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Abstract

New transition metal substituted silicate xerogels, ML ,—SiO,, have been prepared by the sol—gel technique and have
been used as heterogeneous catalysts for the side-chain oxidation of alkyl arenes with anhydrous t-butylhydroperoxide. The
cobalt substituted silicates were the most active and selective, for example, ethylbenzene was cleanly oxidized to
acetophenone at 65% conversion and > 99% selectivity. The metal salt precursor used was a key factor in determining the
activity of the metallosilicate. Diffuse reflectance UV-vis and IR measurements indicated that when using Co(OAc), as
metal precursor, the acetate group was detached from the metal and Co(I1) was tetrahedral and site substituted in the silicate
network. Addition of the oxidant led to stabilization of a Co(lll) oxidation state and/or retention of the tetrahedral
configuration. © 1999 Elsevier Science B.V. All rights reserved.
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The discovery of the titanium-substituted sili-
calite of the MFI structure, TS-1, as a versatile
oxidation catalyst [1] has led to a flurry of
research into oxidative transformations of or-
ganic compounds catalyzed by ‘ redox molecular
sieves' [2]. Side-chain oxidation of akyl aro-
matic compounds catalyzed by such heteroge-
neous catalysts using cleaner peroxide oxidants
is an especially attractive goa since classical
synthetic laboratory procedures preferably use
permanganate or acid dichromate as stoichio-
metric oxidants. Although titanium substituted
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silicalites usually are thought to catalyze ring
hydroxylation of arenes, substitution of vana
dium [3-10], tin [7—11] and chromium [12—14]
into a variety of zeolite and aluminophosphate
structures has led to favored oxidation at the
side chain. Most notably, the chromium substi-
tuted aluminophosphate, CrAPO-5, catayzes
formation of ketones from alkyl arenes with
TBHP as oxidant in moderate yields with selec-
tivity generally > 90% [14]. Another much less
studied approach to redox metal containing het-
erogeneous oxidation catalysis has been to use
amorphous metallosilicate aerogels [15,16] and
xerogels [17,18] prepared by the sol—gel synthe-
sis. However, the use of amorphous metallosili-
cates has been limited to the substitution of
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Fig. 1. Oxidation of ethylbenzene by TBHP catalyzed by various
MCI ,-SiO, metallosilicate xerogels. Reaction conditions: 1 mmol
ethylbenzene, 6 mmol 3 M TBHP in isooctane, 5 mg 5% MCI, —
SiO,, 90°C, 24 h, ambient atmosphere. Selectivity is for aceto-
phenone given as mol% acetophenone,/mol% all products. The
only other product was the mixed peroxide PhCH(CH ;)OOC-
(CH3)4 except in the case of CuCl,—SiO, where 12 mol% of an
unidentified product was formed.

high-valent metals (M =Ti'V, vV, Mo"', and
W V") and the oxidation of alkenes and alcohols.
We have now utilized the sol—gd technique to
prepare macroporous silicates containing a vari-
ety of low-valent transition metals. The cobalt
containing silicate, Co—SiO,, was especially ac-
tive and selective for the oxidation of alkyl
aromatic compounds with t-butyl hydro-
peroxide.

The first step in procedure for the preparation
of metal containing silicates consisted of partial
pre-hydrolysis of silicon tetraethoxide, TEOS.
Thus, 40 mmol TEOS was reacted with 1.45 ml
0.15 M HCI (80 mmol water) in 15 ml ethanol
for 1.5 h at 60°C. After this pre-hydrolysis, the
mixture was cooled to room temperature and 2
mmol (5 mol%) of a metal sdt, ML, (M =
Co(ll), Ru(ll), Cr(11), Cu(ll), Fe(lll), Ni(ll)
and L =Cl~, NO; and CH,COO™), dissolved
in 1.5 ml 0.15 M HCl was added over a period
of 15 min without interruption of the stirring.
The mixture was then left standing in an open
beaker and the excess solvent was allowed to
evaporate off. The resulting brittle xerogel was
subsequently dried in air at 100°C for 12 h.
Initially, the catalytic efficiencies of the metal
containing silicates derived from the corre-
sponding metal chlorides, MCl -SO,, was

tested in the oxidation of ethylbenzene with
t-butyl hydroperoxide, TBHP (Fig. 1). Clearly,
the cobalt containing silicate, CoCl ,—SiO,, was
much more active and a some what more selec-
tive catalyst for oxidation of ethylbenzene to
acetophenone and therefore additional research
was devoted to cobalt containing silicates.

The next stage of the research involved the
optimization of the xerogel preparation and the
choice of the preferred cobalt salt precursor.
Three cobalt salts were tested, CoCl ,, Co(NO,),
and Co(OAc), a a 1.25-mol% (0.5 mmol
sat/40 mmol TEQS) incorporation level and
the xerogel preparation was varied by extending
the evaporation time of the excess ethanol sol-
vent from 12 to 48 h, yielding CoL ,—SiO,(f)
and CoL ,—SiO(s), respectively. BET measure-
ments showed surface areas of 650—750 m?/g
and average pore diameters of ~ 1.5 nm. The
catalytic activity of the cobalt silicates were
tested showing that the Co(OAc),—SiO.(s) met-
dlosilicate was significantly more selective
compared to the other silicates with a 65%
conversion at > 99% sdlectivity to aceto-
phenone being observed (Fig. 2).

In order to understand the differences be-
tween the various cobalt silicates and correlate
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Fig. 2. Oxidation of ethylbenzene by TBHP catalyzed by various
CoL ,—SiO, metallosilicate xerogels. Reaction conditions: 1 mmol
ethylbenzene, 6 mmol 3 M TBHP in isooctane, 5 mg 1.25%
ColL,-SiO,, 90°C, 24 h, in an ambient atmosphere. Selectivity is
for acetophenone given as mol% acetophenone/mol% all prod-
ucts and the only other product was the mixed peroxide
PhCH(CH 3)O0C(CH 3);.
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catalytic activity with the different salts used,
both the diffuse reflectance UV-vis and IR spec-
tra were measured (Fig. 3). From the UV-vis
spectrum one can learn that for the lilac
Co(NO,),—SiO,, A, = 544 nm, the cobalt(ll)
is incorporated into the silicate with an octahe-
dral coordination sphere, whereas for the blue
Co(OAC),—SIO, and CoCl,—SiO,, A, = 627
and 676 nm, a tetrahedral coordination is ob-
served for cobalt(ll). The IR spectra besides
showing the typical peaks for amorphous sili-
cates via the sol—gel method at 1080, 950 and
790 cm~?!, additionally show that for
Co(NO,),—SiO, the nitrate ligand (A = 1383
cm™ 1) is retained in the silicate. For CoCl,—
SO, the presence of the Cl~ ligand could not
be verified due to the low energy of absorption
of the Co—Cl bond. However, for Co(OAC),—
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Fig. 3. Diffuse reflectance UV-vis (bottom) and IR (top) spectra

of CoL ,—SiO, metallosilicate xerogels. Co(NO,),—
Si0y; --- Co(OAC),~SiO;; -+-+- CoCl,-Si0,.

Table 1
Oxidation of akyl arenes by TBHP catayzed by various
Co(OAC),-SiO,

Substrate Product Yield (mol%)
Ethylbenzene Acetophenone® 65
4-Nitroethylbenzene  4-Nitroacetophenone 60
Diphenylmethane Benzophenone 58
Cumene Acetophenone? 57
Toluene Benzoic acid 27
4-Methoxytoluene 4-Methoxybenzoic acid 39
4-Nitrotoluene 4-Nitrobenzoic acid 17

Reaction conditions: 1 mmol ethylbenzene, 6 mmol 3 M TBHP in
isooctane, 5 mg 1.25% Co(OAc),-SiO,, 90°C, 24 h, in an
ambient atmosphere. Yields are isolated.

2Yields from GLC analysis.

SO, the acetate ligand is clearly lost as the
typical carbonyl absorption is not observed. The
UV-vis and IR spectra that indicate that for
Co(NO,),—SiO, the cobalt(ll) center is not in-
corporated into the tetrahedral silicate frame-
work and the metal silicate obtained is essen-
tialy a mixture of Co(NO;), and SiO,. This
probably accounts for the poor catalytic perfor-
mance of Co(NO,),—SiO,. For Co(OAc),—SIO,
and CoCl,—SiO, it would appear at first ap-
proximation from the UV-vis spectra that it is
possible that the cobalt(l1) center is incorporated
into the tetrahedral silicate framework. In the
case of Co(OAc)2-SO,, the absence of the
original acetate ligand in the metalosilicate is
especially supportive of such a conclusion. Fur-
ther investigation revealed that upon addition of
TBHP to CoCl ,—SiO,, the metallosilicate turns
pink, A, = 540 nm. Thus, here under reaction
conditions the cobalt is clearly octahedral Co(ll).
On the other hand addition of TBHP to
Co(OAC),—SIO, gives a dark green metallosili-
cate, A, = 615 nm. This observation indicates
stabilization of a Co(lll) oxidation state and /or
retention of the tetrahedral configuration. Either
or both possibilities may explain the higher
activity and selectivity observed in ethylbenzene
oxidation catalyzed by Co(OAc),—SiO,.

The use of Co(OAC),—SIOL(s) as catalyst for
the oxidation of alkyl aromatic compounds
was finally extended to additiona substrates
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(Table 1). As one may observe good yields and
very high selectivities were obtained in the oxi-
dation of substrates with secondary benzylic
carbons to ketones. Interestingly, the presence
of a nitro group on the aromatic ring hand no
significant effect on the yield. For cumene,
oxidation was accompanied by scission of a
methyl group leading to acetophenone as major
product with <5 mol% cumyl acohol being
formed. Methyl substituted arenes were some-
what less reactive, however, the carboxylic acids
could easily be isolated from the reaction mix-
ture after removing the catalyst by filtration and
the isooctane and t-butyl acohol by evapora
tion. Although possibility for catalyst recycle
was not extensively studied, leaching of cobalt
into the reaction mixture was tested [2]. Thus, a
hot reaction mixture was filtered after reacting
10 mmol ethylbenzene, 20 ml of 3 M TBHP in
isooctane, 50 mg 1.25% CoL ,—SiO, at 90°C for
24 h in an ambient atmosphere. The filtrate was
cooled and treated with 20 ml of 0.15 M ague-
ous HCI for 1 h with vigorous stirring of the
two phases. Atomic absorption analysis of the
aqueous phase revealed that no cobalt was
leached into solution. It is notable that use of
either 30% H,O, or 70% TBHP led to consid-
erable leaching. The lack of leaching when us-
ing 3 M TBHP in isooctane is explained by the
high hydrophobicity of the homogeneous phase;

such a solvent is not conducive to dissolution of
cobalt ions.
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