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Abstract

Numerous methods are now available for the synthesis of a large variety of heterogeneous
molecular catalysts. Their specific domain of application, and the main advantages and
drawbacks of these solids are briefly analyzed here. © 1998 Elsevier Science S.A. All rights
reserved.
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1. Introduction

The heterogeneization of homogeneous catalysts is a field of continuing interest:
indeed, although some of these organometallic complexes exhibit remarkable cata-
lytic properties (activities and selectivities), they are difficult to separate, intact, from
the reaction medium. This problem becomes even more crucial with the recently
developed asymmetric catalysts, which rely on very expensive chiral ligands. Thus,
unless the activity of the homogeneous catalysts is exceptionally high, their hetero-
geneization is still currently an economical, but also a toxicological and environmen-
tal challenge. To reach this goal, many different strategies can and have been
considered, which belong to two major classes:

(1) Those which preserve as much as possible the coordination sphere of the
metal. This is achieved:
® By anchoring the homogeneous catalyst to an inorganic oxide or an organic

polymer via bonds between the solid and one (or more) ligand(s) at a position

remote from the atom coordinated to the metal center. (eq. 1)

ML, — - [®mLML,.| L=L (1

Ligand L’ is a ligand L functionalized so as to allow for a reaction with the support

of interest.

® By encapsulating or encaging the catalyst in the voids of a porous, inorganic or
organic, solid: (eq. 2)

ML, é\/@i
(2)

® Or by immobilizing the homogeneous catalyst in a film of solvent (non volatile
or hydrophilic) deposited on a solid, while reactants and products are either in
the gas phase or in a second solvent non-miscible to the first one. These are the
so-called ““supported liquid (aqueous) phase catalysts” (SLPC/SAPC) (Scheme 1).

Formally, all these methods lead to the so-called “supported homogeneous cata-

Rj * Pj/solv.,

MLy, / solv.q
/171777777777 77/7

Scheme 1. Principle of SLPC catalysts.
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lysts”: this means that the structure of the supported organometallic complex is
nearly identical to that of the precursor homogeneous catalyst.

(2) Those which anchor the organometallic complex via a direct bond between
the metal center and a surface atom: (eq. 3)

ML, —> - lxMLn_i (3)

This procedure induces important changes of the ligand environment around the
metal center, which includes now a “solid” ligand. Two situations ought to be
considered separately:
® The precursor organometallic complex is an homogeneous catalyst. Then, the

supported complex, whose structure can be very different from not only the

precursor complex, but also from any known homogeneous catalyst, is as such a

new heterogeneous organometallic catalyst.
® The precursor organometallic complex is not a catalyst. It is chosen so that its

reaction with the support leads to a clean and precise anchoring of the metal. In

a second step, this supported organometallic complex is chemically transformed

into a supported molecular catalyst, designed for a given target reaction.

These types of catalysts will be referred to as “heterogeneous molecular catalysts”.

We will briefly review these different methods of synthesis of heterogeneous
molecular catalysts and show, through a restricted number of examples taken either
from the literature or from our own research, the advantages and inconveniences of
each one. We will focus on those using inorganic oxides as supports; excellent reviews
concerning heterogeneized catalysts on polymer supports have appeared recently,
which we strongly recommend to the reader [1-7].

2. Supported homogeneous catalysts
2.1. Catalysts anchored on functionalized solids

This is certainly the oldest method described in the literature, although the first
example did not concern an organometallic complex [Pt(NH;)2 "] and used an ionic
bond to anchor the complex to the surface (sulfonated silica) [8]. Most of the studies
use silica as the support: it presents the advantages to be chemically inert towards
many reactants because it has no pronounced surface acidity which would induce
secondary reactions, to have surface hydroxyl groups which allow for ligand bonding,
to present high specific surface areas and good thermal and mechanical stabilities.

Schematically, two different approaches were used, which are represented below:

(eq. 4-5)
OH+ X=L' —» omL' —» FomL'ML, (4)

FOH + (X®LY)ML,.; — FO=L'ML, (5)

The first method consists in functionalizing the surface of silica by reaction
between a bifunctional ligand, X==L'’, and the surface silanols. The X group is chosen
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0—Si—(CH,)nPPh,

OH o)
I:OH + (Et0),Si(CH,),PPh, —-I:

O,Sli—(CHz)nPth —

OEt o— ?i—(CHQ)nPPh2

Scheme 2. Possible cross linking surface reactions.

so as to react easily with hydroxyls; it is generally Cl, SiCl;, Si(OEt);, OH or
SiR5(OR) [1]. In most cases, L’ is a phosphine, PRR, the R alkyl or aryl substituent
bearing the X group.

XzaL' = X~(CH;,),PPhy or X-CgHy-PPhy

With X=0H or SiR5(OR), a better control of the surface reaction is claimed:
the cross-linking reactions are suppressed (Scheme 2) and the stoichiometry of the
anchoring reaction is simple [9].

The alkyl chain (CH,), acts as a spacer between the support and the complex: its
length allows for a certain mobility of the complex and a partial release of the steric
hindrance induced by the support, but it may also be a source, for the larger n
values, of catalyst deactivation by dimerization of the active species. It has, thus, a
major influence on the activity and the selectivity of the catalyst.

The complex ML, of interest is grafted on the functionalized solid by a ligand
exchange reaction with the surface ligands L. The donor ligand L in the precursor
complex is often a phosphine, or any ligand easy to remove from the system, such
as CO [1].

The second approach, described in eq. (5), consists of synthesizing first the
complex ML L;, with the desired ratio [functionalized ligand L']/[M]. This method
is only of interest in the cases when the previous one (eq. 4) does not lead to the
desired anchored complex, because the syntheses and isolation of these functionalized
complexes are not straightforward (oily products are often obtained). One of the
successful examples concerns the synthesis of nickel carbonyl complexes anchored
to the surface via two bonds in an attempt to increase their stability through a sort
of “chelate effect””. The simplest method, which consists in reacting Ni(CO), with
the related phosphinated silica, leads invariably and only to the monophosphine
complex, under all tested conditions: (eq. 5)

Ni(CO), + PPh, — C4H, — SiMe, — O — Si= —(CO);NiPPh, — CH, — SiMe, — O — Si=
(6)

On the other hand, wunder classical conditions, the complex
(CO),Ni[PPh,(CcH,)SiMe,(OELt)], reacts with silica mainly via one functionalized
ligand as demonstrated by ?°Si and 'P CP MAS NMR spectroscopy [10]: (eq. 7)

T o e (CO)ZNi(Ph)zP'CGH‘{SiMe,—O-I
(COLN[PHP CiH SiMe OB, + HO{ _—_>(EtO)MeZSi'CeH4'Igth (7)
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But, when the solution of the complex is added drop by drop to silica, then the
desired di-anchored complex is formed [9]: (eq. 8)

_/P(Ph),; CH, SiMe;
(CONI[Ph,P-C,H, SiMe,(OEL)], + 2 HO‘I —> (CO)Ni
P(Ph),C4H,SiMe, )

The success of the method seems, thus, to be very dependent on the precise
experimental conditions (surface state of silica, reactivity of the functional ligands,
ligand concentration etc.).

Both methods were successfully used to immobilize enantioselective hydrogenation
catalysts. These catalysts are essentially diphosphine Rh(I) complexes; they can
achieve enantiomeric purities (ee) as high as 100%. Their heterogeneization implies
a modification of the phosphine ligands by introduction a functional group, such as
NH or OH which will allow their anchoring on a solid surface. The disphosphine
pyrrolidine-based ligands, developed by Nagel [11] and Pugin [12] fulfil this require-
ment. One of the best so far reported immobilized catalysts (Scheme 3) is synthesized
following the second approach (eq. 5): 100% ee is reported for the hydrogenation
of methyl acetamidecinnamate [11]. (eq. 9)

s\_COOCH, ’ _scoocH,
2
HNT 3 m\n/
© %)

Similar catalysts, prepared by reaction of the same Rh complex, Rh(COD),BF,
with silicas previously functionalized, as described in Scheme 4, give ee’s up to 94.5%
for the same reaction.

These latter catalysts are, according to their authors, more advantageous because
the functionalization is performed from the easily available linker, 3-isocyanato-
propyltriethoxysilane, OCN(CH,);Si(OEt),, and the catalysts are of low “molecular
weight”’. These catalysts are reportedly easy to separate and re-use [12]. Interestingly,
the catalysts obtained with these same functionalized silicas from the neutral com-
plexes [M(COD)Cl], (M =Rh, Ir) are as active as their homogeneous counterparts,
but they show an activity drop with increasing metal loading. This latter effect is
correlated to the formation of chloride bridged Rh- or hydrogen bridged Ir- dimers,
for the higher metal loadings. As the authors point out, this phenomenon hampers

ph,p— Rh(COD)"

Scheme 3. Silica anchored enantioselective hydrogenation catalyst [11].
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Scheme 4. Method of synthesis of a silica anchored asymmetric ligand according to Ref. [12].

any future industrial application of these latter catalysts because their productivity
(expressed as volume substrate converted/volume catalysts) is too low and leads to
severe handling problems [12].

In conclusion, this general type of supported homogeneous catalysts, i.e. the
catalysts anchored to a solid via a ligand, was tested for a number of reactions,
including hydrogenation, hydroformylation, hydrosilylation, isomerization, dimer-
ization, oligomerization and polymerization of olefins, carbonylation of methanol,
water gas shift reaction, various oxidation and hydrolysis reactions [1]. Although
their catalytic properties are, in some cases, as good as those of their homogeneous
counterparts (and sometimes even better), so far none, to our knowledge, has had
any industrial application. This is correlated to the frequent observation of significant
metal leaching, a problem which is in many cases directly related to the catalytic
reaction investigated. Thus, for example, an anchored Wilkinson type catalyst
(RhCI(PR;),(PR,x=0Si=) will not be stable, under the conditions of hydrogenation
or hydroformylation of olefins towards metal bleeding because the mechanism of
this reaction implies a step of decoordination of a phosphine ligand to allow for the
coordination of the entering olefin. A high surface concentration of anchored phos-
phines and a low ratio [[metal]/[ligand] were recommended either to allow for the
coordination of two neighbouring phosphines, so as to stabilize the complex via a
chelate effect, or to favor the recoordination of a surface phosphine during the
catalytic cycle. Alternatively, it seems that, in this precise case, one must simply
reconsider the method of immobilization of the metal complex, and choose one
which is better adapted to the target reaction (see, for example, the sol-gel procedures)

2.2. Encapsulated, intercalated or entrapped catalysts

The objective, clearly, is to improve the stability of the metal complex under the
reaction conditions by preventing the catalytic species from dimerizing or aggrega-
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tion, and to tune the selectivity of the reaction using the walls of the pores of the
solid via steric effects. The encapsulation of transition metal complexes in inorganic
solids was mainly performed by three methods. Two of them introduce (or synthesize)
the complex inside the porous network of a pre-formed solid either by encapsulation
or by intercalation; the third one uses the complex as one of the reactants in the
mixture of synthesis of the solid: the complex is, thus, entrapped inside the pores.

2.2.1. Encapsulated catalysts

In this approach, the metal is introduced in the pores of a solid (mostly large
pore zeolites) either via cation exchange or as a complex labile towards ligand
substitution. The ligands [CO, PR, 1,2-dicyanobenzene, N,N'-bis(salicylidene)ethy-
lene diamine (H,Salen) and more recently 5,7,12,14-tetramethyl-1,4,8,
11-tetraazacyclotetradeca-4,6,11,13-tetraene (TMC)] are then introduced under the
conditions of complex formation. The first examples have concerned metal carbonyl
clusters, such as Rhg(CO),6, Ruz(CO)y,, Iry(CO),;, which were synthesized inside
the large pores of zeolites such as HY, NaY or 13X [13,14]. In contrast to those
supported on nonporous inorganic oxides, the zeolite entrapped carbonyl clusters
are stable toward oxidation-reduction cycles. As carbonyl clusters are not among
the most active known catalysts, because they are saturated entities, their interest
resides essentially in more fundamental aspects of catalysis [ 14]. At high temperature,
under vacuum or reducing conditions (such as CO, H,), these metal carbonyl clusters
aggregate to small metal particles, whose size is restricted by the dimensions of the
zeolitic framework. For a number of catalytic reactions, the size of the pores controls
the size of the products formed; thus a higher selectivity to the lower hydrocarbons
has been reported for the Fischer Tropsch reaction.

The strong similarity of zeolites with the protein portion of natural enzymes was
emphasized by Herron [15]. The protein protects the active site from side reactions,
sieves the substrate molecules and provides a stereochemical demanding void. These
remarks induced research in the field of metal complexes encapsulated in zeolites
which would mimic these metalloenzymes for oxidation reactions. Two types of
complexes were essentially used, the Salen and the phtalocyanine (Pc) complexes;
their dimensions fit that of the large pores of available zeolites. The number of such
zeolites is very limited (Fig. 1). Thus, the aluminosilicate Faujasite (X, Y, EMT)

Fig. 1. Structures of (a): Faujasite (zeolite Y), framework viewed along [111], pore diameter: 7.4 A; and
(b): VFI (VPI-5), framework viewed along [001], pore diameter; 12.1 A [147].
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Scheme 5. Synthesis of encapsulated phtalocyanine complexes.
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Scheme 6. Ship-in-the-bottle synthesis of encapsulated Salen complexes.

encapsulates Rh(11I)Salen, Co(II)Salen, Mn(Salen)*, Pd(Salen), Fe(Il)Pc, CoPc
and FeTMC [16-23]. The aluminophosphate VPI-5 is able to accomodate FePc [24].

The ligand 1,2-dicyanobenzene enters easily the pores of these two zeolites; the
large ligand H,Salen and the macrocycle TMC are flexible enough to enter these
pores (Schemes 5 and 6).

In both cases, the complex formed is like a “‘ship-in-a-bottle”, confined in the
super cages of the zeolite: this explains the reported greater stability of these catalysts
as compared with the same complexes in solution. No metal leaching is observed,
as long as the complex is exclusively inside the pores.

For all reactions tested, i.e. oxidation of alkanes or alkenes, hydrogenation of
alkenes, and for all such encapsulated catalysts, a high selectivity in competitive
reactions is observed, which is correlated to molecular sieving effects (reactants size
selectivity effect), and a better regioselectivity is obtained (the 2 position favored
over the 4 position in the oxidation of n-octane, for example) [16,18,19,25]. These
good selectivities are associated, as expected, with lower activities due to more or
less severe diffusion limitations.

2.2.2. Intercalated catalysts

This method introduces the cationic catalyst as such between the silicate layers of
swelling clays, such as smectites, by the conventional ion exchange procedure
(Scheme 7).
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e —— silicate layer
silicate layer —

Na(H,0)* + ML* X —— ML * X
silicate layer

silicate layer

Scheme 7. Synthesis of intercalated complexes.

Thus, complexes such as Rh(NBD)(PPh;); (NBD: norbornadiene) or
Rh(DPPE)(NBD)", (DPPE=1,2-bis(diphenyldiphosphino)ethane), Rh(COD)-
(S)-BINAP)* and Rh(COD)[(S)-(R)-BPPFA)]*(COD: cyclooctadiene) were inter-
calated in hectorite [26-28]. In all cases, an increase of the interlayer spacing, as
determined by XRD, strongly suggests that a true intercalation occurred. These
catalysts were tested for various reactions of hydrogenation of alkenes and alkynes,
of asymmetric hydrogenation of «,f-unsaturated carboxylic acid esters. A strong
solvent effect is generally observed, which correlates to their swelling efficiency. The
differences in selectivies as compared with those of their homogeneous analogs reflect
steric effects, but also surface chemical effects. In the case of asymmetric catalysis
[28], the dependence of the selectivity on the solvent and bulkiness of the ester
group suggests that the interaction between the substrate and the active site increases
in the interlayer space, thus enhancing the enantioselectivity. But, problems of metal
leaching are not fully solved, so that in some cases, the functionalization of the
interlayer and the utilization of the methods described by eq. 4 are recommended
[29]. Because the size of the interlayers can be easily adjusted by incorporation of
complex moieties of different sizes, these clays (montmorillonites, hectorites etc.)
may, nevertheless, compete with zeolites, which have a rigid, predetermined size.

2.2.3. Entrapped catalysts

In this approach, the metal complex is introduced directly in the mixture of
reactants used for the synthesis of the solid support. Work in this area was pioneered
by Panster et al. [30]. Thus, for example, the sol-gel processing of the functionalized
complexes, (RO);Si~L'ML, leads to a solid with homogeneously distributed metal
entities through the whole material. The catalyst is entrapped in the solid, but as
porosity and surface area can be easily tuned, access of the reactants to the metal
center is possible. A detailed study of the catalytic properties of Wilkinson type
catalysts, homogeneous or heterogenized by different methods, shows that the sol-
gel processed catalysts show similar activities (example concerns the hydrosilylation
of 1-hexene by triphenylsilane), but that they are definitely much more stable [31].
A number of other entrapped complexes as well as their sulfonated analogs and
their quaternary ammonium salts have already been prepared by this procedure and
successfully tested for reactions such as isomerization, hydrogenation and hydrofor-
mylation of olefins, hydrogenation of «,f-unsaturated olefins; the results all confirm
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the superior stability of these latter catalysts, and their reasonable activities if one
considers that all catalytic centers are not accessible [28,31-34].

Similarly, metal complexes can be introduced among the reactants for the hydro-
thermal synthesis of zeolites; they will thus be entrapped in the porous network of
the zeolite [35].

In conclusion, the problems encountered with encaged complexes clearly show
the importance of finding new porous solids, able to accommodate the metal com-
plexes of interest and allow for the diffusion of reactants and products. The synthesis
of a novel family of mesoporous silicoaluminates, MCM-41 and HMS [36-38], with
pore diameters comprised between 20 and 100 A, tunable via the size of the template
used for the synthesis, seems promising. But, given their structure (straight monodi-
mensional channels) metal complexes cannot be encapsulated, so that the inner
surface must be functionalized exactly as any inorganic oxide [39,40]. But, one can
expect to obtain good selectivities by the simultaneous choice of the metal complex,
the size of the substrate and the pore diameter.

2.3. Supported liquid phase catalysts

Catalysis in biphasic media is one of the most elegant and efficient ways to solve
the problem of catalyst recovery. Many excellent reviews are available and industrial
processes are currently running [41-45]. This method is, as all others, not applicable
for all situations, and particularly when the solubility of the reactants in the catalyst
phase is too low: then the activity is correlated to the interfacial surface, which is
small. In these cases, supporting the catalyst in a thin film of liquid deposited on a
solid of high specific surface area improves significantly the activity.

The synthesis of supported liquid phase catalysts was described for the first time
in 1939 [46]. Their domain of application and a first description of their mode of
operation were later reported simultaneously by Acres et al. [47] and by Rony
[48,49]. The method, inspired from gas liquid chromatography, uses a catalyst
deposited on the surface of a high surface area porous inorganic oxide in a thin film
of a non volatile solvent; reactants and products are in the gas phase. This technique
was applied for the isomerization of pentene-1 catalyzed by RhCl; (in a film of
ethylene glycol) and to the hydroformylation of propene catalyzed by
(Ph;3P),Rh(CO)CI (in a film of benzylbutylphtalate). The amount of solvent must
be large enough to constitute a small film on the solid, but low enough to avoid
pore plugging, that restricts diffusion of the reactants. The phosphine itself, molten
under the reaction conditions, can serve as solvent [50-53]. This method seemed to
be suitable only for gaseous reactants and products since the presence of flowing
organic liquids can draw the supported liquid out of the system. High temperatures
of reaction are, thus, needed which can also bring about the volatilization of the
solvent involved in the liquid phase catalysts. To avoid this, membrane reactors
were employed [54].

Renewed interest for this type of method came recently from its adaptation
to the immobilization of water/organic solvent biphasic catalysts, resulting
in the so-called supported aqueous phase catalysts (SAPC) [55]. The molecular
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catalyst is immobilized via water, hydrogen bonded to the surface silanol groups;
reactants and products are in the organic phase (Scheme1). Thus,
HRh(CO)(tppts);/H,O/silica (tppts=sodium salt of tri(m-sulfophenyl ) phosphine)
catalyzes the hydroformylation of heavy and functionalized olefins, [56-60] the
selective hydrogenation of o, unsaturated aldehydes [34] and the asymmetric hydro-
genation of 2-(6"-methoxy-2"-naphtyl) acrylic acid, a precursor of naproxen [61-63].
More recently, this methodology was tested for the palladium catalyzed reactions
of Trost-Tsuji (allylic substitution) and of Heck (olefin arylation) [64,65].

In most cases, the SAP catalysts are less active than their homogeneous counter-
parts, but more active than their liquid biphasic catalyst, a phenomenon very simply
interpreted as the result of the increase of the interphase surface area which in the
case of the SAP catalysts is close to that of the silica support. This is illustrated by
the results obtained with the system Pd(OAc),/5tppts under biphasic or SAP condi-
tions for the reaction of allylic substitution (eq. 10) and given in Table 1 [66].

Ph

Ph\/\/OCOzEt +NuH — \/\/N”+ EtOH + CO,

NuH: ethyl acetoacetate, morpholine (10)

With CH;CN as a solvent, the SAP catalysts show an activity lower than the
biphasic system, independently of the water content of the solid and of the nature
of the nucleophile; this must be correlated to total miscibility of H,O and
CH,CN. With ethylacetoacetate, the SAP catalyst is highly selective in accordance
with the low water concentration (in H,O/CH;CN, cinnamyl alcohol forms).

With PhCN as a solvent, the SAP catalyst is superior to its truly biphasic analog
for both nucleophiles, whatever its water content; maximum activity of the SAP
catalyst is observed with water contents close to approximately 50 wt.% H,O (which
is close to that necessary to fill the pores of the silica support). Finally, the SAP
catalyst is, in all cases, more stable towards degradation to metallic particles.

The SAP methodology is still in its infancy and although the importance of the

Table 1

Catalytic properties of Pd(OAc),/5tppts in H,O/nitrile (1/1) and under SAP conditions [66]

Nucleophile Solvent Catalyst type T(°C) Conv. (%) Sel.(%)¢

Ethylacetoacetate CH,;CN biphasic 80 502 50¢
CH;CN SAP (22% H,0) 80 40* 95
PhCN biphasic 80 0°
PhCN SAP (32% H,0) 80 90® 95¢

Morpholine CH;CN biphasic 50 85¢ 100
CH;CN SAP(50% H,0) 50 30¢ 100
PhCN biphasic 50 5¢ 100
PhCN SAP (50% H,0) 50 95¢ 100

2After 8 h; Pafter 40 min; after 5 min.
dFor the monoalkylated product; °cinnamyl alcohol formed; fdialkylated product formed. SAP catalyst
is supported on a mesoporous (pore J: 24 nm) silica from Grace.
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water amount of the solid has been stressed by all authors, a complete evaluation
of the catalytic behavior has not yet been performed: kinetic data, recycling tests,
determination of the level of metal leaching and of the possible water loss into the
organic solvent must be properly determined before any industrial application can
be safely considered. Presently, the range of potential applications is widely open,
as only very few substrates, reactions, solid supports, polar or non volatile solvents
were tested.

3. Heterogeneous molecular catalysts

As we defined in the Introduction, we will distinguish two types of heterogeneous
molecular catalysts: (1) those which are synthesized from an organometallic complex
by its reaction with the surface of an oxide: the grafted complex is precisely the
catalyst or the catalyst precursor (heterogeneous organometallic catalysts); (2) those
which use an organometallic complex only to introduce the metal site on a surface;
the labile ligands of the grafted complex are then replaced by ligands adapted to
the target reaction in accordance with known homogenous or heterogeneous catalysts
(heterogeneous molecular catalysts).

3.1. Heterogeneous organometallic catalysts

Most of the complexes which were heterogeneized “intact” have in their coordina-
tion sphere mainly “soft” ligands; a direct bonding between the metal and the
functional groups present on the surface of inorganic oxides, introduces ‘“hard”
ligands in the first coordination sphere of the metal. This will generally lead to
important changes in the chemical and catalytical properties.

3.1.1. From metal carbonyl clusters

The anchoring of metal carbonyl clusters on inorganic oxides was studied very
extensively in the 1980s with many different objectives, most of them directly related
to the structure of these complexes. Indeed, the presence of bonds between metal
atoms in their zero oxidation state has lead to the assumption that these complexes
might mimic small metal particles, covered with carbon monoxide [67,68]. This
latter hypothesis was not verified, but complexes such as M;(CO);, M=0s, Ru,
M4(CO),, (M: Co, Ir) or Rhy(CO),, were shown to be excellent precursors of small
metallic particles [14]. The small size seems to be related to the preexistence of the
metal in its zero oxidation state; this avoids a reduction step under severe conditions,
which generally favor sintering. This is also the supposed origin of some of the
differences in the catalytic properties of particles synthesized using these precur-
sors [14].

The reactivity of a metal carbonyl cluster and the surface of inorganic oxides is
now well known. Table 2 shows some of the reactions which were evidenced; they
are those well known in molecular organometallic chemistry. It is then clear that,
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Table 2
Some of the types of surface reactions between an organometallic complex and an inorganic oxide

Surface sites  Type of reaction Examples Ref.

Bronsted acid  Electrophilic attack SnR,+ =SiOH—-=SiOSnR; +RH [69]
Oxidative addition Ru;(CO),,+=SiOH—(=Si0)(H)Ru;(CO),,+2CO [70]
Protonation of a X3;W=CCMe; + =SiOH—(=Si0) X;W=CHCMe;, [71,72]
M=C bond

Bronsted base Nucleophilic attack Fe;(CO),, + =AIOH—=Al *[HFe;(CO),;]~ [73]

on a coordinated CO
Hydride abstraction ~ H,FeOs;(CO),;+-MgOH —[HFeOs;(CO),5] 1/2Mg>*  [74]

Disproportionation  Co,(CO)g +-MgOH—Co?* 4+[Co(CO); ],Mg?* [75]
Lewis acid Formation of a tight (CO),Co -Mg?"—Co(CO); [75]
ion pair
Lewis base Nucleophilic attack ~ Fe(CO)s+Mg?*0*~ -[(CO),Fe(CO,)] Mg* [76]

on a coordinated CO

now, one should be able to predict the nature of the surface complex formed by
reaction of any organometallic complex with any inorganic oxide.

Most of the resulting anchored complexes do not show exceptional catalytic
properties: they were tested for a number of reactions, such as CO hydrogenation
[77], water gas shift [78], but the most soundly proven catalysis by metal carbonyl
clusters concerns hydrogenation of ethylene [79,80] and isomerization of olefins
[81,82]. Catalysis by such metal carbonyl clusters does not seem to have any future
industrial application: these supported carbonyl clusters are either very unstable
towards degradation under reaction conditions or are so stable that they are
almost inactive.

In our opinion, the main interest of these studies resides in the fact that they
allowed a good rationalization of the surface chemistry of a number of inorganic
oxides. In particular, methods were developed to determine accurately the nature of
the surface functional groups present on the most common supports used for
heterogeneous catalysis (silica, alumina, silica—alumina, magnesia) and their concen-
tration as a function of their pretreatments [83-93]. The most studied system was
undoubtedly Os;(CO),,/Si0,, for which the anchoring reaction is an oxidative
addition of surface silanols across an Os—Os bond, which results in the formation
of the surface complex (=SiO)(H)Os;(CO),,: (eq. 11)

055(CO),, + =SiOH —(=Si0) (H)Os3(CO),, +2CO (11)

A large battery of techniques were used to prove the occurrence of this reaction
and the precise structure of the anchored cluster: IR [94-96], Raman [97] and MAS
NMR [98] spectroscopies, quantitative volumetric measurements, EXAFS, [99,100]
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synthesis of molecular analogs such as (Et;SiO)(H)Os;(CO),, [101] and computer
modelling [102,103].

It is now admitted that the reactivity of organometallic complexes towards inor-
ganic oxides closely parallels the related solution organometallic chemistry (same
type of reactions), but owing to the rigidity of the surface of the solids, consecutive
reactions are less numerous or even suppressed. This property was used in different
ways. It allowed the clean synthesis of some large metal carbonyl clusters, difficult
to obtain in a pure form by solution reactions [104-106]. It allowed the design of
anchored catalysts for a given target reaction; the knowledge of the surface chemistry
and of the mechanisms of homogeneous (and/or heterogeneous) catalysis leads to
the choice of the best couple complex/support. We will give two examples which
show the potential of this latter approach, but also some of the difficulties which
are still encountered.

3.1.2. From alkyl and alkylidyne complexes

3.1.2.1. For the metathesis of olefins.  In heterogeneous catalysis, the most active
catalyst is Re,0,/Al,0; with or without an alkylating agent such as SnR,, but the
precise nature of the active site is still a matter of debate [107-111]. In homogeneous
catalysis, most active homogeneous catalysts now incorporate a metallocarbene
[112-116] or a metallacycle [117,118] and the mechanism generally admitted is the
metallocarbene mechanism of Chauvin [119,120]: (eq. 12)

Rw+ R #le R :__R R_—=-R\-=+/R
[] (R' [M:I‘—_(R' \Miw L (12)

Based on these data, the synthesis of heterogeneous molecular catalysts was
attempted using as precursor complexes CH;ReO; and X;W=CCMe; (X =Np,
Cl), respectively. The first complex, CH;ReO;, inactive towards metathesis of olefins,
becomes active when chemisorbed on alumina, silica—alumina [121], or on niobia
[72]. The latter support leads to the most efficient catalyst. A correlation between
catalytic activity and Lewis acidity of niobia was observed and the presence of the
methyl fragment was demonstrated; but at least three different methylrhenium sur-
face complexes are present on the surface, as suggested by *C MAS NMR data.
Finally, the formation of 3-methyl-butene-1, but also of 2,4-dimethyl-2-pentene,
probably 5-methyl-2-hexene and isobutene by the stoichiometric reaction of
trans-2,5-dimethyl-hexene-3 suggests the occurrence of an intermediate n-allyl
species, correlated to the partial reduction of the initial Re"™ complex to Re¥ [122].
Therefore, the catalyst cannot be considered as a well-defined heterogeneous molecu-
lar catalyst and the observed activity reflects the variety of surface complexes formed
from CH;ReO;. Finally, the presence of the expected methylidene complex
[Re]q=CH, could not be confirmed. This study clearly shows that although the
precursor complex is rather simple, its reactivity is complicate with a surface like
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niobia, which possesses both Bronstedt and Lewis surface sites able to react with
either the Re—C bond or the Re=0 bond, a reactivity difficult to control.

In the case of X;W=CCMe; (X =CIl, Np), one expects that the major reaction
would be the addition of a surface hydroxyl group on the carbynic bond which
leads to the expected neopentylidenetungsten surface complex. In this case also, a
complete study with niobia as support evidences many surface reactions, whose
relative importance is function of the pretreatment [123] (Scheme §).

N
Xx; w E+

Scheme 8. Some of the possible reactions between the surface of niobia and the complex
X3;W=CCMe;,.

Thus, because there are different ligands around the metal center, which all are
reactive with the surface functional groups under very similar conditions, we obtain
an active catalyst for the metathesis of olefins, but yet far from being clearly
identified. One faces, thus, the same difficulties as with traditional heterogeneous
catalysts.

These examples clearly show that the formation of only one type of surface species
needs the use, as precursor species, of a complex in which the metal center bears
only one type of ligands, susceptible to react with only one type of surface functional
groups. The synthesis of Zr-based molecular catalysts illustrates perfectly this
concept.

3.1.2.2. For the hydrogenolysis of alkanes and the dehydrocoupling of
silanes.  Among the organometallic complexes able to perform these two reactions,
one finds alkyl and hydride d° complexes of early transition metals and lanthanides
[124-131]. For both reactions, the electrophilicity of the metal is an important
parameter which influences the first step of the catalytic cycles, i.e. the C-H and the
Si-H bond activation:

[M]—H+=C—H-[M]-C=+H, (13)
[M]—H+=Si— H-[M]—Si=+H,. (14)
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Dimerization of the active [M ]-H entity is one of the generally admitted deactiva-
tion processes. It was shown [132-134] and recently confirmed [135-137] that it is
possible to synthesize very electrophilic and thermally stable zirconium hydrides
anchored on the surface of silica, starting from the homoleptic tetraneopentylzircon-
ium, ZrNp,, and the surface of a silica. The first reaction is a protonolysis of the
alkyl complex by the surface silanol groups, the second one is a hydrogenolysis
reaction: (eqs. 15-16)

ZrNp4 + =Si-OH — =Si-OZrNp; + NpH
1 (15)

=Si-0ZtNp; + H, — (=Si-0)4.ZrHy + 9CH, +3C,Hg  x=1, 2.
1) @ (16)

By choosing a silica with only isolated surface silanol groups (i.e. dehydroxylated
at 500 °C under vacuum) and by using a substoichiometric amount of ZrNp,, one
restricts the reaction to the formation of the trisneopentylsurface complex (1) and
a good dispersion of the related zirconium hydride species. Moreover, the reaction
of this complex with the surface leads to the liberation of neopentane, a molecule
totally inert towards the surface; this avoids the subsequent reactions often encoun-
tered with other precursors such as chlorides, for example.

The supported zirconium hydrides hydrogenolyze alkanes [138] (eq. 17, Fig. 2)
and polymerize silanes [139] (eq. 18, Fig. 3), both under mild conditions: (eqs. 17-18)

C(CH3)4 + HZ Ed (CH3)2CHCH3 + CH4 - ... C2H6 + 3CH4 (17)

i
n RSiH, —’T" H‘Esli}H
H, "o (18)

For the catalytic dehydrogenative coupling of silanes, the performances of these
[Zr]—H complexes are quite different from those observed with homogeneous zirco-
nium hydride complexes [140]; thus, all types of silanes are activated (primary,
secondary and even tertiary) and the rate of polymerization is higher. Finally, for
some silanes, such as Et;SiH for example, both Si-H and C-H bonds are activated
[139]. Alkane hydrogenolysis was never reported with homogeneous zirconium
hydrides, but one can reasonably think that methane would not be activated by
these latter complexes, because of the temperature needed (150 °C), a temperature
well above the domain of stability of these complexes. The outstanding properties
of the silica supported zirconium hydride complexes seem to be correlated to the
“solid” ligand, through electronic and/or immobilizing effects. Formally an eight
e~ species, the surface zirconium hydrides are highly electron deficient entities when
compared with the 16 e~ cyclopentadienyl stabilized molecular complexes.
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Fig. 2. Hydrogenolysis of neopentane at 100 °C catalyzed by (=SiO);ZrH. Evolution of the composition
of the gas phase as a function of time ( pn,n =40 Torr, py, =200 Torr); (1 methane; O ethane; + propane;
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Fig. 3. Mass distribution of the polysilanes obtained by dehydrocoupling of n-hexylsilane catalyzed by
(=S8i0);ZrH, as determined by SEC (calibrated against polystyrene).

Immobilization of these hydrides on a solid surface also accounts for their remarkable
stability toward temperature (up to 200 °C) and dimerization [137].

3.2. Heterogeneous molecularly dispersed catalysts

The poor selectivity of heterogeneous catalysts (supported metals or oxides) is
often correlated to the presence of numerous types of potentially active sites on the
surface of the solid, the metal center being in various chemically, electronically
and/or structurally environments. When the target reaction needs isolated sites, then
again the organometallic approach must be considered. We will illustrate this
approach with two examples taken from our work on Zr-based catalysts: they
concern the reactions of hydrogen transfer between ketones and secondary alcohols
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(Meerwein—Ponndorf-Verley reduction and Oppenauer oxidation) and epoxidation
of olefins by H,0,.

3.2.1. For the hydrogen transfer between ketones and alcohols (M PV O reactions)
The hydrogen transfer reaction between ketones and secondary alcohols (eq. 19)

is catalyzed inter alia in the homogeneous phase by group 4 metal alkoxides,
M(OR),. [141]

R R
\C o \CH OH =—= CH— OH \C e}
= + - — + =
/ 7 Z /s
R2 R R2 R (19)

The deactivation of these homogeneous catalysts is generally explained by their
extensive self association, via alkoxy bridges. With bulky ligands self association is
restricted, but access of the reactants to the metal center is more difficult, hampering
the observation of good activities. We have recently shown that controlled alcoholysis
with isopropanol of the supported complex (=SiO)ZrNp; leads (eq. 20) to the
related supported Zr isopropoxy complex, (=SiO)Zr(Oi-Pr);, an active and recycla-
ble catalyst for the MPVO reaction [142].

(=Si0)ZrNp; + 3i— PrOH—(=Si0)Zr(Oi— Pr); + 3NpH (20)

) @)
Table 3 illustrates some of the properties of this heterogeneous molecular catalyst.
Several points warrant comment: (i) the supported complex is an active catalyst
for both Meerwein—Ponndorf—Verley and Oppenauer reactions, the reactivities of

Table 3
Catalytic properties of (=SiO)Zr(OiPr); for the reactions of hydrogen transfer between ketones and
alcohols

Substrate Reductant (oxidant) [substrate]/[Zr] T (K) % Conv.

¥

iPrOH?* 72 353 75¢
iPrOH?* 50 353 38¢

O
PhC(O)Me 40 383 490

/Li
PhC(O)Me 40 383 554
OH PhCHO 72 383 49°

aSolvent: iPrOH. After 6 h, solvent: toluene. ®After 20 h. 9Solvent: octane.
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the different substrates being explained by steric and/or electronic effects, and by
the relative stability of the intermediate alkoxyzirconium complexes towards alco-
hols; (i1) Zr(OiPr), under the same experimental conditions is totally inactive, a fact
which must be correlated to its self association; (iii) this supported Zr complex is
more active than the silica supported Zr catalyst obtained from Zr(OiPr), [143];
(iv) no Zr leaching was detected and this catalyst can be recycled without significant
loss of activity by simple filtration and in some cases regeneration with boiling
isopropanol.

These observations strongly suggest that this silica supported tris(isopropoxy)-zir-
conium complex is a true mononuclear complex, self association being avoided by
an initial good dispersion of Zr on the silica surface (silica was partially dehydroxy-
lated so as to have only isolated surface silanols, and a low Zr loading was used)
and by the stability of the Zr—[O], bond under the reaction conditions.

3.2.2. For the epoxidation of olefins by H,0,

The best heterogeneous catalyst for the epoxidation of olefins, using aqueous
H,O0, as oxidant, is presently the ENICHEM catalyst, a titanosilicalite, TS-1 [144];
in this solid, the titanium, which is substituted for silicium in the framework of
silicalite, is perfectly isolated (no Ti—O-Ti bonds). This structural property is consid-
ered as the key parameter of the high selectivity for epoxide formation. But this
catalyst is not accessible to large molecules (pore size: 5.6 A), so that the search for
a non-microporous catalyst, stable in presence of water, is still a challenge. Three
zirconium-based solids were synthesized, as shown in Scheme 9.

Complexes (4) and (5) differ by the number of surface anchoring bonds. Surface
complex (6) is not yet fully identified: it is tentatively considered as either a surface
zirconyl species (=Si0),Zr=0 or a tetraasiloxyzirconium, (=Si0),Zr [145].

The results of the tests of oxidation of cyclohexene with H,O, (Table 4) are very
surprising for several reasons: (i) Zr-based catalysts are reportedly poor catalysts in
the homogeneous or heterogeneous phase [146]. The activity of these supported
catalysts compares with that of conventional amorphous titanium-based solids: total
epoxidation yields (including diol) are close to 55%. (ii) No metal leaching into the
solution could be detected. (iii) Differences in terms of activity per Zr, and of
selectivity are observed between the three solids, which seem to be correlated to the
structure of the precursor surface entity, but may also be a function of Zr concen-
tration, a factor which may govern the extent of site isolation.

)4 y —=Si- (()4;Zr (OH),
=si-o0-z_—X H,0 (=Si0); ZrOH
T (=si0), z7H =7 (5)

2
(1) ) A (g

Scheme 9. Synthesis of heterogeneous molecular zirconium based catalysts [145].
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Table 4
Catalytic properties of Zr-based molecular heterogeneous catalysts for the epoxidation of cyclohexene
with H,0,

Catalyst Zr (wt.%) H,O0, conv. (%) Select. (%) Tot. select. (%)
Epoxide Diol

4 0.93 76 63 8 71

5 0.67 68 59 6 65

6 0.37 72 70 5 75

4. Conclusions and perspectives

This short overview highlights the many possibilities which are already available
to synthesize well-defined and efficient heterogeneous molecular catalysts for a given
target reaction. The approaches are as numerous as are the reactions one can
envisage. Many others are emerging using dendrimers, mixed solids such as films of
polymers on the surface of inorganic oxides, nanotubes of carbon, mesoporous
solids etc. There is a clear demand for such catalysts, but this supposes that these
new molecular heterogeneous catalytic systems are simultaneously well characterized,
efficient and stable for the target reaction. Most studies still concentrate only on
one of these aspects; thus, the literature is full of examples of very nice systems,
characterized after considerable effort, which appeared to be uninteresting catalysts,
while excellent catalysts are described by a crude hypothetical scheme. It is our
opinion that the design of an heterogeneized molecular catalyst or of an hetero-
geneous molecular catalyst must incorporate, at first, all the available data from
solid-state and organometallic chemistries, from heterogeneous and homogeneous
catalysis, but also the parameters of the target reaction. These latter include not
only the precise nature of the reactants, but also of the main and secondary reaction
products, the solvent and the experimental reaction conditions (temperature, pressure
etc.). Although some of the causes of metal leaching, one of the major drawbacks
of this type of catalysts, can be easily suppressed by choosing the proper precursor
complex and method of immobilization, it appears that the reactivity, and thus the
stability, of the anchoring bonds are still almost unknown.

However, even when following such a rigorous methodology, much room is left
for the imagination and innovation. The chances of success will certainly rely on a
better cooperation between specialists in the fields of polymers, inorganic solids,
organometallic complexes, organic chemistry and catalysis.
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