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Abstract

Three chiral Mn(salen) complexes were immobilized into different mesoporous material via phenoxy group by a simplified method and they
show high activity and enantioselectivity for asymmetric epoxidation of various substituted unfunctional olefins. The heterogeneous Mn(salen)
catalysts show comparable ee values for asymmetric epoxidation of styrene and 6-cyano-2,2-dimethylchromene and much higher ee values
for epoxidation ofx-methylstyrene (heterogeneous 79.7% ee versus homogeneous 26.4%a@eBamethylstyrene (heterogeneous 94.9%
ee versus homogeneous 25.3% eecierepoxide) than the homogeneous catalysts. These heterogeneous catalysts also remarkably alter the
cis/transratio of epoxides for asymmetric epoxidationaid-3-methylstyrene (heterogeneous 21 versus homogeneous 0.38). The axial tether
group does not make a big effect on ee values and the increase in ee value and clusigansratio are mainly attributed to the axial
immobilization mode and the support effect of heterogeneous catalysts. The catalysts keep constant ee values for the recycle tests of eight
times for asymmetric epoxidation afmethylstyrene. And several possibilities were proposed to elucidate the difference in ee values of
heterogeneous catalysts from homogeneous catalysts.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction were also ion-exchanged into layered double hydroxXiéls
encapsulated into zeolifg0] and immobilized into inorganic
Enantioselective epoxidation of unfunctional olefins is of membrangl1]. However, the heterogeneous Mn(salen) cata-
great importance in synthesis of fine chemicals and pharma-lysts always give lower ee values for asymmetric epoxidation
ceuticals. Chiral MK (salen) complexes are excellent cata- compared with the homogeneous catalysts. It is urgently
lysts for asymmetric catalytic epoxidati¢h]. Compared to needed new and effective heterogeneous Mn(salen) cata-
the homogeneous catalysts, heterogeneous catalytic systemgsts for asymmetric epoxidation of various unfunctional
have the inherent advantages of easy separation, recyclinglefins.
catalysts, purifying products and better handling proper-  This group has briefly reported that one chiral Mn(salen)
ties [2]. Therefore, immobilization of chiral metal (salen) complex axially immobilized into MCM-41 via phenoxy
complexes onto inorganic support has received great atten-group[4c] presents higher ee value than homogeneous cat-
tion in recent year$3]. They have been immobilized into  alyst for asymmetric epoxidation efmethylstyrene. How-
mesoporous molecular sievi@$, mesoporous silicgp], car- ever, the reasons for increase in ee values (due to the bulky
bon material[6], zeolite Y [7] and AI-MCM-41[8]. They axial group and/or the mesoporous effect of the support) were
not clear and the preparation of the heterogeneous catalyst is
* Corresponding author. Tel.: +86 411 4379070; fax: +86 411 84694447 too comphca}ed. In.'[.hIS V\_Iork’ three chiral Mn(salen) com-
E-mail addresscanli@dicp.ac.cn (C. Li). plexes were immobilized into various mesoporous materials
URL: http://www.canli.dicp.ac.cn. by a simplified method. The heterogeneous Mn(salen) cata-
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lysts give much higher ee values for asymmetric epoxidation ysis and element analysis. salen’dC NMR (CDCk,
of a-methylstyrene (heterogeneous 79.7% ee versus homo-400 MHz): §(ppm)=165.9, 158.1, 139.9, 136.4, 126.7,
geneous 26.4% ee) ands-B-methylstyrene (heterogeneous 126.0, 118.0, 72.4, 35.0, 34.0, 33.2, 31.4, 29.5, 24.3;
94.9% ee versus homogeneous 25.3% eeisegpoxide), and IR (KBr, cm™1): v=2952, 1629, 1468, 1434, 1360, 830;
resultcis-epoxide as the main produaig/transis increased [oe]ZDO: +300 (c 0.1, CHCIy); elemental analysis calculated
from homogeneous 0.38 to heterogeneous 21) for epoxida-(%) for CzgHs4N202: C 79.12, H 9.89, N 5.13; found:
tion of cis-B-methylstyrene. The results also show that the C 78.85, H 9.90, N 5.23. salen-43C NMR (CDCk,
axial tether group does not make a big effect on ee val- 400 MHz):5(ppm) =165.3,158.0,140.1,139.8,136.5,128.3,
ues and the increase in ee values can be mainly due to thel28.1, 127.4, 127.1, 126.3, 117.9, 80.2, 35.0, 34.0, 31.4,
immobilization mode and the support effect. The catalysts 29.5; IR (KBr, cntl): v=2959, 1629, 1434, 1354, 1166;
are stable for the recycle tests of eight times. And sev- [a]2D°:+74.5 (c 0.1, CHCIy); elemental analysis calculated
eral possibilities were proposed to elucidate the difference (%) for C44Hs6N202: C 81.99, H 8.70, N 4.35; found: C
in ee values of heterogeneous catalysts from homogeneou$2.78, H 8.70, N 4.78. Salen-t3C NMR (CDCl, 400 M):
catalysts. s(ppm)=166.1, 158.1, 138.1, 134.7, 128.7, 126.8, 117.8,
72.4,38.5,37.2,36.9,33.3,32.9,28.4,27.5,24.4,9.5,9.1; IR
(KBr, cm™1): v=2959, 2858, 1629, 1461, 1381, 1273, 1173,
2. Experimental 877, mp 152-154C, [«]3?=+287.5 (c 0.2, CKCly); ele-
mental analysis calculated (%) for§Hg2N2O2: C 79.73,
2,4-Di-tert-butylphenol, 2,4-diert-pentylphenolp-(—)- H 10.30, N 4.65; found: C 79.42, H 10.30, N 4.74.
tartaric acid, cis- or trans1,2-diaminocyclohexanegis- Mn(salen-a)Cl {a): IR (KBr, cm™1): 1=2952, 2864, 1609,
and transp-methylstyrene, phenyltriethoxylsilane, 6- 1535, 1253, 837; elemental analysis calculated (%) for
cyano-2,2-dimethylchromene, 4-phenylpyridind-oxide C36H52CIMNN2O2: C 68.13, H 8.20, N 4.41; found: C
(PPNO), 6,9-1,2-diphenylethylenediamine and 3-chloro- 70.13, H 8.70, N 4.27. Mn(salen-b)ClK): IR(KBr, cm™1):
peroxybenzoic acidntCPBA) were purchased from Acros v=2956, 1610, 1534, 1252, 837; elemental analysis calcu-
Chemical Company and used as received. Activated silicalated (%) for G4Hs54CIMNN2O,: C 72.08, H 7.37, N 3.82;
(shorted for SiQ, pore size of 9.7nm with sharp pore found:C 73.09,H7.79,N4.10. Mn(salen-c)Ct}: IR (KBr,
distributing), SBA-15 (pore size of 7.6 and 6.2nm) and cm™1): v=2959, 1609, 1535, 1313, 1166, 561; elemental
MCM-41 (pore size 2.7nm) were used as supports. All analysis calculated (%) for ggHgoCIMNN2O»: C 69.51, H
FT-IR spectra were collected on a Fourier transform infrared 8.69, N 4.06; found: C 70.62, H 7.97, N 4.11.
spectrometer (Nicolet Nexus 470) with a resolution of Phenol (25 g, 0.265mol, 1.11 equiv.) as solid was added to
4cm! and 64 scans in the region of 4000-1000¢m distilled water (10 ml) containing NaOH (9.54 g, 0.238 mol)
IR spectra of free complexes and supported complexeswith stirring. After stirring for 30 min at room temperature,
were recorded by making samples into KBr pellets and the mixture was filtrated and washed thoroughly with toluene
self-supporting wafers, respectively. NMR spectra were until no residual phenol can be detected out by eGarac-
accumulated on a Bruker DRX-400 spectrometer and solid teristic reaction, followed by & 30 ml of ethanol. The white
samples were recorded by CP/MAS technology. UV-vis power PhONaZ) was obtained after drying for 8 h at 8Q
spectra were recorded on a JASCO V-550 spectrophotometeunder high vacuum (20.71 g, 75%) and was stored under Ar.
equipped with an integrating sphere. XRD patterns were  Mn(salen)Cl complexiaor 1b,0.256 mmol) and PhONa
recorded on a Rigaku D/Max 3400 powder diffraction (2,35.9mg, 0.309 mmol, 1.2 equiv.) were added to ethanol
system using Cu KR radiation (40 kV and 30 mA) over the (60ml), and the mixture was refluxed for 3h at ‘&0
range 0.5< 20 < 10°. EPR spectra were recorded on a JEOL (Scheme )L After cooling to room temperature, ethanol is
ES-ED3X spectrometer with fixed microwave frequency removed. To this dark solid, 30 ml of GEl, was added,
at 9.239GHz in power 1 mW. Racemic epoxides were and the organic phase was washed with 15 ml of distilled
synthesized and detected by GC-MS (GC6890-MS5973N). water. The water samples were detected by HN&YNO3
The products were analyzed by GC-MS and yield (with solution until no characteristic white floc was observed
n-nonane as internal standard) and ee values were determine¢theeded about three times). Then the 8 solution was
by gas chromatography (6890N, Agilent Co.) using a chiral washed with 10 ml of saturated NaCl solution and dried over
column (HP19091G-B213, 30m0.32mmx 0.25um, anhydrous NgSOy. Removing CHCI, gives brown-dark
Agilent Co.). solid Mn(salen)OPh3a-b). Mn(salen-a)OPh3a): IR(KBr,
cm1): v=2955, 1612, 1535, 1477, 1312, 1253, 1175, 837;
2.1. Synthesis of homogeneous Mn(salen)OPh catalysts elemental analysis calculated (%) fouE57;MnN2O3: C
(3ah) 73.26, H 8.28, N 1.16; found: C 74.09, H 8.37, N 1.04.
Mn(salen-b)OPh3b): IR (KBr, cm1): v = 2956, 1614, 1533,
Homogeneous Mn(salen)Cllg-1c) were synthesized 1252, 1174, 836, 699; elemental analysis calculated (%) for
according to literaturd12] and their structures are well CgsgHsgMNN2O3: C 75.95, H 7.47, N 1.01; found: C 76.81,
confirmed by!3C NMR, 1H NMR, FT-IR, rotational anal-  H 7.79, N 1.30.
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g? The mixture ofL (1.0 mmol) and modified suppet(1.0 g)
H were added to ethanol (60 ml) and this suspension was stirred
@ "d" i \0:%3_ for 5 h under reflux$cheme 1 After the solid was filtrated,
washed thoroughly with ethanol then @El, in order to
/2" eliminate all the Mn(salen) complexes adsorbed on the sup-
3 ports. The CHCI; filtrates were analyzed by UV—vis spectra
nuc‘éi j%} until no peaks can be detected out (using,CH as refer-
Rt Hz ence for UV—vis detection). After drying, the heterogeneous
N\ Mn(salen) catalystS were obtained as brown powder.
o’ ‘ n‘
(8,8)8: R'sBu, ROR'a (C”ﬂ\ 2.3. General procedure for asymmetric epoxidation of
(5,5)-b: R'=Bu, R?=Ph . .
(8,5)-c: R'="Pn, R%R?=-(CH,), unfunctional Olefln$40]

A typical epoxidation process with NaClO as oxidant is
processed in a solution of GEl> (3 ml) containing olefin
(2 mmol),n-nonane (internal standard, 1.0 mmol), PPNO as
axial additive (0.38 mmol, if necessary), homogeneous or
heterogeneous Mn(salen) catalysts (0.015 mmol, 1.5 mol.%,
) based on Mn element) and NaClO aqueous solution (pH 11.5,
2.2. Synthesis of heterogeneous Mn(salen) catalysts 0.55M, 3.64ml, 2 equiv.) at 0 or 2 for 6 h or 24 h. After
(5a—) the completion of the reaction, the organic phase was concen-

- ) trated and purified by flash chromatography for homogeneous

The modified supportst were prepared according t0  catalysts or was filtrated to remove heterogeneous catalysts.
Scheme 2Pure siliceous support (99, SiOSBA or MCM) The yields and ee values of epoxides were determined by
was dehydrated at 128 under 102 Torr for4h. Thenfresh G The racemic epoxides were synthesized by epoxidation
PhSi(OEt} (21 ml) in dry toluene (450 ml) was added to the ¢ corresponding olefins wit-CPBA in CHCE at 0°C and
solid and the mixture was stirred for 1 h at room tempera- ¢onfirmed by GC-MS. The recycling experiments were car-
ture then refluxed for 18 h at 12@ under Ar atmosphere.  jed out according to the epoxidation process but the amount
Then the solid was cooled, filtrated and washed thoroughly \yas magnified five times. The solid catalysts were filtrated
by toluene and ethanol. Drying at 100 under reduced pres-  anq washed thoroughly with distilled water and ethanol fol-

sure overnight gives the desired Ph/5i6) as white power.  |oyed by dichloromethane then was used for the next time.
Ph/SIQ (59g) was added to distilled water (90 ml)

containing concentrated sulfuric acid (1.3g) and catalyst

FeCk-6H,0 (50 mg) and this suspension was stirred &G0 3 Results and discussion

for 30 min[13]. Then HO2 (4 ml) was added to the mixture

and it was stirred for an additional 5h. The solid was fil- 37 synthesis and characterization of Mn(salen)OPh
trated, washed by distilled water to neutral giving PhOH/SIO - 4,d heterogeneous Mn(salen) catalysts

(7) as white solid. Distilled water (200 ml) containing NaOH

(160mg, 4mmol) was added to PhOH/SiG g) and this Mn(salen)OPh complexes were prepared from Mn(salen)
mixture was stirred for 3h at room temperature. The solid ¢ complexes and PhONa in refluxed ethanol. The water
was filtrated and washed with distilled water to neutral pro- samples during the preparation process were detected by
ducing4 as white powder. HNOs—AgNO;z solution. No white floc was observed for
addition of HNG—AgNQO;3 solution to Mn(salen) in CbCl,
or PhONa aqueous solution. The appearance of characteristic
white floc in the water samples proves the presence of isolated
chlorine during the process, meaning that Mn(salen)OPh
(i) (ii) complexes were synthesized via ion-exchange mode. The
synthesized Mn(salen)OPh complexes were analyzed by
OEt OEt OEt ICP-AES. Mn content accords well with the molecular
amount. The ratios of C/H/N based on element analysis
5 7 4 accord very well with the calculated results.
The preparation of the heterogeneous Mn(salen) cata-
Scheme 2. Preparation of_the supports modifie_:d by sodium'phené}ate( lysts was greatly simplified. In our early woilc], the
Mesoporgus‘supports: activated Slllca (pore size 9.7 nm, with sharp pore heterogeneous catalysts were prepared via six steps with
size distribution), SBA-15 (pore size 7.6 and 6.2 nm), MCM-41 (pore size . )
2.7 nm). Reagents and conditions: (i®h, H,SOs, FeCk-6H,0, 50°C, complicated operation. Now, only three steps were needed
5h; (i) NaOH, r.t., 3h. and every step is very simple, economical and green. The

5

Scheme 1. Preparation of homogeneous Mn(salen)OPh comp8axéy (
and heterogeneous Mn(salen) catalyS&¢).

OH Na
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Fig. 2. FT-IR spectra of (a) Ph/Si®.7), (b) PhOH/Si®(9.7) and (c)
Mn(salen)Cl complexes were readily immobilized into Mn(salen-b)/SiQ(9.7).
in ethanol solution under reflux. As comparison, the pure
siliceous support without modification by phenyl groups
was operated according ®cheme 2then used for graft-  ings conjugated with oxygen atoms. The bands at 2980,
ing Mn(salen). The support quickly turns to white when it 2933 and 2904 cm', associated witkert-butyl groups, and
was thoroughly washed with Gi€l,. And no Mn(salen) other bands at 1485, 1396 and 1371 ¢nsuggest that the
complex can be detected out from the support analyzed byMn(salen) complex is grafted onto the support.
ICP-AES based on Mn element. Grafting Mn(salen) @it UV-vis spectra give more obvious evidence for the suc-
also unsuccessful under the same grafting conditions. Theseeessful graftingkig. 3). Mn(salen-b)Cland Mn(salen-b)OPh
results show that Mn(salen) complexes are grafted on thecomplexes show similar bands at 230, 254, 331 and 446 nm
supports via phenoxy group and the Mn(salen) adsorbed onin UV-Vis spectra. The bands of Ph/SBA(7.6) at 213 and

the supports can be completely eliminated by washing with 263nm mean the presence of abundant phenyl groups on
CH,Cl,. the support. Grafting Mn(salen-b) onto SBA(6.2) results

The modified supportss( 7) were characterized b{?C the characteristic bands of Mn(salen) shifted to 255, 327
CP/MAS NMR Fig. 1), and only carbon atoms attached with @nd 430 nm, respectively, indicating the presence of inter-
hydrogen atom can give characteristic NMR signals. The sig-
nals of Ph/SiQ(9.7) (6) at 58.2 and 16.2 ppm are assigned
to —OCH,CHjs group, and 131.6, 127.4 and 124.9 ppm can
be attributed to the three kinds of carbon atoms in phenyl
groups. The carbon atom attached with silicon atom has no
signals. The appearance of two new bands7#at 135.2
and 114.6 ppm, associated with two kinds of carbons atom
between the silicon atom and oxygen atom (c andign 1),
indicates that phenyl groups are hydroxylategata site
based on the silica atom. And the chemical shifts agree very
well with that of the theory calculation.

All the prepared heterogeneous Mn(salen) catalysts were
thoroughly washed with C}Cl, in order to eliminate
Mn(salen) adsorbed on the supports. The IR spectra of the
heterogeneous catalysts are showrrig. 2 The IR band
for Ph/SiQy(9.7) at 1629 cm? can be due to the adsorbed
water species, which overlays the vibration band ©Gn
phenyl groups. The IR spectrum of PhOH/S{@.7) shows
a pair of new bands at 1604 and 1585¢mand another i . . .
new band at 1508 cmt due to thep-w conjugation of 200 300 400 500 600
phenyl ring with substituted oxygen atom. The@ vibra-
tion band at about 1200 cmh was overlayed by Si©support.
Mn(salen-b)/SiQ(9.7) shows two pairs of bands at 1604, Fig. 3. Uv-vis spectra of (a) Mn(salen-b)Cl, (b) Mn(salen-b)OPh, (c)
1586 and 1508, 1449 cm, which are attributed to the phenyl  Ph/SBA(6.2) and (d) Mn(salen-b)/SBA(6.2).

Absorbance

Wavelength (nm)
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Allthe Mn(salen) catalysts used for the asymmetric epoxi-
dation contain the same amount of active centers, 0.015 mmol
Mn(salen), and the mass amount of the heterogeneous cat-
alysts was calculated through 0.015 mmol divided by their
respective grafting amount of Mn(salen) in the catalysts.
n-Nonane was used as internal standard due to its sta-

after reaction
bility, inertia and easy handling (bp 18C). Five typi-
cal olefins, styrene (simple-substituen&;methylstyrene,
cis-B-methylstyrene and 6-cyano-2,2-dimethylchromene (di-
substituent, substituent groups at one side or two sides of

before reaction

double bond and one cyclic olefin), and 1-phenylcyclohexene
(tri-substituent), were chosen as model substrates to inves-
tigate the heterogeneous Mn(salen) catalysts. Asymmetric
epoxidation of styrene was carried out &®and other sub-
strates were reacted at 20. PPNO as axial auxiliary was

— used for asymmetric epoxidation of styrene, 6-cyano-2,2-
2000 2500 3000 3500 4000 4500 dimethlehromene and 1'pheny|CYC|Ohexene.

Magnetic Field (G . I
agnetic Field (@) 3.2. The heterogeneous asymmetric epoxidation

Fig. 4. The EPR spectra of Mn(salen-a)/2{@7) before and after catalytic
reaction. The Mn(salen)OPh and the heterogeneous Mn(salen)
catalysts display excellent activity and enantioselectivity
. . for asymmetric epoxidation of various olefins (shown in
action of Mn(salen) with the support. The EPR Spectrum rppi6 9 \in(salen-a)Cl and Mn(salen-a)OPh catalysts show
of Mn(salen-a)/Si(9.7) Fig. 4) gives characteristic six ompietely same reaction results for asymmetric epoxi-

well-resolved hyperfine I.ines. It was shown that Mn(salen_) dation of styrene and the heterogeneous Mn(salen) cata-
complexe; are located in the heterogeneous catalyst Wlth|yStS give the comparable ee values to the homogeneous
a well-defined molecular geometry. PXRD patterns of the catalysts (entry 1-4). Mn(salen-a)Cl and Mn(salen-a)OPh

heterogeneous Mn(salen) catalyig. 5 show that the 545 vsts convert 6-cyano-2,2-dimethylchromene to its epox-
structure of the mesoporous materials still keeps good peri-;yo \with 80.1 and 84.6% ee values, respectively (entry

odicity after immobilization of Mn(salen) co_mplexes. The 5-6). Grafting Mn(salen-a) onto AS (9.7) gives 68.8%
amount of Mn(salen) grafted onto support is in the range oo |yt grafting onto SBA(7.6) results ee increased to
0f 0.029-0.055 mmol/g analyzed by ICP-AES based on Mn g4 g9y ynder same condition (entry 7-8). Mn(salen-a)Cl

element. and Mn(salen-a)OPh give about 50% ee for asymmet-
ric epoxidation ofa-methylstyrene (entry 7-8). Notably,
immobilizing Mn(salen-a) onto supports results the great

improvement in ee value, from homogeneous 53.3% to
heterogeneous 72.1 and 73.9% for onto SBA(7.6) and
Si0x(9.7) (entry 8-9). As for asymmetric epoxidation of
1-phenylcyclohexene, Mn(salen-a)Cl and Mn(salen-a)OPh
give 82.3 and 78.1% ee, respectively (entry 10-11). How-
ever, the heterogeneous Mn(salen-a) catalysts immobilized
onto SBA(7.6) and Sig]9.7) present 50.6 and 62.4% ee
for this substrate, respectively (entry 12). In addition, the
heterogeneous catalysts show high conversions for asym-
metric epoxidation of 6-cyano-2,2-dimethylchromene and
. 1-phenylcyclohexene.
Except for tri-substituent 1-phenylcyclohexene, the het-
T T T T T T T T T T
1 2 3 4 5

Intensity

b erogeneous Mn(salen) catalysts give the comparable to and

even higher ee values for asymmetric epoxidation than the
homogeneous catalysts, especially for asymmetric epoxi-

é ' 7 dation of a-methylstyrene. In our previous woilc], the
reasons for the increase in ee values were considered as
the bulky axial group and/or the mesoporous effect of the

Fig. 5. PXRD spectra of (a) SBA-15 (7.6nm), (b) Ph/SBA(7.6) and (c) Support (MCM-41). The present results show that changing
Mn(salen-a)/SBA(7.6). axial ligand from CI atom to PhO group does not make a

a

20
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Table 1
Asymmetric epoxidation of various unfunctional olefins catalyzed by homogeneous and heterogeneous Mn(salen) complexes
En Substrate Catalyst T(h) Yie (%) Ee (%) Config.
1 Mn(salen-a)Cl 6 100 37.5 S
2 )/ — Mn(salen-a)OPh 6 100 37.2 S
3 PH Mn(salen-a)/SBA(7.6) 24 298 35.2 S
4 Mn(salen-a)/Sig(9.7) 24 312 39.7 S
5 Mn(salen-a)Cl 6 9D 80.1 6.3
6 0o Mn(salen-a)OPh 6 100 84.6 S8
7 Mn(salen-a)/SBA(7.6) 24 100 84.9 S8
8 NC 7 Mn(salen-a)/Sig(9.7) 24 841 68.8 6.9
9 Mn(salen-a)Cl 6 100 55.2 S
10 Mn(salen-a)OPh 6 100 53.3 S
11 Mn(salen-a)/SBA(7.6) 24 5B 72.1 S
12 PH Mn(salen-a)/Sig(9.7) 24 507 73.9 S
13 Mn(salen-a)Cl 6 95 82.3 R.R
14 Ph Mn(salen-a)OPh 6 95 78.1 KRR
15 Mn(salen-a)/SBA(7.6) 24 ) 50.6 R.R
16 Mn(salen-a)/Sig(9.7) 24 934 62.4 R.R

Reactions were performed in GBI, (3ml) with olefins (1.0 mmol)n-nonane (internal standard, 1.0 mmol), homogeneous or heterogeneous Mn(salen)
catalysts (0.015 mmol, 1.5mol.%), PPNO (0.38 mmol, for entry 1-8 and 13—-16) and NaClO aqueous solution (pH, 11.5, 0.55 M, 3.6Crténaty0l—4)
or 20°C (entry 5-16).

2 89.4% selectivity for epoxide, phenyl aldehyde and acetophenone as by-products.

b 95.0% selectivity for epoxide.

great influence on the ee values, but the succedent immo-Mn(salen-b)OPh still give similar ee values of about 26%
bilization as well as the support effect obviously improves (entry 1-2). Mn(salen-b) catalyst immobilized into supports
the enantioselectivity. That addition of PhONa/gi7) with pore sizes of 2.7, 6.2, 7.6 and 9.7 nm, respectively, gives
to Mn(salen-a)Cl or addition of SiDto Mn(salen)OPh  ee values of 56.3, 71.4, 75.3 and 79.7% (entry 3—6). Simi-
gives the completely same results as homogeneous catalarly, immobilizing Mn(salen-c) onto different supports also
lysts for asymmetric epoxidation af-methylstyrene fur- gives higher ee values than homogeneous catalyst and the ee
ther proves that only immobilization can result higher ee values are increased with the increasing the pore sizes of the
values. supports (entry 7—11). This means that the nanopores of the
a-Methylstyrene was then chosen to further investigate supports indeed affect the asymmetric induction for asym-
the heterogeneous Mn(salen) catalysts. The reaction resultsnetric epoxidation. The conversions for the heterogeneous
are listed inTable 2 Homogeneous Mn(salen-b)Cl and catalysts are somewhat decreased, which may be duo the dif-
ficulty in diffusion of reactants into the nanopores of supports
[4c,5d]
Table 2 It was reported4b] that heterogeneous Mn(salen) cat-
Asymmetric catalytic epoxidation ef-methylstyrene catalyzed by homo-  glysts immobilized via multi-step grafting enhanced the
geneous and heterogeneous Mn(salen) complexes asymmetric induction from homogeneous 51% ee to het-

Run Catalyst T(h) Yield (%) Ee (%} erogeneous 59% ee for asymmetric epoxidation cef

1 Mn(salen-b)Cl 6 100 26.4 methylstyrene. This group have repor{dd] that Mn(salen)

2 Mn(salen-b)OPh 6 100 23.6 axially immobilized into MCM-41 through phenoxy group

3 Mn(salen-b)MCM(2.7) 24 0 56.3 give 72% ee. The axially rigid immobilization mode obvi-

4 Mn(salen-b)/SBA(6.2) 24 66 71.4 Vi th ti lectivity. Notablv. th ¢

5 Mn(salen-b)/SBA(7.6) o4 51 753 ously improves the enantioselectivity. Notably, the presen

6 Mn(salen-b)/Sig(9.7) 24 453 79.7 heterogeneous catalysts prepared by the simplified method
. o i L

; Mn(salen-c)Cl 6 - 52.4 can give up to 79.7% ee value for asymmetric epoxidation of

8  Mn(salencyMCM(2.7) 24 78 53.3 a-methylstyrene. o

9 Mn(salen-c)/SBA(6.2) 24 62 63.3 The asymmetric epoxidation afs-3-methylstyrene was

10 Mn(salen-c)/SBA(7.6) 24 55 69.2 also tested for the heterogeneous cataly&blé 3. Homo-

1 Mn(salen-)/SieX9.7) 24 532 78.2 geneous Mn(salen-a)Cl catalyst producestthas-epoxide

Reactions were performed in GEI; (3ml) with «-methylstyrene as major product gfs/trans 0.38) [14]. But Mn(salen-
(1.0 mmol) h-nonane (internal standard, 1.0 mmol), homogeneous or hetero- ; ; ; ; ;

geneous Mn(salen) catalysts (0.015 mmol, 1.5 mol.%) and NaClO aqueousa)/(?l%(g.'? Catalys.t gIVQS thas-%p?mdeoaggmajgrlproduc{
solution (pH, 11.5, 0.55 M, 3.64 ml) at 2C. and thecis/transratio Is increased from 0.38 to (entryl,

a (9)-form. 2). Heterogeneous Mn(salen-b)/${@.7) also resultcis-
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Table 3
Asymmetric epoxidation ofis-B-methylstyrene catalyzed by homogeneous Mn(salen) and heterogeneous Mn(salen) catalysts
En Catalyst Cis Trans Cis/Trans
Yie (%) Ee (%} Yie (%) Ee (%}
1 Mn(salen-a)Cl 27.5 54.8 = >99 038
2 Mn(salen-a)/Si©(9.7) 15.7 94.9 a4 - 21
3 Mn(salen-a)/Si(9.7f 20.2 90.1 8 >99 42
4 Mn(salen-b)CI 25.3 25.3 53 933 0.46
5 Mn(salen-b)/Si®(9.7) 15.6 94.9 a3 - 21
6 Mn(salen-b)/SBA(7.6) 32.1 935 X2 652 111
7 Mn(salen-b)/SBA(6.2) 29.3 92.7 .66 77.8 6.3
8 Mn(salen-b)/Sig(9.7) 22.3 93.2 2 >99 108

Reactions were performed in GBI, (3 ml) with cis-B-methylstyrene (1.0 mmolyp-nonane (internal standard, 1.0 mmol), homogeneous or heterogeneous
Mn(salen) catalysts (0.015 mmol, 1.5 mol.%) and NaClO aqueous solution (pH, 11.5, 0.55 M, 3.64 miCat 20

a (S,R-form.
b (s,9-form.
¢ Addition of PPNO (0.38 mmol).

epoxide as major productié/trans21, entry 5). Immobi-
lizing Mn(salen-b) onto other supports, such as SBA(7.6)
and (6.2), respectively, gives thus/transof 11.1 and 6.3
(entry 6, 7). Notably, the addition of axial auxiliary PPNO
increases the yield of both tleés-epoxide andrans-epoxide
under the same reaction conditions, but di&transratio

is greatly dropped (entry 2, 3 and 5, 8). For example, the
cis/transratio is decreased from 21 to 4.2 for Mn(salen-
a)/SI;(9.7) after addition of PPNO (entry 2, 3). Hutchings
and co-worker$8c] also reported that the Mn(salen) immo-
bilized in nanopores of AI-MCM-41 favors the formation
of cis-epoxide of (Z)-stilbene. In the homogeneous reaction,
the radical intermediate can be transferredci®epoxide
via direct collapse or ttrans-epoxide via rotation then col-
lapse Gcheme &) [15]. The heterogeneous catalysts axially
immobilized via rigid phenoxy group obviously generate the

ﬂa
Ph f Me

‘"’Q}

(B) sterochemical communication

{f

A) approach pathway

AR Ar, R
N=r \,?/ Ar, R
o
(9} i "?
1l X
; Y R
Y ee; A?/
ac Ar R
s s
Al
) trans

(C) transit state and mechanism

Scheme 3. The proposed influence factors for enantioselectivity for asym-

metric epoxidation catalyzed by Mn(salen) catalysts.

cis-epoxide as major product, which may be due to the rota-
tion of the radical intermediate is restricted or the radical
lifetime [15b] is shortened not enough for rotation before
collapse.

It should be pointed out that the heterogeneous catalysts
not only greatly alter theis/transratio of epoxides but also
remarkably increase the ee values fordlseepoxide. Homo-
geneous Mn(salen-a)Cl catalyst presents 54.8% ee value for
cis-epoxide; while the heterogeneous Mn(salen-a)}$8Q)
catalyst results 94.9% ee value (entry 1,2). Homogeneous
Mn(salen-b)Cl produces 25.3% ee (fois-epoxide, entry
4). Heterogeneous Mn(salen-b) catalyst immobilized onto
Si0x(9.7) gives 94.9% ee value and immobilized onto other
supports also gives higher ee values than the homogeneous
catalyst (entry 5-7). Addition of PPNO to heterogeneous
Mn(salen) catalysts gives slightly lower ee values com-
pared with that without PPNO (fais-epoxide). Che and
co-workers[4a] reported that heterogeneous Cr(salen) cat-
alyst axially immobilized via propyl amino group results
ee values of theis-product increased from homogeneous
54% to heterogeneous 73%. In this work, Mn(salen) axi-
ally immobilized by rigid phenoxy group gives up to 94.9%
ee value. Similar with the epoxidation afmethylstyrene,
the axially rigid immobilization mode and the support
effect also displays favorable effect on the enantioselec-
tivity (cis-epoxide) for asymmetric epoxidation afs-B-
methylstyrene.

3.3. The recycling of the heterogeneous Mn(salen)
catalyst

When a reaction was over, the heterogeneous catalyst
was completely washed by distilled water, ethanol and
dichloromethane. The EPR spectra of the recycled het-
erogeneous catalyst Mn(salen-a)/gi@7) Fig. 4) still
shows six well-resolved hyperfine lines, just like the fresh
heterogeneous catalyst. It means that the molecular geom-
etry of Mn(salen) catalysts keeps well during the epoxi-
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Table 4

The recycles of the Mn(salen-a)/Si(9.7) for asymmetric epoxidation of
a-methylstyrene

the heterogeneous catalysts, one approach pathway of the
substrate to the active center may be restricted or enhanced by
the grafting mode and the support. Thomas and co-workers

Run T(C) Yield (%) Ee (%} reported that[21] heterogeneous catalysts immobilized

1 25 82.1 65.4 on MCM-41significantly enhance ee value for asymmet-
g gg gg-z 23-;‘ ric hydrogenation and pore confinement was claimed to
2 25 75 3 65.8 cpntrol the approach direction of the reactant to the active
5 25 70.5 66.5 site. _ . .

6 25 64.6 69.3 When olefin approaches the active center via one path-
7 20 55.1 74.8 way, the stereochemical communication (chiral recognition)
8 20 443 75.0

between the olefin and the chiral salen ligaBdl{eme B)
will directly determine eg¢ [22], which is the enantiofa-
cial selection in the first €0 band-forming step (shown
in Scheme &). For the heterogeneous catalysts, the stere-
ochemical communication may be enhanced or reduced by
the grafting mode and the surface or nanopores of sup-
ports and the heterogeneous catalysts present the different ee
dation process. The split is approximately decreased fromyalues. Corma et aJ23] showed that heterogeneous asym-
92G for fresh catalyst to 89G for the recycled catalyst, metric hydrogenation on modified Rh/USY catalyst presents
obviously due to the oxidation of grafted Mifsalen).  higher ee value and the increase in ee is attributed to the
Then Mn(salen-a)/Sig{9.7) was recycled for the epoxida-  additional interaction of substrate and pore wall. The inter-
tion of a-methylstyrene Table 4. The former six times  action between chiral ligand and substrate was enforced
were reacted at 2% and the later two times were at for catalysts immobilized in the layered materials, which
20°C. There is no evident decrease in enantioselectivity may enhance the enantioselectivity in asymmetric reactions
even after the catalytic tests for eight times. The con- [3d].
versions show a drop of average 4.7% for every wash-  The third possibility is that the transition state may be
ing and recycle. The TON of the heterogeneous catalyst changed upon the heterogenization. It was reported that the
is estimated to be 371 for the total eight runs, while the early transition state generates lower ee values and stabilizing
TON of homogeneous Mn(salen-a)Cl is about 63, calcu- the oxo MrY (salen) intermediate leads a late transition state
lated by a homogeneous epoxidation with 1 mol% catalyst. and affords higher ee values for asymmetric epoxidation cat-
The stability of the heterogeneous Mn(salen) catalysts werealyzed by homogeneous Mn(salen) catal{a4§. This group
enhanced compared with the free ones. It was reportedhas mentioned in a reviefd] that the energy difference
that homogeneous Mn(salen) complexes are prone to oxida-hetween th&®- andS- product transition states is so small that
tive degradation[16] and dimerization tou-oxo-Mn(IV) it is very sensitive to the interaction of the Mn(salen) cata-
species[17], which result in the deactivation of the cat- |ysts and grafting modes as well as surface/pore environment
alytic species. Immobilization of Mn(salen) onto the supports for heterogeneous catalysts. Therefore, the enantioselectiv-
leads to the isolation of active site and enhancement of thejty obtained from heterogeneous catalysts can be sensitively
stability. changed when the catalyst is assembled in the pores or on the
surfaces. For example, the enhanced chiral recognition for
asymmetric epoxidation catalyzed by immobilized Cr com-
plex involves the improvement of the stability of catalyst
The ee values obtained from the heterogeneous Mn(salen)4a].
catalysts are lower, comparable and even higher than the The fourth proposal is that the heterogeneous Mn(salen)
homogeneous catalysts for he different substrates. The influ-catalysts react via different process. Just as shown in
ence factors in the ee values are very complicated for the Scheme &, Mn(salen) catalysts produads-epoxide via
heterogeneous asymmetric catal\j8id]. Several main and  direct collapse of radical intermediate and fortmans
possible modes were proposed to elucidate the difference inepoxide via rotation then collapse of intermediate. In this
ee values of heterogeneous catalysts from homogeneous catwork, homogeneous Mn(salen-a)Cl catalysts givettars

Reactions were performed in GBIy (15ml) with a-methylstyrene
(5.0 mmol),n-nonane (5.0 mmol), Mn(salen-a)/Si@0.075 mmol, 1.95¢,
1.5mol.%) and NaCIO (pH, 11.5, 0.57 M, 17.5ml) for 24 h.

a (9-form.

3.4. The proposed effect factors on enantioselectivity

alysts Gcheme R

epoxide as the major produati¢/trans0.38), but the het-

There are several pathways for one olefin to approach theerogeneous Mn(salen) catalysts are proneciteepoxide

oxo Mn"(salen) active centerScheme 3). One opinion
involves pathwaya as favored approaciil8]. Another
opinion considers that pathwdis reasonable and pathway

(cis/transup to 21). The reaction process was altered for
the heterogeneous Mn(salen) catalysts. It should be noticed
that, for asymmetric epoxidation of terminal olefins (such as

cis also not excluded due to the assumed folded Mn(salen)styrene ota-methylstyrene), the change in reaction process

structure[19]. The different pathway will produce different
enantioselectivity for asymmetric epoxidatifit8—20] For

indeed affects the ee valug®]. Epoxidation viagranspath-

way in fact generates another enantiomer and the observed
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ee value can be expressed as foll¢2Z]: (e) B. Franca, L. Moroni, R. Maggi, G. Sartori, J. Chem. Soc. Chem.
Commun. (2002) 716;

(f) C. Baleiao, B. Gigante, D. Das, M. Alvaro, H. Garcia, A. Corma,

Chem. Commum. (2003) 1860;

(9) J.-H. Kim, G.-J. Kim, Catal. Lett. 92 (2004) 123,;

. (h) 1. Dominguez, V. Fordgs, M.J. Sabater, J. Catal. 228 (2004)

Therefore, the heterogeneous Mn(salen) catalysts, especially  go:

for axial and rigid immobilization, restrict the rotation of () H. Zhang, S. Xiang, C. Li, Chem. Commun. (2005) 1209.

the radical intermediate, leading to higlus/transratio and [5] (@) B.M. Choudary, M.L. Kantam, B. Bharathi, P. Sreekanth, F.

: . - i . Mol. Catal. A 159 (2000) 417;
enhance ee values for asymmetric epoxidation of terminal ~ F'gueras, J. Mo ;
olefins @ methylstyrene) y P (b) B.M. Choudary, N.S. Chowdari, M.L. Kantam, P.L. Santhi, Catal.

Lett. 76 (2001) 213;

(c) C. Baleido, B. Gigante, M.J. Sabater, H. Garcia, A. Corma,
Appl. Catal. A 228 (2002) 279;

(d) A. Hecked, D. Seebach, Helv. Chim. Acta. 85 (2002) 913;

(e) C. Baleido, B. Gigante, H. Garcia, A. Corma, J. Catal. 215
. (2003) 207;

Three chiral Mn(Salen) complexes were SucceSSfu”y () B.M.L. Dioos, P.A. Jacobs, Tetrahedron Lett. 44 (2003) 8815.
grafted onto various supports via phenoxy group. The [6] (a) AR. Silva, J. Vital, J.L. Figueiredo, C. Freire, B.D. Castro, New
heterogeneous Mn(salen) catalysts show comparable ee J. Chem. 27 (2003) 1511;
for asymmetric epoxidation of styrene and 6-cyano-2,2- Egéoi-) ‘??'eiiiov B. Gigante, H. Garcia, A. Corma, J. Catal. 221
dlmet.hylcmomene and much higher ee amethylstyrene (c) AR. Silva, J.L. Figueiredo, C. Freire, B. Castro, Micropor. Meso-
and cis-B-methylstyrene. The heterogeneous catalysts also por. Mater. 68 (2004) 83;
remarkably alter thesis/transratio of epoxides. The axial (d) C. Balei#o, B. Gigante, H. Garcia, A. Corma, Tetrahedron 60
tether group does not make a big effect on ee values and the  (2004) 10461.
increase in ee value and changeisitransratio are mainly [7] ?i?igante’ A. Corma, H. Garcia, M.J. Sabater, Catal. Lett. 68 (2000)
attributed to the immobilization mode and support effect of gg] (3) G-J. Kim. S-H. Kim, Catal. Lett. 57 (1999) 139:
heterogeneous catalysts. The catalysts can keep constant e (b) P. Piaggio, C. Langham, P. McMorn, D. Bathell, P.C.B. Page,
values for the recycle tests of eight times. And several possi- F.E. Hancock, C. Sly, G.J. Hutchings, J. Chem. Soc., Perkin Trans.
bilities were proposed to elucidate the difference in ee values 2 (2000) 143;
of heterogeneous catalysts from homogeneous catalysts. (c) P. Piaggio, P. McMorn, D. Murphy, D. Bathell, P.C.B. Page, F.E.

Hancock, C. Sly, 0.J. Kerton, G.J. Hutchings, J. Chem. Soc., Perkin

Trans. 2 (2000) 2008.

[9] (&) R.I. Kureshy, N.H. Khan, S.H.R. Abdi, I. Ahmael, S. Singh, R.V.

Jasra, J. Catal. 221 (2004) 234;

(b) S. Bhattacharjee, J.A. Anderson, Chem. Commun. (2004)
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[12] (a) W. Zhang, E.N. Jacobsen, J. Org. Chem. 56 (1991) 2296;
(b) J.F. Larrow, E.N. Jacobsen, J. Org. Chem. 59 (1994) 1939.
[13] (@) D. Bianchi, R. Bortolo, R. Tassinari, M. Ricci, R. Vignola,
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EQ)bS = €8Gac — z(eerans X %trans)

or Egps = (e&is x Y%cis) — (€8rans X Yotrans)

4. Conclusions
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