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Abstract: A simple one-pot procedure under mild conditions
has been developed with the aim of preparing a set of hybrid
organic-inorganic multifunctional materials. This procedure is
based on the use of catechol and KIO4 as oxidizing agent in
conjunction with 3-aminopropyl-, substituted 3-aminopropyl-
and 3-methylimidazolium-1-trimethoxypropylsilane mimick-
ing polydopamine-like chemistry. Reactions were carried out
in water at room temperature and 70 °C to give fifteen
materials that were characterised by using several techniques

(nitrogen physisorption, TGA, XPS, 13C and 29Si CP-MAS NMR,
IR, pHPZC). Knoevenagel reaction was chosen as a good probe
to investigate the availability of functional groups on the
surface of the materials. The most active catalytic materials
were tested in recycling procedures. Such simple procedure
is of broad interest for the scientific community and it open
the doors to the development of new hybrid organic-
inorganic multifunctional materials for several purposes.

Introduction

The continuous development of new materials for catalytic
applications as well as other purposes is a topic of great interest
and, in this context, great attention has been focused on the
design of hybrid organic-inorganic materials for organocatalytic
and metal-based reactions.[1] Among the plethora of new
materials, in the last decade, a paramount attention has been
devoted to the so-called mussel-inspired materials based on
polydopamine (PDA) or polydopamine-like polymers[2] which
also show high potential as catalysts in sustainable chemistry.[3]

The sustainability of catalytic processes is mainly based on the
easy and, possibly, cheap and green synthesis of the catalytic
materials then coupled with high catalytic activity, recoverabil-
ity and reusability. In this context, oxidation of dopamine or
simple catechol-based compounds to give polydopamine or
polydopamine-like materials could be an appealing approach.
In place of dopamine, the use of simple catechol, as an

alternative source of the catechol moiety, requires the presence
of amine-based derivatives in the co-polymerisation processes
leading to the formation of the desired polymeric material.[4]

The nature, quite complex, of these materials was also
investigated using 4-methyl catechol and propylamine as model
compounds.[5] It is known that primary amines can covalently
bound to polydopamine analogously to the ring formation in
PDA itself.[6] In addition to simple amines, 3-aminopropyltrial-
koxysilane, mainly as triethoxysilane (APTES), has been used in
conjunction with dopamine, tannic acid or 5,6-dihydroxyindole-
2-carboxylic acid for the development of new materials for
selected applications.[7]

Due to the great interest in mussel-inspired chemistry, we
recently reported a simple and low-cost approach by using the
cheap catechol and 3-aminopropyltrimethoxysilane (APTMS), as
the amine counterpart, for the synthesis of a polydopamine-like
silica-based material.[8]

Then, we started a deeper investigation in the development
of new hybrid organic-inorganic multifunctional materials in a
very easy way. Indeed, oxidation-polymerisation of catechol
followed by nucleophilic addition of amine moiety and hydro-
lytic polycondensation of trimethoxysilane group can give a
final material displaying several functional groups such as
amine, imine, phenolic hydroxyl as well as carbonyl groups.
Indeed, multifunctional materials are very appealing for cooper-
ative catalysis.[1a,9] In order to test the new synthesised materials,
Knoevenagel reaction was chosen as a good probe to
investigate the availability of functional groups on the surface
of the materials. Knoevenagel reaction may take place through
several pathways and it is a very useful reaction for the total
synthesis of biologically active natural products and their
synthetic analogues, electroluminescent compounds, for organ-
ic solar cells and in medicinal chemistry among other
applications.[10]
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Results and Discussion

Hybrid materials were easily obtained with a one-pot procedure
under mild conditions. In the first step, catechol was dissolved
in KHCO3/K2CO3 buffer solution (10 mM, pH 9.0) and, with the
aim of forming enough o-quinone, the oxidant KIO4 was added
at room temperature. The solution turned very dark in a few
minutes and it was left to stir for 2.5 h. In the second step, to
this dark solution, the proper trimethoxysilane derivative was
added and the solution was stirred at 70 °C for 18 h. After this
time, brown or dark-brown precipitates were formed which
were easily filtered, washed and dried to give the hybrid
materials. As trimethoxysilane derivative, the following
aminopropyltrimethoxysilane A–E were used (Figure 1). In
addition, imidazolium-based silanes F–H were also used.

Materials were prepared using only one silane (A–E
entries 1–10) or a mixture of two silanes (entries 11–15).
Materials were labelled with the letter of the silane employed
with a different number (0, 1, 2) depending on the amount of
oxidizing agent used and with additional letter d when the
concentration was doubled (see Table 1). For the synthesis of
the A0 solid (Table 1, entry 1) no oxidizing agent was used, the
oxidation/polymerisation reaction of the catechol took place by
means of atmospheric oxygen in 100 mL of buffer solution at
room temperature for a duration of 24 h, after which no

precipitate was observed. Subsequently, 3-aminopropyltrimeth-
oxysilane (A) (10 mmol) was added as crosslinking agent and
the reaction continued for 18 h at a temperature of 70 °C.

The subsequent materials (A1 and A2, entries 2 and 3) were
prepared using silane A, in the presence of variable amount of
KIO4 (0.25 and 0.50 equivalent with respect to catechol). In
these cases, the oxidation was very fast. The use of periodate as
oxidant was reported also to accelerate the oxidation of
dopamine.[11] In our case, the mixture immediately became very
dark and the reaction was carried out for 2.5 h at room
temperature, after which, silane A was added and the reaction
set at 70 °C for 18 h. The reaction carried out with 0.50
equivalents of oxidant (entry 3) provided a greater amount of
final material (A2). For this reason, subsequent tests were
conducted using 0.50 equivalents (see Table 1).

For the synthesis of B2 (entry 4) silane B, having two amino
groups, secondary and primary, was used. Silane C, having a
secondary amino group, was used for the preparation of C2
(entry 5) whereas silane D, having a tertiary amino group, was
used in the synthesis of D2. Given the lower amount of material
obtained in the latter case (entry 6), the synthesis was repeated
by halving the volume of the buffer solution used, 50 mL rather
than 100 mL. However, solid D2d was obtained in a similar
amount (entry 7). Finally, the synthesis of E2 (entry 8) was
carried out by adding the silane E, which possesses a dimeth-
oxymethyl silane moiety instead of the trimethoxysilane.

The choice of using such silane was made in an attempt to
obtain a polymer with a lower degree of branching; the
absence of the third methoxy group bonded to silicon can
result in the obtaining of a more linear polymeric structure, and
in this way guaranteeing the material a greater contact surface
and making the amino functionalities more accessible. In
addition, the presence of the methyl group in place of the
methoxy one could increase the hydrophobicity of the final
material. The synthesis was repeated by doubling the concen-
tration to give E2d (entry 9); the amount of material obtained
using this procedure remained constant. On the other hand,

Figure 1. Structure of silanes A–H.

Table 1. Hybrid materials.[a]

Entry Silane Material KIO4/buffer
[eq./mL]

Weight[b]

[g]
Residue[c]

[%]
Loading[d]

[mmol/g]
Amt. H2O

[c]

[%]

1 A A0 0/100 0.820 49.2 8.2 5.7
2 A A1 0.25/100 0.930 39.7 6.6 6.3
3 A A2 0.50/100 1.390 36.6 6.1 7.0
4 B B2 0.50/100 1.023 28.2 4.7 5.8
5 C C2 0.50/100 0.917 32.4 5.4 7.0
6 D D2 0.50/100 0.586 21.5 3.6 7.4
7 D D2d 0.50/50 0.545 21.3 3.6 7.0
8 E E2 0.50/100 1.200 36.9 6.1 3.3
9 E E2d 0.50/50 1.203 39.7 6.6 2.6
10 E E1d 0.25/50 0.743 40.4 6.7 2.5
11 A+D[e] AD6.5 0.50/100 1.380 39.8 6.6 3.5
12 A+F[e] AF6.5 0.50/100 1.230 33.1 5.2 4.0
13 A+F[f] AF1.10 0.50/100 0.700 17.4 2.9 3.5
14 A+G[e] AG6.5 0.50/100 1.300 33.7 5.6 4.1
15 E+H EH6.5 0.50/100 0.950 30.9 5.1 2.8

[a] Reaction conditions: Catechol (4.36 mmol), buffer solution (KHCO3/K2CO3, pH 9, 10 mM, 100 mL or 50 mL), KIO4 (0.5 or 0.25 eq), r.t., 2.5 h; organosilane
(10 mmol), 70 °C, 18 h. [b] Isolated weight. [c] Calculated by TGA. [d] Silane loading from TGA, calculated from the residue at 800 °C. [e] Silanes amount:
6 mmol+5 mmol, respectively. [f] Silanes amount: 1 mmol+10 mmol, respectively.
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lower amount of material was obtained when less amount of
oxidant was used (E1d, entry 10). This result resembles the one
reported in entry 2.

Materials were also prepared using a mixture of two silanes.
These solids are labelled with letters of the corresponding
silanes and two numbers which correspond their molar ratio. In
order to get a material having primary and tertiary amino
groups, a mixture of silane A and silane D was used. The use of
silane A together with silane D allowed to get a higher amount
of material AD6.5. Solids AF6.5, AF1.10 and AG6.5 were
prepared using silane A and imidazolium-based silanes F and G
(entries 12–14). In the case of AF1.10, a large amount of silane F
was used compared to silane A (A :F 1 :10 mmol ratio). In this
case, a lower amount of material was obtained (entry 13).
Finally, material EH6.5 was obtained from dimethoxymeth-
ylsilanes E and H (entry 15).

The hybrid materials were characterised by using several
techniques confirming the presence of different functional
groups. Firstly, materials were characterised by thermogravi-
metric analysis (TGA). Thermograms are reported in the
Electronic Supporting Information (ESI) section (Figure S1), and
the results are collected in Table 1. The first weight loss,
observed around 100 °C, corresponds to the water adsorbed by
the materials. The amount of adsorbed water could be a rough
indication of hydrophilicity or hydrophobicity of the surfaces.[12]

The lower amount of adsorbed water the higher hydro-
phobicity. Dimethoxymethyl-based silica materials (E2, E2d, E1d
and EH6.5), as expected, showed higher hydrophobicity
(entries 8–10, 15). The residue values were corrected based on
the amount of water present in the samples. The materials have
a good thermal stability being stable up to 200 °C; the organic
portion is completely degraded at 700 °C. In order to verify the
reproducibility of the procedure, repeated preparation of the
materials gave similar results.

The percentages of the obtained residue are reported in
Table 1. This value is related to the residual silica (SiO2) that
corresponds to the alkoxysilane used in the synthesis. These
data allowed to calculate the silane loading in the materials. As
a first approximation, these values can also be correlated to the
amount of amine present, although the possibility that Michael
addition reactions occurred means that the amino functions
present in the material are not all the same and not equally
available on the surface of the materials.

The material obtained in the absence of the oxidizing agent
(entry 1) has a very high residue, probably due to the fact that
only a small amount of oxidised catechol was present in the

reaction system, i. e. quinone structures and/or oxidised poly-
catechol with which the APTMS could have reacted. The use of
KIO4 has provided materials with a lower silane loading, due to
the presence of higher polycatechol/quinone structures with
which the APTMS was able to react (entries 2 and 3). The use of
silane B, containing two amino functions, primary and secon-
dary, has provided a material with a lower loading (entry 4). The
reaction was duplicated, obtaining a comparable result. The
loading was slightly higher (entry 5) when silane C was used,
having only a secondary amino function. The use of silane D,
having a tertiary amine, has provided a material with a low
silane loading (entry 6). This result was predictable since the
primary and secondary amino functions can give nucleophilic
addition reactions (Michael addition) on the α, β-unsaturated
carbonyl systems of the quinone systems. Furthermore, primary
amines can form imines with the ketone groups of such
systems. Tertiary amines cannot give addition reactions to the
carbonyl and certainly Michael’s addition is less likely. This
explains the smaller amount of the obtained material. Further-
more, from a visual point of view, the obtained material appears
very dark, almost black, unlike the other brown-coloured
materials. In order to try to obtain a greater quantity of material,
the reaction was repeated in double concentration (50 mL of
solvent instead of 100 mL) but the result was similar to the
previous one (entry 7).

Reactions with silane E, carried out under the previous
different conditions, gave the corresponding materials with
similar TGA (entries 8–10). Primary amine-based materials A2
and E2 (entries 3 and 8) prepared under the same conditions
showed the same silane loading. Material AD6.5 displayed a
total silane content similar to primary amine-based materials
(entry 11). However, from TGA it is not possible to ascertain to
relative amount of the two silanes in the material. Imidazolium-
based materials gave similar total silane loadings except, as
expected, in the case of AF1.10 which was prepared using a
low amount of silane A (entries 12–15).

13C and 29Si cross polarisation magic angle spinning (CP-
MAS) NMR spectra of prepared materials are reported in the ESI
section (Figure S2). In Figure 2 are reported the 13C NMR spectra
of A0 (a), A2 (b), D2d (c), and E2d (d). The 13C CP-MAS NMR
spectra clearly show signals related to the propyl chain bearing
the corresponding amino moiety (Figure 2). In the case of D2d,
signals of the N,N-dimethylaminopropyl chain is present while,
in the case of E2d it is present the signal at ca.–1 ppm which is
related to the methyl linked to silicon. The very large signal
patterns, starting from ca. 110 ppm to ca. 180 ppm are

Figure 2. 13C MAS NMR spectra of A0 (a), A2 (b), D2d (c), and E2d (d).
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attributable to the complex catechol-based structures, compris-
ing both aromatic catechol rings and o-quinones-based
structures. In the 13C CP-MAS NMR spectrum of A0 the intensity
of aromatic signals is low due to the large presence of the silica
moiety whereas, in the case of D2d the intensity of aromatic
signals is higher because of the reduced presence of the silica-
based moiety.

In Figure 3 29Si CP-MAS NMR spectra of materials A0 (a), A2
(b), D2d (c), and E2d (d) are reported. Such spectra display
signals attributable mainly to T3 species RSi(OSi)3 and, especially
in the case of D2d, T2 species which can be ascribed to RSi
(OH)� (OSi)2, RSi(OMe)� (OSi)2 and/or RSi(OPh)� (OSi)2

[13] contribu-
tions. 29Si NMR spectra of E2d shows a signal at ca. � 23 ppm
due to the D2 R2Si(OSi)2 species with a small shoulder due to
the D1 R2Si(OH)� (OSi) species. In the case of A0, peaks at
around 100–108 ppm are observable. These signals could be
related to Q systems which presence could be due to deal-
kylation at the silicon atom that has occurred in some extent to
give the Si(OSi)4 and Si(OSi)3OH systems. Dealkylation of silicon
atom in the presence of catechol has been reported.[14] It should
be noted that A0 has been obtained in the absence of the
oxidizing agent then, catechol was present in large amount
when the silane was added. In Figure 4 13C and 29Si MAS NMR
spectra of AD6.5 and AG6.5 are reported. In the case of AD6.5,
signals due the presence of the two different aminopropyl
chains are present. Also in the case of AG6.5, signals due to the
presence of the aminopropyl chain and propyl-3-(1-meth-
ylimidazolium) moiety are present as well as signals due the
imidazolium ring. 29Si CP-MAS NMR spectra of the latter
materials again show signals attributable mainly to T3 and T2
species.

The XPS survey spectra for the prepared materials and
spectra of N1s, C1s and O1s are reported in Figures S3–12 (ESI).
In Figure 5, XPS spectra of D2d are reported, as an example.
The survey XPS spectrum of D2d (Figure 5a) revealed the
presence of O, N and C atoms with the corresponding peaks at

532.6 eV, 402.1 eV and 285.1 eV, respectively. Furthermore,
representative peaks for the Si2 s and Si2p are also observed,
due to the presence of the silane moieties.

The N1s spectrum (Figure 5b) was deconvoluted into two
peaks centered at 399.4, and 402.1 eV corresponding to � NH2
and � NH3

+, respectively. The XPS spectrum of C1s (Figure 5c)
was deconvoluted into three peaks corresponding sp2 (C=C) at
284.7 eV, C� OH/C� N at 286.1 eV, as well as C=O at 288.3 eV.
Contribution of possible peak at ca. 283 eV due to C� Si is not
clearly visible. The O1s spectrum (Figure 5d) also confirmed the
coexistence of the aforementioned species (deconvoluted into
three peaks at 530.9 eV, 532.2 eV and 533.4 eV corresponding
to C=O, O� Si and C� OH, respectively). These spectra clearly
show the existence of some expected functional groups, such
as amine, carbonyl and hydroxyl moieties.[4d,7c,e,h,15] XPS spectra
and deconvolution analysis of other materials (see ESI,
Tables S1–3) show an almost identical deconvolution pattern
for all the materials prepared.

In particular, it is worthy to discuss the N1s band in the XPS
spectra of materials (see SI and Table 2). In some cases, two
peaks can be fitted with binding energies at c.a. 399 and
401 eV. In the case of B2 and E2d only one peak was present.
The lower binding energy nitrogen peak is attributed to free
amines, while the higher binding energy peak could be related
to protonated and H-bonded amines.

Hydrogen-bonding interactions may take place between
the amine groups and neighbouring surface phenol groups or
silanol groups. This situation resembles the acid-base reaction
to yield the protonated species reported in the case of nitrogen
abstraction of a proton from a silanol group reported in the
case of aminoalkoxysilane-based materials.[16] A comparison of
the two peaks ratio, can give information about the basicity of
the surface bound amine groups. Based on the N1s area ratios,
basicity in the dry state follows the trend diamine<NH2<N-
methyl<N,N-dimethyl, consistent with vapour phase basicity
that follows the same trend.

Figure 3. 29Si NMR spectra of A0 (a), A2 (b), D2d (c), and E2d (d).

Figure 4. 13C and 29Si MAS NMR spectra of AD6.5 (a) and (b), and AG6.5 (c) and (d).
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Comparison within primary amine-based materials (A0, A1,
A2, Table 2, entries 1–3) shows a similar basicity. The presence
of only one peak due to the free amine in the case of E2d
(entry 7) is interesting and could be attributed to the different
nature of the material, being it more hydrophobic than the
other materials. AD6.5 (entry 8) possessing primary and tertiary
amine moieties shows a similar behaviour to A2 whereas the

presence of the second peak the case of materials prepared
with imidazolium-based silanes can be also due to the presence
of the imidazolium moiety (entries 9–11).

The FT-IR spectra of prepared materials (Figure S13) were
similar showing a large and broad peak centered at ca.
3350 cm� 1 due to the presence of amine and hydroxyl groups
as well as bonded and free water molecules. The peak at ca.
1600 cm� 1 can be ascribed to the stretching vibration of C=O
whereas the C=C stretching vibration of the aromatic rings
generated the peak at ca. 1590 cm� 1. Peaks centered at ca.
1111 cm� 1 and 1020 cm� 1 were assigned to the symmetric
stretching vibration modes of C� O and to the Si� O� Si
stretching vibrations, respectively whereas the sharp peak at
1260 cm� 1 in E2d and EH6.5 is due to the Si� CH3 stretching
vibration.

SEM analysis of selected materials (Figures S14–17) showed
different morphologies depending on the silane used. Regular
round-shaped nanostructures, typical of polydopamine-like
materials were observed in the case of primary amine-based
silane materials whereas different morphology was observed for
the tertiary amine-based silane material. EDX mapping (Figur-

Figure 5. (a) XPS survey of D2d; (b) deconvoluted N1s spectrum; (c) deconvoluted C1s spectrum and (d) deconvoluted O1s spectrum.

Table 2. Binding energies and atomic percentage of deconvoluted peaks
of N1s XPS spectra.

Entry Material C� N
eV [atomic %]

C� NH+

eV [atomic %]

1 A0 399.5 (87%) 401.7 (13%)
2 A1 399.4 (90%) 401.7 (10%)
3 A2 399.5 (85%) 401.8 (15%)
4 B2 399.6 (100%) –
5 C2 399.5 (65%) 401.5 (35%)
6 D2d 399.4 (42%) 402.1 (58%)
7 E2d 399.7 (100%) –
8 AD6.5 399.5 (79%) 402.2 (21%)
9 AF6.5 399.6 (65%) 401.8 (35%)
10 AG6.5 399.6 (65%) 401.8 (35%)
11 EH6.5 399.7 (69%) 401.7 (31%)
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es S18–20) showed a homogeneous distribution of silicon and
nitrogen atoms in the matrix.

As a further step in the characterisation investigation, we
decided to determine the pHPZC of selected materials (Fig-
ure S21). This value may help to shed some light in the
deprotonation-protonation characteristics of the surface of a
material since it represents the point at which the surface basic
(or acidic) functional groups no longer contribute to the pH
value of the solution.[17] In Table 3 pHPZC values for selected
representative materials are reported. Values of pHPZC were
similar for A2, C2 and D2d irrespective for different amino
functionalities and decreasing loadings. Lower values were
found in the case of A0 and E2d indicating that, despite the
presence of the primary amino group as for A2, such materials
behaved differently. AD6.5, possessing two amino functional-
ities, gave a higher pHPZC value. Although not directly correlat-
able since a comparison between dry state (XPS analysis) and
aqueous conditions (pHPZC) is not consequential, the lower
basicity of E2d resemble what we observed with N1s analysis in
XPS with respect to the other materials.

The textural properties of the materials were investigated
via nitrogen physisorption analysis. Figures S22–27 show the
reversible isotherms characterised by a sharp increase of the
adsorbed volume at a relative pressure close to 1. According to
IUPAC classification, the described features can be related to
type II isotherm, consistent with macroporous absorbents. The
specific surface area (SSA) of the solids was calculated using the
Brunauer-Emmett-Teller (BET) method (0.05<P/P0<0.3). The
values reported in Table 4 show that the solids display a low
SSA in the range of 4–63 m2g� 1.

Based on the above characterisation data, the obtained
hybrid materials contain large domains of aminopropyl moieties
as well as aromatic/quinone moieties.

The first step of the synthesis involves the fast oxidation of
catechol to o-quinone. Under such conditions, o-quinone can
react via reverse dismutation with catechol, to give highly
reactive semi-quinone radicals that can couple to form diaryl
compounds which can be further transformed/oxidised.[18] In

the second step, the main reactions are based on Michael-type
addition with only a small fraction of products formed via Schiff
base reactions[5] and hydrolysis and condensation of the
trimethoxysilyl moiety (Scheme 1). The structures reported in
Scheme 1 and Figure 6 (vide infra) do not correspond to the
exact nature of the materials and exact composition of phenolic
and amine moieties present in each material but are a tentative
way to represent them.

With the aim to explore the availability of amino moieties
on the surface of the synthesised materials, Knoevenagel
reactions between ethyl cyanoacetate, as a substrate containing
α-acid hydrogens, and 3-methoxybenzaldehyde were carried
out. Catalytic tests were run using 10 mg of each material and
1 mmol of each reactant solubilised in 1 mL of ethanol. In
selected cases, reactions were also carried out in toluene and in
water.

Material A0 gave a very low yield (entry 1), despite showing
the highest loading in silane, which could also indicate a high

Table 3. pHPZC values.

Entry Material pHPZC

1 A0 7.4
2 A2 8.7
3 C2 8.3
4 D2d 8.8
5 E2d 6.6
6 AD6.5 9.7

Table 4. Specific surface areas [SSA].

Entry Material SSA [m2g� 1]

1 A0 4
2 A1 13
3 A2 63
4 B2 24
5 C2 16
6 D2d 5
7 E2d 10

Scheme 1. Tentative structure based on characterisation data (see discus-
sion).

Figure 6. Tentative structure of materials based on silane D and from two
silanes.
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load in amino groups, given that the amino function is present
in the starting silane. This result could be an indication of the
low availability of the amino functions. In addition, the 1H NMR
spectrum showed the presence of the corresponding diethyl
acetal (ca. 22%) that removes the starting aldehyde to the
Knoevenagel reaction. Indeed, a higher yield was afforded in
water (entry 2). From XPS data (see Table S1, entry 1) A0
appears to be the material having the lowest N/Si atomic ratio,
then indicating the lowest amine availability on the surface. The
oxidation of catechol with KIO4 provided materials with a
slightly higher catalytic activity in ethanol (entries 3 and 5). In
the case of A2, reactions were also carried out in toluene and in
water showing a dependence of the yield on the polarity of the
solvent employed (entries 4–6). The higher yield observed with
diamine (entry 7) is explained by the presence of two amino
functions, one primary and one secondary which consequently
leads to a higher catalytic loading. The use of the material
containing only a secondary amino function showed, indeed,
an intermediate yield (entry 8).

Results observed with the two materials having the tertiary
amino function are very interesting (entries 9–12). Although
they possess a lower loading, the observed yields were higher
than the previous ones. This could also be due to the greater
presence of tertiary amino groups available for catalysis, since
no Michael’s addition can take place. The good N/Si atomic
ratio displayed at XPS could indicate such availability (Table S1).
No difference was observed when water was used instead of
ethanol (entries 10 and 11) whereas very low yield was
observed in toluene (entry 9).

High yields were also reached with materials E2 and E2d
having the primary amino function. These materials were
prepared using the corresponding dimethoxymethyl silane. It
should be noted that materials A2 and E2, have the same silica
loading (6.1 mmol/g) but quite different catalytic activity
(entries 5 and 13). Probably, the two materials possess a
different hydrophobicity due to the presence of the meth-
ylsilane moiety in E2 as demonstrated by the different water
content (see Table 1). Catalyst E2d was also tested in toluene,
ethanol and water (entries 14–16). Again, yield in toluene was
the lowest while the same yield was observed in the polar
solvents. Material E1d prepared with lower amount of oxidizing
agent gave slightly higher yields (entries 17 and 18) as in the
case of entry 3.

Another comparison could be made between A1 and E2d.
Even if the experimental conditions for their synthesis were
different, these primary amino-based materials showed similar
silane loading, SSA, N/Si atomic ratio and N/NH+ ratio from XPS.
Again, the great difference in activity could be ascribed to the
different hydrophobicity as seen from the different amount of
water in the TGA.

Catalyst AD6.5 gave the highest yield in water. This result is
in agreement with the higher pHPZC for AD6.5. Imidazolium-
based materials gave also interesting results showing that such
moiety had an important role. Indeed, AF6.5 gave a high yield,
much higher to the simple primary amine-based catalyst A2
(entry 21 vs entry 5).

Catalyst AF1.10 (entries 23 and 24) that displayed a low
silane content (Table 1) and was prepared using a large excess
of imidazolium-based silane compared to the primary amine-
based one, still gave a high yield despite the much lower silane
loading. The role of the imidazolium salt is highlighted by role
of its anion. Indeed, when iodide was used in place of chloride
a lower yield was observed. Finally, EH6.5 which was prepared
using the dimethoxymethyl corresponding silanes gave, as for
E2 and E2d, a higher yield when compared to AF6.5 (entries 27,
28 vs 21, 22) and the highest yield in ethanol.

In order to investigate if the sole solvent had a role,
reactions were carried out in toluene, ethanol and water
without catalyst (entries 29–32). Indeed, uncatalysed reactions
may take place.[19]

It is interesting to observe that in ethanol a good yield value
was obtained. As already observed by Patai, ethanol, behaves as
a stronger base than water. On the other hand, water, owing to
its greater solvating power and higher dielectric constant,
stabilises the carbanions formed. The yield value in ethanol is
higher than that obtained using A0 and comparable to that
obtained with A1 and A2. In other words, A0, A1 and A2 had,
practically, no catalytic effects. A0 seems to have an inhibiting
effect on the reaction probably because actually catalysed the
acetal formation.

From a mechanistic standpoint, several pathways may be
operative, the ion-pair mechanism, favoured by tertiary amines;
a mechanism via carbinolamine, iminium, and enolate inter-
mediates catalysed by secondary amines[20] and the mechanism
involving a covalent imine intermediate, favoured by primary
amines.[21] In addition, as for the role played by silanol groups,[22]

a possible role of phenolic hydroxyl groups can be also
operative.

As already discussed, materials may possess different func-
tional groups. Even using, as starting reactant, the primary
aminopropyl silane, different amino functions, such as secon-
dary amines and imine moieties, can be present in the final
material. Then, different pathways can be operative in which
the different functional groups can work cooperatively.[23] On
the other hand, since polar solvents aid the ion-pair mechanism
by stabilizing the carbanion intermediate,[24] it is possible a large
contribution of such mechanism.

As reported above, A0 showed a very low catalytic activity
in ethanol and higher in water. The features of A0 are a high
loading of silane, but a low N/Si atomic ratio as seen from XPS
which could indicate that amino functionalities are less
available on the surface of the material. In addition, pHPZC was
lower than other materials prepared from trimethoxysilane
derivatives. A0 was the only material which has catalysed the
formation of a certain amount of the diethyl acetal, removing
the aldehyde from the equilibrium. The use of water in place of
ethanol had a good effect since no acetal can be formed and,
because of its higher polarity that stabilises the carbanions
formed, effectively depressed their recombination rate with
protons.

It can be easily seen that there is no correlation between
pHPZC values (Table 3) and catalytic activity when we compare
primary amine-based materials. Despite the very low surface
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area value and lower basic strength, E2d was the most active
catalyst. This result could be ascribed, as already supposed, to
its higher hydrophobicity of the solid surface due to the use of
the dimethoxymethyl-based silane. As reported in the literature,
primary aminoalkyl modified polysilsesquioxanes[25] gave an
increased yield with increased solvent polarity, supporting the
idea of a partitioning effect due to the higher hydrophobicity of
polysilsesquioxanes compared to silica materials. A similar
behaviour was observed by us for the proline-catalysed
asymmetric aldol reaction[26] in which the use of water afforded
higher yields in the aldol products due to partitioning effect. In
our case, when reactions were carried out in toluene (Table 5,
entries 4, 9 and 14), a solvent in which reactants are well
dissolved, lower yields were obtained because reactants were
not forced toward the surface of the catalysts. The use of water,
a reaction medium in which reactants are not well dissolved,
forced the latter toward the surface giving a better yield with
the more hydrophobic catalyst (Table 5, entries 6 vs 16).

In the examined cases, the higher catalytic activity in
ethanol than in toluene is also in agreement with the presence
of other catalytic moieties on the surface that operate through
the ion-pair mechanism (see ESI).[27] The high catalytic activity of
D2 could be due to its higher basic strength. The almost no
catalytic activity observed with D2 in toluene is an indication
that the ion-pair mechanism is operative with tertiary amine-
based catalyst. Overall, materials displayed higher catalytic
activity in water since the yield without catalyst in water was
much less than in ethanol.

After these preliminary tests, we decided to test the
recyclability of the most promising catalytic materials. For this
procedure 20 mg of catalyst were used. The reactions were
carried out in ethanol or water (1 mL) using 2 mmol of ethyl
cyanoacetate and several aldehydes. At the end of each

reaction, the product was separated from the reaction mixture
and analysed by 1H-NMR, while the catalyst, recovered by
centrifugation, after being dried, was used for the next cycle
without any reactivating procedure. First, we investigated
catalysts prepared using a single silane.

The first recycling study was performed using the diamine-
based catalyst B2 using 2,4-dimethoxybenzaldehyde. After a
reaction time of 5 h, a yield of 88% was observed. The second
cycle gave a lower yield (74%). In addition to such decreased
activity, the material was not easily recovered as a loss of about
40% by weight was found after only two cycles. Then, no
subsequent cycles were carried out. The second catalytic
material investigated was C2. By using the same 2,4-dimeth-
oxybenzaldehyde and a reaction time of 5 h the yield was 54%
which decreased in the second cycle (43%). Given these results,
it was decided not to carry out any further reaction cycles.

Table 6 shows the ten cycles made with D2. For each
benzaldehyde, the corresponding reaction without catalyst was
carried out for comparison (Table 6, footnote). Three different
substrates were used. It can be observed that yield values
constantly decreased after the first five cycles in which 2,4-
dimethoxybenzaldehyde was used. The following three cycles
(from 6 to 8), lasting 1 hour, were carried out using 4-
nitrobenzaldehyde; the obtained results showed a total yield of
the aldehyde in line with the greater reactivity of the aldehyde.
At this point the ninth cycle was run out again with the less
reactive 2,4-dimethoxybenzaldehyde to verify the variation of
the catalytic activity of the material after eight cycles. A further
decrease in catalytic activity was observed. In the tenth cycle 4-
bromobenzaldehyde was used giving a yield of 83%.

In Table 6 are also reported recycling studies with D2d. Also
in this case, catalyst D2d was easily separated from the reaction
mixture at the end of each cycle. Yield values, relating to 2,4-

Table 5. Knoevenagel reaction between ethyl cyanoacetate and 3-methoxybenzaldehyde.[a]

Entry Catalyst Solvent Yield
[%]

Entry Catalyst Solvent Yield
[%]

1 A0 EtOH 6[b] 17 E1d EtOH 84[c]

2 A0 H2O 34 18 E1d H2O 80
3 A1 EtOH 33 19 AD6.5 EtOH 75
4 A2 Toluene 19 20 AD6.5 H2O 93
5 A2 EtOH 25 21 AF6.5 EtOH 80
6 A2 H2O 42 22 AF6.5 H2O 69
7 B2 EtOH 76 23 AF1.10 EtOH 75
8 C2 EtOH 56 24 AF1.10 H2O 64
9 D2 Toluene 6 25 AG6.5 EtOH 59
10 D2 EtOH 82 26 AG6.5 H2O 62
11 D2 H2O 83 27 EG6.5 EtOH 92
12 D2d EtOH 82 28 EH6.5 H2O 87
13 E2 EtOH 72 29 No catalyst Toluene <5
14 E2d Toluene 34 30 No catalyst EtOH 30
15 E2d EtOH 77[c] 31 No catalyst H2O 8
16 E2d H2O 75 32 No catalyst – <5

[a] Reaction conditions: catalyst (10 mg), 3-methoxybenzaldehyde (1 mmol), ethyl cyanoacetate (1 mmol), solvent (1 mL). [b] Diethyl acetal (22% from 1H
NMR of the crude reaction mixture). [c] Traces of diethyl acetal.
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dimethoxybenzaldehyde, show a fluctuating trend although
decreasing between the first and fifth cycle. The ninth cycle
shows a higher yield than the fifth. Yields relating to 4-
nitrobenzaldehyde were quantitative. The value obtained in the
tenth cycle, where 4-bromobenzaldehyde was used, showed a
high yield, if compared to the yield obtained using the same
aldehyde and fresh catalyst in its first cycle (93%).

Another set of recycling investigation was carried out with
catalyst E2d (Table 6). The results obtained for the first four
cycles show very high yield values; in the fifth cycle, where 2,4-
dimethoxybenzaldehyde was still used, a slight decrease was
observed. The cycles where 4-nitrobenzaldehyde was used
(from 6 to 8) show also high and constant yield values. The
ninth cycle gave again a high yield. The value reported in the
table referring to 4-bromobenzaldehyde showed a sudden
decrease in the catalytic performance of the material, which is
confirmed by the comparison with the yield obtained with E2d
in the first cycle using 4-bromobenzaldehyde which was 97%.

Reused catalysts were analysed by TGA after 10 cycles and
results compared with the fresh ones (Table 7). Catalyst D2 was
highly stable as well as catalyst D2d, whereas a small loss was
observed in the case of E2d that, actually, gave a much lower
yield in the 10th cycle. It must be considered that the lower the
residue, the lower the amino counterpart.

We carried out further recycling tests on D2d (Table 8). In a
first set, 4-chlorobenzaldehyde was used up to five cycles
showing constant yields in the first four cycles and a slight
decrease in the fifth. Then, quantitative yields were observed in
the next two cycles with 4-nitrobenzaldehyde. In the subse-
quent cycle, again with 4-chlorobenzaldehyde, no decrease in
activity was observed compared to the fifth cycle (entries 1–8).
The recovered catalyst in entry 7 was used again with 4-
chlorobenzaldehyde giving the same result in entry 5. In a
second set of recycling reactions still good results were
obtained (entries 9–12). Both set of recycling confirmed a good
level of recyclability of the material. Then, we used catalysts
AD6.5 and EH6.5 for recycling studies (Table 9). AD6.5 was
tested in ethanol and in water, due to its excellent result in this
medium (see Table 5). EH6.5 was used in ethanol. Better
performances were observed using EH6.5. Thermogravimetric

Table 6. Recycling studies with D2, D2d and E2d.[a]

Entry Cycle Ar Time [h] Catalyst D2
Yield [%]

Catalyst D2d
Yield [%]

Catalyst E2d
Yield [%]

1 1 2,4-diMeO 5 91[b] 91[b] 97[b]

2 2 2,4-diMeO 5 88 95 97
3 3 2,4-diMeO 5 79 63 97
4 4 2,4-diMeO 5 69 75 97
5 5 2,4-diMeO 5 54 44 88
6 6 4-NO2 1 >99[c] >99[c] 98[c]

7 7 4-NO2 1 >99 >99 97
8 8 4-NO2 1 >99 >99 97
9 9 2,4-diMeO 5 32 51 98
10 10 4-Br 2.5 83[d,e] 91[d,e] 43[d,f]

[a] Reaction conditions: catalyst (20 mg), aldehyde (2 mmol), ethyl cyanoacetate (2 mmol), ethanol (1 mL). [b] Yield without catalyst: 20%. [c] Yield without
catalyst: <5%. [d] Yield without catalyst: 32%. [e] Yield with fresh catalyst: 93%. [f] Yield with fresh catalyst: 97%.

Table 7. TGA and loading of fresh and reused catalysts.[a]

Entry Catalyst TGA residue [%] Loading [mmol/g]
Fresh After reuse Fresh After reuse

1 D2 21.4 20.6 3.6 3.4
2 D2d 21.3 21.1 3.6 3.5
3 E2d 39.4 31.0 6.6 5.2
4 AD6.5 39.8 26.8 6.6 4.5
5 EH6.5 33.7 27.7 5.6 4.6

[a] TGA of D2, D2d, E2d after 10 cycles; TGA of AD6.5, EH6.5 after 8
cycles.

Table 8. Recycling studies with D2d.[a]

Entry Cycle Ar Time [h] Yield [%]

1 1 4-Cl 2.5 95[b]

2 2 4-Cl 2.5 93
3 3 4-Cl 2.5 94
4 4 4-Cl 2.5 92
5 5 4-Cl 2.5 82
6 6 4-NO2 1 >99
7 7 4-NO2 1 >99
8 8 4-Cl 2.5 83
9 1 2-NO2 1 95[c]

10 2 4-Br� 3-OMe 1.5 95[d]

11 3 Bithiophenyl 4 84[e]

12 4 4-Br 1.5 71[f]

[a] Reaction conditions: catalyst (20 mg), aldehyde (2 mmol), ethyl
cyanoacetate (2 mmol), ethanol (1 mL). [b] Yield without catalyst: <5%.
[c] Yield without catalyst: 85%. [d] Yield without catalyst: <5%. [e] Yield
without catalyst: 7%. [f] Yield without catalyst: 14%.
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analysis after 8 cycles evidenced a certain loss both for AD6.5
and EH6.5 (Table 2, entries 4 and 5).

Conclusion

By mimicking the polydopamine chemistry, we prepared a set
of hybrid organic-inorganic materials in a one-pot procedure
under mild conditions. This procedure is based on the use of
catechol and KIO4 as oxidizing agent in conjunction with 3-
aminopropyl- or substituted 3-aminopropyl- or 3-meth-
ylimidazolium-1-trimethoxypropylsilane. The first step of the
synthesis involves the fast oxidation of catechol to o-quinone
giving a complex mixture of aryl compounds which may
undergo mainly Michael-type addition with primary or secon-
dary aminopropyltrimethoxysilanes followed by hydrolysis and
condensation of the trimethoxysilyl moiety. Characterisation of
the hybrid materials indicated the presence of several func-
tional groups. Then, Knoevenagel reaction between ethyl
cyanoacetate and several benzaldehydes was chosen as good
probe to investigate the availability of functional groups on the
surface. In such a way it was possible to identify the best
reaction conditions and the use of the proper aminopropylsi-
lanes for the obtainment of the most active catalytic materials.
In particular, materials D2d and AD6.5 possessing a tertiary
amine gave good results. Materials based only on primary
amine gave no good results unless they were prepared using a
dimethoxymethyl-based silane. In the latter case, the enhanced
hydrophobicity could be the reason for the increased catalytic
activity. Probably, a similar effect was operative in the case of
EH6.5. Such simple procedure could be of interest for the
development of new hybrid organic-inorganic multifunctional
materials for several purposes.

Experimental Section

Spectroscopic and Analytical Methods

Chemicals and solvents were purchased from commercial suppliers
to be used without further purification. Thermogravimetric analysis
(TGA) measurements were carried out under oxygen flow from 100
to 1000 °C with a heating rate of 10 °Cmin� 1 in a Mettler Toledo
TGA STAR Combustion chemical analysis was performed on a
PerkinElmer 2400 Series II Elemental Analyzer System. Nitrogen
adsorption-desorption analysis was performed at 77 K by using a
volumetric adsorption analyzer (Micromeritics ASAP 2420). Before
the analysis, the sample was pre-treated at 150 °C for 16 h under
reduced pressure (0.1 mbar). The BET method was applied in the p/
p0=0.05–0.30 range to calculate the specific surface area. X-ray
photoelectron spectroscopy (XPS) analyses were performed with a
Thermo Fisher ESCALAB 250Xi instrument equipped with a
monochromatic Al Kα X-ray source (1486.6 eV) and a hemispherical
deflector analyzer (SDA) working at constant pass energy (CAE)
allowing to obtain a constant energy resolution on the whole
spectrum. The experiments were carried out using a 200 μm
diameter X-ray spot. The charge neutralisation of the sample was
achieved with a flood gun using low energy electrons and argon
ions. The pressure in the analysis chamber was in the range of 10� 8.
Torr during data collection. Survey spectra were recorded with a
150 eV pass energy, whereas high-resolution individual spectra
were collected with a 20 eV pass energy. Analyses of the peaks
were performed with the software Thermo Avantage, based on the
non-linear squares fitting program using a weighted sum of
Lorentzian and Gaussian component curves after background
subtraction according to Shirley and Sherwood.[28] Full width at half
maximum (FWHM) values were fixed for all the signals. Solid state
CP-MAS 13C-NMR spectra were recorded at room temperature, on a
Jeol ECZ-R 600 MHz spectrometer operating at 14.1 T, using a
contact time of 2 ms, a spinning rate of 8 KHz and a automas probe
of 3.2 mm. CP-MAS 29Si-NMR spectra were recorded at room
temperature, on a Jeol ECZ-R 600 MHz Spectrometer operating at
14.1 T, using a contact time of 2 ms, a spinning rate of 8 KHz and a
automas probe of 3.2 mm. Liquid state 1H NMR spectra were
collected on a Bruker 300 MHz spectrometer. IR spectra (KBr disk)
were recorded on an Agilent Technologies Cary 630 FT-IR
spectrometer. Specimens for these measurements were prepared
by mixing 1 mg of the sample powder with 100 mg of KBr. The pH
of point of zero charge (pHPZC) was determined as follows.

[29] The
pH of a series of 20 mL 0.01 M NaCl solutions was adjusted to a
value between 4 and 10 by adding HCl 0.1 M or NaOH 0.1 M
solution in closed Erlenmeyer flasks. Before adjusting the pH, all
solutions were degassed by purging Ar gas to remove dissolved
CO2. The pH of these solutions was recorded as the initial pHs (pHi).
Then, 0.1 g of material was added and the final pH (pHf) was
measured after 24 h. The plots of both pHf vs pHi and pHi vs pHi
gave the pHPZC value as the intersection of the curves. Scanning
electron microscopy images were recorded with a JEOL 7500F
coupled with an energy-dispersive X-ray detector. The Knoevenagel
reaction products are known molecules and their spectroscopical
and analytical data correspond to those reported in the literature.
(E)-ethyl 3-(4-bromo-3-methoxyphenyl)-2-cyanoacrylate (Table 8,
entry 10) has not been reported in the literature.

Synthesis of hybrid materials (Table 1)

General protocol: catechol (4.36 mmol) was dissolved into a buffer
solution (KHCO3/K2CO3, pH 9, 10 mM, 100 mL or 50 mL) under
magnetic stirring at room temperature. Then, KIO4 (0.5 or 0.25 eq)
was added to the solution. The above mixture was stirred at room
temperature for 2.5 h. After this period, the amino-based organo-

Table 9. Recycling studies with AD6.5 and EH6.5.[a]

Entry Cycle Ar Time [h] Catalyst
AD6.5[b]

Yield [%]

Catalyst
AD6.5[c]

Yield [%]

Catalyst
EH6.5 [b]

Yield [%]

1 1 2,4-diMeO 5 99[d] 99[d] 99[d]

2 2 2,4-diMeO 5 85 98 95
3 3 2,4-diMeO 5 82 94 95
4 4 2,4-diMeO 5 88 83 99
5 5 4-NO2 1 >99[e] >99[e] >99[e]

6 6 4-NO2 1 >99 >99 >99
7 7 4-Br 2.5 73[f] 79[f] 89[f]

8 8 4-Cl 2.5 55[g] 45[g] 45[g]

[a] Reaction conditions: catalyst (20 mg), aldehyde (2 mmol), ethyl
cyanoacetate (2 mmol), ethanol (1 mL). [b] Solvent: ethanol. [c] Solvent:
water. [d] Yield without catalyst: 20%. [e] Yield without catalyst: <5%. [f]
Yield without catalyst: 32%. [g] Yield without catalyst: <5%.
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silane (10 mmol) was added. The reaction mixture was stirred for
18 h at 70 °C. The brown solid was filtered and washed with water,
ethanol, methanol and diethyl ether. The obtained material was
dried at 60 °C under reduced pressure.

General procedure for the Knoevenagel condensation
between 3-methoxybenzaldehyde and ethyl cyanoacetate

The catalytic tests were run into a 10 mL a glass vial with screw cap
in which 10 mg of catalytic material, 3-methoxybenzaldehyde
(1 mmol), ethyl cyanoacetate (1 mmol), and ethanol (1 mL) were
placed. The reaction mixture was sonicated for a short time and
heated at 50 °C under stirring for 5 h. Then, the reaction mixture
was allowed to cool down to room temperature, diluted with
dichloromethane and filtered for catalyst removal. The filtrate was
evaporated under vacuum at room temperature. The residue was
weighted and analysed by 1H NMR spectroscopy then passed
through a short pad of silica gel.

General recycling procedure for the Knoevenagel
condensation

The recycling tests were run into a 10 mL a glass vial with screw
cap in which 20 mg of catalytic material, the aldehyde (2 mmol),
ethyl cyanoacetate (2 mmol), and ethanol (1 mL) were placed. The
reaction mixture was sonicated for a short time and heated at 50 °C
under stirring for a given time. Then, the reaction mixture was
allowed to cool down to room temperature, diluted by addition of
dichloromethane/Et2O 5 :1 (v/v), sonicated for several minutes and
centrifuged at 4000 rpm for 8 min. The supernatant was recovered
and the washing procedure was repeated twice with dichloro-
methane/Et2O 1 :1 (v/v) and finally with Et2O. The recovered catalyst
was dried at 50 °C and then reused. The collected supernatants
were evaporated under vacuum at 40 °C and the residue was
weighted and analysed by 1H NMR spectroscopy.

(E)-ethyl 3-(4-bromo-3-methoxyphenyl)-2-cyanoacrylate
(Table 8, entry 10).

White powder. Yield: 95%; mp 128–130 °C; 1H NMR (300 MHz,
CDCl3): δ (ppm) 8.19 (s, 1H), 7.80–7.55 (m, 2H), 7.32 (dd, J=8.2,
1.9 Hz, 1H), 4.40 (q, J=7.1 Hz, 2H), 3.99 (s, 3H), 1.42 (t, J=7.1 Hz,
3H); 13C NMR (75 MHz, CDCl3): δ 162.25, 156.45, 153.87, 134.06,
131.77, 125.41, 118.06, 115.49, 112.18, 103.44, 62.86, 56.42, 14.15.
HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C13H12BrNO3Na

+, 331.9893;
found, 331.9890. FT IR (film): 3110,3092, 2994, 2971, 2947, 2919,
2220, 1729, 1607, 1581, 1464, 1409, 1296, 1248, 1176, 1091, 1044,
1018, 850, 813, 759.
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