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or silica in the framework structure. The aldol condensation of 4-nitrobenzaldehyde and acetone, as a probe re-
action for the catalytic activity of the produced materials, exhibited a remarkable interplay between the reactant,

solvent, traces of water and support hydrophobicity. A selective enrichment in the catalyst pores of specific bulk
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phase molecules is believed to be the key to achieve the targeted catalyst performance.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Since the development of mesoporous silica materials, such as the
MCM and SBA families [1,2], research on these materials has ever been
increasing. They are characterized by large pore sizes, i.e., between 2
and 50 nm and large surface areas, often exceeding 1000 m?/g. More-
over, the functionality of silica materials can easily be manipulated by
incorporation of active sites in the walls (co-condensation) or by an-
choring active species on the surface (post-functionalization). As a re-
sult, mesoporous silica materials exhibit promising performances in
many applications including adsorption [3,4], chromatography [5,6],
electronics [7,8], drug delivery [9,10] and catalysis [11,12]. In the frame-
work of catalysis, an interesting research field is situated in the use of
aminated silica materials to catalyze carbon-carbon coupling reactions
[13-22]. These reactions are widely used in the pharmaceutical industry
and fine chemicals production [23]. Moreover, a bright future in the val-
orization of biomass-based resources has been forecasted for these reac-
tions [24,25]. However, mesoporous silica materials exhibit a limited
hydrothermal stability, which is often related to the hydrolysis of Si-
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0O-Si bonds [26,27]. Hence, the water tolerance of these materials should
be enhanced in order to further broaden their scope of application.

In 1999, three research groups, independent from one another, in-
corporated organic groups in the pore walls through the condensation
of bridged organobissilanes, with the general formula (R’0)3-Si-R-Si-
(OR’)3, in the presence of a surfactant [28-30]. The presence of the or-
ganic moieties specifically results in periodic mesoporous organosilicas
(PMOs), which have a more hydrophobic character compared to the
original silica materials. It turns the PMOs into materials which are com-
paratively more robust in an aqueous environment [31]. Originally, only
a limited number of organobissilanes (methane, ethane, ethene and
benzene bissilanes) were used. Nowadays, a wide variety is available,
providing opportunities to tune the hydrophobicity of the organosilica
materials. Moreover, these organobissilanes allow the incorporation of
a more extended range of functional groups in the materials, either by
the direct introduction via the organobissilanes or by the post-modifica-
tion of the organic moieties incorporated in the pore walls [32].

In this work, the wide variety of organo(bis)silanes is used to probe
the selective enrichment of reactant molecules in amino acid function-
alized catalysts and, consequently, optimize the catalytic performance
in different environments. A catalyst library comprising different cyste-
ine functionalized materials is prepared and the effect of the incorpora-
tion of different organic moieties is investigated in the aldol reaction of
acetone with 4-nitrobenzaldehyde. Additionally, the ability of the mate-
rials to cope with traces of water in the reaction mixture is studied.

1566-7367/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Scheme 1. Aldol condensation of acetone and 4-nitrobenzaldehyde towards the primary aldol product, 4-hydroxy-4-(4-nitrophenyl)-3-buten-2-one, and the secondary ketone product,

4-(4-nitrophenyl)-3-buten-2-one.

2. Experimental procedures
2.1. Catalyst synthesis

Three catalysts have been synthesized in the present work. Two had
hydrophobic organosilica supports, i.e., catalyst E, which was synthe-
sized using 1,2-bis(triethoxysilyl)ethane (BTEE, 97%, ABCR) and catalyst
B synthesized using 1,4-bis(triethoxysilyl)benzene (BTEB, 95%, ABCR).
The third one had a hydrophilic silica support, i.e., catalyst S synthesized
using tetraethyl orthosilicate (TEOS, 98%, ABCR). 1 to 10 mol%
vinyltriethoxysilane (VTES, 98% ABCR) was also included during the
synthesis to allow post-functionalization with cysteine. A final amino
acid site density in the range between 0.06 and 0.07 mmol/g was
aimed at because at higher site densities intermolecular interactions be-
tween amino acids on different linkers may lead to a significant de-
crease of the turnover frequency (TOF) [33].

The supports were synthesized according to the following recipe:
about 3 g Brij S10 (C;gH37(0OCH,CH,),0H, n~10, Sigma-Aldrich) was
dissolved in a mixture of 138 mL demineralized water and 10 mL
12.1 M hydrochloric acid (HCl, ACS grade reagent, Sigma-Aldrich). The
mixture was stirred for 4 h at 50 °C in order to form micelles. After-
wards, 2.5 x 102 mol of Si atoms in the form of TEOS or one of the
organobissilanes and VTES was added and the mixture was stirred at
50 °C for 24 h. Subsequently, the magnetic stir bar was removed and
the mixture was heated to 90 °C for 24 h. The resulting solid was sepa-
rated from the mixture by filtration and, subsequently, washed three
times by stirring at 80 °C for 24 h in a 98 vol% ethanol (96%, Fiers) -
2 vol% HCI mixture followed by filtration. The material was dried over-
night under vacuum at 100 °C.

Afterwards, the supports were functionalized. 2 g L-cysteine
(99 + %, Acros) and 1 g 2-hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone (98%, Sigma-Aldrich) were dissolved in 50 mL
distilled water, 1 g of the solid material was added and the mixture
was stirred for 24 h in a Metalight Classic UV reactor (360 nm). The ma-
terial was recovered by filtration and subsequently washed several
times with demineralized water by stirring for 3 h at 40 °C. Finally, the
material was dried under vacuum with heating to 100 °C and stored
in an inert atmosphere.

2.2. Catalyst characterization

Nitrogen adsorption-desorption measurements were carried out at
77 K using a Micromeritics Tristar II 3020 apparatus. Samples were
degassed at 120 °C for 17 h prior to measurement. The specific surface
area and pore volume were determined using the Brunauer-Emmett-

Teller method. The total pore volumes and pore sizes were calculated
using the Broekhoff-de Boer method with the Frenkel-Halsey-Hill mod-
ification. The pore ordering of the materials was determined using X-ray
diffraction (XRD) patterns which were measured on a Thermo Scientific
ARL X'TRA X-ray diffractometer. In order to qualitatively confirm the
presence of the functional groups Diffuse Reflectance Infrared Fourier
Transform (DRIFT) spectroscopy was performed on a Nicolet 6700 spec-
trometer of Thermo Scientific with a nitrogen cooled MCT-A detector
using a Graseby Specac diffuse reactant cell, operating in vacuum at
120 °C. The amino acid site density was determined using elemental
(CHNS) analysis. These experiments were performed on a Thermo
Flash 2000 elemental analyzer. 4-nitrobenzaldehyde adsorption capac-
ities were determined by adding 0.3 g of support material in 5 mL of
acetone (50 vol%), n-hexane (50 vol%) and 4-nitrobenzaldehde
(0.003 mmol/mL). The mixture was stirred for 3 h at room temperature
after which the decrease in the liquid phase 4-nitrobenzaldehyde con-
centration was determined via reversed-phase HPLC (Agilent 1100).

2.3. Catalyst performance testing

The activity of each catalyst was assessed in the aldol condensation
of acetone (99.6%, Acros) and 4-nitrobenzaldehyde (99%, Acros), see
Scheme 1, according to the procedure as published before [33]. The ex-
periments were performed initially in the presence of a nonpolar apro-
tic solvent, i.e., n-hexane and, subsequently, in the presence of the same
solvent including 1 vol% of water. Such an amount significantly exceeds
that which can remain in the catalyst pores after synthesis. All data were
obtained at differential conditions, meaning that the conversion
depended linearly on the batch time and the TOF could be determined
from the slope of the observed straight line.

3. Results and discussion
3.1. Catalyst characterization

Three supported amino acid catalysts have been synthesized in the
present worlk, i.e., catalyst E containing ethane bridges, catalyst B con-
taining benzene bridges and a hydrophilic silica material, catalyst S.

The specific BET surface areas, average pore sizes and total pore vol-
umes of the three supports and the corresponding, functionalized cata-
lysts are listed in Table 1. The nitrogen sorption isotherms and the
corresponding pore size distributions are reported in the supporting in-
formation. All supports are mesoporous with a large specific BET surface
area between 870 and 970 m?/g, an average pore size between 3.1 and
4.1 nm and a total pore volume between 0.70 and 1.08 cm?/g. Before

Table 1
Catalyst properties determined via nitrogen adsorption-desorption measurements, X-ray diffraction and elemental analysis.
Catalyst BET surface Average pore Total pore Unit cell Wall thickness Amino acid
area (m?/g) diameter (nm) volume (cm’/g) width (nm) (nm) loading (mmol/g)
Aliphatic support 928 3.7 0.94 6.7 3.0 0.00
Catalyst E 783 3.7 0.82 6.8 3.1 0.06
Aromatic support 970 3.1 0.70 6.1 3.0 0.00
Catalyst B 654 3.1 0.46 5.8 2.7 0.07
Silica support 860 4.1 1.08 6.7 2.6 0.00
Catalyst S 690 5.1 0.68 6.7 1.6 0.07
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functionalization the XRD patterns of all three supports exhibit the char-
acteristic (100), (110) and (200) reflections of a hexagonal pore order-
ing [2], see supporting information. After functionalization a decrease in
the specific BET surface area and total pore volume of the samples,
resulting from the loss in free volume and the increase in catalyst
mass is observed. The XRD patterns as well as the nitrogen sorption iso-
therms show that the ordering of catalysts S and B has slightly degraded
with a decrease in wall thickness as a result. In the case of catalyst S, the
average pore diameter has even increased by 1 nm. This is ascribed to
some structural degradation by the aqueous environment during
functionalization and the heat generated during the thiol-ene click
reaction. However, the characterization results confirm that the
mesoporosity and hexagonal pore ordering of all materials is largely
retained.

The DRIFT spectra of the functionalized materials exhibit a charac-
teristic silanol peak around 3720 cm™ !, several bands in the range of
2800-3100 cm ™! originating from C-H stretches of both the support
and the functional groups, a carbonyl peak at 1730 cm™ ! and a N-H
bending peak at 1615 cm™ !, see Fig. 1. This qualitatively confirms the
presence of the amino acid functional groups. The active site concentra-
tion was determined from the nitrogen content on the catalyst as ob-
tained by CHNS elemental analysis. All materials have an active site
density of about 0.07 mmol/g, see Table 1, equivalent with an area per
amino acid between 15 and 22 nm?. Previous work on a cysteine func-
tionalized ethylene-bridged PMO showed that such a low site density
prevents intermolecular interactions between functional groups, such
as hydrogen bonding or acid-base neutralization. Hence, differences in
surface area can be safely discarded as a potential origin for activity dif-
ferences [33].

3.2. Catalyst performance evaluation and interpretation

The synthesized materials have been used to investigate the effect of
the support hydrophobicity on their aldol condensation performance
for 4-nitrobenzaldehyde and acetone using 4 mol% of amino acids
with respect to the concentration of 4-nitrobenzaldehyde in the reac-
tion mixture (0.03 M). First, a 50:50 acetone/n-hexane mixture was
used because nonpolar aprotic solvents are reported to result in better
catalytic activity of acid-base pairs supported on a silica material [14].
Subsequently, the experiments were repeated with 1 vol% water pres-
ent in the reaction mixture. No conversion was observed when using
the unmodified support materials. The conversion curves obtained

Kubelka - Munk (a.u.)

2700 2200 1700
Wavenumber (cm™?)

3700 3200 1200

Fig. 1. DRIFT spectra of catalyst S, catalyst B and catalyst E.

Table 2

Turnover frequencies in the absence of water and in the presence of 1 vol% water obtained
at45 °Cin 50 vol% acetone and 50 vol% solvent (n-hexane and water) using 4 mol% of ami-
no acids with respect to the concentration of 4-nitrobenzaldehyde (0.03 mmol/mL).

Catalyst Water free 1 vol% water

Catalyst E 1.92x 107 457! 1.96 x 10~ 4s~!
Catalyst B 1.83x107°s7! 1.32x107°s7!
Catalyst S 8.67x107°s™! 515x 107 °s~!

with the functionalized materials are shown in the supporting informa-
tion while the TOFs are reported in Table 2. All three catalysts exhibited
high selectivities towards the aldol product (> 90%).

Without adding water to the reaction mixture, the hydrophilic silica,
catalyst S, exhibits a TOF of 8.67 x 10> s~ !, while the organosilica with
an aliphatic character, catalyst E, and the organosilica with an aromatic
character, catalyst B, gave rise to TOFs of 1.92 x 10~* s~! and
1.83 x 1077 s~ !, respectively. These results suggest that, at the investi-
gated reaction conditions, a hydrophobic aliphatic support, catalyst E,
has a better acetone to 4-nitrobenzaldehyde ratio inside its pores
compared to the hydrophilic silica support, catalyst S, see Fig. 2.
The large amount of silanols on the surface of the hydrophilic silica
support can then form preferential hydrogen bonds with acetone,
due to its polar character. This, in turn, results in an acetone enrich-
ment in the pores and enhances the formation of the reactive en-
amine intermediate. However, this enrichment simultaneously
prevents 4-nitrobenzaldehyde from efficiently reaching the en-
amine intermediate, resulting in a decreased TOF without leading
to acetone self-condensation. The hydrophobic support with an aro-
matic character, catalyst B, exhibits a TOF which is about an order of
magnitude lower than that obtained with the aliphatic support, cat-
alyst E. The low activity of catalyst B could be explained by a strong
4-nitrobenzaldehyde enrichment in the pore structure originating
from the ‘like-likes-like’ principle, see Fig. 2. This strong enrichment
results in an increased direct interaction between 4-nitrobenzaldehyde
and the active site, which is expected to yield inhibiting species such as
an imine or an 1,3-oxazolidin-5-one [17,19,20,34], see Fig. 2. These spe-
cies decrease the reactive enamine intermediate concentration and,
hence, also the TOF. Adsorption experiments indicate that the aromatic
support, indeed, adsorbs about an order of magnitude more 4-
nitrobenzaldehyde than the aliphatic and the silica support, which is
consistent with the 4-nitrobenzaldehyde enrichment and inhibition hy-
pothesis. In short, a crucial interplay between the reactant and support
hydrophobicity is deemed responsible for significant differences in con-
centrations inside the catalyst and in the bulk liquid. This provides op-
portunities to, potentially, achieve the desired catalyst performance by
tuning the support properties.

In the presence of 1 vol% water, the TOF exhibited by the hydrophilic
material, catalyst S, drops by about 40% to 5.15 x 10~° s~ ! compared to
that observed in the absence of water. This pronounced decrease is as-
cribed to the hydrophilic character of the silica allowing water to pene-
trate easily into the pores, see Fig. 2. The water molecules inside the
pores are believed to poison the active sites, either via the formation
of hydrogen bonds with the active sites or via a pronounced shift in
the equilibrium from the free acid and free base towards the resulting
neutralized ion pair [ 14]. Additionally, as a consequence of Le Chatelier's
principle, an increased water concentration suppresses the formation of
the reactive enamine intermediate which then also leads to a decrease
of the TOF. Catalyst B exhibits a TOF of 1.32 x 107> s~ ! in the presence
of 1 vol% water, which corresponds to a decrease of 28% compared to
water free conditions. As benzene-bridged organosilicas have a rather
hydrophobic character compared to the silica materials [35], water is
largely repelled from the pores of catalyst B. However, the experimental
data suggest that some water is still able to enter the catalyst pores, see
Fig. 2. Apart from the negative effect induced by the presence of water
on the TOF, as observed with catalyst S, water will suppress the
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Fig. 2. Representation of the selective enrichment and the related formation of reactive enamine intermediates and inhibiting species in the pores of silica material, catalyst S, catalyst B

containing benzene bridges and catalyst E containing ethane bridges.

formation of the inhibiting species originating from the direct interac-
tion between 4-nitrobenzaldehyde and the active site [34]. Both factors
allow explaining the less pronounced decrease in catalytic activity in the
presence of 1 vol% water as observed on catalyst B compared to catalyst
S. Finally, the aliphatic organosilica, catalyst E, fully preserves its activity
in the presence of 1 vol% water. This suggests that the hydrophobic
walls of the support fully impede the additional water to enter the
pores and, hence, prevent poisoning of the active sites and suppression
of the enamine formation. These observations nicely illustrate how, in
addition to the reactant properties, also the properties of other mole-
cules in the reaction mixture, i.e., solvents and traces, impact on the op-
timization of the catalyst support properties.

4. Conclusions

A straightforward synthesis procedure for cysteine functionalized
(organo)silicas with an aliphatic, aromatic or silica character has been
developed. Catalytic testing of the synthesized materials in the aldol
condensation of 4-nitrobenzaldehyde and acetone was indicative of a
crucial interplay between the reactant, solvent, traces and support prop-
erties in achieving the desired catalyst performance. An organosilica
with aromatic linkers exhibited a low catalytic activity, which was

attributed to a pronounced 4-nitrobenzaldehyde enrichment enhancing
the formation of inhibiting species. Of the two other catalysts, i.e., an
organosilica with an aliphatic character and a hydrophilic silica material,
the former exhibits the highest catalytic activity. This suggests that a hy-
drophobic support might lead to a better acetone to 4-nitrobenzaldehyde
ratio inside its pores and, hence, would be beneficial for the catalytic ac-
tivity. Additionally, the hydrophilic silica material loses about 40%
of its activity in the presence of a small amount of water due to poi-
soning of the active sites and suppression of the formation of the re-
active enamine intermediate. The aromatic organosilica exhibits an
activity decrease of 28% in agreement with its hydrophobic charac-
ter and the suppression of the formation of inhibiting species
while the aliphatic organosilica apparently fully repels water from
its pores and retains its activity.
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