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Abstract

The embedding of a enantioselective homogeneous catalyst — the chiral manganese(II) cationic complex of salen type
(Jacobsen complex I) — into the pores of mesoporous substituted silicates is investigated. The host/guest interaction is
studied by different methods: TG-DTA, UV-VIS, and FTIR. The results are consistent with a location of the large Mn
complex inside the mesopores. Catalytic tests in olefin epoxidation prove the fully maintenance of the catalytic activity and
stereoselectivity of the complex after embedding. This promising result indicates that MCM-like materials might have
perspectives as supports for the heterogenization of homogeneous catalysts. © 1997 Published by Elsevier Science B.V.

1. Introduction

Metal-catalyzed oxidation of various organic
substrates is of synthetic as well as of biochemi-
cal interest. Metallic salen [N,N’-ethylene-
bis(salicyliden-amino)] complexes have been
successfully used as olefin oxidation catalysts
[1]. Moreover, one of the chiral Mn(III)-Schiff
base complexes, namely (R,R)-(—)-N,N’-bis
(3,5-di-tert-butylsalicylidene)-1,2-cyclohexane-
diamino-manganese chloride, hereafter desig-
nated as Jacobsen complex I (Fig. 1), has re-
cently emerged as one of the most enantioselec-
tive homogeneous catalysts discovered to date
for the epoxidation of a wide variety of olefins
[2-10].
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Fig. 1. Scheme of the Jacobsen complex 1.

Recent publications on the fixation of cat-
alytic active metal complexes onto synthetic
zeolites have pointed out the advantages of this
type of supported catalysts (heterogenization of
homogeneous catalysts) in the field of photo-
chemistry and (electro)catalysis. Hybrid cata-
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lysts of this type might be viewed as heteroge-
neous but with retention of some of the solution
properties of the metal complexes, preserving
the site isolation inside the microporous crystals
[11-17]. The embedding of transition metal
phthalocyanine complexes into the pore system
of molecular sieves of the X- and Y-type takes
place by physically trapping but not necessarily
by bonding to the internal surface. The structure
of the Jacobsen complex I under consideration
is related to that of porphyrin complex. The
flexibility of the transition metal ion complex
decreases in the order: salen > Jacobsen >
porphyrine complexes. Due to its large dimen-
sion, the Jacobsen complex I should fit well into
the nanosized channels (20 to 100 A) of ordered
mesoporous silicates related to the M41S family
[18-20]. Using this complex, it should be possi-
ble to check the capability of ordered meso-
porous materials as support for homogeneous
catalysts.

There are several possibilities of fixation of
the Jacobsen complex I in the mesoporous host
due to the different types of possible host /guest
interactions. Firstly, the Jacobsen complex can
be bound to the surface via imine groups. Imine
groups can be protonated and hydrogen bonding
to the conjugated basic sites [18—20] may ap-
pear. Secondly, the central manganese ion of the
complex can be cationic bonded at ion exchange
sites at the walls. Additionally, complexation of
the manganese by oxygen atoms of the host
framework might occur. Also grafting of the
complex by formation of Si—O-X bonds to the
surface of mesopores, where X is an atom of the
Jacobsen complex, cannot be excluded.

In this paper we present some results con-
cerning the Jacobsen complex I inside Al-, Ga-,
and Fe-substituted mesoporous silicates. The
guest /host interaction was investigated by spec-
troscopic methods. Catalytic tests in the epoxi-
dation of 1,2-dihydronaphthalene with a com-
mercial bleach were also performed. The results
confirm the incorporation of the considerable
large Jacobsen complex I into the channels and
its catalytic activity.

2. Experimental
2.1. Materials

Reagent grade solvents were supplied by
Merck: acetone, N,N’-dimethylformamide
(DMF), acetonitrile (AN), ethanol,
dichloromethane (DCM). Other reagents were
purchased as following: rhodamine 6G (R6G)
from Eastman Kodak, 1,2-dihydronaphthalene
from Merck. All the chemicals were used as
received.

The Jacobsen complex I was prepared ac-
cording to a two step procedure [21]. The ligand
being the Schiff base resulted from 3,5-di-zert-
butylsalicylaldehyde and (1R,2R)-(-)-diamino-
cyclohexane (Merck).

Mesoporous Al-, Ga- and Fe-substituted sili-
cates related to MCM-41, labelled Al-, Ga- and
Fe-MS, were prepared from batches containing
silica sol, water, cetyltrimethylammonium bro-
mide, aluminum isopropoxide, sodium gallate,
or iron sulfate in appropriate amounts following
the known procedures [22,23]. The Si/Me ra-
tios were 50. After mixing the components the
gel was stirred until it was homogeneous. The
reaction gel was hydrothermally treated at 150°C
for 3 days. The reaction product was washed
until it was neutral. The template was removed
by calcination of the sample in air at 600°C for
several hours. Substitution of Si by Al, Ga and
Fe was evidenced by physico-chemical charac-
terization as given elsewhere [24]. These cal-
cined samples were used for loading the Jacob-
sen complex L.

2.2. Complex embedding

The Jacobsen complex was supported on the
samples by impregnation: 15 mg of the complex
were dissolved in DCM and added to 300 mg of
the molecular sieve. The amount of solvent was
Jjust enough to cover the mesoporous silicate.
The amount of complex offered corresponded to
ca. 20% of the ion exchange capacity of the
sample. Additionally, for EPR investigations,
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the loading was three times lower (1.5 wt%).
Then the solvent was allowed to evaporate at
80°C in air.

To compare the catalytic properties, a sample
of AI-MCM-41 exchanged with manganese was
prepared by ion exchange with in aqueous solu-
tion of manganese(Il) nitrate. The offered
amount of Mn allowed an exchange level of ca.
90%. Oxidation of Mn?* ions to Mn®" was
performed by bubbling air under stirring through
the aqueous suspension of the manganese ex-
changed sample similar to the preparation of the
Jacobsen complex 1. Before use, the sample was
dried at 120°C in air.

2.3. Methods

TG-DTA curves were obtained on a Setaram
TGA 92 apparatus. Samples were heated from
room temperature up to 800°C under flowing air
using alumina sample holders. The sample
weight was ca. 10 mg and the heating rate 10
K/min. A reference sample holder contained
alumina.

FTIR spectra were recorded on a Bio-Rad
FTS-60A (Digilab) spectrometer. The samples
were examined either as KBr disks or in situ as
self supported pellets of a density of ca. 15 mg
cm 7 in an IR cell attached to a conventional
vacuum system (< 10”* mbar). The spectra
were recorded in intervals of 20 or 50 K during
heating up to 500°C. The heating rates were 2,
10 or 20 K /min.

UV-VIS spectra of the complex in different
solvents were measured in quartz cells of 0.5
cm optical path using a Perkin-Elmer Lambda
18 spectrometer. Diffuse reflectance spectra of
loaded samples were recorded on the same ap-
paratus using its special equipment.

Fluorescence spectra were taken with a
Perkin-Elmer LS 50 spectrometer.

EPR studies of Fe-MCM-41 were performed
on a ZWG ERS-220 spectrometer in X-band
(9.3 GHz). Prior to measurement, the samples
were reduced 1-2 h under hydrogen while in-
creasing the temperature between room temper-

ature and 400°C. The spectra were recorded at
liquid nitrogen temperature.

2.4. Catalytic testing

The epoxidation of 1,2-dihydronaphthalene
was used as a test reaction [3,4]: An aqueous
solution of sodium hypochlorite was mixed with
a solution of Na,HPO, and the pH value was
adjusted to 11.3. The catalyst was added to
cooled solution (0°C). Then 10 mmol of olefin
dissolved in 10 mL of dichloromethane were
added under stirring. The two-phase mixture
was stirred at room temperature. The reaction
was followed by thin layer chromatography.
After 5 h, the reaction was stopped. Hexane was
added to extract the reaction product. The or-
ganic phase was separated, washed with water
and saturated NaCl solution, and then dried over
Na,SO,. The solvent was evaporated and the
residue was purified by flash chromatography
on silica gel to obtain the epoxide. The enan-
tiomeric analysis of the product was performed
by capillary gas chromatography using a com-
mercial chiral column (FS-Cyclodex beta-1 /P).

3. Results and discussion
3.1. Thermoanalysis

The embedding of the Jacobsen complex I
into mesoporous silicates was checked by com-
bined TG-DTA measurements (Fig. 2). The
complex loading amounts to 3—-5% for the dif-
ferent samples determined by the total loss in
weight. The decomposition behaviour of the
free and the loaded complex has been compared
to get an indication whether the complex is
embedded into the mesopores or located out-
side. The free complex decomposes during heat-
ing to 500°C in several well defined steps. With
the exception of the first loss in weight, they are
exothermic due to the oxidative decomposition
in the air stream. This behaviour indicates that
the Jacobsen complex decomposes in a rela-
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Fig. 2. TG-DTA curves of the free Jacobsen complex 1.

tively well defined manner and releases defined
fragments which readily burn off. The first loss
in weight of 3.5% occurs at 130°C and is slightly
endothermic. A comparison of the weight losses
in the single steps with possible cleavage of
bonds and formation of fragments implies that
the first weight loss should be due to release of
chlorine as hydrogen chloride (see Fig. 1). A
second, exothermic loss in weight of 10% ap-
pears at 230°C and is followed by an additional
large weight loss of 28% at 320°C. The two
steps overlap in the TG curve but are well
distinguished in the corresponding DTA curve.
From the loss in weight, we tentatively assign
these steps to the successive cleavage of the
tert-butyl groups. This process extends up to ca.
400°C. Above this temperature the remaining
organic oxidizes up to 500°C. The non-remova-
ble residue of ca. 14% belongs to the formation
of manganese oxide. The sample remains dark.

The first cleavage of chlorine is plausible.
The proposed first cleavage of the fert-butyl

groups by homolytic bond cleavage can be ex-
plained by the known stabilization of radicals
intermediately formed via hyperconjugation. In
addition, the bulky methyl groups cause a weak-
ening of the C—C bond which links the tert-butyl
group to the aromatic ring.

The loaded complex shows a somewhat dif-
ferent decomposition behaviour due to
guest /host interactions (Fig. 3). The combined
TG-DTA curves of complexes loaded onto
mesoporous silicates show less defined weight
loss steps and peak maxima. Interestingly, the
first endothermic weight loss at ca. 130°C re-
mains. The positive charge of the complex is
balanced by chloride and not by the anionic host
framework. This finding indicates, that the Ja-
cobsen complex is not held by ionic interaction
between guest and the host framework.
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Fig. 3. TG-DTA curves of the Jacobsen complex I loaded in
mesoporous silicates: (a) AI-MS; (b) Ga-MS; (c) Fe-MS.
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The onset temperature of the complex de-
composition is shifted by ca. 50 K to higher
temperature. Obviously, the cleavage of the first
tert-butyl group is retarded. This points to a
stabilization of the complex in the pores of the
host. The substitution of Al by Ga or Fe does
not significantly change the onset temperature
of decomposition. The TG as well as the DTA
curves of the decomposition of the embedded
Jacobsen complex appear less resolved in the
different steps. A broad exothermic DTA peak
between 300 and 600°C is observed. Decompo-
sition is complete at 600°C. The complex on
Fe-MS decomposes more rapidly than on Al-
and Ga-MS and is completed at ca. S00°C. This
might be due to the distinct lower acidity of
Fe-MS. Al- and also Ga-MS contain some strong
acidic Bronsted and Lewis acid sites leading to
cracking reactions and coke formation which
slowly oxidized.

The shift of the onset temperature of decom-
position of the loaded complex in comparison
with the free one and the different course of
thermal decomposition point to a relative strong
interaction between the guest (Jacobsen com-
plex) and the host (mesoporous silicates) and
reveal the embedding of the complex within the
mesopores.

3.2. UV-VIS spectroscopy

The UV-VIS spectra of the Jacobsen com-
plex I loaded on MS are similar to the spectrum
of the Jacobsen complex in solution revealing
that the complex is loaded on the material. Main
broad absorptions appear near 490 nm and 432
nm. They are probably due to d—d transitions in
the Mn ions [25,26] and charge-transfer transi-
tions [27,28], respectively.

It is an open question whether large com-
plexes in molecular sieve hosts are molecularly
dispersed or tend to form agglomerates. Rho-
damine 6G is a suitable probe molecule [29]. Its
dimensions are close to those of the Jacobsen
complex and it is also cationic. Agglomeration
(dimer formation) is indicated by the appear-

ance of a distinct shoulder at 496 nm beside its
main absorption at 528 nm in the rhodamine 6G
spectrum. The lack of aggregation is indeed
evident from the excitation spectra. A dimer
absorption is not observed in the spectrum of
rhodamine-loaded Al-MS sample.

However, a blue shift of the main excitation
peak at 528 nm to ca. 520 nm occurs in compar-
ison to the R6G aqueous solution spectrum. The
position of this absorption depends on the polar-
ity of the environment. Therefore, the observed
blue shift indicates that the internal surface of
the AI-MS is slightly more polar than water,
i.e., it is hydrophilic.

A strong coupling between guest and host (in
the photoexcited state) is also supported by the
absence of the zero phonon line in the excitation
spectrum of rhodamine 6G embedded in AI-MS.

3.3. IR spectroscopy

The comparison of the IR vibration spectra of
the free and the molecular sieve loaded Jacob-
sen complex I reveals that the complex is really
embedded (Fig. 4). The appearance of the spec-
trum of the embedded complex is very similar
to that of the free complex. Obviously, the
structure of the complex is maintained in the
immobilized state. The wavenumber shifts and
relative intensity changes of the vibration bands
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Fig. 4. IR spectra of the Jacobsen complex I: (a) free (KBr pellet);
and (b) loaded in Al-MS (self-supported pellet).
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Table 1
Assignment of the infrared vibration bands of the free and the
molecular sieve loaded Jacobsen complex

Wavenumber (cm™') Assignment

Free complex  Loaded sample

1611 1601 v(CO), (»(C=N))

1552 1558 v(CC)

1535 1537 »(C=N), (¥(C-0), »(CC))
1463 1467 Skeletal stretching

1451 1454 3,(CH,)

1433 1432 8,(CH,)

1391 1396 8(CH,)

1362 1366 8,(CH,)

1340 1347 »(CN), 8(CH)

v = valence vibration, 8 = bending vibration.

show significant guest/host interactions. How-
ever, an interpretation is rather difficult because
of the lack of band assignment for this compli-
cate complex.

The assignment of the bands between 1650
and 1000 cm ™! to modes having the character
of skeletal stretching, CH in-plane bending and
CH,/CH, deformations is relatively easy to
perform by reference to the comprehensive liter-
ature [30-36]. However, a coincidence of fun-
damentals occurs near 1456 and 1357 cm™!,
where ring modes on one side and scissors and
wagging modes of the methyl-methylene groups
on the other side are observed. In addition, the
most controversial assignment concerns the band
around 1630 cm™!: it appears in a position of
strong ring stretching modes [32]; in some works
it was assigned to the stretching vibration of
C=N bond in related complexes [37,38].

Based on the above considerations and on a
proposal for some bands of the Jacobsen com-
plex I [21], by comparing the Mn(IlI)-salen™*
spectrum [39] with that of Mn(III)-salen /Y [40]
as well as from the calculations of normal coor-
dinates for related N,N’-ethylenebis(acetyla-
cetoneimine) and porphyrine complexes [41,42]
we suggest the following assignment of the
bands of importance for the discussion of the
guest /host interaction (Table 1).

For the band at 1611 cm™!, a large decrease
of the relative intensity and a shift to lower

wavenumber (Table 1) was observed. A similar
change of this band is observed in the IR spec-
tra of toluene adsorbed on CoY zeolite [43].
Structural analysis [44] revealed that the planes
of aromatic molecules are parallel arranged to
the surface enabling strong interaction between
the adsorbed molecule and the host. In analogy,
a strong interaction of the aromatic rings of the
Jacobsen complex I with the silanol groups of
hydrophilic walls of the mesopores is con-
cluded. As the Jacobsen complex I is nearly
planar, strong interaction of aromatic rings with
silanols suggests a parallel alignment of the
plane of the complex to the walls. This conclu-
sion is also supported by the observed shifts of
the other vibration bands to higher wavenum-
bers. Changes of the electronic structure of the
complex caused by guest/host interaction
should be responsible for these shifts. For the
bending modes of CH, and CH; groups, hin-
dered angle changes during vibration should
occur explaining their shifts to higher
wavenumber.

The interaction of the complex with interior
silanol groups is manifested in the OH vibration
spectra (Fig. 5). In the spectrum of the unloaded
Al-MS, the vibration band of terminal silanol
groups appears at ca. 3740 cm~'. After com-
plex embedding, the intensity of this band de-
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Fig. 5. IR spectra in the range of hydroxyl stretching vibration
mode of: (a) calcined Al-MS sample; (b) as synthesized Al-MS
sample; (c) Al-MS sample loaded with Jacobsen complex I (in
situ studies).
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creases remarkably. For comparison, the tem-
plate — cetyltrimethylammonium ions — pre-
sent in the as-synthesized material, causes only
a shift of this band to lower wavenumber (3690
cm™'). This shows conclusively that the Jacob-
sen complex interacts stronger with the walls
than the template.

3.4. Catalysis

The catalytic properties of the immobilized
Jacobsen complex I in the epoxidation of 1,2-di-
hydronaphthalene was tested for the complex
loaded AI-MS samples. To avoid any release of
the homogeneous catalyst from the molecular
sieve, the loaded samples were previously
‘leached’ by repeated treatment with
dichloromethane until the extracting solvent re-
mained colourless. Additionally, the absence of
the complex in the solvent was checked by
UV-VIS. In this manner it is assured that the
catalyst was completely located inside the zeo-
lite and not at the external surface or in solu-
tion. After extraction, the catalyst content of the
sample was 1.3% (TG).

The catalytic tests for the Jacobsen complex 1
loaded Al-MS were compared with those for the
unsupported complex, obtained under identical
reaction conditions. Blank experiments with un-
loaded AI-MS and Mn-exchanged Al-MS were
also performed in order to check any catalytic
activity of the molecular sieve alone as well as
of the Mn ions free of the complexing Schiff
base. The main results of the catalytic tests are
summarized in Table 2. Interestingly, the Jacob-
sen complex I immobilized on the mesoporous
MCM-like aluminosilicate preserves fully its
amazing catalytic properties: The enantiomeric
selectivity is fully maintained as well as the
turn-over number (expressed as the amount of
obtained epoxide per catalyst mass).

Previous best results for the homogeneously
catalyzed transformation of 1,2-dihydronaph-
thalene were the following: 72% yield of epox-
ide and 78% enantiomeric excess (ee) were
achieved using iodosylmesitylene as oxidant and

Table 2

Results of the catalytic tests

Sample Catalyst Yield Total Enantio-
amount (mg epoxide) turnover selectivity
(mg) number *

Jacobsen complex 10 118 1.8 20:80

(homogeneous cat.)

J(1.3)/A1-MS 4/300 46 10.2 2217

Al-MS 300 traces ° -

AIMS  mn 160 traces ® -

 As mg epoxide /mg catalyst; the reaction duration was the same
in all cases.
® Even 1,2-dihydronaphtalene contains some traces of epoxide.

(R,R)-(—)-N,N’-bis (3,5-di-tert-butylsalicyli-
dene)-1,2-cyclo-hexane-diamino-manganese(111)
chloride as homogeneous catalyst [2]; 11-72%
epoxide yield and between 21-95% ee using
other (salen)Mn(III) complexes than the Jacob-
sen complex I [45] and, finally, 70% aziridine
yield with 87% ee using a (salen)Cu(Il) com-
plex as catalyst. In order to have a correct
comparison with our results, one has to take
into consideration that the catalyst amount
presently used was ten to hundred times lower
than in Jacobsen papers (0.4 mmol). Moreover,
the reaction conditions were not further opti-
mized.

The similar catalytic activity and selectivity
of the encaged complex compared with the free
catalyst means that the reactant molecules have
free access to the embedded Jacobsen catalyst,
like in homogeneous catalysis. This is con-
firmed by the molecular model of the complex
in the mesopore. Even in the case of the large
Jacobsen complex remains enough available
void space in the pore (Fig. 6). In addition, it is
suggested that the mechanism of the catalytic
reaction on the embedded catalyst is the same as
that of the free catalyst. Generally, the Mn(III)
salen catalyzed epoxidation reactions proceed
via discrete manganese(V)-oxo intermediates, in
analogy to the reactive ‘oxygen transfer’ species
of monooxygenases and their models [46]. The
high stereoselectivity with cis-olefins is readily
understood in terms of side-on attack by the
reacting olefin at the oxygen of the Mn-oxo
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Fig. 6. Molecular graphic representation of the Jacobsen complex
I (Hyperchem) embedded into a mesepore of 50 A diameter (pore
walls schematically indicated by balls). Dimension of the Jacob-
sen complex I ca. 17X 11X5 A.

moiety. However, detailed studies are necessary
to establish this fact in the case of the embedded
Jacobsen complex I. The catalytic results sug-
gests that the embedded catalyst is probably
paralle]l aligned to the walls of the mesopores
and freely accessible to the reactants.

4. Conclusions

Mesoporous silicates related to MCM-41 are
suitable supports for tailor-made catalysts for
homogeneous catalysis (good perspectives for
utilization in heterogenization). For the Jacob-
sen complex I catalyst under study, the same
catalytic activity and stereoselectivity in the
olefin epoxidation for the immobilized catalyst
as for homogeneous catalyst acting in solution
have been found.

Due to strong guest /host interactions, mainly
between the aromatic rings of the complex and
the internal surface silanol groups of the walls
of the mesopores, the complex is stable bound
and hardly to leach. Really, the internal surface

of the molecular sieve is highly hydroxylated
and behaves hydrophylic.

The high catalytic activity and enantioselec-
tivity point to the free accessibility of the loaded
complex for reactant molecules. The high stere-
oselectivity of the loaded complex additionally
indicates that its geometry is not substantially
changed.

In summary, from the strong hydrogen bond-
ing between the complex and the walls, the free
accessibility, and the maintenance of the stere-

. oselectivity we propose that the complex is

parallelly arranged to the pore walls.

Acknowledgements

This work was in part supported by the
Deutsche Forschungsgemeinschaft (DFG project
Fr 992 /4-1). LF thanks the DAAD (Deuscher
Akademischer Austauschdienst) for financial
support. The authors also acknowledge Dr. Su-
sanne Thiele for the fluorescence measure-
ments.

References

[1] K. Srinivasan, P. Michaud, J.K. Kochi, J. Am. Chem. Soc.
108 (1986) 2309.

[2] W. Zhang, J.L. Loebach, S.R. Wilson, E.N. Jacobsen, J. Am.
Chem. Soc. 112 (1990) 2801-2803.

[3] W. Zhang, E.N. Jacobsen, J. Org. Chem. 56 (1991) 2296.

[4] EN. Jacobsen, W. Zhang, A.R. Muci, J.R. Ecker, L. Deng, J.
Am. Chem. Soc. 113 (1991) 7063.

[5] S. Chang, R.M. Heid, E.N. Jacobsen, Tetrahedron Lett. 35
(1994) 669.

[6] N.H. Lee, E.N. Jacobsen, Tetrahedron Lett. 32 (1991) 6533.

[7]1 M. Palucki, P.E. Hanson, E.N. Jacobsen, Tetrahedron Lett.
33 (1992) 7111.

[8] Z. Li, K.R. Konser, E.N. Jacobsen, J. Am. Chem. Soc. 115
(1993) 5326.

[9] N.H. Lee, A.R. Muci, EN. Jacobsen, Tetrahedron Lett. 32
(1991) 5055.

[10] L. Deng, EN. Jacobsen, J. Org. Chem. 57 (1992) 4320.

[11] K.J. Balkus Jr., A.G. Gabrielov, S.L. Bell, F. Bedioui, L.
Roué, J. Devynck, Inorg. Chem. 33 (1994) 67, and references
cited therein.

[12] D.E. De Vos, J. Meinershagen, T. Bein, in: J.W. Heitower,
W.N. Delgas, E. Iglesia, A.T. Bell (Eds.), 11th International
Congress on Catalysis: 40th Anniversary, Elsevier Science
B.V., Amsterdam, 1996, p. 1303.



L. Frunza et al. / Journal of Molecular Catalysis A: Chemical 123 (1997) 179-187 187

[13] D. De Vos, T. Bein, J. Organomet. Chem. 520 (1996) 195.

[14] M.G.L. Petrucci, A.K. Kakkar, Adv. Mater. 8 (1996) 251.

[15] R.F. Parton, L. Uytterhoeven, P.A. Jacobs, in: M. Guisnet et
al. (Eds.), Heterogeneous Catalysis and Fine Chemicals II,
Elsevier Science B.V., Amsterdam, 1991, p. 395.

[16] G. Meyer, D. Wohrle, M. Mohl, G. Schulz-Ekloff, Zeolites 4
(1984) 30.

[17] S. Emst, in: M.L. Occelli, H. Kessler (Eds.), Synthesis of
Porous Materials, Marcel Dekker Inc., New York, NY, 1996,
p. 197.

[18] S. Inagaki, Y. Fukushima, K. Kuroda, J. Chem. Soc., Chem.
Commun. (1993) 680.

[19] C.T. Kresge, M.E. Leonowicz, W.J. Roth, J.C. Vartuli, J.S.
Beck, Nature 359 (1992) 710.

{20] A. Monnier, F. Schiith, Q. Huo, D. Kumar, D. Margolese,
R.S. Maxwell, G.D. Stucky, M. Krishnamurty, P. Petroff, A.
Firouzi, M. Janicke, B.F. Chmelka, Science 261 (1993) 1299.

[21] J.F. Larrow, E.N. Jacobsen, J. Org. Chem. 59 (1994) 1939.

[22] 1.S. Beck, J.C. Vartuli, W.J. Roth, M.E. Leonowicz, C.T.
Kresge, K.D. Schmitt, C.T.-W. Chu, D.H. Olson, E.-W. Shep-
pard, S.B. McCullen, J.B. Higgins, J.L.. Schlenker, J. Am.
Chem. Soc. 114 (1992) 10834,

[23] J. Rathousky, A. Zukal, O. Franke, G. Schulz-Ekloff, J.
Chem. Soc., Faraday Trans. 90 (1994) 2821.

[24] H. Kosslick, G. Lischke, G. Walther, W. Storek, A. Martin,
R. Fricke, Microporous Mater. 9 (1997) 13.

[25] C.P. Horwitz, P.J. Winslow, J.T. Warden, C.A. Lisek, Inorg.
Chem. 32 (1993) 82.

[26] AB.P. Lever, Inorganic Electronic Spectroscopy, Elsevier
Science B.V., Amsterdam, 1968.

{27} D.J. Graven, J.H. Griffin, J. Org. Chem. 58 (1993) 820.

[28] M.M. Bhadbhade, D. Srinivas, Inorg. Chem. 32 (1993) 6122.

[29] D. Avnir, D. Levy, R. Reisfeld, J. Phys. Chem. 88 (1984)
5956.

[30] A. Bigotto, E. Reisenhofer, R. Giordani, Spectrochim. Acta
40A (1984) 203.

[31] A. Bigotto, G. De Alti, Spectrochim. Acta 30A (1974) 27.

[32] W.J. Balfour, Spectrochim. Acta 39A (1983) 795.

[33] A.R. Katritzky, J.M. Lagowski, J. Chem. Soc. (1958) 4155.

[34] AR. Katritzky, J. Chem. Soc. (1958) 4162.

[35] AR. Katritzky, P. Simmons, J. Chem. Soc. (1959) 2051.

[36] A.R. Katritzky, R.A. Jones, J. Chem. Soc. (1959) 3670.

[37] H.A. Tajmir-Riahi, Spectrochim. Acta 38A (1982) 1043,

[38] R.J. Hill, C.E.F. Rickard, J. Inorg. Nucl. Chem. 40 (1978)
793.

[39] K. Srinivasan, P. Michaud, J.K. Kochi, J. Am. Chem. Soc.
108 (1986) 2309.

[40] C. Bowers, P.K. Dutta, J. Catal. 122 (1990) 271.

[41] A. Bigotto, V. Galasso, G. De Alti, Spectrochim. Acta 28A
(1972) 1581.

[42] N.J. Boldt, R.J. Donohoe, R.R. Birge, D.F. Bocian, J. Am.
Chem. Soc. 109 (1987) 2284,

[43] CL. Angell, M.V. Howell, J. Colioid Interface Sci. 28
(1968) 279.

[44] H. Kiein, H. Fuess, in: J. Weitkamp, H.G. Karge, H. Pfeifer,
W. Hélderich (Eds.), Zeolites and Related Microporous Ma-
tertals: State of the Art 1994, Elsevier Science B.V., Amster-
dam, 1994, p. 2067.

[45] N. Hosoya, A. Hatayama, K. Yanai, H. Fujii, R. Irie, T.
Katsuki, SYNLETT (1993) 641.

[46] H. Fu, G.C. Look, W. Zhang, E.N. Jacobsen, C.-H. Wong, J.
Org. Chem. 56 (1991) 6497.



