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bstract

A molecular precursor approach involving simple grafting procedures was used to produce site isolated titanium-supported epoxidation catalysts.
he complexes [{Ti(OiPr)2(OMent)}2] (1) and [Ti(OMent)4] (2) (MentO = 1R,2S,5R-(−)-menthoxo) react with the remaining hydroxyl groups of
BA-15 after silanization with Me3SiCl, via loss of iPrOH and/or menthol and introduction of titanium species onto the silica surface. Grafting 1 and

onto SBA-15 yields mostly isolated Ti(IV) sites, as evidenced by DRUV–vis. In addition, the silsesquioxane derivatives [Ti(OiPr)2(OMent){(c-
5H9)7Si8O13}] (3) and [Ti(OMent)3{(c-C5H9)7Si8O13}] (4) have been synthesized in order to compare the different homogeneous and heterogenous

ystems mentioned above in the asymmetric epoxidation of cinnamyl alcohol to evaluate their catalytic activity and enantioselectivity.
2007 Elsevier B.V. All rights reserved.
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. Introduction

In the current search for heterogeneous catalysts detailed
tudies of the catalytic activity and recovery experiments
ave been reported. Numerous synthetic strategies have been
escribed including grafting or tethering of suitable inor-
anic and organometallic metal precursors by reaction with
he silanol groups located on the surface of silica based
aterials. An increasing number of investigations focus on

he development of the supported type metallocene cata-
yst [1] and heterogeneous constrained-geometry catalysts
(C5H4)SiMe2(N(CH2)3SiMe2–O–)]M–(NMe2)2 (M = Hf, Zr,
i) [2] for alkene polymerization and co-polymerization. In
ddition, there has been considerable attention given to the
i(IV) silica based materials prepared by reaction of silica

r silica ordered mesoporous materials [3] since such sur-
ace grafted materials appears to be substantially more active
han framework embedded Ti-mesoporous materials in terms
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f activity per titanium centre because of the greater accessi-
ility of the grafted metal centres to the reactants. Titanocene
p2TiCl2 [4], titanocenophane [SiMe2(�5-C5H4)2]TiCl2 [5]
nd titanium tetraalkoxides [6] have been commonly used as
etal precursors, providing effective catalysts for the selec-

ive epoxidation of alkenes [7]. Less attention has been paid
o the bonding mode of the catalytically active species to the
upport, although it is clear that for some applications a well
efine catalyst surface with site-isolated metal centres on the
urface is desired, like in the best heterogeneous titanium cat-
lyst where it has been well established that the Ti centres
re all four coordinate. In order to approach this problem
t molecular level silsesquioxane complexes have been used
ommonly as model systems for organometallic derivatives sup-
orted on silica. Several works have been reported by Duchateau
t al. covering this field [8]. The catalytic activity of a number
f silsesquioxane titanium alkoxides complexes with mono-
bi- and terdentate ligated silsesquioxanes R7Si7O9(OH)3,
7Si7O9(OH)2(OSiR3), R7Si7O9(OH)(OSiR3)2 (R = c-C5H9,

-C6H11, c-C7H13, SiR3 = SiMe3, SiMePh2) has been reported
y the groups of Abbenhuis et al. [9], Maschmeyer et al.
10] and Crocker et al. [11]. Titanium derivatives [TiCp{(c-
6H11)7Si8O12}] and [TiL{(c-C6H11)7Si7O12}] (L = CH2Ph,
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Me2, OSiMe3, Cyclohexyl, OiPr, OMe, OtBu) with a ter-
entate silsesquioxane ligand turned out to be effective and
elective epoxidation catalysts producing alkene oxides, as well
s Ti(OiPr)2{(c-C6H11)7Si7O11(OSiMe3)}]. The silsesquiox-
ne [{(c-C6H11)8Si8O10(OH)2}] with two reactive, isolated,
ydroxyl groups easily reacts with TiL4 (L = CH2Ph, Cl) ren-
ering titanium containing silsesquioxane gels that catalyse
he epoxidation of alkenes, but it is the rapid degeneration of
he material through the hydrolysis of the siloxy unit Ti–O–Si
hat gives the soluble non-siloxy titanium species, ButOO-TiL3,
ctive in the process. In comparison titanium complexes with
erdentate silsesquioxane ligands provide excellent results in the
ame experimental conditions, in this case the catalysis occurs
hrough titanium–siloxy complexes. Abbenhuis et al. after their
rst communication on the titanium silsesquioxanes epoxi-
ation catalyst [TiCp{(c-C6H11)7Si8O12}] [12] reported the
eterogenization version by the strong adsorption of [TiCp{(c-
6H11)7Si7O12}] on MCM-41 channel molecular sieve. There
re few reports on the assemblies of chiral titanium com-
lexes over silica-based materials. Johnson and co-workers [13]
ave published a variety of Ti(IV) complexes in which the
itanium is coordinated to only one or two siloxides of the
artially silylated silsesquioxane backbone in order to mod-
fy the degree of steric congestion around the titanium(IV)
ctive site. This new complexes are performed in their chi-
al version by reaction with the well-known BINOL but they
esult inactive epoxidation catalysts. Related titanosilsesquiox-
ne complexes that do not incorporate these trimethylsilyl
roups on the silsesquioxane backbone show significantly
igher activity, both in terms of conversion and selectivity
Scheme 1).

Basset and co-workers [14] have reported silica-supported
antalum catalysts for the enantioselective epoxidation of allylic
lcohols in the presence of chiral tartrate derivatives with com-
arable results to that obtained in the homogeneous sharpless
eaction, nevertheless the tantalum precursors are not easy to
repare. A different strategy has been followed by Li and co-

orkers [15] grafting a chiral tartaric acid onto the surface of

ilica and in the mesoporous of MCM-41 providing and effective
eterogeneous catalyst for asymmetric epoxidation by reaction
ith Ti(OiPr)4. In a similar way, Seebach and co-workers [16]

l
c
2
3

.

as achieved the immobilization of TADDOL onto silica to be
sed as heterogeneous chiral auxiliar system.

The present study has been carried out in order to see if chiral
rganometallic fragments can be grafted on surfaces. The main
bjective in this study is to obtain well-defined organotitanium
ompounds grafted on silica-based materials in which the chiral
oiety is kept bonded to titanium. In a parallel way we have syn-

hesized titanium silsesquioxane complexes with a well-defined
oordination sphere that may serve as model for the heteroge-
eous solids. We wanted to see if the presence of chiral ligands
n the coordination sphere of titanium centre makes possible the
poxidation reaction of cinnamyl alcohol.

. Experimental procedure

.1. General remarks

All reactions were performed using standard Schlenk
ube and dry box techniques under an atmosphere of dry
itrogen or argon. Solvents were distilled from appropri-
te drying agents and degassed before used. Poly(ethylene
lycol)-block-poly(propylene glycol)-block-polyethylene gly-
ol and tetraethoxysilane (TEOS) were purchased from
luka. Trimethylchlorosilane (Me3SiCl), 3,5,7,9,11,13,15-
eptacyclopentylpentacyclo [9.51.13,9.15,15.17,13]octasiloxan-
-ol and (1R,2S,5R)-(−)-menthol were purchased from Aldrich
nd used as received. Ti(OiPr)4 and NEt3 were distilled and
tored under an argon atmosphere prior to use.

.2. Synthesis of samples

.2.1. Synthesis of [{Ti(OiPr)3(OMent)}2] (1)
Ti(OiPr)4 (0.95 mL, 3.19 mmol) was added to a CH2Cl2

olution (25 mL) of (1R,2S,5R)-(−)-menthol (0.5 g, 3.19 mmol).
he resulting solution was stirred at room temperature for
h. The solvent and the remaining isopropyl alcohol were

emoved under vacuum. The resulting product was colour-

ess oil, spectroscopically pure, after being rinsed twice with
old pentane. Yield 0.98 g, 80%. 1H NMR (300 MHz, CDCl3,
5 ◦C): δ = 0.75 (d, 3H, 3JH,H = 6.9 Hz, CH3), 0.88 (d, 6H,
JH,H = 6.6 Hz, CH3), 0.82–0.95 (m, 2H, C(4)-H), 1.09–1.16
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m, 2H, C(3)-H), 1.21 (d, 18H, 3JH,H = 6.04 Hz, –OCH(CH3)2),
.26–1.4 (m, 1H, –CH), 1.5–1.61 (m, 2H, C(6)-H), 2.05 (m, 1H,
(2)-H), 2.34 (m, 1H, C(5)-H), 3.88 (m, 1H, C(1)-H), 4.45 (h,
H, –OCH(CH3)2). 13C{1H} NMR (300 MHz, CDCl3, 25 ◦C):
= 15.8 (CH3), 21.1 (CH3), 22.7 (CH3), 22.2 (C4), 25.5 (CH),
6.5 (–CH(CH3)2), 31.6 (C5), 34.6 (C3), 46.3 (C6), 76.2 (C1),
4.4 (–CH(CH3)2). IR (Nujol-polyethylene, cm−1): 615(br),
25(s), 849(w), 1007(m), 1049(w), 1068(w), 1082(w), 1124(m),
373(s), 1460(s), 2665(m).

.2.2. Synthesis of [Ti(OMent)4] (2)
Ti(OiPr)4 (0.9 mL, 3.03 mmol) was added drop wise to
CH2Cl2 (1R,2S,5R)-(−)-menthol solution (25 mL) (1.9 g,

2.15 mmol). The mixture was stirred for 6 h, then the
olatiles were removed getting a colourless oil spectro-
copically pure after being rinsed twice with cold pentane
1.76 g, 87%). 1H NMR (300 MHz, CDCl3, 25 ◦C): δ = 0.78
d, 12H, 3JH,H = 6.9 Hz, CH3), 0.9 (d, 24H, 3JH,H = 6.4 Hz,
H3), 0.81–0.93 (m, 8H, C(4)-H), 1.10–1.21 (m, 8H, C(3)-
), 1.29–1.4 (m, 4H, –CH), 1.5–1.63 (m, 8H, C(6)-H),
.09 (m, 4H, C(2)-H), 2.35 (m, 4H, C(5)-H), 3.87 (m, 4H,
(1)-H). 13C{1H} NMR (400 MHz, CDCl3, 25 ◦C): δ = 15.8

CH3), 21.2 (CH3), 22.3 (CH3), 22.7 (C3), 25.5 (CH),
1.7 (C5), 34.6 (C4), 46.5 (C6), 51.0 (C2), 84.1 (C1). IR
Nujol-polyethylene, cm−1): 725(s), 849(w), 928(w), 1045(m),
049(m), 1065(m), 1080(m), 1105(m), 1304(w), 1373(s),
460(s), 2360(w), 2665(m). TiC40H76O4 Calc: C 71.82, H
1.45. Found: C 71.06, H 11.32%.

.2.3. Synthesis of [Ti(OiPr)2(OMent)(c-C5H9)7Si8O13]
3)

To a solution of 3,5,7,9,11,13,15-heptacyclopentylpen-
acyclo[9.51.13,9.15,15.17,13] octasiloxan-1-ol (0.45 g, 0.50
mol) in THF (30 mL) was added a solution of complex 1

0.38 g, 0.50 mmol) in THF (10 mL). The resulting solution was
tirred for 24 h at room temperature and the solvent removed
nder vacuum to obtain a white solid. Recrystallization from
H2Cl2 at −30 ◦C gave 3 as a white crystalline solid. 1H
MR (400 MHz, CDCl3, 25 ◦C): δ = 0.78 (d, 3H, 3JH,H = 6.9 Hz,
H3), 0.87 (d, 6H, 3JH,H = 6.6 Hz, CH3), 0.95 (m, 7H, CH-
5H9), 1.18 (d, 12H, 3JH,H = 5.9 Hz, –OCH(CH3)2), 1.44 (m,
8H, CH2-C5H9), 1.54 (m, 14H, CH2-C5H9), 1.70 (m, 14H,
H2-C5H9), 2.12 (m, 1H, C(2)-H(OMent)), 2.35 (m, 1H,
(5)-H(OMent)), 3.95 (m, 1H, C(1)-H(OMent)), 4.20 (h, 2H,
OCH(CH3)2). 13C{1H} NMR (400 MHz, CDCl3, 25 ◦C):
= 15.9 (CH3), 21.1 (CH3), 22.8 (CH3), 26.20 (–OCH(CH3)2),
4.6 (C4), 31.7 (C5), 45.9 (C6), 50.9 (C2) 85.71 (C1),
7.21(–OCH(CH3)2), 27.39, 27.12, 27.04, 22.37, 22.30, 22.25
CH2-C5H9). 29Si NMR (79.3 MHz, CDCl3, 25 ◦C): −65.94;
66.65, −112.20 (3:4:1). Nujol-polyethylene, cm−1: 614(br),

63(m), 792(s), 849(m), 912(m), 1009(m), 1082(vs), 1253(w),
450(w), 2865(w), 2949(w). TiC51H96O16Si8 Calc: C 49.48, H
.82. Found: C 48.72, H 7.50%.
.2.4. Synthesis of [Ti(OMent)3(c-C5H9)7Si8O13] (4)
To a solution of 3,5,7,9,11,13,15-heptacyclopentylpent-

cyclo[9.51.13,9.15,15.17,13] octasiloxan-1-ol (0.1 g, 0.13 mmol)

(
i
(
v

sis A: Chemical 271 (2007) 227–237 229

n THF (10 mL) was added a solution of complex 3 (0.09 g,
.13 mmol) in THF (5 mL). The resulting solution was stirred
or 24 h at room temperature and the solvent removed under vac-
um to obtain a white solid. Recrystallization from CH2Cl2 at
30 ◦C gave 4 as a white crystalline solid.

1H NMR (300 MHz, CDCl3, 25 ◦C): δ = 0.80 (d, 9H,
JH,H = 7.05 Hz, CH3), 0.90 (d, 18H, 3JH,H = 6.5 Hz, CH3),
.95 (m, 7H, CH-C5H9), 1.48 (m, 28H, CH2-C5H9), 1.57 (m,
4H, CH2-C5H9), 1.73 (m, 14H, CH2-C5H9), 2.12 (m, 3H,
(2)-H(OMent)), 2.33 (m, 3H, C(5)-H(OMent)), 3.92 (m, 3H,
(1)-H(OMent)). 13C{1H} NMR (300 MHz, CDCl3, 25 ◦C):
= 15.9 (CH3), 21.1 (CH3), 22.5 (CH3), 34.6 (C4), 31.7 (C5),
5.9 (C6), 50.9 (C2), 85.7 (C1), 27.02, 27.31, 27.45, 22.50, 22.28,
2.21 (CH2-C5H9). 29Si NMR (79.3 MHz, CDCl3, 25 ◦C):
66.37, −66.72, −110.86 (3:4:1). IR KBr, cm−1: 505(s),

23(m), 781(w), 852(w), 919(w), 973(s), 1043(w), 1124(s),
247(m), 1253(w), 1365(w), 1387(w), 1450(m), 2863(m),
948(m).

.2.5. Synthesis of SBA-15
A hexagonal (plane group p6mm) material (SBA-15) was

repared using a poly(alkaline oxide) triblock copolymer sur-
actant in an acidic medium, according to the method of
hao et al. [17]. Poly(ethylene glycol)-block-poly(propylene
lycol)-block-polyethylene glycol (4.00 g) was dissolved in
ater (30.00 g) and 2 M HCl (80.00 g) with stirring at 35 ◦C.
EOS (8.80 g) was added to the homogeneous solution with
tirring at room temperature for 20 h. The resulting solid prod-
ct was filtered off, washed and air-dried at room temperature.
he solid was calcinated in an atmosphere of air from room

emperature to 500 ◦C over 8 h and heated at this temperature
or 6 h.

.2.6. Silanol capping reaction
The SBA-15 was dehydrated at 160 ◦C in vacuo for 5 h

nd thereafter handled under a nitrogen atmosphere. Typi-
ally, a 2 g sample of SBA-15 was suspended in 30 mL of
ry toluene and 10 mL (78.79 mmol) of Me3SiCl and triethy-
amine (78.79 mmol) were added by syringe. The mixture
as stirred for 24 h at room temperature and the result-

ng product SBA-15-SiMe3 was filtered off and washed with
oluene (2× 50 mL) and THF (2× 50 mL). The solid mate-
ial was dried 5 h under vacuum and stored under inert
tmosphere.

.2.7. Immobilization of 1 and 2 on SBA-15-SiMe3 surface
The typical procedure for the preparation of solids Ti1-

BA-15-SiMe3 and Ti2-SBA-15-SiMe3 by reaction of protected
BA-15-SiMe3 and complexes [{Ti(OiPr)3(OMent)}2] (1) and
Ti(OMent)4] (2), respectively, was as follows. SBA-15-SiMe3
2 g) was suspended in dry toluene, and to the suspension,
tirred mechanically, was added a toluene solution of 1 or 2

≈5 mmol). The mixture was refluxed overnight and the result-
ng solid was washed with toluene (2× 30 mL) and with Et2O
2× 30 mL). Finally, the solids were dried for 4 h at r.t. in
acuo.
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.3. Catalytic test

.3.1. Homogeneous systems
A flame dried 250 mL two-necked flask was fitted with a

ropping funnel, flushed with nitrogen and charged with 2 g of
ctivated, powdered 4 Å molecular sieves, 0.2 g (0.16 mmol) of
and 100 mL of dry CH2Cl2. After the mixture was cooled

o −20 ◦C, 0.6 mL of a 5.5 M solution of t-BuOOH in nonane
3.2 mmol) was added. The mixture was allowed to stir at−20 ◦C
or 1 h and then 0.4 mL of a 4.08 M solution of freshly dis-
illed (E)-3-phenyl-2-propenol (cinnamyl alcohol) (1.61 mmol)
iluted in 20 mL of CH2Cl2 added drop wise over 1 h. The result-
ng homogeneous solution was stirred 12 h at −20 ◦C. After
his period the reaction mixture was quenched with 0.18 mL
f a 10% aqueous solution of sodium hydroxide saturated with
odium chloride. The cold bath was removed and the mixture
as allowed to stir for 10 additional minutes. Finally the organic

ayer was dried over anhydrous MgSO4 and filtered through a
elite bed, washing with Et2O. The volatiles were then removed
n vacuum obtaining a yellow oil (0.12 g, yield 50%, 24% ee).
H NMR (400 MHz, CDCl3, 25 ◦C): δ = 2.15 (br s, 1H, –OH),
.22–3.25 (m, 1H, –CH-CH2), 3.81 (dd, 1H, –CH2), 3.94 (d,
H, Ph-CH), 4.06 (dd, 1H, –CH2), 7.2–7.4 (m, 5H, C6H5). The
ields and enantiomeric excess values of the so obtained epoxy
lcohols were determined by HPLC with a Chiralpak AD-H
olumn from VWR International Eurolab [18].

.3.2. Heterogeneous systems
A flame dried 250 mL two-necked flask was fitted with a

ropping funnel, flushed with nitrogen and charged with 2 g
f activated, powdered 4 Å molecular sieves, 0.5 g of catalyst
i1-SBA-15-SiMe3 and 50 mL of dry CH2Cl2. The mixture
as cooled to −20 ◦C and tBuOOH in nonane was added. The
ixture was allowed to stir at −20 ◦C for 1 h and then freshly

istilled (E)-3-phenyl-2-propenol (cinnamyl alcohol) in CH2Cl2
0.1 M), added drop wise over 1 h. The resulting mixture was
tirred 12 h to −20 ◦C. The solid was recovered from the solution
y filtration and washed several times with Et2O. The volatiles
ere removed in vacuo to get a yellow oil (yield 45%, 23% ee).
he solid was then treated with 2 equiv. of isopropanol in order

o remove any organic species remaining adsorbed and then was
ested again under similar experimental conditions.

.4. Characterization

X-ray diffraction (XRD) patterns of the silicas were
btained on a Phillips Diffractometer model PW3040/00
’Pert MPD/MRD at 45 kV and 40 mA, using Cu K� radi-

tion (λ = 1.5418 Å). N2 gas adsorption–desorption isotherms
ere obtained using a Micromeritics TriStar 3000 ana-

yzer, and pore size distributions were calculated using the
arret–Joyner–Halenda (BJH) model on the adsorption branch.

nfrared spectra were recorded on a Nicolet-550 FT-IR spec-

rophotometer in the region 4000–400 cm−1 as Nujol mulls
etween polyethylene pellets and KBr disks. 1H and 13C{1H}
MR spectra were recorded on Varian FT-300 and Varian FT-
00 spectrometers and chemical shifts were measured relative

s
e
(
s

sis A: Chemical 271 (2007) 227–237

o residual 1H and 13C resonances in the deuterated sol-
ents Proton-decoupled 29Si MAS NMR spectra were recorded
n a Varian-Infinity Plus 400 MHz Spectrometer operating at
9.44 MHz proton frequency (4 �s 90◦ pulse, 1024 transients,
pinning speed of 5 MHz). Cross polarization 13C CP/MAS
MR spectra were recorded on a Varian-Infinity Plus 400 MHz
pectrometer operating at 100.52 MHz proton frequency (4 �s
0◦ pulse, 4000 transients, spinning speed of 6 MHz, contact
ime 3 ms, pulse delay 1.5 s). Elemental analysis (%C and %N)
as performed by the Investigation Service of the Universi-
ad de Alcalá de Henares de Madrid (Spain) using a CHNS
nalyser LECO-932 model. The thermal stabilities of the mod-
fied mesoporous silicas were studied using a Setsys 18 A
Setaram) thermogravimetric analyzer. The DRUV–vis spectro-
copic measurements were carried out on a Varian Cary-500
pectrophotometer equipped with an integrating sphere and
TFE (polytetrafluoroethylene) as reference, with d = 1 g/cm3

nd thickness of 6 mm. The titanium content was determined by
CP-atomic emission spectroscopy (ICP-AES) using a Varian
ista AX model. The samples (0.1 g) were dissolved in aqueous
ydrofluoric and sulphuric acid. After dissolution, the sample
as heated to evaporated water and hydrofluoric acid and the

ample was transferred into 250 mL calibrated flask and diluted
ith water. Standard solution of Ti (1000 �g/mL in water) was
sed for the calibration of the equipment. HPLC analyses were
erformed on a Varian chromatographic system containing a
10/215 ProStar pump, a manual injection valve Rheodyne
odel 7752i equipped with a 20 �L sample loop, a 320 ProStar
V–vis detector and a personal computer-based data acquisi-

ion system Star Chromatography Workstation version 5. The
hromatographic separations were performed, using a Chiral-
ak AD-H [amylose tris(3,5-dimethylphenylcarbamate) coated
n silicagel, 250 mm × 4.6 mm i.d.; 10 �m particle diameter]
olumn at ambient temperature.

. Results and discussion

.1. Preparation and characterization of monodentate
itanium silsesquioxane complexes bearing menthoxo units

Reaction of silsesquioxane (c-C5H9)7Si8O12(OH) with
itanium(IV) alkoxo complex [{Ti(OiPr)2(OMent)}2] (1) pre-
iously reported by our group [19] occurs with protonolysis
n THF solution, affording after CH2Cl2 recrystallization a
hite solid with the empirical formula [Ti(OiPr)2(OMent){(c-
5H9)7Si8O13}] {OMent = (1R,2S,5R)-(−)-menthoxo (2)} on

he basis of elemental analysis and solution NMR data. The 1H
MR spectrum of 2 in CDCl3 contains the resonances attributed

o the menthoxo ligand, as significative signal the multiplet
ssigned to CHO proton of menthoxo unit show a down-
eld shifted compared with that in free menthol (�δ = ∼0.5)
ecause their coordination to titanium and does not modified

ignificantly their chemical shift respect to that of the par-
nt titanium complex [{Ti(OiPr)2(OMent)]2}] due to the new
RO)Ti–O–Si bond formed. For correlation purposes and to
tudy the way of introducing metallic catalysts we prepared
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ompound [Ti(OMent)3(c-C5H9)7Si8O13] (4), the protonolysis
f (c-C5H9)7Si8O12(OH) with the homoleptic tetrahedral tita-
ium alkoxo complex [Ti(OMent)4] (3) affords the expected
silsesquioxane)titaniumtrialkoxo in good yield, where titanium
s incorporated via spatially oriented siloxy bond (Ti–O–Si) and
urrounded by sterically demanding chiral groups. However, in
he preparation of 4 the high boiling menthol produced could
ot be evacuated at 110 ◦C, 0.5 Torr, such a high temperature
ight promote decomposition, so this method turned out to

e not effective for the preparation of pure [Ti(OMent)3{(c-
5H9)7Si8O13}] (4) as can be observed on the basis of elemental
nalysis.

13C and 29Si NMR spectra of complexes 2 and 4
how a similar pattern of signals for the silsesquioxane
nit than those reported by Duchateau for complexes
TiCl3{(c-C5H9)7Si8O13}] [20] and [TiCp′′(CH2Ph)2{(c-
5H9)7Si8O13}] (Cp′′ = C5H3(SiMe3)2) [21]. 29Si NMR

pectra are particularly informative, the observation in each
ase of three resonances for the silsesquioxane Si atoms in
:3:1 ratio. The cyclopentyl substituted silicon atoms show
wo resonances in a 3:4 ratio (2, −65.82, −67.04; 4 −66.37;

66.72), three of the seven silicon atoms, probably the closest
o the metal are clearly distinct from the other four. Finally,
he resonances of the silicon atoms surrounded by four oxygen
toms have characteristic chemical shifts of −113.48 (2) and
110.86 (4), respectively.
To gain insight into the chemistry of the grafting process,

he reactions of [{Ti(OiPr)2(OMent)}2] and [Ti(OMent)4] with
he monodentade (c-C5H9)7Si8O12(OH) were monitored by 1H
MR spectroscopy. In principle, the reaction of a surface bound
OH group or the silanol group of the silsesquioxane used in this
tudy as model with the precursors should result in elimination of
PrOH and/or MentOH for complex 1 and MentOH for complex
. The products identified from the reaction in deuterated toluene
fter heating at 100 ◦C of complex 1 with the appropriate amount
f the soluble silsesquioxane were both iPrOH and MentOH
ith an integral ratio 5:1, this suggests that the Ti–OiPr bonds

re more readily cleaved than Ti–OMent bond. Precursor 2 binds
o the silica surface via Si–O–Ti–OMent linkages as expected.

.2. Grafting procedures

Some problems must be take in account in the preparation of

ingle site active catalyst by immobilization of titanium com-
lexes 1 and 2 on hydrophobic silica based material were the
ntrinsic reactivity of the silanol groups, whose relatively low
Ka, make them incompatible with many of the reactions for

[
[
p
u

Scheme 2
sis A: Chemical 271 (2007) 227–237 231

hich metallic catalysts are used. Also the surface of silica-
ased materials is very hydrophilic, water can be absorbed
hrough hydrogen bonds and liberated easily, and two adjacent
ilanol groups can for a Si–O–Si bridge expelling a molecule
f water. This demonstrates the necessity to protect the Si–OH
roups which can be done in several ways. Silylating reagents
uch as chlorosilanes, alkoxysilanes and sylilamines have found
idespread applications and their reaction with surface silanol

unctionalities has been reported in detail [22]. A SBA-15 sil-
ca support was pretreated with chlorotrimethylsilane in order to
onvert –OH groups on the surface into –OSiMe3, the silylation
eaction was carried out by adding 10 mL of the chlorotrimethyl-
ilane reagent diluted in toluene to 2 g of dehydrated SBA-15
uspended in 20 mL of toluene in the presence of the stoi-
hiometric amount of triethylamine as additive. After stirring
he reaction mixture at room temperature overnight the sily-
ated material was washed twice with toluene, twice with THF
nd dried under vacuum for at least 5 h at 25 ◦C. The surface
overage 1.27 SiMe3/nm2 was calculated in bases of CHN ele-
ental analysis [23] of the silylated samples by the following

ormula α(SiMe3) = δ(SiMe3)NAa−1
s × 10−18 (number of silyl

roups per nm2) being δ(SiMe3) = %C(100nCMC)−1 [mol/g] =
oncentration of surface silyl groups, %C = 7.99 wt% carbon
eferred to the parent SBA-15 silica; NA = Avogadro con-
tant (6.022 × 1023 mol−1); as = specific BET surface area of
ehydrated, non-modified SBA-15 (599 m2/g); nC = number of
arbon atoms per silyl group (Si(CH3)3 3); MC = atomic weight
f carbon (12.011 g/mol).

The titanium alkoxo complexes 1 and 2 have been tested
s molecular precursors for the controlled synthesis of well-
ispersed catalytic single sites. Derivatives 1 and 2 were
rafted onto the silica support by stirring a suspension of
he silylated support in a toluene solution of the precursor
or 24 h under refluxing conditions. In this way Ti1-SBA-
5-SiMe3 and Ti2-SBA-15-SiMe3 were obtained. Elemental
nalysis might be expected to give interesting information
bout Ti1-SBA-15-SiMe3 and Ti2-SBA-15-SiMe3 but since
he Me3SiO– groups and alkoxo ligands all contribute to
he carbon content, this is no option. However, we deter-

ined the titanium content by inductively coupled plasma
mission spectroscopy. The two samples studied here pos-
essed titanium loading values of 0.91 and 0.20 mmol/g in
greement with the values obtained by Tilley et al. by using

(OtBu)2Ti{�-O2Si[OSi(OtBu)3]2}]2 [24] Ti[OSi(OtBu)3]4,
(OiPr)Ti[OSi(OtBu)3]3, and [(OtBu)3Ti(OSi(OtBu)]3 [25] as
recursors. The average pore diameter for the SBA-15 sample
sed in this study (57.9 Å) is much larger than the molecular

.
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ig. 1. XRD patterns of (a) SBA-15, (b) Ti1-SBA-15-SiMe3 and (b) Ti1-SBA-
5-SiMe3.

iameter of 1 and 2. The titanium loading on SBA-15 after
ilylation obtained suggests the shrouding effect of the bulky
lkoxo groups surrounding the titanium centre of these precur-
ors. Indeed the less bulky precursor 1 can be supported onto
he SBA-15 with much higher Ti loading, in addition the least
terically hindered precursor seems to be more reactive toward
he protected silica support.

Solution 1H NMR spectroscopy was used to monitor the
rafting chemistry of 1 and 2 onto the silica surface. The reac-
ion of unprotected surface Si–OH groups with a solution of a
arge excess of 1 should result in the elimination of isopropanol
r menthol. The elimination products were indeed identified to
e both iPrOH and MentOH with an integral ratio 3:1 after 48 h
eaction in toluene at 100 ◦C. This result is in agreement with
he formation of mono siloxy species bearing preferently a chiral

oiety, though bis(siloxy) titanium species cannot be excluded
Scheme 2).

.3. Characterization of the samples

The XRD patterns for mesoporous silicas are shown in Fig. 1.
nmodified SBA-15 displayed a well-resolved pattern at low 2θ

alues with a very sharp (1 0 0) diffraction peak at 0.99◦ and an
dditional high order peak (1 1 0) at 1.96◦. This system can be
ndexed as a hexagonal lattice with d-spacing values of 89.46
nd 45.06 Å, respectively. A unit cell parameter, a0, of 103.30 Å
as obtained using the following equation a0 = 2d1 0 0/

√
3 [17].
he slightly decrease in the intensity of the (1 0 0) XRD diffrac-
ion peak at 0.99◦ in Ti1-SBA-15-SiMe3 and the significant
urther loss in Ti2-SBA-15-SiMe3 observed after immobiliza-
ion of the titanium complexes provides further evidence that

d
T
s
t

able 1
hysical parameters of mesoporous silicas measured by N2 adsorption–desorption is

aterial SBET (m2/g) Pore diametera (

BA-15 599 57.9
i1-SBA-15-SiMe3 433 50.5
i2-SBA-15-SiMe3 434 54.4

a BJH: Barret, Joynet and Halenda.
sis A: Chemical 271 (2007) 227–237

rafting mainly occurs inside the mesopore channels, since the
ttachment of organic functional groups in the mesopore chan-
els tends to reduce the scattering power of the mesoporous
ilicate wall. The XRD pattern of the functionalized SBA-15
lso suggests that the structural order of the synthesized material
s maintained after functionalization.

The textural properties such as specific surface area (SBET
m2 g−1)) and pore volume (cm3 g−1) of the support were fol-
owed throughout the different modification processes. For the
arent SBA-15 system and functionalized materials Ti1-SBA-
5-SiMe3 and Ti2-SBA-15-SiMe3 the isotherms are type IV
ccording to the IUPAC classification and have an H1 hysteresis
oop that is representative of mesoporous cylindrical or rod-like
ores (Fig. 2). The volume adsorbed for all isotherms increased
harply at a relative pressure (P/P0) of 0.4, which represents cap-
llary condensation of nitrogen within the uniform mesoporous
tructure. The inflection position shifted slightly to lower rel-
tive pressures and the volume of nitrogen adsorbed decrease
pon silylation and titanium grafting, which is indicative of
reduction in the pore size because of the anchoring of tita-

ium complexes inside the channels. The physical parameters
f the nitrogen isotherms, such the Brunauer–Emmett–Teller
urface area (SBET), total pore volume and BJH average pore
iameter, for mesoporous silicas are shown in Table 1. The syn-
hesized material possessed high SBET (599 m2/g), a pore volume
f 0.61 cm3/g and a BJH pore diameter of 57.9 Å, these values are
ypical of surfactant-assembled mesostructures. The wall thick-
ess for SBA-15 (45.39 Å) was calculated as (2d1 0 0/

√
3-BJH

ore diameter). After silylation and Ti grafting, a decrease in
he SBET, pore volume and average BJH pore diameter were
bserved (Table 1), changes that can be interpreted as being due
o the presence of organotitanium molecules on the surface par-
ially blocking the adsorption of nitrogen molecules. The narrow
ore size distributions found for Ti1-SBA-15-SiMe3 and Ti2-
BA-15-SiMe3 (centred at 54.4 and 54.5 Å) provide evidence
or its uniform framework mesoporosity (Fig. 3).

The IR patterns of mesoporous silicas between 4000 and
00 cm−1 are shown in Fig. 3. The main features of the
BA-15 spectra include a large broad band between 3400
nd 3200 cm−1, which is attributed to O–H stretching of
he surface silanol groups and the remaining adsorbed water

olecules. The siloxane (–Si–O–Si–) band appears as a
road strong peak centred at 1100 cm−1. The band due to
i–O bond stretching of the silanol groups was observed
t 900 cm−1. The adsorption band at 1630 cm−1 is due to

eformation vibrations of adsorbed water molecules [26].
he Ti1-SBA-15-SiMe3 and the Ti2-SBA-15-SiMe3 systems
howed characteristic bands for aliphatic C–H stretching vibra-
ions due to OSiMe3 and alkoxo groups. The bands typical of

otherms

Å) Pore volume (cm3/g) Wall thickness (Å)

0.61 45.39
0.48 53.29
0.45 55.37
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Fig. 2. Nitrogen adsorption–desorption isotherms and pore size distri

enthoxo groups appear at 2960 cm−1 (νas(CH3)), 2929 cm−1

νas(CH2)), 2877 cm−1 (νs(CH3)), 2852 cm−1 (νs(CH2)), 1457
nd 1455 cm−1 (δa(CH2), δa(CH3)), and 1388 and 1369 cm−1

s(CH3), the two last bands are characteristics of isopropyl
roups. The decrease of the broad band between 3400 and
200 cm−1 explained as the signals of the OH stretching vibra-
ion of the silanol groups on the surface of the SBA-15, shows
he capping procedure using trimethylsilyl groups to be satisfac-
ory for the use in reaction involving organotitanium reagents.
owever, this peak assignment was later at around 2960, 849 and
55 cm−1. The absorption peak at 950–970 cm−1 is assigned to
i–O–Si bonds.
The 29Si MAS NMR spectra in the solid state for parent
BA-15 and functionalized silica (Ti2-SBA-15-SiMe3 and Ti1-
BA-15-SiMe3) confirm the covalent bond formed between

he silylating agent Me3SiCl and the silanol groups dispersed

(

c
f

of (a) SBA-15, (b) Ti1-SBA-15-SiMe3 and (c) Ti2-SBA-15-SiMe3.

n the SBA-15 surface (see Fig. 4). Unmodified silica (SBA-
5, Fig. 4a) shows two main peaks at −110 and −98 ppm
ssigned to Q4 framework silica sites ((SiO)4Si) and Q3 silanol
ites ((SiO)3SiOH), respectively. A weak resonance is also
resent at about −92 ppm corresponding to the Q2 species
(SiO)2Si(OH)2), Q4 is clearly the dominant peak in both spectra
ecause it is the most abundant site. The spectra of the function-
lized silica show a marked decrease in the intensity of the Q3

ignal, which verified the anchoring of the functional groups
o Si–OH. In addition, the choice of these particular protecting
roups allows an easy determination of the trimethylsilyl groups
y 29Si NMR; the new peak of the silylating agent, an M site

Me3SiO–), is seen at 12 ppm.

Important features related to the immobilization of titanium
omplexes 1 and 2 on the inorganic structure can be obtained
rom 13C MAS NMR spectra in the solid state, as shown in
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BA-15-SiMe3 and (c) Ti2-SBA-15-SiMe3.
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Fig. 3. FT-IR of (a) SBA-15, (b) Ti1-S

ig. 5 for Ti2-SBA-15-SiMe3. In this figure we can observe at δ

0.1 ppm the signal due to the trimethylsilyl carbon atoms of the
ilylating agent (CH3)3SiO and the signals of the 10 carbons of
he menthoxo group (C1–C10). Their respective chemical shifts
re listed in Table 2 , Comparing the spectra of compound 2
nd the spectrum of the grafted specie Ti2-SBA-15-SiMe3 most
f the peaks in the solid phase spectrum have a corresponding
ignal in the liquid phase spectrum of the reference compound.

Diffuse reflectance UV–vis spectroscopy (DRUV–vis) is

useful corroborative tool to suggest the presence of

our-coordinate Ti(IV) sites. The DRUV–vis spectrum of Ti1-
BA-15-SiMe3 as showed in Fig. 6a (taken under ambient air
onditions) exhibits a strong absorption at λmax = 230 nm for

ig. 4. 29Si MAS NMR spectra of (a) SBA-15, (b) Ti1-SBA-15-SiMe3 and (c)
i2-SBA-15-SiMe3.

Fig. 5. (a) 13C NMR spectra of [Ti(OMent)4] and (b) 13C MAS-NMR spectra
of Ti2-SBA-15-SiMe3.
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Table 2
13C NMR chemical shifts in ppm for [Ti(OMent)4] and Ti2-SBA-15-SiMe3

[Ti(OMent)4] Ti2-SBA-15-SiMe3

C1 84.1 73.6
C2 51.0 50.3
C3 22.7 21.4 (C9 + C7 + C3)
C4 34.6 32.6 (C4 + C5)
C5 31.7 32.6 (C4 + C5)
C6 46.5 45.0
C7 22.3 21.4 (C9 + C7 + C3)
C8 25.5 26.2
C
C
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ig. 6. Diffuse reflectance UV–vis spectra of (a) Ti1-SBA-15-SiMe3 and (b)
i2-SBA-15-SiMe3 in ambient conditions.

he oxygen to Ti(IV) charge transfer band (LMCT). Similarly,
he DRUV–vis spectrum of Ti2-SBA-15-SiMe3 as showed in
ig. 6b contains an absorption at λmax = 220 nm. Absorption
axima in the range of 210–240 nm are attributed to a LMCT

or true four-coordinate Ti(IV). A broad shoulder at 270–280 is
bserved, these absorption bands in the region of 250–280 nm
ave been assigned to centres with water coordinated to isolated
i(IV) sites. Bulk anatase displays an absorption maximum at
a. 330 nm. Thus, DRUV–vis spectroscopy indicates that these
aterials (under ambient air atmosphere) possess titanium cen-

res that may be described as four coordinate Ti(OSi)(OR)3

r Ti(OSi)2(OR)2 species, possibly with some degree of water
oordination [24].

In thermogravimetric experiments we found Ti1-SBA-15-
iMe3 to be stable up to at least 185 ◦C (less than 0.3% weight

t
t
i
[

Fig. 7. Thermogravimetric curves and heat flow of (a) SBA-1
9 21.2 21.4 (C9 + C7 + C3)
10 15.8 16.2

oss). The profiles indicate that the unmodified silica (Fig. 7a)
hows a small loss in mass (7.2%) in a first step between room
emperature and 150 ◦C due to the loss of physically adsorbed
ater (endothermic process). A second decrease in mass of 0.1%

between 600 and 800 ◦C) is attributed to the increase in the
umber of siloxane bridges (Si–O–Si) due to isolated silanol
ondensation (exothermic process). The TGA curves (Fig. 7b
nd c) of the modified material Ti1-SBA-15-SiMe3 and Ti2-
BA-15-SiMe3 show that a degradation process occurs in two
teps in the fist step between 185 and 300 ◦C the weight loss is
bout 1.18%—this is due to the break down of titanium com-
lexes anchored on the SBA-15 surface (exothermic process).
etween 300 and 545 ◦C the weight loss is about 2.11% and

t is attributed to the break down of silylating agent Me3SiO-
nchored on the SBA-15 surface, the expected small degree
f silanol condensation is hidden by the loss of organic mat-
er in the second decomposition step. The thermal stability of

hese samples is also in agreement with previous results given
n the literature for other functionalized mesoporous silicas
27].

5, (b) Ti1-SBA-15-SiMe3 and (c) Ti2-SBA-15-SiMe3.
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Table 3
Comparison of the ee, yield and absolute configuration obtained in asymmetric epoxidation of cinnamyl alcohol

Catalyst Catalyst/substrate ratio (mol/mol) Absolute configuration

1/2 1/10

Yield (%) ee (%) Yield (%) ee (%)

Ti1-SBA-15-SiMe3 60 27 45 23 2S,3S
Ti2-SBA-15-SiMe3 12 8 16 3 2S,3S
T i 62 13 2S,3S
T 50 24 2R,3R
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Table 4
Recycle performance of Ti1-SBA-15-SiMe3 catalyst

No. Catalyst/substrate ratio (mol/mol) [1/10]

Yield (%) ee (%)

1 45 23
2 39 18
3

s
(

w
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t
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i(O Pr)2(OMent)(OSilox) 58 15
i(OiPr)2(OMent)2 13 58

.4. Catalytic allylic alcohol epoxidation

In this work we reasoned that masking a part of surface–OH
roups with trimethylsilyl groups would improve the activity
f the catalysts. The modified materials Ti1-SBA-15-SiMe3
nd Ti2-SBA-15-SiMe3 were tested as catalysts for the liquid
hase epoxidation of cinnamyl alcohol with tBuOOH at −20 ◦C.
llylic alcohol conversion in the absence of catalyst or in the
resence of the parent SBA-15 was negligible under similar
xperimental conditions. For comparison complexes 1 and 2
ere also tested as homogeneous pre-catalyst for the same reac-

ion obtaining in both cases the (2R,3R)-epoxide as the preferred
nantiomer. With complex 1, described as a dinuclear complex
n which the two metal atoms are joined through an isopropoxo
ridge adopting an edge-bridged bis(trigonal bipyramidal) coor-
ination environment, a yield of 50% and 24% enantiomeric
xcess was obtained, as can be seen in Table 3. The sterically
emanding complex 2 with the titanium atom tetrahedrally coor-
inated, led to an important decrease in both values.

The titanium silsesquioxane complex 3 catalyses the epox-
dation of alkenes under similar conditions obtaining better
ields but lower enantiomeric excess. An essential feature of
everal of the proposed mechanisms of alkene epoxidation by
itanium silsesquioxane derivatives involves hydrolysis of a tita-
ium siloxy function in a four-coordinate active site, such a
ydrolysis step would lead to rapid degeneration of the complex
since the titanium siloxy units (Ti–O–Si) result here from func-

ionalization of isolated silanol groups, the silsesquioxane being
bifunctional monodentate ligand. This would therefore imply

hat the active catalyst responsible of the epoxidation would be
omogeneous non-siloxy species similar to those generated by
omplex 2. Nevertheless, the experimental results show that the
2S,3S)-epoxide is obtained as the preferred enantiomer the same
s the enantiomer obtained by the heterogeneous systems under
tudy Ti1-SBA-15-SiMe3 and Ti2-SBA-15-SiMe3. It should be
oted that the catalyst Ti2-SBA-15-SiMe3 prepared with com-
lex 2 as a reference showed much less catalytic activity than
atalyst Ti1-SBA-15-SiMe3, probably due to the presence of
ore steric hindrance arisen from larger menthoxo groups with

espect to smaller isopropoxo groups present in Ti1-SBA-15-
iMe3. The reactivity of these catalysts is dependent upon the

ature of the ligands surrounded the titanium atom. The chi-
ality is provided by (−)-menthoxo groups bonded to titanium.
ndeed the menthoxo fragment is chiral and presents an impor-
ant steric hindrance which allows it to interact strongly with

s
m
i
s

22 11

ubstrate molecules at the pore channel of the mesoporous solid
Table 4).

The stabilities of the modified material Ti1-SBA-15-SiMe3
as studied by recycling the recovered solid twice. Before

ach reuse the solid was separated from the reaction solution,
horoughly washed with dichloromethane and the appropriate
mount of isopropanol and dried at room temperature. We have
ound that in successive runs both, the activity and the enan-
iomeric excess of the reaction have decreased. This trend can
e interpreted by considering two points. Firstly, by leaching
rocesses and secondly by loss of the chiral moieties bonded to
itanium.

. Conclusions

Mesoporous materials offer an openly accessible pore struc-
ure in all possible solvents and in a wide temperature and
ressure range. Post-synthetic modification of structurally
ighly order SBA-15 offers an alternative route, here we report
he preparation of chiral titanium centres on a mesoporous pro-
ected silica surface in relatively high loading, this method
liminates the common problems that limit the titanium well
nown coordination sphere because silanol groups reactivity,
lthough side reactions leading to non-chiral species or involving
wo surface silanol groups, limit the selectivity of the graft-
ng reaction of organotitanium complexes. The results obtained
n the catalytic epoxidation of cinnamyl alcohol, show similar
nantioselectiviy for heterogeneous systems and silsesquiox-
ne complex 3, meanwhile the pre-catalyst 1 and 2 under
omogeneous conditions led to the complementary enantiomer,
uggesting that the characteristics of the chiral titanium unit

ay play an important role in the control of enantioselectiv-

ty, i.e., the steric repulsion between the metal-binding site and
ubstrate.
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