also supports the view that the
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cause of critical phenomena can be attributed to Reac-
tions 1 and 7.

Elimination of the elementary Reactions 3 and 4 from
the above oxidation mechanism should give the mecha-
nism for the hydroperoxide decomposition.!®2? Since
the mechanisms of initiation and chain scavenging
remain identical to those in the autoxidation, the origin
of the critical phenomena both in the hydroperoxide
decomposition and the autoxidation should be common.
This explains why both critical phenomena occur at the
same ratio of the hydroperoxide to catalyst amount.

The critical molar ratio of hydroperoxide to Mn(II),
expected from Reactions 1 and 7, is unity. But the
experimental critical ratio of hydroperoxide to Mn(II)-
(acac), amount is 1.5 X 10-3 mol/g-Mn(II)(acac),, that
is, the critical molar ratio is 0.38, smaller than unity,
probably because of the fact that Mn(II)(acac), is partly
heterogeneous during the course of reaction.

The critical phenomenon in the autoxidation of
cumene by MnCOj; can be explained similarly. Since
MnCO;j is a heterogeneous catalyst, and only Mn(II)
on the surface is available for the initiation, the effective
Mn(II) species in MnCOj, are much less than those in
Mn(II) (acac),, resulting in a much smaller critical ratio
of hydroperoxide to catalyst amount.

We are very grateful to Professor T. Keii for helpful
discussions.

References

1) A. Mukherjee and W. F. Graydon, J. Phys. Chem., 71,
4232 (1967).
2) N. J. Neuberg, J. M. Basset, and W. F. Graydon, J.
Catal., 25, 425 (1972).
3) N. P. Evmenenko, Ya. B. Gorokhovatsky, and Yu. I.
Pylenko, Dokl. Akad. Nauk USSR, 202, 1117 (1972).
4) Ya. B. Gorokhovatsky and A. I. Pyatnitskaya, Kinet.
Katal., 13, 1527 (1972).
5) Ya. B. Gorokhovatsky, Proc. Congr. Catal., 5th, 1972, 2,
879 (1973).
6) G. R. Varma and W. F. Graydon, J. Catal., 28, 236
(1973).
7) H. J. Neuberg, M. J. Phillips, and W. F. Graydon, J.
Catal., 38, 33 (1975)
8) R. K. Srivastava and R. D. Srifastava, J. Catal., 39,
317 (1975).
9) D.L. Allara and R. F. Roberts, J. Catal., 45, 54 (1976).
10) L.V.G. Krishma, M. S. Rao, and R. D. Srivastava, J.
Catal., 49, 109 (1977).
11) Y. Kamiya and K. U. Ingold, Can. J. Chem., 42, 2424
(1964).
12) A.T. Betts and N. Uri, Adv. Chem. Ser., 76, 160 (1968).
13) E. T. Denisov and N. M. Emanuel, Russ. Chem. Rev.
29, 645 (1960).
14) A. T. Betts and N. Uri, Makromol. Chem., 95, 22 (1966).
15) D. G. Hendry and D. Schueltzle, Am. Chem. Soc., Div.
Petrol. Chem. Prepr., 14, (4), A31 (1969).
16) E. Niki and Y. Kamiya, Bull. Chem. Soc. Jpn., 39, 1095
(1966).
17) A. J. Chalk and J. F. Smith, Trans. Faraday Soc., 53,
1214 (1957).
18) S. Fukuzumi and Y. Ono, J. Phys. Chem., 80, 2973
(1976).
19) S. Fukuzumi and Y. Ono, J. Chem. Soc., Perkin Trans. 2,



2260

1977, 784.

20) S. Fukuzumi and Y. Ono, J. Phys. Chem., 81, 1895
(1977).

21) S. Fukuzumi and Y. Ono, J. Chem. Soc., Perkin Trans. 2,
622 (1977).

22) J. K. Kochi, “Oxidation-Reductions of Free Radicals
and Metal Complexes,” in “Free Radicals,” ed by J. K. Kochi,
John-Wiley and Sons, New York (1973), Vol. 1, Part 1, Chap.
11, pp. 591—684.

23) R. A. Sheldon and J. K. Kochi, “Metal Catalyzed
Oxidations of Organic Compounds in the Liquid Phase: A

Shun-ichi Fukuzumt and Yoshio Ono

[Vol. 52, No. 8

Mechanistic Approach,” in ‘“Advances in Catalysis,” ed by
D. D. Eley, H. Pines, and P. B. Weisz, Academic Press, New
York (1976), Vol. 25, pp. 274—414.

24) J. F. Black, J. Am. Chem. Soc., 100, 527 (1978).

25) V.M. Goldberg and L. K. Obukhova, Dokl. Akad. Nauk
USSR, 165, 860 (1965).

26) W. J. De Klin and K. C. Kooyman, J. Catal., 4, 626
(1965).

27) S. Fukuzumi and Y. Ono, J. Chem. Soc., Perkin Trans. 2,
625, (1977).




