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Abstract

Various aminopropyl-functionalized silicas (APS) were prepared by the sol—gel technique using different tetraethyl orthasilivate
propyltriethoxysilane (TEOBATS) ratios and tested as base catalysts for the nitroaldol reaction. The solids were fully characterized. It was
proved that the amount of organic component strongly influences the composition and textural properties of the hybrid organic—inorganic
materials. In particular, when ATS was increased to more than 40%, pore volume collapse was observed and a significant decrease |
interaction with benzaldehyde reagent was revealed by FT-IR. Catalytic activity in the nitroaldol reaction was correlated with chemical
composition and textural properties, suggesting that the catalyst efficiency depends on accessibility to the catalytic sites. In &}t cases, (
nitrostyrene was selectively obtained.
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1. Introduction nitro compounds can be synthesized via condensation of ni-
troalkanes with carbonyl compounds in the presence of basic
Preparation of fine chemicals and pharmaceuticals hascatalysts. Different organic and inorganic base catalysts have
been recognized as the sector of industrial chemistry mostbeen used including primary and tertiary amines and alkali
responsible for production of waste defined agefything metal hydroxides, carbonates, and alkoxides [4—6]. This re-
produced in the overall process but the desired product” [1]. action is frequently accompanied by unwanted side reactions
Cleaner technologies are required by increasingly stringentsuch as the Cannizzaro reaction of carbonyl compounds and
environmental regulations. Accordingly, the chemical indus- the Michael addition or polymerization when nitroalkenes
try is rethinking its strategies. are produced. These side reactions can be minimized or

As expected, reducing emissions and waste results in ancompletely avoided by careful control of the basicity of the
improvement of the production process from both environ- catalyst.

mental and economical points of view. Use of heterogeneous  Qur interest in the preparation and use of solid cata-
catalysts, which are more stable and easier to remove andysts for production of fine chemicals [7—10] prompted us to
reuse, can improve overall liquid-phase synthetic methodol- deeply investigate nitroalkene synthesis via nitroaldol con-
ogy and product quality [2,3]. _ densation of nitroalkanes and aldehydes in the presence of
The nitroaldol reaction represents an important carbon—gjtterent solid bases composed of propylamine anchored to
carbon forming process by which variously functionalized gjjicequs supports [11].
Several articles have recently reported the use of Mg—Al
* Corresponding author. hydrotalcites [12] or amino [13]- and diamino [14]-function-
E-mail address: giovanni.sartori@unipr.it (G. Sartori). alized mesoporous materials as heterogeneous catalysts for
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the nitroaldol reaction. The catalysts reported in the presentis heated in an oven at 12Q for 2 h and finally sieved to
study were prepared by sol-gel processes from mixtures of80-120 mesh.

tetraethoxysilane (TEOS) and aminopropyltriethoxysilane

(ATS). The great advantage of this technique is the mild con- 2.3. Catalyst characterization

ditions required. In particular, the synthesis performed at low

temperature allows the incorporation of organic functions,  All materials were characterized with respect to compo-
including chiral moieties, into the inorganic framework [15, sitional, textural, and surface properties.

16]. With such a methodology, materials with unique physi-  The loading of the aminopropyl groups was calculated
cal and chemical properties can be prepared by an approprifrom the nitrogen content by elemental analysis performed
ate combination of inorganic and organic reagents. with a Carlo Erba CHNS-0 EA1108 Elemental Analyzer.

The efficiency of aminopropylsilica heterogeneous cat-  Thermogravimetric analysis revealed that all these mate-
alysts (APS) prepared by gelation of different mixtures of rials are thermally stable and they do not lose organic frag-
TEOS and ATS in the model nitroaldol condensation be- ments until 350C.
tween nitromethane and benzaldehyde was studied and re- N3 adsorption—desorptionisotherms, obtained 896°C
lated to the physicochemical parameters of the catalysts. on a Micromeritics ASAP 2010, were used to determine

specific surface areas, g&r. Before each measurement
the samples were outgassed at 1C0and 133 x 10~ Pa

2. Experimental for 12 h.
Pore volume was calculated by the classic Kelvin equa-
2.1. Materials tion using cylindrical pore geometry and the Broekhoff-

de Boer model [17].
All materials purchased were used as such. Starting IR spectroscopy was employed for the investigation of
materials for catalyst preparation: tetraethyl orthosilicate structural and surface properties; in this last case also the ad-

(> 98%, Aldrich), (3-aminopropyl)triethoxysilane-(98%, sorption of benzaldehyde was monitored by this technique.
Fluka). Starting materials for nitroaldol condensation: benz- For IR measurements, the sample, in the form of a self-
aldehyde & 99%, Fluka),p-anisaldehyde= 98%, Fluka), supporting pellet, was placed into a conventional quartz cell,

p-hydroxybenzaldehyde>( 98%, Fluka), p-chlorobenzal- equipped with KBr windows, which was permanently con-
dehyde & 98%, Fluka), p-nitrobenzaldehyde X 99%, nected to a vacuum line (residual pressur83k 10~% Pa).

Fluka), nitromethanex{ 99%, Fluka), nitroethanex(97%, The outgassing of the sample and the adsorption and desorp-
Fluka). tion of benzaldehyde were then carried out in situ, at room

temperature. IR spectra were recorded with a Bruker Vector
2.2. Catalyst preparation 22 at 4 cnt? resolution.

To correctly compare the intensities of the spectra of

APS were prepared as follows: In a beaker contain- the various samples independently of their masses, for each
ing methanol, TEOS, and the selected amount of ATS (for Sample the spectral intensity for unit mass (mg) has been re-
reagent amounts see Table 1), the water required for the hyJorted.
drolysis (equimolecular with respect to the alkoxy groups)is ~ For the adsorption experiments, benzaldehyde from
added dropwise with vigorous stirring at room temperature. Sigma—Aldrich (reagent grade) was used, after several
When the mixture begins to become opalescent, the stirrer isfreeze—pump-thaw cycles.
stopped and the formed gel is aged for 20 days at room tem-
perature in the same container covered with filter paper. The2-4. Reaction procedure for nitroaldol condensation
white monolith so obtained is then finely ground in a mor-
tar. Then 10 g of powder is washed on a Biichner funnel with Nitroaldol condensation of benzaldehyde and nitrometha-
water (500 mL), methanol (200 mL), ethyl acetate (200 mL), Ne as modelreagents was performed using a batch-type reac-

diethyl ether (200 mL) and hexane (200 mL). The material tor. The experimental conditions were as follows: A mixture
of benzaldehyde (5.0 mmol, 0.53 g, 0.51 mL), nitromethane

(6 mL), and the selected catalyst (the amount of which was
Table 1 lected on the basis of loading value in order to introd
Synthesis of APS selected on the basis of loa |n'g vg ue in or gr to intro upe
the same amount of propylamine in all experiments, main-

Material TEOS ATS HO Methanol . . .

(mmol) (mmol) (mmol) (mL) taining the molar ratio of benzalglehyd_e/propylamlne at 40.0)

was kept at 99C under magnetic stirring for 2 h. The mix-

APS10 72 8 312 29 )
APS20 56 14 266 20 tu_re was then cooled tg room temperature and' filtered on
APS30 47 20 248 31 Bichner funnel. The solid catalyst was washed with acetone,
APS40 39 26 234 33 methylene chloride, and ethyl acetate (10 mL each) and the
APS50 40 40 280 45 solution so obtained was analyzed by GC [fused silica capil-
APS60 39 51 309 51

lary column SPB-1 (30 nx 0.25 mm) was used with helium
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as carrier on a DANI 8221 instrument connected to a HP exceeds that of TEOS. In all cases, the pore size was disor-

3396 A integrator].

The same methodology was used in the synthetic appli-

derly distributed.

cation to different aldehydes and nitroalkanes by using the 3.1.2. FT-IR measurement
best catalyst, APS-40. The products were purified by flash 3.1.2.1. IR spectra of the catalysts Figure 2 shows IR
chromatography over silica gel column, using hexane—ethyl spectra of the bare SiOmaterial (curve a) and of the

acetate mixtures as eluants. All products gave melting pointsAPS10-APS50 catalysts (curves b—f), outgassed at room
and spectral data consistent with those reported.

3. Resultsand discussion
3.1. Catalyst characterization

3.1.1. Porosity and surface area

temperature. Unfortunately, the APS60 catalyst exhibited
some transparency to the IR light only in the range 1800-
2300 cnt?, precluding its use as a probe of its structure and
reactivity.

In the high-frequency region, the spectrum of bare;SiO
(Fig. 2a) exhibits a broad and complex band, with a maxi-
mum at 3490 cm! and two partly resolved components at
3610 and 3740 cmt, which are due to hydrogen-bonded, in-

The sample codes and basic physical characteristics arderglobular, and weakly interacting surface silanols, respec-
listed in Table 2. N adsorption isotherms are commonly tively [19]. At lower frequency, weak bands at 1990, 1875,
used in organic—inorganic nanocomposite materials, allow- and 1650 cm? are present, due to overtones and combina-
ing determination of specific surface area, pore volume, tion modes of the inter- and intratetrahedral fundamental vi-

and pore size distribution. TheoNadsorption isotherms of

brational modes of the siliceous framework, which absorbed

APS catalysts exhibit a profile corresponding to type Il of completely IR radiation below 1300 crh.

the BDDT classification [18]. The surface area and total

In the spectrum of the APS10 catalyst (Fig. 2b), the band

pore volume values follow a volcano trend (Fig. 1) that at 3490 cni is almost completely absent, and the compo-
reaches higher values for samples prepared from gels withnents at 3610 and 3740 crhappear strongly reduced in

a TEOYATS ratio between 4 and 1.5 (mm@hmol). A to-
tal drop in porosity was observed when the amount of ATS the range 3400-2200 crhis present, from which two sets

Table 2
Specific surface area (SgAT) and total pore volumeWot) of APS cata-
lysts
APS SSAET Viot?
(m?/g) (cn?/g)
APS10 961 0.22
APS20 133 0.67
APS30 133 0.79
APS40 10% 0.86
APS50 565 0.38
APS60 05 0.00
a Amount adsorbed gt/ p°® = 0.98.
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Fig. 1. Diagrams of (a) specific surface area (BE?/g) and (b) total vol-
ume (cn?/g) for the series of APS catalysts.

intensity. Conversely, a very broad spread in absorption over

of signals emerge: one, in the range 3400-3100%rand

a second in the range 3000-2850¢mFurthermore, an-
other series of bands is present at frequencies lower than
1750 cntL. For the sake of clarity, the latter are shown in
a zoomed view in Fig. 4, are described and commented on
later.

Absorptions in the range 3000—2850cthare due to the
asymmetric stretching of —GHshoulder at 2960 crmt) and
—CH, (peak at 2930 cmt) groups, while their correspond-
ing symmetric modes both contribute to the partly resolved
component at 2885 cnt [20]. The presence of bands due
to —CHg indicates that during preparation of the catalyst,
not all the ethoxy groups present in the parent 3-amino-

Absorbance

3000 2500 2000 1500

wavenumber (cm™)

3500

Fig. 2. IR spectra of (a) the reference Si@ample and (b) APS10,
(c) APS20, (d) APS30, (e) APS40, and (f) APS50 catalysts, all outgassed at
room temperature for 30 min.
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propyltriethoxysilane undergo hydrolysis to connect the or- OH-.--NH> bridges were envisaged in previous studies on
ganic substrate to the silica framework. In other words, a silica areogels modified by aminoalkyl groups [24].
portion of the aminopropyl chains (R) is linked to silica by In spectra of catalysts with a progressively higher con-
only one or two Si—O- (silica) links. However, these species tent of aminopropyl groups (Figs. 2c—f), only traces of the
should be a minority, as the intensity ratioiggymof —-CHs silanol band at 3610 cmt are present, while the compo-
to vasymOf —CH, appeared completely reversed with respect nents related to the stretching modes of -INHCH,—, and
to that observed for the parent 3-aminopropyltriethoxysilane —CHz groups appear more and more intense (methyl and
molecules (spectra not reported for the sake of brevity), in- methylene bands out of scale for APS40 and APS50, curves
dicating that most of the ethoxy groups were hydrolyzed. e and f). Thevasymandvsym —NH, bands exhibit a progres-
The aminic groups of the organic chains linked to the sive shift to lower frequencies, finally appearing at 3350 and
silica framework are responsible for the absorptions at 3284 cnt?, respectively, in the spectrum of APS50 (Fig. 2f),
3360 (asym —NH2), 3293 ¢sym —NHy), and 3180 cm? indicating that they are due to —NHgroups experiencing a
(first overtone of thé8 —~NH, occurring at 1597 cm'; see stronger hydrogen bonding with silanols. As a counterpart,
Fig. 4 and related comments) [21,22]. These bands appeathe broadband in the range 3400—-2200¢ralso exhibits a
downshifted with respect to the positions they exhibit for shift of the maximum to lower frequency.
neat liquid 3-aminopropyltriethoxysilane (3370, 3300, and  Furthermore, other broad and ill-resolved components in
3200 cnr?, in order; spectra not reported for the sake of the range 3150-3050 crh are present. As commented on
brevity). Such perturbation of the vibrational spectrum mon- in more detail by discussing the bands in the region 1750-
itors the occurrence of an interaction with other species. As 1350 cnt?, where related absorptions are present, these
a counterpart, the broadband in the range 3400-220G cm components could be assigned to aminopropyl species con-
can be attributed to silanol hydrogen bonded to amino Strained within the silica gel framework. A zoomed view of
groups, as observed in the case of the adsorption of butyl-the spectrain the region 1750-1350chis shown in Fig. 4.
amine on silica [23]. In such interaction the Si-OH acts as ~ With respect to the bare silica reference (Fig. 4a), the
H donors and the —Njas H acceptor, through the lone pair spectrum of the APS10 catalyst exhibits new components.
on the nitrogen atom, with a consequent downshift of the The band at 1597 cnt is due to the deformation mode of
stretching modes of both silanols and amino groups. Both ~NHz groups, while those at 1475, 1450, and 1385 ¢m

intramolecular (Fig. 3a) andntermolecular (Fig. 3b) Si—-  can be ascribed t8asym —CHg, § —CHp, anddsym —CHs,
respectively, of methyl and methylene groups in the chain
linking the —NH, groups to the silica surface. The po-

/\ /\ sition of the § —NH> band is almost coincident to that
Si N, g NH observed for neat liquid 3-aminopropyltriethoxysilane (not
H(")\ ) SonT reported), in agreement with the lower sensitivity of this
Ny mode to the occurrence of weak hydrogen bonding between
a b amino groups and silanols [23]. The remaining bands at
Fig. 3. Possible (a) intramolecular and (b) intermolecular Si—-GkH 1635, 1540, and 1414 cm correspond to the pattern of a
bridges. R'-NH3™—"00C-R salt (R and R’ being general alkyl

chains), the component at 1414 thcorresponding to the
8sym COO~ mode and that at 1540 cmto 8sym NH3™ vi-
brations, while the complex band at 1635 chresults from
superposition of the absorptions due to #4gmCOO~ and
8asymNH3z™ modes [20]. These species should be produced
by reaction, during catalyst preparation and/or catalyst stor-

g age in air, of CQ presentin air and two aminopropyl groups
_§ (PrNH) located on the silica matrix at sufficient distance to
§ allow the formation of a PrNgit—— OOC—-NHPr adduct.
g The bands due to these species are also present in the
c spectra of other APS materials (Figs. 4c—f), with an almost
b 1055 1540 : unchanged intensity, while they exhibi¢ aNH, component
1475|14141385 at ca. 1595 cm! progressively more intense and slightly
B . ey shifted to lower frequency as the content of aminopropyl
1700 1600 1500 1400 groups increases, following the trend of the partner bands
wavenumber (cm”) in the range 3300-3100 crh (see Fig. 2 and related com-
ments).

Fig. 4. Zoomed-in view of the 17501350 crhregion of the spectra of . i -,
(@) the reference Sipsample and (b) APS10, (c) APS20, (d) APS30, The spectra of these APS materials exhibit additional

(e) APS40, and (f) APS50 catalysts, all outgassed at room temperature forCOMponents, broader and complex, in the ranges 1580-1560
30 min. and 1500-1400 cm, with a progressively higher inten-
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sity as organic content increases. In particular, in the case
of the APS50 catalyst the components in the range 1580—
1560 cnt! are so intense they appear as the dominant com-
ponent (Fig. 4f).

As the occurrence of reactions involving amino groups,
with the consequent formation of new species, is unlikely,
these additional components could be assigned to amino-
propyl species experiencing some peculiar interaction with
their boundary. Taking into account that these components
are particularly evident in the spectra of APS40 and APS50,
which are characterized by a higher organic content and a
lower specific surface area than APS10-APS30, it can be
proposed that such interaction results from the constraints of
aminopropyl species in the silica gel framework. The broad-
ness and complexity of the bands due to such constrained
species indicate the occurrence of some heterogeneity in the 1700 1600 1500 1400
strength of this constraint. wavenumber (cm”)

It is difficult, at present, to discuss in detail the mole- _ .

. . . . . Fig. 5. IR spectra of benzaldehyde (full line) adsorbed (10 Torr, 1 h of
cular effects |_nvolved in this interaction. For instance, the contact) on () the reference Si@nd (b) APS10, (c) APS20. (d) APS30,
components in the range 1580-1560¢nshould corre- (e) APS40, and (f) APS50 catalysts, all pre-outgassed at room temperature
spond to the —NH; band of these constrained species, but for 30 min. The spectra are compared with those of the samples before the
their downshift appears too wide to be ascribed only to sig- admission of benzaldehyde (dotted curves).
nificantly stronger hydrogen bonding, and then additional
factors should be considered. Calculations and molecularTable 3
modeling are performed to clarify this point, and also al- Assignment of the bands of adsorbed benzaldehyde, in the 1750-
low a detailed assignment of other components in the range350 ¢ * region, on the basis of Ref. [26]

Absorbance

~ b
16001585al 1458 13|90

- '1692

1500-1400 cm?, which should correspond to methyl and  Assignment Position (cmt)
methylene deformation bands of constrained aminopropyl v(c=0) 1692
and aminopropylethoxysilane species. v(C=C) 1600

Of course, besides the absorption due to the deforma- ”(gzg) ﬁ’é:
tion mode, the —Nklgroups of the constrained aminopropyl ;z(oc:k (éC_H) 1390

groups should also exhibit the partner stretching bands. They
could be recognized in the broad and complex features ob-
served at high frequency in the range 3150-3050tm of the other APS catalysts (Figs. 5¢c—f), indicating that no
silanols are available for interaction with benzaldehyde. On
3.1.2.2. IR investigation of the interaction with benzalde- the other hand, the spectra reported in Fig. 2 indicated that
hyde To obtain insights useful in rationalizing the catalytic Si—OH interacting with the —Np groups of aminopropyl
behavior of the various materials, their interaction with benz- chains are present. Comments on these features are reported
aldehyde was monitored by IR. later, taking into consideration also the data discussed in the

Spectra in the range 1750-1350 chof the silica ref- following.
erence and on the catalysts before (dotted line) and after Furthermore, the intensity of the component at 1700
adsorption of benzaldehyde are compared in Fig. 5. In thecm™, and of the related bands at lower frequencies, in-
case of the silica sample, only bands due to adsorbed benzereases in the series APS10-APS40 (Figs. 5b—e) and then
aldehyde were observed (Fig. 5a). Their assignment is re-decreases for the APS50 (Fig. 5f), following a trend simi-
ported in Table 3. Benzaldehyde molecules are adsorbed orlar to that of the total pore volume of these materials (see
the silica surface via hydrogen bonding between the car- Fig. 7).
bonyl group and surface silanols [25], and this results ina  In the case of APS catalysts, besides the bands due
10 cnm! downshift of the carbonyl stretching¢o) band, to adsorbed benzaldehyde an additional spectral pattern is
located at 1692 cmt, with respect to liquid benzaldehyde present, characterized by a main component at 1645'cm
(1700 cnt1), where only weaker forces between the mole- This pattern can be assigned to imine species, the main com-
cules can occur. ponent corresponding to the=M stretching mode [27].

An additionalvco component is present at 1700 thin Such species are the expected products of the reaction be-
the spectrum of benzaldehyde adsorbed on APS10 catalystween the anchored aminopropyl groups and benzaldehyde
(Fig. 5b), likely due to benzaldehyde molecules in interac- molecules (Scheme 1).
tion, via weaker forces, with the aminopropyl chains. Such  After outgassing of benzaldehyde, only the pattern due to
a component is the onlyco band observed in the spectra imine species is still present (Fig. 6, full lines). Interestingly,
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O+ __H
H OH
-H,0 N
&NNHZ . 5 . Q/VNE%H T QN\EEH

Scheme 1.

These —NH groups should then be the centers that reacted
with benzaldehyde. Conversely, the-NH, components in
the range 1580—1560 cm do not appear to be affected by
the formation of imine. This feature agrees well with the sup-
posed unaccessibility of the aminopropyl groups responsible
for those components.

Finally, it can be noted that the amount of imine pro-
duced, proportional to the intensity of the=Gl imine band,
significantly increases from APS10 to APS20 (Figs. 6b
and c), slightly increases from APS20 to APS40 (Figs. 6¢c—e),
and then significantly decreases passing to APS50 (Fig. 6f),
with a trend similar to that of the total pore volume of the
catalysts (see Fig. 1).

. i i . We have previously examined the adsorption of benzalde-
1700 1600 1500 1400 hyde onto micelle templated aminopropylsilicas [28]. This

wavenumber (cm) study showed that benzaldehyde vapor reacts very rapidly
Fig. 6. IR spectra of samples (pre-outgassed at room temperature for (at 150°C) with self-supporting wafers of micelle templated

30 min) brought into contact for 1 h with benzaldehyde (10 Torr) and aminoPrOm’/lSi"CQ .prepared by grafting of the ?”ane Or?to
then outgassed for 30 min (full line): (a) reference Si@nd (b) APS10, presynthesized silica, and hardly reacts at all with materials

(c) APS20, (d) APS30, () APS40, and (f) APS50 catalysts. The spectra areprepared by direct co-condensation (at a 10 mol% amino-
compared with those of the samples before the admission of benzaldehydepropy| content and at a 1:1 water:ethanol ratio), with a ma-

dotted . . . ; . o
(dotted curves) terial produced in a more water-rich environment being in-

Absorbance

8 termediate in activity. This variation in the nucleophilicity
;: 1.0 -100 of the amine groups was postulated as being due (partly) to
2 w the presence of a large number of ethoxy groups surround-
g 081 r80 3 ing the amine group in the co-condensed systems, reducing
'f; :%. their ability to interact with the aldehyde. The majority of
T 061 60 =4 these ethoxy groups are introduced during template extrac-
9): i tion and, thus, may be situated predominantly close to the
g 049 40 § amine groups. While the nature of the materials is differ-
% 02, : \ o g ent here, dueto .significa.mtdiffer_ences in the methodologies
”’g ' i v for their preparation, their behavior appears to be analogous,
=00l Y . , , . Lo with a relatively small number of alkoxy groups, perhaps
> 900 400 235 150 100 076 more randomly distributed, correlating with reactive amine
TEOS/ATS groups.

Fig. 7. Diagrams of (a) pore total volum& {ot, cn/g); (b) integrated rel- . .
ative intensity of thevCO mode at 1700 cmt (11799 vCO) (the values 32 Catalytlc activity
have been calculated assuming a value of Zfepo vCO for APS40); and

(c) benzaldehyde conversion (%) for the series of APS catalysts. Table 4 compares the conversion of benzaldeligpand

the selectivity towardK)-nitrostyreng3) in the model reac-
removal of the components due to adsorbed benzaldehyddion with nitromethang2) (see Scheme 2) over the various
allows us to observe that the appearance of the imine bandsatalysts after 2 h. The amount of catalyst used in each ex-
is accompanied by a parallel erosion of a part the band atperiment was determined on the basis of the loading value to
1597 cnv! due to the deformation mode of —Nldroups in introduce the same supported propylamine equivalents (mo-
weak interaction with silanols (see Fig. 4 and related com- lar ratio benzaldehyd@ropylamine= 40.0).
ments), as evidenced by comparison with the spectra of the The efficiency of the catalysts was measured as conver-
catalysts before interaction with benzaldehyde (dotted lines). sion of benzaldehyd# and yield of E)-nitrostyrene3 per
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NO,
NO,
CHO APS — NO,
+ CH,NO, .
+
1 2 3 4
Scheme 2.
Table 4 Table 5
(E)-Nitrostyrene synthesis catalyzed by different aminopropyl-based cata- Synthesis of variously substitutéd’)-nitrostyrenes
lysts NO,
Catalyst  Nit Loadi 1 3 Yield 4 o APS-40 —
atalys itrogen oading _ ield : +  RCHNO, "
content (mmolg) Conversion (selectivity)  Yield
(%) (%) (%) (%) R R
APS10 1.99 1.42 5 §100 - Entry R R t T Product3 3 Yield
APS20 3.64 2.60 80 704 4 (h) (C) (selectivity)
APS30 4.84 3.46 95 IM®5) 5 (%)
APS40 5.68 4.06 98 9IB7) 3
APS50 6.27 4.48 85 8M4) 5 ! H H 2 90 3ax 95(97)
APS60  7.48 5.34 12 163 2 2 OMe H 2 % 3bx 89(99)
: : ) 3 OH H 2 3ex 87 (94)
4 cl H 2 110 3dx2 49 (96)
. . . 5 N H 2 110 3ex? 23 (95
cycle. We did not consider TON values since the number ¢ SZ Chg 5 110 3ayP 97 598;
of catalytic sites taking effective part in the reaction was 7 OMe Ch 5 110 3byP 92 (97)
unknown. In fact, in these materials prepared by sol-gel s OH ChHg 5 110 3cyP 95 (96)

technique it is expected that variable amounts of the propy- a 11goc.

lamine are incorporated within the siliceous framework and  ® pouble amount of catalyst, 12, 5 h.

it appears that their propylamine content, as measured by

elemental analysis, does not necessarily correspond to the

same equivalent of catalytically active base, since access It is worthnoting that all three parameters follow a vol-
to the catalytically active sites could be reduced or even cano trend, but with some interesting differences. The three
hampered by the Shape of the solid matrix. This is proba_ parameters seem more StriCtly related to the APS10-APS40
bly due to the formation of “pseudomicelles” of 3-amino- Series, suggesting that the sites able to adsorb benzaldehyde
propyltriethoxysilane, during the catalyst preparation, that (Under the IR experimental conditions) and convert it (in
can originate a sort of island of aminopropyl groups inter- the reaction conditions) are located mainly in the poros-
acting with each other and making the basic sites less accesity of these materials. On the other hand, the conversion

sible. of benzaldehyde decreases much less going from APS40 to
The mass balance was found to be within 2%. The APS50 thanViot and/1700 vCO, and this could be related to
(E)-stereochemistry of compourdwas determined byH some higher specific activity of the accessible active centers

NMR. In all cases compound was the sole nitrostyrene  presentin the APS50 catalyst.
isomer detected, accompanied by variable amounts of the The reaction was extended to different aldehydes and to
dinitro compound4 (Scheme 2). The selectivity with re- nitroethane (Table 5). As nitroethane is less reactive than ni-
spect to compoung was high in all experiments, with only ~ tromethane, different reaction conditions were used to reach
a small fraction of3 undergoing subsequent nitro-Michael excellentyields, namely, double amount of catalyst and heat-
reaction to 2-phenyl-1,3-dinitropropadgmaximum value  ingat 110°C for 5 h. In all cases onlyK)-nitrostyrenes were
5%). Conversion ofl increases with the amount of propy- selectively obtained.
lamine incorporated into the catalyst and reaches the max- It is noteworthy that aldehydes bearing electron-with-
imum value (98%) with APS-40. Then both conversion of drawing substituents are less reactive than electron-rich alde-
1 and selectivity of producB drop quickly, with catalysts  hydes. These results suggest that the reaction mechanism
APS-50 and APS-60 incorporating larger amounts of pro- could be different from the classic nitroaldol pathway in-
pylamine. volving nitroalcohol formation followed by the dehydration
To obtain some insight into the relationships between the step. In the present reaction we could hypothesize the ini-
surface structure of the catalysts and their activity, the trendstial formation of imine (as evidenced in IR spectra), which
of Viot, the conversion of benzaldehyde, and the integrated reacts with nitromethane to give the nitroamine adduct, as
relative intensity of thevCO mode at 1700 cmt (/1700 we already proposed [13]. The subsequgrtlimination
vCO) due to benzaldehyde adsorbed on amino groups alongaffording the nitrostyrene product is favored by electron-
the series of APS materials were compared (Fig. 7). withdrawing substituents on the aromatic ring. Therefore,
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the rate-determining step could be theelimination step, finement of the amine groups in unaccessible environments.

which regenerates the amino function on the catalyst. The reactivity results exhibit a similar trend.
With the best catalyst, APS-4|-nitrostyrene was thus
3.3. Leaching test and recycling obtained in high yield (95%) and selectivity (97%) under

mild heterogeneous conditions. The reaction was extended
To exclude the possible leaching of any active catalytic to nitroethane and to different aldehydes, suggesting a pecu-
species into solution, the model reaction between benzalde-iar reaction mechanism.
hyde and nitromethane was examined by following the stan-
dard procedure suggested by Lempers and Sheldon [29]'Acknowledgments
Thus, the reaction mixture was filtered at°@after 30 min
(when producBa was produced in 60% yield) and the fil-
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