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New catalysts for clean technology
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Abstract

The preparation, characterisation and catalytic performance of both bimetallic nanoparticles and chiral homogeneous cata-
lysts anchored along the interior walls of mesoporous silica (MCM-41) are described. The bimetallic nanoparticles are prepared
from Ru6Pd6 and Ru6CSn carbonyl clusters and the resulting MCM derivatives are characterised by a number of methods, in-
cluding EXAFS, FTIR and STEM. The solvent-free hydrogenation of naphthalene and cyclic polyenes using these catalysts are
described, with the Ru6CSn based catalyst giving a 90% selectivity for the corresponding monoenes while the Ru6Pd6 produces
the fully hydrogenated product in high yield. The homogeneous catalysts 1-[-(R)-1′-2-bis(diphenylphosphino)ferrocenyl]ethyl-
N-N′-dimethylethylenediamine palladium dichloride was heterogenised by anchoring along the inside walls of MCM-41. The
catalysed reaction between cinnamylacetate and benzylamine was studied and the catalyst produced 51% of the branched
chain product possibly with 100%ee. © 2002 Published by Elsevier Science B.V.
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Freely accessible active sites on bimetallic nanopar-
ticles, finely dispersed and firmly anchored along the
interior walls of high area (ca. 800 m2 g−1) meso-
porous silica (MCM-41) function as highly effective
catalysts for a number of selective hydrogenations of
significance for chemical and fine-chemical transfor-
mations. Such heterogeneous nanocatalysts may be
readily prepared from mixed metal carbonylates and
introduced in a spatially uniform fashion along the
pores of the silica host. They are readily identified by
scanning transmission electron microscopy (STEM)
and their atomic structure established from in situ
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X-ray absorption spectroscopy and FTIR measure-
ments. In this paper, we shall concentrate on nanopar-
ticle catalysts of constitution Ru6Pd6 and Ru6CSn as
mixed metal catalysts are known to be more highly
effective than either of their monometal components.
Tin has been highly used as a promoter in hetero-
geneous catalysis. Here we focus upon conversions
which consist of the hydrogenation of naphthalene
to give trans- and cis-decalines, and the hydrogena-
tion of cyclic polyenes: 1,5,9-cyclododecatriene,
1,5-cyclooctadiene and 2,5-norbornadiene.

Heterogenised homogeneous catalysts which pro-
vide all the advantages of both catalytic types is an im-
portant area. Herein, we also describe a chiral catalyst
derived from the ligand 1,1′-bis(diphenylphosphino)-
ferrocene (dppf) anchored to the inner walls of the
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mesoporous support MCM-41 and coordinated to
Pd(II) which has been shown to exhibit a degree
of regioselectivity and enantiomeric excess (ee) in
the ammination of cinnamylacetate superior to that
of its homogeneous counterpart or that of a surface
bound analogue. Similarly, the same catalyst displays
a remarkable increase in both enantioselectivity and
activity in the hydrogenation of ethylnicotinate to
ethylnipecotinate when compared to an analogous
homogeneous system.

The need for solvent-free chemical conversions has
never been more pressing. The drive towards a cleaner
technology is accelerating and there is a clear require-
ment for highly active and highly selective heteroge-
neous catalysts. Herein we wish to report our efforts to
meet these current demands. Our work falls into two
main areas which although different have the common
feature of using catalysts which are well dispersed and
firmly anchored within the walls of mesoporous silica.

The areas under investigation are:

1. solvent-free, low temperature, selective hydrogena-
tion using bimetallic nanoparticle catalyst,

2. superior performance of a chiral catalyst confined
within mesoporous silica.

In this paper, the preparation, characterisation and
use of these two types of catalyst will be described.
We shall restrict our discussion to a limited number of
examples, but would emphasise that these examples
represent major new areas of investigation and interest.

1. Bimetallic nanoparticle catalysts

The idea that nanocatalysts would be highly ac-
tive is certainly not new. Most atoms associated with
particles in this size regime are on the surface and, es-
pecially those described in this paper, will have most
atoms with lower coordination number [1–3] than
those associated with the bulk. Such low coordination
numbers may be associated with high chemical activ-
ity. It is important that particles within the size range
described here will not possess properties usually
associated with the metallic state and should be re-
garded as molecular species. Furthermore, given that
the particles adhere to the surface walls of a meso-
porous solid, they should not be regarded as “naked”.
Indeed given the nature of the interaction which

almost certainly involves strong M–O links they will
be in low to medium oxidation states.

We have found that bimetallic heterogeneous nan-
oclusters may be readily prepared from mixed metal
carbonylates and introduced in a spatially uniform
fashion along the pores (around 30 Å in diameter) of
the silica host. Their atomic structure may be straight-
forwardly established by scanning transmission elec-
tron microscopy (STEM), in situ X-ray absorption and
FTIR spectroscopy. In this paper, we report the cat-
alytic performance of finely dispersed bimetallic cata-
lysts of atomic composition Ru6Pd6 and Ru6CSn and
compare it with those of other previously reported
nanocatalysts based on Ru–Ag and Cu–Ru bimetal-
lic clusters. We highlight the changing selectivity as a
function of the nature of the metal and the operating
temperatures.

The role of bimetallic as opposed to monometallic
systems has been of interest for sometime. Whatever
the cause, it is clear that in the bimetallic system there
is a synergic response. Explanations of enhanced
selectivity have hinged around electronic factors (re-
dox) and the supposed ability of, e.g. tin to deactivate
certain ruthenium sites thereby improving selectivity.
A wide variety of homogeneous and heterogeneous
hydrogenation catalysts have been employed in the
past. These include Raney nickel, palladium, plat-
inum, cobalt and a range of mixed metal complexes.
All entailed the use of organic solvents (such as
n-heptane, benzonitrile and so on) and some required
the assistance of efficient hydrogen donors such as
9,10-dihydroanthracene, often at temperatures in ex-
cess of 300◦C to achieve thermal selectivities.

Herein, we show that a single-source, mixed-metal
cluster carbonylate precursor yields (by gentle ther-
molysis) a uniform distribution of discrete nanoparti-
cles (ca. 17 Å diameter) of a Pd–Ru bimetallic catalyst
encapsulated within the pores (ca. 30 Å diameter) of
mesoporous silica. This catalyst is highly active in the
hydrogenation of linear alkenes and significantly more
so than two other bimetallic catalysts also prepared
from single-source carbonylate precursors, Ag3Ru10
and Cu4Ru12 [4,5]. Moreover, the Pd–Ru catalyst de-
scribed here is capable of hydrogenating naphthalene
under relatively mild conditions. The anionic molec-
ular precursor [Pd6Ru6(CO)24]2− was synthesised as
described previously [6] and isolated as its NEt4

+
salt. This particular precursor was selected for a
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variety of reasons including its solubility, stoichiome-
try, adsorbability at, and dispersion across, the silanol
rich [7,8] interior surfaces of the mesoporous silica
support (MCM-41), as well as the ease with which
it sheds its cloak of carbonyl groups during mild
thermal treatment. Of prime importance also was our
wish to design a bimetallic catalyst in which a metal
(Pd) that readily takes up hydrogen is juxtaposed with
one (Ru) that has a strong tendency to bind arenes.
A Pd–Ru catalyst should therefore function effec-
tively in the hydrogenation of aromatic molecules.
The methodology for its preparation and encapsula-
tion into the mesopores is essentially that used in our
earlier work [4,5] on Ag–Ru and Cu–Ru bimetallic
nanocrystals. Retention of the structural integrity of
the mixed-metal cluster carbonylate inside the meso-
porous silica was deduced from in situ spectroscopic
analysis, both infra red [5] (Nujol mull) and X-ray
absorption using a specially designed cell [9,10].
The respective data sets showed the same structural

Fig. 1. (a) Fourier transform of the Pd K-edge EXAFS data (effectively a radial distribution function) for the mixed-metal carbonylate
ion [Pd6Ru6(CO)24]2− precursor dispersed inside the mesopores of the MCM-41 silica. (b) The corresponding transform for the dispersed
precursor after gentle thermolysis (see text). The resulting cluster (see Fig. 2) has an average metal–metal (Pd–Ru and Pd–Pd) distance
that peaks at 2.73 Å and the average co-ordination number is 5.3.

features as those of the cluster when dispersed in
homogeneous solution (tetrahydrofuran as solvent).
The characteristic IR absorption peaks were some-
what broadened and slightly shifted (ca. 3 cm−1) to
lower energy upon encapsulation. Precise structural
information (Ru–Ru, Pd–Pd and Ru–Pd distances
and associated coordination numbers), retrieved from
X-ray absorption fine structure (EXAFS) analyses
for Ru and Pd K-absorption edges, was in good ac-
cord with that obtained from the single-crystal X-ray
structure [6] of Et4N+ salts of the anion1. When the
encapsulated carbonylate1 was heated (10−4 Torr)
for 1 h, at 180◦C, the sample changed colour from
brown to black; the IR carbonyl stretching region
gradually disappeared, and the atomic structure of
the mixed-metal cluster, as seen by details of the
XANES and EXAFS, changed dramatically (Fig. 1).
High-resolution transmission electron microscopy
(HRTEM) revealed [14] that the Pd–Ru bimetallic
nanoparticles were of uniform size (ca. 17 Å diameter)
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Table 1
Hydrogenation of olefins—comparison of catalystsa

Substrate (mass) Catalyst Solvent Reaction
time (h)

Residual H2

pressure
Conversion
(%)

Product distribution (mol%)

n-Hexane cis-2-Hexene trans-2-Hexene

1-Hexene (≈50 g) Pd6Ru6 – 4 1 99 68 22 9
Cu4Ru12 – 4 8 56 51 30 19

n-Dodecane cis-2-Dodecene trans-2-Dodecene

1-Dodecene (≈50 g) Pd6Ru6 – 4 3 88 63 29 7
Cu4Ru12 – 4 7 35 64 22 13

cis-Decalin trans-Decalin Others

Naphthalene (≈8 g) Pd6Ru6 CH3CN 8 12 19 86 4 9
Hexadecane 8 10 7 50 34 15
Hexadecaneb 8 20 No reaction

Cu4Ru12 CH3CN 8 18 0.8 – – 100
Hexadecane 8 20 No reaction

a Reaction conditions: catalyst: 20 mg; temperature 373 K; starting H2 pressure: 20 bar; solvent≈55 g.
b 200 ppm of sulphur was added in the form of benzothiophene.

and spatially well distributed within the pores of the
siliceous support. The catalytic performance in alkene
hydrogenation of the Pd–Ru nanoparticles is com-
pared in Table 1 with those of similarly prepared (and
sized) Cu4Ru12 bimetallic nanoparticles. The kinetics
of hydrogenation of hex-1-ene reveal that the Pd6Ru6
catalysts showed a higher selectivity forn-hexane
than Cu4Ru12. The Pd6Ru6 catalyst is more active
than Cu4Ru12 for the hydrogenation of hex-1-ene (≈2
times). The Pd6Ru6 catalyst was more effective than
Cu4Ru12 in the hydrogenation of naphthalene and
higher conversions were obtained when acetonitrile
was used as a solvent. Other solvents such as hexade-
cane showed a lower preference for the production of
cis-decalin. The solid catalyst may be recycled with-
out any significant decrease in activity or selectivity.
This was done by filtering off the solvent–product
mixture and recharging the Parr reactor with fresh
material (see Table 1 for reaction conditions). Unsur-
prisingly [1,11,12], the introduction of≈200 ppm of
sulphur in the reaction mixture completely poisons
the catalyst. Surveys by electron-stimulated energy
dispersive X-ray emission [13] of the Pd–Ru nanocat-
alyst particles after their use in four consecutive test
runs showed that there was no segregation of the
two components of the bimetallic catalyst. Moreover,
annular dark field (Z-contrast) high-resolution elec-
tron microscopy showed [14] that there was no evi-
dence of coalescence or sintering of the nanoparticles

during catalytic use. Guided by energy-minimisation
procedures [15] using density-functional theory com-
putations, we have arrived at the EXAFS model for
the structure of the bimetallic cage shown in Fig. 2.
The tin compound [PPN][Ru6C(CO)16SnCl3] 2
[PPN: bis(triphenylphosphine)iminium cation] has

Fig. 2. Schematic diagram of the Pd6Ru6 cluster derived from
an EXAFS analysis of the Ru and Pd K-edge X-ray absorption
spectra.
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Fig. 3. Fourier transform of the EXAFS (a) at the Ru K-edge and (b) Sn K-edge of the [Ru6C(CO)16SnCl3]− cluster anchored on MCM-41.
(c) The single crystal-derived structure is consistent with the experimental EXAFS data. Fourier transforms of the (d) Ru K-edge and (e)
Sn K-edge EXAFS of the decarbonylated (by mild thermolysis at 180◦C in vacuum for 2 h) catalysts. (f) Local structure of the activated
catalyst, derived from the analysis of the EXAFS data. Solid and dashed lines in (a), (b), (d) and (e) represent the experimental and
calculated data, respectively.
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been obtained in a two step reaction from the known
carbido-hexaruthenium cluster [Ru6C(CO)17]. De-
tails of this preparation together with the single
crystal X-ray structure analysis have been given
elsewhere [16]. The corresponding neutral species
[Ru6C(CO)16SnCl2] 3 also with an established
molecular structure has been prepared by chloride
abstraction from the anionic derivative2 or from
the direct reaction of [Ru6C(CO)17] with SnCl2. In-
corporation of2 into mesoporous silica was easily
achieved by stirring a slurry of the two components
in ether/dichloromethane for 48 h under nitrogen
followed by filtration. After washing with ether an
orange solid was obtained. Using a similar procedure
the neutral species3 may also be incorporated to
give a pale pink solid. However, in this case there is
evidence to suggest that3 is more readily removed
than the anionic solid2 and it would appear that the
anionic compound3 suits our purposes better.

The catalytic precursor material, the orange solid,
was characterised by FTIR which revealed and in-
tact carbonyl cluster within the mesopores. This was
confirmed by extended EXAFS analysis, which shows
that the structure of the pure, unsupported cluster is
identical to that of the supported material (Fig. 3).
On heating the orange solid at 200◦C under vacuum
the carbonyl frequencies of the carbonyl cluster dis-
appear. During the activation procedure the metallic
core produced by the loss of carbonyl groups becomes

Fig. 4. The effect of temperature on the hydrogenation conversion (�) and the product selectivity, which is marked in terms of singly
(�), doubly (�) and fully (�) hydrogenated products of 1,5,9-cyclododecatriene with the Ru6CSn catalyst.

firmly bonded to the mesoporous solid. The EXAFS
data measurements in situ reveals significant changes
in the coordination geometry around both the ruthe-
nium and tin atoms [4,5,17]. Taking all data into ac-
count we conclude that the best data fit is obtained by
considering two Sn–O, one Sn–Ru and one Sn–Cl in-
teraction for Sn which shows that the tin atom is the
anchoring point of the bimetallic nanoparticle catalyst
on the silica surface (Fig. 3). High angle annular dark
field (HAADF) STEM shows how well the nanopar-
ticle catalysts are distributed within the pores of the
mesoporous silica, both prior to and after catalytic test-
ing [18]. It is immediately apparent that no structural
change occurs during the catalytic process. It empha-
sises the robust nature of the nanocatalyst and their
resistance to sintering. Significantly, the composition
of the catalyst (Ru:Sn) remained constant throughout.

The catalytic hydrogenation of 1,5,9-cyclodode-
catriene was found to be very temperature dependant.
This is shown in Fig. 4 from which it is apparent that
even at temperatures as low as 80◦C the solvent-free
hydrogenation to cyclodecane is 70% selective and
well in excess of 90% at 100◦C. As the temperature
is raised, further selectivity progressively falls off
and conversion to the saturated product cyclodecane
becomes favoured.

In contrast, the Ru6Pd6 nanocatalyst discussed
earlier shows no such selectivity even at tempera-
tures as low as 40◦C. Of other bimetallic catalysts
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(Cu4Ru12, Ag4Ru12, Ru6Pd6) the Ru6CSn form is su-
perior as far as selectivity is concerned. It should be
emphasised that our ability to control precisely the
composition of the nanocatalyst provides a highly con-
venient method of studying the synergic effect of the
two metal components. We can, e.g. tailor nanocat-
alysts containing Ru:Cu ratios of 8:4, 10:4 and 12:4
thereby more carefully ascertaining the effect of this
ratio on reactivity. We cannot control the structure of
these nanocatalysts to the same extent. However, their
structures may be derived with some degree of cer-
tainty from EXAFS studies. In general, it would ap-
pear that one of the roles of oxophilic atoms such as
Cu, Ag and Sn is to provide the strong link to the in-
ternal surface with the Ru sites exposed for chemical
reactivity.

In this section, we have concentrated on reductions
which are clean (require no solvents) which are desir-
able (for commercial reasons) and for which a good
knowledge of the reduction pathway is available. Other
systems are under investigation. Fischer–Tropsch re-
ductions using Co/Fe systems are but one example.

2. Superior performance of a chiral catalyst
confined within mesoporous silica

In this section, our conceptual model was to take
a homogeneous system of known catalytic activity
and to tether to the inside walls of mesoporous silica
(MCM-41). For comparison purposes the same cata-
lyst was tied to the surface of cabosil and in order to
form a “model” homogeneous system to silsequiox-
ane [19]. Our approach to the synthesis of the catalyst
is shown in Scheme 1. The mesoporous solid was
first treated with Ph2SiCl2 under nondiffusive condi-
tions to deactivate the external walls of the MCM-41.
The internal walls of the same sample of MCM-41
were then treated with 3-bromopropyltrichlorosilane
to give the activated MCM-41. The ferrocenyl-based
ligand(s)-1-[(R)-1′,2-bis(diphenylphosphino)ferrocen
yl]ethyl-N,N′-dimethylethylenediamine was prepared
by the reported method [20,21]. On treatment of the
activated MCM-41 with the ferrocenyl-based ligand
yields the required catalyst precursor which on reac-
tion with [PdCl2(MeCN)2] gives the required catalyst.

The distribution and location of the catalytic sites
were readily established by coordinating the linked lig-

and to a high nuclearity cluster. Electron microscopy
of this encapsulated cluster species clearly indicated
the distribution of the catalytic sites throughout the
mesopore [4]. Thus, we have a fully characterised
catalytic site containing a metal ion of established
homogeneous activity and whose distribution may be
easily ascertained. For heterogeneous catalysis this
must be an unusually desirable set of conditions. In
this work, described here, the metal ion of choice is
Pd(II). Obviously other metal ions may be employed
where desirable and we have characterised compounds
containing amongst others Rh(I), Ir(I) and Pt(II). We
have also fully characterised the model systems in
which the catalytic site is linked to a silsesquioxane
unit. In MCM-41 the palladium catalyst indicates
that the two 31P nuclei were equivalent. Studies of
the model compound (more conveniently carried out
in solution) revealed interaction of the Pd(II) centre
not only with the two P atoms but also a tertiary
nitrogen atom.

As a test for our system we examined the catal-
ysed reaction between cinnamylacetate and ben-
zylamine (see Scheme 2). For this reaction there
are two possible products, viz. a straight chain
molecule and a chiral branched chain alternative.
The object of our interest was to produce the great-
est possible ee. Three catalysts were examined: the
homogeneous{(S)-1-[(R)-1′,2-bis(diphenylphosphino)
ferrocenyl]ethyl-N,N′-di-methylethylenediamine} pa-
lladium chloride4, the cabosil-supported one6 and
that attached within the mesoporous material5.
Preliminary results of these studies using the homo-
geneous catalyst, the silsesquioxane model homo-
geneous catalyst, the silica bound catalyst and the
MCM-41 catalyst showed that the two homogeneous
catalysts produced only the linear product, the cabosil
derivatives some branched chain but low ee, but that
the MCM-41 supported catalyst formed 51% of the
branched chain possibility with 100% ee. It seems to
us that the mesopore exercises great control on the
reaction. It is not simply an enhanced catalytic activ-
ity but also the effect of the steric control exercised
by the mesopore itself (Table 2).

In a second field of study, we examined the catalytic
enantioselective reduction of ethylnicotinate to ethyl-
nipecotinate using the same constrained, chiral hetero-
geneous catalyst. This reduction is normally achieved
in a two stage process involving first part reduction
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Scheme 1. The synthetic routes used in the preparation of the mesoporous and the cabosil-bound catalysts, the mesopore-supported and the
carbosil-bound. Reagents and conditions: (i) THF, 25◦C; (ii) THF, 25◦C; (iii) PdCl2-MeCN-THF, 25◦C; (iv) PdCl2-MeCN-THF, 25◦C.

Scheme 2. The catalytic reaction between cinnamyl acetate and benzylamine.
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Table 2
Catalytic results from the three catalysts

Conversion
(%)

Straight
chain (%)

Branched
(%)

ee (%)

4(S) 76 99+ – –
6(S) 98 98 2 43
5(S) 99+ 49 51 99+

using H2 over Pd/C and then a second reduction step
under more rigorous conditions and in the presence
of a chiral modifier. By way of comparison, we also
examined the effect of the model silsesquioxane alter-
native. Both catalysts gave a one-step reduction to the
desired nipecotinate. However, the MCM-41 catalyst
gave 17% ee, whereas the model compound gave a
racemic mixture. These products were achieved under
mild conditions (20 bar H2, 40◦C) with TON = 291
for the mesoporous form compared to TON= 98 for
the model. Further work is in hand to optimise this
reduction.

These results show the considerable potential, i.e.
type of constrained heterogeneous catalyst has to of-
fer. Clearly a whole range of similar catalysts may be
engineered containing not only a range of different
active metal centres but also different chiral ligand
types. We would emphasise the greater control ex-
ercised by the mesoporous solid and the enormous
change in activity and selectivity of the constrained
site over the analogous homogeneous system.
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