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In order to study the catalysis for the oxidation of a-methylstyrene and cyclohexene, some
metal-dioxygen complexes were synthesized. The rate of oxidation was about half order with
respect to the concentration of the dioxygen complexes. The oxidation rate of cyclohexene
could be correlated with the reactivity for the redox decomposition of hydroperoxide formed
as an intermediate during the course of the oxidation. From these results, it was concluded
that the oxidation rate of cyclohexene was affected mainly by the reactivity of metal complexes
for the hydroperoxide decomposition.

However, the oxidation rate of a-methylstyrene was suggested to depend on the coordinated
oxygen molecule. It was observed that the oxidation rate of e-methylstyrene was lowered in
basic solvents such as pyridine or ethanol. However, the chain initiation of e-methylstyrene
catalyzed by Ru(OH)(NO)(PPh;):0; increased dramatically in acetic acid. The correlation
between the oxidation rate of a-methylstyrene and O—0 bond length of the dioxygen complexes

was also investigated.

INTRODUCTION

Recently the study on metal-dioxygen
complexes has received considerable atten-
tion since new types of metal complexes,
IrX (CO) (PPh;s): and RhX(PPh;);(X =
halide, PPh; = triphenylphosphine), which
have an ability to coordinate oxygen mole-
cule, were synthesized respectively, by
Vaska (1) and Wilkinson (2). There has
been catalytic interest in the oxidation of
organic compounds using the dioxygen
complexes and also biochemical interest as
oxygen carrier which absorbs oxygen mole-
cule reversibly in a similar manner as
hemoglobin. In general, oxygen—oxygen
bond length of a dioxygen complex (3)
corresponds to that of excited oxygen
molecule, suggesting that the dioxygen co-
ordinated to a metal complex is activated
considerably.

Although a number of applications (4, §)
of these complexes to organic oxidations
have recently been published, it seems im-
portant to distinguish the effect due to the
activation of molecular oxygen from the
effect due to hydroperoxide decomposition
by a metal complex, when the autoxidation
of hydrocarbon proceeds by hydrogen ab-
straction mechanism. It has been reported
that the oxidation of ethylbenzene (6) and
diphenylmethane (7) catalyzed by metal
complexes gave acetophenone and ben-
zophenone as major products, respectively.
However, these are considered to be the
decomposition products of hydroperoxides
formed as intermediate. Further, oxidation
of olefins has also been investigated. Lyons
and Turner (8) reported that tetramethyl-
ethylene was oxidized by Rh- and Ir-com-
plexes under an oxygen atmosphere to
yield 2,3-dimethyl-2,3-epoxybutaneand 2,3-
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dimethyl-3-hydroxybutene-2 as major prod-
ucts and also 2,3-dimethyl-3-hydroperoxy-
butene-1 in as much as 109, yield simul-
taneously. Furthermore, oxidation of cyclo-
hexene catalyzed by metal complexes or
dioxygen complexes has been investigated
by Collman et al. (9), Graham et al. (10),
and Kaneda et al. (11). It was clarified that
these reactions proceeded by radical mecha-
nism, since there was no oxygen uptake in
the presence of a free-radical inhibitor.

Previously (12), we have confirmed that
a-copper phthalocyanine and metal acetyl-
acetonates have a capability to activate
oxygen molecule and a remarkable effect
to initiate the chain of autoxidation of
o-methylstyrene by addition mechanism.
It seems that a-methylstyrene which pro-
ceeds entirely by addition mechanism (13)
is the most suitable substrate to study
the effect due to the coordinated oxygen
molecule.

In this work, we studied the catalysis by
metal-dioxygen complexes in the autoxida-
tion of e-methylstyrene, where the reaction
proceeds by addition mechanism to give
polyperoxide, and of cyclohexene where the
reaction proceeds by hydrogen abstraction
mechanism to give hydroperoxide. Correla-
tion between O-O bond length and reac-
tivity for the oxidation of a-methylstyrene
was also investigated.

EXPERIMENTAL METHODS

The infrared spectra were recorded as
Nujol mulls on a Nippon Bunko IR-G
spectrophotometer (4000400 cm™1), cali-
brated with polystyrene film. Melting
points were measured on a Yazawa hot-
stage apparatus. Triphenylphosphine was
recrystallized from ethanol. Olefins were
purified by treatment with activated alu-
mina after distillation.

All the dioxygen complexes were pre-
pared according to procedures in the litera-
ture (14, 16). The colors and ir data are
given in Table 1. The stretching band of
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M-0 bond which was expected in the 600-
450 ¢em™! region could not be assigned be-
cause of the overlapping with the strong
bands of triphenylphosphine ligand (16).
The oxidation technique has been de-
scribed previously (17). The oxidations
were carried out under oxygen atmosphere
at 60 or 50°C. The oxidation mixture of
cyclohexene was treated with excess tri-
phenylphosphine to reduce cyclohexenyl
hydroperoxide to the corresponding aleohol,
and then analyzed by gas chromatography
after addition of a weighed amount of
cyclohexanone (internal standard). A 2 m
stainless steel column packed with 2097
PEG 20 M and 209, DC-550 on Celite 545
was used. Hydroperoxide was analyzed by
conventional iodometric method.

RESULTS AND DISCUSSION

Ozidation of a-Melhylstyrene and Cyclo-
hexene

Catalysis by metal complexes for the
oxidation of a-methylstyrene and cyeclo-
hexene under an oxygen atmosphere was
first investigated. Results are given in
Table 2. With cyclohexene, the oxidation
was carried out in chlorobenzene at 50°C.
Usually the steady rate of the oxidation
was observed after an induction period of
several minutes. It was observed, as shown
in Table 2, that most of the metal complexes
used were remarkably effective for the oxi-
dation of cyclohexene. On the other hand,
certain complexes other than RhCl(PPhs)s,
Co(Salen), and Co(Salehx) have shown
little effect or even an inhibitory effect for
the oxidation of a-methylstyrene. This sug-
gests that the oxygen molecule attached to
these metal complexes is not as activated
as that of M (acac).0; published previously
(12).

In Fig. 1, the log of the rate of oxygen
absorption of a-methylstyrene is plotted
against the concentration of dioxygen com-
plexes. Although the rate of oxidation was
about half order with respect to the con-
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TABLE 1

Coror aNDp TR Dara (em™1) ror D10XYGEN COMPLEXES

Formula X Color v (CO) v (NO) v (0-0)
IrX(CO) (PPh;):0. = Cl Orange 2000s 857s
Br Yellowish-brown 2000s 857s
I Brown 1999s 859s
RuX(NO) (PPh;):0, = OH Dark red 1760s 878s
Cl Brownish-black 1760s 880s
Br Dark brown 1759s 878s
I Dark brown 17568 8758

centration of Cos(Salen).0., the oxidation
rate decreased with increasing concen-
tration of the catalyst in the case of
RhCI(PPh;),0,. This result shows that the
termination effect due to the interaction
between metal complex and peroxy radical
is fairly great. Actually, as shown in
Table 3, all of these complexes exerted a
considerable effect on the autoxidation of
a-methylstyrene initiated by «,a’-azobisiso-
butyronitrile (AIBN). The inhibitory ef-
feet of RhCI(CO) (PPhi). was the most
remarkable. Cobaltous acetylacetonate and
deconoate demonstrated additive proper-
ties in the catalytic activities of the metal
salts and AIBN, respectively.

TABLE 2

OxIpATION OF OLEFINS CATALYZED
BY METAL COMPLEXES

-~d02/dt
(105 M /sec)

Metal complex

a-Methyl- Cyclo-
styrene® hexene?

None 0.66 —
RhCI(PPh;); 2.05 8.17
RhC1(CO)(PPhs). 0.13 —
Ru(OH)(NO)(PPh;).(CO) 0.49 18.9
Co(Salen) 4.12 9.35
Co (Salpro) — 1.09
Co (Salchx)e 3.13 19.1

2 0.005 M metal at 60°C.
5 0.01 M metal at 50°C in PhCl], 1:1 by vol.
¢ Bis-(salicylidene cyclohexyliminato) cobalt.

In Fig. 2, the log of the oxygen absorption
rate of cyclohexene is plotted against the
concentration of dioxygen complexes. The
rate of oxidation is about half order with,
respect to both RhCl(PPh;),0; and Ru-
(OH) (NO) (PPh;)20;. These results indi-
cate that the dioxygen complexes have a
considerable effect on the initiation reaction
of autoxidation of cyclohexene as well as
of a-methylstyrene. In cyclohexene oxida-
tion, which proceeds by hydrogen abstrac-
tion mechanism, hydroperoxide is formed
as an initial product during the course of
the reaction. Most of the metal complexes
used have shown a considerable effect on
the decomposition of hydroperoxide. It
seems, therefore, that the chain of the
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Fig. 1. The rate of oxidation of a-methylstyrene
catalyzed by oxygen complexes as a function of
metal concn at 60°C. (O) Co:(Salen).0:; (@)
RhCI1(PPh;)0:.
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TABLE 3

InuBITORY EFFECT OF METAL COMPLEXES ON THRE
OXIDATION OF a~-METHYLSTYRENE INITIATED
BY 0.03 M AIBN AT 60°C

Metal complex —dOy/dt X 10*

(0.01 M) (M /sec)
None 1.18
RhC1(PPh;), 045
RhCI(CO) (PPhj;), 0.09
Ru (OH)(NO)(PPh;).(CO) 0.23
IrBr (CO)(PPhy), 0.30
Co(Salen) 0.59
Co(acac)s 3.65
CoDe: 1.47

cyclohexene autoxidation is initiated by
redox decomposition of hydroperoxide cata-
lyzed by metal complex, as observed by
Lyons and Turner (8) and Fusi et al. (18).

Relation between the Decomposition Rate of
Hydroperoxide and the Oxidation Rate of
Cyclohexene

Variation of hydroperoxide concentration
with reaction time during the oxidation of
cyclohexene catalyzed by RhCl(PPh;),0. is
given in Fig. 3. At the beginning of the
reaction, an amount of overall oxygen ab-
sorbed (3.43 X 1072 M at 16.0 min) was a
little higher than that of hydroperoxide
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Fig. 2. The rate of oxidation of cyclohexene
catalyzed by oxygen complexes as a function of
metal concn at 50°C. (O) Ru(OH)(NO)(PPh;).0,;
( @) RhCl1(PPh;):0;.
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Fre. 3. Hydroperoxide accumulated in the oxi-
dation of cyclohexene catalyzed by 0.005 M RhCl-
(PPh;):0, at 50°C. (O) Oxygen absorbed; (@)
hydroperoxides titrated.

formed (3.00 X 10~% 3{ at 16.3 min). As
the reaction proceeded further, there was an
appreciable decrease in the rate of forma-
tion of hydroperoxide. This result suggests
that the chain initiation depends mainly on
the redox decomposition of hydroperoxide.

The relation between the reactivity for
the decomposition of hydroperoxide and the
oxidation rate was also examined. Decom-
position reactions were earried out at 50°C
under a nitrogen atmosphere with 4 X 10—
M metal complex, using tetralyl hydroper-
oxide (5.2 X 102 M) which has also the
secondary hydroperoxy group and can be
obtained in high purity (98.59, analyzcd
by iodometry). As is clar from Table 4,
the rate constants (k;) for the decomposi-
tion of hydroperoxide by RhCl1(PPhj)s;,
Ru(OH)(NO)(PPh3)+(CO), and Co(Salchx)
are fairly proportional to the rates of oxida-
tion of cyclohexene catalyzed by these com-
plexes. It should be mentioned that the rate
of oxidation was nearly half order with
respect to the chain initiation.

From these results, it is suggested that
the rate of the cyclohexene oxidation cata-
lyzed by dioxygen complexes depends on
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TABLE 4

RELATION BETWEEN DEcoMPosITION RATE oF HYDROPEROXIDE AND OXIDATION
RATE oF CYCLOHEXENE CATALYZED BY METAL COMPLEXES

Metal complex ka —dO./dt
(X10*sec™) (X105 M /sec)
RhC1(PPhs); 1.69 8.17
Ru(OH)(NO) (PPh;)2(CO) 10.4 18.9
Co(Salchx) 17.3 19.1

the reactivity of the complexes in the redox
decomposition of cyclohexenyl hydroper-
oxide formed as an intermediate, as ob-
served by Lyons and Turner (8), Collman
et al. (9), and Fusi et al. (18). Thus the
following initiation reactions due to metal
complexes can be depicted,

ROy + RH — ROOH + R,
9ROOH % RO + RO, + H,0,

where ML, = metal complex.
In Fig. 4, the oxidation products of
cyclohexene catalyzed by rhodium complex
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Fig. 4. The oxidation of cyclohexene catalyzed
by 0.005 M RhCI1(PPh;); in benzene at 60°C.
(O) Cyclohexene; ([1)2-Cyclohexene-1-01; (W) 2-
cyclohexene-1-one; ( ®) 3-hydroperoxy-1-cyclohex-
ene; (A) eyclohexene oxide.

are plotted as a function of reaction time.
The distribution is almost the same as that
observed in the ordinary metal-catalyzed
autoxidation.

The Effect of Solvent on the Oxidation of
a-Methylstyrene

In Table 5 is shown the effect of some
solvents on the rate of oxygen absorption
of a-methylstyrene. The values should be
compared with half the rate of oxidation
of neat a-methylstyrene, since the rate of
initiated autoxidation is first order with
respect to the concentration of the reactant.
Chlorobenzene showed only the dilution
effect, however, a basic solvent such as
pyridine or ethanol strongly inhibited the
autoxidation. A basic solvent may probably
solvate metal complex and prevent coordi-
nation of oxygen molecule or substrate to
metal center. On the other hand, the dioxy-
gen complex of ruthenium, Ru(OH) (NO)-
(PPhy) 203, has a remarkable catalytic effect
in acetic acid. This suggests that an elec-
tronic effect of protonation or ligand ex-
change may be operative on M~O or O-O
bond of the dioxygen complex (19). More
detailed studies on the catalysis of Ru(OH)-
(NO) (PPh3)20; in acidic solvents will be
reported elsewhere.

Correlation between Ozxzygen—Oxygen Bond
Length and Reactivity

It was indicated that the dioxygen com-
plexes had a small effect to initiate the chain
of autoxidation of e-methylstyrene. Proba-
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TABLE 5

EFFECT OF SOLVENT ON THE OXIDATION OF a-METHYLSTYRENE AT 60°C

Solvent Catalyst —dOq/dt (X105 M /sec)
(5 X 103 M)
Coa(Salen) 202“ RhCl (PPhs)zoz Ru (OH) (NO) (PPha) 202

None 5.35 2.05 0.49
‘Chlorobenzene(1:1 by vol) 2.84 0.65 0.13
Acetic acid  (1:1 by vol) 0.47 3.45
Pyridine (1:1 by vol) 0.21 —b —b
Ethanol (1:1 by vol) 1.20

@ Concentration; 1 X 1072 M

& No oxidation oecurred in 2 hr.
hlvy avvoean malamila masr ha astivatad hey Vaalrala anmnlavaa (@Y Hawrawvar tha rata
ULJ UA‘Y écll ALIVITV WY lll.al‘y MO avulyauvCu v/ ¥ AL O \./UIJ.IPI.L/ALD \U/ « ALUYYL VUL ) Uiiy 1o

coordination to metal complex. Since the
0-0 of dioxygen complex is fairly length-
ened, it is of much interest to study the
correlation between O-O bond length and
the effect on chain initiation. However, as
shown in Table 6, no satisfactory correla-
tion could be observed. Both chloro- and
iodo-compounds of Vaska’s complex of
which O-O bond lengths have been re-
ported as 1.30 A (3a) and 1.51 A (3b), re-
spectively, were inactive for the chain ini-
tiation of autoxidation. It is thought that
0-0 bond lengths of RuX(NO)(PPh;).0.
(X = OH, CI, Br, and I) are considerably
influenced by substituents as observed in

T

TABLE 6
OxvGEN-OXYGEN Bonp LENGTH AND REACTIVITY
FOR THE OXIDATION OF a-METHYLSTYRENE®

AT 60°C
Dioxygen complex Bond —dC,y/dt
G X 107 M) length (X108 M /sec)
(X)
IrC1(CO) (PPhs):0, 1.30 —b
IrI(CO) (PPh;),0, 1.51 —b
RhCI(PPhs):0. 144 2.05
Ru(OH)(NO)(PPh;).0: 1.09
RuCl(NO) (PPh;),0. 0.52
RuBr(NO)(PPh;):0- 0.40
Rul(NO)(PPh),0, 047

2 Volume of substrate is 2 ml.
b No oxidation occurred in 2 hr.

of oxidation catalyzed by RuX(NO)-
(PPh;) 10, resulted in only a small change.

The rate of oxidation of triphenylphos-
phine catalyzed by metal-dioxygen com-
plexes is shown in Table 7. Although PPhs
can be oxidized very easily by dioxygen
complexes, it seems that no correlation
holds between the rate of oxidation and
0-0 bond length.

From these results, it can be presumed
that the rate of initiation by dioxygen com-
plexes is strongly influenced by either sta-
bility of M-O bond or electronic effect of
other ligands rather than O-O bond length.

Infrared absorptions due to dioxygen
group coordinated to a metal complex have
been reported (Ib, 3b, 19). In general,
characteristic band observed in the 830-

Onn el a s I 1 Y‘ﬂ"‘l‘-“ Nnan ]’\D naenrnnr] +f\ "']‘\ﬂ n—n
[YAVAV SR VPSS 6LUL1 vavir G LIJQQLEI.L\J\A vyw vaiv v A 4
TABLE 7
RATE or OXIDATION OF TRIPHENYLPHOSPHINE®
Damar vt nyv Vicwrala ot vwn
\/11 Al Laurii pi1 ¥ ADI\ s -1 \/ULVIKULADD
AT 60°C 1ixn PhCl

Vaska’s complex X —dO./dt

(1 X102 M) (X10% M /sec)

IrX (CO)(PPh;),0. = Cli 4.53
Br 3.55
I 1.70

e Concentration of PPh;, 0.5 M.
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stretching, and the position of absorption
varies with the bond length, i.e., bond
strength. However, in ruthenium complexes
the difference of substituent resulted in a
change of only 5 em™ in the absorption
(see Table 1) as observed in Vaska’s com-
plexes (3). From these results, it appears
that the position of an absorption should
not be correlated directly with the O-O
bond length of a dioxygen complex.
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