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Liquid-phase Oxidation of Hydrocarbons with Molecular Oxygen. I.
The Effects of Metal Ions and Their Ligands on Product
Distribution in the Oxidation of Tetralin in Acetic Acid
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Metal-ion catalyzed oxidation of tetralin and metal-ion catalyzed decomposition of a-tetralin hydroperoxide

(THP) were carried out in acetic acid in both the presence and absence of an additive.

It was found that the

rate-determining step in the oxidation of tetralin is the decomposition of THP. The results also suggest that the

decomposition of THP with cobalt catalysts proceeds by the inner-sphere mechanism.

In the oxidation of tetralin

catalyzed by first-transition-metal ions, excepting vanadium, cobalt showed the highest activity and the lowest

selectivity of hydroperoxide, and chromium showed the highest ratio of «-tetralone to a-tetralol (On/Ol).

The

order of the activities of metal acetates in producing oxidation is in agreement with that of the activities of metal

acetates in producing decomposition.
Fe(acac), catalysts.
for various conversions of tetralin.
sion.

Liquid-phase oxidation of tetralin has been widely
studied in both the presence and absence of a catalyst.
The main products are known to be a-tetralin hydro-
peroxide (THP), o«-tetralone and o«-tetralol. Accord-
ing to previous studies,!~19 the formation mechanism
is understood as follows:

OH

However, previous reports dealt mainly with kinetics
and thus with reactions at low conversion in order to
avoid complications. There are few data in the lit-
erature on the distribution of the products at high con-
version.5)

It is well known that transition-metal ions catalyze
the oxidation of hydrocarbons and their catalytic ac-
tivities are frequently related to their redox poten-
tials.11:12) It is also clear that metal ions in solution
form complexes with solvent molecules, counter anions,
eic., and that the redox potentials of these ions are
affected by ligands in the complex. However, there
are not many reports dealing with the influence of
ligands on the distribution of the products for metal-
ion catalyzed autoxidation of aromatic hydrocarbons.

The aim of the present study is to elucidate the ef-
fects of various metal ions and their ligands on the oxi-
dation of tetralin, in addition to the dependence of
the product distribution on the catalyst and the sub-
strate concentration at various reaction temperatures.

Experimental

Materials. The tetralin and metal salts employed were
of reagent grade and were used without further purification.
THP was synthesized according to the procedure of Knight
and Swern.'®» This hydroperoxide was 99.89%, pure as con-
firmed by iodometric titration.

Such agreement was also found for Co(acac),, Cr(acac),;, Mn(acac),, and
For oxidation with Co(OAc),-4H,O and Cr(OAc),, the product distributions were examined
In the both cases, the On/Ol ratios increase with increasing tetralin conver-
However, the mechanisms responsible for the increase in the On/Ol ratio appear to be different.

Oxidation of Tetralin. A mixture (150 cm?®) of tetralin
and acetic acid containing a catalyst was placed into an
autoclave (sus-316) equipped with a magnetic stirrer and a
thermocouple, and was warmed to the desired temperature.
Oxygen was introduced into the autoclave through a pressure
controller (the oxygen pressure was 20 kg/cm?). The reac-
tion temperature was controlled to within #1.0 °C of the
desired temperature by occasional cooling with water.

The reaction was terminated by stopping the oxygen feed
and by quickly cooling the vessel in an ice-cold bath.

Decomposition of THP. A four-necked flask (200 cms3,
round-bottomed) equipped with a thermometer, a reflux
condenser, a dropping funnel and a nitrogen inlet was filled
with nitrogen gas. Into the flask, were placed a teflon stir-
ring bar and a 50-cm?® solution of acetic acid containing a
catalyst. A stream of nitrogen was gently bubbled through
the solution. The solution was then stirred and warmed to
the desired temperature. To the vigorously stirred solution,
was added a 25-cm? solution of acetic acid containing 2.50 g
of THP and then the nitrogen stream was stopped. At
hourly intervals, 1.5-cm3 portions of the reaction mixture
were withdrawn in a nitrogen atmosphere and were analyzed.

Analysis. The hydroperoxide concentration was de-
termined by the usual method.!®

a-Tetralone, a-tetralol and tetralin in the reaction mixture
were identified and their amounts were determined using gas
chromatography with a Shimadzu GC-4CPT chromatograph
(2mx3 mm column packed with 109, Carbowax 4000 on
Chromosorb AW, programming 5 °G/min from 120 to 170°,
He 40 cm®/min). o-Bromoanisole was used as an internal
standard. Before GLC analysis, the remaining peroxide was
reduced with an excess of triphenylphosphine.’® The “net
a-tetralol” is the difference between the total amount of «-
tetralol after reduction and the amount of hydroperoxide
before reduction.

Results and Discussion

The dissolving rate for molecular oxygen in a solution
is frequently the rate-determining step in the liqid-phase
autoxidation of hydrocarbons at atmospheric pressure.
In the present study, the oxidation rate of tetralin in
acetic acid was actually faster at higher pressure than
at atmospheric pressure, and was nearly constant at
oxygen pressures greater than 4 kg/cm? All runs in
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Fig. 1. The effect of cobalt acetate concentration on
the oxidation of tetralin in acetic acid at 72.5%+1.0
o
C.
Reaction conditions: [tetralin]inia1=3.85 M; O,
pressure, 20 kg/cm?; tetralin conversion, 20.041.59%,.
A: Tetralone, (D: tetralol, @: peroxide, O: total.

the present study were, therefore, carried out at an
oxygen pressure of 20 kg/cm?.

The Effects of the Cobalt and Tetralin Concentrations and
the Reaction Temperature. The effect of the Co-
(OAc),-4H,0 concentration on the formation of prod-
ucts in the oxidation of tetralin in acetic acid at 72.5
°C is shown in Fig. 1. The dependence of the product
distribution on the initial concentration of tetralin is
shown in Fig. 2. Figure 3 shows the selectivities* of
products at various reaction temperatures in the range
from 50 to 110 °C. At reaction temperatures greater
than 130 °C, hydroperoxide, «-tetralol and o-tetralone
were obtained with lower selectivities than at reaction
temperatures below 110 °C. At reaction temperatures
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Fig. 2. The cobalt acetate catalyzed oxidation of
tetralin in acetic acid at 72.5%1.0°C.
Reaction conditions: [Co(OAc),-4H,0]=4.77 x 102
M; O, pressure, 20 kg/cm?; tetralin conversion, 20.0
+2.0%.
A: Tetralone, (D: tetralol, @: peroxide, O: total.

* In this paper, the term “selectivity” means the molar
percentage of the product to the amount of the converted
tetralin.
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Fig. 3. The effect of reaction temperature on the
oxidation of tetralin in acetic acid.
Reaction conditions: [Co(OAc),-4H,0]=4.77x10-2
M; [tetralin]inigia1=3-.85 M; O, pressure, 20 kg/cm?
A\: Tetralone, (D: tetralol, @: peroxide, O: total.

above 120 °C, it was also difficult to carry out the
oxidation of tetralin at an approximately constant
temperature.

The selectivity of hydroperoxide formation decreases
rapidly with increasing Co(OAc),-4H,O concentration
(Fig. 1) and upon decreasing the initial tetralin con-
centration (Fig. 2). This result can be explained by
the following reaction scheme which has been proposed
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by other workers.1-10,16,17)  Transition-metal ions gen-
erally promote the decomposition of hydroperoxide fol-
lowing Reactions 1 and 2. Accordingly, the selectivity
of hydroperoxide decreases with increasing Co(OAc),*
4H,O concentration.

Figures 4 and 5 show the product formation for
various tetralin conversions. The product distribu-
tions shown in Fig. 4 are similar in tendency to those
shown in Fig. 5, although the catalyst concentration
depicted in Fig. 4 is different from that in Fig. 5. The
a-tetralone selectivity increases with increasing tetralin
conversion. For tetralin conversions above 209, the
percentage of the decrease in o-tetralol selectivity is
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Fig. 4. The cobalt acetate catalyzed oxidation of

tetralin in acetic acid at 72.541.0 °C,
Reaction conditions: [Co(OAc),-4H,0]=4.77 x 10-2
M; [tetralin]ipiyia1 =3.85 M; O, pressure, 20 kg/cm?.
A: Tetralcne, Q: tetralol, @: peroxide, O: total.
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Fig. 5. The cobalt acetatc catalyzed oxidation of

tetralin in acetic acid at 72.0+2.0°C.
Reaction conditions: [Co(OAc),-4H,0]=1.46x 102
M; [tetralin];piin1=3.50 M; O, pressure, 20 kg/cm?.
A: Tetralone, (D: tetralol, @: peroxide, O: total.

nearly equal to that of the increase in a-tetralone selec-
tivity (Fig. 4). Martan et al.®) have stated that, in
the Co(OAc),-catalyzed co-oxidation of tetralin and -
tetralol in acetic acid at 80 °C, a-tetralol is oxidized at
a rate 1.5 times faster than tetralin and gives «-tetralone
ina 759%, yield. Accordingly, the increase in a-tetralone
selectivity for tetralin conversions above 209, appears
to be mainly due to Reaction 9.

From Figs. 1—5, when cobalt(II) acetate is used as
a catalyst and acetic acid as a solvent, the optimum
conditions for obtaining a-tetralone are concluded to
be as follows: a reaction temperature below 80 °C, an
initial concentration of tetralin from 2.5 to 5M, a
catalyst concentration above 4.5 X 10-2 M and a tetralin
conversion above 509%,.

The Effect of Ligands. The effects of various
counter anions and additives on the oxidation of
tetralin catalyzed by cobalt ions are shown in Tables
1—4 and Fig. 6. It is clear that the additives used
coordinate to the cobalt ion in a solution of acetic acid
because the color of the solution containing cobalt
acetate changes upon introduction of the additive.

As shown in Tables 1 and 3 and in Fig. 6, it is clear
that cobalt(II) dibromide has a low catalytic activity
although the rate of cobalt-catalyzed oxidation of tetralin
is accelerated by adding potassium bromide to cobalt-
(II) acetate solutions (Co : KBr=1 :1, molar ratio).
This has already been observed and demonstrated
kinetically.?s10)

The tris(acetylacetonate)cobalt(IIT) complex (Co-
(acac);) showed a higher selectivity for hydroperoxide
formation and a slower rate of oxidation than catalysts
such as cobalt(II) carboxylates, cobalt(Il) nitrate and
bis(acetylacetonato)cobalt(1I) complexes (Co(acac), and
Co(acac),2H,0) (Tables 1 and 2, and Fig. 6). The
addition of KF, pyridine (py) and 2,2'-bipyridine
(bipy) to the Co(OAc),-4H,0 solution (Co-F, Co-py
and Co-bipy) decreased the tetralin oxidation rate and
increased the hydroperoxide selectivity (Tables 3 and
4, and Fig. 6). Thus, when hydroperoxide was ob-
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TaBLE 1. PRODUCT DISTRIBUTION FOR THE COBALT SALT CATALYZED OXIDATION OF TETRALIN
Tetralin Selectivity (mol%,) Reaction
Catalyst conversion temperature
(%) Tetralone Tetralol Peroxide Total (°G)
Co'(OAc),-4H,0O 20.9 49.1 32.3 4.8 86.2 72.5+0.5
Co(CH;CO,), 18.7 49.0 34.5 3.7 87.2 72.5%1.0
Co'(CsH350,) 20.4 53.1 33.1 3.9 90.1 72.5+1.0
CoI(NO,),-6H,O 19.2 44.7 31.7 7.8 84.2 71.5+1.0
Co'(acac), 19.9 41.9 29.0 18.4 89.3 72.5+1.0
CoBr, -6H,0Ov 38.6 27.3 19.1 2.5 48.9 130—170
Reaction conditions : [catalyst] =4.77 X 10-2 M, [tetralin]inisia1=3.85 M, the O, pressure was 20 kg/cm?.
a) No oxygen absorption was observed for a period of 2h at 72.5°C.
TABLE 2. PRODUCT DISTRIBUTION FOR THE ACETYLACETONATO COBALT COMPLEX CATALYZED
OXIDATION OF TETRALIN
Tetralin Selectivity (mol?%,) Reaction
Catalyst conversion time
(%) Tetralone Tetralol Peroxide Total (min)
Co!'(OAc),-4H,O 22.3 53.2 30.3 4.3 87.8 40
Co!(acac)y 20.2 39.7 25.1 26.6 91.4 66
Coll(acac), 19.0 46.9 30.9 6.0 83.8 37
Coll(acac),-2H,O 17.6 48.9 32.1 5.3 86.3 35

Reaction conditions : [catalyst] =4.77 X 10-2 M, [tetralin]ipjiia1=3.85 M, the reaction temperature was 50.021.0 °C,
the O, pressure was 20 kg/cm?.

TABLE 3. PRODUCT DISTRIBUTION FOR THE COBALT ACETATE CATALYZED OXIDATION OF TETRALIN
IN THE PRESENCE OF ADDITIVE

Selectivity (mol%,)

Addis Tctralit} C”) (I)H CI)OH Ree}ction
itive conversion time
%) oy  ©) (o) - (i)
NN NN NN
— 22.3 53.2 30.3 4.3 87.8 40
KCl 22.5 48.7 33.9 4.1 86.7 50
KBr 21.3 52.7 31.1 5.5 89.3 24
KSCN®» 21.7 47.3 28.5 6.8 82.6 39
Pyridine 21.1 47.2 30.3 11.4 88.9 50
KF 23.3 43.8 28.8 15.2 87.8 64

Reaction conditions : [Co(OAc),-4H,0] =[additive] =4.77 X 10-2 M, [tetralin];yjsia1=3.85 M, the reaction tempera-
ture was 50.0+1.0 °C, the O, pressure was 20 kg/cm?.
a) A brown material was deposited during the oxidation reaction.

TABLE:‘I'. PRODUCT DISTRIBUTION FOR THE COBALT ACETATE CATALYZED OXIDATION OF TETRALIN
IN THE PRESENCE OF BIPYRIDINE

Catalyst (M)

Selectivity (mol%,)

Tetralin Reaction Re z.:lction

Co(OAc),- Bipyridine conversion ] ten(‘zpce)r ature (:ggle)
4H,0 (%) Tetralone Tetralol Peroxide Total

0.0052 0.0052 19.4 28.8 27.1 31.0 86.9 72.541.0 12
0.0105 0.0105 21.4 36.1 32.1 24.4 92.6 72.5+1.0 10
0.0159 0.0159 19.2 35.7 33.0 17.7 86.4 72.5+1.0 9
0.0213 0.0213 19.6 35.5 33.2 14.8 83.5 74.0+1.5 8
0.0266 0.0266 20.2 38.2 31.4 13.8 83.4 72.5+1.0 9
0.0051 0.0103 16.4 11.3 1.5 63.9 76.7 72.0+0.5 55
0.0104 0.0207 18.4 10.3 1.5 52.1 63.9 72.0+0.5 50
0.0107 — 20.9 40.6 34.7 8.0 83.3 64—70 12

Reaction conditions : [tetralin];yiiia; =3.85 M, the O, pressure was 20 kg/cm?.
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Fig. 6. The oxidation of tetralin in acetic acid at
50.0x1.0°C.,
Reaction conditions: [metal ion or complex]=[addi-
tive] =4.77x10-2 M; [tetralin]piyia=3.85 M; O,
pressure, 20 kg/cm?.
1: Co™(OAc),-4H,0+KBr (Co-Br), 2: Co(acac),-
2H,0, 2’: Col'(acac),, 3: Co'(OAc),-4H,0O, 4:
Co(OAc),-4H,0+KCl (Co-Cl),” 5: Co(OAc),-
4H,0 -+ pyridine (Co-py), 6: Co(OAc),-4H,0+KF
(Co-F), 7: ColI(acac);, 8: Mn!'(OAc),-4H,0O, 9*:
Co!'(OAc),-4H,0, 10*: Col(acac),.
*) The reaction temperature is 72.5+1.0 °C.

tained in high selectivities, the oxidation rate of tetralin
was low.

The decomposition of THP with five kinds of cobalt
catalysts was also carried out in acetic acid at 51 °C
in a nitrogen atmosphere. This was carried out at
lower catalyst concentrations than those for the oxida-
tion of tetralin, because the decomposition was too fast
at high catalyst ([Co(OAc),-4H,0]1>6.0x10-3 M)
concentrations. The decomposition rates were first
order with respect to the hydroperoxide concentration.
The decomposition order is Co(acac),=Co(OAc),-
4H,0> Co-py>Co-F»Co(acac);, as shown in Table
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Fig. 7. The decomposition of THP in acetic acid.
——: Reaction temperature, 51.041.0 °C;
[THP]initia1=2.00x 10-* M; [metal ion or
complex] =[additive] =2.0x 10-3 M.

: Reaction temperature, 72.041.0°C;
[THP]ini1121=2.00X 10-* M; [metal ion or
complex]=6.0x10-3 M.

1: Co'(OAc),-4H,0, 2: CoI(OAc),-4H,0O + pyridine

(Co-py), 3: Co'(OAc),-4H,0+KF (Co-F), 4:

Coll(acac),, 5: Colll(acac);, 6: Mn!(OAc),-4H,0,

7: CGrlI(OAc);, 8: Ni'l(OAc),-4H,0, 9:Cu'(OAc),-

H,0, 10: Cr(acac);, 11: Mn!(acac),, 12: Ti'VO-

(acac),, 13: Fe'l(acac),.

5 and Fig. 7. This order is consistent with that of the
oxidation rates of tetralin at 50°, that is, Co(acac),=
Co(OAc),-4H,0> Co-py>Co-F»Co(acac), (Tables 2
and 3, and Fig. 6) and also corresponds to the order of
increasing hydroperoxide selectivities for oxidation (Co-
(OAc),-4H,0=Co(acac), < Co-py < Co-F € Co(acac),)
(Tables 2 and 3, and Fig. 6). Yamada and Kamiyal®
have reported that the rate of Co(OAc),-catalyzed de-
composition of THP in acetic acid at 50 °C lowers as the
molar ratio of the bipy added to the cobalt(II) acetate
is increased from zero to two. For the Co(OAc),:
4H,0O-catalyzed oxidation of tetralin in acetic acid at

TABLE 5. RATE CONSTANTS FOR THE DECOMPOSITION OF THP 1N ACETIC AcID
Catalyst Reaction Rate
temperature constant
Metal salt or metal ccmplex Concentration (M) (°C) (X 103 min—?)

Co'(OAc),-4H,0 2.0x10-3 51.0x1.0 7.5
Co-py® 2.0x 102 51.0+1.0 6.6
Co-FP 2.0x10-3 51.0+1.0 5.8
Col (acac), 2.0x10-3 51.01.0 {lg-g
Coll(acac), 2.0x10-3 51.0+1.0 0.7
2.0x10-3 51.0+1.0 0.6

Mn(OAc),-4H,0 {6.0x10-3 72.01.0 3.9
CriI(OAc), 6.0x10-3 72.0+1.0 2.0
NiI(OAc),-4H,0 6.0x10-3 72.0+1.0 1.9
Cu(OAc),-H,O 6.0x10-3 72.0+1.0 1.7
Crl(acac), 6.0x10-3 72.0x1.0 3.4
MnH(acac), 6.0x10-3 72.0+1.0 3.3
TitVO(acac), 6.0x10-3 72.0+1.0 2.0
Fell(acac), 6.0x10-3 72.0+1.0 1.5

a) Co(OAc),-4H,0 : pyridine=1: 1 (molar ratio).
[THPTinitia1=2.00 X 10-* M,

b) Co'(OAc),-4H,O : KF=1:1 (molar ratio).
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72.5 °C, the hydroperoxide selectivity increases as the
ratio of the bipy to the cobalt(II) acetate is increased
from zero to two (Table 4). Accordingly, the tetralin
oxidation rate and the selectivity for the formation of
hydroperoxide, for such cobalt catalysts, depend on the
hydroperoxide decomposition rate.

From the above results, the decomposition mecha-
nism of hydroperoxide can also be considered to be as
follows. The catalytic decomposition of hydroperoxide
by metal ions is thought to proceed via the formation
of inner-sphere and/or outer-sphere complexes of metal
ions with hydroperoxide!® (inner-sphere?*-23 and/or
outer-sphere mechanisms?°~23). For the inner-sphere
mechanism, the ligand attached to the metal ion must
be replaced by the hydroperoxide, i.e., [ML;Y]+
ROOH—[ML;(ROOH)]+Y. Such replacement is
not required for the formation of the outer-sphere com-
plex. Accordingly, decomposition by the outer-sphere
mechanism will depend mainly on the redox potential
of the complex. On the other hand, decomposition
by the inner-sphere mechanism appears to depend on
the mobility of the ligands attached to the metal ion,
as well as on the redox potential of the metal ion.

The following facts are well known in coordination
chemistry. Ligands such as py and F- form strong
coordination bonds with cobalt ions in comparison
with ligands such as NO;~, Br—, Cl-, H,O, and RC-
0,~.20-249)  For hydrolysis of the type, [ML;Y]4+H,O
—[ML;(H,0)]+Y (M=Co™ or Cr', L=NH; or
H,0), the order of reactivities as far as the leaving
group (Y) is concerned is NOg=>Br->H,0>AcO->
¥->NH,.20.23,25) This is in good agreement with the
order of stability constants of [ML;Y].20:23) The cobalt
complex having the (t,.)%(e,)? electron configuration
(Co''(acac),L,, L=H,0 or AcOH) has a faster rate
for the ligand-replacement reaction than the corre-
sponding cobalt complex having the (t,,)%(e,)? electron
configuration (Co™(acac),Ly, L=H,O or AcOH, L,=
acac).20:23,25) In solution, Co'(acac); forms Co"-
(acac),L, with solvent molecules such as AcOH and
H,O, although Co'"(acac), has a tetrameric structure
in the solid state.?2) 2,2'-Bipyridine coordinated to
transition-metal ions generally can be replaced by other
ligands only with difficulty.2-29 Therefore, the fact
that catalysts such as Co(acac)s, Co-F, Co-py, and Co-
bipy have high hydroperoxide selectivities for the oxi-
dation of tetralin and low rates for the decomposition
of THP is mainly correlated with the stability of the

Oxidation of Tetralin

1409

ligands attached to the cobalt ion if Reaction 1 and/or
Reaction 2 proceed by the inner-sphere mechanism as
follows:

OOH

AN
| O | 4 [ColLy] - L + [COH<CIOHIIOOH)L5]
NN

0.

PAVAN

— [CoML,] + OH- +[O] |

N2V

OOH
A

(O 1+ [CoML] — L + [Col'(CyyH,, OOH)L,]

N2V
00.

NN
= [CollLg] + H +| O |
NN

L : RCO,~, Br-, Cl-, F-, OH-, AcOH, H,0, py,

L, : acac™, bipy.

However, the possibility cannot be completely excluded
that the high hydroperoxide selectivity and the low
tetralin oxidation rate in the case of Co-py and Co-bipy
are attributable to retarding effects of py and bipy on
the autoxidation of hydrocarbons.26:27)

When the bis(acetylacetonato)cobalt(II) complex is
used as a catalyst, the oxygen absorption curve for the
oxidation of tetralin has an irregular bending point
(Fig. 6) and the decomposition of THP has two rate
constants (Fig. 7 and Table 5). On the other hand,
Co(acac); shows neither such a bending point in the
oxidation curve nor two decomposition rate constants.
These results are interpreted as follows. Acetylaceto-
nate in Co(acac),L, appears to be easily oxidized com-
pared with that in Co(acac); because Co(acac),L, is
relatively labile. On the contrary, acetylacetonate in
Co(acac); is relatively difficult to oxidize because of
the stability of Co(acac);. The redox potential and
the rate of ligand replacement are also different from
those for Co(acac),L, and the complex containing
the new ligands which result from the oxidation of
acetylacetonate. Therefore, the bis(acetylacetonato)-
cobalt(II) complex is thought to show an irregular
bending point in the oxidation and two decomposition
rate constants.

The Effect of Metal Ions. The effects of various

TABLE 6. PRODUCT DISTRIBUTION FOR THE METAL ACETATE CATALYZED OXIDATION OF TETRALIN

Catalvst Z:;r;l:gon Selectivity (mol%) Molar ratio Ret?;:(iton
Y (%) Tetralone Tetralol Peroxide Total tetralone/tetralol (min)
CriI(OAc) > 18.9 32.6 2.7 55.0 90.3 12.10 59
Mn!(OAc),-4H,O 22.2 21.2 10.8 54.3 86.3 1.97 49
Col1(OAc),-4H,0 20.9 49.1 32.3 4.8 86.2 1.52 7
NiT(OAc),-4H,O 20.5 18.0 8.4 68.0 94.4 2.15 53
Cul’(OAc),-H,O 18.8 16.3 8.9 59.9 85.1 1.83 285

Reaction conditions : [metal acetate]=4.77 X 10-2 M, [tetralin];p;a1=3.85 M, the reaction temperature was 72.5+

1.0 °C, the O, pressure was 20 kg/cm?.

a) A small part of the amount added remained undissolved.
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TaBLE 7. Probucr DISTRIBUTION FOR THE ACETYLACETONATO COMPLEX CATALYZED OXIDATION OF TETRALIN

Tetralin Selectivity (mol%) . Reaction

Catalyst conversion ° ¢ Mlolar rz;uol 1 time

(%) Tetralone Tetralol Peroxide Total etralone;tetralo (min)
TiVO(acac), 17.6 17.5 15.1 33.4 66.0 1.16 300
Cri(acac), 20.3 30.9 9.4 50.1 90.4 3.30 64
Mn!(acac), 20.6 21.3 11.9 52.3 85.5 1.79 70
Fell(acac), 19.6 12.8 4.2 72.6 89.6 3.08 150
Co!I(acac), 19.9 41.9 29.0 18.4 89.3 1.44 12

Reaction conditions : [acetylacetonato complex]=4.77X10-2 M, [tetralin];yjsia1=3.85 M, the reaction temperature

was 72.541.0 °C, the O, pressure was 20 kg/cm?.

a) A small part of the amount added remained undissolved.

metal acetates and acetylacetonato complexes on the
oxidation of tetralin in acetic acid at 72.5 °C are shown
in Figs. 8—10 and Tables 6 and 7. The decomposition
of THP with various metal acetates and acetylacetonato
complexes was also carried out in acetic acid at 72.0 °C
in a nitrogen atmosphere (Fig. 7 and Table 5).

In the oxidation of tetralin catalyzed by five kinds
of metal acetates, the hydroperoxide selectivities in-
crease in the order Co« Mn=~Cr<Cu<Ni and the ac-
tivity order of these catalysts is Co»Mn=Cr=Ni>Cu
(Table 6 and Fig. 8). This is in agreement with the
order of activities for the decomposition of THP by
these catalysts (Fig. 7 and Table 5). Therefore, the
orders of the hydroperoxide selectivities and the oxi-
dations rate are thought to arise from the differences
in the decomposition rates of hydroperoxide produced
in the oxidation of tetralin. The differences between
the decomposition rates also appear to be mainly at-
tributable to differences between the redox potentials
of the five metal acetates in acetic acid because the
activity order of these five metal acetates for the decom-
position of THP is not consistent with the reactivity
sequence predicted on the basis of crystal field theo-
ry2%:23) for the ligand-replacement reactions of the five

Oygen absorption (mol)

6 20 30 40 50 60 70
Reaction time (min)

Fig. 8. The oxidation of tetralin in acetic acid at
72.5+1.0°C.
Reaction conditions: [metal ion or complex]=4.77
x10-2M; [tetralin]ipi1,1=3.85M; O, pressure,
20 kg/cm?.
1: Co(OAc),-4H,0, 2: Mn(OAc),-4H,0, 3: Ni-
(OAC),-4H,0, 4: Cr''(OAc);, 5: Cu'l(OAc),-H,O,
6: Co'l(acac);, 7: Cr(acac);, 8: Mn!!(acac),, 9:
TilVO(acac),, 10: Fe'l(acac)s.

metal acetato complexes. The fact that Cu(OAc),:
H,O exhibits a lower hydroperoxide selectivity than
Ni(OAc),-4H,0 appears to involve the prolonged oxi-
dation time of Cu(OAc),-H,0O. The extent of thermal
decomposition appears to become gradually greater
with increasing reaction time. As a second reason, it
is thought that the concentration of monomeric Cu-
(OAc),-H,0O increases during the prolonged reaction
time. It has been reported that Cu(OAc),-H,O is
dimeric in many nonaqueous solvents?%:2% and partially
dissociates into its monomeric form in acetic acid.3®
Imamura et al.?V) have also found that in the Cu(OAc),-
H,0O-catalyzed decomposition of THP in acetic acid
at 80 °C, the addition of LiCl to the solution increases
the concentration of monomeric copper(II) acetate and
accelerates the decomposition of THP.

Agreement between the oxidation of tetralin and the
decomposition of THP is also found for four acetyl-
acetonato complexes, excepting TiO(acac),, as well as,
for the five kinds of metal acetate catalysts. Specif-
ically, the catalyst which exhibits a high hydroper-
oxide selectivity and a slow oxidation rate has a rela-
tively low decomposition rate, i.e., the orders of activi-
ties for oxidation, as well as for decomposition, are
Co»Cr=Mn>Fe (Tables 5 and 7, and Fig. 7). This
order appears to arise mainly from the differences in
the redox potentials of the four acetylacetonato com-
plexes in acetic acid because this order is inconsistent
with the reactivity sequence expected on the basis of
the stability constants?3:32,33) of acetylacetonato com-
plexes for the ligand-replacement reaction. TiO(acac)s,,
which has a d° system, is abnormal with respect to the
acetylacetonato complexes used in the present work.
This result cannot be interpreted explicitly at present.

As shown in Tables 6 and 7, the ratio of «-tetralone
to a-tetralol (On/Ol) obtained for oxidation with a
chromium catalyst is relatively high. The product
distributions for oxidation with Cr(OAc); were ex-
amined at various tetralin conversion. The selectivity
of a-tetralone rises and that of hydroperoxide decreases
as the conversion of tetralin increases for oxidation
(Figs. 9 and 10). The degree of the increase in the
a-tetralone selectivity is nearly equal to that of the
decrease in the hydroperoxide selectivity. For Cir-
(OAc)s-catalyzed decomposition of THP in acetic acid
at 72.0 °C in a nitrogen atmosphere, a-tetralone and
a-acetoxytetralin were obtained in about 70 and 109,
selectivities, respectively, at 10—259%, THP conversions.
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Fig. 9. The chromium(III) acetate catalyzed oxidation
of tetralin in acetic acid at 72.5+1.0°C.
Reaction conditions: [Cr(OAc);]=4.77x10-2 M;
[tetralin]inisia1=3.85 M; O, pressure, 20 kg/cm?.
A: Tetralone, Q: tetralol, @: peroxide, O: total.
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Fig. 10. The Cr-Co catalyzed oxidation of tetralin in
acetic acid at 72.541.0°C.
Reaction conditions: [Cr(OAc);]=4.77 x 102 M;
[Co(OAc),-4H,0=0.13x10-2M; [tetralin]jnisia=
3.85M; O, pressure, 20 kg/cm?.
A: Tetralone, (: tetralol, @: peroxide, O: total.

a-Tetralol was produced only in small amounts. There-
fore, it is thought that for Cr(OAc),-catalyzed oxida-
tion, the main pathway which contributes to the in-
crease of a-tetralone is not Reaction 9 but the THP
dehydration reaction:

OOH o
/'\ AN
o7 —— (oY ) + mo.
O Creaalst NOAN

This dehydration reaction can be resolved into Reac-
tions 2 (Cr3+ consumption) and 7 (Cr®* regeneration)
as far as the variable valence of the chromium ion is
concerned. If hydroperoxide is dehydrated by a pro-
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cess in which the chromium valence rémains unchanged,
the formation of a-tetralone will be related to the
hydration energy of the chromium ion. However, this
is not the usual process for the decomposition of hydro-
peroxide catalyzed by a transition-metal ion. In ad-
dition, the increasing order of the On/Ol ratios for the
metal-catalyzed oxidation of tetralin (Tables 6 and 7)
is inconsistent with the order of hydration heats2%:23)
of the first-transition-metal ions.

For the purposes of obtaining o-tetralone in higher
yields, binary metal ions (Cr and Co) were used as
a catalyst for the oxidation of tetralin (Fig. 10). How-
ever, the binary catalyst showed only a slight increase
in the «-tetralone selectivity compared with the Co-
(OAc),-4H,0 catalyst (Figs. 4 and 10).
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