
Journal of Organometallic Chemistry 689 (2004) 3953–3967

www.elsevier.com/locate/jorganchem
Review

Functional ligands and complexes for new structures,
homogeneous catalysts and nanomaterials

Pierre Braunstein *
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Abstract

In this account, we focus on results from our laboratory to illustrate recent developments in various fields of organometallic

chemistry. Studies on hemilabile P,N donor ligands and on the ion-pair behaviour of cationic Pd(II) complexes have led to the full

characterization of complexes with g1-allyl ligands. This still rare bonding mode for the allyl ligand in palladium chemistry allows

facile insertion of CO into the Pd–C r-bond, in contrast to the situation in related g3-allyl Pd(II) complexes. In order to develop new

homogeneous catalysts for the selective dimerization and oligomerization of ethylene, a range of Ni(II) complexes have been pre-

pared with new chelating P,N ligands where P represents a phosphine, phosphinite or phosphonite donor group and N a pyridine or

oxazoline moiety. Finally, we shall examine bottom-up approaches to the formation of new nanomaterials of magnetic or catalytic

interest by covalent anchoring of metal complexes and clusters into mesoporous materials using functional phosphine or alkyne lig-

ands containing an alkoxysilyl group.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Over the past 40 years, organometallic chemistry has

experienced major developments and given rise to nu-

merous breakthroughs of considerable academic and in-
dustrial importance. Its scope and relevance to other

areas of chemistry as well as the depth of understanding

of its numerous facets are very impressive. Structural in-

vestigations and advanced theoretical studies make it

now possible to analyze much more complex structures

and reactivity patterns than ever before. However, a

complete understanding of the interplay between elec-

tronic and steric properties and between structures (gen-
erally determined in the solid state for a collection of
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molecules) and reactivity (observed in solution at the

molecular level) often remains a challenge. This is large-

ly due to the considerable diversity encountered within

the Periodic Table and the fact that relatively small en-

ergy differences can translate into large variations of re-
activity, particularly in catalysis.

Owing to the continuous developments in synthetic

organic methodologies and discovery of new efficient

tools, increasingly involving the (catalytic) use of metals,

ligand design has become a major component of syn-

thetic chemistry, including toward the search for new

chemical or physical properties [1]. This is not limited

to molecular chemistry and the templating effect of lig-
ands is now commonly used for the preparation of mes-

oporous materials and new solid-state architectures [2].

Such an endeavour is motivated by the subtle control

that ligands exert on the structure and reactivity of the
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metal coordination sphere. In particular, ligands which

contain significantly different chemical functions, such
as hard and soft donors (often called hybrid ligands)

find increasing use in chemistry because of the selectivity

introduced in the metal–ligand interactions and their

possible dynamic behaviour (see below) (Scheme 1)

[3–6]. Such ligands may also be considered as derived

from a pair of parent homofunctional ligands and it is

usually observed that the ‘‘child’’ has gained new prop-

erties when compared to either of its ‘‘parents’’.
Newmolecular interactions and properties may – even

if discovered serendipitiously – allow the emergence of

useful concepts that help tailor molecular structures ori-

ented towards a given property. This is for example the

case with the concept of ligand hemilability, which finds

numerous illustrations with hybrid ligands, and refers

to systems containing at least one substitutionally labile

donor function Z while the other donor group(s) D re-
main firmly bound to the metal(s) (Scheme 2) [3–6].

The term ‘‘hemilabile’’ was introduced ca. 25 years

ago [7], although the phenomenon itself had been ob-

served earlier [8]. It was first investigated in mononu-

clear metal complexes but this concept can easily be

extended to dinuclear complexes [9] and metal clusters

[10] where the labile coordination site does not need

be at the metal ligated by the strong donor D but could
be at an adjacent site [Scheme 2(B)]. It should be empha-

sized that hemilability is not an intrinsic property of the

sole ligand but implies the metal–ligand couple. Al-

though the reversibility of the formation/displacement

of the Z!metal interaction represents an essential crite-

rion of hemilability, the irreversible ‘‘opening’’ or
M
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Scheme 2. Hemilabile behaviour of a hybrid ligand interacting with

one or two metal centres.
‘‘closing’’ of a chelate with participation of an external

reagent is nevertheless a sign of chemical reactivity [3].

This aspect will be illustrated below.

The identification of the conditions for the occurence

of new bonding patterns, even for well-known ligands, is

also of considerable importance since it may explain un-
usual situations or lead to new reactivity. Ligand design

has been particularly effective in promoting catalytic re-

actions and fine-tuning of the stereoelectronic properties

of the active site has met with considerable success, as

exemplified with – but not limited to – the fields of olefin

oligomerization and polymerization. More than 80 mil-

lion tons polyethylene and polypropylene are produced

annually and if most of them are prepared by Ziegler
or Phillips polymerization catalysts based on early tran-

sition metals, complexes of the late transition metals

arouse increasing interest in olefin oligomerization and

polymerization [11].

Functional ligands are also central to the emergence

of new mesoporous materials containing binding sites

that allow the specific incorporation of metal complexes

and thereby opening up new avenues for organic–inor-
ganic hybrid materials and the bottom-up design of na-

nomaterials [2b]. The latter find increasing applications

in various scientific areas ranging from biology and ca-

talysis to molecular electronics [12].

The fields of current international research men-

tioned above should just be taken as illustrative of re-

cent developments and cannot of course reflect the

whole diversity of organometallic chemistry. The pre-
sent account will focus on recent research in our labora-

tory that pertains to these aspects. We will discuss (i)

how studies on the hemilability of P,N ligands led to

the isolation and full characterization of rare Pd(II)

complexes with g1-allyl ligands, (ii) the use of new hy-

brid P,N ligands in the selective Ni-catalyzed oligomeri-

zation of ethylene and (iii) a bottom-up approach to the

covalent anchoring of metal complexes and clusters into
mesoporous materials by using functional phosphine or

alkyne ligands and the subsequent formation of new na-

nomaterials of magnetic or catalytic interest. We will

therefore not intend to provide a complete coverage of

the subjects but rather refer to more specific literature

references that the interested reader will be invited to

consult.
2. Functional, hemilabile P,N Ligands and Pd(II) g1-allyl
complexes

Early motivations for studying metal complexes dis-

playing hemilabile behaviour of their ligands mostly

dealt with the reversible coordination, stoichiometric

and catalytic activation and transport of small mole-
cules [3–6]. This is related to the ability of hemilabile lig-

ands to provide open coordination sites at the metal
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during reaction, while their ‘‘masking’’ in the ground-

state structure allows stabilization of reactive intermedi-

ates. Hemilability has been a very useful concept for the

design of new systems oriented toward molecular activa-

tion and homogeneous catalysis, including hydrogena-

tion, carbonylation or its reverse, hydroformylation,
allylation, epoxidation, olefin (co)dimerization and co-

polymerization [3,4,6], functional materials and small

molecule selective sensing, in particular of CO [5,13].

The difficulty in designing systems endowed with specific

properties is largely due to the small activation energy

involved in the dynamic processes which form the basis

of hemilability, often of the order of 50 kJ/mol.

In a recent review article, we have examined some ex-
tensions of the hemilability concept, and illustrated

properties of phosphorus ligands containing one or

more oxazoline moieties and shown why the combina-

tion of these two categories of donor groups appeared

particularly fruitful [3].

As part of our studies on the coordination chemistry

and catalysis with functional phosphine ligands such as

b-phosphino-ketones [14], -ester [8], -acids [15], or
-amides [16] of type 1, we became interested in incorpo-

rating oxazoline moieties in such systems, as shown

with 2.

R O

PPh2

1 R = Ph, OEt, OH, NPh2

O N

PPh2

R1

R1

2a R1 = H  (PCH2oxazoline)
2b R1 = Me  (PCH2oxazolineMe2)

For an evaluation of their coordination properties,

we first considered four-coordinated palladium(II) com-

plexes and generally observed the formation of strong

P,N chelates in complexes such as [PdMe(Cl)

(PCH2oxazoline)] and [PdMe(SMe2)(PCH2oxazoline)]

(O3SCF3) [17]. The bidentate coordination of the ligand
strongly differentiates the position trans to P and N and,

as observed in the copolymerization of CO and ethylene

[18], orients the incoming substrate and the growing

polymeric chain in a mutual cis arrangement [17].

Whereas a fast dynamic equilibrium was observed be-

tween the Pd(II) complexes 3a and 3b (Scheme 3) [19],

the PCH2oxazoline ligand in compound 4, which con-

tains a stereogenic metal centre, does not exhibit any
hemilabile behaviour although the chloride ion could

have competed for coordination to the metal [19].
Ru
Cl

O

N

Ph2P

4

Cl

These differences further illustrate the tuning of the co-

ordination behaviour of the phosphinooxazoline ligand

by the choice of the metal.

Since the PCH2oxazoline ligand 2a shows a strong

propensity to form stable chelates and is fairly inert to-

ward competition from external ligands, we introduced
the possibility of an intramolecular competition between

the two equivalent oxazoline moieties in the new N,P,N

type ligand bis(oxazolinyl)phenylphosphine 5 [20].

O

N

P O

N

Ph

5

O
N

O
P

O
N

O
Ph

6
(NOPONMe2)

This idea was extended to the case of the bis(oxazo-

line)phenylphosphonite ligand 6 which exhibits a dy-
namic bidentate coordination mode in compound 7

where the two oxazoline arms are in fast exchange, as

shown by variable temperature NMR spectroscopy

(Scheme 4) [21]. Introduction of the oxygen spacer be-

tween the P and C atoms of 5 not only modifies the size

of the chelate ring formed by coordination of 6 but also

affects the electronic properties of the P donor.
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This dynamic process prompted us to investigate the

behaviour of NOPONMe2 complexes in which an addi-

tional ligand can also display changes in hapticity. This

is the case of the allyl ligand which can adopt either a

g1- or g3-bonding mode. Its transition metal complexes

display a rich chemistry and have a considerable impor-
tance in homogeneous catalysis because they often rep-

resent key intermediates in C–C coupling reactions

[22]. Whereas the g3 bonding mode is the most general

for this ligand, some g1-allyl complexes have been iso-

lated, mainly with platinum [23], rhodium [24], iridium

[25], or early transition metals [26]. This g1-allyl type

of bonding to a transition metal affects the stereochem-

istry of reactions proceeding via allyl intermediates and
it is well known in Pd-allyl chemistry that a g3–g1–g3

dynamic behaviour may be operative which can be ei-

ther detrimental to, or required for enantioselection

[22]. It is therefore essential to unambiguously identify

the bonding mode of the allyl ligand in a complex in or-

der to understand or rationalize its reactivity. In Pd

chemistry, the g3-bonding mode of the allyl ligand is

the rule and when we began our investigations, few Pd
complexes containing g1-allyl ligands had been charac-

terized in solution [27], and even fewer in the solid state

[28]. Although the idea that a strong and rigid tridentate

ancillary ligand coordinated to a Pd(II) centre should

trigger the occurrence of the rare g1-bonding mode of

the allyl ligand is completely logical [27,28], we could

show that this is not a prerequisite [21].

To study the mutual influence of the allyl ligand and
NOPONMe2 6, we first investigated the behaviour of

complex 8 obtained from the reaction of NOPONMe2

with 0.5 equivalent of [Pd(g3-C3H5)(l-Cl)]2 and one

equivalent of NH4PF6. A dynamic exchange occurs in

8 between the two oxazolines, the allyl ligand remaining

coordinated in an g3-fashion over the temperature range

200–395 K [21].

P

O

O

N

Pd
O

O

N

Ph

8

(PF6)

We then examined the situation where the chloride
ligand from the Pd precursor ([Pd(g3-C3H5)(l-Cl)]2)
has not been replaced by PF6

� and could therefore in-

fluence the dynamic behaviour of the ligands by coor-

dination to the metal. Spectroscopic data showed that

in complex 9, the NOPONMe2 ligand remains a dy-

namic P,N chelate, while the additional fluxional be-

haviour of the allyl is related to the presence of the

chloride ion (Scheme 5).
Competition between the preferred g3-bonding mode

of the allyl ligand and chloride coordination occurs.
This dynamic behaviour is solvent-dependent and going

from CH2Cl2 to toluene displaces the equilibrium to-

ward a static g1-bonded allyl ligand [21].

The ligand arrangement and geometry of complex 9b

was confirmed by solid-state 13C NMR spectroscopy

and X-ray diffraction. This represented the first crystal

structure of a cis chloro g1-allyl transition metal complex

[21]. Since the dangling oxazoline arm in 7 or 8 was re-
sponsible for the dynamic behaviour of the complex, we

wanted to examine whether it played any significant role

in promoting the g1-allyl bonding mode in 9b. We there-

fore replaced one arm of the ligand with a phenyl group

and obtained with the new bidentate ligand 1-(4,4-di-

methyl-4,5-dihydrooxazol-2-yl)-1-methyl diphenyl phos-

phonite [29], abbreviated NOPMe2, the new g1-allyl

chloro Pd(II) complex 10 in high yield. This complex
was fully characterized by an X-ray diffraction study [30].

10

Ph2P

O

O

N

Pd Cl P

O

O

O

N

Pd Cl

11

A similar bonding situation of the allyl ligand could also

be generated in the Pd(II) complex 11 with the new bi-

dentate, racemic ligand, abbreviated NOPOMe2, which
was prepared by reaction between 6-chloro-6H-di-

benz[c,e][1,2]oxaphosphorin and the lithium alcoholate

derived from 4,4-dimethyl-2-(1-hydroxy-1-methylethyl)-

4,5-dihydrooxazole [31]. Consistent with Pearson�s anti-
symbiotic effect [32], in all three structures (9b, 10, 11)

the g1-allyl ligand is in a trans position with respect to

the nitrogen donor, a ligand of weaker trans influence

than phosphorus. A similar situation was also recently
observed by Kollmar and Helmchen [33].
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Bubbling of CO through a solution of 10 or 11 in tol-

uene led to the formation of the insertion products 12

and 13, respectively [30,31].

Ph2P
O

O
NPd

Cl

12

C
O

PO O

O
NPdC

Cl

O

13

These carbonylation reactions under very mild condi-

tions provide an interesting contrast with the inactivity
of [Pd(g3-2-MeC3H4)PdCl(PMe3)] [34] and support the

view that CO insertion into g3-allyl palladium cationic

complexes occurs via first coordination of the counter

ion to form an g1-allyl intermediate. This hypothesis

was presented by Ozawa et al. [34], although they had

not succeeded in isolating such g1-allyl intermediates.

In contrast to e.g. trans-[Pd{C(O)CH2CH‚CH2}Br-

(PMePh2)2], complex 12 exhibits a remarkable stability
towards decarbonylation or decomposition, which is

slightly less pronounced for 13.

The considerable influence that the counterion and sol-

vents exert on the bondingmode and reactivity of the allyl

ligand was clearly demonstrated by these carbonylation

reactions. The halide ligand plays a central role in stabiliz-

ing theg1-allyl bondingmode and its abstraction immedi-

ately leads to formation of g3-allyl palladium cationic
complexes [21,30,31]. Other strongly bound ligands, such

as alkyl or aryl ligands, could lead to similar stabilization

of the g1-allyl bonding mode. Appropriate bidentate

chelating ligands are therefore suitable to stabilizeg1-allyl

Pd complexes and this still rare bonding situation

[21,28,30,31,33]may occurmore often than previously ex-

pected in numerous stoichiometric or catalytic transfor-

mations involving Pd(II) allyl complexes. These studies
have established that the paradigm for a strong tridentate

ligand being required for a stable g1-allyl bonding mode

in Pd(II) chemistry should be reconsidered.
3. Nickel complexes with functional P,N chelates for the

catalytic oligomerization of ethylene

The electronic and steric properties of the donor

groups in P,N ligands can be easily varied and this ver-

satility explains why they are much used in coordination

chemistry and homogenous catalysis [3,4,22a,35]. We
have seen above examples of their hemilabile behaviour

and of their influence on the nature of the bonding of

their coligands, such as the allyl group. We will now dis-
cuss, with selected examples, properties of their Ni(II)

complexes for the catalytic dimerization and oligomeri-

zation of ethylene, which we studied in collaboration

with the Institut Français du Pétrole.

This reaction is the basis of major industrial processes

developed by BP Amoco and Shell (SHOP process) using
aluminium alkyls and neutral nickel phosphine complexes

as catalysts, respectively [11,36]. a-Olefins in the C4–C16

range are particularly desirable because they are used for

the preparation of detergents (C12–C16), lubricants (C10–

C12), plasticizers (C6–C10), and as comonomers for the

synthesis of linear low density polyethylene (C4–C6). The

dimerization of olefins catalyzed by transition metal com-

plexes has therefore gained considerable industrial rele-
vance as also exemplified by the IFP Dimersol� process

[37]. The biphasic nature of the SHOP process generates

increasing interest for the use of ionic liquids in the catalyt-

ic dimerization and oligomerization of ethylene [38].

Phosphinoimine ligands have only recently attracted

attention for the late transition metal-catalyzed olig-

omerization, polymerization and copolymerization of

ethylene [11,39]. The neutral phosphinoimine ligands
14–17 were developed by the Eastman Chemical Cor-

poration 14 [40], Shell 15 [41], Rush et al. 16 [42] with

different substituents on either the phosphorus or the

nitrogen donor and Asahi Industries 17 [43] with only

one bulky substituent in the ortho position to the imine

nitrogen.

R6

PPh2 N

R4

PR1
2

R3

N

R2

R4

R4 R5

PAr2 N

R4

R4 R5

14

16 17

R1 = Ph, Cy
R2 = H, OCH3

R3 = H, CH3, Ph

R4 = H, i-Pr, t-Bu
R5 = H, Cl, t-Bu, OCH3

R6 = H, 6-i-Pr, 3-CH3

R7  = Ph, Cy, 3-CH3OPh

PR7
2

R3

N

R2

R4

R4 R5

15

The anionic P,N systems 18 and 19 were used by Symyx

Technologies in the oligomerization or polymerization

of a-olefins [44].
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R2

R1

R4

R3

R4
N

N(CH3)Ph

PR4
2

R1 = CH3, t-Bu   R3 = Ph, 2-Py, Mes
R2 = Hex, Bz  R4 = Ph, Cy

18 19

_
_

Following our studies on the synthesis and applica-

tion of the Ni complexes 20 and 21 bearing anionic

phosphinoamide ligands [45a,45b] (Scheme 6) and on

SHOP-type P,O systems [36,45a,45c] for the oligomeri-

zation of ethylene, we were interested in obtaining short
chain oligomers using Ni complexes with other P,N do-

nor ligands while using the smallest possible amount of

added cocatalyst. The stronger binding ability of the

phosphine group should lead to improved thermal sta-
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bility of the catalysts. Furthermore, the use of noneno-

lizable imine donors should also be beneficial to

catalyst thermal stability [39c,39f]. For the nitrogen do-

nor function, we have focused on oxazoline and pyridine
rings which fullfil these requirements.

3.1. Phosphino-oxazoline Ni(II) complexes

An additional advantage of phosphinooxazolines is

that their stereoelectronic properties can be modulated

in a systematic manner [46]. The oxazoline heterocycle

provides a rigid backbone with the possibility of intro-
ducing chirality and steric hindrance.

Whereas complexes 22–24 are dinuclear complexes

with distorted trigonal bipyramidal Ni(II) centres, 27 is

a mononuclear, tetrahedral complex, which underlines
the strong influence of a substituent on the carbon atom
a to P. The coordination geometry around the Ni(II) cen-

tre in solution was determined by the Evans method to be

trigonal bipyramidal in 22–26 and tetrahedral in 27 [46].
In the catalytic conversion of ethylene, these com-

plexes afforded mostly dimers and trimers [46]. Complex

22 yielded a turnover frequency of 36300 mol C2H4/mol

Ni Æh in the presence of 14 equiv of AlEtCl2 as cocata-
lyst. In the presence of only 6 equiv of AlEtCl2, the Ni

complexes 24 and 27 afforded TOF values of 38100

and 45900, respectively, higher than that of 27200 mol

C2H4/mol Ni Æh obtained with [NiCl2(PCy3)2] taken as

a reference. In the presence of MAO, complexes 22–26

and [NiCl2(PCy3)2] were inactive whereas 27 showed a

TOF of 7900 mol C2H4/mol Ni Æh and a selectivity for

1-butene within the C4 fraction of 38%. It was suggested
that some incorporation of the butene formed occurs

during chain growth (consecutive reaction) [46]. The

limited selectivity for a-olefins could result from (i)

reversible b-H elimination after ethylene insertion,
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followed by reinsertion with the opposite regiochemistry

and chain transfer to give 2-butene, or (ii) a re-uptake

mechanism leading to isomerization of 1-butene. The

ability of Ni(II) complexes to isomerize a-olefins is well
known [47] and has again been recently evidenced in the

case of phosphino-pyridine chelates [48].

3.2. Phosphino-pyridine Ni(II) complexes

Only few complexes containing phosphino-pyridines

have been reported for their application in the oligomeri-

zation or polymerization of a-olefins [11,49,50]. In view

of the decisive influence of the ligands and, in particular,

of the steric hindrance of their substituents in controling
oligomerization versus polymerization, we prepared the

mononuclear Ni(II) complexes 28–31 containing phosph-

ino-pyridines which possess the rigid and chemically inert

structure characteristic of a pyridine heterocycle and, at

the same time, allow easy variation of the steric hindrance

around the metal centre [49]. Modifying the ligand basic-

ity also provides an excellent tool to influence the catalyt-

ic properties. These ligands have different substituents in
the ortho position of the pyridine ring whereas in another

study we have focused on substituent effects in the one

carbon connection between the ortho-pyridine carbon

and the PPh2 group [49a].

N

R

R PPh2

N

P
Ph2

Ni Ni

Cl
Cl

Cl
Cl

3128 R = H
29 R = CH3

30 R = i-Pr

Complexes 28–31 are paramagnetic in solution, as de-

termined by the Evans method. Whereas they were inac-
tive in the presence of MAO as a cocatalyst, they

provided activities up to 61000 mol C2H4/mol Ni Æh
(30) in the presence of only 6 equivalents of AlEtCl2.

The selectivities for C4 oligomers were as high as 92%

for 31 in the presence of 2 equivalents of AlEtCl2. Sim-

ilar activities were obtained by other groups in the dime-

rization of ethylene and propene, but only when using

between 200 and 400 equiv of cocatalyst [51].

3.3. P,N-type phosphinite Ni(II) complexes

In order to investigate the potential of P,N-type

phosphinite ligands in the catalytic oligomerization of

ethylene and compare them with phosphino-oxazolines

and phosphino-pyridines discussed above, we prepared
the Ni-complexes 32–35 [29a]. The basicity of the nitro-

gen donor is increased by replacing the oxazoline heter-

ocycle with a pyridine and the ring size of the metal

chelate increases from six in 33 to seven in 35.

N

O

PPh2

Ni

ClCl
R

O

N

O

PPh2

Ni

Cl Cl

32 33 R = H
34 R = CH3

35

N

O
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N
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O

N

O
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R

O

N

O

PPh2

Ni

Cl Cl

32 33 R = H
34 R = CH3
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N

O

Ph2P
Ni

Cl
Cl

Cl
Ni

N

PPh2

Cl

O

In the presence of MAO and AlEt3 only decompo-

sition of the complexes was observed. However, com-

plexes 32–35 provided activities up to 50000 mol
C2H4/mol Ni Æh (34, 35) in the presence of 6 equiva-

lents of AlEtCl2, superior to that of [NiCl2(PCy3)2].

The selectivities for ethylene dimers were as high as

92% (32, 33) [29a].
3.4. P,N-type phosphonite Ni(II) complexes

Only few examples of phosphonite complexes have
been reported for the catalytic oligomerization or po-

lymerization of a-olefins [11,52]. These include studies

by the Mitsubishi Chemical Corporation with nickel

complexes prepared in situ with the monodentate phos-

phonites 36 for the dimerization of trans-2-butene [53].

O
P

O

R1
R1

R2

R2

36 R1 = R2 = H
 R1 = R2 = t-Bu
 R1 = CH3, R2 = H

The new nickel phosphonite complexes 37 and 38 were

synthesized in 75% and 80% yields and the X-ray struc-

ture determination of 37 established the trigonal bipy-

ramidal coordination geometry around the Ni(II)
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centre, which is in accordance with the paramagnetism

of the complex [52].

O N

O

O
N

O
P

Ph

Ni

Cl
Cl

37

rac

38

N

O P
O

Ni

Cl

Cl

In the presence of 1.3 equivalents of AlEtCl2, com-

plex 37 showed an activity of 17000 mol C2H4/mol

Ni Æh whereas 38 was inactive. With 2 equivalents of

AlEtCl2, turnover frequencies of 26500 mol C2H4/

mol Ni Æh (37) and 44200 mol C2H4/mol Ni Æh (38)
were obtained. Activities of up to 31400 mol C2H4/

mol Ni Æh (37) and 57300 mol C2H4/mol Ni Æh (38)

were observed when using 6 equivalents of cocatalyst.

These complexes showed high selectivities, up to 76%

(37) and 82% (38) for ethylene dimers in the presence

of only 2 equivalents of AlEtCl2. Selectivities of 94%

or 90% for the ethylene dimers and of 19% or 17%

for 1-butene within the C4 fraction were observed
when MAO was used as cocatalyst with complexes

37 and 38, respectively.

Comparative studies with Ni(II) complexes of N,O

ligands of the type pyridine-alcohol or oxazoline-alcohol

have shown that a less basic nitrogen moiety (oxazoline

vs. pyridine) led to an increased a-olefin selectivity and

to higher turnover frequencies [54]. The fact that com-

plex 38 with a pyridine donor is more active and selec-
tive for 1-butene than 37 which contains an oxazoline

donor could be due to the presence of a cyclic phospho-

nite moiety in the former. However, it remains difficult

to draw general conclusions and it was recently found

with other Ni(II) complexes that phosphinito-pyridine

chelates led to more active catalysts than phosphinito-

oxazolines, in which the nitrogen donor is less basic

[29a].
The ligand or packing effects that are responsible for

structural variations in the solid state cannot be easily

extrapolated to the structures in solution and make it

difficult to strictly relate the catalytic performances of

a Ni(II) complex to its coordination geometry, in partic-

ular since structures intermediate between square-planar

and tetrahedral are often encountered. Recent theoreti-

cal studies on the structures and energies of the transi-
tion states for the insertion of the C‚C bond of

various (functional) olefins into the metal–carbon bond

of generic models for Ni(II) and Pd(II) complexes with

diimine (Brookhart) and salicylaldiminato (Grubbs)
ligands have shown that nickel systems show lower in-

sertion barriers than their palladium counterparts owing

to their easier access to the required tetrahedral transi-

tion state [55].
4. Functional ligands for anchoring of metal clusters

toward nanomaterials

Nanomaterials bridge the gap between the molecu-

lar scale and the solid state. Nanostructured metals, in

particular bimetallic nanoparticles, are attracting con-

siderable interest in view of their new and/or improved

properties compared to conventional materials [12].
Numerous molecular clusters have at least one dimen-

sion in the nanometer range and are ideally suited for

a bottom-up approach toward unique nanomaterials

[56]. Such molecules may be confined in the cavities

of meso- or nanoporous inorganic matrices, and sub-

sequent thermal activation under inert atmosphere

can lead to the stabilization of highly dispersed metal

particles whose coalescence into larger, ill defined ag-
gregates can thus be minimized or completely prevent-

ed. This has implications for the fabrication of optical

materials, electronic devices [12f,12g,56,57] and the

preparation of new generations of heterogeneous cat-

alyts whose selectivity is expected to critically depend

on the size and dispersion of the metal particles and

also on the shape of the cavity in which they are em-

bedded [12i–12l,58]. Early work on the impregnation
of silica or alumina supports with organic solutions

of structurally characterized Mo–Pd or Fe–Pd

mixed-metal carbonyl clusters demonstrated for the

first time that the particles resulting from thermal ac-

tivation were bimetallic and endowed with catalytic

properties superior to those of conventional catalysts

containing these metals in the same atomic ratios

[58c,58d]. The catalytic reaction investigated was the
carbonylation of organic nitro derivatives to isocya-

nates, a method that avoids the use of phosgene.

More recently, we have focused our work on the

preparation and characterization of molecular precur-

sors based on cobalt-containing carbonyl clusters be-

cause of the anticipated interesting magnetic properties

of the resulting nanomaterials. In collaboration with

the Institut de Physique et Chimie des Matériaux de
Strasbourg (IPCMS) and the Laboratoire de Matériaux

Minéraux (Ecole Nationale Supérieure de Chimie de

Mulhouse) we could show that impregnation of a meso-

porous xerogel or of MCM-41 [59] with an organic solu-

tion of the heterometallic cluster [NEt4][Co3Ru (CO)12],

and subsequent thermal treatment led to highly

dispersed magnetic nanoparticles under milder condi-

tions than when conventional metal salts are used as
precursors [60].
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4.1. Covalent anchoring of the molecular clusters on

matrices

In addition to the impregnation techniques, it ap-

pears attractive to develop methods of chemical anchor-

ing which by providing a stronger link between the

molecular precursor and the host matrix could prevent

leaching and lead to more homogeneous distributions.
Bifunctional ligands may be used for grafting the molec-

ular metal clusters into the pores of the matrix [61]. We

have begun to explore and compare general approaches

to this aim, by linking first one end of the ligand to the

inorganic matrix and then react the other functional ex-

tremity with the molecular cluster, or first prepare a

functionalized cluster and react it with the host matrix

to generate the covalent linkage. These strategies are il-
lustrated in Scheme 7, (A) and (B), respectively.

The short-bite alkoxysilyl-functionalized diphosphine

ligands (Ph2P)2N(CH2)3Si(OMe)3 and (Ph2P)2N(CH2)4-

SiMe2(OMe) and (Ph2P)2N(CH2)3Si(OEt)3 [62,63]

derived from dppa (dppa=Ph2PNHPPh2) have been

prepared and used to derivatize the pore walls of nano-
OH

OH

Ph2P
N

PPh2

Si
O Si
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MeO
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Scheme 8. Anchoring of the dppa-stabilized Co4 cluster
porous alumina membranes [62]. The considerable ad-

vantage of such short-bite diphosphines over

monophosphines resides in the increased stability of

the system owing to the formation of a MPNPM' five-

membered ring.

The covalent attachment of the diphosphine ligands
to the inorganic matrix through formation of strong

Si–O bonds allows subsequent reaction between the

phosphorus donors and the cluster. The derivative

[Co4(CO)10(l-dppa)] (39) was selected because it is more

stable than the parent [Co4(CO)12] and has a more selec-

tive substitution chemistry (i.e. the functional diphos-

phine and dppa bridge opposite metal–metal bonds,

Scheme 8). We have observed that this approach
[Scheme 7, (A)] was often more successful than method

(B) because the larger size of the substituted cluster with

its ligand shell may hinder its entering and filling the na-

nopores of the matrix.

We have also functionalized an ordered mesoporous

silica of the type SBA-15 [64], which is a MCM-41 type

material with larger pores (about 90 Å) and walls, with

(Ph2P)2N(CH2)3Si(OMe)3. The molecular cluster to be
tethered [Scheme 7, (A)] was again [Co4(CO)10(l-dppa)]
(39) and subsequent thermal treatment of the organome-

tallic hybrid mesoporous silica led to pure nanocrystal-

line Co2P particles that were more regular in spatial

repartition, size and shape than when a silica xerogel,

obtained by the sol–gel process, was used [65]. The prep-

aration of transition-metal phosphides is generally not

easy and requires direct combination of elements at high
temperature [66], reaction of toxic phosphide with metal

or metal hydride [67] or metal organic chemical vapour

deposition techniques [61c]. New approaches for the

synthesis of Co2P nanocrystals have been recently devel-

oped. Xie et al. [68] have prepared nanocrystalline Co2P,

Ni2P and Cu3P by a direct solvothermal reaction of met-

al halides with yellow phosphorus, at 80–140 �C, with
ethylenediamine as solvent. They obtained plate-like
O Si Ph2P

N

Ph2
P

O Si
Ph2P

N

Ph2
P

Co(CO)
(OC)Co

Co(CO)

Co(CO)2
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NHPh2P

Co(CO)
(OC)Co

Co(CO)

Co(CO)2
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NH
Ph2P

Me

Me
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Co(CO)
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39

= µ-CO

OH

O)3

39 onto functionalized alumina membranes [62].
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Co2P particles of about 500 Å diameter, with a wide size

distribution. Lukehart et al. [61c,69] have obtained na-

noclusters of metal phosphide confined into silica xero-

gels, such as Fe2P, RuP, Pd5P2, PtP2, Ni2P and Co2P, by

covalent incorporation into a xerogel of metal complex-

es containing a bifunctional ligand with an alkoxysilane
function and one or more phosphine groups, followed

by a thermal treatment under H2. Metal phosphides
H

(OC)2Co

Co

(OC)Co

Co

N
H

(CO)2

(CO)

N
H

Si(OEt)3

O

Ph2P

P
Ph2

y

41a  y = CH2

41b  y = NH

Ph
(OC)2Co

Co

(OC)Co

Co
(CO)2

(CO)
Ph2P

P
Ph2

y

40a  y = CH2

40b  y = NH

H
N

O

Si(OMe)3

H

(OC)2Co
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(CO)2

(CO)

O
H
N

Ph2P

P
Ph2

O

Si(OEt)3

42a

= µ-CO
are very interesting as semiconductors or phosphores-

cent, magnetic or electronic materials [70] and Co2P

has applications in catalytic hydrodenitration [71].

In the previous example, a covalent linkage has been

established between the ligand and the matrix but dative

bonds connect the ligand to the cluster. Generating co-

valent bonds between the ligand and the cluster repre-

sents an attractive extension for improved stability.
We have used the sol–gel process [72] to incorporate

mono- and bimetallic species into an inorganic matrix

by condensation of alkoxysilyl-substituted metal alkyl

complexes, which contain a strong M–C r-bond, with
Si(OEt)4 (TEOS) [73]. In the search for other ligands

that would form strong, covalent bonds with the metal

cluster and could be amenable to condensation with

an inorganic matrix or its precursor (e.g. TEOS), we pre-
pared the new functional alkynes of variable chain

length PhC„CC(O)NH(CH2)3Si(OMe)3, HC„CCH2

NHC(O)NH(CH2)3Si(OEt)3 and HC„C(CH2)2OC(O)

NH(CH2)3Si(OEt)3 because interaction of their car-

bon–carbon triple bond with two or more metal centres

should lead to the formation of strong, covalent metal–

carbon r bonds [74]. Whereas reactions of [Co4(CO)12]

with alkynes are known to afford butterfly clusters, prior
stabilization of the cluster against fragmentation is high-

ly desirable and was achieved with the short-bite diphos-

phine ligands Ph2PCH2PPh2, Ph2PNHPPh2 and

(Ph2P)2N(CH2)3Si(OEt)3 [74b]. As hoped, we could

show that combining the beneficial basicity of phosphine

donors and the bridging ability of these diphosphine lig-
ands leads to functional alkyne-substituted clusters,

40–42, more stable than when starting from [Co4(CO)12].
We have explored two strategies to covalently link a

metal cluster to a functional alkyne: either by the reac-

tion of the cluster with the desired functional alkyne

[Scheme 9, route (A2)] or by the functionalization of

an organic backbone already linked to the metal cluster

[Scheme 9, route (B2)] [74a].

These two methods may or may not be used indis-

criminately and comparative studies of their respective
advantages/disadvantages should be particularly in-

structive. In all cases, the chemo- and regioselectivity

of the reactions represent central issues to be investigated.

It appeared to us that, to the best of our knowledge,

strategy (B1+B2) had not been previously applied to

cluster chemistry. These two approaches were compared

using the mixed-metal cluster [NEt4][RuCo3(CO)12] as

precursor [74a]. This cluster offers additional advantages
over the isoelectronic cluster [Co4(CO)12] as it allows a

study of the metalloselectivity of the reaction between

the cluster and the alkyne and provides an access to

mixed-metal nanomaterials.

Furthermore, using alkynes with –SH or –SR end

groups (Scheme 9) will allow deposition of cluster as-

semblies on gold surfaces. These aspects are the subject

of ongoing work.
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4.2. Formation of bimetallic particles by the sol–gel

method

We have seen above how well-defined molecular clus-

ters can be obtained which contain a covalent linkage

between the metals and the functional ligand. The alk-
oxysilyl function of the latter can be subsequently con-

densed with the surface OH groups of the matrix to

generate the covalent tethering. This corresponds to

the strategy (B1)+(B2) depicted in Scheme 10. An alter-

native approach is also conceivable: first attach the

–Si(OR)3 end of the ligand to the inorganic matrix

[Scheme 10, (A1)] and then react its alkyne function with

the molecular cluster [Scheme 10, (A2)]. The strategies
depicted in Schemes 7 and 10 should be rather general
C C R'
(A1)

(B1)

(B2)
C C

R'

metal cluster

spacer(RO)3Si

spacer(RO)3Si

Scheme 10. Complementary strategies based on functional alkyne ligands for

to generate nanoparticles.
and since they are not necessarily interchangeable, they

should be helpful in providing different potential access

to new functional materials.

In preliminary experiments, the trialkoxysilyl alkyne

HC„C(CH2)2OC(O)NH(CH2)3Si(OEt)3 was used to

prepare a xerogel according to Scheme 10 (A1). It was
shown to remain highly porous, 657 m2/g, with a mean

pore diameter of 11 nm. Anchoring of [RuCo3(CO)12]
�

was achieved by reaction of the cluster in THF with the

functionalized xerogel [Scheme 10 (A2)]. Thermal de-

composition was followed in situ in a magnetic thermo-

balance [60] and resulted in the formation of spherical

particles of 2.2–5.5 nm in diameter (TEM). X-ray dif-

fraction showed the presence of a hexagonal phase of
a RuCo3 alloy and these particles display ferromagnetic
(A2)

C C
R'

metal cluster

O
SiO

RO

C C R'spacer

O
SiO

RO

spacer

dispersed
nanoparticles

Ar

the covalent grafting of metal clusters, followed by thermal treatment
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behaviour [75]. Further studies are in progress to ex-

plore the scope of this sol–gel method applied to

mixed-metal clusters for the preparation of bimetallic

nanoparticles.
5. Conclusion

Organometallic chemistry remains a fast expanding

field of research which concerns all the elements of the

Periodic Table. In this account and at the invitation

of the editors of this anniversary issue, we wished to

illustrate recent developments by selecting examples

from our own research activities. We should remem-
ber that in addition to the huge diversity of structures

and applications available with mononuclear complex-

es, where new classes of ligands offer fascinating

opportunities, like the recently discovered quinonei-

mine-type 6p+6p potentially antiaromatic zwitterions

and related systems [76], the metal–ligand interplay

is even more complex in dinuclear complexes and clus-

ters. But this complexity provides opportunities for
the study of interactions not available in mononuclear

chemistry. As a result of increasingly systematic and

rational synthetic approaches, the diversity of single

source molecular precursors to new materials by OM-

CVD techniques has increased dramatically over the

years [61c,78]. Furthermore, any study on bridging lig-

ands (their structure, reactivity, electronic relay be-

tween metal centres, etc.) is by definition not
possible with mononuclear systems. This innovation

may be illustrated by the discovery of the bridging be-

haviour of alkoxysilyl ligands which opens considera-

ble perspectives not only in molecular synthetic

chemistry but also in homogeneous catalysis and ma-

terial sciences [77], and by the recently delivered proof

that the ubiquitous phosphine [79] and silyl ligands

[80], which are related by the isolobal analogy [81],
can also behave as bridging ligands, a situation that

was predicted back in 1989 in the former case [82].

The potential of cluster complexes to mediate unique

bond forming/breaking reactions [83] or of heterobi-

metallic complexes to display reactivity patterns that

are unknown for their homometallic analogs, as re-

cently observed in the dimerization of methylacrylate

promoted by a Ni–Mo complex [84] is also notewor-
thy. The diversity provided by synthetic chemistry re-

mains a fascinating challenge and new bonding

situations continue to be discovered [85], in particular

in cluster chemistry which offers unique opportunities

for aesthetically pleasing mixed-metal, often dynamic

molecules (Mn4Pd4 helices, Fe2HgCu molecular tor-

sion pendulum) [86], very large clusters [56,87], giant

single-molecule magnets [88] and extended structures
[89], including systems that move towards bimetallic

wires [90].
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(i) P. Braunstein, J. Rosé, in: P. Braunstein, L.A. Oro, P.R.

Raithby (Eds.), Metal Clusters in Chemistry, vol. 2, Wiley–VCH,

Weinheim, Germany, 1999, p. 616;

(j) M. Sasaki, M. Osada, N. Higashimoto, T. Yamamoto, A.

Fukuoka, M. Ichikawa, J. Mol. Catal. A 141 (1999) 223;

(k) N. Toshima, T. Yonezawa, New J. Chem. (1998) 1179;

(l) S. Kawi, B.C. Gates, in: G. Schmid (Ed.), Clusters and

Colloids, From Theory to Applications, vol. 4, Wiley–VCH,

Weinheim, 1994, p. 298.

[13] J.I. Dulebohn, S.C. Haefner, K.A. Berglund, K.R. Dunbar,

Chem. Mater. 4 (1992) 506.

[14] (a) J. Andrieu, P. Braunstein, F. Naud, J. Chem. Soc., Dalton

Trans. (1996) 2903;

(b) P. Braunstein, Y. Chauvin, J. Nähring, A. DeCian, J. Fischer,

A. Tiripicchio, F. Ugozzoli, Organometallics 15 (1996) 5551;

(c) J. Andrieu, P. Braunstein, Y. Dusausoy, N.E. Ghermani,

Inorg. Chem. 35 (1996) 7174;

(d) P. Braunstein, Y. Chauvin, J. Nähring, A. DeCian, J. Fischer,

A. Tiripicchio, F. Ugozzoli, Organometallics 15 (1996) 5551;

(e) P. Braunstein, Y. Chauvin, J. Nähring, Y. Dusausoy, D.

Bayeul, A. Tiripicchio, F. Ugozzoli, J. Chem. Soc., Dalton Trans.

(1995) 851;

(f) J. Andrieu, P. Braunstein, C. R. Acad. Sci. Paris IIb 320 (1995)

661;

(g) F. Balegroune, P. Braunstein, D. Grandjean, D. Matt, D.

Nobel, Inorg. Chem. 27 (1988) 3320;

(h) S.-E Bouaoud, P. Braunstein, D. Grandjean, D. Matt, D.

Nobel, Inorg. Chem. 25 (1986) 3765.

[15] P. Braunstein, D. Matt, D. Nobel, S.-E. Bouaoud, D. Grandjean,

J. Organomet. Chem. 301 (1986) 401.

[16] (a) J. Andrieu, P. Braunstein, A. Tiripicchio, F. Ugozzoli, Inorg.

Chem. 35 (1996) 5975;

(b) J. Andrieu, P. Braunstein, A.D. Burrows, J. Chem. Res. (S)

(1993) 380.

[17] P. Braunstein, M.D. Fryzuk, M. Le Dall, F. Naud, S. Rettig, F.

Speiser, Dalton Trans. (2000) 1067.

[18] (a) K. Nakano, N. Kosaka, T. Hiyama, K. Nozaki, Dalton

Trans. (2003) 4039;
(b) C. Bianchini, A. Meli, W. Oberhauser, Dalton Trans. (2003)

2627;

(c) R.A.M. Robertson, D.J. Cole-Hamilton, Coord. Chem. Rev.

225 (2002) 67;

(d) C. Bianchini, A. Meli, Coord. Chem. Rev. 225 (2002) 35;

(e) E. Drent, P.H.M. Budzelaar, Chem. Rev. 96 (1996) 663.

[19] P. Braunstein, F. Naud, S.J. Rettig, New J. Chem. 25 (2001) 32.

[20] P. Braunstein, M.D. Fryzuk, F. Naud, S.J. Rettig, J. Chem. Soc.,

Dalton Trans. (1999) 589.

[21] P. Braunstein, F. Naud, A. Dedieu, M.-M. Rohmer, A. DeCian,

S.J. Rettig, Organometallics 20 (2001) 2966.

[22] (a) For recent reviews see: G. Helmchen, A. Pfaltz, Acc. Chem.

Res. 33 (2000) 336;

(b) G. Helmchen, J. Organomet. Chem. 576 (1999) 203;

(c) B.M. Trost, D.L. van Vranken, Chem. Rev. 96 (1996) 395;

(d) J.M.J. Williams, Adv. Asym. Synth. (1996) 299;

(e) G. Consiglio, R.M. Waymouth, Chem. Rev. 89 (1989) 257;

(f) J. Tsuji, Pure Appl. Chem. 61 (1989) 1673.

[23] (a) H.A. Jenkins, G.P.A. Yap, R.J. Puddephatt, Organometallics

16 (1997) 1946;

(b) J.A. Kaduk, J.A. Ibers, J. Organomet. Chem. 139 (1977) 199;

(c) S. Numata, R. Okawara, H. Kurosawa, Inorg. Chem. 16

(1977) 1737.

[24] (a) M.J. Payne, D.J. Cole-Hamilton, J. Chem. Soc., Dalton

Trans. (1997) 316;

(b) H.D. Empsall, E.M. Hyde, C.E. Jones, B.L. Shaw, JCS

Dalton (1974) 1980.

[25] K.D. John, K.V. Salazar, B.L. Scott, T. Baker, A.P. Sattelberger,

Chem. Commun. (2000) 581.

[26] (a) D.M. Antonelli, A. Leins, J.M. Stryker, Organometallics 16

(1997) 2500;

(b) S. Gambarotta, J. Organomet. Chem. 418 (1991) 183;

(c) G. Erker, K. Berg, K. Angermund, C. Krüger, Organometal-
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(c) A. Schnepf, B. Jee, H. Schnöckel, E. Weckert, A. Meents, D.

Luebbert, E. Herrling, B. Pilawa, Inorg. Chem. 42 (2003) 7731;

(d) A. Müller, S. Roy, Coord. Chem. Rev. 245 (2003) 153;

(e) N.T. Tran, D.R. Powell, L.F. Dahl, Angew. Chem. Int. Ed. 39

(2000) 4121.

[88] (a) A.J. Tasiopoulos, A. Vinslava, W. Wernsdorfer, K.A.

Abboud, G. Christou, Angew. Chem. Int. Ed. 43 (2004) 2117;

(b) M. Murugesu, M. Habrych, W. Wernsdorfer, K.A. Abboud,

G. Christou, J. Am. Chem. Soc. 126 (2004) 4766.

[89] (a) J.-C.P. Gabriel, K. Boubekeur, S. Uriel, P. Batail, Chem. Rev.

101 (2001) 2037;

(b) C. Perrin, in: P. Braunstein, L.A. Oro, P.R. Raithby (Eds.),

Metal Clusters in Chemistry, vol. 3, Wiley–VCH, Weinheim, 1999,

p. 1563;

(c) P. Gouzerh, A. Proust, Chem. Rev. 98 (1998) 77.

[90] P. Braunstein, C. Frison, N. Oberbeckmann-Winter, A. Mes-

saoudi, X. Morise, M. Bénard, M.-M. Rohmer, R. Welter,

unpublished results.


	Functional ligands and complexes for new structures, homogeneous catalysts and nanomaterials
	Introduction
	Functional, hemilabile P,N Ligands and Pd(II)  eta 1-allyl complexes
	Nickel complexes with functional P,N chelates for the catalytic oligomerization of ethylene
	Phosphino-oxazoline Ni(II) complexes
	Phosphino-pyridine Ni(II) complexes
	P,N-type phosphinite Ni(II) complexes
	P,N-type phosphonite Ni(II) complexes

	Functional ligands for anchoring of metal clusters toward nanomaterials
	Covalent anchoring of the molecular clusters on matrices
	Formation of bimetallic particles by the sol ndash gel method

	Conclusion
	Acknowledgement
	References


