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Abstract: Metallodendritic catalysts combine the ad-
vantages of homogeneous and heterogeneous cata-
lysts: they are soluble and perfectly well defined on
the molecular level, and yet they can be recovered
by precipitation, ultra-filtration or ultra-centrifuga-
tion (as biomolecules) and recycled several times. In
this article, we summarize our recent work in this field
with examples operating under ambient conditions in
metathesis, Pd-catalyzed Sonogashira coupling, redox
catalysis of nitrate and nitrite cathodic reduction to
ammonia and various oxidation reactions by H2O2

catalyzed by polyoxometallates. The dendritic effects
on the catalytic efficiencies are scrutinized, i.e., the
comparison of the metallodentritic catalysts with their
monomeric models and among the dendrimer genera-
tions. It is concluded that metallostars or low-genera-
tion metallodendrimers usually are optimized cata-
lysts in terms of efficiency and recovery/re-use.

1 Introduction
2 Dendritic Ruthenium-Benzylidene Catalysts that

form Dendrimer-Cored Stars with Norbornene
by ROMP

3 Copper-Free, Recoverable Dendritic Catalysts for
the Sonogashira Reaction

4 Water-Soluble Star-Shaped Organometallic Re-
dox Catalyst for the Cathodic Reduction of Ni-
trate and Nitrite to Ammonia in Water

5 Highly Efficient Recoverable Dendritic Polyoxo-
metallate Catalysts for the Epoxidation of Olefins
with H2O2 in Biphasic Medium under Ambient
Conditions

6 Concluding Remarks and Outlook

Keywords: catalysis; dendrimer; epoxidation; green
chemistry; metathesis; redox; Sonogashira reaction

1 Introduction

Metal-alkyl,[1] metal-alkylidene[2] and metal-alkyli-
dyne[3] complexes are the core of modern fundamental
organometallic chemistry and, with the catalytic meta-
thesis reactions of single,[4] double[5] and triple bonds,[6]

their applications have spread over organic synthesis[7]

and materials science.[8] This area of chemistry is an
outstanding example showing that homogeneous catal-
ysis provides the best defined catalysts at the molecular
level leading to excellent mechanistic information and,
consequently, optimized selectivity.[9] Thus, fixation of
homogeneous catalysts in dendrimers recently ap-
peared as a very promising solution to keep the mo-
lecular definition, mechanistic knowledge and catalytic
efficiency together with providing the indispensable
means of recovery and recycling.[10] Metallodendrimers
are thus recyclable catalysts that function in a homoge-
neous, fully controllable way, and their recovery pro-

ceeds by precipitation, ultra-centrifugation or ultra-fil-
tration using membranes because of their large size.

The constraints involving ecological and economical
aspects are key parts of “green chemistry“, and will in-
creasingly become important in the forthcoming dec-
ades.[10] This area has been pioneered in industry by
van Leeuwen in the early 1990 s[11] and in the academic
world shortly afterwards by the groups of Brunner,[12]

van Koten,[13] Ford[14] and DuBois.[15] The various possi-
bilities of location of catalytic metal centers in dendrim-
ers are represented schematically in Figure 1,[10a] and re-
covery and re-use of metallodendritic catalysts has re-
cently been studied by several research groups. A few
general reviews have appeared at the turn of the centu-
ry,[10] and a special volume of C. R. Chimie entitled
“Dendrimers and Nanosciences” that appeared in 2003
included a large section on metallodendritic catalysis.[16]

In this article, we will briefly review our recent own
work on metallodendritic catalysis of various redox-
and carbon-carbon bond forming reactions. This report
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Figure 1. Various possibilities of location of catalysts in dendrimers (circles). For details, see ref.[10a]

DEDICATED CLUSTER
REVIEWS Didier Astruc et al.

330 � 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim asc.wiley-vch.de Adv. Synth. Catal. 2005, 347, 329– 338



will illustrate some of the possibilities of metallodendrit-
ic catalysis including the originality of accessible poly-
meric materials, the selectivity and efficiency of metallo-
dendritic catalysts, and eventually their recovery and re-
use several times. We will also compare the metalloden-
dritic catalysts with monometallic catalysts and discuss
the dendritic effects. The reactions examined are the
ROMP reaction of norbornene, the Sonogashira C�C
coupling reaction, the redox-catalyzed cathodic reduc-
tion of nitrate and nitrate to ammonia in water and the
polyoxophosphotungstate-catalyzed epoxidation of ole-
fins in biphasic water-CDCl3 medium.

2 Dendritic Ruthenium-Benzylidene
Catalysts that form Dendrimer-Cored
Stars with Norbornene by ROMP

A few metal-carbene metallodendritic catalysts with
four branches were known and metathesis activity had

been recorded,[17] but good recyclability is still a chal-
lenge. The difficulty resides in the need to sustain both
metathesis activity and stability of the metallodendrim-
er. Thus, we selected the ruthenium family of catalysts,
and designed metallodendrimers containing rutheni-
um-benzylidene fragments located at the dendrimer pe-
riphery and chelating phosphine ligands on the branch
termini. The choice of chelating phosphines may seem
counter-intuitive, because the activity of Grubbs� cata-
lysts involves the decoordination of a phosphine from
these trans-bis-phosphine complexes.[18] Studies by the
groups of Hofmann, Fog and Leitner, however, have
shown the metathesis activity of cis-bis-phosphine-
ruthenium-benzylidene catalysts.[19] We therefore used
Reetz�s bis-phosphines derived from the commercial
polyamine DAB dendrimers.[20] These dendritic bis-
phosphines are useful and versatile in metallodendritic
catalysis and provided the first recyclabable metallo-
dendritic catalysts.[20] They also very cleanly yielded,
with two phenyl groups on each phosphorus atom, the

Scheme 1. Synthesis of third-generation metallodendrimers from various dendritic bis-phosphines.
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first dendrimers decorated with clusters at the periphery
by an efficient electron-transfer chain reaction with
[Ru3(CO)12)] catalyzed by [FeICp(h6-C6Me6)] leading
to the substitution of a carbonyl by a dendritic phos-
phine on each tether.[21] Related dendritic bis-phos-
phines with two cyclohexyl groups on each phosphorus
were decorated with ruthenium-benzylidene metathesis
using Hoveyda�s ruthenium-benzylidene metathesis
catalyst[22] as a starting point. These reactions provided
the four generations of new, stable metallodendrimers
containing ruthenium-benzylidene fragments at the pe-
riphery (Scheme 1).[23] The fourth-generation metallo-
dendrimer containing 32 ruthenium-benzylidene frag-
ments, however, was found to have a rather low solubil-
ity in common organic solvents, unlike the three first-
generation complexes that respectively contained 4, 8
and 16 ruthenium-benzylidene moieties. This weak sol-
ubility of the 32-Ru dendrimer is presumably due to ster-
ic congestion at its periphery. The X-ray crystal structure
of the model mononuclear complex in which the den-

dritic branch was replaced by a benzyl group showed
the distorted square pyramidal geometry and the classic
geometric features of an Ru¼C double bond
(Scheme 2). The oxygen atom of the isopropyl aryl ether
group is not coordinated unlike the situation in Hovey-
da�s complex. The fundamental organometallic chemis-
try of this monomeric model complex was also original
and was reported elsewhere.[24]

The three first generations of metallodendrimers and
the model complex were efficient catalysts for the
ROMP of norbornene under ambient conditions, giving
dendrimer-cored stars (Scheme 2).[23] Analysis of the
molecular weights by SEC gave data that were close to
the theoretical ones, which indicated that all the branch-
es were efficiently polymerized. Dendritic-cored stars
with an average of about 100 norbornene units on each
dendritic branch were synthesized with the three first
generations of ruthenium-carbene dendrimers contain-
ing respectively 4, 8 and 16 Ru¼C bonds.

Scheme 2. Strategy for the ROMP of norbornene by Ru-benzylidene dendrimers to form dendrimer-cored stars.

ð1Þ

Equation 1. Third-generation (16 Ru atoms) ruthenium-benzyl-
idene dendrimer that catalyzes the ROMP of norbornene at
25 8C to form dendrimer-cored stars (n¼100).
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Two kinds of dendritic effect were found upon analysis
of the kinetic data:[23,24]

1) The dendrimers were more efficient catalysts than
the monomeric model complex. This could possibly
be due to labilization of metal-phosphine bonds
that is facilitated in dendrimers as compared to
the monomer for entropic reasons. Indeed, DFT
calculations showed that the catalytic process
must involve decoordination of a phosphorus
atom, since the interaction of the olefin with the di-
phosphine complex is non-bonding.[24] The dendrit-
ic ruthenium-benzylidene dendrimers are air-sensi-
tive in contrast to the monomer model complex,
consistent with the more rapid dissociation of the
alkylphosphine in the dendrimers than in the mon-
omer.

2) The efficiency of catalysis decreased upon increas-
ing the dendrimer generation. This second dendrit-
ic effect is thus a negative one, and it is probably re-
lated to the more difficult access to the metal cen-
ter due to the increasing steric effect at the den-
drimer periphery when the generation increases.

The analogous ruthenium-benzylidene dendrimers
were very recently synthesized with two tert-butyl
groups on each phosphorus, and they were slightly
more reactive ROMP catalysts for the polymerization
of norbornene than those involving the cyclohexyl sub-
stituents.[25] These new dendritic ligands proved very ef-
ficient in palladium catalysis.

3 Copper-Free, Recoverable Dendritic
Catalysts for the Sonogashira Reaction

The Sonogashira reaction, Equation (2), couples aryl or
vinyl halides to terminal alkynes.[26] It is very wide-
spread, because it is efficient without requiring the prep-
aration of an organometallic intermediate. A possible
drawback in terms of “green chemistry” and metallo-
dendritic catalysis, however, is the usual requirement
of both palladium and copper catalysts. Indeed, very
few copper-free catalysts are known.[27]

ð2Þ

We first investigated the catalytic efficiency of the palla-
dium acetate catalyst using both bis-phosphines
PhCH2N(CH2PR2)2 (R¼Cy or t-Bu) already used as

models in the Ru-catalyzed ROMP reactions described
above. Both catalysts [Pd(OAc)2{PhCH2N(CH2PR2)2}]
were efficient copper-free catalysts for the Sonogashira
coupling of iodo- and bromobenzene with phenylacety-
lene [Equation (2), R¼R’¼Ph] in NEt3. The t-Bu cata-
lyst was much more efficient than the Cy catalyst, and
coupling with iodobenzene could proceed even at
�40 8C using the former; at room temperature, inacti-
vated bromoarenes were found to couple quantitatively
in one hour, and activated chloroarenes gave low yields
of hetero-coupling products.[28] The metallodendrimers
of generations 1– 3 were synthesized in both the Cy
and t-Bu series, and were also found to be efficient cop-
per-free catalysts for the Sonogashira coupling reaction.
The t-Bu dendrimer series again catalyzed the Sonoga-
shira reaction of iodoarenes with phenylacetylene at
room temperature, although longer reaction times
than with monomeric catalysts were required, and the
Cy catalysts were active at 80 8C. The Cy series of cata-
lysts proved easier to recover than the t-Bu ones for sol-
ubility reasons, however, and kept the same catalytic ef-
ficiency after five recycling operations.[29,30]

These dendritic palladium catalysts showed a negative
dendritic effect, i.e., not only are the metallodendritic
catalysts slower than the monomer model, but also the
efficiency decreased as the dendrimer generation in-
creased from 1 to 3. The two first generations containing
respectively 4 and 8 catalytic palladium centers had
about the same activity (the decrease was very weak
from the first to the second generation), but the conver-
sion yields dropped by half from the first to the third
generation.

4 Water-Soluble Star-Shaped
Organometallic Redox Catalyst for the
Cathodic Reduction of Nitrate and
Nitrite to Ammonia in Water

The catalytic reduction of nitrate has been known for a
long time,[31] but the use of the redox catalyst [FeII(h5-
C5H4CO2

�)(h6-C6Me6)][PF6] was the first example of
an organometallic catalyst for this reaction. Electrosyn-
theses catalyzed by [FeI(h5-C5H4R)(h6-C6Me6)] under
these conditions showed that NH3 was produced in
63% chemical yield and 57% electrical yield with R¼
CO2

�. Nitrite, hydroxylamine, hydrazine and dinitrogen
(minute amounts) were intermediates towards the for-
mation of ammonia. The cathodic reduction stopped
at the level of hydroxylamine when the experiment
was carried out at pH 7 instead of 13. Kinetic
studies in homogeneous basic aqueous solution using
a polarographic method were carried out with
[FeII(h5-C5H4R)(h6-arene)], R¼CO2

�, or when only
the cationic FeII form was soluble in the medium (R¼
H; arene¼benzene, m-xylene, hexamethylbenzene).
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These studies led to the conclusion that the rate of re-
dox catalysis (Scheme 3) was independent of the nature
of the catalyst within this series.[32] This conclusion has
recently been reconsidered, however, with the series of
complexes [FeII(h5-C5H4CO2

�)(h6-arene)][PF6], arene¼
C6Me6-n, n¼0 to 6. Polarographic, cyclic voltammetry
and chrono-amperometry techniques were used to in-
vestigate the kinetics of the redox catalysis. The three
techniques provided similar results.[33,34]

Thus, the rate constant of the redox catalysis can be
calculated from the enhancement of the intensity of

the cyclovoltammogram wave observed upon addition
of the nitrate or nitrite salt into the electrochemical
cell (Figure 2). A Marcus-type linear relationship was
found between the logarithms of the rate constants
and the standard redox potentials of the catalysts, indi-
cating that the electron transfer in solution between
the 19-electron FeI complex and nitrate or nitrite ion is
rate limiting.[33,34]

In order to investigate the reaction mechanism, i.e.,
whether its proceeds by inner-sphere or outer-sphere
electron transfer, other catalysts of the type [FeII(h5-
C5H4CO2

�)(h6-arene)][PF6] were synthesized with
bulky arenes such as 1,3,5-tris-t-butylbenzene and
C6(CH2CH2-p-C6H4OH)6. In these catalysts, the redox-
active group is at the center of a star or dendritic core
framework. The rate constants were found to be one
to two orders of magnitude lower than what would be
expected for the same driving force if the steric effect
was not interfering, by comparison with the above series
of catalysts with polymethylbenzene ligands. This
showed a significant inner-sphere component to the
electron-transfer process, although the kinetic drop
would have been even more dramatic with a fully in-
ner-sphere electron-transfer mechanism. It is likely
that nitrate and nitrite ions coordinate to the 17-electron
form of the FeI catalysts and that electron transfer pro-
ceeds in such intermediates rather than by outer sphere.
However, the bond between an oxygen atom of nitrate
or nitrite to such a low oxidation-state center must be
very loose and long because p-back bonding is impossi-
ble with these ligands.[34]

We also synthesized water-soluble hexametallic redox
catalysts of this type using the CpFeþ induced hexa-ally-
lation of hexamethylbenzene (Scheme 4).[33]

Thus, one could then compare the kinetics of an
[FeCp(arene)]þ-centered star or dendritic core to that
of a star bearing [FeCp(arene)]þ catalysts at the periph-
ery (Scheme 4). Remarkably, the kinetics of catalysts
bearing the [FeCp(arene)]þ moiety at the center of a

Scheme 3. Redox catalysis mechanism for the cathodic reduc-
tion of nitrate (and nitrite) to NH3 catalyzed by the water-
soluble FeII organometallic sandwich complex.

Figure 2. Marcus-type relationship between the kinetics (log k) and thermodynamics (E8ox) for the redox-catalyzed reduction of
nitrate indicating that the primary electron transfer (mainly outer sphere) is rate limiting. The crosses on the lines correspond
to mono-iron complexes with different driving forces and two-star hexanuclear complexes are shown for comparison.
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star or dendritic core is one order of magnitude lower
than that of such a star bearing the catalyst at the periph-
ery. We know that, as in cytochromes, electron transfer
between an electrode and a redox center located at the
center of a dendrimer is slow. On the other hand, the ki-
netics of the hexanuclear star in which the redox moiet-
ies are located at the star periphery is about the same as
those of mononuclear redox catalysts of the same type
and driving force. This category of electron transfer be-
tween an electrode and redox centers located at a den-
dritic periphery is fast due to the fast rotation of the den-
drimer as compared to the electrochemical time scale.
Note that we have first chosen a star topography rather
than a dendritic one in order to avoid the problem of
bulk encountered in dendrimers in which the catalytic
groups located at the periphery are marred by steric in-
hibition preventing the substrate to approach the metal
coordination sphere. This redox catalysis technique
could be very useful in order to investigate this problem
in dendrimers.

5 Highly Efficient Recoverable Dendritic
Polyoxometallate Catalysts for the
Epoxidation of Olefins with H2O2 in
Biphasic Medium under Ambient
Conditions

Polyoxometallates (POMs) are the source of fascinating
architectures and very rich redox chemistry[35] that pro-
vides the basis for their catalytic activity in oxidation re-

actions.[36] Among the POMs, we have selected the Keg-
gin-type complex {PO4[WO(O2)2]4}

3� that is known for
its catalytic properties in olefin epoxidation and alcohol
oxidation.[37] In order to build the supramolecular as-
sembly of the dendritic oxidation catalyst in which
each POM trianion is connected to a trication, we
have designed tricationic tripods consisting of tris-am-
monium groups.[37] For this purpose, our synthetic strat-
egy has consisted in using polymethylarenes in which
each methyl group can be functionalized by three allyl
groups using the temporary complexation/activation
by the 12-electron fragment CpFeþ .[38] The BF4

� ammo-
nium salts were transformed into the desired polyam-
monium salts of {PO4[WO(O2)2]4}

3– by reaction with
an aqueous solution of the commercial heteropolyacid
H3PW12O40 and H2O2. Mono-, bis-, tris- and tetra-
POMs (Scheme 5) were synthesized in this way.

Epoxidation of cyclooctene by 35% aqueous H2O2 in a
biphasic water/CDCl3 system was carried out at room
temperature, and was catalyzed by 0.3 equivalents of
POM embedded in the ionic dendrimer, Equation (3).
Under these conditions, monitoring the kinetics of the
reaction by plotting the ratio between the intensity of
the disappearing 1H NMR signal of cyclooctene at
5.6 ppm vs. TMS and that of the rising peak of the epox-
ide at 2.9 ppm vs. TMS showed that the reaction was
complete after 6 hours. Comparison between the
mono-, bis-, tris-, and tetra-POM epoxidation catalysts
indicated that there was no measurable dendritic effect
on the reaction kinetics within this series. The key den-
dritic effect, however, was noted in the recovery of the
catalysts. The latter are precipitated from the organic

Scheme 4. CpFeþ-induced hexa-allylation of C6Me6 and subsequent hexafunctionalization of the aromatic stars with the het-
erodifunctional, water-soluble organometallic redox catalysts (bottom) for the cathodic reduction of nitrates and nitrites to
ammonia in water.
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phase by addition of pentane leaving a clear solution in
the case of the tris-POM and tetra-POM catalysts, un-
like the cases of the mono- and bis-POM catalysts,
thus the yield of catalyst recovery was higher for the
tris- and tetra-POM catalysts than those obtained for
the mono- and bis-POM catalysts.

ð3Þ

Out of a catalytic amount as low as 20 mg, the recovery
of 3-POM by precipitation and filtration was between 70
and 85% after each catalytic cycle, and the efficiency of
the catalyst was reproducible. After catalysis, the 31P
NMR spectrum of the dendritic POM catalyst was
checked, and was shown to be unchanged.

Other catalytic oxidations reactions by H2O2 in the bi-
phasic water/CDCl3 system could also be carried out us-
ing the dendritic-POM complexes as catalysts. For in-
stance, selective oxidation of dialkyl sulfide to dialkyl
sulfone was catalyzed by 1% tris-POM and was quanti-
tative at room temperature after 2 hours. This reaction
was carried out using aqueous H2O2 in a biphasic wa-
ter/CDCl3 system. The tris-POM catalyst could be re-
covered analogously in both cases as in the epoxidation

experiments, and it was checked by 31P NMR that it was
unchanged after recovery.[38]

6 Concluding Remarks and Outlook

Many metallodendritic catalysts synthesized during this
work proved to be remarkably recoverable and were re-
used several times without lost of activity. The homoge-
neous catalytic systems of various kinds allowed us to
carry out kinetics showing very noteworthy dendritic ef-
fects that varied with the studied systems. A general
trend, however, is that reaction kinetics becomes weak-
er as the metallodendrimer generation increases. We be-
lieve that this is due to increasing bulk around the cata-
lytic metal centers at the dendrimer periphery when the
generation increases. Thus, it is necessary to find a com-
promise between molecular size for recovery and steric
inhibition.

We found, through these studies, that stars may be
more appropriate than dendrimers, because they do
not suffer from bulk problems at the periphery. This
was shown here in particular in the kinetic studies of
the redox catalysis of hexa-iron stars whose efficiency
is about the same as that of monomers with equivalent
driving forces. Small dendrimers can be highly efficient
as well if the tethers are long enough to avoid steric con-
gestion, but the best generations are usually probably

Scheme 5. Example of synthetic scheme for CDCl3-soluble poly POM epoxidation catalyst. Synthesis of the tetra-POM dodeca-
hexylammonium salt starting from a bis-iron complex.[40] The counter cation for each POM3� unit is a tris-ammonium tripod:
(i) allyl bromide, KOH, THF, RT, (ii) disiamylborane, THF, RT, then 30% aqueous H2O2, 0.1 M aqueous NaOH; (iii) Me3SiI,
NaI, THF, RT; (iv) NHex3, 80 8C; (v) AgBF4, EtOH; (vi) H3PW12O40, 30% aqueous H2O2.
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around the second generation containing, for instance, 8
catalytic centers. Recovery proceeds quite well with
such dendrimers (but not systematically).

From these studies, we have learnt that metallostars
and metallodendritic catalysts are perfectly defined,
highly efficient and fulfill “green chemistry” conditions.
Dendritic effects in catalysis are sensitive, which allows
their optimization, in contrast to the black box often en-
countered in supported catalysis. Interestingly, dendritic
effects are negative upon increasing generation, where-
as the opposite was found in molecular recognition.[41]

That small metallostars and metallodendrimers are op-
timal for catalysis fits to their easy access and commerci-
alization. Metallodendritic catalysts will obviously occu-
py a place of choice in to-morrow�s catalysis.
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