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a b s t r a c t

We report a method for continuously producing the nitroaldol, the nitrostyrene, or the Michael product
by performing the Henry reaction over a fixed bed reactor that is packed with primary or secondary
amine-functionalized nanoporous materials. The % conversion of the reactants as well as the % selectivity
to the particular product were found to be strongly dependent on the residence time of the reactants in
the reactor (weight hourly spatial velocity or WHSV) as well as the type of reactant, catalyst and reaction
temperature used. When a 0.08 M p-hydroxybenzaldehyde solution in nitromethane was passed over
the fixed bed reactor containing primary amine-functionalized mesoporous silica catalyst by postgraft-
ing in toluene (AP-T) at 90 ◦C with WHSV of 0.20, the reactor continuously and selectively generated
for hours the p-hydroxy-�-nitrostyrene product with 100% selectivity at 31% reactant conversion (or
with 90% selectivity at 88% reactant conversion for WHSV of 0.10). The remaining 12% product in the
latter case was the Michael product. The corresponding primary amine-functionalized sample prepared
by postgrafting of 3-aminopropyltrimethoxysilane (APTS) in isopropanol (AP-I) also gave similar results
with slightly higher efficiency and selectivity to p-hydroxy-�-nitrostyrene. When the same reactant solu-
tion was passed over the bed-reactor packed with secondary amine grafted mesoporous silica catalyst by
postgrafting in toluene (MAP-T) with WHSV of 0.25 at 90 ◦C, the reactor also continuously produced selec-
tively the p-hydroxy-�-nitrostyrene product but less efficiently; i.e. with 91% selectivity at 21 reactant
conversion for WHSV of 0.20 (or with 85% selectivity at 34% reactant conversion for WHSV of 0.10). Here
also, the remaining product was the Michael addition product. Increasing the reaction temperature of
the reactor containing the primary amine catalyst to 150 ◦C at WHSV of 0.10 for p-hydroxybenzaldehyde
reactant led to the reversal of the product type from being 90% p-hydroxy-�-nitrostyrene to >85% Michael
product with ∼100% reactant conversion. Raising the reaction temperature of the reactor containing a
secondary amine catalyst for p-hydroxybenzaldehyde reactant also increasingly favored the formation
of the Michael product. When changing the reactant to 0.08 M p-nitrobenzaldehyde, the reactor packed
with secondary amine catalyst resulted in the nitroalcohol product with 90% selectivity at 40% reactant
conversion for WHSV of 0.15. These results indicate that higher WHSV lead to greater selectivity to a
particular product; however, lower WHSV and higher temperatures favor greater reactant conversion

reaching as high as ∼100% in all the cases although they can be accompanied by less % selectivity. By sim-
ply adjusting the WSHV’s or the temperatures to optimum values, one of the products can be exclusively
generated in a continuous manner. The continuous reactor and the catalysts were proven to catalyze the
reactions and give the respective product(s) continuously for several days. This method can be used as a
route for the mass production of industrially and pharmaceutically important p-substituted nitroalcohol,
nitrostyrene, or Michael addition product with high selectivity, by simply packing mesoporous catalysts

r.
within a fixed bed reacto
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1. Introduction
Base-catalyzed reactions have gained growing attention for
homogeneous and heterogeneous catalytic transformation of a
number of chemical compounds. In this context, supported amine
catalysts have been demonstrated to have great utility in hetero-
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eneous base catalysis, especially for the production of organic
ompounds with new carbon–carbon bonds. Notable examples
nclude the aldol [1], Knoevenagel [2], the Michael [3] and the
enry reactions [4]. The Henry reaction, also called the nitroaldol
ondensation, is one of the most important C–C bond forma-
ion reactions [5] that allows the synthesis of a plethora of key

olecular frameworks such as �-hydroxynitroalkanes, 1,2-amino-
lcohols and �-hydroxy carboxylic acids in a simple and convenient
anner [6]. These compounds are widely used as intermediates

or making various types of pharmaceutical products, insecti-
ides, fungicides, bactericides, rodent-repellant, and antitumor
gents [7–9]. The Henry reaction can also be used in the prepara-
ion of prostaglandins, pyrroles, and porphyrins [10,11]. Because
f its importance, many homogeneous and heterogeneous cata-
ysts have been developed for the Henry reaction. These include
lkali metal hydroxides, carbonates, bicarbonates, and alkoxides,
arium and calcium hydroxides, magnesium and aluminum ethox-

des, organometallic complexes, rhodium complexes, potassium
xchanged zirconium phosphate [5,6] and organic bases, either in
omogeneous form or tethered onto solid support materials [12].

Recent literature reveals that new synthetic strategies to
evelop efficient solid-base heterogeneous catalysts for the Henry
eaction have still been in progress. Among these, methods for
he synthesis of heterogeneous base catalysts by immobilizing
rganoamine groups including primary, secondary or tertiary
mines, either individually or together, on silica based materi-
ls such as mesoporous silica (MCM-41) [12–16], silica gel [17],
nd silica–alumina surfaces [18] have been reported. Many of
hese solid-base catalysts predominantly produce the dehydrated,
itrostyrene product from the Henry reaction between substi-
uted benzaldehydes and nitroalkanes. In some cases, the Michael
ddition and polymeric products were also reported to form. In a
ew cases, base-catalyzed nitroaldol condensation reactions over
atalysts such as hydrotalcite and other systems were reported
o exclusively produce the nitroalcohol product in yields often
xceeding 80% [19,20]. The formation of a mixture of the two or
ore of these Henry reaction products is also quite common in

he Henry reaction depending on the catalyst [21]. Furthermore,
any of these base-catalyzed Henry reactions require a relatively

arge amount of catalyst with respect to the reactants, while pro-
ucing limited or milligram quantities of the dehydrated, and in
ome cases, the mixture of the dehydrated, aldol or the Michael
ddition products. Consequently, it is very difficult to produce the
enry reaction products in large quantities and with less byprod-
cts, with batch reactions and using many of the aforementioned
atalysts.

Continuous flow catalytic processes are important in modern
ynthetic chemistry as they are efficient in converting reactants
nd forming products continuously and in large quantities [22–25].
urthermore, they enable simpler catalytic processes and result
n reusable catalysts with longer life-times. Another significant
dvantage of a continuous flow catalytic system includes its ability
o prevent significant leaching of the active catalyst in it, as the cat-
lytic sites are covalently attached to a solid support, which in turn
s packed within a bed reactor. Continuous flow methods also make
atalytic operations simpler due to the ease of catalyst preparation,
ontinuous product formation, and fewer work-up procedures that
hey involve. Using continuous flow techniques, the synthesis of
arious organic compounds have already been successfully demon-
trated [26–35]. This includes base-catalyzed reactions capable of
roducing �-ketoesters or other products in a continuous flow [26].

ery recently, successful continuous tandem reaction catalyzed in
one column-reactor packed with propylamine (KG-60-NH2)- and
uanidine TBD (KG-60-TBD-SiMe3)-functionalized amorphous sil-
ca (KG-60) was reported [36]. In this reactor, the aromatic aldehyde
ubstrate reacted with nitroalkane via nitroaldol condensation over
A: General 389 (2010) 19–26

the propylamine (KG-60-NH2) catalyst to form nitrostyrene prod-
uct, which subsequently underwent the Michael addition with
�-dicarbonyl over the second catalyst (KG-60-TBDSiMe3).

We have recently reported the synthesis of efficient heteroge-
neous multifunctional catalysts for various base-catalyzed batch
reactions including the Henry and aldol condensation reactions
[37–40]. These catalysts were synthesized by a simple graft-
ing or functionalization of the surface of mesoporous silica with
organoamines. In these previous works, we have also demonstrated
that using polar-protic solvents in the grafting step improved
the materials’ catalytic performance in base-catalyzed reactions
[37,38]. Here we report that these efficient catalysts can also be
used in industrial type continuous reactions for the production of
large quantities of one of the Henry reaction products, without pro-
ducing much byproducts. This is very useful especially considering
the fact that there is a high demand industrially for the Henry reac-
tion products in pure form and in large quantity for making a variety
of compounds [6–8].

2. Experimental

2.1. Materials and reagents

Cetyltrimethylammonium bromide (CTAB), tetraethy-
lorthosilicate (TEOS), 3-aminopropyltrimethoxysilane (APTS),
sodium hydroxide, anhydrous toluene, anhydrous ethanol, p-
hydroxybenzaldehyde, p-nitrobenzaldehyde, nitromethane and
anhydrous ethanol were obtained from Sigma–Aldrich. 3-(N-
methylaminopropyl)trimethoxysilane (MAPTS) was obtained
from Gelest, Inc. All reagents were used as received without any
further purification.

2.2. Preparation of catalysts

Mesoporous silica (MCM-41) was prepared as reported previ-
ously [39–41]. Typically, 11 mmol CTAB was dissolved in 960 mL of
Millipore water and 14 mL of 2.0 M NaOH solution. After moder-
ately stirring the solution at 80 ◦C for 30 min, 22.6 mL (101.2 mmol)
of TEOS was added into it. The resulting solution was stirred for
another 2 h at 80 ◦C. The hot solution was then filtered and the solid
product was washed with Millipore water (4× 80 mL), followed by
ethanol (4× 80 mL), and then dried in oven at 80 ◦C. This resulted
in as-synthesized mesostructured MCM-41. To remove the surfac-
tant template, 6 g of the as synthesized MCM-41 was suspended in
a mixture of 3 mL (12.1 N) hydrochloric acid and 600 mL anhydrous
ethanol and stirred at 50 ◦C for 5 h. The resulting solution was fil-
tered and the solid sample was washed with copious amount of
Millipore water and ethanol (3× 80 mL in each case). The extracted
mesoporous silica (MCM-41) was dried in oven at 80 ◦C overnight
before being functionalized with the aminoorganosilanes.

The organoamine functionalized mesoporous samples were
prepared by grafting APTS (or MAPTS) onto MCM-41 in toluene
(or isopropanol). Typically, 2.5 g of the MCM-41 was stirred
with 9.2 mmol of 3-aminopropyltrimethoxysilane (APTS) or 3-
(N-methylaminopropyl)trimethoxysilane (MAPS) in 750 mL of
anhydrous toluene (or isopropanol) at 80 ◦C for 5 h. The resulting
solution was filtered while it was still hot. The solid sam-
ple on the filter paper was washed with ethanol, followed by
dichloromethane and finally ethanol, and let to dry at ambient con-
ditions in air. The solid samples obtained from APTS and MAPTS in
toluene were labelled as AP-T and MAP-T, respectively. Similarly,
the APTS grafted sample in isopropanol was labelled as AP-I.
2.3. Catalysis

The continuous catalytic nitroaldol (Henry) reaction to produce
one or a mixture of the three possible C–C coupled products shown
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Scheme 1. Amine-functionalized mesoporous catalyst packed fixed bed r

n Scheme 1 was carried out using a down-flow fixed bed glass
eactor (Fig. 1) at atmospheric pressure. To prepare the reactor,
g of the amine grafted mesoporous particles (catalyst) was first
ressed into small pellets of ∼2 mm in diameter and ∼1–2 mm
hick. These pellets were then loaded in a tubular glass reactor
f 15 mm in diameter and 25 cm in length, that was already par-
ially filled with some inert glass beads underneath. After packing
he catalyst into the reactor, the upper part of the reactor was
urther packed with an additional inert glass beads to serve as a pre-
eating zone for the reactants to make them reach to the required
eaction temperatures before they contact the catalyst. The glass
eactor was wrapped with a heating tape and equipped with a
hermocouple to monitor its temperature. Then, 0.08 M solution
f p-substituted aromatic aldehyde in nitromethane was injected
ith different flow rates into the flow reactor using syringe pumps.

he reaction mixture was condensed at 10 ◦C with a condenser,
hat was placed under the reactor, and collected. The samples were
eriodically collected and analyzed by gas chromatography (GC),
as chromatography–mass spectrometry (GC–MS) and 1H NMR

pectroscopy. The latter was measured in deutrated acetone. Reso-
ances in acetone d6 ppm: (1) 4-(1-hydroxy-2-nitroethyl)phenol:
.29 (2H, d), 6.78 (2H, d), 4.91 (2H, s), and 2.8 (1H, s); (2) 4-(2-
itrovinyl)phenol: 7.62 (2H, d), 6.70 (2H, d), 8.25 (1H, d), and 7.87

ig. 1. Schematic diagram of amine-functionalized mesoporous silica catalyst
acked fixed bed reactor for the continuous Henry reaction.
r catalyzed continuous Henry reaction and its possible reaction products.

(1H, d); (3) 4-(1,3-dinitropropan-2-yl)phenol: 7.19 (2H, d), 6.78
(2H, d), 4.64 (2H, s), and 4.48 (1H, m); (4) 1-nitro-4(2-nitrovinyl)-
benzene: 8.19 (2H, d), 8.108 (1H, d), 8.38 (2H, d), and 7.87 (1H,
d); (5) 1-(4-nitrophenyl)-2-nitroethanol: 8.19 (2H, d), 7.72 (2H, d),
5.53 (1H, m), and 4.61 (2H, m); (6) 1-(1,3-dinitro propanyl)-4-nitro
benzene: 8.20 (2H, m), 7.56 (2H, d), 4.85 (2H, m), 4.75 (2H, m), and
d 4.36 (1H, m).

2.4. Characterization

The nitrogen gas adsorption–desorption measurements were
carried out on Micromeritics Tristar 3000 volumetric adsorption
analyzer after degassing the samples at 160 ◦C for 12 h. The TEM
images were acquired by using a FEI Tecnai T-12 S/TEM trans-
mission electron microscope that was working at 120 keV. The
samples for TEM analysis were prepared by sonicating the meso-
porous catalysts in ethanol for 3 min, casting a few drop of the
solutions on a formvar-carbon coated copper grid and letting them
to dry under ambient conditions. The GC was performed on Agi-
lent HP 6850 containing a flame ionization detector and HP-1, MS
30 m × 0.200 mm × 0.25 �m capillary column. The GC–MS exper-
iment was conducted with HP-5890 equipped with 5972 MSD
and HP-5 MS 50 m × 0.200 mm × 0.33 �m capillary column. The 1H
NMR spectra of the reaction mixture was run with a Brüker DPX-
300 NMR spectrometer.

3. Results and discussion

The Henry reaction products (nitrostyrene, nitroaldol, or the
Michael product) (Scheme 1) were produced in a continuous flow
by using continuous flow fixed bed reactors (Fig. 1) that are packed
with different solid-base, selective mesoporous silica catalysts. The
catalysts included primary and secondary amine-functionalized
mesoporous materials, which were prepared as reported previ-
ously [37]. Briefly, a solution of 3-aminopropyltrimethoxysilane
(APTS) or 3-(N-methylaminopropyl)trimethoxysilane (MAPS) in
toluene (or isopropanol) was stirred with mesoporous silica (MCM-
41) at 80 ◦C. This resulted in highly ordered primary amine and
secondary amine-functionalized mesoporous silica microparticles,
respectively, with average BJH pore diameter of 2.7 nm, as mea-
sured by nitrogen gas adsorption (Fig. 2). The microparticles have
sizes ranging between 400 and 900 nm (Fig. 3). These microparti-
cles were pressed into small pellets and packed into a glass capillary
microreactor. Before packing them into the fixed bed reactor, one-
third of the glass reactor was filled with inert glass beads in order
to create a uniform heating zone for the catalyst in the reactor.
After packing the pellets on top of the beads in the reactor, addi-
tional inert glass beads were added into the remaining one-third
of the reactor, above the top layer of the catalyst. The latter glass
beads enabled us to pre-heat the reactants to a particular reaction
temperature before the reactants reached the catalyst, that was

sandwiched between the two layers of the glass beads. The temper-
ature of the reactor was controlled by a heating tape with a very
high precision digital temperature regulator. The reactants were
then continuously run through the fixed bed reactor at different
WHSV’s. To start the reaction, 0.08 M solution of the p-substituted
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Table 1
Effect of reactant flow rate (WHSV) on the Henry reaction in AP-T reactor for p-
hydroxybenzaldehyde reactanta.

Entry Catalyst WHSV % Conversion % Selectivity

2 3

1 AP-T 0.05 100 57 43
2 AP-T 0.10 88 90 10
3 AP-I 0.10 96 94 6
4 AP-T 0.15 64 96 4
5 AP-T 0.20 31 100 0
6 AP-T 0.25 10 100 0

sion and 90% p-hydroxy-�-nitrostyrene product. The remaining
10% of the product in this case was the Michael product. Further
increase in temperature resulted in a higher % conversion of the
p-hydroxybenzaldehyde reactant, reaching ∼100%, while at the
same time, favoring the conversion of p-hydroxy-�-nitrostyrene

Table 2
Effect of temperature on the Henry reaction in AP-T reactor for p-
hydroxybenzaldehyde reactanta.

Entry Temperature (◦C) % Conversion % Selectivity

2 3

1 70 5 100 0
2 90 88 90 10
ig. 2. N2 gas adsorption isotherms (A) and pore size distributions (B) of the par-
nt mesoporous silica (MCM-41) and primary and secondary amine-functionalized
esoporous silica catalysts (AP-T and MAP-T, respectively) used in the fixed bed

eactor for the continuous Henry reaction.

enzaldehyde in nitromethane was injected at different WHSV’s
rom the top of the reactor using a syringe pump with controlled
ow rate. The product was cooled and collected in a reservoir at
he bottom of the reactor. Depending on the catalyst, the reaction
emperature, the reactant type, and the flow rates, the reactor gave
he p-substituted nitroaldol (1), nitrostyrene (2), the correspond-
ng Michael addition product (3), or even a mixture of the two or
hree products in different ratios (see below) in a continuous flow.

First, 0.08 M solution of p-hydroxybenzaldehyde in
itromethane was poured at different weight hourly spatial
elocities (WHSV’s) into the top of the reactor packed with pri-
ary amine-functionalized mesoporous catalyst at 90 ◦C. This

ave the p-hydroxy-�-nitrostyrene or a mixture of p-hydroxy-
-nitrostyerene and its corresponding Michael product with
ifferent % reactant conversions, depending on the WHSV’s used
Table 1 and Fig. 4). For instance, at lower WHSV of 0.05, ∼100%
onversion of p-hydroxybenzaldehyde occurred; however, it
as accompanied by lower selectivity to either product, giving
57%:43% ratio of p-hydroxy-�-nitrostyrene: Michael. Upon

ncreasing the flow rate of the reactants (or decreasing the WHSV),
he reaction produced significantly more proportion of p-hydroxy-
-nitrostyerene, although the % reactant conversion became

ower. When the WHSV was increased to 0.10, 88% conversion
f p-hydroxybenzaldehyde with 90% p-hydroxy-�-nitrostyrene

roduct was obtained. While further increase in WHSV led to

ower % conversion, it gave exclusively (∼100%) p-hydroxy-�-
itrostyrene product (Table 1, entries 3–5). These results indicated
hat the reactor with primary amine catalyst favored the formation
f nitroalcohol in the initial period of the reaction and its selectivity
a Reaction conditions: reactants: 0.08 M p-hydroxybenzaldehyde in
nitromethane; temperature: 90 ◦C; and catalyst: AP-T (or AP-I), 2 g in pellet
form.

to the Michael product with respect to the nitrostyrene product
was affected mainly by the value of WHSV. As the residence time
increased (or WHSV is lowered), the p-hydroxy-�-nitrostyrene
product in the reaction bed increasingly underwent the Michael
addition reaction with the excess nitromethane, resulting in
the corresponding Michael product. This clearly suggests that the
reaction gives first the p-hydroxy-�-nitrostyrene product, which is
subsequently converted into the corresponding Michael addition
product if the reaction mixture stays in the reactor for longer
enough times. Such conversion of p-substituted �-nitrostyrenes
into their corresponding Michael products is very common for the
Henry reaction when catalyzed with similar or related catalysts
[12–18,22].

Similarly, sample (AP-I) gave similar results as sample AP-T.
It in fact, exhibited higher catalytic efficiency with 96% conver-
sion of p-hydroxybenzaldehyde at WHSV of 0.10 and a slightly
better selectivity of 94% to product 2 (p-hydroxy-�-nitrostyrene)
compared to AP-T. The remaining 6% product was product 3
(the Michael product) (Table 1, Entry 3). For comparison, AP-T
gave 88% conversion of p-hydroxybenzaldehyde at WHSV of 0.10
with selectivity of 90% to product 2 under the same conditions.
This result is not surprising in light of our previous reports on
amine-functionalized mesoporous catalysts prepared by grafting
3-aminopropyltrimethoxysilane in isopropanol versus in toluene
[37,38], except that the differences here are relatively less dramatic.

Next, the effect of the reaction temperature on the Henry reac-
tion between p-hydroxybenzaldehyde and nitromethane over the
primary amine catalyst bed-reactor was studied in the range of
70–150 ◦C at a constant WHSV of 0.1 (Table 2). At 70 ◦C, the
% conversion of p-hydroxybenzaldehyde was very low (5%) for
WHSV of 0.1; however, it was accompanied by 100% p-hydroxy-
�-nitrostyrene product. At 90 ◦C for the same WHSV of 0.10, the
% conversion increased drastically, giving 88% reactant conver-
3 110 100 68 32
4 130 100 41 59
5 150 100 15 85

a Reaction conditions: reactants: 0.08 M p-hydroxybenzaldehyde in
nitromethane; WHSV: 0.10; and catalyst: AP-T, 2 g in pellet form.
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Fig. 3. TEM images showing the microparticles of the amino-

nto the corresponding Michael product (Table 2, entries 3–5). For
nstance, at 150 ◦C, a 100% reactant conversion with 85% Michael
roduct and only 15% p-hydroxy-�-nitrostyrene was obtained.

onsequently, raising the temperature helped the reactor gen-
rate the Michael product in a continuous manner rather than
-hydroxy-�-nitrostyrene, while at the same time, increased the
eaction’s rate and % reactant conversion. In other words, increas-
ng the reaction’s temperature could reverse the % selectivity or the
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ig. 4. Plot of % conversion or selectivity versus weight hourly specific
elocity (WHSV) (or mass flow/mass of catalyst) for AP-T catalyst with p-
ydroxybenzaldehyde reactant. The black curve shows the % conversion with
espect to WHSV. The red curve shows the % selectivity to nitrostyrene product
ith respect to WHSV. (For interpretation of the references to color in this figure

egend, the reader is referred to the web version of the article.)
onalized mesoporous catalysts used in the fixed bed reactor.

type of reaction product that the primary amine reactor forms from
being p-hydroxy-�-nitrostyrene to the Michael product. The type
of reaction product that the reactor generated was also qualita-
tively confirmed from the different color observed for the reaction

mixtures at different temperatures as seen in Fig. 5.

To further compare the effect of the type of amine groups
of the catalyst on the reactor’s catalytic activity and property,
we used a bed reactor that was packed with secondary amine

Fig. 5. Digital images of the reaction mixture of p-hydroxybenzaldehyde and
nitromethane with AP-T catalyst in fixed bed reactor at different temperatures.
While the yellow color is indicative of the formation of p-hydroxy-�-nitrostyrene,
the orange color suggests the presence of a significant amount of the Michael prod-
uct. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)



24 A.V. Biradar et al. / Applied Catalysis A: General 389 (2010) 19–26

Fig. 6. Digital images of the reaction mixture of p-hydroxybenzaldehyde and nitrome
temperatures. The burgundy color for the reaction mixture at 150 ◦C was indicative of th
references to color in this figure legend, the reader is referred to the web version of the a

Table 3
Effect of reactant flow rate on the Henry reaction MAP-T reactor for p-
hydroxybenzaldehyde reactanta.

Entry WHSV % Conversion % Selectivity

2 3

1 0.05 48 67 33
2 0.10 34 85 15
3 0.15 30 90 10
4 0.20 21 91 9
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to nitro (electron withdrawing) group on the p-substituted ben-
zaldehyde reactant clearly increased the rate of reaction. Similar
trends were also reported for batch reactions [42]. It is also worth
noting that the change from hydroxyl to nitro group significantly

Table 4
Effect of temperature on the Henry reaction in MAP-T reactor for
p-hydroxybenzaldehyde reactanta.

Entry Temperature (◦C) % Conversion % Selectivity

2 3

1 70 5 100 0
2 90 34 85 15
3 110 39 70 30
4 130 45 56 44
5 150 50 45 55

a Reaction conditions: reactants: 0.08 M p-hydroxybenzaldehyde in
nitromethane; WHSV = 0.1; and catalyst: MAP-T, 2 g in pellet form.

Table 5
Effect of reactant flow rate on Henry reaction in MAP-T reactor for
p-nitrobenzaldehyde reactanta.

Entry WHSV % Conversion % Selectivity

1 2 3

1 0.05 62 70 26 4
2 0.10 52 84 15 1
5 0.25 13 100 0

a Reaction conditions: reactants: 0.08 M p-hydroxybenzaldehyde in
itromethane; WHSV = 0.10; and catalyst: MAP-T, 2 g in pellet form.

rafted mesoporous catalyst (MAP-T) and performed the Henry
eactions of p-hydroxybenzaldehyde and p-nitrobenzaldehyde in
t. As shown in Fig. 6, the color of the reaction mixture again var-
ed for different WHSV’s and reaction temperatures. This clearly
uggests that for the same reactant composition, the % conver-
ion and/or the product distribution may depend on the value
f WHSV as well as the reaction temperature. When WHSV
as increased in the MAP-T reactor, the % conversion of the
-hydroxybenzaldehyde decreased drastically as shown in Table 3.
he MAP-T reactor with p-hydroxybenzaldehyde reactant also pro-
uced p-hydroxy-�-nitrostyrene (and Michael addition product at
reater residence time or lower WHSV). Furthermore, the MAP-

reactor also afforded higher % reactant conversion at lower
HSV in much the same way as in the AP-T bed reactor did.

or instance, at WHSV of 0.05, the MAP-T reactor gave a higher
p-hydroxybenzaldehyde conversion of 48% (although it was

ccompanied by less % selectivity to either one of the two prod-
cts, producing 67% nitrostyrene and 33% Michael product). Raising
he WHSV led to less % reactant conversion but produced higher %
f nitrostyrene product, reaching as high as ∼100% (Table 3). For
nstance, for WHSV of 0.25, 0.20, and 0.15, the % reactant conver-
ions were 13, 21, and 30%, respectively, while the corresponding
selectivities toward the nitrostyrene product were 100, 91, and

0%, respectively.
Upon raising the reaction’s temperature, the % reactant con-

ersion as well as the % Michael addition product were found to
ncrease for p-hydroxybenzaldehyde reactant in MAP-T reactor as

ell (Table 4). For instance, at 70 ◦C and WHSV of 0.1, the reac-

ion gave only 5% reactant conversion but exclusively (∼100%)
itrostyrene product, with no Michael addition product. However,

ncreasing the temperature to 150 ◦C for the same WHSV of 0.1 led
o significantly higher (50%) reactant conversion with 55% Michael
thane after reaction with MAP-T catalyst at different (A) WHSV at 90 ◦C and (B)
e formation a significant amount of the Michael product. (For interpretation of the
rticle.)

addition and 45% nitrostyrene products. These clearly revealed
that the % conversion of p-hydroxybenzaldehyde as well as the %
Michael addition product in the MAP-T reactor could be increased
by using greater residence time for the reactant in the reactor or a
higher reactor temperature.

The catalytic activity of MAPT reactor on a different reac-
tant, p-nitrobenzaldehyde, which contains electron withdrawing
substituent was also investigated (Table 5). We found that
the rate of reactant conversion in the reactor was faster for
p-nitrobenzaldehyde compared to that of p-hydroxybenzaldehyde
(compare Tables 3 and 5). For instance, for the same WHSV
of 0.05 and 0.1, the % conversion of p-hydroxybenzaldehyde in
MAPT reactor were 48 and 34%, respectively. However, the cor-
responding % conversion for p-nitrobenzaldehyde were 62 and
52%, respectively. The change from hydroxyl (electron donating)
3 0.15 40 90 9 1
4 0.20 21 91 9 0
5 0.25 10 92 8 0

a Reaction conditions: reactants: 0.08 M p-nitrobenzaldehyde in nitromethane;
temperature: 90 ◦C; catalyst: MAP-T, 2 g in pellet form.
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Fig. 7. Digital images of the reaction mixture of p-hydroxybenzaldehyde and nitrometh
100 h). The results show that the catalysts give the required products for a long time and

Table 6
Shelf-life of the catalyst in action in the continuous Henry reaction in AP-T fixed bed
reactora.

Entry Time (h)b % Conversion % Selectivity

2 3

1 1 75 97 3
2 3 75 97 3
3 5 73 98 2
4 7 75 98 2
5 10 75 96 4
6c 100 85c 90 10

a Reaction conditions: reactants: 0.08 M p-hydroxybenzaldehyde in
n
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itromethane; WHSV: 0.13; and catalyst: AP-T, 2 g in pellet form.
b The time that the reaction was run continuously before collecting the product

or analysis.
c WHSV: 0.10 for this run (for others, it was 0.13).

owers the rate of the reaction. Although a similar trend of a com-
lete reversal of the reaction product for batch reaction case upon
hanging the substituent of the p-substituted benzaldehyde from
ydroxyl to nitro group was reported [42], the results from the
eaction in the continuous reactor was still different from the ones
n the batch reactions, as the types of products to form in the
ormer are also strongly dependent on WHSV. The reaction of p-
ydroxybenzaldehyde in the MAP-T reactor favored the formation
f p-hydroxy-�-nitrostyrene product, along with its subsequent
ichael addition product and no residual nitroalcohol. However,

he reaction of p-nitrobenzaldehyde formed nitroalcohol in sig-
ificant amount with only very little nitrostyrene and Michael
roducts under the same conditions. The p-nitrobenzaldehyde
referentially forms the aldol product over secondary amine meso-
orous catalyst due to its favorable ion-pair intermediate that it
oes through during the Henry reaction [17,43]. The greater selec-
ivity to nitroalcohol product for p-nitrobenzaldehyde reactant
Table 5) compared to p-hydroxybenzaldehyde (Table 3) in the

AP-T reactor occurs despite the relatively faster reactivity of the
ormer than the latter. In other words, although the former required
horter residence time to give about the same % reactant conver-
ion as the latter, most of the resulting nitroalcohol product from
t remains in the solution without undergoing further dehydra-
ion. Although p-nitrobenzaldehyde and p-hydroxybenzaldehyde
ave different results, the trends in lower % reactant conversion
t higher residence time as well as the higher selectivity to a sin-
le specific product at lower WHSV remained the same for both

eactants (compare Table 3 and Table 5).

The shelf-life of the reactor’s catalytic activity in continuously
enerating one or any of the products was tested by passing the
eactants in the reactor for hours and by collecting and analyzing
he reaction products at intervals of time. We observed that the
ane after reaction with (A) AP-T catalyst and (B) AP-I catalyst for several days (or
have long shelf-lives.

catalyst continued to give almost the same % conversion and selec-
tivity for several days while maintaining its catalytic efficiency and
product selectivity (Table 6 and Fig. 7). This indicated that cata-
lyst can be used for continuous reactions for many hours without
losing its catalytic activity and property as long as the WSHV and
temperature in the reactor were maintained.

4. Conclusions

In conclusion, we have demonstrated a simple and industrially
viable continuous Henry reaction using a fixed bed glass reactor
that was packed with efficient, amine-functionalized mesoporous
silica catalysts containing primary or secondary amine catalytic
groups. The type of catalyst used in the reactor, the flow rates
of reactants in the reactor, their residence times in the reactor
(weight hourly spatial velocity or WHSV) and the reaction tem-
peratures were found to affect the % reactant conversion and
the type of reaction product the reactor produced continuously.
When p-hydroxybenzaldehyde was passed through the reactor
packed with the primary amine catalyst, it generated higher %
p-hydroxy-�-nitrostyrene or the Michael product at moderate to
good % reactant conversion, depending on the value of WHSV and
reaction temperatures used. Typical value for % conversion of p-
hydroxybenzaldehyde in the reactor packed with primary amine
catalyst at 90 ◦C was 31% with ∼100% selectivity to p-hydroxy-�-
nitrostyrene product at WHSV of 0.2 (or 64% reactant conversion
with 96% selectivity to p-hydroxy-�-nitrostyrene product at WHSV
of 0.15). When using the reactor with a secondary amine catalyst,
instead of nitroalcohol, a significant amount of nitrostyrene with
some Michael addition product was obtained for the same reac-
tant. The relative proportions of the products were again dependent
on the value of WHSV and reaction temperatures. Typically, the
reactor gave a 100% nitrostyrene product with 13% reactant con-
version at WHSV of 0.25 (or 90% selectivity to nitrostyrene product
at 30% reactant conversion at WHSV of 0.15) for the same reac-
tant solution 90 ◦C. On the other hand, when p-nitrobenzaldehyde
with the same secondary amine packed reactor was used, 90%
selectivity to nitroalcohol product at 40% reactant conversion for
WHSV of 0.15 in a continuous flow was obtained. Upon increas-
ing the residence time significantly for the latter, the amount
of nitrostyrene and Michael product increased at the expense of
nitroalcohol. These results clearly indicate that these catalytic sys-
tems can allow the continuous production of large quantity of the

Henry reaction’s products with moderate to good % reactant con-
version and moderate to good selectivity to the particular product,
by simply using optimized reaction conditions. The bed reactor
was proved to be highly stable and work continuously for many
days while maintaining its catalytic efficiency and product selec-
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ivity. These catalytic systems may provide “greener” routes to a
arge scale production of industrially and pharmaceutically impor-
ant products with less byproduct in the chemical industry of the
ext millennium. We believe that with minor additional reac-
or engineering involving scale ups, these catalytic bed reactors

ay become industrially viable substitutes to the current state-of-
he-art commercial catalysts for the Henry and related reactions
nvolving soluble bases such as KOH, NaOH, KH2PO4, Na2CO3, and
Et3 [44]. The latter are in homogenous phase and are, there-

ore, difficult to separate from the final products compared to a
imple filtration necessary to do so for typical heterogeneous cat-
lysts, as the ones reported here. Furthermore, the homogenous
atalysts are known to result in a mixture of nitroalcohol and
itrostyrene products with lower selectivities. With our experi-
ental demonstration of continuous catalytic transformations of

he Henry reaction with unaltered catalytic efficiency for over
00 h, we feel that the transformation of these inexpensive cata-

ysts into technologically and commercially viable process could
e feasible.
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