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Abstract

The oxidation of 2,6-dtert-butylphenol (DTBP) witttert-butylhydroperoxide (B¥OH) catalyzed by cobalt(ll) phthalocyanine tetrasul-
fonate ([CoPcTST) in a 4:1 methanol-water mixture gave predominantly the coupled produtt 3;8&tratert-butyl-4,4-diphenoquinone
(DPQ) and 4,4dihydroxy-3,3,5,5-tetratert-butylbiphenyl (RDPQ) when the oxidant/substrate ratio was less than 10. The conversion
of DTBP was 70% in 3h and 86% in 8h when the amounts of DTBPOBIH, and [CoPcTS} in millimoles were 0.300, 1.52, and
3.0x 1073, respectively. The yield of DPQ was 56% in 3h and 73% in 8 h whereas thaiP@ was about 14% in 3 and 8 h,PPQ
is not commonly encountered the oxidation product of DTBP and is considered unstable. When the oxidant/substrate ratio was over 10,
2,6-ditert-butylbenzoquinone was also formed. The degradation of [CoPcTi]BUOOH also occurred during the oxidation of DTBP.
About three-fourths of the catalyst was degraded in the first hour and about 2% of the catalyst remained after 8 h.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction [16-18,20—-22]alkeneq23,24] and thiols[25-28] as well.
They have also been investigated intensively in other areas
Besides its relation to enzymatic systems, the oxidation of such as dyes, optical and electrical materials, sensors, fuel
phenols has synthetic importance as well as environmentalcells and models for naturally occurring macrocyg&3).
priority. Today phenol derivatives are one of the major water ~ The stabilities of metallophthalocyanines toward oxi-
and soil pollutants. In addition to transition metal complexes dants differ with the type of oxidant used in reactions.
[1-8], metalloporphyring9—-11], and Schiff basefl2—-14] They are considered stable toward molecular oxygen. This
metallophthalocyanines have received considerable attentioris presumably why majority of the metallophthalocyanine-
as catalysts for phenol oxidations or degradations in the lastcatalyzed oxidation systems use molecular oxygen as the
two decade$10,12,15-19] Because of their easy prepara- oxygen source. Nevertheless there are some studies which
tions in large scale, low costs, relatively high chemical and report the use of stronger oxidants such as hydrogen
thermal stabilities, metallophthalocyanines are also attrac- peroxide[15,19,21,22] tert-butylhydroperoxide (B¥DOH)
tive oxidation catalysts for the oxidations of some alkanes [16—18,21-24]andmetachloroperbenzoic acid¢CPBA)
[22,24]in the metallophthalocyanine-catalyzed oxidation re-
mpon ding author. Tel.: +90 222 335 0580X5787: actions. The use of_ #0, usually leads fast d_estruct_ion of
fax: +90 222 320 4910. metallophthalocyanines and B2OH looks a milder oxidant
E-mail addresshturk@anadolu.edu.tr (H.0FK). than HO,. Grootboom and Nyokonf22] have used iron
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perchlorophthalocyanine and iron tetrasulfophthalocyanine with a 25 m SE-54 Permabond fused silica capillary column
catalysts ([FePcT$T) and HO,, mCPBA, and BUGOOH and an FID detector. The identity of the products were further
oxidants in the oxidation of cyclohexane. They observed confirmed using a GC-MS instrument (HP 6890) aridHa
fast degradation of the phthalocyanine ring in [FePéTS]  NMR spectroscopy (JEOL JNM-EX90A). The degree of the
whenm-CPBA or O, was employed as an oxidant. The cobalt phthalocyanine catalyst degradation was determined
ring was relatively stable toward BDOH. The other ph-  from its visible spectra obtained using a Shimadzu 2450 UV-
thalocyanine they used showed similar behavior toward PC spectrophotometer.
these oxidants as [FePcTS] Balkus et al.[20] reported
the oxidation of cyclohexane with BDOH catalyzed by  2.2. Oxidation of 2,6-di-tert-butylphenol
zeolite-encapsulated perfluorinated ruthenium phthalocya-
nines. Metallophthalocyanine-catalyzed oxidation of cyclo- In a typical experiment, a 10 ml round-bottomed-flask
hexane with BEOOH was reviewed recentl29]. Setletho was charged with an aqueous solution of 8.00°3M
and Nyokond24] reported the catalytic activity of iron and  [CoPcTSf~ (1.0 ml, 3.0x 10~3mmol) and a methanol so-
cobalt phthalocyanine complexes toward the oxidation of lution of 0.075M DTBP (4.0 ml, 0.300 mmol). The 4:1 vol-
cyclohexene using BOOH and chloroperoxybenzoic acid. ume ratio of methanol and water solvent mixture kept both
Sorokin and Tuef16—18]also used B{DOH as the oxidant  the catalyst and the substrate soluble and this solvent mix-
in the catalytic oxidation of 2,3,6-trimethylphenol and 2- ture was used for subsequent studies. Under nitrogen atmo-
methylnaphthalene by iron phthalocyanines in a sol-gel ma- sphere, BLOOH (0.21 ml, 1.52 mmol) was then added to the
terial. Although many catalytic systems and oxidants have reaction mixture and the mixture was stirred magnetically at
been employed for the oxidation of 2,6-@irt-butylphenol room temperature. To stop the reaction, the reaction mixture
(DTBP), to the best of our knowledge, none of them has usedwas transferred into a separatory funnel, a few milliliters of
a cobalt phthalocyanine/BDOH catalyst—oxidant system. CH_Cl, was added to the funnel and the residual DTBP and
In this study, we report the oxidation of 2,6-r- the reaction products were extracted in the organic phase.
butylphenol (DTBP) catalyzed by cobalt(ll) phthalocyanine The extraction process was repeated 4—6 times. Before GLC
tetrasulfonate ([CoPcT$}) in the presence of BOOH as analysis, a known amount of naphthalene (about 20 mg) was
an oxygen donor. added to the extract as an internal standard. The amounts of
residual DTBP and reaction products in the extract were cal-
culated using their peak areas in GC chromatograms, detector
2. Experimental response factors and the amount of internal standard.

2.1. Reagents and instrumentation 2.3. Product isolation and characterization

Sodium salt of cobalt(ll) phthalocyanine tetrasulfonate ~ Two of the reaction products, 3,8,5-tetratert-butyl-
[CoPcTS]Na was prepared by using Weber procedure 4,4-diphenoquinone (DPQ) and 4.dihydroxy-3,3,5,5-
(Fig. 1) [30]. 2,6-Ditert-butylphenol (DTBP, Merck) and tetratert-butylbiphenyl (HDPQ), were isolated together
tert-butylhydroperoxide (BYDOH, 70%, Merck) were used  after crystallization from the dichloromethane extract of the
as received. The other reagents used were research grade. reaction mixture with methanol. They were identified using

GLC analyses of the DTBP reaction mixtures were per- GC-MS chromatograms and % NMR spectrum of the
formed on a Fisons 8560 HRGC gas chromatograph fitted CH>Cl> and CDC§ solutions of the crystals, respectively.
DPQ: MS,m/e: 408 (molecular ion peak), 393, 366, 351,
337, 323, 309, 295, 281, 5#H NMR (CDCl), 8: 1.35

SO; N
== (s, 36H), 7.69 (s, 4H). bDPQ: MS, mle: 410 (molecu-
\ / lar ion peak), 395, 190, 162, 52H NMR (CDCl), é:
1.47 (s, 36H), 5.12 (s, 20H), 7.27 (s, 4H). The product
N SN 2,6-ditert-butylbenzoquinone (BQ) was identified on GC
~ i ; N\ chromatograms by spiking using an authentic BQ sample.
Na 0387~ N— Co—N /—SOV{Na'
! =
} N 3. Results and discussion
A\ Metallophthalocyanine complexes are readily available
/ e
L oxidation catalysts and found to transfer oxygen from var-
SO Na’ ious oxygen donors to alkanes, alkenes, phenols and thi-

ols in numerous studiefl0,12,15-28] Here we report

Fig. 1. Chemical structure of sodium salt of cobalt(ll) phthalocyanine tetra- the oxidation of 2,6-dtert-butylphenol (DTBP) withtert-
sulfonate. butylhydroperoxide (BWOH) oxidant using a [CoPcT$]
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catalyst. From our point of view it was worthwhile to inves- 100
tigate BUOOH as an oxidant in a metallophthalocyanine-
catalyzed phenol oxidation reaction for two reasons. (1)
There is a synthetic importance as well as environmental pri-
ority for the phenol oxidations. (2) It takes hours'B®OH
to destroy [CoPcTS] and BUOOH is expected to give a
faster reaction than when molecular oxygen is used instead.
Because the solubility of molecular oxygen in pure water
under 1 atm oxygen pressure at’Z5is about 1.3< 103 M,
which is quite low and can only be varied with pressure and/or
temperature changes. On the other handQRH is a water-
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soluble substance and its concentration could be adjusted in Time (h)
awide range and kept high in reaction mixtures. Furthermore
BU'OOH is a stronger oxidant than molecular oxygen. Fig. 3. Conversion and product yield vs. time in the oxidation of 0.300 mol

DTBP with 1.52 mmol BEOOH catalyzed by 3.& 10-3 mmol [CoPcTS}

. . ) in 5 ml of 80% methanol-water mixture®) conversion of DTBP;R) yield
3.1. Oxidation of 2,6-di-tert-butylphenol of DPQ; (&) yield of H,DPQ.

We used a solvent mixture of GBH/H20 (4:1v:v) in ] )
our reactions in which DTBP, [CoPcT5], and BGOOH erature, having &H NMR spectrum of an authentic sample

were found to be soluble. In a typical reaction, the rela- ©f PPQ inour hand, and symmetrical and simple structures

tive molar ratios of BEOOH:DTBP:[CoPcTSY were about ~ ©f PPQ and HDPQ, it was easy to pick up the peaks in the
500:100:1, respectively. Of two papers of Tsuruya and col- SPectrum that do not belong to DPQ. ThdseNMR peaks

leagueg6,7] and a paper of Kharasch and Joigti], 2,6-di- were the ones expected forZBPQ. BQ was identified on
tert-butylbenzoquinone (BQ) and 3,3,5-tetratert-butyl- GC chromatograms by spiking an authentic BQ sample. The
4,4-diphenoguinone (DPQ) were the only two products of GLC chromatograms were used fpr quantitative product and
DTBP oxidation reported in the literatur&ig. 2) [5,8,9] reactant analyses. Because we did not have a pure sample of
In the Tsuruya’s papers, a third compound, 4jydroxy- H>DPQ in our hand, we used the same response factor for

3,3,5,5-tetratert-butylbiphenyl (BDPQ) Fig. 2), was re-  H2DPQ as that of DPQ.

ported as one of the products of the oxidation of DTBP us-  F19- 3shows the time dependence of the percentages of
ing Cu-impregnated MCM-41 catalysts at 313K in 1 atm air. reS|duaI.DTBP and yields of products in the oxidation of
Kharasch and Joshi also reported the same product from thé® TBP with BUOOH catalyzed by [CoPcT$]. The conver-

oxidation of DTBP with potassium ferricyanifiél]. We also sion of DTBP to products increased fast with the increase

observed the formation of #DPQ as one of the products in reaction time for the first 3h reaching a value of about
of the oxidation of DTBP with BIOOH in the presence of 70% then gradually levelled off. After 8 h, the conversion

[COPcTSH catalyst. In our oxidant/catalyst system DPQ o_f DTBP was over 85%. The.reaction profile shows that the
and HDPQ obtained were the major products and a few Yi€ld of DPQ increased fast first 3 h (about 56%) then grad-
reactions resulted with the formation of BQ. The GC—Ms Ually with increasing reaction time. After 8, the yield of
spectra for DPQ and #DPQ gave both the molecular ion  DPQ was about 73%. Also the yield 0RbEPQ increased
and fragment peaks as expected for these compounds. Furfast with time in the initial stage of oxidation (about first 1 h)

ther identifications of these compounds was done using a@"d nearly tended to level off at the reaction times from 1
14 NMR spectrum of a DPQ—4DPQ mixture in CDGJ. to 6 h (maybe with a maximum around 6 h) and then gradu-

Because of knowingH NMR peaks of DPQ from the lit- ally decreased with further reaction time. The highest yield
percentage of bDPQ was about 15% after 6 h.

We also investigated how catalyst, oxidant, and sub-
strate concentrations affect the oxidation of DTBP with
[CoPcTSf/BUtOOH catalyst—oxidant systenfrifjs. 4—6
and determined the product distribution of each experiment.

I The product distribution of the oxidation reaction at 8h is

OH

l given inTable 1 Fig. 4illustrates the effect of [CoPcT$]
‘ catalyst loading on the conversion of DTBP for a reaction
0 mixture consisting of constant concentrations of the substrate
and the oxidant. In all catalyst concentrations the conversion
0 O of DTBP and yields of DPQ and#DPQ increased as the con-
BQ DPQ H,DPQ centration of the catalyst increased (reactions Table J).
When the concentration of the catalyst is doubled compared
Fig. 2. Chemical structures of the products of DTBP oxidation. to that of the typical experiment (reaction Pable 1, the
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Fig. 4. Effectof the amount of [CoPcT%] on the conversion of 0.300 mmol
DTBP oxidized with 1.52 mmol B®OH in 5ml 80% methanol-water
mixture. The amounts of [CoPcTS] (¢) 3.0x 10~*mmol; (@)
7.5x10*mmol; (A) 1.5x 10 3mmol; (@) 3.0x 10~3mmol; (A)
6.0x 10-3 mmol.
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Fig. 5. Effect of the amount of BOOH on the conversion of
0.300 mmol DTBP catalyzed by 3:010~3 mmol [CoPcTS}™ in 5 ml 80%
methanol-water mixture. The amounts of'BOH: (¢) 0.15mmol; W)
0.76 mmol; @) 1.52 mmol; @) 4.55 mmol.

conversion of DTBP was over 96% in 5 h. Interestingly the
formation of the product 2,6-dert-benzoquinone (BQ) (less
than 2%) was observed in this reaction. In an attempt to
oxidize DTBP with BUOOH in the absence of the catalyst
[CoPcTSt, no oxidation product was obtained. This con-
firms that the catalyst is essential in the oxidation process.

Table 1
The product distribution of oxidation of DTBP with BDOH in the presence of

H. Turk, Y. @men / Journal of Molecular Catalysis A: Chemical 234 (2005) 19-24
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Fig. 6. Effect of the initial amount of DTBP on its conversion with
1.52 mmol BUOOH catalyzed by 3.6 10~3mmol [CoPcTS} in 5ml
80% methanol-water mixture. The amounts of DTB#):1.500 mmol; &)
0.600 mmol; @) 0.300 mmol; @) 0.150 mmol.

Furthermore, in the presence of [CoPcYSput in the ab-
sence of BELOOH we did not get any detectable amount of
the oxidation product either. When this reaction (0.300 mmol
DTBP) was catalyzed by 3:0 103 mmol [CoPcTS}™ un-

der air (in the absence of BDOH) at room temperature, the
reaction proceeded very slowly and the conversion of DTBP
was only about 3.5% after 8 h. This slow reaction rate under
air may be due to low solubility of dioxygen and eventually
the low concentration of dioxygen in the reaction medium as
well as difficulty in the activation of dioxygen by [CoPcTS]
compared to that of BOOH.

Increase in the concentration of ®IOH also resulted
with increase in the conversion of DTBP and yields of the
products formedKig. 5and reactions 1, 6, 7able 3. When
the concentration of BOOH is tripled (reaction 6Table ),
contrary to usual finding, no biphenyl product,(pPQ) was
obtained and instead substantial amount BQ formed (32%)
(reaction 6,Table ).

The variation of the percent conversion of DTBP with time
for its different concentrations is shownhiig. 6 and higher
yields for DPQ and HDPQ were obtained during the course
of the reaction (reactions 1, 8—1Table 1. When the ratio
of BUlOOH to DTBP was about 1 (reaction Bable 1), the
amount of formed HDPQ was higher than DPQ. Further-

[CoPcT*S]catalyst after 8 h

Reaction DTBP (mmol) [CoPcT$} (mmol) BUOOH (mmol) Time: 8h
DPQ (%) HDPQ (%) BQ (%)

1 0.300 3.0¢ 1073 1.52 73 14 -
2 0.300 6.0< 103 1.52 60 35 <2
3 0.300 1.5¢ 1073 1.52 42 28 -
4 0.300 7.5¢ 1074 1.52 20 15 -
5 0.300 3.x 104 1.52 7 3 -
6 0.300 3.0< 1073 455 58 - 32
7 0.300 3.0¢ 1073 0.76 31 49 -
8 1.500 3.0< 1073 1.52 16 24 -
9 0.600 3.0¢ 1073 1.52 36 24 -
10 0.150 3.0¢10°3 1.52 84 - 12
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Fig. 7. Time-dependent changes in the visible spectrum of the oxidized
[CoPcTSt— observed on addition of BOOH oxidant (0.21 ml, 1.52 mmol)

to a reaction mixture containing 0.300 mmol DTBP and 3103 mmol
[CoPcTSY catalystin 5.0 ml: (a) 1 h; (b) 2 h; (c) 3 h; (d) 5 h; (e) 8 h after ad-
dition of BUOOH. All spectra for the oxidized [CoPcTS] were taken after
seven-fold dilution with water. (f) The visible spectrum of (non-oxidized)
[CoPcTSt.

more, we observed considerable amount of BQ formation
(12%) when the [BIOOH]/[DTBP] ratio was about 10 (re-
action 10,Table J. As in reaction 6, here also we did not ob-
serve any HDPQ formation. FronTable 1we can conclude

23

the formation of substantial amount BQ and no formation of
H>DPQ or vice versa.

3.2. Catalyst recycling and degradation

In a recycling experiment, 0.300mmol DTBP and
1.52 mmol BGOOH were added to the medium from which
the residual DTBP and its oxidation products from the first
cycle were extracted and the reaction was carried out for
8h. The GC analysis showed less than 5% conversion of
DTBP for the second cycle. We found that this remarkable
decrease in the catalytic activity of [CoPcTS]in the ox-
idation of DTBP with BGOOH is due to fast degradation
of the catalystFig. 7 shows the absorption spectra of the
catalyst as a function of time in the reaction medium after
the extraction of the organics from the reaction mixture with
dichloromethane. We determined that about three-fourths of
[CoPcTSf— was degraded in the first hour under the reac-
tion conditions as in reaction Table 1 The percentages of
the remaining [CoPcT$} with time were as fallows: 24.2%
after 1 h, 8.6% after 2 h, 4.7% after 3h, 2.8% after 5h, 2.1%
after 8 h.

3.3. Reaction mechanism

Several studies proposed reaction mechanisms for the for-

that high oxidant/substrate ratio (about 10 or larger) leads to mation of dimeric products from the oxidation of DTBP

[CoPeTS]™

2Bu'OOH ———— > Bu'0’'+Bu' 00+ 2H,0

Bu' O
or
Bu'00
_—

S

(PR

H
H

Dimer D

oxidative
dehydrogenation

tautomeric
l’enrmngemem

I
o Yoo o )
oxidation (two steps)

DPQ

H,DPQ

Scheme 1. Schematic representation of the possible pathways in the oxidation of DTBP \@ibHBaatalyzed by [CoPcT$} (adapted fronj7]).
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[1-4,6-8,12,31]When BUOOH is the oxidant, it is believed
that interaction of the catalyst and oxidant create’C®B@nd

BulOO* radicals then these radicals react with DTBP and

consequently 2,6-diert-butylphenoxy radicals are generated
(Scheme }

In the formation of HDPQ, G-C coupling occurs be-
tween the resonance forms of 2,6tdrt-butylphenoxy rad-

icals with the unpaired electrons at four positions. The re-

sulting unstable coupling product or dimer Boheme 1L
rearranges itself into a more stable tautomeric fosDPRQ.
According to Kharasch and JodBil], the dimer D is also a

H. Turk, Y. Gmen / Journal of Molecular Catalysis A: Chemical 234 (2005) 19-24

yses and the staff of BAM Research Center of Anadolu
University for'H NMR spectra.
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