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Abstract The Jacobsen catalyst derivative, (R,R)-

[Mn(3,5-dtButsalhd)]ClO4–CAT 2, was immobilized

through axial coordination of the metal center onto a

Laponite, MCM-41 and FSM-16 functionalized with 3-

aminopropyltriethoxysilane. The catalytic activity of the

Mn-based materials was screened for the enantioselective

epoxidation of three olefins: styrene, a-methylstyrene and

6-CN-2,20-dimethychromene, using m-CPBA/NMO as

oxidant, and the results were compared with the corre-

sponding homogenous complex (CAT 2) and with the

Jacobsen’s catalyst, (R,R)-[Mn(3,5-dtButsalhd)Cl]–CAT 1.

The results indicate that under comparable condition, the

Laponite-based materials show both, higher epoxide yield

and enantiomeric excess (ee%) compared to MCM-41 and

FSM-16-based materials. The best ee% value was obtained

for the substrate 6-CN-2,20-dimethylchromene (64%)

which is very close to that obtained with CAT 2 (67%) in

homogeneous phase; for the two regular mesoporous

materials (MCM-41 and FSM-16) the catalytic results were

more favorable for the FSM-16 samples.
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Chiral Mn(III) salen complex � Laponite � MCM-41 �
FSM-16 � Covalent anchoring

1 Introduction

Chiral manganese(III) salen complexes are highly effi-

cient homogeneous catalysts in the asymmetric

epoxidation of several un-functionalized alkenes [1–3].

Conversely, chiral epoxides are extremely useful building

blocks in the synthesis of chiral compounds for the

pharmaceutical as well as for agrochemical industries

[1–3]. Therefore, chemical sustainability of this homo-

geneous catalyst has been attracting attention of

researchers [4–6], since it can not be recycled. One of

the solutions that has been extensively researched is the

immobilization of the chiral manganese(III) salen com-

plexes into/onto insoluble supports, which prevents the

formation of inactive dimeric Mn(IV) (the main deacti-

vation process in homogeneous phase) and allows for

their recovery by simple filtration [4–6].

Initially organic polymers were extensively used to

covalently anchor Mn(III) salen catalysts, but limited

success was reported mainly due to the lack of stability of

the supports under the epoxidazing conditions [7–12]. Due

to their higher stability in reaction media, inorganic
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materials started to be used, being the first reports on the

Mn(III) salen encapsulation into zeolites [13–16]. With the

development of ordered mesoporous materials, several

reports were published on the covalent attachment of

Mn(III) salen catalysts mainly on MCM-41 [17–26]. The

covalent attachment through the ligand has generally led to

reduce activity and enantioselectivity compared to the

homogeneous counterparts [17–19], probably due to the

structural/electronic modifications introduced in the salen

ligand to allow for its covalent attachment [27].

Recently, the anchoring of [M (salen)] catalysts

[M = transition cation] into mesoporous materials through

axial coordination to the metal center have been published,

with specific emphasis on the improved enantioselectivity in

comparison to their homogeneous counterparts [20–26, 28–

33]. Despite the efficiency of some of immobilization strat-

egies, they usually involve multi-step procedures which

often require time-consuming synthetic manipulations, thus

limiting their application; therefore, the demand for simpler

and effective procedures to prepare heterogenized Mn(III)

salen catalysts is still a topic of major importance.

Clays have been used in the past to immobilize

Mn(III) salen catalysts by ion exchange of interlayer

cations [34–37], but, recently Laponite, which has regular

crystallites of small size (in the range of the several nm)

with reactive surface Si–OH group located at the edge of

the clay sheets [38], was used to immobilize a non-chiral

Mn(III) salen complex through encapsulation and edge

modification [39].

The preparation of porous solids from layered silicates

by the interlayer cross linking of the silicate layers by the

reaction with alkyl trimethyl ammonium ions, was pro-

posed in the 1990s [40–42]. The layered silicate used was

kanemite and the resulting material, the FSM-16 solid,

presented a regular structure with channel type mesopores

[40–42]. Structurally, FSM-16 material has some similarity

to the well known MCM-41 solid [43, 44] but, apparently,

with higher structural stability [42].

In the sequence of our previous reports on the prep-

aration and characterization of the Jacobsen catalyst

(CAT 1) and its perchlorate derivative (CAT 2) anchored

onto amino-functionalized Laponite, MCM-41 [45] and

FSM-16 materials [46], herein we report their catalytic

activity in the asymmetric epoxidation of three alkenes

(styrene, a-Me-styrene and 6-CN-2,20-dimethylchromene)

by using m-CPBA/NMO as the oxygen source. Due to

the different supports used (MCM-41 and FSM-16 are

regular mesoporous silicas, while Laponite is also a

mesoporous material but with mesoporosity resulting

from interparticle aggregates), in this report we endeavor

to prove the support effect and anchoring strategy on the

asymmetric epoxidation outcome of the immobilized

catalysts.

2 Experimental

2.1 Parent Materials, Solvents and Reagents

Laponite was obtained from Laporte Industries Ltd. and

was used as received. Its structural formula, as indicated by

the supplier, is Na0.7[(Si8Mg5.5Li0.3)O20(OH)4]. The

MCM-41 was synthesized according to procedures

described in the literature [47]; from the results of powder

XRD the peaks corresponding to d100, d110 and d200 were at

values of 3.78, 2.17 and 1.91 nm, respectively, within the

range of published values [47]. The a0 parameter of the

prepared sample, considering a hexagonal symmetry, is

4.37 nm. The parent FSM-16, kindly supplied by Toyota

Central R&D Labs, was used as received, and will be

labeled as F1; considering the hexagonal symmetry, its a0

parameter is 4.41 nm. More details on the structure of the

solids are given in the Supporting Information (SI1):

structures of Laponite, MCM-41 and FSM-16.

Tetraethoxysilane, cetyltrimethylammonium bromide, (R,

R)-(-)-N,N0-Bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohex-

anediaminomanganese(III) chloride (the Jacobsen catalyst,

CAT1), silver perchlorate, 3-aminopropyltriethoxysilane

(APTES), sodium etoxide solution (21%) in ethanol

(NaOEt), styrene, a-methylstyrene (a-Me-styrene), 6-cyano-

2,2-dimethylchromene (6-CN-chromene), chlorobenzene,

benzaldehyde, styrene epoxide, m-chloroperoxybenzoic

acid (m-CPBA) and 4-methylmorpholine N-oxide (NMO)

were purchased from Aldrich. Aqueous ammonia and all the

solvents used were purchased from Merck (pro analysi),

except dichloromethane used in the catalytic experiments

which was from Romil (HPLC grade).

2.2 Preparation of Materials

2.2.1 Modification of Supporting Materials

Anchoring of APTES onto Laponite, MCM-41 or FSM-16:

laponite, MCM-41 and FSM-16 were functionalized with

APTES by following a method described in the literature

[32]; 1.5 g of Laponite (L1), MCM-41 (M1) or FSM-16

(F1), dried overnight at 120 �C under vacuum, were refluxed

for 24 h with 0.9 cm3 (3.8 mmol) of APTES in 100 cm3 in

dry toluene, under nitrogen atmosphere. After cooling the

solid materials were filtered, Soxhlet extracted with toluene

for 24 h and then dried at 120 �C, under vacuum, overnight.

The functionalized materials were designated as L2 (for

Laponite), M2 (for MCM-41) or F2 (for FSM-16).

Activation of APTES functionalized Laponite, MCM-41

and FSM-16: 1.0 g of L2 and M2 was refluxed for 4 h with

1.25 cm3 (3.86 mmol) of a solution 21% in sodium eth-

oxide in ethanol. In the case of F2, 0.75 g of the material

were refluxed for 24 h in 50 cm3 of ethanol with 0.61 cm3
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of a solution 21% in sodium ethoxide (NaEtO). After fil-

tering the solid materials they were Soxhlet extracted with

ethanol for 24 h and then dried at 120 �C, under vacuum,

overnight. It should be noticed that, because the APTES

molecules are hydrolytically unstable, its pKa value cannot

be evaluated directly and is normally approached by the

value of the propylamine which is 10.6 [48, 49]. Consid-

ering the pKa of the ethanol as 15.9 [50] it can be found

that the deprotonation of APTES by ethoxide is highly

favored. The functionalized materials were designated as

L4 (for Laponite), M4 (for MCM-41) or F4 (for FSM-16).

2.2.2 Immobilisation of CAT 2

Preparation of CAT 2: the complex (R,R)-[Mn(3,5-dtBut-

salhd)Cl] (CAT 1, 0.05 g, 80 mmol) was dissolved in

50 cm3 of acetonitrile, and to this solution 0.02 g

(95 mmol) of AgClO4 were added. The solution was stirred

for 4 h at room temperature. After filtration of silver

chloride and solvent removal a reddish brown complex

(R,R)-[Mn(3,5-dtButsalhd)]ClO4 (CAT 2) was obtained.

CAT 2 anchoring onto functionalized materials: a

solution of CAT 2 (80 mg; 114 lmol) in 100 cm3 of

dichloromethane was refluxed for 4 h, and then left stirring

overnight, with 1.0 g of L2, M2, L4 or M4. In the case of

F2 and F4, a solution of complex CAT 2 (50 mg or

72 lmol for F2 and 40 mg or 57 lmol for F4) in 100 cm3

of dichloromethane was refluxed for 12 h with 0.75 g of F2

and 0.50 g of F4. After cooling the solid materials were

filtered, Soxhlet extracted with dichloromethane for 24 h

and then dried at 120 �C, under vacuum, overnight to get

the immobilized catalysts. The materials were designated

as L3, M3, F3 (derived from L2, M2, F2) or L5, M5, F5

(derived from L4, M4, F4), respectively (where L, M and

F, refers to the Laponite, MCM-41, and FSM-16 based

materials, respectively), as shown in Scheme 1.

2.3 Characterization Methods

Nitrogen contents were obtained by elemental analysis at

‘Laboratório de Análises’, IST, Lisboa (Portugal). The bulk

Mn content was determined by atomic absorption spec-

troscopy (AAS) in a Pye Unicam SP9 spectrometer.

Typically one sample of 20 mg of solid, previously dried at

100 �C, was mixed with 2 cm3 of aqua regia and 3 cm3 of

HF for 2 h at 120 �C, in a stainless steel autoclave equip-

ped with a polyethylene-covered beaker (ILC B240). After

reaching room temperature the solution was mixed with

about 2 g of boric acid and finally adjusted to a known

volume with deionized water.

Nitrogen adsorption isotherms at -196 �C were

measured in an automatic apparatus (Asap 2010;

Micromeritics). Before the adsorption experiments the

samples were outgassed under vacuum during 2.5 h at

150 �C. Microporous volumes were estimated from the

t-method [51] and mesoporous volumes from the amounts

adsorbed at high relative pressures (p/p0 * 0.97), and

specific surface areas were obtained by the BET method

[51]. Pore size distributions of the parent materials where

obtained by the Non Linear Density Functional Theory [52,

53], see Supporting Information, SI1.

X-ray photoelectron spectroscopy was performed at

‘‘Centro de Materiais da Universidade do Porto’’ (Portugal),

in a VG Scientific ESCALAB 200A spectrometer using a

non-monochromatised Mg Ka radiation (1,253.6 eV). All

the materials were compressed into pellets prior to the XPS

studies. In order to correct possible deviations caused by

electric charge of the samples, the C 1s line at 285.0 eV was

taken as internal standard. The elemental contents of the

various samples were calculated from the areas of the rel-

evant bands in the high resolution XPS spectra.

2.4 Catalytic Experiments

The catalytic activity of the FSM-16 based materials in the

asymmetric epoxidation of styrene, a-methylstyrene (a-

Me-styrene) and 6-cyano-2,2-dimethylchromene (6-CN-

chromene) was evaluated at 0 �C at atmospheric pressure

in batch regimen, under constant stirring, using a mixture

of m-chloroperoxybenzoic acid (m-CPBA) as oxidant and

N-methylmorpholine (NMO) as co-oxidant. In the experi-

ments 0.2 mmol of alkene, 0.2 mmol of chlorobenzene

(internal standard), 90 mg of catalyst, 0.4 mmol of m-

CPBA and 1.0 mmol of NMO in 5.00 cm3 of dichloro-

methane were used. After 4 h of reaction the product

analysis was made by GC-FID analysis using the internal

standard method. After each cycle of utilization the catalyst

was washed several times under refluxing condition with

dichloromethane to remove occluded reactants and prod-

ucts. After drying the recovered catalyst at 100 �C in an

oven, overnight, it was reused under identical condition.

The analysis of the products obtained after the catalytic

experiments was done by GC-FID (using the internal

standard method) on a Varian CP-3380 gas chromatograph

equipped with a fused silica Varian Chrompack capillary

column CP-Sil 8 CB Low Bleed/MS (30 m 9 0.25 mm id;

0.25 lm film thickness), using helium as carrier gas. The

enantiomeric excesses (%ee) of the epoxides were deter-

mined using the same chromatograph but using a fused

silica Varian Chrompack capillary column CP-Chiralsil-

Dex CB (25 m 9 0.25 mm d.i. 9 0.25 lm film thickness).

Conditions used: 60 �C (3 min), 5 �C min-1, 170 �C

(2 min), 20 �C min-1, 200 �C (10 min); injector tempera-

ture, 200 �C; detector temperature, 300 �C. The reaction
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Scheme 1 Immobilization of CAT 2 onto amine-functionalized Laponite, MCM-41 and FSM-16
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parameters %C (alkene conversion), %Sepoxide (epoxide

selectivity), TON, TOF and ee% were calculated using the

following formula, where A stands for area of chromato-

graphic peak: %C = {[A(alkene)/A(chlorobenzene)]t=0h -

[A(alkene)/A(chlorobenzene)]t=xh} 9 100/[A(alkene)/A(chlo-

robenzene)]t=0h, %Sepoxide = A(epoxide) 9 100/[A(epoxide)

?
P

A(other reaction products)], TON = %C 9 %Sepoxide

9 mmol (alkene)t=0h/mmol Mn, TOF = TON/reaction

time and %ee = [A(major enantiomer) - A(minor enantio-

mer)] 9 100/[A(major enantiomer) ? A(minor enantiomer)].

3 Results and Discussion

The Mn(III) salen complex, CAT 2, was immobilized into

two N-functionalized materials as summarized in

Scheme 1: (1) directly anchored into APTES-functional-

ized Laponite, MCM-41 and FSM-16 (L2, M2 and F2)

leading to materials L3, M3 and F3, respectively; and (2)

anchored, after activation of the APTES-functionalized

materials with NaOEt (L4, M4 and F4) originating mate-

rials denoted as L5, M5 and F5. These Mn(III) salen-based

materials have been prepared and characterised by us

previously [45, 46] and thus only the results from their

characterisation that are relevant to the catalytic experi-

ments will be discussed.

3.1 Modification of Laponite, MCM-41 and FSM-16

Surface

The specific surface areas (ABET), microporous and meso-

porous volumes for the different materials, obtained from

the nitrogen desorption isotherms at -196 �C are given in

Table 1.

The materials, Laponite, MCM-41 and FSM-16, can be

divided into two groups of mesoporous materials possess-

ing different textural properties: the external area material,

Laponite, and the mainly internal area materials, MCM-41

and FSM-16. Their surface area (ABET) and mesopore

volume (Vmeso) increase in the following order: Laponite

(L1) � MCM-41 (M1) \ FSM-16 (F1), Table 1. Laponite

possesses a smaller superficial area and mesopore volume,

from the aggregation of the single crystals, than MCM-41

and FSM-16 which mesopore volume is mainly due to the

internal channels (SI1, Supporting Information).

Evidence for APTES anchoring onto Laponite, MCM-

41 and FSM-16 materials is given by nitrogen elemental

analysis (EA) and nitrogen surface contents (XPS),

Tables 1 and SI2 in Supporting Information: raw XPS data

of the Laponite, MCM-41 and FSM-16 based materials.

The two N contents increase in the order, Laponite

(L2) � MCM-41 (M2) \ FSM-16 (F2), that correlate well

with the materials surface area (ABET) and mesopore

Table 1 Nitrogen and manganese contents determined from elemental analysis and XPS and textural properties of the Laponite, MCM-41 and

FSM-16 base materials

Materials N (mmol g-1) Mn (lmol g-1) Textural propertiesd

EAa XPSb AASc XPSb ABET (m2/g) Vmicro (cm3/g) Vmeso (cm3/g)

L1 – – – – 378 0.03 0.25

L2 1.1 1.56 – – 122 0 0.13

L3 1.3 1.56 7.5 70 48 0 0.06

L4 0.51 0.45 – – n.d. n.d. n.d.

L5 0.51 0.64 16.0 26 73 0.02 0.04

M1 – – – – 1087 0 0.86

M2 1.8 1.20 – – 734 0 0.39

M3 1.7 1.21 8.0 168 340 0 0.21

M4 1.5 1.38 – – 20 – –

M5 1.6 1.35 1.2 21 5 – –

F1 – – – – 1323 0 0.95

F2 1.9 1.57 – – 739 0.41

F3 1.4 1.25 9.6 21 689 0.35

F4 1.8 1.15 208 0.04

F5 1.3 c 16 c 557 0.28

a EA nitrogen elemental analysis; b N or Mn amount per weight of sample calculated from XPS data in Table SI2 (Supporting Information):

mmol N or Mn/weight of sample = at% N or Mn/[at% C 9 Ar(C) ? at% N 9 Ar(N) ? at% O 9 Ar(O) ? at% Mg 9 Ar(Mg) ? at%

Si 9 Ar(Si) ? at% Cl 9 Ar(Cl) ? at% Mn 9 Ar(Mn) ? at% Na 9 Ar(Na)]; c AAS atomic absorption spectroscopy; d From the nitrogen

adsorption isotherms at -196 �C
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volume (Vmeso). Moreover, for L2 the nitrogen content

obtained by AE is lower than that by XPS, whereas for M2

and F2 the opposite is observed (Tables 1; SI2). These

results show that APTES is mainly located externally in

Laponite, at the edges of the Laponite single crystals,

whereas in MCM-41 and FSM-16 is mainly grafted in the

material pore walls.

Table 2 Asymmetric epoxidation of alkenes at 0 �C using CAT 2 free or immobilised onto Laponite, MCM-41 and FSM-16a

Entry Catalyst Substrate t (h) C%b ee%c Sepoxide%
d TONe TOF (h-1)f

1 CAT1 Styrene 1 73 44 91 151 151

2 CAT2 1 59 38 87 135 135

3 L3(1st) 4 32 26 86 135 34

4 L3 (2nd) 4 12 34 83 26 7

5 L3 (3rd) 4 4 15 49 5 1

6 M3 (1st) 4 12 9 39 12 3

7 M3 (2nd) 1 8 6 38 8 2

8 F3 (1st) 4 20 31 92 43 11

9 F3 (2nd) 4 8 5 77 12 3

10 L5(1st) 4 18 30 93 43 11

11 L5 (2nd) 4 7 4 27 2 0.5

12 F5 (1st) 4 40 38 90 50 12

13 F5 (2nd) 4 6 1 49 4 1

14 CAT1 a-Me-Styrene 1 97 48 91 185 185

15 CAT2 1 56 34 78 110 110

16 L3 (1st) 4 59 44 84 129 32

17 L3 (2nd) 4 19 28 72 37 9

18 L3 (3rd) 4 7 5 71 14 4

19 M3 (1st) 4 21 7 81 40 10

20 M3 (2nd) 4 12 6 65 19 5

21 F3 (1st) 4 24 33 92 49 12

22 F3 (2nd) 4 24 4 92 48 12

23 L5(1st) 4 44 31 87 50 12

24 L5 (2nd) 4 8 6 84 8 2

25 F5 (1st) 4 34 36 93 44 11

26 F5 (2nd) 4 10 6 100 14 3

27 CAT1 6-CN-Chromene 2 36 72 98 72 36

28 CAT2 2 33 67 94 71 35

29 L3 (1st) 4 22 64 96 53 13

30 L3 (2nd) 4 10 49 90 22 6

31 L3 (3rd) 4 7 23 48 8 2

32 M3 (1st) 4 14 26 100 34 8

33 M3 (2nd) 4 8 7 100 19 5

34 F3 (1st) 4 9 55 100 18 4

35 F3 (2nd) 4 14 11 80 23 6

36 F5 (1st) 4 15 62 84 17 4

37 F5 (2nd) 4 14 1 100 18 5

a Reactions were carried out with 90 mg of heterogeneous catalyst, in dichloromethane at 0 �C; alkene: m-CPBA:NMO = 1:2:5; reaction

time = 4 h
b Relative to alkene
c Determined by chiral GC-FID
d Determined by GC-FID, against internal standard (chlorobenzene)
e Total TON based on the alkene conversion
f TOF = TON/reaction time
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Activation of APTES-functionalized materials by

NaOEt increase the material sodium surface content, but a

decrease of surface nitrogen content was also observed (L4,

M4 and F4 in Table SI2), probably due to leaching of some

grafted APTES molecules during the activation procedure.

This treatment also creates, for M4 and F4, a new porosity

in a region for values higher than 4 nm, [45, 46] inexis-

tence for parent MCM-41 and FSM-16. Furthermore, for

M4, there is also a significant decrease in the ABET values,

a consequence of the mesoporous structure collapse, con-

firmed by XRD data, as described elsewhere [45, 46].

3.2 Mn(III) Salen Anchoring

The Mn loading in the APTES-functionalized materials

increases in the order L3 \ M3 \ F3, which correlate well

with ABET, Vmeso and N content of the corresponding

materials (Table 1), whereas for the activated APTES-

functionalized materials the Mn loading is M5 �
L5 = F5. While for L5 and F5 the Mn loading is double of

that of L3 and F3, a big decrease in Mn content is observed

for M5 compared to M3. This may be attributed to some

collapse of the MCM-41 porous structure upon NaOEt

activation (Table 1), decreasing its capacity to anchor the

Mn(III) salen complex (CAT 2).

In the APTES functionalized materials, CAT 2 is

immobilized through metal center coordination onto the

surface amine groups as described elsewhere [4–12, 45,

46]; for L5, M5 and F5 materials the observed decrease in

surface Na surface contents (Table SI2) upon complex

immobilization, indirectly prove that CAT 2 is immobi-

lized through metal center coordination onto the new

anionic nitrogen species, by exchanging the sodium cation.

Upon complex anchoring the textural properties of the

materials change significantly, Table 1: for F3/M3 and F5

there are decreases (in relation to their parent materials) in

ABET and Vmeso that suggest that CAT 2 is anchored inside the

pores, but for L3 and L5 samples, the surface area decrease

(in relation to L2), is due to the fact that the complex can

promote a different arrangement of the crystallites.

3.3 Catalysis Experiments

3.3.1 First Catalytic Cycle

With the exception of M5, which possesses a very low Mn

loading, the other materials with immobilized CAT 2 (L3,

M3, F3, L5 and F5) were tested as heterogeneous catalysts

in the asymmetric epoxidation of three alkenes (styrene,

a-methyl-styrene and 6-cyano-2,2-dimethylchromene) at

0 �C, using m-chloroperoxybenzoic acid (m-CPBA) as

oxygen source and 4-methylmorpholine N-oxide (NMO) as

co-oxidant. The results are compiled in Table 2 and

Fig. SI3, Supporting Information, together with the results

obtained in homogeneous phase with CAT 2 and CAT 1,

under the same experimental conditions.

It is noteworthy that substitution of the chloride anion in

the Jacobsen catalyst (CAT1) by the non-coordinating per-

chlorate anion (CAT2) results in a moderate general decrease

in the catalytic reaction parameters, for example: styrene,

entry 1 versus 2: C% from 73 to 59 and ee% from 44 to 38;

a-Me styrene, entry 14 versus 15: C% from 97 to 56 and ee%

from 48 to 34; whereas a very little decrease for the 6-CN-

chromene (entry 27 vs. 28: C% from 36 to 33; ee% from 72 to

67) was observed. These results show that the axial coordi-

nation position of the Jacobsen catalyst is extremely

important in the asymmetric epoxidation outcome.

All the heterogeneous catalysts tested, L3, M3, F3, L5

and F5, were active, enantioselective and generally highly

chemoselective in the asymmetric epoxidation of the three

alkenes, whereas their corresponding precursors materials

showed negligible activity under the same experimental

conditions. For all the catalysts studied the order of

epoxide ee% and alkene epoxide selectivity (Sepoxide%) are

generally (Table 2; Fig. SI3): 6-CN-chromene (64–26 and

100–84%) [ a-Me-styrene (44–7 and 93–81%) [ styrene

(38–9 and 93–39%). The alkene conversion% is generally:

a-Me-styrene (59–21%) [ styrene (40–12%) [ 6-CN-

chromene (22–9%). The order for the TON and TOF are:

styrene (135–12 and 34–3 h-1) C a-Me-styrene (129–40

and 32–10 h-1) [ 6-CN-chromene (53–17 and 13–4 h-1).

With exception of M3 catalyst, the enantioselectivity

and epoxide selectivitiy of the heterogeneous catalysts are

comparable or higher than those obtained with CAT 2 in

homogeneous phase. In fact, an increase in activity and

enantioselectivity was observed for the epoxidation of a-

Me-styrene with L3 catalyst (entry 15 vs. 16: C% from 56

to 59; ee% from 36 to 44 and TON from 110 to 129). F5

catalyst also presents in the epoxidation of a-Me styrene

higher ee% than CAT2 (entry 15 vs. 25: ee% from 34 to

36) and in the epoxidation of styrene similar ee% (entry 2

vs. 12: ee% = 38).

There are some reports on the enhancement of the

enantioselectivity of the Jacobsen catalyst upon metal

center axial anchoring to the mesopore surface of func-

tionalised MCM-41. Li et al. immobilised the Jacobsen

catalyst onto MCM-41 via axial metal center coordination

of oxygen either from a phenoxy group [20] or from phenyl

sulfonic group [21] grafted on the surface of MCM-41

which lead to markedly higher ee% (72–78) for epoxidation

of a-Me-styrene using NaOCl as oxygen at 0 �C in CH2Cl2
after 24 h of reaction, as compared to its homogeneous

analog (ee%: 55–56%), which was mainly attributed to the

unique spatial environment constituted by the axial bulky

group and the mesopores of the MCM-41 support [20–23].

Enhancement of the enantioselectivity was also reported by
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Kim and Shin [19] and Zhou et al. [30], respectively. Kim

and Shin [19] reported that, for the asymmetric epoxidation

of a-Me-styrene, the ee% increased from 51 to 59% after

immobilisation of Mn(III) salen on the siliceous MCM-41

by a multi-step grafting through the ligand. For the enan-

tioselective epoxidation of b-methylstyrene, the ee%

increased from 54 to 73% after immobilization of Cr(III)

salen through coordination of the metal center to NH2

surface grafted groups [30]. These results clearly indicate

that in addition to the support material, the nature of

anchoring group (axial ligand), and also how it is anchored

with the metal, plays a significant role in the activity and

enantioselectivity of the immobilized catalyst.

Nevertheless, the heterogeneous reactions were slower

than in homogeneous phase, which is obviously due to the

slow diffusion of the reactant and the oxidant to the active

sites in the multiphase reaction system, and therefore CAT

2 immobilized onto all the functionalized materials pre-

sents generally lower catalytic activity than the free CAT 2,

with the exception discussed above.

The most efficient and active heterogeneous catalyst for

all the alkenes tested was L3 yielding the highest TON and

TOF of all the heterogeneous catalysts tested (Table 2). This

can be explained by two issues: (1) low Mn content, proving

that the heterogeneous epoxidation of alkenes by Mn(III)

salen complexes works efficiently with very low Mn molar

percentages in the reaction mixture (Table 1) and that

higher Mn loading in a catalyst does not necessarily lead to a

better catalyst performance, (2) lower diffusion limitations

since in Laponite the anchoring of CAT 2 occurs on the

external surface, making it easier for the reactant to interact

with the catalyst active site. These may explain why L3

catalyst acted as one of the most enantioselective hetero-

geneous catalysts in the asymmetric epoxidation of a-Me

styrene and 6-CN-chromene, presenting lower steric hin-

drances during the course of the epoxidation with the biggest

alkenes, in comparison with the MCM-41 and FSM-16

materials. In these latter materials, the reactive –OH groups,

and therefore APTES, are mainly confined to the internal

surface of the hexagonal channels. Consequently CAT 2 is

mainly immobilized onto the inside pore channel and hence

are relatively unapproachable for the substrates. Neverthe-

less, F5 and F3 acted as better catalysts in the asymmetric

epoxidation of styrene than L3, which may be attributed to a

favorable geometry of the pores.

Furthermore, F5 material gives higher enantioselectivity

and alkene conversion for all the alkenes than F3, indicating

improved performance of the CAT 2 when anchored onto the

activated APTES-functionalized FSM-16. For Laponite

only in the asymmetric epoxidation of styrene an improved

ee% is observed for L5 compared to L3. It is also known that

the addition of strong Lewis bases to Mn(III) salen com-

plexes results in improved enantioselectivity in their

asymmetric epoxidation of alkenes [1–3, 20–26]. Therefore,

the increase in enantioselectivity upon NaOEt treatment may

be attributed to the increase of basicity of the surface nitro-

gen groups which coordinate to the Mn center of CAT 2.

It is worth mentioning that the catalysts prepared with

FSM-16 material (F3 and F5) were generally more active,

chemoselective and enantioselective than the catalyst pre-

pared with MCM-41 material (M3), showing the

superiority of the FSM-16 as a mesoporous support for

Mn(III) salen catalysts than the often used MCM-41.

3.3.2 Recycling Experiments

The reutilization of all the heterogeneous catalysts in a

further catalytic cycle leads a gradual decrease of epoxide

enantioselectivity and selectivity and, generally, of alkene

conversion (Table 1), suggesting deactivation or leaching

of catalyst by oxidative degradation of the anchored com-

plex under the experimental conditions used.

Analyzing the properties of Laponite-based material L3

after catalysis, Table 3, we can infer that the leaching of

the metal complex from the support under catalytic con-

ditions may not be considered the sole reason for the

reduction of catalytic activity. For instance, the Mn con-

tents of the Laponite based materials after epoxidation of

styrene and 6-CN-Chromene decrease 32 and 35%,

respectively, whereas the C and ee% values, for styrene,

drop off 88 and 45% and for 6-CN-Chromene, reduce 70

and 65%, respectively. Secondly, the ABET values for these

materials after catalysis show that there is almost no further

space available for the N2 adsorption. These can be due to

side products, as well as residues from the oxygen sources,

that adsorb strongly and irreversibly at the surface of the

materials under the conditions used, even after purification

of the reused catalysts. This occurrence leads to blocking

of the catalyst’s pore mouth, inducing their deactivation,

and occurs concomitantly to Mn(III) complex leaching.

4 Conclusions

In this work we used two types of APTES modified sup-

ports for the immobilization of a chiral Mn(III) salen

Table 3 Bulk Mn content and N2 adsorption values for the Laponite-

based material L3 after catalysis (2 cycles)

Substrate Mn (lmolg-1)a ABET (m2/g)b

Before 7.5 48

Styrene 5.0 11

a-Me-Styrene 8.7 19

6-CN-Chromene 4.8 3

a AAS; b N2 adsorption at -196 �C
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complex, CAT 2: laponite, which has a relatively high

surface area (378 m2 g-1), but where the surface area is

essential external and it originates from the inter-particle

aggregation of this finely divided material, and two regular

mesoporous materials (MCM-41 and FSM-16), in which

the surface area come from the internal porosity, that is,

from the well defined pores.

The comparison between the efficiency of all hetero-

geneous catalysts for the enantioselective epoxidation of

several alkenes showed essential two main conclusions.

Firstly, finely divided materials with high surface areas and

appropriate surface groups, are also an option that deserve

wider studies considering its application as supports of

enantioselective catalysts (cf. sample L3 in Scheme 1).

Secondly, in the case of mesoporous supports in which the

surface area comes from the internal porosity the chemical

stability of the support is mandatory both, in the reaction

conditions as well as in the intermediate steps of surface

modification of the support. In the methodologies used in

this work, FSM-16 based materials showed better results

than the MCM-41 type materials, confirming what has been

published in literature relating the higher stability of FSM-

16 compared with MCM-41.
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