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Abstract

Palladium nanoparticles, obtained by thermochemical reduction of palladium(II) acetate in propylene carbonate or in tetrahydrofuran with added
tetrabutylammonium acetate (BuyNOAc), were deposited onto mesoporous molecular sieve MCM-41 (spontaneously or after solvent change) to
give novel supported metal catalysts, which were characterized by chemical analysis, powder X-ray diffraction, nitrogen adsorption-desorption
isotherms and high-resolution transmission electron microscopy (HR TEM). The materials, together with 10% Pd/C reference were utilized as
catalysts in the condensation reaction of 2-aminoethanol with cis-butene-1,4-diol to afford N-(2-hydroxyethyl)pyrrol. Both supported catalysts
showed significantly higher conversions that Pd/C, the one prepared in the presence of BuyNOAc being the most active. Catalysts isolated after
the reaction and used repeatedly showed lower activity than fresh ones. This apparently reflects partial metal leaching from the solid support and
aggregation of the metal particles that were demonstrated by catalytic tests and HR TEM measurements, respectively.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Palladium compounds play a key role in the synthetic organic
chemistry, mainly owing to their ability to catalyze the forma-
tion of synthetically important C—C, C—N, C—0O, and C—S bonds
[1]. Recently, it was demonstrated that many of these reactions
can be performed equally well with fine dispersions of the palla-
dium metal [2]. As compared to their bulk counterparts, metallic
nanoparticles offer large surface area, high numbers of corners
and edges as well as a high surface tension. Together with the
fact that no elaborate ancillary ligands (typically phosphines)
are required, this makes them particularly attractive for catalytic
utilization [3].

The first mesoporous molecular sieves with narrow pore
size distribution were prepared at Mobil Research and Devel-
opment Corporation in early 1990s [4], by using supramolec-
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ular surfactant assemblies (namely long-chain alkyl amines)
as the structure-directing agents, which were subsequently
removed by calcination or solvent extraction [5]. Materials
thus prepared are typically amorphous solids showing order-
ing on a longer distance. Later, it was demonstrated that vari-
ation of the structure-assembling agent allows for obtaining
materials with the pore size ranging from about 2nm up to
30nm and large surface areas, exceeding even 1000m?g~!
[6].

Mesoporous molecular sieves were extensively utilized in
the preparation of reusable, noble-metal catalysts. One of the
most commonly employed approaches towards catalyst immo-
bilization is the attachment of a ligand in a noble metal complex
onto the sieve surface via covalent bonds [7]. The resulting,
so-called hybrid catalysts usually exert higher selectivities than
conventional heterogeneous catalysts. In addition, they can be
easily separated from the reaction mixture and re-used. Unfortu-
nately, the noble metal leaching from the support, which causes
a decrease in the catalytic activity, often complicates recycling
of these catalysts.
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A complementary method for the preparation of highly active
supported catalysts is represented by impregnation of a sup-
port with an appropriate metal precursor that is subsequently
transformed into a catalytically active form [6,8], sometimes
nanosized metal species [9]. Grafting of pre-formed noble metal
nanoparticles onto solid supports has been studied much less
[3a]. Palladium nanoparticles can be prepared by electrochemi-
cal, photochemical [10] or sonochemical reduction of metal salts
[11]. However, the method used most commonly is a simple
chemical reduction. It is usually achieved by action of alco-
hols, sodium tetrahydridoborate or molecular hydrogen in the
presence of stabilizing agents that prevent aggregation of the
metal particles, which are typically polymers [12], dendrimers
[13], surfactants [14] or just highly polar solvents (e.g., propy-
lene carbonate) [15]. The presence of these protecting agents is
essential for preserving catalytic activity of the nanoparticles,
as the latter dramatically drops with growth (aggregation) of the
metal particles.

In this work we report about preparation and charac-
terization of MCM-41-supported, chemically generated pal-
ladium nanoparticles and present a comparative catalytic
study on their utilization in the palladium-catalyzed reac-
tion of 2-aminoethanol with cis-butene-1,4-diol to give N-(2-
hydroxyethyl)pyrrol [16,17].

2. Results and discussion
2.1. Preparation and characterization of the catalysts

Palladium nanoparticles were prepared by thermochemical
reduction of palladium(II) acetate in propylene carbonate which
itself served as the particle stabilizing agent [15] (catalyst I)
or in tetrahydrofuran in the presence of tetrabutylammonium
acetate [14] (catalysts II-IV). The nanoparticle dispersions were
then mixed with mesoporous molecular sieve MCM-41, so as to
give catalysts with palladium loading 0.1 mmol g~! (catalysts
I and II), 0.05 mmol g_1 (catalyst IIT), and 0.2 mmol g_1 (cata-
lyst IV). The nanoparticles stabilized with the ammonium salt
adsorbed spontaneously onto the molecular sieve immediately
after the addition of the molecular sieve. By contrast, an addi-
tion of MCM-41 to the nanoparticles generated in propylene
carbonate left the metallic particles virtually intact even after
stirring for more than 12 h at room temperature. The deposition
was finally induced by addition of a less polar solvent (diethyl
ether).

The supported catalysts were filtered, thoroughly washed
with diethyl ether and dried shortly in the air. We have observed
that the final drying has a dramatic effect on the catalytic activity.
For instance, catalysts dried at 40 °C overnight exerted signif-
icantly lower conversions (about two times), than those dried
only at room temperature for 1 h so as to not evaporate all the
diethyl ether. Hence, the catalysts presented in this study were
worked up by the latter method. We assume that the observed
loss of catalytic activity results predominantly from destabi-
lization of the metallic particles after removal of the polar
solvate molecules. Increased stability of palladium nanoparti-
cles in polar solvents is well established; however, the exact
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Fig. 1. Nitrogen adsorption isotherms of catalystI (A), catalyst II (B) and MCM-
41 (C). Isotherms for catalysts I and II are shifted by 300 and 550 mmol g~!,
respectively.

nature of the stabilization mechanism remains yet unknown
[15a].

The supported catalysts were characterized by chemical anal-
ysis, powder X-ray diffraction, nitrogen adsorption isotherms
and high-resolution transmission electron microscopy. It is note-
worthy that the palladium loading calculated from the mass
balance corresponded well with that determined by optical emis-
sion spectroscopy for mineralized samples, which points to a
virtually complete reduction of the palladium precursor and
deposition of the formed nanoparticles.

X-ray powder diffraction patterns observed for calcined
mesoporous MCM-41 and catalysts I and II are very similar,
showing three distinguishable peaks with 26 <10° that corre-
spond with the ordered hexagonal framework of the parent
MCM-41. This indicates that the structure of MCM-41 remains
largely unaffected; a lower diffraction intensity of the Pd-MCM-
41 materials as compared with their parent MCM-41 can be
ascribed to a lower regularity of the catalysts as compared with
the parent sieve.

Nitrogen adsorption isotherms recorded at —196 °C (Fig. 1)
show characteristic increase in the adsorbed amount of nitro-
gen at about 0.3 (p/pp) due to capillary condensation. Textural
parameters, determined from the isotherms, indicate that the
adsorption of the palladium nanoparticles causes a decrease in
the surface area as well as the pore size (see Table 1).

2.2. Catalytic experiments

Catalytic activity of the newly prepared supported cata-
lysts was assessed in the reaction of cis-butene-1,4-diol with

Table 1

Textural properties of MCM-41, catalysts I and II, and commercial 10% Pd/C
N (mZ g_l) Vineso (Cm3 g_l) dmeso (nm)

Catalyst I 539 0.169 29

Catalyst II 583 0.183 3.1

MCM-41 688 0.919 32

10% Pd/C 226 - -
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Fig. 2. Kinetic profile of the testing reaction with catalyst II at 120°C: (H)
2-aminoethanol; (A) N-(2-hydroxyethyl)pyrrol.

2-aminoethanol to give N-(2-hydroxyethyl)pyrrol (Scheme 1)
[16]. The reaction was performed with ten-fold molar excess of
cis-butene- 1,4-diol with respect to the amine component in the
presence of palladium in the supported form (catalysts I-1V),
and with commercial Pd/C (10%) and MCM-41 for a compar-
ison. The amount of palladium used in the catalytic reaction
based on elemental analysis was 0.7 mol% (versus the aminoal-
cohol) for catalysts [ and I, and 1 mol% for Pd/C for catalysts I1I
and I'V. The reaction was followed by gas chromatography using
1,2-bis[2-(methoxy)ethoxy]ethane as an internal standard. In all
cases, N-(2-hydroxyethyl)pyrrol was the major product.
Kinetic profiles of the catalyzed reactions at 120 °C clearly
showed the supported catalysts to have a higher activity than
the commercial Pd/C, catalyst I being slightly more active
than catalyst I (Figs. 2 and 3). In all cases, the pyrrol forma-
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Fig. 3. A comparison of product formation at 120 °C in the presence of catalyst
1 (M), catalyst I (@), Pd/C (A), and without added catalyst (A).
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Fig. 4. A comparison of the rate of N-(2-hydroxyethyl)pyrrol formation in the
presence of catalyst IT at 140 °C (A), 120°C () and 100°C (@®).

tion started practically immediately without a notable induction
period. Increase in the reaction temperature to 140 °C resulted in
a significant increase in the reaction rate; however, the product
decomposed faster, too (Fig. 4). On the other hand, lowering of
the reaction temperature to 100 °C had no beneficiary effect, as
it led to a lowering of the reaction rate while not improving the
reaction selectivity.

In an attempt to study the influence of palladium loading, we
have tested II-type (or BuyNOAc-supported) catalysts with dif-
ferent palladium content (0.5 and 2 mol%, catalysts III and IV)
at similar Pd-to-substrate ratios. Rather surprisingly, both cata-
lysts exerted conversions lower than catalyst II (Fig. 5). Finally,
MCM-41 itself did not promote the condensation reaction
at all.

We have also checked for heterogeneous nature of the cat-
alyzed reactions by filtering the hot mixture after 4 h reaction
time through 0.20 wm PTFE filter. The reaction proceeded even
after removal of the catalyst, but with a rate four to five times
slower. Very similar results were obtained when the reaction
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Fig.5. A comparison of product formation in the reactions promoted by catalysts
prepared with different palladium loading: catalyst TV (2 mmol g !, @), catalyst
ma mmolg’l, A) and catalyst III (0.5 mmolg’l, |
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mixture was cooled to room temperature after 4 h of the reac-
tion, filtered through the PTFE filter and the filtrate heated again
to 120 °C. These observations indicate that palladium leaches
from the support, which is, however, in keeping with the high
polarity of the liquid reaction medium.

When the catalyst was recovered after the experiment, rinsed
well with acetone and ethanol and used repeatedly, the catalytic
activity dropped after two runs (Table 2). In order to check
whether the decrease in the catalytic activity does not result from
a deposition of (polymeric) organic products blocking the active
species, we have performed similar recyclation tests with cata-
lyst calcined before each repeated use (300 °C for 4 h). However,
no significant difference between the catalysts re-used without
and after calcination was observed. The lowering of the catalytic
activity during the repeated use most likely reflects leaching of

Table 2
Recyclation experiments with catalyst II, with and without calcination
Catalytic run without Yield (%) Catalytic run Yield (%)
calcination with calcination
1 (new catalyst) 55
2 56 2 46
3 32 3 33
4 32 4 32

the metal from the support (see above), as well as aggregation
of the palladium nanoparticles.

The latter assumption was corroborated by high-resolution
transmission electron microscopy (HR TEM). We have per-
formed qualitative rather than extensive observations and hence,

Fig. 7. HR TEM images of catalyst II: (left) an area accommodating several palladium nanoparticles and (right) a detailed view of a single metallic particle.
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Fig. 8. HR TEM images of catalyst II after one catalytic run: views of an area accommodating an agglomerate (left) and a single particle (right).

do not present a statistical evaluation of the particle size. Nev-
ertheless, the results of individual observations were consistent.
HR TEM images obtained for the freshly prepared catalysts I
and II revealed discrete spherical metallic particles with well-
ordered internal structure, showing even interference from the
lattice spacing (Figs. 6 and 7; particle diameters around 10 nm
for catalyst I and around 7 nm for catalyst II). The interpla-
nar distances determined from HR TEM images were 2.25 A
for catalyst I and 2.23 A for both fresh and recovered catalyst
II. These values correspond well with 2.25 A (111) for face-
centered cubic palladium [18]. More importantly, a comparison
of HR TEM images recorded for fresh (Fig. 7) and used (Fig. 8)
catalyst II showed that the metallic particles agglomerate dur-
ing the reaction, while retaining their good crystalline structure.
Another support came from powder X-ray diffraction measure-
ments in the region of palladium 111 diffraction (260 ~40°)
[18]: Whereas the diffractogram recorded for unused catalyst IT

Intensity

37 38 39 40 41
20 (%)

Fig. 9. X-ray diffractograms in the region of palladium 111 diffractions for
catalyst II before (A) and three catalytic runs (B).

showed practically no peak, the same catalyst recovered after
three runs (without calcination) displayed clearly discernible
broad peak, which is in keeping with a larger diffraction volume
of the aggregated particles (Fig. 9).

Apparently, the particle growth is not a simple process since
the HR TEM images gave an evidence for both random aggre-
gation of the spheric particles (see different orientations of the
interference fringes in Fig. 8, left) and coherent growth of the
individual metallic particles (Fig. 8, right). Nonetheles, in view
of the observed leaching of the metallic particles from the sup-
port, the desorption/re-adsorption mechanism seems to be the
plausible explanation of the particle aggregation process.

3. Summary

Palladium nanoparticles obtained from chemical reduction
of palladium(Il) acetate can be deposited onto mesoporous
molecular sieve MCM-41 to afford supported materials that
proved as active catalysts in the condensation reaction of
2-hydroxyethylamine with cis-butene-1,4-diol to give N-(2-
hydroxyethyl)pyrrol. Metallic particles are leaching from the
solid support during the catalyzed reaction. A lowered metal
content together with aggregation of the metallic particles, which
was confirmed by HR TEM and X-ray diffraction measure-
ments, account for a decrease in the catalytic activity observed
for recovered and repeatedly used catalysts.

4. Experimental
4.1. Materials and methods

All siliceous MCM-41 was prepared from sodium sili-
cate (Riedel de Haen), hexadecyltrimethylammonium bromide
(Fluka) and ethyl acetate (Fluka). The synthesis was car-
ried out at 90°C for 48h and the template subsequently
removed by calcination at 550°C for 6h (for details, see
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[19]). Propylene carbonate (Aldrich), palladium(Il) acetate
(Aldrich), cis-butene-1,4-diol (Fluka), tetrabutylammonium
acetate (Fluka), palladium over carbon (10%, Aldrich), and
1,2-bis[2-(methoxy)ethoxy]ethane (Fluka) were used without
further purification. THF was distilled from potassium under
argon. 2-Aminoethanol was distilled under vacuum and stored
in sealed ampoules. All catalysts were handled in air.

Solution 'H (399.95MHz) and !*C (100.58 MHz) NMR
spectra were measured at 25 °C on Varian UNITY Inova 400
spectrometer. Chemical shifts (8/ppm) are given relative to
internal tetramethylsilane. X-ray powder diffractograms were
recorded on a Bruker D8 X-ray powder diffractometer equipped
with a graphite monochromator and position sensitive detec-
tor (Vantec-1) using Cu Ka radiation (A= 1.5412/0\) in the
Bragg—Brentano geometry arrangement. Nitrogen adsorption
isotherms were measured with a Micrometritics ASAP 2020
volumetric instrument at —196 °C. The samples were degassed
at 250 °C until presure of 1073 Pa was attained (at least 24 h)
prior to the sorption measurements.

Palladium content was determined on an ICP-OES spec-
trometer (IRIS Intrepid II; Thermo Electron Corp.) equipped
with axial plasma and ultrasonic CETAC nebulizer, model U-
5000AT+. The catalyst samples were first dried at 105 °C for
several hours and then dissolved in a mixture of concentrated
HF and HNO3 (volume ratio 1/1; Suprapur, Merck) at 50 °C
for 15 min and diluted with re-distilled water. Palladium was
quantified using the 324.27 nm line, where the measured detec-
tion limit was 0.2 wg L™!. The calibration was performed using
blank (3% aq. HNOs3) and four standards covering the whole
range of concentration measured. The standards were prepared
by diluting a 1.000 g (Pd) L~! standard solution (Analytika, cer-
tified solution).

High-resolution transmission electron micrographs were
obtained on a Philips EM 201 instrument (80 kV). Copper grid
coated with a holey carbon support film was used to prepare the
samples: the catalyst samples were dispersed in little ethanol,
sonicated for 10min and the carbon coated copper grid was
dipped into this suspension.

4.2. Grafting of palladium nanoparticles onto MCM-41

4.2.1. Preparation of catalyst I

Palladium(II) acetate (247 mg, 1.1 mmol) was dissolved in
propylene carbonate (180mL) and the solution was filtered
through a Teflon syringe filter (0.45 pwm pore diameter). The
filtrate was heated at 110 °C for 3 h with stirring, whereupon the
color of the reaction mixture slowly turned form orange to black
as palladium nanoparticles formed. Then, MCM-41 (11.00 g)
was introduced and the heterogeneous mixture was stirred at
room temperature overnight. Diethyl ether (630 mL) was added
to the mixture and stirring was continued for 30 min at room
temperature. The resulting mixture was filtered on a glass frit
and washed with diethyl ether (5 x 25 mL). The resulting grey
powder was dried in air at room temperature for a short time so
that all the diethyl ether was not evaporated.

Characterization: X-ray diffraction: 26 (°) 2.45 (s), 3.95 (vw),
4.55 (w). Calculated from mass balance (complete reduction of

palladium(II) acetate and adsorption of the formed palladium
assumed): 1.05%. Elemental analysis of the bulk material: 0.5
and 0.6% Pd, which corresponds to 0.8 and 0.9% Pd in dry
material.

4.2.2. Preparation of catalyst Il

Palladium acetate (225 mg, 1.0 mmol) was dissolved in dry
THF (150 mL) and the solution filtered through a Teflon syringe
filter (pore size 0.45 wm). The filtrate was mixed with tetra-
butylammonium acetate (945 mg, 3.15 mmol) and MCM-41
(10.00 g), and the mixture was refluxed for 4 h. During the reflux-
ing period, the color of the mixture changed from orange to
black. After the mixture was stirred overnight at room tempera-
ture, the resulting grey powder was filtered off and washed with
diethyl ether (4 x 25 mL). The resulting powder was dried in air
at room temperature for such a short time so that all the diethyl
ether was not evaporated.

Characterization: powder X-ray diffraction: 26 (°) 2.45 (s),
4.05 (vw), 4.65 (w). Calculated from mass balance (complete
reduction of palladium(II) acetate and adsorption of the formed
palladium assumed): 1.05% Pd. Elemental analysis: 0.7 and
0.8% Pd, which corresponds to 0.9 and 1.0% Pd in dry material.

4.2.3. Preparation of catalysts IIl and IV

Catalysts IIT and IV were prepared similarly as catalyst II,
with Pd loading of 0.5 and 2 mmol g~ !, respectively.

Characterization of catalyst III. Elemental analysis: 0.4, 0.4%
Pd (0.5, 0.5% Pd after drying). Calculated from mass balance
(complete reduction of palladium(II) acetate and adsorption of
the formed palladium assumed): 0.5% Pd.

Characterization of catalyst IV. Elemental analysis: 1.7, 1.8%
Pd (2.6, 2.5% after drying). Calculated from mass balance (com-
plete reduction of palladium(II) acetate and adsorption of the
formed palladium assumed): 2.1% Pd.

4.3. Catalytic tests

Catalytic tests were performed in a three-necked flask
(50mL) equipped with a magnetic stirring bar, thermometer
and a rubber septum, immersed in a thermostated oil bath
(£2°C). The reaction mixture consisting of 2-aminoethanol
(285 mg, 5.0 mmol), cis-butene-1,4-diol (4.40 g, 50 mmol), 1,2-
bis[2-(methoxy)ethoxy]ethane as an internal standard (265 mg,
1.5 mmol) was stirred and heated to the reaction temperature
before the catalyst was introduced (in an amount corresponding
to 0.05 mmol of palladium).

The progress of the reaction was monitored periodically on
0.1 mL aliquots (withdrawn via the septum by a syringe), which
were diluted with acetone (0.1 mL) and centrifuged at 4000 rpm
for 10 min. The samples were analyzed by a high-resolution gas
chromatography (Agilent 6850 chromatograph equipped with a
flame ionization detector and HB-1 column). The identity of the
reaction product was checked by GC-MS (HP 5890 Series 1I,
5971A).

Recyclation experiments were performed at 120 °C for 12h
and only the final reaction mixture was analyzed. The solid cat-
alyst was filtered off and thoroughly rinsed with ethanol and
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acetone, and if appropriate, calcined in an air flow at 300 °C for
3 h (the temperature was increased by 1 °C min~!). In one of the
leaching tests, the solid catalyst was removed by filtration from
hot reacting mixture after 4 h of reaction through a preheated
frit and then a Teflon syringe filter (pore size 0.2 pum) while in
the other, the reaction mixture was cooled to room temperature
after 4 h, stirred for 2 h and then filtered through a sintered glass
frit, and subsequently, a Teflon syringe filter (pore size 0.2 pm).
The filtered reaction mixtures were then heated to 120 °C and
periodically sampled as described above.

4.4. Isolation and characterization of
N-(2-hydroxyethyl)pyrrol

A sample of N-(2-hydroxyethyl)pyrrol was isolated from the
reaction mixture by diluting with water and extracting the result-
ing solution with diethyl ether (three times with 25 mL). The
ethereal phase was dried over MgSO4 overnight and the sol-
vent was removed under reduced pressure. The oily residue was
then distilled under vacuum on a Kugelrohr apparatus to give
N-(2-hydroxyethyl)pyrrol as a colourless oil. The yield was not
determined.

"H NMR (CDCl3): § 3.85 (t, 3Jun =5.2Hz, 2H, CH,OH),
4.03 (t, 3Jun =5.2Hz, 2H, NCH,), 6.18 (t, *Jyu =2.1 Hz, 2H,
CH=CHN), 6.70 (t, Juyp =2.1Hz, 2H, CH=CHN). 3C{'H}
NMR (CDCl3): é 52.0 (s, CH,OH), 62.8 (s, NCHy), 108.5 (s,
CH=CHN), 120.9 (s, CH=CHN). The NMR data are in agree-
ment with the previously published results [16f].
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