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Abstract

The selective oxidation of 2,3,6-trimethylphenol (TMP) and 2-methyl-1-naphthol (MNL) with H,O, catalyzed by titanium single-site
catalysts, TiO,—SiO, aerogel and mesostructured hydrothermally stable titanium-silicate, Ti-MMM-2, have been studied by means of
EPR spectroscopic technique with spin traps. The formation of phenoxyl (naphthoxyl) and hydroxyl radical intermediates during the
oxidation process have been detected using 3,5-dibromo-4-nitrosobenzene-sulfonic acid (DBNBS) and 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) spin traps, respectively. The character of the EPR spectra of the DBNBS adducts strongly depends on the nature of the
organic substrate and the reaction temperature. A compilation of the EPR and by-product studies strongly supports a homolytic oxida-
tion mechanism. Study by DR-UV-vis spectroscopy has confirmed the previously suggested chemical adsorption of phenol on the titanium

center.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Heterogeneous titanium single-site catalysts have received
an increasing attention in the area of liquid phase selective
oxidation [1-3]. Developed in the early 1980s, microporous
titanium-silicate, TS-1, shows remarkable catalytic properties in
H;0,-based oxidations of small organic substrates (<6 A)and is
currently employed in three industrial processes [4—8]. Titanium
framework-substituted aluminophosphate TAPO-5 was found to
be efficient in cyclohexene conversion to adipic acid by H,O»
[9]. Because of the tremendous importance of this class of cat-
alysts a large scientific effort has been made on the synthesis
and characterization of various mesoporous titanium-containing
materials to open new opportunities in selective oxidations
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of large organic substrates [10—18]. Earlier, several research
groups have demonstrated a synthetic potential of mesoporous
titanium-containing molecular sieves in H;O»-based selec-
tive oxidation of bulky phenols/naphthols [10,16,19-28]. A
particular attention was drawn to the practically important
oxidation of 2,3,6-trimethylphenol (TMP) [17,21-24,28,29]
and 2-methyl-1-naphthol (MNL) [26,27] to the correspond-
ing quinones. The oxidation of MNL is currently considered
as a perspective route to 2-methyl-1,4-naphthoquinone (MNQ,
menadione, vitamin Ks) [30], while the selective oxida-
tion of TMP is of significant interest as a method for the
preparation of 2,3,5-trimethyl-1,4-benzoquinone (TMBQ, a
key intermediate in the synthesis of vitamin E) (Scheme 1)
[31].

TiO,-Si0; aerogels [22,24] and titanium grafted onto meso-
porous commercial silica [16,28] appeared to be among the
most efficient catalysts for TMP oxidation with H,O, and
demonstrated 96-98% selectivity to TMBQ at 99-100% TMP
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Scheme 1. Production of MNQ and TMBQ over Ti, Si-catalysts.

conversion. It has been shown that catalysis is of truly hetero-
geneous nature, and no titanium leaching occurs from the solid
matrices [17,18,23,24,28].

Considerable efforts, both theoretical and experimental, have
been directed to rationalize the activity and selectivity of TS-
1 and related materials in alkene epoxidation [1-3,5,9,32—44].
At the same time, much remains to be understood in the
oxidation of phenols regarding the nature of the active inter-
mediates and specific chemical interactions at the molecular
level.

Two general mechanisms are reported in the literature for
the selective catalytic oxidation of phenols. The first one is
a homolytic mechanism (one electron pathway) that involves
either hydrogen atom abstraction or an electron transfer pro-
cess followed by elimination of H* leading to the formation
of phenoxyl radicals at the first step [45,46]. These pro-
cesses are fast and efficient because of the rather low O-H
bond dissociation energy in phenols [47]. The second gen-
eral mechanism implies a heterolytic oxygen atom transfer
(two electron pathway) from an activated oxidant to a phenolic
substrate [5].

It is generally accepted that the two-electron route is
typical of H,O,-based oxidations over hydrophobic microp-
orous titanium-silicates TS-1 and TS-2 [1,5-7,48], while the
one-electron mechanism occurs for hydrophylic mesoporous
titanium-silicates [1,3]. Based on the character of the isomer dis-
tribution of dihydroxybenzenes in phenol oxidation with HyO»
over TS-1 and TS-2, a mechanism via electrophylic substitution
in aromatic nuclear has been suggested [5,49,50].

In the oxidation of toluene, the lack of CH3-group oxida-
tion products also supported an oxygen transfer mechanism for
the TS-1/H,O, system [5]. To the contrary, side-chain oxida-
tion products were found predominantly in toluene oxidation
with HyO, over amorphous TiO>-SiO, mixed oxides, which
indicated a homolytic mechanism involving participation of
hydroxyl radicals [51].

Recently, based on the results of the product [23], kinetic
[29] and model [3,52-54] studies, we suggested a homolytic
mechanism for TMP oxidation with H>O» in the presence of Ti
single-site catalysts that comprises the following reaction steps:

hydrolysis of Ti—O-Si bonds

AN AN
7Ti-O-Sié +H,O = 7Ti-OH + HO-Sié 1)
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The following transformations of ArO® include their recom-
bination leading to C—C— and C-O-coupling products

2Ar0* — HO-Ar-Ar-OH ©)
2Ar0°* — HO-Ar—O-Ar 7

and/or further oxidation resulting finally in the formation of the
four-electron oxidation product, p-benzoquinone (BQ):

TiOOH
>

ArO® — .. BQ (8)

The main argument in favour of the homolytic oxidation
mechanism was the identification of the C—C and C-O cou-
pling products [23]. The increase of the benzoquinone yield and
the decrease of the coupling products yield when reducing phe-
nol concentration also supported that reaction scheme [23,29].
Meanwhile, a direct evidence of the formation of ArO® and *OH
radicals during the reaction is crucial to verify the hypothesis
about the homolytic oxidation mechanism and to clarify the role
of these radicals in the formation of the target quinone.

EPR spectroscopy employing the spin-trapping technique
when short-lived radicals are transformed into more stabilized
and thus much longer-lived ones, making them accessible to
detection, has been successfully used to monitor radical inter-
mediates in biological systems [55-57] and in the presence
of both porous [58] and non-porous catalysts [59,60]. In this
work, we applied the spin-trap method to probe TMP and
MNL oxidation over two representative titanium single-site
catalysts, such as TiO,—SiO, aerogel and hydrothermally sta-
ble mesostructured titanium-silicate Ti-MMM-2. The results
obtained agree with the results of the by-product and 0,
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labelling studies and strongly support the homolytic oxidation
mechanism.

2. Experimental
2.1. Catalysts and materials

TiO,-Si0O, aerogel (1.68wt.% Ti, surface area S=
770m?g~', average pore diameter d=15.6nm, meso-
pore volume V=3.03cm?g~!) was synthesized by the
sol-gel method [24,61]. Mesostructured titanium-silicate
Ti-MMM-2  (1.68wt.% Ti, S=1147m?>g~!, d=3.2nm,
V=0.74cm’ g~ ') was prepared by hydrothermal synthesis
using CigH33N(CH3)3Br as template under weak acidic
conditions as described earlier [17]. 2,2',3,3’,5,5'-Hexamethyl-
4,4'-bisphenol (BP) was prepared according to the literature
procedure [62]. 3,5-Dibromo-4-nitrosobenzene-sulfonic acid
(DBNBS), 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), 2-
methyl-1-naphthol (MNL), 2,3,6-trimethylphenol (TMP) and
the corresponding quinones were purchased from Aldrich and
used as received. All other reactants were obtained commer-
cially and used without further purification. The concentration
of hydrogen peroxide (28-33 wt.% in water) was determined
iodometrically prior to use.

2.2. Catalytic experiments and product analysis

Catalytic oxidations were performed in thermostated glass
vessels at 25-80°C under vigorous stirring (500 rpm). The
rate of TMP consumption remained constant while the stir-
ring rate varied in the range of 200-1000 rpm indicating no
diffusion limitation. Typically, the reactions were initiated by
adding 0.35 mmol of HyO; to a mixture containing 0.1 mmol
of substrate and 12mg of catalyst in 1 mL of MeCN. The
oxidation products were identified by GC-MS and 'H NMR.
The substrate conversions and product yields were quanti-
fied by GC using biphenyl as the internal standard. The ratio
between TMBQ, BP and C-O coupling dimer, 2,3,6-trimethyl-
4-(2,3,6-trimethylphenoxy)phenol (PP), was also estimated
using 'H NMR by integrating signals of the aromatic pro-
ton at § 6.55 (q, 1H), 6.72 (s, 2H) and 6.68 (s, 1H) ppm,
respectively. The 2-methyl-1-naphthol oxidation products were
isolated using preparative thin-layer chromatography (SiO»;
eluents—toluene and toluene/ether (30:1). The structure of the
isolated compounds was determined by 'H NMR, chemical ion-
ization mass-spectrometry, electrospray mass-spectrometry and
by comparison of the physical properties with the literature data.

2.2.1. 2,2,3,3,5,5 -Hexamethyl-4,4’'-bisphenol

GC-MS (EI) m/z (relative int.): 270 (100, [M]"), 255 (57,
[M-CH3]%), 240 (61, [M—2CH3]™), 225 (15, [M-3CH3]*), 210
(3, [IM—4CH31"), 195 (7, [M=5CH3]%).

2.2.2. 2,3,6-Trimethyl-4-(2,3,6-trimethylphenoxy)phenol
GC-MS (EI) m/z (relative int.): 270 (100, [M]%), 255 (5,

[M-CH3]%), 225 (4, [M=3CH3]"), 208 (5, [M-3CH3-OH]*),

136 (63, [M-CgH(CH3)30], 135 (59, [M-C¢H(CH3)30H)1*),

121 (21, [M=CgH(CH3);0H-CH, %), 105 (10, [M—CgH(CH3)3
OH-CH,-O]*), 91 (32, [M—CgH(CH3);0H-3CH31*).

2.2.3. 4,4'-Di(2-methyl-1-naphthol)

MS (ESI) m/z (relative int.): 315 (27, [MH]*), 314
(100, [MH-H]%), 313 (62, [MH-2H]*"), 298 (5, [MH-OH]"),
285 (7, [MH-2CH3]%), 257 (3, [MH-2COH]"), 242 (15,
[MH-CH3-2COH]").

2.2.4. 4,4'-Di(2-methyl-1-naphthoquinone)
MS (ESI) m/z (relative int.): 313 (100, [MH]"), 285 (8, [MH-
2CO1Y), 242 (52, [MH-CH3-2CO1*).

2.3. Spin trap experiments

Spin trap experiments were carried out by adding 0.088 mmol
of H,O, to a mixture, containing 0.025 mmol of TMP, 3 mg
of TiO,-SiO, aerogel (or Ti-MMM-2) and the spin trap
(0.005 mmol of DBNBS or 0.013 mmol of DMPO) in 250 pnL
CH3CN. The reactions were performed either directly in ther-
mostated (50 °C) quartz EPR tubes using Ar bubbling for stirring
the reaction mixture or in thermostated (25-80 °C) glass vessels
using a magnetic stirrer. In the latter case, after 30—45 min, a part
of the reaction mixture was placed into a flat quartz cell which is
typically used to perform EPR measurements in polar solvents.
The EPR spectra were run at room temperature.

2.4. DRS-UV-vis measurements

2.2 mmol of TMP were dissolved in 15 mL of MeCN. 200 mg
of Ti-MMM-2 were added to the solution under stirring. The
catalyst was immediately filtered off and analyzed by means of
DR-UV-vis spectroscopy. In a blank experiment, 210 mg of Ti-
MMM-2 were added to 17 mL of MeCN, the slurry was stirred
for Smin, then the catalyst was filtered off and analyzed by
DRS-UV-vis.

2.5. Instrumentation

EPR spectra were recorded at room temperature using a
Bruker EMX X-band spectrometer (Stuttgart University) and
a Bruker ER-200D (Boreskov Institute of Catalysis). DRS-
UV-vis measurements were performed on a Shimadzu UV-vis
2501PC spectrophotometer. GC analyses were performed using
a Crystall 2000 gas chromatograph equipped with a flame ion-
ization detector and quartz capillary column (30 m x 0.25 mm)
filled with Supelco MDN-5S. GC-MS analyses of organic
products were carried out using a HP 5973/6890 system (car-
rier gas He, 30m x 0.25 mm cross-linked 5% PHME siloxane
(0.25 pm coating) capillary column; HP-5MS) or a Saturn
2000 gas chromatograph equipped with a CP-3800 mass
spectrometer (30m x 0.32mm WCOT fused silica CP-SIL 8
CB capillary column). Electrospray mass-spectrometry analy-
sis was performed on ThermoFinnigan LCQ Advanrage. 'H
NMR spectra of the reaction products were run on AM 250
Bruker.
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3. Results and discussion
3.1. Oxidation in the presence of DMPO

The diamagnetic spin trap molecule, 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO), has been widely used for
identification of "OH radicals [58,63—66]. The rate constant of
the reaction of DMPO with “OH radical is 3.3 x 10° M~ ! s~!
[63]. The product is a metastable nitroxyl radical (*OH-adduct),
which has a lifetime that is long enough to be detected by
EPR measurements [64]. Fig. 1 presents an EPR spectrum
obtained upon the addition of DMPO to the reaction solu-
tion containing TiO2—Si0; aerogel, TMP, H,O, and CH3CN.
The spectrum consists of a 1:2:2:1 quartet with hyperfine split-
tings a(N) = a(BH) =12.4 G and g=2.006. The same spectrum is
observed also in the absence of TMP, indicating non-productive
decomposition of hydrogen peroxide. Such a signal is very char-
acteristic for the DMPO-°*OH radical adduct. Earlier, a similar
EPR spectrum was revealed in CH3CN solution during the H,O»
catalytic decomposition or photolysis in the presence of DMPO
[58,65,66].

The identification of the DMPO-*OH adduct in TMP oxida-
tion with H>,O; over Ti, Si-catalysts was not surprising because
non-productive decomposition of HyO, had been previously
established by 130 labelling experiments [26] and agreed with a
rather low selectivity based on H, O (40-60%) observed in both
TMP and MNL oxidation over Ti, Si-catalysts [23,24,26,27].

Highly reactive *OH radicals can react with phenol and H, O,
molecules to form ArO® and HO,®, respectively, via reactions
(9) and (10):

ArOH + *OH — ArO® + H,0 9)
. H
HsC r;| H1C N OH
|
6] ok
DMPO Stable radical adduct

a(N)=a(fH)=124G

T T T 1
3460 3480 3500 3520
Magnetic field, G

Fig. 1. EPR spectrum (CH3CN, 20°C) of the DMPO-*OH radical adduct
formed during TMP oxidation with H>O, in the presence of TiO,—SiO; aerogel.
Reaction conditions: 0.1 M TMP, 0.35M H,0;, 0.05M DMPO, 3 mg catalyst,
250 wL CH3CN, 15 min, 50 °C. Without TMP the spectrum was the same.

H,0, +°*OH — HO;* + H,O (10)
HO;* + H,O0, - O, +H,0 + OH* (11

In principle, reaction (9) may proceed concurrently with reac-
tion (4), which takes place at the catalyst surface. Tuel and
Hubert-Pfalzgraf suggested reaction (9) as the main route lead-
ing to ArO® radicals in TMP oxidation over Ti, Si-catalysts [16].
However, a fractional reaction order (between 0 and 1) in TMP,
revealed by the kinetic study of TMP oxidation over TiO,—Si0»
aerogel [29] points out the reaction mechanism involving steps
(2)-(4). Furthermore, the reaction scheme suggested by the
authors [16] cannot explain the effect of the substrate/Ti molar
ratio on the selectivity to quinone that we observed for different
Ti single-site catalysts [23,24,26,27,52].

3.2. DRS-UV study

The phenol binding to Ti-center via reaction (2) has been con-
firmed by the DRS-UV-vis measurements that we performed in
this work. The addition of a concentrated solution of TMP in
MeCN to Ti, Si-catalysts resulted in the appearance of a pale yel-
low surface intermediate, which was not formed upon treatment
of the catalyst with MeCN alone. The colouring was manifested
in along-wave shift of the band in the DR-UV spectrum shown in
Fig. 2. Earlier, we have synthesized a yellow aryloxyl derivative
of Ti-substituted heteropolytungstate where the ArOH molecule
was bound to titanium [53].

3.3. Oxidation in the presence of DBNBS

While phenoxyl radicals formed in the oxidation of
hindered phenols, such as 2,4,6-tri-tert-buthylphenol, 2,4,6-
triphenylphenol, 2,6-di-tert-buthyl-4-methylphenol, etc., are
stable enough to be monitored in solution by means of EPR
spectroscopy [45,46,67], less hindered phenols, such as TMP
and MNL, produce radicals which are significantly less stable.
Their stationary concentration in solution is very low. Conse-
quently, the radicals, if present, cannot be directly detected by
EPR.

F(R)

T ' T b
200 300 400
A, M

Fig. 2. DR-UV spectra of Ti-MMM-2: (1) initial, (2) after treatment with the
solution of TMP in MeCN and (3) after treatment with MeCN.
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Fig. 3. EPR spectra (CH3CN, 20 °C) of the DBNBS radical adducts formed
during oxidation of (a) MNL and (b) TMP. Reaction conditions: 0.1 M substrate,
0.35M H;0,, 0.02M DBNBS, 3 mg Ti-MMM-2, 250 nL. CH3CN, 45 min at
50°C (TMP) or 35 min at 25 °C (MNL).

To catch aryloxyl radicals in TMP and MNL oxidation
over Ti, Si-catalysts 3,5-dibromo-4-nitrosobenzene-sulfonic
acid was used. In the presence of DBNBS we managed to iden-
tify stable radical adducts which gave the isotropic EPR spectra
shown in Fig. 3. Importantly, no EPR signals were observed in
the presence of DBNBS, H>O; and Ti, Si-catalyst but without a
phenol substrate indicating, in agreement with the literature data
[68], that DBNBS does not form stable adducts with hydroxyl
radicals.

MNL is significantly more reactive substrate than TMP. It
can be readily oxidized even at room temperature by various
oxidants but the key point is the selectivity of oxidation [30].
When MNL was oxidized by H,O; over Ti, Si-catalysts in the
temperature range of 50-80 °C, both MNQ and C-C-coupling
products were formed along with some amount of tars [26].
Under optimal reaction conditions the MNQ yield reached 75%.
The by-product study performed in this work has revealed that
under these conditions the isolated yield of the corresponding
dinaphthol and dinaphthoquinone attains 13 and 8%, respec-
tively, no C—O-coupling products being identified. The ratio of
MNQ/C-C-coupling products decreases with increasing MNL
concentration and decreasing reaction temperature. At 25 °C,
only the C—C-dimers are formed.

When MNL oxidation was carried out at elevated temper-
ature (50-80°C), very weak EPR signals were detected in

OH ‘ ‘ CHs
3 i, i l) st, [202
C 3

25°C

MNL

Type 1 Type 2
(A) Br o () Br o
7 /

NaOs3! N H NaO3; N

e Te T P
Br . Br CH,
H
Hie O i

(B) Br F o
N303¥QN H Hs
Br CHs
o]
HiG

Scheme 2. Probable structures of radical adducts of DBNBS formed during
TMP and MNL oxidation with HyO, over Ti, Si-catalysts.

the presence of DBNBS. Meanwhile, MNL oxidation at 25 °C
produced a rather stable adduct with DBNBS, which gave
an isotropic EPR spectrum consisting of six lines (triplet of
doublets) with hyperfine splittings a(N)=13.8 G, aPH)=6.4G
and g=2.006 (Fig. 3a). The observed hyperfine splitting from
nitrogen and hydrogen nuclei allows attributing the spec-
trum to adduct A (Scheme 2). Such an adduct would form
if the ArO® radical is bound to spin trap via p-carbon but
not oxygen atom [68]. We designate such adducts as type
1. The assignment is supported also by the composition of
the by-products formed. Indeed, as we mentioned above,
only C—C-coupling dimers, dinaphthol and dinaphthoquinone,
have been identified in MNL oxidation over Ti, Si-catalyst
(Scheme 3).

When TMP was oxidized with H,O, over Ti, Si-catalysts
in the presence of DBNBS, a more complicated isotropic EPR
spectrum was detected (Fig. 3b). Typically, this spectrum con-
sisted of a triplet with hyperfine splitting a(N)=12.8G and
£=2.006 and six lower intensity signals (triplet of doublets) with
hyperfine splittings a(N)=13.1G, a(PH)=7.6 G and g=2.006.
The presence of two types of signals points out the formation
of two different radical adducts of DBNBS. The triplet belongs
to an adduct C, that we designate as type 2, while the triplet of
doublets is most likely due to adduct B of type 1 (Scheme 2).
Importantly, the ratio between the two adducts is influenced only
slightly by the catalyst nature but is strongly affected by the
reaction temperature. A temperature rise causes a significant
increase of the intensity of the triplet of doublets related to the
triplet (Fig. 4). This observation of temperature dependent rel-
ative intensities also rules out an alternative interpretation of

O
iy

+ |

“ CHs
0

dinaphthoquinone

OH

OH

dinaphthol

Scheme 3. Oxidation of MNL over Ti, Si-catalysts at 25 °C.
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g=2.006
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(c)

T g T L T £ T " T
3340 3360 3380 3400 3420

Magnetic field, G

Fig. 4. EPR spectra (CH3CN, 20°C) of the DBNBS radical adducts formed
during TMP oxidation in the presence of (a) TiO2—SiO; aerogel (50 °C), (b) Ti-
MMM-2 (50°C) and (c¢) Ti-MMM-2 (80 °C). Reaction conditions: 0.1 M TMP
0.35M H;0;,, 0.02M DBNBS, 3 mg Ti-MMM-2, 250 nL. CH3CN, 45 min.

o’ 0
CHs CH3 CH3 CHj3
-
CH3 H . CH3

1 1

Scheme 4. Resonance structures of the TMP phenoxyl radical.

Fig. 3b as a 1:2:1 (2ap) triplet of a 1:1:1 (an) triplet, for which
a straightforward assignment of a structure would have been
difficult.

Keeping in mind possible resonance structures of the TMP
phenoxyl radical (Scheme 4) it seems reasonable to assume that

OH 0
HC CHs 1 Si_catalyst, H,0, H3C CHy
CHs 50-80°C CHs
0
T™MP
TMBQ

-
e %)) @ o
o o o o
1 1 1 |

TMP conversion / TMBQ yield, %
N
o
1

T d T T T X T T T ¥ T T T
0 20 40 60 80 100 120 140 160
Time, min

Fig. 5. TMP conversion and TMBQ yield versus time: (1), (2) without DBNBS
and (1), (2") in the presence of DBNBS. Reaction conditions: 0.1 MTMP, 0.35 M
H,0,, 0.02M DBNBS (1’ and 2'), 12 mg Ti-MMM-2, 1 mL MeCN, 50 °C.

adducts C and B are formed upon capturing by DBNBS of O-
and C-centered radicals I and II, respectively.

The difference in the EPR spectra observed for the oxidation
of MNL and TMP in the presence of DBNBS can be rationalized
if we consider by-products of these two reactions. As we pointed
out already, no C—O-coupling products were detected in MNL
oxidation over Ti, Si-catalysts. On the contrary, oxidation of
TMP produced TMBQ along with the tail-to-tail dimer BP and
the head-to-tail dimer PP which were both identified by GC-MS
and '"H NMR (Scheme 5).

The mass balance and the ratio of TMBQ/BP/PP were first
determined in this work. The results obtained with Ti-MMM-
2 catalyst are shown in Table 1. One can see that the TMBQ
yield increases with rising reaction temperature, while the yield
of the coupling products reduces. That is understandable if we
take into account that recombination of two radicals usually
proceeds without activation energy. The presence of BP and PP
in comparable amounts is in agreement with the presence of the
two types of signals that we observe in the EPR spectra for TMP

OH OH

HiC O CHs Ha CH3
+ CHs

+ CH3
HaC
O Hy CHy
H3C CH3
OH CHs

hisphenol (BP) phenoxyphenol (PP)

Scheme 5. Oxidation of TMP over Ti, Si-catalysts at 50 °C.

Table 1
TMP oxidation with H,O; over Ti-MMM-22

T(°C) Time (h) TMP conversion (%) TMBQ yield (%) C—C dimer yield (%) C-0 dimer yield (%)
50 2.0 88 48 18 22
80 0.5 98 75 8 15

4 Reaction conditions: TMP 0.1 M, H,O; 0.35 M, catalyst 14 mg (0.006 mmol Ti), MeCN 1 mL.
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oxidation in the presence of DBNBS. The interaction of DBNBS
with the TMP phenoxyl radical via the oxygen atom seems to
be less hindered sterically than the interaction via carbon atom
and, probably, requires lower activation energy. This may be the
reason why the formation of adduct B enhances with increasing
reaction temperature.

Comparison of the kinetic curves of the TMP consumption
and TMBQ accumulation in the presence and in the absence
of DBNBS is shown in Fig. 5. It is clearly seen that the spin
trap causes a pronounced inhibitory effect on both the rate of
substrate consumption and the rate of TMBQ formation. Impor-
tantly, the selectivity to TMBQ is not affected by the addition of
the spin trap. This means that both the target product (TMBQ)
and by-products (BP and PP) derive from the same radical inter-
mediate, which is ArO® formed in the first step of the homolytic
oxidation process.

4. Conclusion

Using EPR spectroscopy with spin traps DMPO and
DBNBS, the formation of the radical adducts DMPO-*OH and
DBNBS—-ArO® has been detected in the HyO,-based oxidation
of TMP and MNL over Ti, Si-catalysts. The EPR study thus
confirmed the previously postulated homolytic mechanism of
alkylphenol oxidation in HyO,/Ti(IV) systems involving the for-
mation of phenoxyl radicals in the first stage. The character of the
EPR spectra in the presence of DBNBS depended on the nature
of the phenol substrate and the reaction temperature. Two types
of DBNBS-ArO® adducts were identified during TMP oxida-
tion. The first one most likely forms upon interaction of the spin
trap with the carbon atom of the phenoxyl (naphthoxyl) radi-
cal. The second adduct derives from the interaction of the spin
trap with the oxygen atom of the phenoxyl radical. During MNL
oxidation, only the first type of the DBNBS—ArO® adducts was
found. The results of the EPR study are in good agreement with
the results of the by-product study that revealed both C—C and
C-O coupling dimers in TMP oxidation and only C-C dimers
in MNL oxidation.

Acknowledgements

We thank Dr. H. Dilger for technical support, Dr. J. Mrowiec-
Biaton and Dr. M.S. Melgunov for the preparation of the
TiO2-SiO, aerogel and Ti-MMM-2 samples, respectively. Dr.
N.N. Trukhan acknowledges the financial support from the
Alexander von Humboldt Foundation. The research was par-
tially supported by Russian Foundation for Basic Research
(grant 05-03-34760) and by CNRS in the framework of IRC-
BIC Associated European Laboratory. Dr. O.V. Zalomaeva and
Dr. I.D. Ivanchikova acknowledge financial support from the
French Embassy in Moscow.

References

[1] P. Ratnasamy, D. Srinivas, H. Knozinger, Adv. Catal. 48 (2004) 1-169.
[2] J.M. Thomas, R. Raja, Top. Catal. 40 (2006) 3—17.
[3] O.A. Kholdeeva, Top. Catal. 40 (2006) 229-243.

[4] M. Taramasso, G. Perego, B. Notari, US Patent no. 4,410,501 (1983).

[5] B. Notari, Adv. Catal. 41 (1996) 253-334.

[6] M.G. Clerici, Top. Catal. 13 (2000) 373-386.

[7] C. Perego, A. Carati, P. Ingallina, M.A. Mantegazza, G. Bellussi, Appl.
Catal. A-Gen. 221 (2001) 63-72.

[8] G. Centi, S. Perathoner, in: I.T. Horvath (Ed.), Encyclopedia of Catalysis,
vol. 6, Wiley-Interscience, New Jersey, 2003, pp. 239-299.

[9] S.-O. Lee, R. Raja, K.D.M. Harris, J.M. Thomas, B.E.G. Johnson, G.
Sankar, Angew. Chem. Int. Ed. Engl. 42 (2003) 1520-1523.

[10] P.T. Tanev, M. Chibwe, T.J. Pinnavaia, Nature 368 (1994) 321-323.

[11] T. Maschmeyer, F. Rey, G. Sankar, J.M. Thomas, Nature 378 (1995)
159-162.

[12] K.A. Koyano, T. Tatsumi, Chem. Commun. (1996) 145-146.

[13] A. Corma, Chem. Rev. 97 (1997) 2373-2419.

[14] Z. Shan, J.C. Jansen, L. Marchese, T. Maschmeyer, Micropor. Mesopor.
Mater. 48 (2001) 181-187.

[15] M. Guidotti, L. Conti, A. Fusi, N. Ravasio, R. Psaro, J. Mol. Catal. A-Chem.
182-183 (2002) 151-156.

[16] A. Tuel, L.G. Hubert-Pfalzgraf, J. Catal. 217 (2003) 343-353.

[17] O.A. Kholdeeva, M.S. Melgunov, A.N. Shmakov, N.N. Trukhan, V.V.
Kriventsov, V.I. Zaikovskii, V.N. Romannikov, Catal. Today 91-92 (2004)
205-209.

[18] O.A. Kholdeeva, N.N. Trukhan, Russ. Chem. Rev. 75 (2006) 411-432.

[19] R.J. Mahalingam, P. Selvam, Chem. Lett. (1999) 455-456.

[20] R.J. Mahalingam, S.K. Badamali, P. Selvam, in: V. Murugesan (Ed.),
Recent Trends in Catalysis, New Delhi, 1999, pp. 214-217.

[21] O.A. Kholdeeva, V.N. Romannikov, N.N. Trukhan, V.N Parmon, RU Patent
no. 2,164,510 (2000).

[22] O.A. Kholdeeva, N.N. Trukhan, V.N Parmon, A.B. Jarzebski, J. Mrowiec-
Biaton, RU Patent no. 2,196,764 (2001).

[23] N.N. Trukhan, V.N. Romannikov, E.A. Paukshtis, A.N. Shmakov, O.A.
Kholdeeva, J. Catal. 202 (2001) 110-117.

[24] O.A. Kholdeeva, N.N. Trukhan, M.P. Vanina, V.N. Romannikov, V.N. Par-
mon, J. Mrowiec-Biaton, A.B. Jarzebski, Catal. Today 75 (2002) 203-209.

[25] S.K. Mohapatra, F. Hussain, P. Selvam, Catal. Commun. 4 (2003) 57-62.

[26] O.A. Kholdeeva, O.V. Zalomaeva, A.N. Shmakov, M.S. Melgunov, A.B.
Sorokin, J. Catal. 236 (2005) 62-68.

[27] O.V. Zalomaeva, O.A. Kholdeeva, A.B. Sorokin, Green Chem. 8 (2006)
883-886.

[28] O.A. Kholdeeva, 1.D. Ivanchikova, M. Guidotti, N. Ravasio, Green Chem.
7 (2007) 731-733.

[29] N.N. Trukhan, O.A. Kholdeeva, Kinet. Katal. 44 (2003) 347-352.

[30] O.A. Kholdeeva, O.V. Zalomaeva, A.B. Sorokin, I.D. Ivanchikova, C.D.
Pina, M. Rossi, Catal. Today 121 (2007) 58—64.

[31] W. Bonrath, T. Netscher, Appl. Catal. A-Gen. 280 (2005) 55-73.

[32] A.Zecchina, S. Bordiga, C. Lamberti, G. Ricchiardi, D. Scarano, G. Petrini,
G. Leofanti, M.A. Mantegazza, Catal. Today 32 (1996) 97-106.

[33] G. Tozzola, M.A. Mantegazza, G. Ranghino, G. Petrini, S. Bordiga, G.
Ricchiardi, C. Lamberti, R. Zulian, A. Zecchina, J. Catal. 179 (1998) 64-71.

[34] 1.V. Yudanov, P. Gisdakis, C.D. Valentin, N. Rosch, Eur. J. Inorg. Chem.
12 (1999) 2135-2145.

[35] G.M. Zhidomirov, A.L. Yakovlev, M.A. Milov, N.A. Kachurovskaya, I.V.
Yudanov, Catal. Today 51 (1999) 397-410.

[36] J.M. Thomas, G. Sankar, Acc. Chem. Res. 34 (2001) 571-581.

[37] H. Munakata, Y. Oumi, A. Miyamoto, J. Phys. Chem. B 105 (2001)
3493-3501.

[38] A. Zecchina, S. Bordiga, G. Spoto, A. Damin, G. Berlier, F. Bonino, C.
Prestipino, C. Lamberti, Top. Catal. 21 (2002) 67-78.

[39] S. Bordiga, A. Damin, F. Bonino, G. Ricchiardi, C. Lamberti, A. Zecchina,
Angew. Chem. Int. Ed. 41 (2002) 4734-4737.

[40] C.M. Barker, D. Gleeson, N. Kaltsoyannis, C.R.A. Catlow, G. Sankar, J.M.
Thomas, Phys. Chem. Chem. Phys. 4 (2002) 1228-1240.

[41] G. Sankar, J.M. Thomas, C.R.A. Catlow, C.M. Barker, D. Gleeson, N.
Kaltsoyannis, J. Phys. Chem. B 107 (2003) 1932.

[42] R.R. Sever, T.W. Root, J. Phys. Chem. 107 (2003) 4080—4089.

[43] C. Prestipino, F. Bonino, S. Usseglio, A. Damin, A. Tasso, M.G. Clerici,
S. Bordiga, F. D’ Acapito, A. Zecchina, C. Lamberti, Chem. Phys. Chem.
5(2004) 1799-1804.



192 0.V. Zalomaeva et al. / Journal of Molecular Catalysis A: Chemical 277 (2007) 185-192

[44] F. Bonino, A. Damin, G. Ricchiardi, M. Ricci, G. Spano, R. D’ Aloisio, A.
Zecchina, C. Lamberti, C. Prestipino, S. Bordiga, J. Phys. Chem. B 108
(2004) 3573-3583.

[45] W.I. Taylor (Ed.), Oxidative Coupling of Phenols, Marcel Dekker, New
York, 1967, p. 387.

[46] V.V.Ershov, G.A. Nikiforov, A.A. Volod’kin, Sterically-Hindered Phenols,
Khimiya, Moscow, 1972 (in Russian).

[47] K.U. Ingold, J.S. Wright, J. Chem. Educ. 77 (2000) 1062—-1064.

[48] M.G. Clerici, Appl. Catal. 68 (1991) 249-261.

[49] J.S.Reddy, S. Sivasanker, P. Ratnasamy, J. Mol. Catal. 71 (1992) 373-381.

[50] U. Wilkenhoner, G. Langhendries, F.v. Laar, G.V. Baron, D.W. Gammon,
P.A. Jacobs, E.v. Steen, J. Catal. 203 (2001) 201-212.

[51] A. Keshavaraja, V. Ramaswamy, H.S. Soni, A.V. Ramaswamy, P. Rat-
nasamy, J. Catal. 157 (1995) 501-511.

[52] O.A.Kholdeeva, T.A. Trubitsina, R.I. Maksimovskaya, A.V. Golovin, W.A.
Neiwert, B.A. Kolesov, X. Lopez, J.M. Poblet, Inorg. Chem. 43 (2004)
2284-2292.

[53] O.A. Kholdeeva, T.A. Trubitsina, G.M. Maksimov, A.V. Golovin, R.I.
Maksimovskaya, Inorg. Chem. 44 (2005) 1635-1642.

[54] O.A. Kholdeeva, R.I. Maksimovskaya, J. Mol. Catal. A-Chem. 262 (2007)
7-24.

[55] E.G. Janzen, Acc. Chem. Res. 4 (1971) 31-40.

[56] D.P. Barr, M.R. Gunther, L.J. Deterding, K.B. Tomer, R.P. Mason, J. Biol.
Chem. 271 (1996) 15498-15503.

[57] S.Y. Qian, H.P. Wang, F.Q. Schafer, G.R. Buettner, Free Radic. Biol. Med.
29 (2000) 568-579.

[58] V.N. Shetti, D. Srinivas, P. Ratnasamy, Z. Phys. Chem. 219 (2005) 905-920.

[59] P. Ionita, B.C. Gilbert, V. Chechik, Angew. Chem. Int. Ed. Engl. 44 (2005)
3720-3722.

[60] A.F. Carley, H.A. Edwards, B. Mile, M.W. Roberts, C.C. Rowlands,
FE. Hancock, S.D. Jackson, J. Chem. Soc. Faraday Trans. 90 (1994)
3341-3346.

[61] J. Mrowiec- Biaton, A.B. Jarzebski, O.A. Kholdeeva, N.N. Trukhan, V.I.
Zaikovski, V.V. Kriventsov, Z. Olejniczak, Appl. Catal. A-Gen. 273 (2004)
47-53.

[62] A. Kholdeeva, A.V. Golovin, R.I. Maksimovskaya, I.V. Kozhevnikov, J.
Mol. Catal. 75 (1992) 235-244.

[63] S. Goldstein, G.M. Rosen, A. Russo, A. Samuni, J. Phys. Chem. A 108
(2004) 6679-6685.

[64] M. Faraggi, A. Carmichael, P. Riesz, Int. J. Radiat. Biol. 46 (1984) 703—
713.

[65] T. Ozawa, A. Hanaki, Chem. Pharm. Bull. 26 (1978) 2572-2575.

[66] P. Barker, A.L.J. Beckwith, W.R. Cherry, R. Huie, J. Chem. Soc. Perkin
Trans. IT (1985) 1147-1150.

[67] M. Lucarini, V. Mugnaini, G.F. Pedulli, M. Guerra, J. Am. Chem. Soc. 125
(2003) 8318-8329.

[68] H. Kaur, K.H.W. Leung, M.J. Perkins, J. Chem. Soc. Chem. Commun.
(1981) 142-143.



	EPR study on the mechanism of H2O2-based oxidation of alkylphenols over titanium single-site catalysts
	Introduction
	Experimental
	Catalysts and materials
	Catalytic experiments and product analysis
	2,2´,3,3´,5,5´-Hexamethyl-4,4´-bisphenol
	2,3,6-Trimethyl-4-(2,3,6-trimethylphenoxy)phenol
	4,4´-Di(2-methyl-1-naphthol)
	4,4´-Di(2-methyl-1-naphthoquinone)

	Spin trap experiments
	DRS-UV-vis measurements
	Instrumentation

	Results and discussion
	Oxidation in the presence of DMPO
	DRS-UV study
	Oxidation in the presence of DBNBS

	Conclusion
	Acknowledgements
	References


