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Abstract

Micelle templated silica—amine hybrids have been prepared using a clean and efficient method, and have been shown to be
effective catalysts for the epoxidation of enones.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords:Polyamine—silica; Epoxidation; Cyclohex-2-ene-1-one; Hydrogen peroxide

1. Introduction ganically modified MTS-type materials by one-pot
co-polymerisation of a silica precursor (tetraethoxysi-
Micelle templated silicas (MTS) are a group of sil- lane, TEOS) and an organosilane ((MgSR) in

icas with very high surface areas (500-11G0yn?) the presence of a templating agent (in our case a
and tightly defined cylindrical pores, making them long-chain amine). This method is thought to be a
ideal for use as catalysts and/or catalyst suppb+3]. good alternative over grafting because the organic

The majority of publications on organically modi- group is incorporated during the condensation of the
fied MTS-type materials have involved post-synthesis silica framework, and is therefore likely to be fully
modification (grafting)4,5] of the pre-formed mate-  integrated into the material—indeédSi NMR stud-
rials. Such materials usually display higher loadings ies previously carried out indicate that this is the case
than grafted amorphous silica, and they retain the high [8]. In addition, the porosity properties of the resultant
surface areas and pore structures typical of MTS-type material and the organic loading can be tailored by
material. However, such grafting processes suffer from changing the alkyl chain length of the template and
some drawbacks: there is a need for excess silane durthe ratio of TEOS to the organosilane, respectively.
ing the grafting process, there exists the possibility of This is illustrated for amine-containing materials in
a lack of stability due to partial cross-linking of the Fig. 1, but is generally valid.
silane coupling agent to the silica surface and the pos- From the environmental point of view the method
sibility of a variety of surface bound specifs. also offers an advantage in that all the silane is incorpo-
Macquarrie[7], Macquarrie et al[8] and others rated, and the template used in the preparation process
[9-12] have independently developed routes to or- is easily and completely recovered and reufks].
Furthermore, the process takes place at room temper-
" Corresponding author. Tek+44-1904-432-511; ature.and ambient pressure in a few hours, rather than
fax: +44-1904-432-516. the higher temperatures and pressures often used for
E-mail addressdjm13@york.ac.uk (D.J. Macquarrie). many alternative preparations. The benefits of such
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Fig. 1. Formation of amine-containing MTS materials.

heterogeneous catalysts over homogeneous catalysts (o] 0
include the ease of separation of the catalyst after use, H,0,

facilitating the isolation of product and, in the case of R o
acid and basic catalysts, the obviation of a neutralisa- base

tion step prior to disposal of aqueous effluent (which

is further minimised by the elimination of a washing

step). Inthe case of simple epoxyketones, such a wash-

ing/neutralisation step may lead to further hydrolysis

of the product. which have relatively complex and somewhat waste-
The one-pot preparation of organically modified ful syntheses.

micelle templated silicas has made available a range

of heterogeneous basic materials that have been

used successfully in catalysis of the Knoevenagel 2. Resultsand discussion

condensation[14] with 1 as well as the Michael

[15] (N,N-dimethyl-1) and aldol[16] reactions. The  2.1. Preparation

latter material is based on aminoethylaminopropyl

groups, and appears, on the basis of its activity in  The materials were synthesised using a literature

the aldol reaction, to be somewhat more basic than method[8]. Generally, the method involves a simulta-

the corresponding monoamine materials. As part of neous and rapid addition of an organosilane and a sil-

a continuing program on the development of such ica precursor, typically tetraethylorthosilicate (TEOS),

materials, we have developed polyamine—micelle to a stirred solution of a neutral amine surfactant and

templated silica hybrids by using the one-pot sol-gel aqueous ethanol. The organosilane and the silica pre-

method, and here we report results on their physic- cursor are added at a particular ratio that can be varied

ochemical properties and activity in the epoxidation as desired. After ageing the mixture for 18 h, the re-

of cyclohex-2-ene-1-one, an example of a reaction sulting solid is filtered, and the template extracted by

class which does not take place with the monoamine using hot ethanol.

materials Fig. 2). As can be seen froriable ] loadings as high as
The latter reaction is traditionally catalysed by 2.4mmolg?! are obtainable. Despite the relatively

strong homogeneous basgk7—19] but recent work low maximum loading (i.e. 2.4mmold) achieved

has involved the use of supported guanidif26;-23] with long-chain polyamines compared to short-chain

some of which work very well in the reaction, but monoamines (over 4 mmotg), this is a significant

Fig. 2. The epoxidation of cyclohex-2-ene-1-one under basic con-
ditions.
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Table 1

A summary of the properties of the catalysts

Catalyst Organic group attached Rétio Loading RSi03:SiOy Ser (Mg Average pore
(mmolg™t) diameter (nm)

2 —(CHy)3NH(CHz)2NH2 1:9 1.2 0.1 575 35

3 —(CHy)3NH(CH2)2NH(CH3)2NH>2 1.9 1.1 0.1 366 3.7

4 —(CHy)3NH(CHz)2NH(CH2)2NH> 1:4 1.8 0.25 460 9.9

5 —(CHp)3NH(CHz)2NH(CH2)2NH2 1:2 2.4 0.33 97 14.8

2Qrganosilane to TEOS ratio.

improvement over the conventional grafting method  Table lgives a summary of the BET specific sur-
that gives only about 1.9 mmol of a monoamine per face areas and average pore diameters of the pre-
gram of MTS-type material5,24]. It may be that pared organic—inorganic hybrids. As seen in the ta-
the long triamine chains interfere with the packing ble the specific surface areas range between 360 and
processes in the forming material, leading to lower 600n? g1, a range that is slightly lower than that of
loadings, or that the size of the groups precludes the parent MTS as well as of materials developed by
higher site densities. Efforts to synthesise structured the same route using shorter-chained organosilanes.
polyamine—silica hybrids with loadings higher than In addition, only material produced at an organosilane
2.4mmol g ! were futile. Incomplete polymerisation to silica precursor ratio of 1:9 has a narrow range of
was observed even after a reaction time of 1 week pore diameter. All other ratios produce materials with
when a ratio of diethylenetriaminopropyl silane to a wide range of pore diameter.
TEOS was changed to 1:1. This ratio produced a ma-
terial that was non-porous and has a specific surface2.3. Scanning electron microscopy studies
area of only ca. 3fg~1.
As the method of preparing the parent all-silica mi-
2.2. N\ physisorption studies celle templated silica (MTS) and our polyamine—silica
hybrids differs only in the ingredients added, one
For a well-templated material, a type IVc isotherm would expect the morphology of their particles to be
[25] is usually obtained. Such isotherms exhibit a similar. This was indeed found to be the case. The
characteristic inflection point at a relative pressure of shapes of the primary particles of both materials are
about 0.2, consistent with the adsorption isotherms ob- roughly spherical and they appear in aggregates. Their
served for MTS-type materials. This is indicative of dimensions are broadly similar. Whereas the majority
capillary condensation in the template-defined meso- of the primary particles of the polyamine—silica hy-
pores. The isotherms show little or no hysteresis al- brid have diameters of about Quén, most of the MTS
though there are slight upturns at very high relative particles have diameters ca. @8, with very few
pressures, suggesting that the majority of the pores exceptions. The shapes of the two materials, however,
are framework-confined. Such an isotherm is obtained differ markedly from the hexagonal particles observed
for 2. for MCM-41 materialg[1]. The non-templated mate-
On the other hand, the adsorption—desorption rials also had similar roughly spherical morphologies
isotherm of 3 has a pronounced hysteresis loop at and particle sizes were in the same range.
high relative pressures (reminiscent of a Type H
isotherm)[25] and a very weak inflection point at 2.4. Thermal analysis
relative pressure around/pg = 0.2. This implies
that the majority of pores are slit-shaped rather than Thermal studies of the polyamine—silica hybrids
cylindrical, indicating that the templating mechanism display very interesting result&ig. 3 shows the si-
has broken down. Catalysfsand5 display isotherms  multaneous thermal analysis (STA) profile3)fa ma-
similar to amorphous silicas, again indicating that the terial with a loading of 1.1 mmolgt. Three weight
templating mechanism is not operative. losses are clearly observable in the figure. The first
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Heat flow, mJ/s

25 125 225 325 425 525 625
Temperature, °C

Fig. 3. STA profile of3.

loss (ca. 3%) is centred at 9C and is due to loss  active in the Michael reactiofil5] (the mechanism

of residual solvents. The second loss (ca. 6%) oc- of which is similar to our model reaction) showed
curs at a linear rate from 120 to 320, followed very little activity in this reaction. This is consis-
by another linear loss (ca. 11%) at a relatively slow tent with the fact that the diamine catalyst has been
rate up to 600C. This weight loss is attributable found to be active in the aldol reactiofi,6] while

to desorption of the attached organic groups as ev- the monoamine catalysts are not, indicating that the
idenced by thermogravimetry—infrared studies. The polyamine catalysts may have somewhat higher basic-
percentage weight loss of ca. 11% is consistent with ity. As might be expected on the basis of the relative
the loading of 1.1 mmolg! as determined by ele- pKa values of hydrogen peroxide and the CH acids
mental analysis. Generally, these long-chained sup- typically used in these C—C bond forming reactions,
ported polyamines have somewhat lower thermal sta- a polyamine system is very effective for the epoxida-
bility than short-chained supported monoamiiigg tion reaction too. As expected, an increase in loading

that are prepared by a similar route. leads to an increase in activity (see catalystnd4,
Table 9. However, further increase in loading up to

2.5. Activity and selectivity in the epoxidation of 2.4mmol g* (catalyst5) results in a drop in activity.

electron deficient olefins As noted earlier, catalyst and 5, with loadings of

The catalysts were screened in the epoxidation of ., .. »
electron deficient olefins to establish their catalytic activities of HMS-supported polyamines in the epoxidation of
activity. The epoxidation of cyclohex-2-ene-1-one cyclohex-2-en-1-one
was used as a model reaction. The results obtained Ar€catalyst

Epoxide Time (h)  Selectivity

collated inTable 2 Without catalyst, almost no con- ield® (% ; ;
version was achieved. The resujllts in the table show ’ v Organic () Oxidant (%)
the catalysts to have moderate to good activities. The 2 52 12 90 39
results also show the supported diamine cataBst 32 15 gé 21
to have a relatively lower activity compared to the g 66 15 89 38
triamine versions. This is probably due to the higher g 48 (66§ 10 88 45
number of active centres per unit mass in the triamine None 10 24 - -

based catal_yst. Other supported monoamines, such as™ ag¢ yields usingn-dodecane as internal standard.
1 and N,N-dimethyl-1 reported elsewhere to be very b Conversion in brackets.
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1.8 and 2.4 mmolgl, respectively, are mostly amor-  directly (i.e. without formation of the solid material)
phous, especially the latter. In addition, the BET sur- led to a conversion of 66%, with selectivity towards
face area of the latter catalyst is very low compared to organics of 88% and towards oxidant of 45%. Separa-
that of the former Table ). The drop in the activity  tion of the product from the catalyst was complicated
of 5 is therefore likely to be due to, among other rea- by the homogeneous nature of the system, and thus
sons, the low BET surface area and hence low amountthe process, and the efficiency of recovery was con-
of active sites accessible for catalysis. A similar phe- siderably lower. However, from the point of view of
nomenon has been reported before with monoamine conversion and selectivity, little difference was ob-
materials[13]. served. This indicates that the formation of a solid
Selectivity is also good with the di and triamine catalyst is beneficial from the point of view of the
catalysts. Two selectivities are important to charac- simplicity and efficiency of the process, rather than
terise an effective catalyst in these systems. Selectivity just of the reaction.
based on conversion of enone to epoxide (“organic”
selectivity) is excellent, being around 90%. The re-
maining 10% of organics is distributed amongst a
range of products, most of which ax€l%, and have
not been characterised fully. It is likely that hydrolysis
of the epoxyketone represents one of these pathways
Michael addition of methanol is another (2—3%); the
others are not established. Baeyer—Villiger oxidation

2.6. Catalyst reusability

Studies on the catalyst reuse were conducted using
catalyst3 in the epoxidation of cyclohex-2-ene-1-one.
'When the reaction reached completion, the catalyst
was retrieved by filtration and washed thoroughly with
of the ketone does not occur as far as the sensitiv- Methanol. The catalyst was then reused without fur-

ther treatment. Upon reuse the catalyst suffered a very

ity of our analysis allows. This compares well with A . 0
other published heterogeneous systems, with traces_Strong deaciivation, giving only ca. 15% of the epox-

of a range of other products being found. Selectivity ide productin the s.econd use. Efforts to regenerate the
towards hydrogen peroxide (“oxidant” selectivity) is catalyst proved fgu_le.. . I

also important, with an efficient transfer of oxygen to .The loss of activity is attrllbuted to oxidation of the
substrate (with minimal non-productive decomposi- primary and secondary amino groups preser_ut on Fhe
tion) minimising the volume added and reducing side catalysts surfac_es as a result of_ their reaction with
reactions due to excessive quantities of water being hydrogen peroxide to give aldoximes and hydroxy-

added with the oxidant. In this case, heterogeneouslammes’ respectively. This was further confirmed by

catalysts based on silicas can be a problem, since thethe fact that fresh catalyst stirred with hydrogen perox-

bare surface of most silicas appear to cause exten_ide I_ost activity upon retrieval. Diffuse r_eflectance IR
sive decomposition of the peroxide without product studies of the spent catglystshowed ad'saPpe?rance of
formation (20% selectivity[21] and 10%[13] for a_peak at 1610 cri (attributed to NH bending vibra-
non-passivated materials). Surface passivation cant'c.m) and appearance ofastrorjg peak_at 1640'cat-
increase this efficiency significantly, but adds a step t”b.med. to_mo]ecular water which persisted even upon
to the catalyst preparation and increases the associ-drylng indicating a probable overlap of peaks due to

ated waste. With the catalysts described here, thereaIOIOXImeS and water.

is no passivation step, yet the selectivity towards

peroxide is already ca. 40%, significantly better than

that found in other cases, and almost as good as3. Experimental

for the passivated guanidine cataly$B]. Given the

very clean preparation of the catalyst, compared to  All chemicals were obtained from Aldrich or Fluo-
the more complex synthesis required for the guani- rochem Ltd. and were used as received. Porosimetry
dines, it may be that this slight drop in selectivity was carried out on a SA3100 porosimeter using nitro-
towards peroxide is preferable to the waste gener- gen as an adsorbate whereas SEM images were ob-
ated in the passivated guanidine catalysts. The usetained from a Hitachi SEM S2400 instrument, using
of (3-trimethoxysilylpropyl)-diethylenetriamine 6) an electron gun energy of 8 keV.
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3.1. Preparation and recycling of template

The materials were prepared using a method de-
scribed elsewherf8]. In a typical process tetraethy-
lorthosilicate (TEOS) (0.09 mol) and (3-trimethoxy-
silylpropyl)-diethylenetriamine (0.01 mol) were added
separately, but simultaneously and rapidly at room
temperature to a stirred solution ofdodecylamine
(0.0275mol) in aqueous ethanol (0.789 mol of ab-
solute ethanol and 2.94mol of deionised water).
In either case precipitation started between 5 and
15min and reaction was continued for 18h. The
thick solution was then filtered, and the white solid
washed with ethanol. The damp solid product was
then refluxed in ten times its own weight of ethanol
for 3h and filtered again to remove the template.
The solvent reflux was repeated twice to com-
pletely remove the template from the material. The

J.E.G. Mdoe et al./Journal of Molecular Catalysis A: Chemical 198 (2003) 241-247

Catalyst2: 58—-40 ppm (broad) [-CHCH2CHoNH-
gHngzNHgHngzNHz and —GEH2CH3]; 20.5
ppm —CHCH>CHoNH(CH2)2NH(CH2)2NH»2; 15.6
ppm —OChHCHgz; 10.3 ppm €H(CH2)2NH(CH2)2-
NH(CH2)2NH>.

Catalyst3: 59.1 ppm —(CH)3NHCH>CH;NH3 and
—OCH2CHg; 51.2ppm [~(CH)sNHCHCH2NH];
48.6 ppm —(CH)2CH2NH(CHy)2NH2);  20.0 ppm
(-CH,CH>CH2NH(CH2)2NHy); 15.1 (-OCHCHa);
and 10.4 ppm @HzCHzCHzNH(CHz)QNHz).

One important feature arising from the above data is
the occurrence of peaks attributable to residual —OEt
groups, peaks that were also observed in supported
monoamines prepared by the same rdaeg.

The spectrum oB shows most of the peaks to be
clustered together, giving very broad and shouldered
peaks. Despite this observation, the data still confirm
the presence of the polyamine groups on the silica

final solid was then dried in an oven at 10D to surface.

give catalyst3. Materials of higher loading were

also prepared using the latter organosilane at ratios 3.3. Epoxidation studies
of (3-trimethoxysilylpropyl)-diethylenetriamine to
TEOS of 1:4 and 1:2 giving catalysfsand5, respec-
tively. Another material (cataly®t) was prepared in a

Typical conditions involved the use of methanol
as solvent and 2QC as reaction temperature. Hydro-
similar way using (3-trimethoxysilylpropyl)-ethylene-  gen peroxide (30% (v/v)) was used throughout, and
diamine instead of the triamine. was added slowly over the period of the reaction.

In each case the templates were recovered by com-The reaction mixture was stirred at room temperature
bining the filtrates and extracts solutions and evaporat- and monitored by GC. After the reaction the cata-
ing the solvent under reduced pressure. Yields of ca. lyst was separated by filtration, and the crude prod-
98% n-dodecylamine were obtained as provedlby uct extracted using ethyl acetate, dried with,N@y,
NMR, IR and melting point. The recovered templates evaporated under reduced pressure and then purified
could be reused successfully in fresh experiments. by column chromatography (ethyl acetate: hexane 1:4
as eluent). The product was identified by GC/MS as
2,3-epoxy-cyclohexanon®™, m/z (%) = 112 (8), 97
(5), 85 (10), 83 (18), 67 (40), 57 (8), 55 (100). Hy-
drogen peroxide selectivities were calculated by the

IR spectra were measured on a Bruker Equinox ratio of organic product/amount of hydrogen peroxide
55 FTIR spectrometer fitted with an environmental added.
chamber diffuse reflectance unit. The results showed,
as expected;(N-H) anduv(C—-H) bands at 3280 cnt
(broad) and 2925 cnt, respectively, both coming
from the aliphatic chains of the polyamino groups.
Also observed were bands at 1610 and 1450tm The versatility of one-pot synthesis has been shown
attributable to N-H and C—H deformation vibrations. in the preparation of long-chained polyamine—micelle

Solid state’®C NMR spectra were obtained on a templated silica hybrids. However, in contrast to hy-
Bruker MSL300 spectrometer operating at 75 MHz at brids based on short-chained monoamines, these mate-
a rotor spinning rate of 5kHz. Two catalysts, namely rials are only partially templated except for a diamine
2 and3 were studied and their results are as follows: version at a loading of ca. 1 mmotd. The materials

3.2. Diffuse reflectance IR and solid stdf& NMR
studies

4, Conclusion
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exhibit moderate thermal stability, the organic groups
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[5] D. Brunel, Microporous, Mesoporous Mater. 27 (1999) 329.

being desorbed at temperature ranging between 320 [6] E.F. Vansant, P. Van Der Voort, K.C. Vrancken (Eds.),

and 600°C. Generally these materials possess BET

surface areas that are lower than their monamine coun-

terparts. As to their catalytic performance, the materi-

als showed excellent selectivity and moderate to good

activity in the epoxidation of electron deficient olefins,
though oxidation of the active sites was a major draw-

back to recycling (as is also the case for other catalysts

used in this reaction). While results are slightly less

impressive than those obtained with the best guani-

dine catalysts, the advantages of simplicity of prepa-

Characterisation and Chemical Modification of the Silica
Surface, Studied Surface Science Catalysis 93 (1995) 176.
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ration may make these catalysts of interest in the clean [13] D-J- Macquarrie, Green Chem. 1 (1999) 195.

epoxidation of electron-deficient alkenes.
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