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Abstract

Selective oxidation of alkanes, aromatic compounds such as benzene and phenol, alcohols and thioethers has been
carried out over titanium and vanadium analogues of ZSM-11 (MEL structure, termed as TS-2 and VS-2, respectively)
with aqueous hydrogen peroxide. The results show interesting similarities and contrasts between TS-2 and VS-2. VS-2
produces more secondary oxidation products. It is also more effective in oxidizing alcohol and thioethers than TS-2.
The differences are attributed to the differences in the mechanism of oxidation of the different substrates over TS-2
and VS-2. While a predominantly heterolytic oxidation is postulated in the case of TS-2, the principal path is probably

homolytic in the case of VS-2.
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Oxidation with hydrogen peroxide

1. Introduction

Substitution of transition metal ions with redox
character in the framework of molecular sieves
can, in principle, give rise to catalysts with shape-
selective oxidation properties [1-4]. The Ti** ana-
logues of ZSM-5 (TS-1) and ZSM-11 (TS-2) cata-
lyze various oxidation reactions involving
hydrogen peroxide [1,5]. Recently, V-MFI molecu-
lar sieves (VS-1) possessing redox characteristics
(reversible V4* to V°* transitions) have been
prepared [3,6]. We have reported the synthesis of
vanadium silicates with MEL topology (VS-2),
which are active in many oxidation reactions in
the presence of aqueous H,0,, but differ signifi-
cantly in some respects from titanium silicates
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[4,7,8]. In this paper, a comparison is being made
of the oxidation efficiency of well characterized Ti
and V silicates in a number of selective oxidation
reactions with different organic substrates.

2. Experimental

Detailed information on the synthesis and char-
acterization of TS-2 and VS-2 molecular sieves
have been reported in our earlier publications
[2,4]. The samples were highly crystalline [>95%
by X-ray diffraction (XRD)] and had a similar
crystal size of ca. 2 pm. The TiO,- and V,0s-
supported silicalite-2 samples were prepared by
impregnation of silicalite-2 with appropriate
concentrations of Ti (OBu), and VOSO, solutions
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to give an Si/M ratio of 80 and calcination at
623 K, respectively. The oxidation of alkanes
was carried out in a stirred autoclave (Parr
Instruments, USA) of 300 ml capacity at 373 K
under autogeneous pressure. Typically, 100 mg of
the catalyst, 2.53 g of aqueous H,0, [26 wt.-%
solution; alkane/H,0, (mol)=3] and 5 g of alkane
were mixed with 25 ml of the solvent, and the
reaction was allowed to proceed for 8 h. The
reaction occurred in the liquid phase under these
conditions. The hydroxylation of aromatic hydro-
carbons, phenol and thioethers was carried out in
a 100-ml batch reactor at 333-342 K for 8 h. Other
details of the reaction, product separation and
analysis are given elsewhere [2,4,7-10].

3. Results and discussion
3.1. Oxyfunctionalization of alkanes

Both TS-2 and VS-2 [the Ti and V analogues of
ZSM-11 (MEL), respectively] catalyze the oxy-
functionalization of alkanes with H,0O,. The results
of our studies using n-hexane as the substrate are
presented in Table 1. A comparison of the activities
of TS-2 and VS-2 on the one hand and other
crystalline samples with MEL structure (viz.,
silicalite-2, ZSM-11, Ti- or V-impregnated in
silicalite-2) on the other hand shows that the most
active catalysts are TS-2 and VS-2. They are also
found to be the most selective catalysts for the

Table 1

formation of monofunctional compounds. The
major products of the reaction are 2- and
3-hexanols and corresponding hexanones, the
latter being the secondary oxidation products.
Interestingly, the oxyfunctionalization of the pri-
mary carbon atom leading to the formation of
primary alcohols and aldehydes is observed only
with V silicate. It is observed that the activation
of the carbon atom at the second position is
preferred to others, and the activation follows the
order 2C>3C>1C on VS-2 and 2C>3C, with no
activation of the 1C on TS-2. A higher aldehydes
plus ketones-to-alcohol ratio in the product distri-
bution for VS-2 than for TS-2 (2.77 and 1.27,
respectively; Table 1) indicates a deeper oxidation
capability of V silicate than of Ti silicate.

3.2. Hydroxylation of aromatic hydrocarbons

The hydroxylation of aromatic hydrocarbons to
phenols and phenol derivatives by dilute H,0, at
333-373 K takes place readily on TS-2 and VS-2
(Table 2). The hydroxylation of benzene leads
to the formation of phenol and p-benzoquinone
(PBQ), the latter resulting from the further
hydroxylation and subsequent oxidation of the
initially formed phenol. The product distribution
is comparable, and selectivities to the monofunc-
tional product are ca. 90% on both catalysts. With
toluene as the substrate, the hydroxylation rates
are higher, the conversion levels (up to 8 h) being
higher than those observed in benzene hydroxyla-

Oxidation of n-hexane over titatinum and vanadium silicates and related molecular sieves®

Catalyst® Conversion Product distribution® (mol-%)
(mol-%)
1-ol 2-ol 3-0l 1-al 2-one 3-one Others®

TS-2 15.9 — 19.1 17.1 — 23.7 23.0 16.6
VS-2 14.6 3.7 9.2 8.2 7.2 26.3 25.0 21.4
Silicalite-2 3.6 — 9.5 9.5 — 4.7 7.1 69.2
TiO,/silicalite-2 2.8 — 3.8 4.7 — 14.4 13.9 63.2
V,0/silicalite-2 3.5 — 8.0 12.0 — 4.0 4.0 72.0

*Reaction conditions: catalyst=0.1 g; n-hexane=35 g; n-hexane/H,0, (mol)=3; solvent (acetonitrile)=20 g; temperature =373 K;
reaction duration =8 h; reaction carried out with stirring in a Parr autoclave under autogeneous pressure.

bTS-2, Si/Ti=77; VS-2, Si/V=179; silicalite-2, Si/Al= >2000; Ti- and V-impregnated silicalite-2, Si/M =80.

°1-0l, 2-ol and 3-ol=1-, 2- and 3-hexanols; 1-al=hexaldehyde; 2-one and 3-one=2- and 3-hexanones.

dMostly polyfunctional oxygenates and lactones.
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Table 2
Hydroxylation of benzene and toluene with aqueous H,O,
over TS-2 and VS-2 molecular sieves®

Benzene Toluene

TS-2 VS22 TS-2 VS22

Conversion (mol-%) 171 7.2 13.2 11.7
H,0, selectivity® (mol-%) 422 18.2 378 495
Phenol 88.0 90.0 — —

p-Benzoquinone 9.0 7.0 — —

0-Cresol — — 36.0 20.0
p-Cresol e — 59.0 17.0
Benzyl alcohol — — — 8.0
Benzaldehyde — — — 52.0
Others® 3.0 3.0 5.0 3.0

2Reaction conditions: catalyst=0.1 g; substrate=1 g; substrate
H,0, (mol)=3; temperature=333 K; reaction duration=8 h;
100-ml glass reactor with stirring.

YH,0, utilised for the formation of catechol, p-benzoquinone
or cresols, benzylalcohol and benzaldehyde.

°Mainly polyhydroxy compounds.

tion.  Electron-releasing groups such as

—CH,;, -OH or —OMe attached to the benzene
ring promote this hydroxylation, while substrates
containing electron-withdrawing groups do not
react so easily [10]. This indicates that this reaction
is a typical electrophilic substitution reaction. The
product distribution in toluene hydroxylation
shows vital differences between TS-2 and VS-2,
even though the conversions are somewhat similar
(Table 2). Whereas only ring hydroxylation takes
place yielding o- and p-cresols almost exclusively
on TS-2, the methyl substituent also undergoes
oxidation on VS-2 leading to the formation of
benzyl alcohol and benzaldehyde, in addition to
the cresols. In fact, the extent of the side-chain
oxidation is greater than the aromatic hydroxyla-
tion. Further, the large concentration of benzalde-
hyde (52 wt.-%) in the product shows that the
secondary oxidation of benzyl alcohol to benzalde-
hyde is fast.

Another aspect of the oxidation of alkyl aro-
matics on both TS-2 and VS-2 is that the reaction
of bulky substrates like tert.-butylbenzene does
not take place due to the steric restrictions imposed
by the narrow channels within the molecular sieves.
Among the alkyl aromatics, the relative rates of
conversions over VS-2 were toluene (3.6)>p-

xylene (2.4)>m-xylene (1)=o-xylene (1)=
1,3,5-trimethylbenzene (1). This trend parallels the
diffusivities of these molecules in the MEL molecu-
lar sieves [11]. Assuming a diffusion-controlled
first-order reaction, the rates derived from the
diffusion coefficients at 373 K for these molecules
compare very well with the observed oxidation
rates and indeed show the presence of the active
sites inside the channel system [8]. Apart from the
reactant shape selectivity described above, the pro-
duct distribution in the hydroxylation of toluene
on TS-2 (where only ring hydroxylation takes
place) demonstrates product shape selectivity. The
observed o-cresol/p-cresol ratio of 0.61 (Table 2)
is lower than that expected from purely electronic
considerations and in the absence of diffusional
restrictions for these products (2.0).

3.3. Hydroxylation of phenol

TS-2 and VS-2 are also found to be active in
this reaction [7,10]. The phenol conversion, H,0,
selectivity and product distribution as a function
of time on VS-2 and TS-2 are presented in Fig. 1A
and B, respectively. At the end of an 8-h run,
phenol conversions were 25.8 and 26.7 mol-%, with
H,0, selectivities of 58.7 and 62.3% for VS-2 and
TS-2, respectively. Fig. 1 shows that the initial
activity of VS-2 is much lower than that of TS-2.
The difference in the product distributions at the
end of the run on the two catalysts is seen from
the catechol-to-hydroquinone ratios, which are 1.3
and 1.1 for VS-2, and TS-2, respectively.

The results on the use of different solvents in
the hydroxylation of phenol on TS-2 and VS-2 are
presented in Table 3. As seen from this table, the
solvent affects both the conversion and the H,0,
efficiency. The conversions are high in acetone and
methanol in the case of TS-2. On the V silicate,
the phenol conversion increases in general with
increasing polarity of the solvent with a corre-
sponding increase in the efficiency of H,0, utiliza-
tion. Under identical conditions, maximum phenol
conversion is observed in water. The influence of
the solvent on the product distribution is complex.
Though p-benzoquinone is obtained (4—5%) in all
three solvents (acetone, acetonitrile and water)
over VS-2, surprisingly no hydroquinone is formed
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Fig. 1. Hydroxylation of phenol over VS-2 (A) and TS-2 (B).
(M) Phenol conversion; (A) H,0, selectivity; (O) catechol;
(@) hydroquinone; (O) p-benzoquinone. Conditions: solvent =
water; temperature =353 K; phenol/H,0, (mol)=3; catalyst=
0.1 g; phenol=1 g; reaction carried out under stirring in 100-mi
glass reactor.

when acetone is used as the solvent. On TS-2, on
the other hand, an almost equimolar mixture of
catechol and hydroquinone is obtained in acetone
(Table 3).

3.4. Sulfoxidation of thioethers

The results of the sulfoxidation of methyl phenyl
sulfide (Me—S—Ph) over TS-2 and VS-2 are pre-
sented in Table 4. Under similar conditions, VS-2
exhibits a significantly higher activity than TS-2.
For example, only 30 min were needed for the
complete conversion of methyl phenyl sulfide on
VS-2, whereas on TS-2 the reaction took 120 min
for completion. However, on silicalite-2 and
ZSM-11, the conversion levelled off at around
50 mol-%, even after continuing the reaction. The
reactivity of the sulfides, in general, follows the
order Me-S—Me > Et-S-Et>Ph-S-Me >Ph-S-Et.

Table 3
Influence of solvents on the hydroxylation of phenol over
TS-2* and VS-2® molecular sieves

Catalyst/ Conversion H,0, Product distribution®
solvent (mol-%) selectivity (mol-%)
(mol-%)
Catechol HQ PBQ

T8-2

Acetone 20.8 70.0 49.3 498 0.9
Methanol 28.4 66.2 39.7 60.3 0.0
Acetonitrile 15.4 41.0 514 467 1.9
2-Butanone 17.1 46.9 61.7 325 58
VS-2

Acetone 7.0 12.7 95.1 0.0 4.9
Acetonitrile  13.9 29.7 55.4 39.8 4.8
Water 243 55.7 44.1 520 3.9

®Conditions: catalyst=0.1g; phenol=1g; phenol/H,0,
(mol ) =3; temperature = 342 K; duration =24 h; catalyst =TS-2
(Si/Ti=29); 100-ml glass reactor with stirring.

®Conditions: catalyst=0.1g; phenol=1g; phenol/H,0,
(mol)=3; temperature =333 K; duration=38 h; catalyst =VS-2
(8i/V=79); 100-m! glass reactor with stirring.

°Excluding tars; HQ =hydroquinone; PBQ = p-benzoquinone.

Over TS-2, though the order remained the same,
the rates were considerably lower. Interestingly,
the product distribution is not too different on the
two catalysts.

3.5. Oxidation of ethanol

The results of the liquid-phase oxidation of
ethanol are reported in Table 5. VS-2 is more
active than TS-2 in this reaction. While TS-2
produces acetaldehyde selectively, VS-2 yields a
significant amount of acetic acid, that reacts under
these conditions with the substrate ethanol to
produce ethylacetate.

3.6. Comparison of TS-2 and VS-2

Earlier workers [12] have reported that differ-
ences in crystallite size can influence the activity
and selectivity of the molecular sieves, especially
in reactions involving large substrates such as
phenol, and, hence, comparisons between catalysts
with different crystal sizes are not meaningful. In
the present case, the studies have been carried out
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Table 4
Sulfoxidation of methy! phenyl sulfide over TS-2 and VS-2*

Catalyst Reaction Conversion Product distribution (mol-%)
time (mol-%)
(min) Ph-S(0O)-CH, Ph-(0)-S(0)-CH,
TS-2 30 22 74 26
TS-2 120 100 78 22
VS-2 30 100 84 16
Silicalite-2 120 47 84 [

“Reaction conditions: catalyst 0.1 g; sulfide=

vQ_n U, P 5 RS PRSPTE. Y

Yo-z, Ol/ V mioiar ratio= I7, 1 L) L Dl/ 11 inoiar ‘d. lU

Table 5
Oxidation of ethanol over TS-2 and VS-2*
TS-2 VS-2
Conversion, mol-% 1.6 9.9
Product distribution (wt.-%)
Acetaldehyde 100.0 40.5
Acetic acid Nil 33.0
Ethyl acetate Nil 26.4
Others® Nil 0.1

*Reaction conditions: temperature=358 K;
{mol)Y=0.3: catalyst =5 wt.-%: duration=5h.

ULG: y=V.0, CAUYSL=2I ¥ 7o, GuUraticni = o

®Mainly heavier products.

ethanol/H,0,

with VS-2 and TS-2 of similar crystal size (~2 pum)

and size distribution. Pvamnﬂna the nerformance
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of the two metallosilicates in the dlfferent oxidation
reactions, the following observations can be made.

(1) Both TS-2 and VS-2 have fairly similar
activities in the oxidation of most substrates
studied except ethanol and the thioethers, the
oxidation of which is faster over VS-2; the reaction
an over V<.
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(2) In the case of alkanes, oxidation of the
carbon at the 1-position is found only over VS-2.

(3) Oxidation of the CH;— group in toluene
occurs more readily than the hydroxylation of the
aromatic ring in the case of VS-2. Only ring
hydroxylation takes place on TS-2.
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secondary products in the case of VS-2 than with
TS-2 denoting deeper oxidation.

(5) In general, the utilization of H,0, (selectiv-
ity with respect to H,0,) is poorer in the case of

Sloce ranatan

I I lW'llll Bladd 1taclul .\Nllll blllllllg

g ulﬁde/H202 (mol)=1; solvent (acetonitrile)=10g; temperature=333+1K;
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VS-2 than with TS-2, suggesting a greater decom-
position of H,0, (to H,O and O,) by the former.

3.7. Mechanism of the reactions

Most of the above observations, especially the
differences between TS-2 and VS-2, can be
explained by analogy with the catalytic behaviour
of Ti** and V** complexes in solutions. The
differences observed can be traced to the type of
mechanism (homolytic or heterolytic) predomi-
nant over the two catalysts in the oxidation of
different substrates. Metal-catalyzed oxidations

have been classified into two types, UCblgildLCU Uy

Sheldon and Kochi [13] as heterolytic and homo-
lytic. The catalysis of H,0, oxidations by acidic
metal oxides such as OsO4, WO0O;, MoO,, CrO,,
V,0s and TiO, (via the formation of inorganic
peracids) has been suggested to take place through
the heterolytic mechanism. The intermediate per-

acids closely resemble organic peracids and

undergo reactions with nucleophiles at the O-O
bond through —OH™ species:

0 O

1l I
L ||
H202 + O=M6+ _’HO'—M_O
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wr
(peracid)
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No free radicals are involved in the reaction. In
homolytic reactions involving H,0, oxidations,
'OH free radicals are generated and these react
with substrate free radicals. The homolytic cata-
lytic reaction also necessitates the cycling of the
metal species between at least two oxidation states.
Therefore, ions that catalyze via the homolytic
path are those that can undergo easy reduction—ox-
idation processes in the presence of H,0, as shown
below:

M"* + H,0,-M® D+ 4 "OOH+H* (1)
M®~ 1+ 4 H,0,»M"* + OH+ “OH )
"OOH + 'OH-H,0+0, (3)

As H,0, is a weak reducing agent and a strong
oxidizer, reaction 1 is generally the slow step, and
hence the homolytic mechanism is more likely
when the metal ion undergoes easy reduction. The
reducibility of a metal ion is governed by its redox
potential of the [M"*/M®~Y*] couple under the
conditions of the reaction: the larger the redox
potential, the larger its reducibility. The more
easily reducible ions are also more potent in
decomposing H,0,. The redox potentials of the
[V*/V4*] and [Ti**/Ti**] couples (in aqueous
solutions) are 1.0 and 0.06 eV [14]. These values,
however, will be different in different solvents and
in the presence of ligands. V3* with a larger redox
potential is more likely to operate through a free
radical mechanism than Ti**. Hence, V°% is
expected to cause greater homolytic decomposition
of H,0, resulting in a lower H,0, utilization
(poorer H,0, selectivity) in the reactions than
Tit*.

Oxyfunctionalization of alkanes: VS-2

Even though the as-synthesized VS-2 has vana-
dium mostly in the 4+ state, the calcined samples
have been shown to possess V' ions [4]). The
following mechanism of the oxidation of alkanes
involving reversible reduction—oxidation of the V
ions appears likely:

si .
II S|I si
) <|> (‘J
Si—0 s+ Si—0_ | s+ - j—
R SR
/
o” Yo
si~” si” OH si-®
T si
0 *
— H-C = .~ 0O =
s—o ], /\__’ s—o(, ~ _t=.
si—0” “o—o" si—07 “o—oH
si
1
I
si—0
\y 6+
v —e =
/N + HO—c T
si—o’ 0

A similar mechanism for the oxidation of alkanes
by V** peroxo complexes in homogeneous solu-
tions has been suggested by Mimoun ez al. [15].
The critical (slow) step in the mechanism is the
C-H bond breaking, which is dependent on its
bond strength. For most secondary C-H bonds, it
is ca. 94 kcal/mol. The -O-H bond formation
energy for many peroxo species of the type
ROO-H is around 90 kcal/mol. Though the exact
value of the -O-H bond formation energy in the
case of V**-O-0O-H is not known, it is likely to
be larger due to the electron-withdrawing nature
of V4*. Thus, the overall step involving the
breaking of the C-H bond and the formation
of the V4*~0O-0O-H species appears energetically
favourable.

This mechanism also explains the ease of oxida-
tion of the CH;— group in toluene and the larger
yields of benzyl alcohol and benzaldehyde than of
the cresols (Table 2). The C~H bond energy in the
CH;- group in toluene is only 85 kcal/mol due to
the stabilization of the benzylic radical by the
aromatic nucleus.

The oxidation of the terminal carbon in alkanes
is generally more difficult because of the larger
C-H bond energy (99 kcal/mol) at the terminal
carbon. The formation of small amounts of pri-
mary oxidation products in the case of VS-2 is
probably due to the large O-H bond formation
energy in the V**—O-O-H species leading to
favourable energetics. However, Mimoun et al.
[15], who studied n-alkane oxidation with V
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complexes, have not observed the formation of
C, oxidation products. This could be due to the
V ions being complexed with highly electron-
donating ligands which tend to weaken the Lewis
acidity (electron-withdrawing nature) of the V
ions. Further, in the case of VS-2, the silica matrix
to which the V ions are attached may also accentu-
ate the electron-withdrawing property of the V
ions.

Oxyfunctionalization of alkanes: TS-2
Huybrechts et al. [16] have recently proposed
the following mechanism involving Ti** ions:

”
a0 K s O—0O H—C=
Ti\l == T
o]
{1 (m)
0—OH o
/ ‘o= ) e
Ti [— Ti + HO-—-C\—
(m)

The above mechanism is similar to the one pro-
posed earlier by Mimoun et al. [15] in the case of
V complexes. However, the shortcomings of this
mechanism (in the case of Ti**) are that the cyclic
peroxo compound of Ti** (I) has been reported
to be very stable [17] and that the formation of
the species of type II is not favoured as this
involves the reduction of Ti** which is not prob-
able in aqueous medium [14]. However, if the
O-H bond formation energy in species of type III
is large and is comparable to the -C—H bond
energy in the hydrocarbons, the mechanism may
still be feasible.

Hydroxylation of aromatics

The hydroxylation of phenol over TS-2 and
VS-2 produces only the p- and o-dihydroxy-
benzenes. Similarly, no meta isomer is found in
the hydroxylation of toluene. These observations
suggest that the hydroxylation of the aromatic
nucleus proceeds by an electrophilic mechanism.
The hydroxylation of phenol by Fenton’s reagent
involving free radicals ('OH) usually produces
more catechol than hydroquinone, the o/p ratio of
the dihydroxybenzenes in the product being greater

than 2. In our studies over both TS-2 and VS-2,
the o/p ratio is generally less than 1 in most
solvents, even though one would expect larger
yields of the ortho product due to the greater
probability of hydroxylation at the ortho position
(two ortho positions and one para position). This
could be due to steric or shape selectivity consider-
ations inside the pores of TS-2 and VS-2.

In the case of TS-2, where the heterolytic fission
is more likely (due to the lower redox potential of
Ti**), the following mechanism may be suggested:

si sli
L si 0
H, 0
‘l*" 2V2 0\1!i‘+
Si—0—Ti _
I~ /\
o “OOH
O s /
/ Si
si
Si
0
H
@OH SI—0_ 1 at 4 54 \©—'0H
> /Tn\o_ H
Si—0
si sfi OH
| 510 ?
Si— 0
0\.}’ ar (M N+ +
—_— P )@—oua /
$i—0 OH /0 \
si OH OH

In the above mechanism, it is assumed that the
Ti—peroxo complex is attached to the lattice by at
least three linkages following the model of Clerici
and Ingallina [18] and not by two linkages as
postulated by others [16]. It is likely that a similar
mechanism is also operative in the case of VS-2.
However, a significant contribution from the
homolytic mechanism involving free radicals
('OH) cannot also be ruled out. The similarity in
the o/p ratios on both TS-2 and VS-2 is probably
due to similar micropore structures in the two
samples. Further, the greater sensitivity of VS-2
(compared with TS-2) to solvents in the hydroxyla-
tion of phenol suggests that the mechanism of
hydroxylation or the strength of the interaction of
the solvents with the active centers in the two cases
could be different, the V> ions interacting more
strongly with the solvent molecules than the Ti**
ions.
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Oxidation of alcohols and thioethers
The oxidation of alcohols and thioethers is very
fast over VS-2. The following homolytic mecha-
nism is suggested for these oxidation reactions.
For alcohols:

it si
1
. o OH i H
S0 | H-C—R SI\O\? *?;__R
\v4+ ~o V4t /’ AN
\ — R. o No—oH R
/ » e —_——
O 0—0 Si
si”
si
b
Siw 0
—H,0 0 il
—2 . \l,t + ¢
o/ \0 /\ |
si— R R
For thioethers:
si si
! |
Si e ! o |
R R
O\I‘* Ngo Si 0\\5* ~_/
v — +
/ N\ * /N 1
0 0—0 0 Yo
si” si” o

As the bond energy of the C-H bond in the o-
position (-CH-OH) is smaller than the C-H bond
energy in alkanes, the reaction is faster in the case
of alcohols. Similarly, the C—H bond energy in the
—CHO group is also quite weak and easy to break.
This explains the formation of more secondary
oxidation products like the ketones, aldehydes and
acids in the case of VS-2. In the case of TS-2,
however, as the Ti-O-O* species is less likely to
be formed (as explained earlier), the oxidation of
alcohols and aldehydes is much slower.

4. Conclusions

Both TS-2 and VS-2 are active in the selective
oxidation of alkanes, cycloalkanes, aromatic com-
pounds and organic sulfides under mild conditions
in the presence of aqueous H,0,. The studies
demonstrate that the active sites (Ti or V) are
inside the channel system giving rise to both reac-
tant and product shape selectivities. The differences

in the catalytic performance of TS-2 and VS-2 are:
(1) VS-2 oxyfunctionalizes the primary carbon
atoms also (in alkanes and alkyl aromatics) while
TS-2 does not; (2) in general, better utilization of
H,0, is observed over TS-2 than over VS-2; and
(3) the oxidations are deeper on VS-2 than on
TS-2. These observations could be explained on
the basis of differences in the mechanism of oxida-
tion of the substrates over TS-2 and VS-2. A
heterolytic mechanism of oxidation is postulated
over TS-2, while the principal path is probably
homolytic in the case of VS-2.
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