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Abstract

Alanine—salicylaldehyde Schiff base Mn(l1l) complex was entrapped intg B&rix by direct physical encapsulation and copolymerization
of the functionally modified complex and tetraethoxysilane. The two heterogenized catalysts were characterized by FT-IRaddegfibn
and ICP, and their catalytic performance in the aerobic epoxidation of cyclohexene was investigated. The experimental results showed both
that the catalysts had higher catalytic activity and better epoxide selectivity than the homogeneous catalyst. After six recycle runs, the anchored
catalyst had 1.6% activity reduction while that of the physically encapsulated one was 12.1%. ICP analysis indicated that complex leaching
took place for the physically encapsulated catalyst but no complex leaching was found for the anchored one. Thus, for the aerobic epoxidation
of cyclohexene (2.5 ml) catalyzed by the anchored catalyst (0.01 mmol) in the presence of isobutraldehyde (isobutraldehyde:cyclohexene = 2:1)
using acetonitrile (60 ml) as solvent at 35 for 6 h the conversion reached 99.6% with a selectivity of 88.2%. This catalyst can be reused by
simple filtration up to six times, retaining 99.4% of the activity of the fresh catalyst.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction alkenes is of importance for both economic and environmen-
tal reasons. Great efforts have been made to develop homoge-
Epoxides are versatile and important intermediates in or- neous metal complex catalysts for the aerobic epoxidation of
ganic synthesis and the production of fine chemicals becausealkeneq2-5]. However, the disadvantages of difficult sepa-
they easily undergo stereospecific ring-opening to form bi- ration of the homogeneous catalyst from the reaction mixture
functional compounds under mild conditions. Generally, they make it impossible to use on a large scale. Since heteroge-
are prepared by epoxidation of alkenes in industry and labo- nization of homogeneous catalysts is expected to overcome
ratory. The epoxidation of alkenes is traditionally carried out this problem, it has become an interesting area of research.
with stoichiometric or more amount of oxidant such a4, Extensive investigation has been focused on the incorpora-
ROOH, RCQH, NaOCI, KHSG, NalO4 or PhlO, so-called  tion of metal complex catalysts onto or into inert supports
single oxygen dondd]. Unfortunately, these methods are ei- such as molecular sieves, amorphous silica, and polymers
ther expensive or dangerous. Some of the processes also gerjé—11]. The sol-gel technique is another way to heterogenize
erate a large amount of waste. Therefore, developing greenhomogeneous metal complex catalysts. Generally, there are
selective and efficient catalysts for the aerobic epoxidation of two principle methods for immobilizing metal complexes
by the sol-gel technique: directly physical dopiig,13];
* Corresponding author. Tel.: +86 22 26564279; fax: +86 22 26564733, functional modification of the ceramic matrix by copolymer-
E-mail addresszhaojiquan@jsmail.hebut.edu.cn (J. Zhao). ization with organometallic alkoxidg$4]; here we call it the
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anchoring method. In this work we employed the two sol-gel obtain a homogeneous solution. To the solution, concen-
methods for immobilizing the alanine—salicylaldehyde trate hydrochloric acid was introduced to adjust the pH to 4,
Schiff base manganese(lll) complex. Their catalysis in which was determined using a calibrated pHS-2C pH meter
aerobic epoxidation of cyclohexene was comparatively equipped with E-201-C and 65-1AC combination pH elec-

studied.

2. Experimental
2.1. Materials

Alanine, AR, and salicylaldehyde, AR, were pur-
chased from Tianjin Guangfu Fine Chemical Institute,
Tianjin, China. 1,3-Dicyclohexylcarbodiimide (DCC),
99%, isobutyraldehyde and cyclohexene were from Acros
Organics and used directhiN-hydroxysuccimide and 3-
aminopropyltriethoxysilane were obtained from Aldrich and
used without further purification. Tetraethoxysilane (TEOS)
was supplied by Tianjin First Chemical Reagent Factory,
and distilled prior to use.

2.2. Characterization of the catalysts

FT-IR spectra (KBr pellet) were recorded on a Bruker Vec-
tor 22 spectrophotometer.,Nwdsorption analysis was mea-
sured on a Micromeristics ASAP 2010 Sorptometer. Prior
to analysis, all samples were dried at 2@0for 15 h. From
the isotherm, BET surface area and pore volume were cal-

trodes. The stirring was continued underr@until gelation
was completed. Then the catalyst was dried at@intil

a constant weight was obtained. The gel was washed with
water until the pH of the filtrate increased to 7. Then it was
extracted with methanol in a Soxhlet extractor for 6 h. The
content of Mn was determined by ICP.

2.6. Anchoring encapsulation of the complex

One gram of Sal-Ala Schiff base (A) was dissolved in ab-
solute ethanol. Stoichiometric amount 0f$0O, was added
dropwise and the solution filtrated to remove KHS®few
minutes later. Then 0.5g df-hydoxysuccinimide and 1g
of DCC was added to the filtrate. After stirred for 24 h, the
mixture was filtrated. The solvent was distilled off from
the filtrate and a pale-yellow solid product (B) was ob-
tained. B was dissolved in absolute ethanol and 0.96 g of
3-aminopropyltriethoxysilane was added into the mixture.
After the mixture was stirred for 2 days, ethanol was distilled
off. Tetrahydrofuran was added to dissolve the product and
precipitate théN-hydoxysuccinimide. The precipitate was re-
moved by filtration and tetrahydrofuran was distilled off from
the filtrate to produce solid C. To the ethanol solution of C
was added 0.58 g of Mn(OAg¥H,O. After the mixture was

culated. XPS spectra were recorded on a PHI 15300 EscArefluxed for 3h, 0.1g of LiCl was added. The mixture was

instrument under vacuum 16Pa and the Mg K laser. The
Mn content of the catalysts was determined by an ICP-900
(N + M) spectrophotometel J A Company, USA.

2.3. The analysis of the products

Reaction products were analyzed on a Shandong Lu-
nan Ruihong Gas Chromatograph, SP-6800A, equipped
with an SE 30 capillary column, 30.0&0.25mm.
The products were also characterized by Trace-DSQ
GC-MS system with a CP Sil CB-MS capillary column,
30mx 0.25 mmx 0.25um, Thermo Electron Cooperation,
USA.

2.4. Synthesis of Sal-Ala—Mn complex

Sal-Ala Schiff base ligand was prepared as described
previously [15] from alanine and salicylaldehyde. The
Sal-Ala—Mn complex was synthesized by the reported
method[16].

2.5. Physical encapsulation of the complex

An amount of 0.25g of Sal-Ala—Mn was dissolved in
30ml of TEOS and 10 ml of methanol at 80 under stir-
ring. Then 14.5ml of water was added into the mixture to

refluxed for further 2h at 80C under Q@ and then cooled

by ice. The solid D was collected by filtration. Add 0.96 g

of solid D into the mixture of 43 ml of methanol and 24 ml

of TEOS. To the solution 14 ml of water was added. Con-
centrated hydrochloric acid was used to regulate the pH to
3. The mixture was stirred until gelation was complete. The
other procedures were the same as those in physical encap-
sulation.

2.7. Catalytic reactions

In a typical experiment, 0.01 mmol of catalyst (corre-
sponding to 0.0531, 0.220 and 0.175 g of the homogeneous,
physically encapsulated and anchored catalyst, respectively),
2.5ml of cyclohexene, 4.6 ml of isobutyraldhyde, and 60 ml
of acetonitrile were loaded into a 100 ml three-necked flask.
The mixture was stirred and heated t6>85 and then air was
bubbled for 6 h. The reaction mixture was analyzed by gas
chromatography.

3. Results and discussion

3.1. Synthesis and characterization of the catalysts

We first prepared the homogeneous catalyst Sal-Ala—Mn
as described in Ref16]. Its structure is shown iRig. 1
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CH, CHs The preparation of anchored catalyst was carried out as
CH:NéHéOOK KOOCHEN:CH shown inScheme 1We used concentratecbBO, to trans-
(j( \ form COOK to COOH. A typical method for the synthesis
Mn of polypeptide was employed to combine the acidified ligand
o/ \ \o with triethoxypropylsilanyl by an amide bond. The carboxy
cl group was condensed willirhydoxysuccinimide first in the
presence of DCC to give the active ester, which smoothly re-

acted with the amino group of 3-aminopropyltriethoxysilane
to generate an amide bond in mild conditions. This is impor-

This complex was physically encapsulated into the,SiO tant for ensur'ing 'the stability ofSchiff bage in all the process.
by sol-gel process. This process is simple and straightfor-BY the coordination of the Schiff base with M the com-
ward: the complex was added to the TEOS polymerization plex was stabilized in aqueous acidic conditions em_ployed in
mixture catalyzed by acid; when the polycondensation was the sol-gel process. The anchored catalyst was finally pre-
completed, the complex was entangled in the,iGlymeric pgred b_y the copolym_erlzat|on of TEOS with the complex
network. The encapsulation conditions are mild, which can With a triethoxypropysilany! functional group by the sol-gel
ensure the stability of the complex in the process. The FT-IR technique $cheme _ _
spectra of the neat complex (a) and the physically encapsu- In the preparation prpc_edures, the m_termedlates were fol-
lated Sal-Ala—Mn (b) are shown Fig. 2 It is concluded lowed by FT-IR shown irFig. 3. Comparison of the spectra _
that the peaks in spectrum b at the frequencies of 1637, 1509°f A and B shows that several additional peaks appeared in
and 1400 cm, which are assigned toc—y, vibration of that of B. The two peaks at 2929 and 2851 ¢nare de-

the skeleton of the phenyl group, andoo-, respectively, rived from—CHy—in thelmoiety of succinimide. The bgnds
are due to the complex. However, it is not fully convinc- from 1700 to 1750cm” are due to the stretching vibra-

ing that the complex is entrapped in the matrix because nottions of the two kinds of carbor_1y| in the structu_re of_ B. The
all the peaks of the neat complex appeared. No satisfactorypeak at1781 cmt has begn attributed to stretching vibration
spectrum of the encapsulated complex catalyst was obtainef the O-N bond. The disappearance of the peaks at 1781
although we tried several times. The reason is that the con-2nd 1736 le. in the spectrum of C clearly indicates that
tent of the complex is so low that its absorption peaks are theN-oxysuccinimide moiety is replaced by the triethoxysi-
masked by the strong background peaks of the, Si@trix. lanylpropyl amino group. The_ remaining peaks at 2929 and
To confirm that the complex was indeed entrapped in the ma-2851 ¢t are due to-CH,— in the propylene stretching
trix, we employed ICP to analyze the content of Mn in the ViPrations. The bands between 1400 and 1800t the
catalyst. The result showed the content of Mn is 0.25%. Be- SPectrum of the complex (D) are assigned to the combination
cause the catalyst was extracted with methanol thoroughly, ©f the vibrations of &N, CNH;=0 and C-N in the complex.
no contaminated complex on the matrix was left, and the The spectrum of the anchored catalyst (E) is also given in

Mn content should come from the complex entrapped in the Fig9- 2 The peaks at the frequencies of 1637 and 1400°¢m
matrix. which are assigned taz—, andvc—n, respectively, are due

Fig. 1. The structure of Sal-Ala—Mn.

4000 3000 2000 10000 0

Wavenumber cm’!

Fig. 2. The FT-IR spectra of the neat complex (a) and physically encapsulated catalyst (b).
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Scheme 1. The process for preparing the anchored catalyst.

to the anchored complex. The peaks at 1085 and 959 ane HF. Table 1presents the Mn content of the two fresh catalysts
due to the vibrations of SIO-Si and Si-OH, respectively. and the recycled ones. The Mn content of both the catalysts
The large difference in intensity between them indicates that iS low. The low content of Mn is due to the low solubility of
the copolymerization goes well. The complex is anchored the complex in the mixture during the sol—gel process.

and entrapped in the SyOnatrix. 3.3. XPS spectra

3.2. The content of Mn Both of the heterogenized catalysts were also character-
ized by XPS. The spectra are givenhkig. 4. The binding
The Mn content of both heterogenized catalysts was de- energies of Mn in the physically encapsulated catalyst and
termined by ICP analysis after the samples were dissolved inthe anchored one are 643.7 and 643.0 eV, respectively. This
indicates the oxidation state of Mn ion in both of the catalysts
is +3. The difference in the binding energy between them is
the result of the anchored ligand strongly coordinating with
Mn3* compared to the free one. The strong coordination abil-
ity can increase the electron density around the Mnion, which
decreases the binding energy of the ion. After the first and
sixth runs, the binding energy did not change, indicating the
complexes were stable in the catalytic reaction process.

3.4. Catalytic performance

For fully understanding catalysis of the anchored catalyst,
the parameters influencing its catalytic property were

Transmittance (%)

Table 1
The Mn content of the catalysts

1630-

3441-

Catalyst Sample Content of Mn (%)
S o Physically encapsulated one Fresh 0.25
:.. I i | i T ; After first run 0.19
4000 3000 2000 1000 After sixth run 0.16
Wavenumber (cm™") Anchored one Fresh 0.33
After first run 0.32

) Al ixth .
Fig. 3. The FT-IR spectra of A—E. fter sixth run 0.33
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Fig. 4. The XPS spectra of catalysts before and after catalytic run. (a) Fresh anchored catalyst, (b) anchored catalyst after sixth run, (dgdtgsh phys
encapsulated catalyst, (d) physically encapsulated catalyst after 1 run.

investigated. The results are presentediable 2 It was to give an acylperoxy radical. The acylperoxy radical acts
shown that both the cyclohexene conversion and the epoxideas a carrier in a chain mechanism by reacting with another
selectivity increased sharply with time in the first 6 h. The isobutyraldehyde molecule to give a peroxy acid, with a
conversion of cyclohexene was 96.3% and the epoxide concomitant generation of an acyl radical. The peroxyacid
selectivity reached a maximum of 77.2% after 6h. Then then reacts with catalyst to form a high valent metal-oxo in-
the increase in the conversion became slow and the epoxideermediate, which on the approach of cyclohexene gives the
selectivity decreased. For determining the reason of the epoxide. At the same time, the Schiff base Mn(lll) complex
selectivity reduction, GC-MS was employed to analyze the can also catalyze the cyclohexene oxidation by oxygen to
reaction mixture. We found besides the target cyclohexene2-cyclohexene-ol, 2-cyclohexene-1-dia&] and HO. Then
epoxide, several by-products including 2-cyclohexene-ol, HoO react with epoxide to give 1,2-cyclohexanediol, which
2-cyclohexene-1-one, and 1,2-cyclohexanedione were alsais easily converted to 1,2-cyclohexanedione by oxygen.
formed. 2-Cyclohexene-ol and 2-cyclohexene-1-one were The temperature had no remarkable effect on the conver-
also observed by other researchers in the oxidation systension of cyclohexene in the range from 25 to°&5 However
free of isobutyraldehyd¢l7]. So we concluded that the the epoxide selectivity strongly depended onthe temperature.
epoxide selectivity is reduced for the following reasons. First The selectivity increased from 74.3 to 79.3% while the tem-
the epoxide is obtained according to the mechanism givenperature was elevated from 25 to 5. Then it decreased
by Kureshy[18]. After the reaction materials enter into the sharply to 60.7% at 58C, which indicated higher tempera-
matrix of the heterogenized catalyst, isobutyraldehyde reactsture could enhance the oxidation and ring opening reactions.
with the complex to initiate the radical chain process by gen- It is obvious more amount of catalyst can accelerate the
erating an acyl radical, which reacts with molecular oxygen epoxidation rate of cyclohexene. Trable 2we can see the
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Table 2

Epoxidation of cyclohexene by anchored catalyst under different conditions

Effect Time (h) Temperature C) Catalyst weight (g) Molar ratfo Conversion (%) Epoxide selectivity (%)

Time 2 25 0.200 2 36.2 69.4
4 25 0.200 2 58.0 72.2
6 25 0.200 2 96.3 77.2
8 25 0.200 2 98.2 76.6

Temperature 6 25 0.200 2 96.3 74.3
6 35 0.200 2 98.1 79.3
6 45 0.200 2 98.5 62.9
6 55 0.200 2 97.7 60.7

Catalyst weight 6 35 0.150 2 90.7 735
6 35 0.175 2 97.3 80.0
6 35 0.200 2 98.1 79.3
6 35 0.225 2 98.7 75.0

Molar ratid® 6 35 0.175 1 73.7 72.8
6 35 0.175 15 99.5 75.8
6 35 0.175 2 97.3 80.0
6 35 0.175 25 96.0 80.0

@ Solvent is acetonitrile, 60 ml.
b The molar ratio of isobutyraldehyde to cyclohexene.

conversion increased to 97.3% and the epoxide selectivity Table3 _
reached the maximum of 80.0% when 0.175 g of the catalyst The catalytic performance of the different catalysts

was loaded. When the catalyst weight was more than 0.175 g, Catalyst Conversion (%) Selectivity of
the conversion increased slightly but the epoxide selectivity epoxide (%)
decreased. This phenomenon supports the idea that the Schifflomogeneous 89.3 73.2

base complexes can catalyze the aerobic oxidation of olefinsPhysically encapsulated 87.8 80.46

to derivatives of propendL7] in the absence of isobutralde- Anchored 996 88.21

hyde. Here the excess catalyst accelerated the oxidation Oﬁyefgt('f;';Sﬁgﬂg’inzslcitfgjﬁ.?rﬁ)j g"omrsl"’ fg’:l%gixgﬁpze'f’a’t‘;'éggé’e“;ga'de'
cyclohexene to 2-cyclohexene-ol. tion time 6 h.
The molar ratio of isobutyraldehyde to cyclohexene is an-
other key parameter, which influences the aerobic epoxida-the poor solubility of the complex in the solvent and by self-
tion of olefins. In the experiment the best conversion of 99.5% degradation. The other reason is that the site isolation effect
with an epoxide selectivity of 75.8% was obtained at the mo- makes the complex in a molecularly dispersed form, which
lar ratio of 1.5. The highest selectivity was 80.0% while the causes no self-degradation to take place.
molar was 2 or more. One reason for the lower activity and epoxide selectivity
From the above results we conclude that the optimized of the physically encapsulated catalyst than the anchored one
conditions are as follows: the reaction time is 6h, re- may be the lower surface area and average pore diameter of
action temperature is 3%, catalyst weight is 0.175g the matrix (sed@able 4. The otherreasonis the leaching of the
(1.0x 10~°mol), isobutyraldehyde:cyclohexene is 2:1, cy- catalystin the reaction (XPS, ICP), which makes the complex
clohexene is 2.5 ml, acetonitrile is 60 ml. Under these condi- partly enter into the solution. In other words, the conversion
tions the conversion of cyclohexene is 97.3% and the epoxideand selectivity are the combination result of heterogeneous
selectivity is 80.0%. and homogeneous catalysis.
After the optimized conditions were obtained for aerobic
epoxidation of cyclohexene of the anchored catalyst, the cat-3.5. Recycle test
alytic performance of the two heterogenized catalysts and the
homogeneous complex were studied by running the epoxi- One of the advantages of heterogenized catalysts is their
dation reaction of cyclohexene under the same conditions.recyclability. Both of the heterogenized catalysts were used
Table 3presents the experimental results. The heterogenizedin subsequent catalytic runs, and the results are given in
catalysts were active in the epoxidation reaction of cyclohex- Table 5 It clearly shows that the activity of the anchored
ene. The physically encapsulated catalyst had slightly lower
conversion and the anchored catalyst had higher conversionfable 4
than the homogeneous complex. Both of the heterogenizedN2 adsorption results of the two heterogenized catalysts
catalysts had much higher epoxide selectivity than the homo- Catalyst BET (m/g) ~ Pore volume  Average pore
geneous one. As in other systefh8], the higher conversion (m*/g) diameter £)
and selectivity could be explained by assuming that in the Physically encapsulated ~ 1.54 0.00054 14.0
homogeneous condition the reaction rate is suppressed by*"chored 2.26 0.0039 68.8
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Table 5 of cyclohexene and shown better selectivity than the homo-

Recycle run results of the heterogenized catalysts geneous complex. The anchored catalyst had the highest ac-

Runs Conversion (%) Selectivity (%) tivity and selectivity; no complex leaching took place during
Aa Bb Aa Bb the catalytic process. It showed the expected advantages of

1 378 99.6 305 882 h.e'terogenous catalysts, namely, easy handling and recycla-

2 82.9 98.8 80.3 88.1 bility.

3 80.0 99.0 80.4 88.2

4 77.0 98.3 80.1 88.0

5 75.2 98.4 79.9 87.7 Acknowledgement

6 75.7 98.0 79.5 87.8

Conditions: catalyst 0.01 mmol (first run), cyclohexene 2.5 ml, isobutyralde-

hyde:cyclohene =2:1, acetonitrile 60 ml, reaction temperatufeC6deac- This work was supported by NSFC of China (grant no.

tion time 6 h. 20376017).
2 Physically encapsulated catalyst.
b Anchored catalyst.
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