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Template synthesis

Trialkoxysilylated camphorsulfonamides have been used for
the synthesis of functional organosilicas in a template-di-
rected hydrolysis-polycondensation with tetraethylorthosili-
cate (TEOS). The sol-gel transformation leading to the for-
mation of highly ordered materials indicates that trialkoxysi-
lylated camphorsulfonamides allow the synthesis of func-

tional organosilicas with high structural regularity. This be-
haviour arises from the affinity of the chiral precursors
towards the lyotropic phase of the ionic surfactants in the
aqueous hydrolysis-polycondensation mixture.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Since the discovery of the template-directed synthesis of
nanostructured silica by Kresge et al. in 1992,111 these mate-
rials have attracted considerable interest due to the unique
properties related to their specific morphology, namely high
specific surface, high pore volume and narrow pore-size dis-
tribution on a mesoscopic scale. These features make these
materials the candidates of choice for numerous applica-
tions, for example in the fields of catalysis, separation and
sensing.

The incorporation of functional organic groups into
nanostructured silica can be achieved either in two steps
by post-grafting of silylated precursor molecules onto the
surface of nanostructured silica or in one step by a tem-
plate-directed one-pot hydrolysis-polycondensation of a sil-
ica precursor with a functional organosilane.>! The two
methodologies lead to organosilicas with different morpho-
logical features: although materials obtained by the post-
grafting method are structurally better defined and hydro-
thermally more stable than samples obtained by the direct
one-step method, they often suffer from inhomogeneous
distribution of the functional groups on the support sur-
face. Contrary to this, the one-step condensation procedure
affords materials with a homogeneous distribution of the
functional organic groups over the whole surface.l] How-
ever, in most cases only low functionalisation degrees can
be achieved following the one-step method. Low-structured
materials are obtained when high molar fractions of func-
tional organosilane or bulky silylated precursors are
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used.>®1 The upper limit of preservation of structural or-
dering is often reached with 20 mol-% of added organosil-
ane.l! For this reason, the elaboration of methods that al-
low the incorporation of bulky functional groups within a
highly structured mesoporous organosilica material is
highly desirable.

Our current interest in the preparation of ordered organo-
silicas led us to explore the synthesis of nanostructured
silica hybrids containing ionic species.”l As an example, we
achieved the immobilisation of bis-alkylated imidazolium
species on a silica support by a template-directed hydroly-
sis-polycondensation procedure. Supported ionic liquid
phases have attracted large interest in the last few years!®
as these materials that consist of an ionic layer that covers
the whole surface of a solid support are promising systems
for applications in catalysis,®'?l separation!"¥! and
chromatography.' We were interested in exploring
whether functional precursor molecules bearing ionic sub-
structures would allow us to enhance the structural regular-
ity of the obtained functional materials in template directed
sol-gel processes. We report here a new nanostructured or-
ganosilica containing ionic and non-ionic (+)-camphorsul-
fonamide substructures as these moieties have been shown
to be efficient auxiliaries in asymmetric catalysis.!'>1]

Results and Discussion

We first focused on the synthesis of functional organosil-
anes bearing camphor substructures. The synthesis of the
trialkoxysilylated camphorsulfonamide precursors 1 and 3
is shown in Scheme 1. The precursor 1 was obtained by the
reaction of (+)-camphorsulfonyl chloride with 3-aminopro-
pyltriethoxysilane (Scheme 1, top). Compound 3, which be-
ars an ionic imidazolium substructure, was synthesised by
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Scheme 1. Synthesis of the trialkoxysilylated camphorsulfonamides

grafting 3-chloropropyltriethoxysilane to the camphorsul-
fonamide 21! (Scheme 1, bottom). All reactions were quan-
titative, and the products could be used without further pu-
rification.

The synthesis of the organosilicas incorporating chiral
camphorsulfonamide entities was then realised by a hydrol-
ysis-polycondensation involving the chiral precursor 1 or 3
and tetraethoxysilane (TEOS; Scheme 2). All materials were
prepared from alkaline mixtures containing TEOS, the tri-
alkoxysilylated precursor 1 or 3, water, ammonia and the
surfactant hexadecylpyridinium chloride in the molar com-
position 0.9:0.1:114:8:0.12. We chose a pyridinium salt as
template rather than an ammonium halide as the interac-
tion between the imidazolium precursor 3 and pyridinium
salts may be more favourable than that between imid-
azolium salts and surfactants based on ammonium sub-
structures such as CTAB.I'”) The resulting reaction mixture
was heated to 80 °C for 48 h. The surfactant was then re-
moved by washing in a Soxhlet apparatus and the materials
were finally dried at 110 °C for 24 h.
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Scheme 2. Immobilisation of camphorsulfonamide species on the
surface of mesoporous nanostructured silica.

Elemental analysis of the materials I and II indicated ne-
arly complete incorporation of the organic precursors 1 and
3 into the organosilica materials during the sol-gel pro-
cedure. The incorporation of the organic entities within the
silica network was also qualitatively monitored by FT-IR
and 2°Si/'3C-CP MAS NMR spectroscopy. The 2°Si CP-
3698
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MAS NMR spectrum of material I is shown as an example
in Figure 1. As reported for other functionalised mesopo-
rous silica materials,® the spectrum shows the T? peak at &
= —65.8 ppm arising from the RSiO; substructures and the
Q? and Q* peaks (6 = 101.4 and 109.6 ppm) which can be
ascribed to SiO, substructures with different condensation
degrees.
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Figure 1. 2°Si CP MAS NMR spectrum of material 1.

The morphological properties of materials I and II were
investigated by XRD, TEM and nitrogen adsorption/de-
sorption experiments. The XRD patterns of I and II are
nearly identical and contain the (100), (110) and (200)
peaks characteristic of hexagonal silica mesophases
(Table 1). We have already obtained a material with a hex-
agonal architecture, although less regularly structured,
using an ionic silylated dodecylimidazolium precursor.””)
The X-ray diffractograms of I and II are shown in Figure 2.

Table 1. XRD spacings of materials I and II.

d Spacings [nm]
100 1

10 200
Material 1 4.00; 2.31 2.00
Material II 4.00 2.30 1.99

The morphology of the materials was also studied by
TEM. The TEM micrographs of I and II show a highly
structured regular hexagonal array of two-dimensionally
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Figure 2. XRD patterns of the organosilica materials I (solid line)
and II (dashed line).

aligned channels (Figure 3). In both cases, the distance be-
tween two pore centres was determined to be 4.0 nm, which
corresponds to the (100) reflection in the XRD patterns.

(a) (b) (c)

Figure 3. TEM micrographs of the functionalised organosilicas I
(a) and II (b) along the (100) direction. (c) View along the (110)
direction.

Thus, the TEM and XRD experiments give concordant
results concerning the morphologies of materials I and II,
which both appear as highly regularly structured solids with
hexagonal symmetry. It has to be pointed out that the ionic
substructure of precursor 3 does not have a significant ef-
fect on the structuration of the functionalised organosilica.
The high structuration can rather be explained by the co-
surfactant behaviour of the hydrolysed silylated precursors
1 and 3 in the basic aqueous media during the template-
directed sol-gel procedure.

In a second experiment we studied the reduction of the
carbonyl groups of the immobilised camphorsulfonamide

[ . X
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@
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entities in the porous material II. This reaction was per-
formed with a suspension of sodium borohydride in meth-
anol under reaction conditions identical to those reported
for the reduction in homogeneous media.['>] This led to the
formation of silica-supported borneol (material III). The re-
action was monitored by FT-IR spectroscopy (disappear-
ance of the absorption of the carbonyl group at vV =
1738 cm™!). The ratio of the immobilized diastereoisomers
could not be determined, but both borneol (endo) and
isoborneol (exo) are probably formed. In solution, a 60:40
ratio has been reported (Scheme 3).['%]

Nitrogen adsorption/desorption experiments with mate-
rials I-IIT give information about the porosity and the pore
volume of the samples. The isotherms of materials I and II
reflect the formation of mesoporous silica hybrid materials
with specific surface areas of 832 and 759 m?g! and pore
volumes of 0.52 and 0.49 mL g~!, respectively. In both cases,
the sorption curves show typical type-1V isotherms, thereby
suggesting an ordered silica mesophase with pore diameters
of 2.5 nm. The isotherm of material IT shows a slight hyster-
esis loop due to capillary condensation of adsorbed nitro-
gen within the pores.'8 In contrast, material III shows a
strongly reduced specific surface (82m?g!), even after
washing with acidic ethanol in a Soxhlet apparatus for three
days. The reduced porosity of material III is probably due
to the inclusion of borate ions within the pores during the
reduction reaction. However, TEM and XRD experiments
with material III confirm that the regular hexagonal struc-
ture of the silica framework is not affected. The sorption
isotherms of materials I-III are presented in Figure 4.
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Scheme 3. Reduction of the immobilized camphorsulfonamide entities.
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Table 2. Enantioselective addition of diethylzinc to benzaldehyde.[

Entry  Used chiral auxiliary Conversion™ eel Ref.
1 Material IT >99% 3% this study
2 >99% 40% [15]
NTf;™

B“\NN/\/\I}\JI/SOZ 0
3 Material 111 >99% 30% this study
4 >99% 50% [15]

NTf;
SO. OH

Bu\NN/\/\IﬁI/ 2

5 Material I1I, second cycle 95% no selectivity detected this study

[a] General reaction conditions: benzaldehyde:ligand:Ti(OiPr)4:Et,Zn = 1.0:0.1:1.1:1.2 (molar ratio), reaction time 18 h, reaction tempera-
ture 25 °C. [b] Determined by 'H NMR spectroscopy. [c] Determined by HPLC using a Daicel Chiralcel OD column.

Heterogeneous Asymmetric Catalysis Using the Functional
Organosilicas

The use of catalysts supported on mesoporous silica has
been studied intensively.'>?1 Our interest in organic-inor-
ganic hybrid materials as heterogeneous auxiliaries in asym-
metric catalysisi>' =23 led us to investigate materials II and
III, which contain imidazolium substructures, as chiral aux-
iliaries in the asymmetric addition of diethylzinc to benzal-
dehyde. We also compared the catalytic properties of II and
IIT with similar imidazolium salts bearing camphor or bor-
neol substructures in homogeneous catalysis. The results of
the utilisation of the various chiral auxiliaries in the ad-
dition of diethylzinc to benzaldehydel>*?31 (Scheme 4) are
shown in Table 2.

OH
H 0 1) Ti(OPr),, L*(10 mol-%) 1 C,H;
2) H/H,0
+  EtyZn
CH,Cl,

Scheme 4. Addition of diethylzinc to benzaldehyde.

Materials II and IIT act as catalytic auxiliaries and lead
to the formation of 1-phenylpropanol in quantitative yield
(entries 1 and 3) after hydrolytic work-up with hydrochloric
acid (1 N). Despite its low porosity, material III shows a
higher enantioselectivity than material II. However, the
selectivities of both materials are lower than those obtained
with the related imidazolium salts in homogeneous solu-
tion, thus indicating a limited complexation of the catalytic
Ti'V species by the immobilised chiral camphorsulfonamide
entities (entries 2 and 4). The reduced enantioselectivities
obtained with silica-immobilised camphorsulfonamide li-
gands are probably due to the reaction being catalysed by
Ti'V species in a nonchiral environment, for example by
Ti(iOPr), in homogeneous solution or by Ti'V species
3700
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grafted onto the silica surface via Si-O-Ti bonds. Further-
more, material III appears to be of low recyclability. The
second utilisation still gave high conversion, but no enantio-
selectivity was observed. We conclude therefore that the
acidic work-up after the first reaction cycle strongly modi-
fies the surface of the material by condensing oxidic Ti and
Zn species, thus inhibiting the accessibility of the immobi-
lised chiral ligand.

Conclusion

We have shown the formation of highly ordered mesopo-
rous silica with a hexagonal architecture containing chiral
camphorsulfonamide substructures located in the pores.
Both ionic and non-ionic precursors lead to the formation
of highly structured materials with hexagonal symmetry.
The high structuration of the materials can be explained
by the high affinity of the silylated camphorsulfonamides
towards the organised micellar phase of the surfactants in
aqueous medium: the trialkoxysilylated camphorsulfon-
amides behave as co-surfactants and fit in the micellar ar-
rangement of the hexadecylpyridinium chloride.[*] The
ionic imidazolium substructure of precursor 3 does not
show a significant effect during the template-directed hy-
drolysis polycondensation: material II does not show a
higher structural regularity than material I. The utilisation
of these functional organosilicas as chiral auxiliaries in
asymmetric catalysis indicated inferior catalytic properties
of the materials compared to related task-specific imid-
azolium salts in terms of selectivity and recyclability. These
results are probably due to incomplete complexation of the
titanium-based complexes to the camphorsulfonamide sites;
considerable amounts of titanium may be linked to the sil-
ica support by covalent Si—-O-Ti bonds.

To the best of our knowledge, material II is the first ex-
ample of a chiral ionic substructure grafted onto a nano-

Eur. J. Inorg. Chem. 2006, 3697-3702
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structured silica support. We believe that these highly
porous functionalised materials may find applications in
molecular recognition, in particular as chiral stationary
phases in liquid chromatography.

Experimental Section

General: All reactions were performed under nitrogen or argon
using Schlenk-tube techniques when necessary. Elemental analyses
were performed by the “Service Central de Microanalyse du
CNRS” at Vernaison, France. Mass spectra were measured with a
Jeol IMS-DX300 mass spectrometer. FT-IR spectra were recorded
from KBr pellets or films with a Perkin—Elmer 1000 FT-IR spec-
trometer. 'H, 13C and 2°Si liquid NMR spectra were recorded with
a Bruker AC-250 spectrometer. CDCl; and [Dg]DMSO were used
as NMR solvents. Chemical shifts are reported as o values in ppm
relative to TMS. '3C and 2°Si CP MAS solid-state NMR spectra
were recorded with a Bruker FT AM 400 FT-NMR spectrometer.
Specific surface areas were determined by nitrogen adsorption/de-
sorption experiments using a Micromeritics Gemini 2375 appara-
tus. TEM was performed with a Jeol 1200EX II electron micro-
scope. X-ray diffraction measurements and data treatment were
performed at the Groupe de Dynamique de Phases Condensées at
the University of Montpellier 2. The X-ray diffraction experiments
were carried out on solid powders in glass capillaries (I mm dia-
meter) in a transmission configuration. A copper rotating anode
X-ray source (4 kW) with a multilayer focusing “Osmic” mono-
chromator giving high flux (10® photons per second) and a pinhole
collimation was employed. An “image plate” 2D detector was used,
and the data obtained were radially averaged to yield the diffracted
intensity as a function of the wave vector ¢. The diffracted intensity
was corrected for exposure time, transmission and the background
scattering arising from an empty capillary. The enantiomeric excess
of 1-phenylpropanol was determined by chiral HPLC using a
Waters 515 HPLC pump with a Waters 2487 UV detector and a
Daicel Chiralcel OD column using a hexane/2-propanol mixture as
eluent. All reagents were obtained from commercial sources and
used without purification. In experiments requiring dry solvents,
THE, toluene and diethyl ether were distilled from sodium/benzo-
phenone, DMF was distilled from CaH,, dichloromethane was dis-
tilled from P,Os and alcohols were distilled from Mg. C-(7,7-Di-
methyl-2-oxobicyclo[2.2.1]heptan-1-yl)- N-(3-imidazol-1-ylpropyl)-
methanesulfonamide (2) was synthesised as described before.[!”]

Synthesis of the Trialkoxysilylated Precursors

1-(7,7-Dimethyl-2-oxobicyclo|2.2.1]heptan-1-yl)- N-[3~(triethoxysilyl)-
propyllmethanesulfonamide (1): (+)-Camphor-10-sulfonyl chloride
(1 g, 4 mmol), (3-aminopropyl)triethoxysilane (0.9 g, 4 mmol) and
triethylamine (0.45 g, 4.5 mmol) were stirred in dichloromethane
(10 mL) at room temperature for 6 h. After completion, dichloro-
methane was evaporated and the resulting residue was extracted
with diethyl ether. After evaporation of the solvent, the product
was obtained as a colourless oil. Yield: 1.66 g (95%). 'H NMR
(CDCl3): 6 = 0.68 (m, 2 H), 0.92, 1.04 (25, 6 H, 2xCHj3), 1.23 (t,
J=17.1Hz, 9 H), 1.4-1.5 (m, 1 H), 1.72 (m, 2 H), 1.85-2.45 (m, 6
H), 291 (d, J =14.6 Hz, 1 H), 3.17 (m, 2 H), 3.41 (d, J = 14.6 Hz,
1 H), 3.83(q, J = 7.1 Hz, 6 H), 5.42 (broad t, 1 H) ppm. 3*C NMR
(CDCly): 0 = 7.9, 18.6, 19.9, 20.2, 24.0, 26.7, 27.4, 43.1, 43.2, 46.4,
48.9, 49.6, 58.8, 59.4, 216.9 ppm. FT-IR (film): ¥ = 3288 cm™ !,
2973, 2888, 1746, 1330, 1147, 1079. HRMS [FAB+]: calcd. for
C1oH35NO¢SSi [M + H]*" 436.2189; found 436.2193.

1-[3-(2-Hydroxy-7,7-dimethylbicyclo[2.2.1]hept-1-ylmethylsulfonyl-
amino)propyl]-3-(3-triethoxysilyl)propyl-1 H-imidazol-1-ium Chlo-
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ride (3): Under argon, 1 g (2.94 mmol) of 2 was dissolved in toluene
(20 mL) and 3-chloropropyltriethoxysilane (0.71 g, 2.94 mmol) was
added whilst stirring. The reaction mixture was heated to 80 °C
during 48 h. After cooling to room temperature, the biphasic mix-
ture was washed with diethyl ether (3 %30 mL). Finally, the ether-
insoluble layer was dried under reduced pressure. The product was
obtained as a highly viscous yellow liquid. Yield: 1.60 g (94%). 'H
NMR (CDCl;): 6 = 0.54 (m, 2 H), 0.84, 0.97 (25, 6 H, 2xCHj,),
1.15(t,9=H,J=7.2Hz), 1.38 (m, CH), 1.8-2.1 (m, 6 H, 3XCH,),
2.29 (m, 4 H, 2XCH,), 2.85 (d, J = 15Hz, 1 H), 3.11 (m, 2 H,
CH,), 3.33(d, /= 15Hz, 1 H), 3.72 (q, J = 7.2 Hz, 6 H), 4.17 (t,
J = 6.6 Hz, 2 H, NCH,), 440 (t, J = 6.8 Hz, 2 H), 6.40 (t, J =
6.4Hz, 1 H, NH), 7.68 (s, 2 H), 9.65 (s, 1 H) ppm. *C NMR
(CDClL): 0 = 7.6, 14.4, 18.7, 20.0, 20.3, 20.7, 24.5, 26.1, 27.4, 30.7,
34.5,40.2,43.2, 47.6, 48.3, 52.4, 59.0, 122.3, 123.4, 137.0,
216.5 ppm. HRMS [FAB+]: calcd. for C,5sH4sN3;04SSi [M]*
544.2877; found 544.2859 (cation).

Synthesis of the Materials: Whilst stirring, the trialkoxysilylated
precursor 1 or 3 was added to a solution of cetylpyridinium chlo-
ride in aqueous ammonia. The resulting mixture was vigorously
stirred for 20 min at 30 °C. After this time, TEOS was added to the
reaction mixture dropwise. The molar composition of the hydroly-
sis-polycondensation mixture was as follows: TEOS/1(3)/water/am-
monia/hexadecylpyridinium chloride = 0.9:0.1:114:8:0.12. The re-
sulting mixtures were heated to 80 °C for 48 h. The surfactant was
removed by repeated washing with acidic ethanol and the materials
were finally dried at 110 °C for 24 h.

Material I: °Si CP MAS NMR: 6 = -65.8, —101.5, ~109.6 ppm.
13C CP MAS NMR: ¢ = 7.9, 18.1, 21.7-25.1, 42.6, 47.9, 58.7,
217.1 ppm. BET surface area: 832 m?g!. FT-IR (KBr pellet): ¥ =
2969 cm™!, 1640, 1224, 1067. Elemental analysis: C 15.83, H 2.87,
N 1.56, S 2.73, Si 31.88.

Material II: Si CP MAS NMR: 6 = 66.3, ~101.0, ~110.0 ppm.
13C CP MAS NMR: ¢ = 7.9, 21.9, 25.0, 42.9, 49.7, 58.3, 124.2,
133.7, 216.5 ppm. BET surface area: 759 m?g~!. FT-IR (KBr pel-
let): ¥ = 3452 cm™!, 2973, 1738, 1636, 1225, 1146, 1071. Elemental
analysis: C 18.23, H 3.20, N 3.26, S 2.50, Si 27.27.

Material III: The organosilica II (1.00 g) was suspended in meth-
anol (10 mL) and cooled to 0 °C. Sodium borohydride (50 mg) was
then added and the resulting mixture was stirred at this tempera-
ture for 2 h. The suspension was then filtered. The resulting residue
was extracted in a Soxhlet apparatus with acidified ethanol for 72 h
and finally dried at 110 °C for 24 h. Yield: 960 mg. 2°Si CP MAS
NMR: § = —66.1, -100.0, —-109.1 ppm. 3C CP MAS NMR: § =
8.0, 19.0, 29.6, 45.5, 48.6, 49.8, 124.0, 134.0. BET surface area:
82m?g!. FT-IR (KBr pellet): ¥ = 3458 cm™!, 2961, 1645, 1225,
1065. Elemental analysis: C 17.84, H 3.31, N 3.20, S 2.66, Si 26.73.

General Procedure for the Addition of Diethylzinc to Benzaldehyde:
The functional organosilica was placed in a Schlenk tube and dried
under vacuum at 100 °C dfor 1 h. After cooling to room tempera-
ture, dichloromethane (10 mL) and Ti({OPr), (313 mg, 1.1 mmol)
were added to the solid. The resulting suspension was stirred at
room temperature for 1 h. After this time, diethylzinc (1.2 mL of a
1 M solution in hexanes) was added and the mixture was stirred for
another 15 min. Finally, after the addition of benzaldehyde
(100 pL, 1 mmol), the suspension was stirred for 18 h at room tem-
perature. The reaction mixture was then filtered and the residue
was washed with dichloromethane. 1 mL of ethanol was added to
the filtrate, which was completely hydrolysed by the addition of
15 mL of hydrochloric acid (1 N). Extraction of the solution with
dichloromethane, drying and evaporation afforded the reaction
products, which were analysed in order to determine the conversion
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and the enantiomeric excess. The recovered organosilica was dried
at 100 °C under reduced pressure.

Acknowledgments

The authors thank Dr. P. Dieudonné for XRD measurements and
fruitful discussions. V. P. gratefully acknowledges the French “Min-
istere de la Recherche” for a postdoctoral fellowship.

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

[2] A. Stein, B.J. Melde, R. C. Schroeden, Adv. Mater. 2000, 12,
1403-1419.

[3] G.J. de A. A. Soler-Illia, C. Sanchez, B. Lebeau, J. Patarin,
Chem. Rev. 2002, 102, 4093-4138.

[4] M. H. Lim, A. Stein, Chem. Mater. 1999, 11, 3285-3295.

[5]1 S. L. Burkett, S. D. Sims, S. Mann, Chem. Commun. 1996,
1367-1368.

[6] C.E. Fowler, S. L. Burkett, S. Mann, Chem. Commun. 1997,
1769-1770.

[7] B. Gadenne, P. Hesemann, J. J. E. Moreau, Chem. Commun.
2004, 1768-1769.

[8]1 C.P. Mehnert, Chem. Eur. J. 2005, 11, 50-56.

[9] C.P. Mehnert, E. J. Mozeleski, R. A. Cook, Chem. Commun.
2002, 3010-3011.

[10] C. P. Mehnert, R. A. Cook, N. C. Dispenziere, M. Afeworki, J.
Am. Chem. Soc. 2002, 124, 12932-12933.

3702

www.eurjic.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[11]H. Hagiwara, Y. Sugawara, T. Hoshi, T. Suzuki, Org. Lett.
2004, 6, 2325-2358.
[12]R. Ciriminna, P. Hesemann, J. J. E. Moreau, M. Carraro, S.
Campestrini, M. Pagliaro, Chem. Eur. J. 2006, 12, 5220-5224.
[13] L. C. Branco, J. G. Crespo, C. A. M. Afonso, Angew. Chem.
Int. Ed. 2002, 41, 2771.
[14]S.-J. Liu, FE. Zhou, L. Zhao, X.-H. Xiao, X. Liu, S.-X. Jiang,
Chem. Lett. 2004, 33, 496-497.
[15] B. Gadenne, P. Hesemann, J. J. E. Moreau, Tetrahedron Lett.
2004, 45, 8157-8160.
[16] D.J. Ramén, M. Yus, Angew. Chem. Int. Ed. 2004, 43, 284—
287 and references cited therein.
[17]B. Lee, H.-J. Im, H. Luo, E. W. Hagaman, S. Dai, Langmuir
2005, 21, 5372-5376.
[18] M. Kruk, M. Jaroniec, Chem. Mater. 2001, 13, 3169-3183.
[19] D. Brunel, A. C. Blanc, A. Galarneau, F. Fajula, Catal. Today
2002, 73, 139-152 and references cited therein.
[20] A. Sayari, S. Hamoudi, Chem. Mater. 2001, 13, 3151-3168.
[21]1A. Adima, J. J. E. Moreau, M. Wong Chi Man, J. Mater. Chem.
1997, 7, 2331-2333.
[22]P. Hesemann, J. J. E. Moreau, Tetrahedron: Asymmetry 2000,
11, 2183-219%4.
[23] A. Brethon, J. J. E. Moreau, M. Wong Chi Man, Tetrahedron:
Asymmetry 2004, 15, 495-502.
[24] P. J. Walsh, Acc. Chem. Res. 2003, 36, 739.
[25]1 L. Pu, Chem. Rev. 2001, 101, 757-824.
[26] L. Nicole, C. Boissiére, D. Grosso, P. Hesemann, J. J. E. Mo-
reau, C. Sanchez, Chem. Commun. 2004, 2312-2313.
Received: March 31, 2006
Published Online: August 3, 2006

Eur. J. Inorg. Chem. 2006, 3697-3702



