
Journal of Catalysis 201, 70–79 (2001)

doi:10.1006/jcat.2001.3221, available online at http://www.idealibrary.com on

Studies on the Characterization of Several Iridium– and Rhodium–clay
Catalysts and Their Activity in Imine Hydrogenation

Carmen Claver,∗ Elena Fernández,∗ Ramon Margalef-Català,∗ Francisco Medina,†
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Iridium– and rhodium–clay catalysts were prepared by immo-
bilizing the complexes [Ir(µ-Cl)(COD)]2 [1] + 4PPh3, [Ir(COD)-
(PPh3)2]BF4 [2], [Ir(COD)(PPh3)2]PF6 [3], and [Rh(COD)-
(PPh3)2]BF4 [4] in montmorillonite K-10 (MK-10), sodium
bentonite (Na+-MM), and lithium hectorite (Li+-Hect). Other
analogous supports were prepared after thermal and acidic mod-
ifications to montmorillonite K-10. For example, MK-10 was
calcined at 500◦C (MK-10-500) and treated with nitric acid (H+HNO3

-
MK-10). The supports were characterized using XRD, BET sur-
face area, FTIR, and acidity titration to confirm the properties of
smectite–clay materials. The characterization of the immobilized
iridium– and rhodium–clays was studied using XRD, FTIR, and
conductimetric analyses. From these results, we found that the
complexes are adsorbed mainly on the external surface of MK-10
and Li+-Hect. However, the immobilization of the organometallic
complexes on Na+-MM is intercalated mainly by the ion-exchange
process. Hydrogenation of the aldimine N-benzylidene aniline was
studied with the iridium– and rhodium–clay catalytic systems. The
aim of our study was to determine how the immobilized system
influences the catalytic process, taking into account the metal, the
counterion, and the acidity and composition of the support. In some
catalytic systems the catalyst was reused for a significant number
of consecutive runs. The catalyst 2–MK-10, for example, was reused
in consecutive hydrogenations and showed high activity (>97%
conversion) for at least 13 runs. The loss of catalytic activity as
a consequence of the relative stability of the metallic intermediate
species to air is also discussed. c© 2001 Academic Press

Key Words: montmorillonite; bentonite; hectorite; clay; hydro-
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1. INTRODUCTION

The homogeneous catalytic hydrogenation of imines to
amines (1–4), using metal transition complexes as catalytic
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precursors, is a well-known process that has attracted great
attention in recent years, particularly in the asymmetric
hydrogenation of prochiral imines (5–11). Although homo-
geneous catalysts can provide high conversion, most diffi-
culties are encountered in separating the catalyst from the
solution. Little effort has been made to separate the homo-
geneous catalyst from the products. Efficient catalytic hy-
drogenation of imines has been achieved with a two-phase
system that uses a water-soluble catalyst (12–14), reverse
micelles (15), zwitterionic complexes (16), and inorganic
supports (silicates, semimetal or metal oxides, glass or mix-
tures) (17). However, to our knowledge, there have been no
further studies into the recovery and reusability of the re-
movable catalytic systems. Indeed, these properties might
be ignored in a small-scale hydrogenation reaction in the
laboratory, but they are very significant for the economic
and technological viability of the large-scale production of
amines. The presence of the metal catalyst could also cause
problems with the purity of the product.

Immobilizing organometallic complexes in clay struc-
tures makes it possible to minimize many of the barriers
associated with the unremovable homogeneous solution
catalyst. Smectite clays such as montmorillonite and hec-
torite have recently attracted great interest as supports for
heterogenized homogeneous catalysts because they com-
bine cation exchange, intercalation, and swelling properties
which make them unique (18, 19). From a catalytic stand-
point, their ability to expand the interlamellar space is their
most important property (18, 20).

In a previous study, we reported that the immobilization
of the cationic iridium(I) complex [Ir(COD)(PPh3)2]BF4

in montmorillonite K-10 hydrogenated the aldimine N-
benzylidene aniline into the corresponding amine with the
same conversion as the analogue homogeneous system. The
heterogenized catalyst was indeed recovered and reused for
12 recycles with no apparent loss of activity (21). We ob-
served that thermal and acidic modifications in the support
negatively affect the stability of the active catalytic species,
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SCHEME 1

while modifications in the organometallic complex counte-
rion decrease its stability.

To explore the potential of the immobilized catalytic sys-
tems, the present study discusses various factors that can
influence the stability of the active species. In particular:

(i) the use of different type of smectite supports, such
as sodium–bentonite, montmorillonite K-10 (dioctahedral
smectites), and hectorite (trioctahedral smectite);

(ii) the use of cationic iridium(I) and rhodium(I)
organometallic complexes, as well as neutral iridium com-
plexes.

The hydrogenation of N-benzylidene aniline was cho-
sen to test the catalytic activity of the immobilized systems
(Scheme 1).

The organometallic complexes were characterized by ele-
mental analysis, 1H and 31P NMR, and FTIR. The supports
and the metal–clay systems were characterized by X-ray
diffraction, BET surface area, FTIR, and acidity titration.

2. EXPERIMENTAL

2.1. Synthesis

All iridium and rhodium organometallic complexes were
synthesized using standard Schlenk techniques under nitro-
gen atmosphere. All organic solvents were purified by usual
methods, stored on a molecular sieve (0.4 nm, Aldrich), and
degassed with a nitrogen flow before use. The complexes
[Ir(µ-Cl)(COD)]2 [1] (22), [Ir(COD)(PPh3)2]X (X=BF−4
[2], PF−6 [3]) (23, 24), and [Rh(COD)(PPh3)2]BF4 [4], were
prepared as previously reported (25). They were character-
ized by elemental analysis, 1H and 31P, NMR, and FTIR.

Montmorillonite K-10 (MK-10) was purchased from
Fluka. Sodium montmorillonite (Na+-MM) was obtained
by purifying bentonite (BDH) as described by van Olphen
(26).

H+HNO3
-montmorillonite (H+HNO3

-MK-10) was prepared
from 10 g of MK-10 by treatment with 125 ml of satu-
rated sodium chloride solution for 30 min. The solid was
filtered under vacuum and treated with 125 ml of 0.1 N ni-
tric acid solution for 1 h. The H+HNO3

-MK-10 was filtered,
washed with water until the filtrate was nonacidic, and dried
at 80◦C (19).

+ +
HNH4NO3
-montmorillonite (HNH4NO3

-MK-10) was ob-
tained as described in the literature (27). That is to say,
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100 ml of an aqueous solution of 514 mg of NH4NO3 was
added to a flask containing 10 g of MK-10. The solution was
stirred at room temperature for 20 h. The solid was filtered,
washed with water, and dried at 90◦C. The dry solid was
then finely pulverized and calcined at 500◦C for 45 min to
expel the ammonia.

Calcined montmorillonite, MK-10-400, and MK-10-500
were obtained as described below. MK-10 (5 g) was stored
in a melting pot and kept in the oven at 400◦C for 4 h or
500◦C for 35 min.

Li+-hectorite (Li+-Hect) was synthesized in the follow-
ing way (28). A 3% aqueous slurry containing silicic acid
(1.58 g), magnesium hydroxide (0.6 g) (precipitated from
a 25% solution of MgCl2 · 6H2O with 10 N ammonia,
washed thoroughly, and homogenized), and lithium fluoride
(92.3 mg) was made. The molar SiO2/Mg(OH)2/LiF ratio
was 4/3/1. The slurry was heated at 120◦C in an oven in a
locked Teflon flask for 15 days. The flask was cooled and
the solid filtered under vacuum, washed thoroughly with
water, and dried at 80–90◦C.

The imine N-benzylidene aniline was prepared from ani-
line and benzaldehyde in ethanol medium as described in
the literature (29). The imine was characterized by elemen-
tal analysis and 1H and 13C NMR.

The complexes were immobilized in the following man-
ner. The dichloromethane solutions (10 ml) of each com-
plex (0.1 mmol) (with the addition of triphenylphosphine
(0.4 mmol) for the neutral complex) were prepared un-
der nitrogen and added to a suspension of the solid support
(MK-10, H+HNO3

-MK-10, Na+-MM or Li+-Hect) (1 g) in de-
oxygenated dichloromethane (10 ml), and then stirred for
24 h under nitrogen at room temperature. The suspension
was filtered off and the solid washed with dichloromethane
and dried under vacuum. The amount of metal complex im-
mobilized on the clay was determined by gravimetric anal-
ysis. Conductimetric analyses of the filtrate were recorded
to determine whether the interlamellar cation was replaced
by the cationic complex and to what extent.

2.2. Hydrogenation Procedure

Hydrogenation experiments were carried out in a
stainless-steel Berghof autoclave equipped with a mag-
netic stirrer at 40◦C and 5 bar hydrogen pressure. The
catalytic solution was contained in a glass vessel, and the
inside of the autoclave’s cap was coated with Teflon to
prevent the solution from coming into direct contact with
the stainless steel. In a standard homogeneous hydro-
genation experiment, a solution of N-benzylidene aniline
(2.5 mmol) in 1,2-dichloroethane:methanol (8 ml, 1 : 1) with
catalyst precursor (0.05 mmol) was placed in the evacu-
ated autoclave, heated, and stirred. For a heterogenized

experiment the immobilized catalyst (0.05 mmol on metal)
was introduced previously into the autoclave. Once the
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systems had reached thermal equilibrium, hydrogen was
introduced so that the working pressure could be reached.
At the end of the reaction, the systems were cooled and the
gas was vented. The reaction mixtures were analyzed by gas
chromatography (previously filtered off for heterogenized
systems). They were performed using a Hewlett–Packard
5890 II with a flame ionization detector in a capillary
ULTRA-3 column with a content of 5% diphenylsilicone
and 95% dimethylsilicone. The solid was washed with
methanol and placed in the autoclave for a consecutive hy-
drogenation experiment.

2.3. Analysis Methods

Elemental analysis for C, H, and N of organometallic
complexes was carried out on a Carlo-Erba microanalyzer.

IR spectra (range 4000–400 cm−1) were recorded on a
FTIR Prospect IR of Midac Corporation spectrometer in
KBr pellets.

The effect of temperature on the structure and composi-
tion of the clays was monitored using FTIR. KBr pressed
disks of the samples were prepared and treated at different
temperatures and under different conditions. Those con-
ditions were: (i) room temperature, (ii) vacuum at 120◦C,
(iii) calcination at 200◦C for 1 h, (iv) calcination at 300◦C
for 1 h, (v) calcination at 400◦C for 3 h, and (vi) calcination
at 500◦C for 3 h. After each calcination process, the disk
was cooled under nitrogen flow to eliminate and prevent
readsorption of water. The IR spectrum was recorded im-
mediately. Nevertheless, in some cases, the disk was kept in
contact with the air for 2 h and the spectrum was recorded
to confirm the readsorption of water.

1H and 31P NMR spectra were recorded on a Varian
Gemini spectrometer with a 1H resonance frequency of
300 MHz, chemical shifts were reported relative to tetram-
ethylsilane for 1H and 85% H3PO4 for 31P as the external
reference.

X-Ray diffraction was used to determine the basal spac-
ing and the swelling properties of the supports. The basal
spacing of each sample was calculated from 001 reflection
in its X-ray pattern. This basal spacing was associated with
the distance between (001) layers (d001) and was located at
angles, 2θ , between 5◦ and 7◦.

Powder X-ray diffraction (XRD) patterns of the differ-
ent supports and catalysts were obtained with a Siemens
D5000 diffractometer using nickel-filtered CuKα radiation.
XRD analyses of all samples were performed in thin films.
These films were prepared by spreading a suspension of
the sample in the swollen agent on a glass slide and dry-
ing the slide at room temperature or in an oven at 120◦C
for those analyses in which the basal spacing was studied.
Due to this method, the plate-like particles presumably ori-
ented themselves so that the 001 reflection was amplified to

a greater extent than for the powder samples. Powder sam-
ples mounted on a glass microscope slide were also analyzed
ET AL.

for support identification. The patterns were recorded for
2θ angles between 3◦ and 70◦.

BET surface areas were calculated from nitrogen adsorp-
tion isotherms at 77 K using a Micromeritics ASAP 2000
surface analyzer and a value of 0.164 nm2 for the cross
section of the nitrogen molecule.

The acid treatment of the solid was carried out as fol-
lows: A charge of finely ground solid (≈2 g) was weighed
on an analytical balance and transferred to a 100-ml
Erlenmeyer flask, and 50 ml of 5% sodium chloride so-
lution was added by pipet to the flask. The suspension was
stirred at room temperature for 3 h. The solution was then
decanted through a filter paper and the solid washed with
the minimum amount of water until the washings were
nonacidic. The filtrate was transferred to a volumetric flask.
The amount of acid in the filtrate was determined by titra-
tion with 0.05 N sodium hydroxide solution, which had
been standardized against potassium acid phthalate using
phenophthalein as the indicator.

The solid acidity (mEq H+ /m2) was calculated from the
amount of solid in the filtrate. [H+ ]filtrate was the concen-
tration of acid measured in the filtrate; V was the volume
of the volumetric flask; Wsolid was the amount of solid used
in the titration process; and ABET was the BET surface area
of the solid:

[H+]filtrate(mEq H+/liter) ·V(liters)
Wsolid(g solid)× ABET(m2/g)

=mEq H+/m2 solid

[1]

Atomic absorption (graphite atomisation method) was
registered on a Hitachi Z-8200 spectrophotometer equip-
ped with a photomultiplier as the detector, a double-beam
source, and a hollow-cathode iridium lamp (Teknokroma),
using polarized Zeeman for noise correction. Both the IrCl3
standards and the samples were treated with 65% nitric acid
to make them soluble in water.

The conductivity of the washings in the intercalation pro-
cesses was measured using a Micro CM 2201 Conductimeter
(Crison), equipped with a conductivity cell with platinum
plates and a glass body, and with an automatic compen-
satory temperature system which measures the tempera-
ture of the solution.

3. RESULTS AND DISCUSSION

3.1. Support Characterization

The X-ray patterns of the supports MK-10, Na+-MM, and
Li+-Hect were compared with those in the JCPDS database.
The supports MK-10 and Na+-MM were identified as mont-
morillonite and Li+-Hect as hectorite.

Three samples showed a characteristic peak associated
with the 001 reflection (30), which varied between 12 and

15 Å. The width of this reflection in MK-10 and Li+-Hect
is wider than in the Na+-MM X-ray diffractogram. This
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TABLE 1

X-Ray Diffraction Data for the Supports: MK-10,
Na+-MM, and Li +-Hect

XRD analysis

d001 (Å)

Swelling solvent Immobilization Collapsed
Dried of 2 in CH2Cl2 T

Support 120◦ H2O Glycerin CH2Cl2 medium (◦C)

MK-10 13.3 15.5 18.8 16 16.8 500
Na+-MM 11.8 14.8 17.7 12.7 16 400–500
Li+-Hect 13.0 15.0 18.8 13 13 300–400

may be due to the low crystallinity of MK-10 and Li+-Hect,
which was also confirmed by the BET surface area results
(see below). Although both MK-10 and Na+-MM are the
same montmorillonite clay material, they showed signifi-
cant differences in crystallinity. MK-10 is prepared from
montmorillonite or bentonite by acid treatment (31). The
acid activation process is severe enough to partially destroy
the bentonite layer structure, so the clay particles become
very disordered.

The powder X-ray diffraction data in Table 1 show the
values for the basal distances of the supports after having
been dried for 24 h at 120◦C and also after the samples had
been treated with different swelling agents, such as water,
dichloromethane, and glycerin. The basal distances for to-
tal dehydrated clays are expected to be between 9.6 and
10 Å (18, 20, 32). In contrast, heating MK-10, Na+-MM,
and Li+-Hect at 120◦C for 24 h did not totally dehydrate
the clays, because the basal distance observed was 11.8 Å
for Na+-MM, 13.3 Å for MK-10, and 13.0 Å for Li+-Hect
(Table 1). When the solids were treated with water, the
basal distance increased to around 15 Å, as described in
the literature (30). The smectites were totally dehydrated
at temperatures between 300 and 500◦C (Table 1). When
montmorillonite MK-10 was heated from room tempera-
ture to 500◦C, the X-ray diffractogram was recorded every
50◦C. The 001 reflection peak moved from 15 Å to lower
distances, which indicates that there was a progressive loss
of interlamellar water until the collapsed basal distance
(9.8 Å) was reached at 500◦C. The dehydration process in
Na+-MM and the consequent collapse of the layers were
progressive and were irreversible at temperatures above
400◦C. The loss of ordered pillaring in the clay during the de-
hydration process was revealed by broadening of the peaks
in the X-ray diffractogram. The basal distance of the com-
pletely dehydrated Li+-Hect was 10 Å. Temperatures be-
tween 300 and 400◦C were necessary for layers to collapse
in the hectorite clay.

If the supports were exposed to different swelling agents

such as CH2Cl2, H2O, and glycerin, the basal spacing of
the materials was higher than that of the initial dried clays.
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As expected for smectite-type materials, this observation
indicates that the supports can intercalate solvents into
their interlayer space and, thus, increase their basal dis-
tance. As reported in the literature (8, 30, 33), glycerin led
to the greatest increase in the basal distance (5.5 Å for
MK-10, 5.9 Å for Na+-MM, and 5.8 for Li+-Hect). The
basal distance was similar for all solids when water was
the swelling agent, but MK-10 showed a high value (16 Å)
for dichloromethane. While Na+-MM and Li+-Hect have a
greater affinity for water, MK-10 has a similar affinity for
water and dichloromethane. This may be due to the par-
tial loss of M3+ and M2+ cations, which modify the struc-
ture and composition of the material and, consequently,
its solvent affinity. Both factors, the swelling properties of
the MK-10 in dichloromethane and the complete solubil-
ity of the organometallic complexes in this solvent, make
dichloromethane the solvent of choice for the immobiliza-
tion process.

The BET surface area technique gives information about
the structure of the pores and the area of the supports. All
the supports characterized (MK-10, Na+-MM, Li+-Hect,
MK-10-400, MK-10-500, H+HNO3

-MK-10 and H+NH4NO3
-MK-

10) were mesoporous materials (porous diameter around
45–58 Å). The values of the BET surface area are given
in Table 2. When MK-10 was calcined at 400 and 500◦C,
the BET surface area values decreased slightly by about
10 m2/g. The dehydroxylation processes, associated with the
increase in temperature in the calcination process, modified
the residual microporosity. This is observed mainly in the
reduction of the microporous volume of the clay (5.5× 10−3,
2.6× 10−3, and 0.1× 10−3 cm3/g for MK-10, MK-10-400, and
MK-10-500, respectively), which may explain the small vari-
ation in BET surface area. The surface area of Na+-MM
(49 m2/g) was smaller than the surface area calculated for
MK-10. Ravinchandran and Sivasankar (34) reported that
the surface increased for acid-treated montmorillonite and
that this increase depended on the acid concentration. How-
ever, the acid treatment has a limited capacity to increase
the surface area. In this way, when MK-10 was again acid-
ified with HNO3 (H+HNO3

-MK-10) and NH4NO3 and then

TABLE 2

BET Area and Brønsted Acidity of the Clays Used as Supports
for the Heterogenenization of Organometallic Complexes

BET area Acidity
Support (m2/g) (mEq H+/m2)× 10−4

MK-10 221 1.40
MK-10-500 211 1.27
MK-10-400 213 1.42
H+HNO3

–MK-10 215 7.69
H+(NH4NO3)

–MK-10 213 4.33
Li+-Hect 168 0

Na+-MM 49 0
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calcined (H+NH4NO3
-MK-10), there was a slight reduction in

the BET surface area of the solid. On the other hand, the
high BET surface areas obtained for Li+-Hect (168 m2/g)
are related to a badly constructed structure rather than to a
structure that has been destroyed such as montmorillonite.

Table 2 lists acidity titration results as milliequivalents of
H+ per square meter (mEq H+ /m2) of solid. The acidity
value obtained was 1.4× 10−4 mEq H+ /m2 for MK-10 and
for MK-10 calcined at 400◦C (MK-10-400) and decreased
slightly for MK-10-500 to 1.26 mEq H+ /m2. The dehydroxy-
lation of the acid surface observed in the IR study may
explain these results (see below). In general, it was found
that acidity values for characterized solids were much lower
than those reported in the literature (35). This might be
due to the fact that H+ was not completely substituted by
Na+ from NaCl. Acidified MK-10 samples, H+HNO3

-MK-10
and H+NH4NO3

-MK-10 have more Brønsted acid sites than
the commercial MK-10. Their acidities were 7.7× 10−4 and
4.3 mEq H+ /m2, respectively. Thus, it seems that the sub-
sequent acidification procedures did not increase the sur-
face area of the solid but instead increased the number
of Brønsted acid sites. Na+-MM and Li+-Hect have no
Brønsted acidity. Low acidity was expected for both Na+-
MM and Li+-Hect. Substitution with NaCl was used in the
preparation of Na+-MM and in Li+-Hect; the acidity value
is low because the hydroxyl concentration is low, as con-
firmed by the IR study (see below).

The IR spectra of smectite-type clays have two char-
acteristic regions (36): (i) 4000–3000 cm−1 and (ii) 1200–
400 cm−1. The transmission bands in the first region, which
correspond to ν(O–H), were assigned to the surface hy-
droxyl groups of the layer as well as to the adsorbed water.
The bands in the region 1200 to 400 cm−1 are more infor-
mative about the structural characteristics of clay minerals
and are attributed to lattice vibration (34, 36).

As stated above, MK-10 and Na+-MM were identi-
fied as montmorillonite and Li+-Hect as hectorite. Three
solids presented characteristic structural sharp vibrations
associated with the O–H stretching of hydroxyl groups
(ν(O–H)OH≈ 3630 cm−1) and vibrational broadbands of
adsorbed water (ν(O–H)water≈ 3450 cm−1). The stretching
vibration of hydroxyl groups was significantly less intense
in Li+-Hect than in the other two solids. This indicates that
there is only a low concentration of hydroxyl groups in the
Li+-Hect layers. This observation is in agreement with the
literature (18, 36), which reports that some framework hy-
droxyls are replaced by fluoride ions from the LiF used in
the preparation.

Figure 1 shows the IR spectra of the supports treated
at different temperatures. In all cases, when the support
was heated at 120◦C under vacuum, we observed a con-
siderable reduction in the intensity of the vibration bands,

which was attributed to adsorbed water (ν(O–H)water and
δ(H–O–H)), although there was no significant difference
ET AL.

FIG. 1. IR spectra of MK-10, Li+-Hect, and Na+-MM clays at differ-
ent temperatures: (a) room temperature; (b) vacuum and 120◦C for 1 h;
(c) 400◦C for 3 h; (d) 500◦C for 3 h.

in the other bands. However, at this temperature, the ad-
sorbed water was not completely removed. The reduc-
tion in the intensity of the O–H stretching band of wa-
ter enabled us to better see the bands associated with
the hydroxyl group. Calcination of the samples at 200 or
300◦C for 1 h considerably reduced the content of ad-
sorbed water in the clay, although dehydroxylation pro-
cesses were not observed. Calcining the solids at 400◦C
for 3 h significantly reduced the intensity of ν(O–H)OH.
This indicates that dehydroxylation phenomena could have
occurred. When the samples were calcined at 500◦C for
3 h, water was completely removed and an important de-
hydroxylation process was observed. However, dehydrox-
ylation was not completely accomplished at 500◦C after 3 h
in MK-10 and Na+-MM. Only Li+-Hect totally dehydroxy-
lated, probably because of its low concentration of hydroxyl
groups.

3.2. Ir– and Rh–Clay Characterization

The amount of metal complex [Ir(µ-Cl)(COD)]2 [1]+
4PPh3, [Ir(COD)(PPh3)2]BF4 [2], [Ir(COD)(PPh3)2]PF6

[3], and [Rh(COD)(PPh3)2]BF4 [4] immobilized in MK-
10, Na+-MM, and Li+-Hect was determined by gravimetric
analysis (Table 3). These data suggest that the percentage
of metal complex immobilized in the clay was higher when
the metal species were cationic and the clay used as the sup-
port was MK-10 or Li+-Hect. The neutral species (Table 3,
entries 1, 7, 11) were present in the clay in lower concentra-
tions than the cationic complexes. In all cases, the concen-
tration of the immobilized complex was lower than that of
the related systems described in the literature (80–100 mEq
of complex per 100 mEq of clay) (31, 37, 38). This may be
due to the partial destruction of the structure in the MK-10
and to the size of the complexes.

After the immobilization process, the new solids turned
red (iridium complexes) or yellow (rhodium complexes).

Thus, the presence of complexes in the support was
established.
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TABLE 3

Adsorbed Rhodium and Iridium Complexes in MK-10,
MK-10-500, H+HNO3

-MK-10, Na+-MM, and Li+-Hecta

Entry Immobilized complex mmol complex/g

1 1–4PPh3–MK-10 0.070
2 2–MK-10 0.081
3 3–MK-10 0.075
4 4–MK-10 0.076
5 3–MK-10-500 0.062
6 3–H+HNO3

-MK-10 0.074
7 1–4PPh3–Na+-MM 0.046
8 2–Na+-MM 0.030
9 3–Na+-MM 0.032

10 4–Na+-MM 0.036
11 1–4PPh3–Li+-Hect 0.06
12 2–Li+ -Hect 0.073
13 3–Li+ -Hect 0.075
14 4–Li+ -Hect 0.074

a 0.1 mmol complex, 1 g of clay, and 10 ml of CH2Cl2 stirred at room
temperature for 24 h under nitrogen.

IR spectra of Rh– and Ir–clay showed characteristic
bands of the clay and a very low intensity band, around
3000 cm−1, of COD vibrations (ν(C–H) and δ(C–H)). These
IR spectra did not show vibration bands of PF−6 or BF−4 .
However, we could not conclude that cation exchanges had
taken place, because the clay vibration bands may have
masked them. Thus, both cation exchange and the adsorp-
tion of the complex on the external surface were possible.

To determine whether the ion-exchange process had
taken place, the solid immobilized species were filtered off
and washed thoroughly with dichloromethane and water
after the immobilization process. Conductimetric analysis
and 31P NMR of the liquid indicated that the interlamellar
cations from MK-10 and Li+-Hect were not replaced by the
complex. In the case of the cationic complexes, the anionic
counterions (PF−6 and BF−4 ) were not present in the filtrates;
they were presumably adsorbed on the support. When Na+-
MM was used as the support, conductimetric analyses of
the washings revealed the presence of ionic species. This
indicated that a cation-exchange process might have taken
place. However, the replacement was not total and parts
of the counterion and complex were adsorbed on the clay
surface (Scheme 2). Low BET surface area clay values,
in combination with the partial cation exchange, may ex-
plain the low concentration of the complex immobilized in
Na+-MM.

Powder X-ray diffraction of the supported systems
showed the characteristic structure of lamellar clay. How-
ever, the diffractogram was broader than that of the orig-
inal clay, indicating that the resulting systems were not as
well ordered as the clays. When MK-10 and Li+-Hect were

used as supports for the immobilization process, the X-ray
diffractogram of the heterogenized systems showed that
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the (001) diffraction line insignificantly shifted with respect
to the clay swollen by CH2Cl2 (Table 1). The shift of (001)
in the diffraction may be due largely to the intercalation of
the dichloromethane used in the immobilization process.
This, together with the results discussed above, indicates
that the metal complex (cationic metal part and anionic
counterion) was adsorbed mainly on the external surface
of the clay when MK-10 or Li+-Hect was used as support
(Scheme 2). Crocker and Herold (31) reported the immo-
bilization of [Pd(PPh3)3(NCMe)][BF4]2 in MK-10, which
afforded higher concentrations of palladium on the surface
than in the bulk. They observed that MK-10 tends to adsorb
complexes on its surface and that its cation-exchange capac-
ity is not high enough to intercalate the complexes between
its layers. On the other hand, when Na+-MM was used as the
support, we observed a considerable increase in the basal
distance of the clay when a metal complex was immobilized
in it. The heterogenized system 2–Na+-MM presented a d001

of 16 Å, which means a 1d001 of 3.3 Å with respect to the
clay swollen in dichloromethane (Table 1). This increase in
the basal distance suggests that the complex has been inter-
calated between the silicate layers. However, the increase
in the basal distance found in 2–Na+-MM is smaller than
that reported in the literature for other complexes (37). The
shift in the (001) diffraction was probably due only to one
layer of the complex in the interlamellar space. These X-ray
results together with the conductimetric analyses suggest
that the organometallic complexes were partially interca-
lated between the layers in Na+-MM by a cation-exchange
process (Scheme 2), as described in the literature (39). It
is assumed that iridium and rhodium complexes are taken
up in a monolayer and that the square planer sheet of each
complex is arrayed parallel to the silicate layer.

3.3. Catalytic Hydrogenation

The hydrogenation of N-benzylidene aniline [5] with
[Ir(µ-Cl)(COD)]2 [1]+ 4PPh3, [Ir(COD)(PPh3)2]BF4 [2],
SCHEME 2
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TABLE 4

N-Benzylidene Aniline Hydrogenation Catalyzed by Heterogenized Ir– and Rh–Clay Systemsa

Run

Entry Catalyst precursor 1 2 3 4 5 6 7 8 9 10 11 12 13

% Conversion
1 3–MK-10 98 97 99 97 83 56 40 27
2 3–MK-10-500 98 98 98 84 82 69 66 51
3 3–H+HNO3

-MK-10 98 54 21
4 2–MK-10 98 97 98 96 98 98 99 99 98 99 99 99 98
5 1–4PPh3–MK-10 97 95 96 90 68 68 64
6 4–MK-10 82 40 31 40
7 3–Li+-Hect 89 26 6
8 2–Li+-Hect 92 32 24
9 1–4PPh3–Li+-Hect 9 1

10 4–Li+-Hect 85 28 12
11 3–Na+-MM 93 88 84 59 50 35
12 2-Na+-MM 90 86 80 74 75 69 68 60
13 1–4PPh3–Na+-MM 55 52 55 73 74 75 73 74
14 4–Na+-MM 20 28 23 20
a o
Standard conditions: N-benzylidene aniline, 4 mmol; catalyst precurs
P(H2)= 5 atm; T= 40◦C; reaction time = 3 h.

[Ir(COD)(PPh3)2]PF6 [3], and [Rh(COD)(PPh3)2]BF4 [4]
immobilized in MK-10, Na+-MM, and Li+-Hect, was car-
ried out under standard condition (ClCH2CH2Cl/MeOH
(1/1) as the solvent, 5 atm hydrogen pressure, 40◦C, 3 h),
to explore the possibilities of recovering the catalysts, the
influence of the nature of the support, and the comparison
of the activity and stability of supported catalysts and their
homogeneous counterparts. Table 4 summarizes the cata-
lytic results obtained when the metal species 1 + 4PPh3,
2, 3, and 4 were immobilized on different supports, such
as MK-10, MK-10-500, H+HNO3

-MK-10, Na+-MM, and Li+-
Hect. The activity of the homogenous counterparts catalytic
systems is shown in Table 5. In all cases, benzylphenylamine
[6] was the only product of the reaction. Hydrolysis of 5 was
not observed.

The results show that the homogeneous iridium sys-
tems, [Ir(µ-Cl)(COD)]2 + 4PPh3, [Ir(COD)(PPh3)2]BF4

and [Ir(COD)(PPh3)2]PF6, lead to quantitative conver-
sion of 5 to 6, under the hydrogenation conditions. There
were no significant differences in the electronic natures
of the complexes. However, the rhodium catalytic precur-
sor [Rh(COD)(PPh3)2]BF4 decreased the catalytic activity
(89%).

When the organometallic complexes were immobilized
on the solid supports (MK-10, Na+-MM, and Li+-Hect), we
observed that, in the first run, the catalytic activity of most of
the heterogenized systems tested was similar to that of their
homogeneous counterparts (>90%). However, when the
heterogenized catalytic precursors 1–4PPh3–Li+-Hect, 1–
4PPh3–Na+-MM, and 4–Na+-MM were used, the catalytic

activity decreased dramatically with respect to their homo-
geneous counterparts. It should also be noted that, in the
r, 0.08 mmol M (M=Rh, Ir); solvent: ClCH2CH2Cl/MeOH (1 : 1), 8 ml;

first run, there was a slightly larger reduction in the catalytic
activity when Li+-Hect and Na+-MM were used as supports
than when MK-10 was used (Table 4).

Table 6 shows the number of consecutive runs with con-
version higher than 75% for the different heterogenized
systems used. When the heterogenized cationic iridium
systems were reused the conversion was above 75% for
a larger number of consecutive runs than the other het-
erogenized systems with the same support. Using cationic
iridium systems (2 and 3) heterogenized in MK-10 (2–MK-
10 and 3–MK-10), we observed that the catalyst deactivated
at a different rate. Although 2–MK-10 showed high activ-
ities (>97% conversion) for at least 13 consecutive runs
(Table 4, entry 4), the analogous species 3–MK-10 had a
conversion lower than 75% after the fifth run (Table 4,
entry 1). These results are in agreement with X-ray and
conductivity studies and confirm that the counterion of
the cationic iridium complex is also adsorbed into the

TABLE 5

N-Benzylidene Aniline Hydrogenation Catalyzed by
Homogeneous Catalytic Systemsa

Entry Catalyst precursor % Conversion

1 1+ 4PPh3 96
2 2 99
3 3 99
4 4 89

a Standard conditions: N-benzylidene aniline, 4 mmol; catalyst precur-

sor, 0.08 mmol M (M=Rh, Ir); solvent: ClCH2CH2Cl/MeOH (1/1), 8 ml;
P(H2)= 5 atm; T= 40◦C, reaction time= 3 h.
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TABLE 6

Number of Consecutive Runs in Hydrogenation of N-Benzylidene
Aniline with Conversion Values on Amine >75%

Complex

Support 1+ 4PPh3 2 3 4

MK-10 4 13b 5 1
Na+-MM 5a 5 3 —
Li+-Hect — 1 1 1

a %C was smaller than 75% from the first to the third run. In the next
five runs the %C reached values about 75%.

b All the %C values were >97.

montmorillonite. The presence of BF−4 seems to make the
heterogenized catalytic system much more stable; however,
its influence in our catalytic process is not yet clear. It is
known that the counterion of cationic organometallic com-
plexes affects catalytic processes; for example, the counte-
rion BPh−4 has a negative effect on the catalytic activity of
some hydrogenation processes (38, 40). The activity of the
heterogenized catalyst precursor 3–Li+-Hect was only high
in the first run (89%) (Table 4, entry 7), and decreased to
26% in the second run. The drop in catalytic activity with
this system may be associated with the long contact with
air during filtration due to the texture of the catalytic sys-
tem and, therefore, to the modification of the active species.
When Na+-MM was used as the support, the heterogenized
system 3–Na+-MM showed conversions higher than 75%
for three consecutive runs.

As has been observed with cationic iridium complexes,
the catalytic system was more efficient when the support
used in the heterogenization of the neutral iridium species
was MK-10. So, although the catalyst 1–4PPh3–MK-10
gave conversions higher than 70% for the first four runs
(Table 6), the species 1–4PPh3–Li+-Hect was almost inac-
tive (Table 4, entry 8). The conversions for the catalytic
system 1–4PPh3–Na+-MM were lower than for 1–4PPh3–
MK-10 during the first three runs, increased to about 75%
after the fourth run, and remained constant thereafter
(Table 4, entry 13). These results suggest that the activa-
tion time for this catalyst precursor is longer. However,
the maximum conversion is lower than the maximum for
1–4PPh3–MK-10. Finally, we observed that the rhodium
heterogenized systems showed lower activities than the irid-
ium systems, and that the activity of these heterogenized
rhodium systems decreased rapidly after the first run.

These results indicate that either the clays or the
organometallic complexes have a considerable effect on
the catalytic process, because of the stability of the active
metallic species formed.

It is known that the presence of Brønsted acid sites, in

both homogeneous and heterogenized catalysis, has some
effect on the activity, selectivity, and enantioselectivity of
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some catalytic reactions such as the carbomethoxylation
of ethylene (31, 41), the hydrogenation of terminal olefins
(42), and the hydrogenation of imines (17, 43). The acid
modifications in the support may also bring about different
acid–base interactions between the complex and the sup-
port, which in turn may modify the stability of the active
species. Table 7 shows how the acidity of the support affects
the reuse of the catalytic system (showing a %C> 75%)
and, as a result, how this catalyst system can affect the sta-
bility of the active species. The results seem to indicate that
a larger number of Brønsted acid sites in the support (cata-
lyst 3–H+HNO3-MK-10) did not stabilize the active species
and that the catalytic activity decreased considerably after
the first run (Table 4, entry 3). However, the other sup-
ports (catalysts 3–Li+-Hect and 3–Na+-MM) did not sta-
bilize the active species either. The catalysts with supports
characterized by moderate Brønsted acidity (3–MK-10 and
3–MK-10-500) were reused efficiently for at least five runs.
Activity was maintained and conversions were higher than
75%. However, in 3–MK-10-500, the loss of activity after
the fifth run was slower than in 3–MK-10 (Table 4, entries 1
and 2).

The loss of activity that was observed when catalytic
heterogenized systems were used may be associated with
the progressive leaching of the iridium complex from the
solid, but the amount of iridium found by atomic absorp-
tion analysis of the filtrate in the heterogenized hydrogena-
tion reaction was negligible. The color of the solid changed
only slightly after the first run. This fact and the observed
increase in the enantioselectivity in its reuse, when immo-
bilized iridium and rhodium complexes were modified with
chiral ligands such as BDPP, confirm the presence of a com-
plex in the solid (44). Thus, the loss of activity may be due
largely to the modification of the active species after ex-
posure to air. To confirm this hypothesis, we carried out an
experiment that consisted of simulating six consecutive runs
using the catalyst 3–MK-10. The autoclave was not opened
between each run and the amount of imine 5 for one run
(4 mmol) was injected every 3 h. In this experiment, the
conversion of imine 5 to amine 6 after 18 h (corresponding
to six runs of 3 h each) was quantitative, in contrast to the

TABLE 7

Influence of the Acidity of the Supports on the Number of Consec-
utive Runs in Hydrogenation of N-Benzylidene Aniline with Con-
version Values on Amine >75%

Acidity
Catalyst No. of runs (mEq H+ /m2)× 10−4

3–MK-10 5 1.40
3–MK-10-500 5 1.27
3–H+HNO3

-MK-10 1 7.69
3–Li+-Hect 1 0

3–Na+-MM 3 0
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observed conversion of 3–MK-10 (56%) after the sixth run
when the autoclave was opened and the catalyst filtered off
after each run. This result suggests that the active species
is highly sensitive to air. The experiment also confirms that
the immobilization of iridium(I) complexes in montmoril-
lonite avoids the complex oligomerization responsible for
the deactivation of the active species in homogeneous cata-
lytic hydrogenation, as reported by Crabtree (45). Crocker
and Herold (38) also reported that the immobilization of
the complex means that the metallic centers are separated
from each other.

As far as the formation of the hydride catalytic species
and the reusability of the metal complex are concerned,
when complex [Ir(COD)(PPh3)2]PF6 was immobilized in
MK-10 and MK-10-500 the catalytic activity in the hydro-
genation of 5 was high in the first run and was maintained in
consecutive runs to a greater extent than for other catalytic
systems (Tables 4–6). The different behaviour observed in
the reusability of these heterogenized systems might be re-
lated to the ability of the metal species to carry out ox-
idative addition with H2 rather than O2. It is known that
low-valence d8 complexes, such as iridium(I), are capable
of undergoing oxidative addition (46). However, Crabtree
reported that the capacity to oxidize iridium(I) complexes
is a function of the Lewis acidity of the metallic center (45).
The systems that present a major electron deficiency will
be able to undergo oxidative addition only with species
such as H2 via an ionic mechanism and will be protected
from the addition of more oxidizing agents such as O2.
When complex 3 is immobilized in montmorillonite, the
interactions of the metal with the support might increase
the electron deficiency on the metal. However, the low ca-
pacity for hydrogenating 5 from the heterogenized system,
1–4PPh3-Li+-Hect, might be due to an oxidant interaction
of the metallic species with the F− of the support and/or
the Cl− from the starting organometallic complex, which
may inhibit the formation of the hydride catalytic species.
In general, both the formation and the stability of the ac-
tive species might be a function of the electron density
of the metal and, therefore, of the nature of the support site
to which the complex is linked. Thus, low basic sites may
transfer a smaller electron density and a stronger resistance
to the oxidation of the active species. The smectite MK-10
is, in fact, a clay with weak Brønsted acid sites (O−-H+)
(47). These acid sites may act as a link to the complex with
small donor capacities and may prevent the systems from
oxidizing.

In conclusion, of all the immobilized organometallic com-
plexes studied, [Ir(COD)(PPh3)2]BF4 led to the most stable
system. The best support for this immobilized complex was
usually MK-10, although the immobilization of 1–4PPh3 in
Na+-MM afforded a catalytic system that, after a long pe-

riod of induction, became very stable and showed a conver-
sion of about 74%.
ET AL.

4. CONCLUSIONS

This study concentrated on the characterization of
smectite-type clays, which were used to heterogenize
organometallic complexes for the catalytic heterogenized
hydrogenation of imines.

Complexes of the type [M(COD)(PPh3)2]X (where
M=Rh and Ir) were heterogenized in the smectite clay
materials. The characterization studies of the heterogeniza-
tion process and of the heterogenized systems showed that
complexes are adsorbed mainly on the external surface of
MK-10 and Li+-Hect. However, in the case of Na+-MM,
the complexes are immobilized largely on the support by a
cation-exchange process and intercalated between the sili-
cate layers of the solid.

The application of Rh(I) and Ir(I) heterogenized systems
in the hydrogenation of the imine N-benzylidene aniline
was studied. The results showed that the activities in the
first run of the heterogenized systems using different sup-
ports are comparable to those of their homogeneous coun-
terparts. The activity of both homogeneous and heteroge-
neous systems showed that the iridium(I) cationic systems
[Ir(COD)(PPh3)2]X (X=PF−6 , BF−4 ) represent the best
catalytic activity. As far as the supports are concerned, the
presence of F− in a solid, such as Li+-Hect, may inhibit
the formation of the active species or prevent it from be-
ing reused. In general, the catalytic activity of the immo-
bilized systems decreased when the solid catalysts were
reused. This reduction is due to the presence of inter-
mediate species, which may be oxidized by oxygen when
they are exposed to air during the filtration step of the
process. However, immobilizing the organometallic com-
plex [Ir(COD)(PPh3)2]BF4 in the supports studied afforded
catalytic systems that could be reused for a large number
of runs, with negligible loss of the catalytic activity. At the
same time, we observed that the same metallic species het-
erogenized in different supports behaved differently. Our
results show that the nature of the counterion of the com-
plex, together with the acid and structural characteristics
of the clay, plays an important role in the stability of the
catalysts.
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