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Catalytic oxygenation of t-butylphenols has been examined with the cobalt(III) complexes with N,N’-
disalicylideneethylenediamine (Hjsalen), K[Co(salen)COj;], Na[Co(salen)(N3),], K[Co(salen)(CN),], [Co(salen)-
(py)2]PFe, and [Co(salen)(NHj;);]PFs. The CO3;-complex showed a high catalytic activity while the other com-
plexes a low or no catalytic activity. Based on electronic and ESR spectral investigations, it has been shown that
the reaction is initiated by the direct oxidation of t-butylphenols by the CO;-complex through a phenolatocobalt-

(II1) intermediate.

Reversible oxygen-carrying functions of cobalt(II)
complexes with Schiff base ligands are well known.!»?
Recently, catalytic oxidations of t-butylphenols3—1V
and indoles!2:1® by the use of such cobalt(II) com-
plexes have become of interest as models for biolog-
ical oxidations, since the catalysis in biological sys-
tems is considered to involve the activation of mole-
cular oxygen by metalloenzymes. In the oxygenation
of t-butylphenols with [Co(salpr)] (salpr2—=bis(3-
salicylideneaminopropyl)amine anion), it has been
shown that the reaction is initiated by the hydrogen
abstraction from the phenol by the superoxocobalt(III)
complex [Co(salpr)Oz] initially formed.?=1¥ On the
other hand, the catalytic function of [ Co(salen)](salenz~
=N,N’-disalicylideneethylenediamine anion) in oxy-
genations of ¢-butylphenols is less known, though it
is generally thought that its oxygen complex takes
part in the initiation of the reactions.?

It is also shown that [Co(salen)] acts as a good cata-
lyst for oxygen delignification.!¥ In the oxidative
degradation of guaiacol as a model for the oxygen
delignification, the catalytic activity of [Co(salen)] de-
creases in the order of additives in aqueous solution:
NaHCO3>Na2C0O3>NaOH.!® Under these conditions
[Co(salen)] must be oxidized to a cobalt(IIT) complex.
However, the species formed in alkaline aqueous
media have not been characterized as yet.

The objects of this study are (1) to isolate and
characterize the cobalt(III) complex derived from [Co-
(salen)] in aqueous solution containing hydrogen-
carbonate ion and (2) to examine catalytic activities of
this cobalt(III) complex and its related complexes on
the oxygenations of ¢-butylphenols, in the hope of ob-
taining an insight into the catalytic function of [Co-
(salen)] in the oxygenation reaction.

Experimental

Isolation of the Cobalt(Ill) Complex Formed in Aqueous
Potassium Hydrogencarbonate Solution. [Co(salen)] (5g)
was suspended in a solution of KHCOs3 (10g) in water (300
cm3). Then chloroform (30 cm?) was added, and the mix-
ture was stirred for a week at room temperature. The deep
green aqueous layer was separated and evaporated to dryness

at a temperature lower than 40°C. The crude product thus
obtained was recrystallized from cold water containing
potassium hydrogencarbonate (5%) to form green prisms.

Found: C, 43.45; H, 3.81; N, 6.06%. Calcd for C17H14N3-
05CoK .5/2H;0: C, 43.50; H, 4.08; N, 5.97%.

Syntheses of Other Cobalt(Il) Complexes. Na[Co(salen)-
(N3)z]: An aqueous solution of NaNj3 (1 g) was added to a
solution of K[Co(salen)CO3]-5/2H20 (hereafter denoted as
COgs-complex, 450 mg) in water (10cm3). Soon the (N3)z-
complex separated as brown crystals.

Found: C, 43.34; H, 3.29; N, 25.51%. Calcd for C16H14NgO2-
CoNa-1/2H:0: C, 43.55; H, 3.43; N, 25.39%.

[Co(salen)N3]: The (Na)2-complex (30 mg) was dissolved
in water (40cm3) to form a reddish brown solution, from
which brown crystals separated. They were collected, washed
with water, and dried in vacuo.

Found: C, 49.75; H, 4.31; N, 17.76%. Calcd for C16H14N503-
Co-H:0: C, 49.88; H, 4.19; N, 18.18%.

K[Co(salen)(CN)z]: This complex ((CN)z-complex) was
obtained as yellowish orange crystals by the reaction of the
COs-complex and an excess amount of KCN in water.

Found: C, 51.20; H, 3.49; N, 13.23%. Calcd for C1sH14N4O»-
CoK-1/2H:0: C, 50.82; H, 3.55; N, 13.17%.

[Co(salen)(py)2 JPFs: The COsz-complex (460mg) was
dissolved in water (15 cm?3) containing pyridine (10cm?). To
the resulted red solution was added an aqueous solution of
KPFg to give the (py)z-complex as orange prisms.

Found: C, 49.69; H, 3.85; N, 8.92%. Calcd for C26H24N4O2-
CoFeP-1/2H20: C, 49.70; H, 3.85; N, 8.92%.

[Co(salen)pyJPFs: The (py)e-complex was left standing
in a vacuum desiccator over P20s for a week to give the
monopyridine adduct.

Found: C, 45.24; H, 3.58; N, 7.84%. Calcd for Ca1H19N3O2-
CoFeP-1/2H20: C, 45.18; H, 3.61; N, 7.53%.

[Co(salen)(NH3)z JPFg: This complex ((NHa)2-complex) was
obtained in a way similar to that for the (py)2-complex.

Found: C, 37.40; H, 4.07; N, 10.98%. Cacd for C16H20N4O2-
CoFeP-1/2H20: C, 37.44; H, 4.12; N, 10.92%.

Oxygenation Reactions of t-Butylphenols. Oxygena-
tion reactions of 2,4,6-tri-¢-butylphenol and 2,6-di-¢-butyl-4-
methylphenol were examined by the use of the COz-, (N3)z-,
(CN)2-, (py)2-, and (NHs)z-complexes as catalysts. The reac-
tions were carried out by stirring an ethanolic solution con-
taining a substrate and a catalyst for 12h at room temper-
ature, where the concentration of the substrate was 1X10-!
M (1 M=1 moldm™3) and the [substrate])/[catalyst] ratio was
50. Oxygenation products were separated by preparative thin-
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layer chromatography with alumina as an adsorbent or by
high-speed liquid chromatography (column; Zorbax-ODS,
15cm: eluent; acetonitrile-water (4:1)). Identifications of the
products were performed by comparing the NMR and IR
spectra and melting points of the products with those of
authentic samples.

Physical Measurements. Infrared spectra were mea-
sured on a Hitachi Infrared Spectrometer Model 215 on KBr
disks. Electronic spectra were recorded on a Shimadzu
Multipurpose Spectrophotometer Model MPS-5000. ESR
spectra (X-band) were recorded on a JES-FE3X Spectro-
meter. Conductivity measurements were carried out with a
Yanagimoto Conductivity Output Model MY-8 in ethanol,
the cell constant being determined by the use of tetraethyl-
ammonium chloride.

Results and Discussion

The COs-complex exhibits the IR bands at 1590
and 1290 cm~!, which are assigned to the vibration of
bidentate carbonate group.1® Absorption spectrum of
this complex in water containing excess potassium
hydrogencarbonate shows a d-d band at 16.3X103cm™!
and an intraligand transition band at 26.6X103cm™?
(Fig. 1). The spectrum resembles the spectra of cis-8-
[Co(salen)(acac)]'” and its homologs.18-20  All these
facts indicate that the COs-complex adopts a cis-8
octahedral configuration with nonplanar salen?- and
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Fig. 1. Absorption spectra of the COs-complex: (—)

in 10% KHCOs (1X10-3M), (——) in 1% KHCOs3
(1X10-3 M), (— -—) in water (1X10-2M), and (----+) in
water (1X1073M).
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Fig. 2. Schematical representations of (a) cis-
B-[Co(salen)COs]~ and (b) trans-[Co(salen)Xz]~
(FONNNNMNO-=N,N’-disalicylideneethylenedi-
aminate ion).
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bidentate carbonate ion (Fig. 2a).

As is seen in Fig.1, the 16.3X103cm~! band di-
minishes its extinction coefficient with lowering of
the hydrogencarbonate concentration or diluting the
solution with water. This spectral behavior suggests
the ligand substitution and/or the configurational
change of the complex in aqueous solution. Since the
electronic spectrum of a dilute aqueous solution is
very similar to that of trans-{Co(salen)(H20)2]*,22 the fol-
lowing equilibrium is supposed for the complex: cis-
B-[ Co(salen)COs3]~+2H20 = trans-[ Co(salen)(H20)z]*+
COg3?~. Therefore, we presume that either cis-B-[Co-
(salen)COs]~ or trans-[ Co(salen)(Hz20)z2]* functions as
a catalyst in the oxidative degradation of guaiacol.l®
In oxygen delignification in a dilute sodium hydrox-
ide solution, trans-[Co(salen)(H20)z2]* must be the active
species. However, this does not rule out the possibility
of the catalytic function of cis-B-[Co(salen)COs]~ in
oxygen delignification in the presence of bicarbonate
or carbonate ion.

It is also noted in this study that the COs-complex
can be used as a starting material for the preparation
of trans-[Co(salen)Xz]~ (X=N3, CN)and [Co(salen)Bz]*+
(B=py, NHjs) (Fig. 2b).

The oxygenation reactions of 2,4,6-tri-t-butylphenol
and 2,6-di-t-butyl-4-methylphenol have been examined
by the use of the COgs-, (N3)z2-, (CN)2-, (py)e-, and (NHjs)s-
complexes as catalysts, and the results are given in
Table 1. The characterized major products are quinol
(1), quinone (2), and peroxide (3) (Fig. 3). In the case
with 2,4,6-tri-t-butylphenol as the substrate, the COs-
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Fig. 3. Oxygenation products from t-butylphenols:
(1) quinol, (2) quinone, and (3) peroxide.

TABLE 1. OXYGENATION OF {-BUTYLPHENOLS®
<)
Catalyst Substrate® Conv/% M
1 2 3
K[Co(salen)CQOs] TBP 100 11 38 42
Na[Co(salen)(N3)z] TBP 29 2 13 11
K[Co(salen)(CN):] TBP 0
[Co(salen)(py)2]PFs TBP 0
[Co(salen)(NH3)2]PFs TBP 0
K[Co(salen)COs3] DBMP 45 30 15 0
Na[Co(salen)(Ns3)2] DBMP 0
K[Co(salen)(CN)z] DBMP 0
[Co(salen)(py)2]PFs DBMP 0
[Co(salen)(NH3)2]PFs DBMP 0

a) Reaction condition: [catalyst]=2X10-3M, [substrate]/
[catalyst]=50, 12 h in ethanol atroom temperature. b)
TBP=2, 4, 6-tri-t-butylphenol and DBMP=2, 6-di-¢-
butyl-4-methylphenol. c¢) 1: quinol, 2: quinone, and
3: peroxide (cf. Fig. 3).
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complex exhibited a high catalytic activity while the
(N3)g-complex a low activity. Other complexes showed
practically no catalytic activity. In the case with 2,6-di-
t-butyl-4-methylphenol, only the CO3z-complex showed
a catalytic activity. The main oxygenation product in
the former was the peroxide, while the product in the
latter was the quinol. It should be noted that the same
oxygenation products have been obtained by the use of
Co(salen) as the catalyst.®

The catalytic activities of the cobaly(I1l) complexes
evidently depend upon the fifth and sixth ligands. For
obtaining an insight into the differences in catalytic
activities of the complexes, the absorption spectra in
ethanol were investigated. The COs-complex in etha-
nol shows bands at 14.2X103 and =~21X103cm™1, attrib-
utable to d-d and intraligand transitions respectively
(Fig. 4). This spectrum markedly differs from those of
cis-B-[Co(salen)COs]~ and trans-[Co(salen)(H20)2]*. Its
molar conductivity has been determined to be 34 Q-1
mol-!cm in ethanol, which falls in the range for' 1:1
electrolytes.?? This indicates that carbonate ion is
still bonded to the metal in this solvent. It is likely that
the complex takes a configuration either of tetragonal
pyramid with a unidentate carbonate ion at the apex
or of an elongated octahedron with a carbonate ion
and a solvent molecule at the apical positions.

The electronic spectra of the (Na)2-complex are shown
in Fig. 4. The spectrum in ethanol differs from that in
water containing excess of sodium azide. Further,
[Co(salen)N3] shows the same spectrum as that of the
(Ns)2-complex in ethanol. These facts imply that the
possible species of the (N3)2-complex in ethanol is [Co-
(salen)N3s] or [Co(salen)N3(EtOH)].

A marked spectral change was also observed for the
(CN)z2-complex when measured in water containing
excess potassium cyanide and in ethanol (Fig. 5). Thus,
the complex must have undergone some change in
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Fig. 4. Absorption spectra of the COs-complex in

ethanol (——) and the (Ns)2-complex in 2% NaNs
solution (------) and in ethanol (——).
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Fig. 5. Absorption spectra of the (CN)z2-complex in
2% KCN solution (——) and in ethanol (——).
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Fig. 6. Absorption spectra of the (py)z-complex in
pyridine (—) and in ethanol (——) and the (NH3)z-
complex in 18% ammonia (—-—) and in ethanol

ethanol in more or less degree. The spectrum in etha-
nol is characterized by an absorption at =18X103cm=1.
A similar absorption band was observed for the five-
coordinate [RCo(salen)] (R=alkyl anion) and its ho-
mologs.24~2" We have examined the electronic spectra
of the ethanol solutions of the COs-complex containing
potassium cyanide in various amounts, and found
that the extinction coefficientat =18X103 cm~! becomes
maximal when [Co]/[CN]=1. This suggests that [Co-
(salen)(CN)] or [Co(salen)(CN)(EtOH)] is formed in
the solution.

Each spectrum of the (py)z- and (NHs)z-complexes in
ethanol differs from the spectrum in water containing
the corresponding base (Fig. 6). Hence, the complex
species in ethanol differs from [Co(salen)Bz]*. Since the
spectra of the (py)s-complex and [Co(salen)(py)]PFs
are practically the same in ethanol, the species in both
solutions are likely to be [Co(salen)(py)]* or [ Co(salen)-
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Fig. 7. Electronic spectral change on adding 2,4,6-
tri-¢t-butylphenol to an ethanolic solution of the COs-
complex: (——) COs-complex (1X1023 M) and (—)
COs-complex (1X10-3 M)+2,4,6-tri-¢t-butylphenol
(1X10-2 M).
(pyEtOH)J*. A similar feature is supposed for the
(NH3s)2-complex in ethanol.

Above spectral investigations suggest that all the
complexes take an essentially identical configuration;
a tetragonal pyramid or an elongated octahedron.
Therefore, it is difficult to explain the catalytic activity
of the COs-complex solely in terms of configurational
aspect.

It seems that the high catalytic activity of the COs-
complex relative to the other complexes is attributable
to the high lability of the carbonate ion. In order to
verify this, the absorption spectrum of the CO3-com-
plex in the presence of ten times of 2,4,6-tri-t-butyl-
phenol was examined under a nitrogen atmosphere.
As seen in Fig. 7, the intensity around 390nm in-
creased and a new absorption appeared around 630
nm when the substrate was added, suggesting the
generation of 2,4,6-tri-t-butylphenoxyl radical.?® Fur-
ther, this complex/substrate solution exhibited a
three-lined ESR signal with a coupling constant of
1.7 gauss near g=2.0. This signal is very similar to
that of 2,4,6-tri-t-butylphenoxyl radical,2® though
the hyperfine structures due to the tertiary butyl groups
are absent probably because of the presence of the
paramagnetic species ([Co(salen)]) in the solution.
All these facts indicate that the CO3z-complex oxidizes
the phenol to the phenoxyl radical. The preliminary
electrochemical investigations have revealed that the
Co™/Co™ redox potential of the COs-complex (—1.2V
vs. SCE in ethanol, glassy carbon electrode) is much
lower than that of the (py)z2-complex.30:30 This fact sug-
gests that the electron transfer between the COs-com-
plex and a t-butylphenol is of inner-sphere rather
than outer-sphere, through a five-coordinate inter-
mediate with the phenolate group at the apical posi-
tion. Thus, the mechanism of the catalytic oxygena-
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Fig. 8. Catalytic scheme for the oxygenation with the
COs-complex.

TaBLE 2.  OXYGENATION OF 2,4,6- TRI-{-BUTYLPHENOL
wiTH [Co(salen)] IN THE PRESENCE OF ADDITIVES™

b)
Additive Conv/% M_
1 2 3
none® 85 — o1 53
KCN 0
Py 0

a) Reaction condition: [catalyst]=2X10-3M, [substrate]
[catalyst]=50, [additive])/[catalyst]=10, 12 hrs in
ethanol at room temperature. b) Cf. Fig. 3. ¢)
Results from Ref. 6, the solvent being methanol.

tion with the COs-complex may be represented as fol-
lows: (1) The substitution of the apical carbonate ion
for the phenolate ion to form a phenolatocobalt(III)
intermediate, (2) the intramolecular electron transfer
to generate Co" (salen) and the phenoxyl radical, and
(3) the progression of radical reactions with mole-
cular oxygen (Fig. 8).

It is shown that the phenol/phenoxyl redox poten-
tial depends upon the substituent on the ring and be-
comes lower when a more electron donative substituent
is introduced into the ring.3? The ready oxidation of
2,4,6-tri-t-butylphenol relative to 2,6-di-¢-butyl-4-methyl-
phenol is probably due to the generation of the phenox-
yl radical in a higher concentration in the former,
since the ¢-butyl group is slightly more electron don-
ative than the methyl group. Indeed, the electronic
spectrum of the COs-complex (in ethanol under nitro-
gen atmosphere) showed a very little increase around
400 and 630nm when 2,6-di-t-butyl-4-methylphenol
(ten times) was added.

The low catalytic activities of the (Ngs)z-, (CN)e-,
(py)z-, and (NHas)z-complexes may be due to the diffi-
culties in forming the phenolatocobalt(III) intermediate
with these complexes, because of the strong donat-
ing abilities of the apical ligands compared with the
phenolate ion.

We have further examined the catalytic activity of
[Co(salen)] on the oxygenation reactions of ¢-butyl-
phenols in the presence of a donating additive. The
results are given in Table 2. Contrary to a high cata-
lytic activity in the absence of an additive,? the activity
of [Co(salen)] for the oxygenation reaction was almost
suppressed on adding cyanide ion or pyridine to the
reaction system. This fact again demonstrates that the
additives coordinate at the apical position of the air-
oxidized Co™ (salen) and thence deactivate the catalyt-
ic function of [Co(salen)].



650 Yuko Ammoro, Wakako Kanpa, Sadatoshi MeGURO, YTiji MivaHAra, Hisashi Okawa, and Sigeo Kipa

References

1) T.D.Smithand J.R. Pilbrow, Coord. Chem. Rev., 39,
295 (1981).
2) R.T. Jones, D. A. Summerville, and F. Basolo, Chem.
Rev., 79, 139 (1979).
3) L. H. Vogt, Jr., J. G. Wirth, and H. L. Finkbeiner, J.
Org. Chem., 34, 273 (1969).
4) A. Nishinaga, T. Itahara, and T. Matsuura, Chem.
Lett., 1974, 667.
5) T. J. Fullerton and S. P. Ahern, Tetrahedron Lett.,
1976, 139.
6) A. Nishinaga, K. Watanabe, and T. Matsuura, Tetra-
hedron Lett., 1974, 1291.
7) A. Nishinaga, T. Shimizu, and T. Matsuura, Tetra-
hedron Lett., 21, 1261 (1980).
8) A. Nishinaga, H. Tomita, and T. Matsuura, Tetra-
hedron Lett., 21, 1265 (1980).
9) A. Nishinaga, K. Nishizawa, H. Tomita, and T.
Matsuura, J. Am. Chem. Soc., 99, 1289 (1977).
10) A. Nishinaga, H. Tomita, K. Nishizawa, T. Matsuura,
S. Ooi, and K. Hirotsu, J. Chem. Soc., Dalton, 1981, 1504.
11) A.Zombeck, R. S. Drago, B. B. Corden, and J. H. Gaul,
J. Am. Chem. Soc., 103, 7580 (1981).
12) A. Nishinaga, Chem. Lett., 1975, 273.
13) M. N. Dufour-Ricroch and A. Gaudemer, Tetrahedron
Lett., 1976, 4079.
14) T. J. Fullerton and S. P. Ahern, Tappi, 61, 37 (1978).
15) S. Meguro, K. Sakai, and H. Imamura, Mokuzai
Gakkaishi, in press.
16) K. Nakamoto, “Infrared Spectra of Inorganic and

[Vol. 58, No. 2

Coordination Compounds,” 2nd ed., Wiley-Intersci., New
York (1970), p. 169.

17) K. Day and R. L. De, Z. Anorg. Allg. Chem., 402, 120
(1973).

18) S. N. Podder and D. K. Biswas, J. Inorg. Nucl. Chem.,
31, 565 (1969).

19) M. Nakamura, H. Okawa, T. Inazu, and S. Kida, Bull.
Chem. Soc. Jpn., 55, 2400 (1982).

20) R. A. D. Wentworth and T. S. Piper, Inorg. Chem., 4,
202 (1965).

21) L. J. Boucher, Inorg. Chim. Acta, 6, 29 (1972).

22) S.Yamada, H. Nishikawa, and E. Yoshida, Proc. Japan
Acad., 40, 211 (1964).

23) W. J]. Geary, Coord. Chem. Rev., 7, 81 (1971).

24) G. Costa, G. Mestroni, and L. Stefani, J. Organomet.
Chem., 7, 493 (1967).

25) R. H. Bailes and M. Calvin, J. Am. Chem. Soc., 69, 1886
(1947).

26) M. Calvin, R. H. Bailes, and W. K. Wilmarth, J. Am.
Chem. Soc., 68, 2254 (1946).

27) M. Calvin and C. H. Barkelew, J. Am. Chem. Soc., 68,
2267 (1946).

28) E.]J.Land, G. Porter, and E. Strachan, Trans. Faraday
Soc., 57, 1885 (1961).
29) K. Mukai, H. Nishiguchi, K. Ishizu, Y. Deguchi, and
H. Takaki, Bull. Chem. Soc. Jpn., 40, 2731 (1967).
30) G. Costa, G. Mestroni, A. Puxeddu,
Reisenhofer, J. Chem. Soc. (4), 1970, 2870.

31) D.F. Averill and R. F. Broman, Inorg. Chem., 17, 3389
(1978).

32) H. Mauser and B. Nickel, Angew. Chem., 77,378 (1965).

and E.






