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Abstract: Two complementary strat-

formed and characterized by transmis-

both cluster incorporation and the re-

egies are presented for the anchoring
of molecular palladium complexes, of
cobalt or platinum clusters or of gold
colloids inside the nanopores of alumina
membranes. The first consists in the one
step condensation of an alkoxysilyl func-
tional group carried by the metal com-
plex with the hydroxy groups covering
the surface of the membrane pores.
Thus, using the short-bite alkoxysilyl-
functionalized diphosphane ligands
(Ph,P),N(CH,);Si(OMe); (1) and
(Ph,P),N(CH,),SiMe,(OMe)} (2) de-
rived from (Ph,P),NH (dppa) (dppa=
bis(diphenylphosphanyl)amine), the pal-
ladium complexes [Pd(dmba){x>-P,P-
(Ph,P),N(CH,);Si(OMe),}] Cl (3) and
[Pd(dmba){x*-P,P-(Ph,P),N(CH,),SiMe,-

sion electron microscopy (TEM). This
method could not be applied to the
cobalt cluster [Co,(CO)g(u-dppa){u-P,P-
(Ph,P),N(CH,),SiMe,(OMe)}] (7) ow-
ing to its too limited solubility. However,
its anchoring was achieved by using the
second method which consisted of first
derivatizing the pore walls with 1 or 2.
The covalent attachment of the diphos-
phane ligands provides a molecular
anchor that allows subsequent reaction
with the cluster [Co,(CO);(u-dppa)] 6
to generate anchored 7 and this step was
monitored by UV/Vis spectroscopy. In
addition, the presence of carbonyl li-
gands in the cluster provides for the first
time a very sensitive spectroscopic
probe in the IR region which confirms

taining of its molecular nature inside the
membrane. The presence of the bridging
dppa ligand in 6 provides additional
stabilization and accounts for the selec-
tivity of the procedure. Using this meth-
od, platinum clusters (diameter -ca.
2nm) and gold colloids (diameter ca.
13 nm) were immobilized after passing
their solution through the functionalized
membrane pores. The resulting mem-
branes were characterized by TEM
which demonstrated the efficiency of
the complexation and showed the high
dispersion of the metal loading. The
successful application of these methods
has demonstrated that nanoporous alu-
mina membranes are not only unique
supports to incorporate metal com-

(OMe)}]Cl (4) (dmba-H = dimethyl-
benzylamine), respectively, were teth-
ered to the pore walls. After controlled
thermal treatment, confined and highly
dispersed palladium nanoparticles were

cobalt -

Introduction

The design of nanomaterials that present size-dependent
functions (e.g. quantum size effects) is of considerable
current interest.'"4 Confining highly dispersed metals in the
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plexes, clusters, or colloids but can also
be regarded as functional matrices or
microreactors, thus opening new fields
for applications.

compounds

form of atoms, clusters, or colloids in a mesoporous matrix
could provide better defined systems (morphology-based
control) and prevent coalescence into larger, ill-defined
aggregates. There are obvious implications for the fabrication
of microelectronic devicesP! and for catalytic reactions whose
selectivity may be controled not only by the size and
dispersion of the particles but also by the shape of the
nanocavity or nanotube viewed as a unique microreactor.[’!
Numerous recent reports have emphasized the specific
magnetic, optical, electrochemical, chemical, and catalytic
properties of nanostructures constructed from molecular
clusters or colloids.[” ®

The sol-gel process represents a very efficient method to
prepare organic—inorganic hybrid materials from functional
building blocks and it has been used to incorporate mono- and
bimetallic species into inorganic matrices.’ ] However,
morphology control involves both kinetic and thermodynamic
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Abstract in French: Deux stratégies complementaires ont ete
éelaborées pour l'ancrage de complexes moleculaires de palla-
dium, de clusters de cobalt et ou de platine ainsi que de
colloides d'or a l'interieur de membranes d alumine nanopo-
reuses. La premiere d'entre elles consiste a condenser les
groupements alkoxysilyles de complexes metalliques avec les
groupements hydroxy recouvrant la surface des membranes
d'alumine. De cette maniere et a l'aide des ligands assembleurs
de type diphosphines fonctionnelles (Ph,P),N(CH,);Si(OMe);
1 et (Ph,P),N(CH,),SiMe,(OMe)} 2 derivant de (Ph,P),NH
(dppa), les complexes de palladium [Pd(dmba){k’-P,P-
(Ph,P),N(CH,);Si(OMe)3}]CI 3 et [Pd(dmba){k*-P,P-
(Ph,P),N(CH,),SiMe,(OMe)}]Cl 4 ont ete condensés sur les
parois des pores. Par la suite, le traitement thermique des
membranes contenant les entites moléculaires 3 et 4 condensées
donne lieu a la formation de nanoparticules de palladium
confinées et hautement monodisperses caracterisées par micro-
scopie électronique a transmission (TEM). Toutefois, cette
methode ne peut étre appliquée a la condensation de
[Coy(CO)s(u-dppa){u-FP-(Ph,P),N(CH,),SiMe,(OMe)}] 7
en raison de sa faible solubilite. La seconde strategie adoptee
consiste alors a fonctionnaliser tout d'abord la paroi des pores
avec 1 ou 2 puis a faire réagir la membrane fonctionnelle avec
[Co,(CO),o(u-dppa)] 6 pour engendrer au sein des pores une
espece moleculaire similaire au cluster 7 condense. Cette
methode presente en outre l'avantage de pouvoir suivre la
complexation de 6 dans la membrane fonctionnaliseée par
spectroscopie UV-vis. De plus, les ligands carbonyles presents
sur le cluster constituent une sonde IR tres sensible qui permet
de confirmer l'incorporation du cluster ainsi que la rétention de
son caractere moléculaire dans la membrane. La présence dans
6 du ligand dppa pontant confere une stabilite accrue qui
explique la bonne selectivite des reactions ulterieures. Cette
methode alternative a de plus permis de complexer, au sein de
membranes fonctionnalisées par 1 ou 2, des clusters de platine
(diametre ca. 2 nm) et des colloides d'or (diametre ca. 13 nm)
en passant simplement leur solution respective a travers les
pores fonctionnalises. Ces etudes ont ete suivies par TEM et
demontrent I'efficacite de la complexation des nanoparticules
ainsi que leur haute dispersion. Par consequent, ces differentes
strategies demontrent que si les membranes dalumine nano-
poreuses sont d'excellents supports pour incorporer des
complexes, clusters et colloides, elles peuvent desormais étre
aussi considerées comme des matrices fonctionnelles ou
microréacteurs dans lesquels certaines reactions classiques de
chimie de coordination peuvent étre menéces de maniere
selective. De nouvelles perspectives sont des lors envisageables.
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aspects and therefore raises considerable difficulties. On the
other hand, the use of solids with a template-based morphol-
ogy control, such as zeolites and MCM-41, is currently
attracting considerable attention.[02bef 8. 101 Well-defined alu-
mina membranes with uniform dimensions and parallel pores
can be used as templates for the preparation of gold micro-
tubules, polymeric microcapsules, or nanocomposites of
considerable interest, and three- or one-dimensional struc-
tures may be generated from colloids or clusters by organizing
them in a controled way.l'!l' Specific advantages of these
honeycomblike membranes over other nanoporous materials
are the variability of the pore size and pore density as well as
the simplicity of producing foils of these materials with sizes
up to a few hundred square centimeters.'”! By adjusting the
anodic voltage used to oxidize the precursor aluminum foil,
the pore diameter can be varied between 5 nm and 250 nm,
while the pore density decreases from about 10> cm~2 down to
108 cm~2. Even porous structures with different pore diame-
ters can be made. In addition to their structural variability, we
have found that these membranes are optically transparent in
the fingerprint regions of the visible, UV, and infrared
spectrum and may be stable up to 1000°C.['3 14]

The nature of the chemical interactions between the metal
clusters or colloids and the nanoporous cavity will play an
essential role in determining their organization and confine-
ment inside the pores. It therefore becomes particularly
attractive to attempt the functionalization of the interior pore
surface to improve the selectivity of these interactions. Such
an approach has been reported recently where functional
amines or thiols have been condensed with surface OH groups
of alumina membranes.'> 1 Our recent findings showing that
alkoxysilyl-substituted short-bite diphosphane ligands, such as
(Ph,P),N(CH,),,SiR,(OR),_, (m =3 or 4; n =0 or 2), strongly
bind small transition metal clusters,'>"'7) suggested the use of
such ligands to decorate the interior of alumina membranes.

Herein we will show how this can be achieved and
demonstrate that gold colloids and platinum clusters may be
immobilized by coordination on the pore walls, simply by
passing them in solution through the functionalized nano-
porous membranes (Scheme 1).

If mononuclear metal complexes were to be immobilized in
a similar manner, one would encounter considerable difficul-
ties in characterizing the resulting material as even highest
resolution instruments would not “see” the individual metal
atoms. Such highly dispersed metal systems in a confined
environment would of course be of considerable interest. It
therefore became important to develop an alternative strat-
egy that would consist of first synthesizing well-characterized

Scheme 1. Functionalization of nano-
porous alumina membranes and immo-
bilization of metal clusters or colloids
on the pore walls.
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mononuclear complexes bearing a functional ligand that
could be subsequently condensed with the OH groups cover-
ing the pore walls. For comparison with the ligand systems
shown in Scheme 1 and in order to provide efficient binding of
the metal complex, we focused on chelating diphosphane
ligands that should make metal leaching much less likely than
when monodentate ligands are used (Scheme 2).0181
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Scheme 2. Anchoring of a functionalized metal complex on the pore walls
of nanoporous alumina membranes.

It remained to be seen whether the condensation step in the
pore walls would proceed in a manner similar to that of the
uncoordinated ligand in the previous method. In this case, one
could maintain in the final nanomaterial a well-defined
molecular species. Since this was shown to be successful, we
extended this approach to the immobilization of small
molecular clusters to cover a wider range of metal nuclear-
ities.

Results and Discussion

Derivatization of porous alumina membranes with the
alkoxysilyl-functionalized ligands (Ph,P),N(CH,);Si(OMe);
(1) and (Ph,P),N(CH,),SiMe,(OMe) (2): immobilization of
metal clusters/colloids in the functionalized porous matrix

Synthesis of (Ph,P),N(CH,);Si(OMe); (1) and (Ph,P),N-
(CH,),SiMe,(OMe) (2): The dppa-type (dppa=
(Ph,P),NH = bis(diphenylphosphanyl)amine) backbone of 1
and 2 was chosen because of its known propensity to favor
bidentate behavior, thus allowing the stabilization of many
organometallic homo- or heteronuclear complexes or clus-
ters.>-1%. 19221 Degpite the increased acidity of the NH proton
of the dppa ligand upon coordination, functionalization of
coordinated dppa by deprotonation and derivatization of the
nitrogen atom by an appropriate electrophile cannot always
be achieved.l'”! Therefore, an alternative approach to func-
tionalize clusters was recently designed which consisted of the
synthesis of a diphosphane ligand containing a trialkoxysilyl
group, followed by its coordination to a metal cluster.['] The
first diphosphane ligand used was (Ph,P),N(CH,);Si(OEt);,
which was prepared by reaction of 3-aminopropyltriethoxy-
silane with two equivalents of PPh,Cl in the presence of
triethylamine.[]

In order to fine-tune the subsequent condensation of such
alkoxysilylphosphane ligands inside nanoporous materials
(see below), it was desirable to prepare mono- and trimethoxy
analogues of variable chain lengths since it is known that

Chem. Eur. J. 2000, 6, No. 24
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Si(OMe); groups condense faster than Si(OEt),. However, if
three-dimensional self-condensation of the phosphane ligands
occurs, polymers would form that will be difficult or impos-
sible to remove from the desired functionalized nanoporous
material. Therefore, we also used a SiMe,(OMe) end-group
that could only form dimers upon self-condensation and these
should be easier to remove from the porous material. Using a
slightly modified method to that reported for (Ph,P),-
N(CH,);Si(OEt);,I"! the ligands (Ph,P),N(CH,);Si(OMe);
(1) and (Ph,P),N(CH,),SiMe,(OMe) (2) were prepared
according to Equations (1) and (2). Synthetic details are

2PPhoCl + HoN(CHo)3Si(OMe)s

toluene, NEty | -(HNEt)C!
Ph2P\ (1)
NN NsioMe)s
Ph,P

1

given in the Experimental Section. Both compounds were
obtained pure and were characterized by IR, 'H, and *'P{'H}
NMR spectroscopic methods. The 3'P{'H} NMR spectra
showed in both cases a singlet at about 6 =62.2, at low field
compared to the value found for dppa at 6 =43.5. A downfield
shift of about 20 ppm is typical for a derivatized dppa ligand
and is also similar to that observed on going from coordinated
dppa to coordinated (Ph,P),NMe.['"]

2PPhyCl + HoN(CHp)sSiMey(OMe)

toluene, NEt3 | -(HNEt3)Cl
PhyP, . @
N\ SiMe,(OMe)
N/\/\/
/
Ph,P

Derivatization of porous alumina membranes with 1 and 2:
immobilization of clusters/colloids in the modified porous
matrix: Commercially available porous aluminum oxide
membranes, Anopore (Merck, Germany, cylindric pores of
200 nm average diameter) were derivatized with the alkox-
ysilyl phosphanes 1 and 2 in order to allow subsequent
coordination of gold colloids and platinum clusters
(Scheme 1). Condensation of the alkoxysilyl end-group
SiMe,(OMe),_, of 1 or 2 (n =0 or 2) with the highly reactive
hydroxy groups covering the alumina surface was performed
under reflux conditions. The formation of stable AI-O-Si
bonds on the pore walls allows the elimination by rinsing of
the remaining uncondensed ligand. After a reaction time of
20 h, the functionalization of the membranes was completed.
The anchoring of the functionalized ligands 1 and 2 was
confirmed in the IR spectra of the membranes which showed
three absorptions at 3058 (w), 2958 (w), and 2930 (w) cm™},
close to those observed in CH,Cl, for the free ligand, and
attributed to the v,,(C—H, CH arom.) and v(C—H, CH,)
stretching vibrations. The characteristic band at 2842 cm~! for
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Vem(C—H, Si(OMe);_,, n=0 or
2) of 1 and 2 was no longer
observed, which indicated that
unreacted ligand had been
completely removed and would
not later interfere with the IR
fingerprints of the functional-
ized membrane.

Two different procedures,
vacuum filling and impregna-
tion, which are detailed in the
Experimental Section, have
been used to immobilize gold
colloids (diameter ca. 13 nm) or
platinum clusters (diameter ca.
2nm). In both cases, qualita-
tively similar results were ob-
tained and a dramatic change of
the membrane color was first
observed. While derivatized alumina membranes are colorless
before the incorporation of the metal clusters/colloids, metal-
loaded membranes display intense colors (dark red for those
containing gold colloids, dark brown in the case of platinum
clusters). The metal-loaded Anopore membranes were then
embedded in a resin, sectioned parallel to the pore axis into
100 nm thick sheets and submitted to transmission electron
microscopy (TEM) investigations. The latter showed the
hoped-for presence of immobilized monodisperse particles
without any aggregation (Figure 1 and Scheme 3).

These unprecedented results are particularly interesting
since efficient immobilization of metal particles in the pores
could not be achieved with alkoxysilyl-functionalized mono-
dentate phosphanes as ligands, in contrast to the situation on
glass or quartz substrates.”?! Improvements were observed
with membranes derivatizated with alkoxysilyl-functionalized
primary amines. This was explained by strong acid-base

Scheme 3. View of the particles inside the pores. When two consecutive cuts hit the same pore, only the colloids/
clusters immobilized on the walls perpendicular to the (yz) section plane are observed. When the pore has been
sectioned only once in the the (yz) section plane, colloids/clusters immobilized on the back wall are also observed.

interactions between the amino functions and the citric acid
present on the colloid surface.l”] In the present study, the
driving force for the immobilization of the particles is
attributed to the complexing ability of the dppa backbone of
1 and 2 (as chelate or bridge).[’>-1% 19221

Tethering of mononuclear Pd complexes [Pd(dmba){i*-F,P-
(Ph,P),N(CH,);Si(OMe);}]IC1 (3) and [Pd(dmba){r>-BP-
(Ph,P),N(CH,),SiMe,(OMe)}]CI (4) inside porous alumina
membranes(dmba-H = dimethylbenzylamine)

Owing to the well-known catalytic properties of Pd complexes
in numerous reactions such as hydrogenation of alkenes and
alkynes, carbon-carbon coupling reactions, isomerization,
etc., the confinement of well-characterized mononuclear
palladium complexes in a nanoporous matrix appeared very
exciting. In addition to their own properties and reactivity,

Figure 1. TEM images of gold colloids (a, b; ca. 13 nm) and platinum clusters (c; ca. 2 nm) immobilized with the vacuum-filling method in opened pores of

alumina membranes.
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these confined and well-dispersed mononuclear complexes
could lead after thermal treatment to nanoparticles of narrow
size distribution. The preparation of colloidal metals in
constrained environments is currently an active area of
research. Micelles, vesicles, or zeolite cages have already
been used as nanocapsules or microreactors for the prepara-
tion and stabilization of confined metal clusters or col-
loids.®t 24 Since nanoporous alumina membranes may be
stable up to 1000 °C, complexes 3 and 4 (see below) were first
tethered and subsequent calcination was performed at various
temperatures in order to observe a temperature dependence
on the size of the resulting metal particles.

Synthesis of [Pd(dmba){x>-P,P-(Ph,P),N(CH,);Si(OMe);}]1Cl
(3) and [Pd(dmba){x-P,P-(Ph,P),N(CH,),SiMe,(OMe)}|Cl
(4): When the ligand 1 or 2 was treated with 0.5 equivalents of
the dinuclear complex [Pd(dmba)(u-Cl)], (dmba-H = dime-
thylbenzylamine) in CH,Cl,, the mononuclear cationic com-
plexes 3 and 4, respectively, were obtained in 90 % yield and
isolated as yellow powders [Eq. (3) and (4)].

0.5 [Pd(dmba)(u-Cll, + >N/\/\ Si(OMe)s
Ph,P
1

Ph2 +

=]
/Pd/ \N Si(OMe)s cr (3
N \P/
Mez Ph2

The *'P{'"H} NMR resonances for the coordinated P atoms
of 3 appear at 0 =52.7 and 63.7 (*J(P,P) =58 Hz) and at 6 =
53.1 and 64.0 (3J(P,P) =58 Hz) for 4. By comparison with the
values for the uncoordinated ligands (6 =62.2 for both 1 and
2), one of the resonances is more shifted upon coordination
than the other, as also observed for [Pd(dmba){x>-P,P-
dppm}]*,* or [Pd(dmba){x?-P,P-dppaMe}]* (*'P{'H} NMR
in acetone: 0 =53.1 and 63.6, 2J(P,P) = 56 Hz, to be compared
with =72 for dppaMe) (dppaMe = (Ph,P),NMe).?*! When
the reactions were carried out in the presence of TIPFg, TICI
precipitated and the same 'P{'H} NMR resonances were
observed in addition to that for the PF, anion. This confirmed

Phy
0.5 [Pd(dmba)(u-ClYl,  +

P
\/N/\/\/SiMeg(OMe)

Ph,P

2

Phy +
P
Pd/ \N /\/\/SiMe (OMe) ! CI (4)
2!
N \P/

Me; Ph,
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the displacement of both Cl atoms and thus the coordination
of both phosphorous atoms. Consistently, no v(Pd-Cl) vibra-
tion was observed in the far IR spectrum of 3 or 4. The
formation of dinuclear species with bridging diphosphanes 1
or 2 was also ruled out since their 3P{'H} NMR spectrum
should correspond to a AA'’XX' spin system, which is not
consistent with the multiplicity of the signals observed.

Anchoring of the mononuclear complexes 3, 4 inside porous
alumina membranes: When 3 or 4 was dissolved in benzene,
its methoxy groups condensed under reflux with the highly
reactive hydroxy groups covering the alumina surface. The
functionalization of the membranes was monitored by IR
spectroscopy and was complete after a reaction time of 20 h.
The anchoring of 3 and 4 was confirmed by the presence of
three absorptions at 3060 (w), 2960 (w) and 2930 (w) cm™},
close to those observed for uncondensed 3 and 4 in CH,Cl,
and attributed to v,,(C—H, CH arom.) and v(C—H, CH,)
stretching vibrations. The band at 2842 cm™' for v,,,(C—H,
Si(OMe),_y,) characteristic for 3 and 4, was no longer
observed. For the first time, the interior of nanoporous
alumina membranes was decorated with well-characterized
mononuclear complexes.

This anchoring step was then followed by a thermal
treatment and as expected, the formation of metal particles
was observed and the results are illustrated in Figure 2. In
each case, it was verified by transmission electron microscopy
that no metal particle was present before thermal treatment.
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0 200 400 600 800 1000
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particles diameter / nm

Figure 2. Diameter of confined Pd particles as a function of the activation
temperature.

In the temperature range 100-700°C, the diameter of the
particles increased slowly from 2.5+ 0.5 nm to 9.8 +2.0 nm.
When the calcination was carried out at temperatures higher
than 700°C, the particle size increased dramatically from
10 nm to reach 64 nm after heating at 1000°C. These results
appear most promising since a wide range of controlled
particle sizes becomes available and this will be essential in
future comparative investigations of heterogeneous catalytic
properties. However, this method did not allow us up to now
to fill the pores as densely as achieved above with the
platinum clusters and gold colloids. However, varying the
parameters such as the average pore diameter, the pore
density, or the calcination time should allow identification of
the optimum conditions for an increased filling of the pores.
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Tethering of the tetrahedral cluster [Co,(CO)s(u-dppa)-
{u-F,P-(Ph,P),N(CH,),SiMe,(OMe)}] (7) inside porous alu-
mina membranes: Since we succeeded in tethering mono-
nuclear complexes to the alumina surface, while maintaining
the well-defined molecular species in the porous structure, we
wanted to adapt and extend this strategy to the anchoring of
small molecular clusters. We focussed on tetrahedral cobalt
carbonyl clusters whose substitution chemistry has shown that
the presence of a bridging diphosphane ligand such as dppa
greatly increases the stability towards further substitution.72!
Thus, [Co,(CO),4(u-dppa)] (6) was found to be much more
suitable and convenient than [Co,(CO),,] (5) for derivatiza-
tion with the ligand 2.

Synthesis and characterizations of [Co,(CO)g(u-dppa){u-F,P-
(Ph,P),N(CH,),SiMe,(OMe)}] (7): The clusters [Co,(CO),]
(5) and [Co4(CO),o(u-dppa)] (6)" were prepared accord-
ing to the literature and characterized by their IR spectra and,
in the case of 6, also by NMR and UV/Vis spectroscopic
methods. The 3'P{'H} NMR spectrum of 6 consists of a singlet
at 0 =74.2 (60 =43.5 for uncoordinated dppa) consistent with
the dppa ligand bridging two equivalent basal cobalt atoms.
Cluster 6 was also characterized in UV/Vis spectroscopy by a
maximum absorption at about 509 nm. Its reaction with ligand
2 was monitored over 10 h by TLC until all the precursor had
reacted to give the mixed ligands cluster [Cos(CO)g(u-
dppa){u-P,P-(Ph,P),N(CH,),SiMe,(OMe)}] (7) (Scheme 4).

(MeO)Me,Si
H (CO) N
N 0
PhP”  “PPh
PhoP” PPhy &, TR
[CogCON o] ——
ST 500 (0CRCe—[%—=Co(cO)  -2CO
5 5kc {C\g N
© PPh,
= 4-CO
PhoP—NH =
6

Scheme 4. Synthetic access to 6 and 7.

This step required the use of two equivalents of ligand 2
owing to the limited selectivity of the reaction and the
formation of by-products, such as [Co,(CO)s(u-dppa),] and
[Co,(CO)s{u-P,P-(Ph,P),N(CH,),SiMe,(OMe)},] which re-
sulted from ligands redistribution reactions.?”?l The product
7 could be separated by chromatography on a silica gel
column (see Experimental Section) and obtained pure in 28 %
yield as a dark brownish green solid. The arrangement of the
phosphorus atoms with respect to the metal core of 7 in
Scheme 4 is based on that established by X-ray diffraction for
related Co, clusters with two bridging diphosphane ligands.?"!

Thus, the 3'P{'H} NMR spectrum of 7 shows three
resonances at 0 =72.1 (2P, Py, — Copaear), 92.0 (1P, Pypsi —
Copar), and 103.1 (1P, Pyypsi— COypicar) and the "H NMR
signals of both P-N-P ligands are present. The IR spectrum of
7 shows two absorptions in the 2010-1970 cm~' range and
three between 1835 and 1760 cm~!, which are attributed to
terminal and bridging carbonyl groups, respectively. Similar

4642
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observations were made for [Co,(CO)g(u-dppa),] and this
pattern appears characteristic of tetrasubstituted Co, tetrahe-
dral derivatives.?!l Cluster 7 was also characterized by UV/Vis
spectroscopy and presented a maximum absorption at about
614 nm. This wavelength is dramatically shifted when com-
pared to that of 6 (509 nm) and this will turn out to be very
useful in the following. Both ligands, dppa and
(Ph,P),N(CH,),SiMe,(OMe), are therefore bridging the co-
balt atoms in 7.

Anchoring of cluster 7 inside porous alumina membranes: In
order to allow monitoring of the anchoring of the cluster by
UV/Vis measurements, transparent nanoporous alumina
membranes of high purity (99.99%) with an average pore
diameter of 80 nm were prepared since the commercially
available porous aluminum oxide membranes (Anopore)
were not transparent enough for these measurements. Direct
derivatization of the nanoporous alumina membranes with 7
was first attempted. A condensation reaction was expected to
take place between the highly reactive hydroxy groups
covering the alumina surface and the alkoxysilyl group of 7
(Scheme 5, top). Unfortunately, this method was unsuccessful
and despite the use of different experimental conditions, no
detectable membrane functionalization occurred. The mem-
brane remained colorless and IR measurements on treated
membranes did not show any absorption characteristic of the
cluster. This could be due to the too low solubility of 7. Thus,
with an estimated total number
of OH groups covering the

i OMe
pe P)h2 alumina pores of 1.1x
P 10 cm=2 and even if all the
/N Co(CO), OH groups were condensed
PhyP with monoalkoxysilyl-function-

alized molecules, only 6.7 umol

of the latter could be anchored
C4(CO)

PPh, on the pore walls.”®! Further-
PhoP——Ni1 more, considering that mem-
; branes always contain water

molecules, a large excess of
alkoxysilane functions (empiri-
cally found to be 0.25 molL™")
is needed to achieve significant functionalization of the
membranes and to characterize them with the available
methods. This is much higher than the concentration of a
saturated solution of 7 (7 x10->molL™!). Moreover the
presence of a bulky tetrahedral cobalt cluster could generate
steric clutter on the alkoxysilyl group, thus decreasing also the
kinetics of the expected condensation reaction. An alternative
explanation for the failure to functionalize the membrane
with 7 could be that under the experimental conditions used, a
condensation reaction occurred between two molecules of 7
resulting in a dimeric species unable to react further with the
OH groups of the membrane.

An alternative and new procedure was then considered in
order to achieve indirectly the desired anchoring of 7. As
mentioned above, the reaction between 2 and [Co4(CO);o(u-
dppa)] (6) allowed the synthesis and characterization of 7.
Therefore, it seemed interesting to investigate whether a
similar reaction could be carried out inside the pores of the
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This procedure (Scheme 5
(bottom)) was very successful.
The functionalization of the
membranes with 2 was carried
out under reflux and followed
by IR spectroscopy (see above).
These membranes were then
placed in a dark red, concen-
trated solution of 6, then wash-
ed with CH,Cl, in order to
remove uncoordinated 6 and
finally dried. They presented a
dark, brownish green color and
showed in UV/Vis spectroscopy
a maximum absorption at about
616 nm. By comparison with
the electronic spectra of a red
solution of 6 or a brownish
green solution of 7, which
showed a maximum absorption
at about 509 and 614 nm, re-
spectively, this confirmed that
the membranes derivatized
with 2 had reacted with 6, thus
generating anchored 7 on the
pore walls (Figure 3).

(CO)

—P \Me PPh, Co

(OC),Co —{%—Co(CO)

The IR spectra of the reacted
membranes confirmed these re-
sults. The carbonyl bands ob-
served at 2010 (m) and 1977
(s) cm™! for cluster-functional-
ized membranes are directly

Co(CO) pph
/Ni{l ’ comparable to those of a solu-
PheP tion of 7 at 2009 (m) and 1975

Scheme 5. Two alternative strategies for the anchoring of clusters onto alumina membranes: (top) unsuccessful
direct anchoring of 7 and (bottom) prior functionalization of the alumina membrane with 2 followed by

coordination of 6 leading to anchored 7 on the pore walls.

alumina membranes. Nanoporous membranes should then
first be functionalized with 2 by the method described above,
and then treated with a solution of 6 (Scheme 5, bottom).

In principle, this procedure presents four main advantages.
First, due to a higher solubility of 2 compared to 7 in many
organic solvents, no concentration problems should occur
during membrane functionalization and the resulting nano-
porous materials are expected to be highly derivatized.
Second, since the molecular approach has shown that the
reaction between 2 and 6 took place very rapidly at room
temperature, incorporation of the cobalt cluster into the
functionalized membranes should require mild conditions,
thus avoiding cluster decomposition or dimerization by
condensation between SiOMe groups. Third, the dramatic
color change observed during the synthesis of 7 (dark
brownish green) from 6 (dark red) should help us visualize
cluster anchoring on the pores and prove it unequivocally by
UV/Vis spectroscopy. Finally, the use of carbonyl clusters
should allow monitoring of the anchoring step by IR spectros-
copy in the v(CO) region where the membranes are trans-
parent.

Chem. Eur. J. 2000, 6, No. 24
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(s)cm™! (the carbonyl bands
below 1850 cm~! being no lon-
ger observed due to the alumi-
nium oxide absorption in this
spectral region). Moreover, the characteristic carbonyl bands
of 6 at 2068 (s), 2030 (s), 2015 (s) cm~! were no longer present.
Thus, the fact that both the UV/Vis and IR fingerprints of 7

------- anchored 7 in the membrane
154 PO BT solution of 7
A}
v solution of 6
N
\i.
AR
Nl
1.0 ST
@© e
o \\\
c ~
3 N
g \7/_~\ \\\
< 0.54 Sol Tl Abs. x 3
0.0 . . ] —
500 600 700 800

Wavelength / nm

Figure 3. UV/Vis spectra of solutions of 6 and 7 and of the derivatized
membrane with anchored 7 on the pore walls.
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were clearly recognized in the cluster-functionalized nano-
porous membranes unequivocally established the covalent
fixation of the Co, cluster in the membrane and the retaining
of its molecular nature.

A considerable advantage of this new approach, which
consisted of reproducing in nanoporous membranes a molec-
ular coordination chemistry first established on small metal
clusters, is its selectivity. In contrast, during the synthesis of 7
from 2 and 6, by-products were formed and this required
tedious purification procedures. Among them, [Coy(CO)g(u-
dppa),] and [Co,(CO)s{u-P, P-(Ph,P),N(CH,), SiMe,(OMe)},]
resulted from facile ligand exchange in solution. Such ligand
redistribution reactions should be hindered or suppressed on
anchored material and despite the use of a large excess of 2 to
functionalize the nanoporous membranes, all the spectro-
scopic data proved indeed that only one species, anchored 7,
was present in the membrane nanopores. This exciting
observation can be easily explained by the fact that in this
case the functionalized ligand 2 was chemically strongly
attached to the pore walls and could no longer be involved in
ligand exchange processes.

Conclusion

Nanoporous alumina membranes have been shown to repre-
sent a convenient matrix to immobilize well-defined inorganic
complexes containing functionalized alkoxysilyl-substituted
short-bite diphosphane ligands. Their structural versatility as
well as their transparency in the fingerprint UV/Vis and IR
regions have allowed a precise spectroscopic monitoring of
the condensation and anchoring processes of numerous
complexes onto the pore walls.

The approach we have developed, which consisted of the
synthesis and characterization of mononuclear compounds or
small clusters followed by condensation or tethering inside the
membranes, offers considerable potential and new perspec-
tives for the use of such porous nanomaterials. The latter
provide a constrained environment for the controlled prep-
aration of dispersed metal particles from confined mononu-
clear complexes.

In contrast to the one-step method which allowed the
condensation in nanoporous alumina membranes of alkoxy-
silyl-functionalized mononuclear complexes such as 3 and 4,
the direct anchoring of 7 could not be achieved. However, an
alternative strategy was very successful in which the mem-
branes were first derivatized with the monomethoxysilyl-
functionalized P-N-P ligand 2 and then cluster 6 was
coordinated on the functionalized pore walls to generate
anchored 7 selectively. Therefore, the success of this new
alternative method has clearly demonstrated that nanoporous
alumina membranes are not only unique supports to incor-
porate molecular metal clusters, colloids, or metal particles
but can also be regarded as functional matrices or micro-
reactors leading to highly selective reactions. This property
can therefore open the way to new applications, such as the
chemical complexation in membranes of radioactive organo-
metallic compounds for possible clinical use,’ or the
possibility for nanoporous membranes to be used as selective
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molecular filters. Catalytic studies using membranes contain-
ing metal particles are currently in progress and their results
will be the subject of future reports.

Experimental Section

General considerations: All reactions with air-sensitive reagents and
products were performed under nitrogen using standard Schlenk techni-
ques. All the solvents were dried and purified using standard procedures.
NMR spectra were recorded with a Bruker DPX instrument at 300 MHz
for 'H and 121.5 MHz for *'P{'H}. IR spectra of derivatized membranes
were recorded on a BIO-RAD FTS-175 infrared spectrometer. Electronic
spectra were measured on a Varian Cary-1 UV-Vis spectrometer equiped
with a small aperture device. TEM images were obtained by using a Philips
FEG-CM 200 instrument working with a 200 kV accelerating voltage.
Samples for TEM were embedded in a resin and sectioned. The thickness of
the sample was varied from 100 to 50 nm. An Ultra Cut Microtom, Leica,
was used for sectioning.

The silanes 3-aminopropyltrimethoxysilane and 4-aminobutyldimethyme-
thoxysilane were obtained from Fluka and the complexes [Co,(CO),,],?
[Co4(CO),o(u-dppa)],?! and [{Pd(dmba)(u-Cl)} ,]*" were prepared accord-
ing to the literature methods.

Synthesis of (Ph,P),N(CH,);Si(OMe); (1): In a two-neck round-bottomed
flask, 3-aminopropyltrimethoxysilane (5.3 mL, 30.0 mmol) and NEt;
(9.19 mL, 66.0 mmol) were dissolved in toluene (120 mL). The solution
was cooled to —40°C and Ph,PCl (11.14 mL, 60.0 mmol) was added
dropwise under vigorous stirring until room temperature was reached and
it was stirred for a further 2 h. The solution was then filtered through a
cannula, the precipitated ammonium salt was washed several times with
toluene/diethyl ether mixtures. The solvent was removed in vacuo (25°C,
0.01 Torr) and a slightly yellow oil was obtained. Yield: 14.45 g (88%); IR
(CH,CL): 7=3054m (Vyu(C—H arom.), 2946 m (v(C-H), CH,), 2926 sh
(v(C—H), CH,), 2842 m (v,(C—H), Si(OMe);), 1270 s (sym. bending
Si—C), 1188 s (rocking CH;, Si(OMe)s), 1101 cm™ V8 (V,n(Si-O-C)) em™';
'"H NMR (CDCl): 6 =0.22 (t, 2H, *J(H,H) = 8.3 Hz; CH,Si), 1.22 (m, 2H;
CH,-CH,Si), 3.23 (m, 2H; CH,N), 3.39 (s, 9H; Si(OMe);), 7.25-7.43 (m,
20H; PPh,); 3'P{'H} NMR (CDCl;): 6 =62.16 (s).

Synthesis of (Ph,P),N(CH,),SiMe,(OMe) (2): In a two-neck round-
bottomed flask, 4-aminobutyldimethylmethoxysilane (1.0 mL, 5.42 mmol)
and NEt; (1.66 mL, 11.9 mmol) were dissolved in toluene (25 mL). The
solution was cooled to —40°C and PPh,Cl (2.0 mL, 10.85 mmol) was added
dropwise under vigorous stirring until room temperature was reached and
it was stirred for a further 2 h. The solution was then filtered through a
cannula, the precipitated ammonium salt was washed several times with
toluene/diethyl ether mixtures. The solvent was removed in vacuo (25°C,
0.01 Torr) and a slightly yellow oil was obtained. Yield: 2.58 g (90%); IR
(CH,CL,): 7=3054 m (v, (C—H arom.)), 2946 m (v(C—H), CH,), 2926 sh
(V(C-H), CH,), 2842 m (vy,,(C—H), Si(OMe);), 1270 s (sym. bending
Si—C), 1188 s (rocking CHj, Si(OMe)s;), 1101 Vs (Vuqn(Si-O-C)) cm™;
'H NMR (CDCL): 6=-0.04 (s, 6H; Si(CHs),), 0.27 (t, 2H, 3J(H,H) =
8.3 Hz; CH,Si), 0.95 (m, 2H; CH,-CH,Si), 1.11 (m, 2H; CH,-(CH,),Si),
3.23 (t, 2H; CH,N), 3.40 (s, 3H; Si(OMe)), 7.18-742 (m, 20H; PPh,);
SIP{'H} NMR (CDCl,): 0 =62.17 (s).

Synthesis of [Pd(dmba){x?-F,P-(Ph,P),N(CH,);Si(OMe);}]Cl (3): Yellow,
solid [{Pd(dmba)(u-Cl)},] (0.303 g, 0.543 mmol; 0.5 equiv) was added with
vigorous stirring to a solution of 1 (0.602 g, 1.086 mmol) dissolved in
CH,Cl, (75 mL) at 25°C. The solution was then stirred for 1 h and the
solvent was removed in vacuo. The crude product was precipitated by
addition of pentane and a yellow solid was collected by filtration. The
powder was dried overnight under vacuum. Yield: 0.806 g (90%); IR
(CH,CL): 7=3055 m (Vy,(C—H arom.), 2946 m (v(C—H, CH,), 2926 sh
(V(C—H), CH,), 2842 m (v,(C—H), Si(OMe);), 1270 s (sym. bending
Si—C), 1188 s (rocking CHj;, Si(OMe);), 1101 Vs (V,qn(Si-O-C)) cm™';
'"H NMR (CDCL): 6 =0.13 (t, 2H, 3/(H,H) = 7.7 Hz; CH,Si), 1.10 (m, 2H;
CH,-CH,Si), 2.76-2.86 (m,br., 8H; N(CH;), and CH,-NP,), 3.30 (s, 9H;
Si(OMe),;), 4.14 (s, 2H; CH,NMe,), 6.70-7.09 (m, 4H; phenyl-Pd),
7.59-7.81 (m, 20H; PPh,); ¥P{'H} NMR (CDCL;):  =52.75 (d, 2J(PP) =
58 Hz), 63.75 (d, %J(PP)=58 Hz); elemental analysis caled (%) for
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C3CIH,;N,O;P,PdSi (M, =823 gmol~'): C 56.92, H 5.71, N 3.40, Pd 12.98;
found: C 56.97, H 5.59, N 3.44, Pd 11.95.

Synthesis of [Pd(dmba){x>-F,P-(Ph,P),N(CH,), SiMe,(OMe)}]Cl (4): Solid
[{Pd(dmba)(u-Cl)},] (0.281 g, 0.508 mmol; 0.5 equiv) was added with
vigorous stirring to a solution of 2 (0.538 g, 1.017 mmol) dissolved in
CH,Cl, (75 mL) at 25°C. The solution was then stirred for 1 h and the
solvent was removed in vacuo. The crude product was precipitated by
addition of pentane and a yellow solid was isolated by filtration. The
powder was dried overnight under vacuum. Yield: 0.725 g (88%); IR
(CH,Cl,): #=3056 m (Vy,,(C—H arom.)), 2946 m (v(C—H), CH,), 2926 sh
(v(C—H), CH,), 2842 m (vy,,(C—H), Si(OMe)), 1270 s (sym. bending Si—C),
1188 s (rocking CHj, Si(OMe);), 1101 (V,4n(Si-O-C)) cm™'; '"H NMR
(CDCly): 6 =-0.05 (s, 6H; Si(CHs),), 0.14 (t, 2H, 3/(H,H) = 7.7 Hz; CH,Si),
0.85 (m, 2H; CH,-CH,Si), 1.03 (m, 2H; CH,-(CH,),Si), 2.77-2.87 (br., 8 H;
N(CHj;), and CH,NP,), 3.26 (s, 3H; Si(OMe)), 4.13 (s, 2H; CH,NMe,),
6.70-7.09 (m, 4H; phenyl-Pd), 7.60-7.84 (m, 20H; PPh,); 'P{'H} NMR
(CDCly): 6 =53.08 (d, 2/(PP) =57 Hz), 63.97 (d, 2/(PP) =58 Hz); elemen-
tal analysis caled (%) for C,CIH4N,O P,PdSi (M, =808 gmol-!): C 59.46,
H 6.06, N 3.46, Pd 13.17; found: C 59.58, H 6.00, N 3.44, Pd 12.56.

Synthesis of [ Co,(CO)s(u-dppa){u-F,P-(Ph,P),N(CH,), SiMe,(OMe)}] (7):
Owing to the limited selectivity of this reaction and the formation of several
by-products, 2 (2.043 g, 3.863 mmol; two equiv) in CH,Cl, was added at
room temperature and under vigorous stirring to a solution of [Co,-
(CO)p(u-dppa)] (6) (1.740g, 1.932 mmol) in CH,Cl, (100 mL). CO
evolution was observed and the reaction was monitored by TLC until all
the precursor had reacted (10 h). The solvent was then removed under
vacuum. The product could be separated by quantitative chromatography
on a 150 mm high silica column (& = 25 mm, silica gel 60 MERCK, particle
size 0.063 —0.200 mm). The red cluster 6 (characterized by IR (CH,Cl,) 7=
2068 s, 2030 s, 2015 s, 1856 w, 1822 m, 1793 (v(CO)) mem™'; R;=0.71
(substance dissolved in CH,Cl,, eluent: CH,Cl,/hexane 60:40)) and green
[Co4(CO)g(u-dppa),] were extracted with a mixture CH,Cl,/hexane (40/60).
Then, pure 7 was extracted from the column with a mixture CH,Cl,/hexane
(60/40) and obtained as a dark brownish green powder. Yield: 0.750 g
(0.546 mmol) 28 %; IR (CH,Cl,): 7=2009 s, 1975 s, 1831 w, 1792 m, 1770
(v(CO)) m em". R;=0.13 (substance dissolved in CH,Cl,, eluent CH,Cl,/
hexane 60:40); 'H NMR (CDCl;): 6 = —0.05 (s, 6H; Si(CHj3),), 0.12 (t, 2H,
3J(H,H) =7.5 Hz; CH,Si), 0.84 (m, 2H; CH,-CH,Si), 1.10 (m, 2H; CH,-
(CH,),Si), 2.60-2.80 (br., 2H; CH,NP,), 3.25 (s, 3H; Si(OMe)), 3.40 (br,
1H; NH), 725770 (m, 40H; PPh,); 3P{'H} NMR (CDCl,): 6 =72.1 (br,
2P; Pppa~COnasar)s 92.0 (br, 1P; Pyppasi-Congsar)s 103.1 (br, 1P; Pyppasi-COppicar) s
elemental analysis caled (%) for Cg;CoHsgN,OP,Si  (M,=
1374.51 gmol™'): C 55.05, H 4.22, N 2.03, Co 17.15; found: C 53.97, H
4.37,N 2.02, Co 16.96.

Preparation of nanoporous alumina membranes: Commercially available
porous aluminium oxide membrane, Anopore (Merck, Germany; average
pore diameter 200 nm) was used for the modification of alumina
membranes with functionalized alkoxysilanes in order to coordinate gold
colloids and platinum clusters, or for the tethering of mononuclear
palladium complexes. The tethering of the cobalt clusters was performed
on transparent nanoporous alumina membranes of higher purity (99.99 %)
in order to allow UV/vis monitoring and these were prepared according to
established procedures.!!!s 250]

Derivatization of porous alumina membranes with 1-4: According to well-
established procedures to derivatize porous alumina membranes with
alkoxysilanes, the membrane was cut in pieces of about 1 x 2 cm, then
washed with cyclohexane and dried in an oven at 120°C. The membrane
was then placed in a two-neck round-bottomed flask filled with N,. To this
flask was added alkoxysilyl-functionalized phosphane 1 or 2 (0.4 mmol) or
the mononuclear palladium complexes 3 or 4 (0.4 mmol) dissolved in
toluene (20 mL) or benzene, respectively. The solution was heated to reflux
temperature overnight without stirring. The solution was then cooled under
N, atmosphere and the membrane carefully washed with dry toluene or
benzene (3 x 10 mL) to remove the excess of uncoordinated reagent. The
IR spectrum of the newly functionalized membrane was recorded to
confirm the functionalization of the pore with the alkoxysilyl-functional-
ized reagent.

Immobilization of Au colloids and Pt clusters in functionalized nanoporous
alumina membranes: The unstabilized gold colloid was obtained by
reduction of tetrachloroaurate solutions with sodium citrate.’> The
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colloidal platinum was obtained by reduction of hexachloroplatinate
solutions with sodium citrate.[*¥ The reduction procedure was similar to
that described by Turkevich et al.*¥l To immobilize metal clusters and
colloids, two methods were used. The first one consisted in placing the
membrane on a short plastic tube connected to a water pump and applying
on the other side a drop of the metal cluster/colloid solution. The reduced
pressure facilitated transport of the solution through the membrane pores,
which resulted in the anchoring of the clusters/colloids to the functionalized
walls. The second method consisted of placing the membrane in a round-
bottomed flask containing cluster/colloid solution (10 mL) overnight. A
static reduced pressure was generated in the flask by use of a water pump.
In both cases, the membrane was then washed with water and dried in an
oven at 80°C. This procedure will remove the nanoparticles which would
perhaps be inside the pores but not tethered on the pore walls. This
immobilization procedure was repeated four times. For both methods, the
successful anchoring of the clusters/colloids in the membrane was followed
by a dramatic change of the color of this latter. Each sample were then
characterized by TEM.

Complexation of 6 in a porous alumina membrane functionalized with 1 or
2: The porous alumina membrane was first functionalized with 1 and 2. By
the use of the second anchoring method described above, the functional-
ized membrane was placed overnight in a red saturated solution of 6 in dry
CH,Cl, (8 mL) under a slightly reduced pressure to assist impregnation by
capillarity. The membrane was then washed with dry CH,Cl, (3 x 10 mL) in
order to remove the uncoordinated cluster 6 and dried under vacuum at
room temperature. This procedure was repeated four times. The resulting
dark brownish green membrane was characterized by different spectro-
scopic methods such as IR and UV.
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