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Abstract

The use of carbosilane based dendrimers as molecular scaffolds for the attachment of organomettallic Ni "pincer"
complexes that are active as a catalyst in the Kharasch addition reaction is described. It is shown that increasing steric
crowding at the dendrimer periphery results in decreased catalyst activity, most likely as a consequence of an intramolecular
redox process. Furthermore, preliminary investigations have shown that the application of this catalyst system in a continous
process using a membrane reactor is possible. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

To overcome the problem of the separation
of products and homogeneous catalysts, much
effort has been spent on developing catalytically
active systems that combine the advantages of

Ž .homogeneous high selectivity and heteroge-
Žneous catalyses easy separation of product and

.catalyst . The immobilisation of homogeneous
catalysts on solid supports such as metal oxides
Ž .e.g., SiO or Al O or polymers is one of the2 2 3

first approaches that have been explored. Al-
ready in 1971, the first attempts were reported
to immobilise diphenylphosphino units on

w xcross-linked and thus insoluble polymers 1 .
Disadvantages of these immobilized catalysts
are that the catalytic sites on the polymer are
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not equally accessible. Some are buried inside
the polymeric structure and solvents have a
strong influence on the supported catalyst prop-
erties because of the solvent-dependent swell of
the polymeric structure. Consequently, the reac-
tions are mass transport-controlled which often
results in reduced catalytic activity. The use of
soluble polymers for the immobilization of ho-
mogeneous catalysts provides equal accessibil-
ity to all catalytic sites but, like in the case of
the cross-linked polymer supports, these sites
are distributed in a random fashion, causing

Ž .mutual deactivation e.g., by dimer formation
and reduced catalytic activity. Moreover, these
soluble polymers have a non-persistent micro-
scopic size which makes ultrafiltration difficult,
in particular, as reptation of the polymer through
the membrane filters occurs.

Some years ago, we set out to explore the use
of dendritic polymers as supports for homoge-
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w xneous catalysts 2 . Dendrimers are highly
Žbranched macromolecules for an overview, see

w x .Refs. 3,4 and references cited therein , with
low polydispersity, i.e., in principle, they have a
persistent microscopic size which makes ultra-
filtration easy. As dendrimers have a well-de-
fined molecular structure, they are constructed
starting from a core entity by a repetition of
discrete synthetic operations. Also, the catalytic
entities can be attached in a controlled way to
the dendritic structure. As a result, the location
as well as the distribution of the catalytic sites is
well-defined and the local stereochemistry of
these sites can be designed. For example, the
dendritic surface can be decorated with catalytic
sites, the spatiation and the mutual distance of
catalytic sites can be modelled and they can be
attached to the interior rather than the surface of
the dendrimer. In this way, the local environ-
ment of the catalytic sites can be controlled and
varied. In our studies, we mainly use carbosil-

Ž . w xane Cs dendrimers 5–7 . These have a silicon
atom or atom-assembly as a core and silicon
centers as branching points. The connections are

Ž .made by alkanediyl links see Fig. 1 . In this
case, the links are C entities, but they can be3

varied in length and rigidity.
We have chosen these carbosilanes because

they are chemically inert and compatible with
most organometallic reagents. As catalysts, we
are currently using the ‘pincer’–metal com-

w x Žpounds developed in our laboratory 8,9 see
.Fig. 2 .

Fig. 1. Example of a G -carbosilane dendrimer.1

Fig. 2. The catalytic site.

The ‘pincer’-skeleton comprises an aryl an-
ion which can be connected to a metal center
via a metal–carbon s-bond. This is an essential
feature for the performance of the supported
metal catalyst as this covalent, rather than coor-
dinate, linking of the metal site prevents metal
leaching to a large extent if not completely.
Through the design of the ‘pincer’ ligand, the
ortho-substituents are held in a fixed spatial
position and can coordinate to the metal site
either via S, N or P donor atoms. The accessibil-
ity of the metal site may be influenced by the
size of the heteroatom substituents. Stereochem-
ical information may be introduced at the ben-
zylic carbons as well as the heteroatom sub-
stituents. Finally, the pincer ligand may be im-

Table 1
Some examples of processes catalyzed by pincer–metal com-

Ž w x.plexes see Refs. 12,17,18
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mobilised via a tether at the para-position of
the aryl ring. It must be noted that the reactivity
of the metal center can be influenced by varia-
tions of the electronic properties of this para-
substituent. Most likely, this is due to the copla-
narity of the p-aryl system with the principal
coordination planes of the metal center. The
organometallic chemistry of the ‘pincer’–metal
compounds, based on the use of the ortho-di-

w Ž Ž X . . xyaminoarylpincer C H CH R NR -2,66 3 2 2
Ž . w xNCN , has been reviewed 8,9 . Table 1 lists
reactions catalysed by NCN–metal compounds.

2. Synthesis of the carbosilane dendrimer

The first synthesis of carbosilane dendrimers
has been reported by van der Made and van

w xLeeuwen 5 . It starts with SiCl and builds-up4

the dendrimer in a series of synthetic steps
involving a reaction with allylmagnesium chlo-
ride followed by a hydrosilation reaction with
trichlorosilane. Variations of the connecting

Ž .chain e.g., using vinylmagnesium halide as
Žwell as of the branching point e.g., using

.Me SiClH are possible. In our initial studies,2

we chose a SiMe Cl group as the terminal point2

to which our catalyst was to be connected. This
ensured that the catalytic sites at the dendrimer
surface are well-separated. Furthermore, ini-
tially, a relatively long linker between the Si-
center and the para-position of the NCN–metal
catalyst was chosen. This places the catalytic
site even further away from the dendrimer sur-

w xface 2 . Recently, we also studied the direct
attachment of the catalytic site to the silicon
surface-branching points. A comparison of the
reactivities of these two different designs is
given below.

3. Fixation of the NCN catalyst to the den-
drimer surface

It is obvious that each of the steps during the
dendrimer synthesis has to be quantitative and

selective to prevent faults in the dendritic struc-
ture which will have a detrimental effect on the
microscopic regularity of the resulting dendritic
species. These prerequisites also apply to the
attachment of the catalytic sites to the den-
drimer. So far, two approaches have been used.
The first involves the use of a NCN–Br precur-
sor. Via an oxidative-addition reaction to a zero-
or low-valent metal species, the NCN–metal

Ž Ž ..catalyst can be made, see Eq. 1 . The second
approach uses a transmetalation route as shown

Ž .in Eq. 2 .

Ž .1

Ž .2

The nickel-containing metallodendrimer can
be made via both routes; for the PdII and PtII

Ž .analogs, only the route in Eq. 2 is possible.
The synthetic protocols for these routes have
been optimised and dendrimers with up to 36 Ni

w xcenters have been synthesised 11 .
A third route in which the metal site is

already in place is shown schematically in Eq.
Ž . Ž w x .3 see Ref. 10 for examples . In this way, the
intermediate synthesis of highly reactive den-
dritic organolithium species can be avoided.

Ž .3

Two different metallodendrimers containing
the NCNNiX catalyst have been made, i.e., type
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Fig. 3. Type I and type II dendrimers.

I with the dendritic surface and the NCNNiX
catalyst well-separated by a OCH CH CH -2 2 2

Ž . w xNHC O tether 2 and type II with the NCN-
w xNiX catalyst directly attached 11 to the den-

dritic surface, see Fig. 3.

4. The NCNNiX catalyst

In recent years, the mononuclear NCN–Ni
Ž w Ž Ž X. . xy.catalyst NCN5 C H CH R NR -2,66 3 2 2

has been successfully used for the 1:1 addition
of polyhaloalkanes to carbon–carbon double

Ž . w xbonds Kharasch addition 12,13 as well as for
the controlled atom transfer radical polymerisa-

Ž .tion ATRP of methyl methacrylate and
w x Ž .styrenes 14 see Scheme 1 .

This catalysis is based on the unique feature
of the NCNNiX catalyst of having a low

II III ŽNi rNi redox potential E s0.14 V vs.1r2
.SCE . In fact, the one-electron oxidation of

Ž 8 II.NCNNiX diamagnetic, d Ni yields the very
Ž .stable organonickel III species NCNNiX 2

Ž 7 III.paramagnetic, d Ni . Note that this redox
reaction is reversible and occurs with retention
of the Ni–C s-bond. NCNNiX has been fully2

characterized by single crystal X-ray diffraction
Ž .and electron spin resonance ESR spectroscopy

w x Ž .15,16 . This arylnickel III species can be seen
as a persistent radical and it is this property
that drives both the Kharasch addition as well as
the ATRP reaction. This so-called persistent
radical effect has recently been formulated by

w xFischer 19 . Scheme 2 shows the catalytic cy-
cle. Key-feature in this cycle is the formation of
a persistent radical and a CCl -radical. The3

selectivity of both reactions shown in Scheme 2
is driven by special kinetics when one of the
radical partners is a persistent radical. As the
persistent radical is exclusively involved in the

Žbackward reaction electron- and halide trans-
.fer while this reaction is also fast as compared

with the forward reaction between NCNNiX
Žand CCl , radical dimerization reactions forma-4

.tion of, e.g., C Cl are kinetically suppressed.2 6

The same applies for the product radical which
is efficiently quenched by the NiIII persistent
radical to prevent oligomer formation by reac-
tion with another alkene molecule or another
radical. Any diversion of the CCl -radical re-3

sults in the formation of an equivalent amount
of the persistent radical, i.e., of the organo-

Scheme 1.
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Scheme 2.

metallic radical, NCNNiX , which eventually2

contributes to an enhanced selectivity of the
reaction.

The catalytic activity of the NCNNiX cata-
lyst increases with increasing electron-donating
properties of the para-substituent, RY: NMe )2

Ž . Ž .OMe)H)Cl)MeC O see Fig. 2 , and this
order holds also for increasing E of the1r2

para-substituted NCNNiX catalysts which varies
123 mV going from a para-NMe to a para-2

Ž .MeC O substituent. The view, that in an en-
counter complex between NCNNiX and CCl4

Ž .the single electron transfer inner-sphere SET
occurs, is corroborated by the observation that
the rate of the reaction is dependent on the
steric requirements of the NR substituent, i.e.,2

the activity increases in the order NMe )2-2
Ž .methylpiperidine)NEt )N Me i-Pr. The ap-2

plicability of the 1:1 addition reaction is rather

large with catalyst concentrations amounting to
values as low as 0.007 mol%.

5. The Ni-carbosilane dendrimers I and II as
catalysts

The catalytic activity of the dendritic cata-
lysts of type I is compared in Table 2. It is
obvious that the calculated catalytic activity per
Ni site decreases, going from the parent
mononuclear catalyst to G –Ni . However,1 12

these calculations are based on perfect materials
and it is clear that it is impossible to synthesize

w xstructurally perfect dendritic materials 3,4 . In
the present case, the somewhat lower reactivity
of G –Ni points to the presence per den-1 12

drimer of an average of 11 nickel centers in-
stead of 12. Currently, we are studying the
reactivity of the dendritic catalysts of type II
where the Ni-sites are close to the dendrimer
surface. The results we have gathered so far
point to a large difference in the properties of
the G –Ni and G –Ni . The latter dendritic0 4 1 12

catalyst gives only a conversion of 17% after 2
h vs. 91% after 2 h for the corresponding
4-Me Si-substituted NCNNiX catalyst. Detailed3

investigations are underway to establish the ori-
gin of this low activity. It seems likely that as
the NiII sites are closely together in the type II
metallodendrimer, electron transfer among NiII

and NiIII sites at the dendritic surface is begin-
ning to compete with electron transfer between

Ž .persistent radicals NCNNiX present at the2

Table 2
Comparison of the catalytic activity of the type I dendritic catalysts

a bCompound Number of Ni sites Reaction time Conversion Initial reaction rate
y5Ž . Ž . Ž .mol=10 h %

NCN–NiBr 10.06 0.25 21 234
10.06 2 80 –

Ž .G - NCN–NiBr 10.01 0.25 17 1900 4

10.01 2 74 –
Ž .G - NCN–NiBr 9.4 0.25 14 1671 12

9.4 2 63 –

aSelectivity for the formation of the 1:1 adduct of methyl methacrylate with CCl is 100%.4
b Turnovers per Ni site per hour during the first 15 min.
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dendrimer surface and radicals in solution. In
that case, the retro electron transfer between the
persistent radical and initial or product radicals
will be negatively affected.

6. The membrane filtration

The application of abovementioned ‘den-
dritic’-catalysts in a membrane reactor as de-

w xscribed earlier 20,21 allows, in principle, a
continuous process. It should be noted that the
catalytic reactions outlined before usually are
carried out as a batch process. In contrast to its

w xapplication in biotechnology 22,23 , the use of
membrane reactors in organic and organometal-
lic chemistry is still in its infancy. Recently, the
first example of such an application, i.e., the
enantioselective addition of Et Zn to benzal-2

dehyde with the aid of a polymer-immobilized
aminoalcohol catalyst precursor in a membrane

w xreactor has been reported 24 .
Preliminary investigations of our dendritic

systems in a membrane reactor, carried out by
w xKleij et al. 11 , have shown that already G can0

be retained quite efficiently. For the type II
catalyst, endurance tests showed that after 100
cycles, still 80% of G –Ni is retained. A1 12

detailed study is current. In conclusion, these
experiments have shown that the combination of
a membrane reactor with a catalyst immobilised
on well-defined carbosilane dendrimers is feasi-
ble. However, this technique needs much im-
provements. New membranes which are com-
patible with organic solvents and organometallic
reagents are required to develop this area of
supported catalysts to its full potential.

So far, dendritic systems containing a cat-
alytic active center at each periferic site have
been discussed. As a consequence, with increas-
ing generation of the dendrimer, the number of
catalytic sites per dendrimer will increase ac-
cording to an exponential function. A prelimi-
nary conclusion of the investigations outlined
above is that this results in a dramatic decrease
of catalytic activity per nickel site, vide supra.

Fig. 4. Example of dendritic system with one catalytically active
center per dendrimer molecule.

Therefore, we are now investigating the synthe-
sis, characterization and catalytic activity of
dendritic systems that contain only one catalyti-

Žcally active center per dendrimer molecule see
.Fig. 4 , thus preventing intramolecular redox

processes.
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