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The formation of mesoporous pores in the microporous mordenite crystals was performed by controlled silica extraction on
alkaline treatment. Inner tunable mesopore size could be controlled by changing the concentration of akaline solution. The
pore structure of mordenite zeolite was studied by instrumental analysis after akaline-treatment. To obtain the cage type meso-
pores, Ti-coating on the oursde mordenite crystals before akaline treatment was investigated to be the most effective.
Polymeric chird saen Co (I11) complexes were successfully encapsulated in mesoporous mordenite zeolite by “ship-in-a-bot-
tle’ method. The heterogeneous catalyst could be applied in asymmetric ring opening of epichlorohydrine by water. It showed
very excellent enantiosdlectivity with a high yield in the cataysis.
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1. Introduction

Terminal epoxides are the most important subclass for the organic
synthesig1]. Consequently, the preparation of opticaly pure terminal
epoxides has long stood as a most significant target for asymmetric
chiral building-block synthesig[2]. Asymmetric ring opening reaction
provides very efficient, scalable and practicad manner to prepare stereo-
chemically enriched terminal epoxides[3,4]. It has been found that sev-
eral systems based on the polymeric chird sden Co (lIl) complexes
are very efficient for the highly enantioselective phenolic ring opening
reaction of terminal epoxides (PKR)[5]. These active and selective
sden- based homogeneous catalysts are appearing as candidates for
heterogenization onto the polymer or inorganic supports. The heteroge-
neous catalysts can offer the practica advantages in the facile separa-
tion of products, as well as simple recovery and reuse of catalysts6,7].
Various strategies have been explored to enhance the catalytic effi-
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ciency of heterogenized salen complexes. Some approaches were dem-
onstrated successfully to date in the asymmetric cataysis by using di-
meric[8], dendrimeric[9], polymeric[10,11] and supported[12,13] type
catalysts. The “ship in a bottle’ synthesis has become an efficient
method for immobilizing homogeneous catalysts within the solid ma-
trix, particularly in microporous materials like zeolites. Over the last
two decades, sden complexes have been successfully synthesized in-
side the supercages of X, Y, EMT zeoliteg14,15]. However, the pore
size and cage shape of microporous zeolites are gtrictly limited by their
crystaline topology (usualy < 1.5 nm) for other zeolites such as
mordenite. It is impossible to encapsulate the polymeric chird sden Co
(111) complexes with relatively larger molecular size within the micro-
porous zeolites by the “ship-in-a-bottle” method. Compared with mi-
croporous zeolites, mesoporous ones have larger pore size and cage,
which provides possibilities for trapping larger molecules and more
comfortable microenvironment for guest molecule[14]. The develop-
ment of simple method in the synthesis of zeolites with a regular shape
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Scheme 1. Schematic illustration for the synthesis of the polymeric chird Cobdt (111) complexes encapsulated in mesoporous mordenite zeolites.

mesopore or cage like pore channel remains as a challenging objective.
Preparation of mesoporous zeolite by dealumination and desilication
method has been examined by acid or akaline post-treatment[14,16].

In this work, a method to fabricate a novel mesoporous mordenite
zeolite with tunable pore size and well defined cage shape was
presented. A route to immobilized the polymeric chira salen Co (II1)
complexes on mesoporous mordenite by the “ship-in-a-bottle’ method
will be demonstrated. Our main methodology for synthesis of meso-
porous mordenite was desilication of Ti-coated outside mordenite zeo-
lite (Ti-Mordenite) by the akaline solution treatment. To the best of
our knowledge, this method is most simple and efficient as compared
to other procedures. A tunable pore size and well defined cage shape
was attained by the methods. Polymeric chira sden Co (I11) complexes
were successfully encapsulated in mesoporous mordenite zeolite by
“ship-in-arbottle” method. Heterogeneous catayst was performed in
asymmetric ring opening of terminal epoxides. Extremely high activity
of heterogenized catalyst relative to homogeneous one was observed
during the repeated use in the reaction.

2. Experimental

2.1. Sythesis of Mesoporous Mordenite Zeolite by Alkali Treatment

Titanium (V) isopropoxide (0.72 g) was dissolved in isopropanol
(30 mL) and the solution was stirred vigorously for 10 min a room
temperature. H-type mordenite (2.0 g; Japan Referenc Catalyst, S/Al
= 8) was added to that solution. After 30 min stirring, methyl alcohol
(10 mL) and deionized water (5 mL) were added, and it was stirred
for additional 30 min. The solvents were evaporated under the reduced
pressure and the residue was dried at 100 C in the oven for 12 h. The
powder sample was cacined at 550 C for 5 h in air. This sample will
be denoted as Ti-Mor. H-Mordenite or Ti-Mor was trested with NaOH
solution in different concentrations (0.3 N, 0.6 N and 0.9 N) a 60 C
for 1 h. The solid was recovered by filtration and washed with a hot
deionized water. It was dried a 100 C in the oven for overnight.
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2.2. Chiral Polymeric Salen Cobalt Complexes Encapsulated in
Mesoporous Mordenite

Ti-Mor was used as a support for encapulating the polymeric chira
sden Co (Il) complexes. The procedure to encapulate the chira poly-
meric complexes in the mesoporous mordenite is shown in Scheme 1.
First, (1R, 2R)-1,2-cyclohexanediamine (CHD) in tetrahydrofuran (THF)
was introduced into the dry mesoporous mordenite zeolite. The dimeric
diaddehyde was synthesized following the procedure reported by Jacobs
et al.[17]. It was impregnated into the mordenite sample containing
CHD in the pores, and the powder mixture was refluxed in ethanol
solution. This treatment was sequentialy repested for 3 times to encap-
sulat the sden ligand as much as possible. The Co (I1) ion was in-
troduced into polymeric ligand/mesoporous mordenite by refluxing
Co(OAC)2 4H0 in the mixed solution of methanol and toluene, and
then powder was washed with solvents. The dried samples was treated
with ferrocenium hexafluorophosphate or ferrocenium tetrafluoroborate
in acetonitrile under air, respectively. The mixture was washed by ace-
tonitrile and THF. These cataysts are denoted as Co (I11)-PFsé/Meso-
Mor and Co (lI1)-BF4/Meso-Mor.

2.3. Characterization

The phase structure of as-synthesized mesoporous mordenite was de-
termined by X-ray powder diffraction analysis (Phillips PW22XX and
Rigaku diffractometer with CuK ¢ radiation). The morphology and mi-
crostructures of the as-prepared samples were characterized by field
emission transmission eectron microscopy (FE-TEM, S-4200), and
field emmission scanning elctron microscopy (FE-SEM, JEM-2100F).
The nitrogen adsorption and desorption andysis was performed at -196 C
by using a surface area and porosity anayzer epuipment (Micromer-
itics, ASAP 2010). The samples were outgassed at 10° torr at 200 C
prior to measurement. The specific surface areas were caculated ac-
cording to BET theory. The pore size was determined by BJH anadysis.
FT-IR spetra were recorded on a BRUKER IFS 48 spectrometer.
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Figure 1. X-ray diffraction pattern of the parent H-mordenite (A),
Ti-Mor (B), 0.9 N NaOH treated H-mor (C), and 0.9 N NaOH treated
Ti-Mor (D).

2.4. General Procedure for Catalytic Experimental

In a representative reaction of epichlorohydrin (ECH) and water, the
catalyst (0.4 mol% salen-loading/support), THF and (+)-ECH (0.93 g,
10 mmol) were charged in a 25 mL flask and the reaction mixture was
stirred in open amosphere at ambient temperature. After addition of
water (0.99 g, 5.5 mmoal), the resultant mixture was stirred for 24 h.
During the reaction, the ee% of product ECH was monitored by Gas,
Chromatography using a chird column (CHIRALDEX G-TA, 40 m
0.25 mm).

3. Results and Discussion

X-ray diffraction andysis was carried out to investigate the struc-
tural changes in mordenite zeolite upon akaine trestment. Alkaline-
treated mordenite without Ti-coating (H-Mor) exhibits big changes in
the diffraction patterns as compared to the parent mordenite as shown
in Figure 1. Some peaks disapeared or the intensity of peaks became
deceased for H-Mor, which implies some destructions in the crystal
lattice. The intensities of peaks are decreased generally with increasing
the akaline concentration in treatment. Whereas, dkiline-treated Ti-
coated mordenite (Ti-Mor) showed very similar X-ray pattern to that
of untreated zeolite (Figure 1). The Ti-Mor has resulted in no severe
collapse of crystd structure during the dissolution of slica inside the
crystal by adkdine solution. Because titania is insoluble to dkaline sol-
ution, that layer coated on the surfaces of mordenite crystal can protect
the fast dissolution from the outside and may improve the tuning op-
portunities of selective mesopore formation. The akaline-trested mor-
denite samples exhibited the broad pesk at small angles less than 2 de-
gree, indicating the fromation of mesopores in the crystals.

The SEM images for representatives of NaOH-treated mordenite and
the parent zeolites are shown in Figure 2. The morphologica changes
of zeolite during the HF treatment appeared quite crucia. Even after
treatment of H-Mordenite with 0.9 N-NaOH, their crystal morphology

Figure 2. FE-SEM images of the parent H-Mordenite (A), 0.3 N
NaOH treated Ti-Mordenite (B), 0.6 N NaOH treated Ti-Mordenite
(©), 0.9 N NaOH trested Ti-Mordenite (D), 0.3 N NaOH treated
Mordenite (E), 0.6 N NaOH treated Mordenite (F), 0.9 N NaOH
treated Mordenite (G).

was still maintained, but a deep corrosion of surfaces was observed.
However, the morphology of Ti-coated mordenite was almost similar
before and after akaline treatment.

To investigate the pore structure of mordenite after alkali-treatment,
nitrogen adsorption/desorption experiment was performed (Figure 3).
The parent mordenite showed the type | isotherm (Figure 3A), indicat-
ing they have only the micropores. Micro/Meso-scopic bimodal pore
systerm was observed in the samples trested by NaOH solution. For
the Ti-Mor sample treated by 0.6 N and 0.9 NaOH solution, the shape
of hystesis loops teen to be of type IV, which were generdly obtained
with adsorbents having dit-shaped or cage-like pores. Pore structura
parameters of NaOH-treaed Mordenite and the parent ones are shown
in Table 1. The adsorption capacity (pore volume) was increased with
the increasing akiline concentration which was adopted to make a
mesopores inside the mordenite. The large surface area, pore volume
and a very big mesopore size were formed in the desilication process
of Ti-Mor by the treatment of 0.6 N or 0.9 N-NaOH solution. The
range of pore size distribution inside the Ti-Mor has changed from
about 9 to 11 nm.

The images of mordenite samples analyzed by FE-TEM are shown
in Figure 4. The parent mordenite showed no mesopores within the mi-
croporous crystal (Figure 4A). Many mesopores insde the Ti-Mor crys-
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Table 1. Pore Structurd Parameters and S/Al, S/Ti Molar Ratio, Recovery Yield of Alkdine-treated and Parent Mordenite

Zeolite NaOH concent. Specific surface Pore volume Average Recovery Si/Al SiI/Ti
sample (Normal) area (m°lg) (cmg) pore size (A) yidd (%) (molar ratio) (molar ratio)
H-mordenite - 850.0 0.340 6.0 100 77 0.0
H-mordenite 0.3 626.8 0.320 325 838 6.9 0.0
H-mordenite 0.6 589.5 0.34 39.6 72 58 0.0
H-mordenite 0.9 526.9 0.364 456 62 51 0.0
Ti-mordenite - 824.6 0.325 5.8 100 7.7 10.2
Ti-mordenite 0.3 660.1 0.640 69.3 92 74 74
Ti-mordenite 0.6 614.2 0.649 94.9 89 71 70
Ti-mordenite 0.9 436.0 0.652 109.4 85 6.8 6.6
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Figure 3. Nitrogen adsorption/desorption isotherm of the parent H-Mordenite (A); 0.3 N NaOH treated Mordenite (B); 0.6 N NaOH treated
Mordenite (C); 0.9 N NaOH treated Mordenite (D); Ti-Mordenite (E); 0.3 N NaOH treated Ti-Mordenite (F); 0.6 N NaOH trested Ti-Mordenite
(G); and 0.9 N NaOH treated Ti-Mordenite (H).

tals were formed by the treatment of NaOH solution from 0.3 N to 0.9
N, showing clearly that the volume of mesoporous channels was in-
creased wth the increasing the concentration of NaOH solution under
the same treatment conditions. Ti-coating on the outer surfaces of zeo-
lite was found to be the most effective and necessary for the formation
of cage-like big mesopores within the mordenite crystal through the a-
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kaline solution trestment. The coating layer of Ti on mordenite may
protect the desolution of outer surfaces, and the partial leaching in the
crystal lattice happened mainly at the inside of mordenite.

The homogeneous polymeric chiral (salen) cobat complexes and the
heterogeneous ones encapsulated in the mesoporous mordenite were
characterized by FT-IR andysis (Figure 5). It is clear that the bulk pol-
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Figure 4. FE-TEM images of the parent H-Mordenite (A); 0.3 N NaOH trested Ti-Mordenite (B), (E); 0.6 N NaOH treated Ti-Mordenite (C), (F);
0.9 N NaOH treated Ti-Mordenite (D), (G); and 0.6 N NaOH treated H-Mordenite (H).

Intensity

T T T
2500 2000 1500 1000 500
1
Wavenumber (cm )

Figure 5. FT-IR spectra of polymeric chird Cobat (I11) complexes
encapsulated in parent mordenite (A), parent H-Mordenite itself (B),
the chird Cobalt (I11) complex encapsulated in mesoporous Mordenite
(C), and homogeneous chira Cobalt (I11) complex (D).

ymeric chiral (sden) cobat (111) complexes (@15 A) can not be in-
troduced into the microporous channel of parent mordenite (@6 A).
The characteristic peaks for homogeneous polymeric chiral salen com-
plex (111) appeared a the position of 2958-2950, 2912, 1612 and 1535
cm™. However, the chiral (salen) cobalt (I11) complexes entrapped in
the Ti-Mor (Figure 5(C)) exhibited the similar absoprtion IR bands as
the pure homogeneous polymeric chira (salen) complex (Figure 5(D)),
showing that the chiral (salen) cobalt (I11) was successfully encapsu-
lated in the mesopore channels of Ti-Mor.

The activities of heterogenized cataysts were examined in the asym-

metric ring opening reaction of ECH by water, and the result is shown
in Figure 6(A). It is clear that the salen catalyst oxidized by ferroce-
nium hexafluorophosphate exhibits the higher activity than with ferro-
cenium tetrafluoroborate. Opticaly active ECH (> 98% ee) was ob-
tained in a high yield. Recyclability of chird Co (II1) saen complexes
encapsulated in mesoporous mordenite zeolite was examined in the
asymmetric ring opening reaction of racemic ECH epoxide. As shown
in Figure 6(B), the Co (I11)-PFs/Meso-Mor showed higher recyclability
than catalyst trested with and Co (I11)-BF4/Meso-Mor. After three times
of reuse, the heterogenized sdlen catalysts have retained the high cata-
Iytic activity and enantioselectivity without further regeneration (up to
99% ee), but needed longer reaction time.

4. Conclusion

Mordenite type zeolite was treated with NaOH solution to introduce
mesoporous channels in the microporous crystals. Inner mesopore size
could be contralled from 3 to 11 nm by changing the concentration of
alkaline solution. To obtain the cage type mesopores, Ti-coating on the
ourside mordenite crystals before akaline treatment was investigated to
be the most effective. By titanium oxide coating, the yield to the ob-
tained mesoporous mordenite has increased more than 80%, and the
big pore size was formed in side the crystals. The chira polymeric
salen cobalt (I11) complexes encapsulated in the mesoporous mordenite
by ‘ship-in-a-bottle’ method showed a high activity in the asymmetric
catalysis (up to 99% ee). These heterogenized sden catalysts aso re-
tained the high catalytic activity and enantioselectivity after repeated
use without regeneration.
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284

100

Enantiomeric excess(%o)

—=— Coflll)-BF,
—e— Coflll)-PF /Micro-Mordenite
—A— Co(lll)-BF /Meso-Mordenite
—v— Coflll)-PF,
—#— Coflll)-PF /Meso-Mordenite
—<— Colll)-BF /Micro-Mordenite

[ A e e e — — !
0 5 10 15 20 25
Time (h)
(A)
100
~ 80
X
2
&
= 60-
-+
‘g —&— Colll)-BF /Meso-Mordenite
g 40 —8— 1stcycle
.g —— 2nd cycle
g —w— 3thd cycle
S —4— Co(lll)-PF /Meso-Mordenite
= 4 1stcycle
P 2nd cycle
—&— 3rd cycle
0 T T T T T T T
0 5 10 15 20 25
Time (h)
(B)

Figure 6. The cataytic activities (A) and catalytic recyclabilities (B)
of Co (I11)-(PFs) polymeric salen complex and Co (I11)-(BF4) polymeric

sden complex encapsulated in
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the mesoporous mordenite.
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