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Abstract

ThisAccount summarizes the results obtained in our research group on the intra- and intermolecular organoiron activation of sub-

strates by combining the coordination of arenes by CpFe+/0 and electron and/or proton transfer. The concepts involved are those of

electron and proton reservoirs, activation of O2 by single electron transfer in solution, mimic and inhibition of the reactivity of super-

oxide radical anion, materials synthesis (for instance fullerene anions), electronic communication between two metals connected by a

hydrocarbon bridge, activation of arene ligands for multiple functionalization, giant dendrimer synthesis and electron transfer in

catalysis (redox and electron-transfer-chain).

� 2004 Published by Elsevier B.V.
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1. Introduction

Iron chemistry occupies a central place in bioinorganic

chemistry, catalysis andmaterials science. Its role in inor-

ganic chemistry has also been a key one since the end of
the XIX century with the finding of iron pentacarbonyl,

and especially since the discovery of ferrocene and its p-
structure in themiddle of theXX century [1–5]. Iron being

also themost common and cheapestmetal, efficient chem-

istry using iron, exemplified very early with the Haber–

Bosch and Fischer–Tropsch processes, is likely to find

wide-spread use and applications. In the presentAccount,

I wish to briefly illustrate some aspects of our research in
the last 25 years on the connection between organoiron
0022-328X/$ - see front matter � 2004 Published by Elsevier B.V.

doi:10.1016/j.jorganchem.2004.06.020

* Tel.: +33-540-00-62-71; fax: +33-540-00-66-46.

E-mail address: d.astruc@lcoo.u-bordeaux1.fr.
chemistry and electron and proton transfer (Scheme 1).

I will tentatively indicate how it led to implications in bi-

ology, organic synthesis, catalysis and nanosciences. The

following Scheme 1 illustrates the basic concepts, simple

reactions and key thermodynamic data that have guided
our research in organometallic chemistry.
2. Electron-reservoir complexes, electron-transfer and

organoiron activation: concepts and relevance to biology,

organic synthesis, catalysis and molecular materials

2.1. Syntheses of electron reservoir complexes

The key compound in the beginning of our studies

was the yellow complex [FeCp(g6-C6Me6)][PF6],

1þ½PF�
6 �, stable in concentrated sulphuric acid, and eas-

ily accessible in large quantities from ferrocene and the

arene using the useful ligand substitution reaction

mailto:d.astruc@lcoo.u-bordeaux1.fr.
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Scheme 1. Electron- and proton-reservoir properties of the prototypal cationic iron-sandwich complex 1þPF�
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reported by the Nesmeyanov group [6]. The cyclic vol-
tammetry of 1þ½PF�

6 � shows two one-electron cathodic

waves at �1.99 and �2.77 V vs. ferrocene in DMF

[7,8]; later we found that a reversible anodic wave could

be observed in liquid SO2 at 1.25 V vs. ferrocene [8].

Both the forest-green one-electron reduction (using

Na/Hg in DME at RT) [7] and the purple one-electron

oxidation (using SbCl5 in SO2 or MeCN) [8] products

were isolated in the [Fe(g5-C5R5)(g
6-C6Me6)]

0/+1/+2 se-
ries (10/+1/+2: R=H; 20/+1/+2: R=CH3) (Scheme 2).

The 19-electron series is stable with both Cp and Cp*

and these 19-electron FeI complexes have the lowest re-
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Scheme 2. Electron-reservoir complexes: the three first forms are isola
ported values of ionization potentials disclosed by He(I)
photoelectron spectroscopy [7d]. Consequently, they are

the most electron-rich neutral compounds known, and

we called them electron-reservoir systems [7]. The 17-

electron dication [FeCpg6-C6Me6)]
+2 also is the strong-

est organometallic oxidant known so far [8]. Both these

17- and 19-electron complexes are very useful one-elec-

tron transfer reagents, and have extensively been used

as such [7,10,11]. In these compounds, the redox centers
is buried, thus protected inside the molecular frame,

which explains their stability despite their odd-electron

numbers. Yet, although the orbital of the 19 electron
Hg
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ble, and the fourth one (20e) is observed by cyclic voltammetry.
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is largely metal based (about 80%), the structures of 19-

electron radicals oscillate between 19-electron, 18-elec-

tron-radical and 17-electron (fast interconversion or av-

erage structure), these forms being either tautomers or

mesomers depending on the cases [9].

2.2. Generation of reactive superoxide radical anion and

inhibition of its reactivity: implication in biology

Among the many electron-transfer reaction achieved

with these electron-reservoir complexes, let us only men-

tion the reduction of two mono-element inorganic com-

pounds: O2 and C60, because they are connected

respectively with biology and materials science. The re-
action of [FeCp(g6-C6Me6)] (1) in pentane or THF, with

O2 is fast, from forest green to deep red, consumes 1/4

mol O2, and 1/4 mol H2O is produced at 20 �C. At

�80 �C, 1/2 mol O2 is consumed, and 1/2 H2O2 is

formed. In all cases, the deep-red reaction product 3 re-

sults from the lost of one H atom. With 2, the reaction is

regioselective and gives only the FeII cyclohexadienyl

complex, not the Fe0 fulvene isomer. When the reaction
is carried out in an EPR tube, the known temperature-

dependent EPR spectrum of superoxide radical anion

is seen at the interphase of color change. Indeed, the

electron transfer from 1 to O2 is exergonic by almost 1

V. When the same reaction in THF is carried out in

the presence of one equiv. NaPF6, however, it gives a

completely different compound: a yellow precipitate of

1þ½PF�
6 � is formed, which was taken into account by

the ion pair exchange (Scheme 3).

The superoxide salt KO2 can also deprotonate

1þ½PF�
6 � in the same way, consistent with a deprotona-

tion of 1+ by O��
2 in the reaction of 1 with O2. The com-

pound 3 reacts smoothly with many electrophiles under

ambient conditions to functionalize the arene ligand as
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Scheme 3. Reaction of the 19e complex 1 with O2 in pentane or THF proceed

functionalization and its complete inhibition using one equiv. NaPF6.
shown in Scheme 2, which also makes the C–H activa-

tion of 1 by O2 a useful process in aromatic synthesis

[12].

Thus, the electron-reservoir complexes such as 1 and

2 can generate superoxide radical anion in pentane,

THF or DMSO, and the subsequent reactivity of super-
oxide is very interesting. It reacts as a base in the ion

pair to deprotonate the organoiron cation, a process

that is seemingly not favored viewing the low pKa value

of HO2 (4.8), but strongly driven by the very fast follow-

up disproportionation of HO�
2 to O2 and H2O2. Further-

more, this remarkable reactivity of superoxide radical

anion in the ion pair is totally inhibited by a simple so-

dium salt.
Later, the reaction of functional 19-electron complexes

such as 4 with O2 was shown to lead to the lost of three

hydrogen atoms, leading to the functionalization of the

sandwich complex (Scheme 4) [10].

The sequence consisting in electron-transfer followed

by proton transfer is involved three consecutive times in

this case, and the intermediates could be found accord-

ingly. When the arene ligand in 1 lacks benzylic hydro-
gen atoms, for instance, with [FeICp(g6-C6H6)],

superoxide in the cage acts as a nucleophile onto the

electron-poor arene ligand giving first a peroxocyclo-

hexadienyl radical complex that couples to the starting

complex to give an orange peroxo dimer. This formation

is also inhibited by the presence of one equiv. NaPF6

[12d].

The single electron transfer to O2 is of great interest
in the biological context because of the damages caused

by superoxide radical anion in vivo. Superoxide radical

anion can be stable in the solid state as KO2, because it

is then strongly engaged in electrostatic forces in the lat-

tice. The studies described above clearly show that it be-

comes extremely reactive (down to �80 �C!) when it is
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Scheme 4. triple activation by O2 (two C–H bonds and one N–H bond) proceeding sequentially by electron transfer followed by proton transfer for
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generated in solution in ion pairs resulting from the re-
action between O2 and a single-electron reductant. De-

spite the fast reactions that we have observed, it is also

remarkable that these reactions are totally inhibited by

NaPF6 that thus plays the same role here as superoxide

dismutase enzymes in biology. In other studies, this salt

effect can even be catalytic in sodium salt [9b]. The or-

ganometallic conditions are far from biologic ones, but

the dramatic reactivity found here by simple electron
transfer to O2 and its impressive inhibition may be

somewhat relevant to what may happen in cells when

the efficiency of superoxide dismutase enzymes is dimin-

ished upon ageing. It is indeed known that superoxide

radical anion is responsible for a number of ageing ill-

nesses attributed to radicals, although the exact second-

ary mechanisms are still obscure [13].

2.3. Stoichiometric electron transfer from electron-reser-

voir complexes to C60: fullerene materials

With C60, reduction can proceed up to the trianion of

C60, and 1 and its derivatives are the only series of neu-

tral compounds that can do it. For instance, cobaltocene

can only reduce C60 to the monoanion. Thus, depending

on the stoichiometry of the reaction, 1 can form the salts
of the mono-, di- or tri-anion. The implication in mate-

rials science resulted from the finding that some alkali
Fe Fe

Fe

Nu
NC

NaBH4

FeCl3
CN

NuH

H

M

++ +

counter anion  : PF6
-

5

Scheme 5. Double functionalization of benzene in 5 to form cis-1,2-heterodis

nucleophilic addition sequentially proceeds by electron transfer followed by
salts of C60 are superconductors but, in the present case,
the lattice is governed by the counter cation, unlike in

the alkali C60 salts [14].

2.4. Stoichiometric electron-transfer reaction combined

with organoiron activation: application to organic synthe-

sis

The combination of organoiron activation and elec-
tron transfer was also found useful for arene activation.

For instance, regio- and stereospecific sequential double

nucleophilic addition onto coordinated benzene in 5 was

obtained subsequent to hydride abstraction from 6 via

an electron-transfer mechanism when direct hydride ab-

straction would fail for steric reasons in the related i-

solobal iron carbonyl series (Scheme 5) [15]. In

another strategy, electron transfer from the 20-electron
complex 7 to organic halides provided 19-electron ana-

logues that coupled with the resulting organic radicals

to give 8 (Scheme 6) [16].

2.5. Catalytic electron-transfer using electron-reservoir

complexes: application to inorganic and organometallic

synthesis and to polymer chemistry

The robustness of the electron-reservoir complexes

under both oxidation states FeII and FeI is very useful
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MNu

+

Nu = PhCH2

6

ubstituted cyclohexadienes: hydride deprotection in 6 before the second

H-atom transfer.
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for catalysis without fatigue. Two types of catalysis were
envisaged: electron-transfer-chain catalysis and redox

catalysis. Thus, the electron-reservoir complexes 1 and

2 are excellent catalytic initiators for electron-transfer

reactions [17] that are very clean under these conditions.

For instance, Vollhard�s fulvalene dimetallic compounds

such as 9 undergo the formation of zwitterions using 1

or 2 as a catalyst depending on the driving force re-

quired (Scheme 7).
In another example that works remarkably well, 1

(1%) catalyzes CO substitution by a phosphine ligand

in the clusters [Ru3(CO)12], [Fe3(CO)12] and [RCCo3-

(CO)12] [11,18].

Moreover, it was shown that the coupling between

electron-transfer-chain catalysis using an iron-sandwich

catalyst and polymerization of alkynes according to the

square Chauvin-Katz mechanism using a W(0) catalyst
could be efficient [18]. The electron-reservoir complexes

are also redox catalysts, and are especially useful even in

water when they are appropriately functionalized. Thus,

the cathodic reduction of nitrate and nitrite to ammonia

is not possible in water using a mercury cathode, but it
FeOC W

OC OC CO
CO

PMe3, THF

cata [FeICp(C6

PMe3,THF
- CO

- CO

Ru
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P
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2

Scheme 7. The number of phosphine ligands added onto the ruthenium cente

to form zwitterionic fulvalene complexes depends on the reducing power (dr
becomes possible by using a catalyst such as 1. This sys-

tem is homogeneous when 1 is functionalized by a solu-

bilizing carboxylate group on the Cp ligand (Scheme 8)

[10,18].

2.6. Hydrocarbon-bridged bimetallic electron-reservoir

complexes and investigation of the electronic communi-

cation between the two metals: towards molecular elec-

tronics

Bimetallic electron reservoir complexes of the same

series as 1 were shown to exhibit five oxidation states

(including mixed valence states) that are easily accessible

in cyclic voltammetry. The electronic communication or
coupling between the two metal centers across the fulva-

lene or polyaromatic ligand that bridges these two iron
Ru

CO
PMe3

OC

WOC
CO

CO

+

Me6)] -

cata [FeICp(C6Me6)] (10%)

CO

Me3, THF

1

r of 9 along the intramolecular electron transfer between the two metals

iving force) of the FeI electron-transfer-chain catalyst (1 vs. 2).
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centers could be investigated in particular by Mössbauer

and infrared spectroscopies and theoretical calculations.

It was shown to depend on the nature of the ancillary

ligand, and the mixed-valence states were found delocal-

ized even on the infrared timescale. Combined crystal-

structure determinations and cyclic voltammetry data

indicated for the first time that a two-electron transfer
proceeds by structural re-organization in the course of

the second electron transfer that has an energy

equal to or larger than that of the electrostatic factor

(Scheme 9) [19].
3. Proton transfer, proton reservoirs and organoiron

activation: Application to the construction of giant
dendrimers

3.1. Proton-reservoir complexes and arene multifunctio-

nalization

In the reaction of O2 with 1 above, the ion pair reac-

tion of superoxide is a deprotonation reaction whenever

a benzylic proton is present on the arene ligand. Thus,
we investigated the pKa of 1+, 2+ and other salts of the
Fe

Fe

PF6
-

PF6
-

Fe

RX = CH3I, PhCH2Br, SiMe3Cl, P Ph2Cl, FeCp

THF, RT

+
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R = CH3, (CH2)nCH3, (CH2)4Fc (X = I), CH

THF or DME, R
one pot

+

1+ 3

1+

t-BuOK

Scheme 10. Activation of hexamethylbenzene
series by 1H NMR using the direct method, and found

pKa values (28.2 in DMSO for 1PF6) compatible with

the deprotonation by various bases including t-BuOK.

Indeed, the deprotonation of 1PF6 by t-BuOK gives 3

[12a]. Since the reaction of 3 with electrophiles gives

back the cationic sandwich structure with a functional

benzylic carbon in 10, we investigated the one-pot reac-
tion using excess t-BuOK and CH3I [7a] or PhCH2Br

[20]. Hexaalkylation was obtained selectively in this

way, giving 11. The reaction was extended to allylbro-

mide [21], but could not work with longer alkyl halides,

because the dehydrohalogenation of the halides was

faster than the organometallic reaction. Thus, we

switched to KOH that allowed avoiding to be marred

by this latter problem, and the peralkylation could be
extended to functional alkyl iodides, also yielding 11

(Scheme 10).

With bulky alkyl iodides, the best yields are obtained

at room temperature after prolonged reaction times in

order to inhibit decomplexation. These reactions can

be carried out on any scale, since they are eventually eas-

ily monitored by 1H NMR [9b]. The reaction with allyl-

bromide is especially fruitful, because at this time double
branching can be achieved with the durene complex.
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in the proton-reservoir complex 1PF6.
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With 1PF6, either mono-or double branching can be se-

lectively obtained depending on the reaction conditions.

With the cobalt and rhodium metallocenium complexes

[MCp*Cp]PF6 such as 12, the electrophiles CH3I,
HO
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O
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Scheme 14. General scheme for the construct
C2H5I, C6H5CH2Br and CH2‚CHCH2Br all give dou-

ble branching in the presence of t-BuOK or KOH [22].

The deca-substituted complexes are obtained, showing

a single directionality that can be switched at high
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ion of giant dendrimers from ferrocene.
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temperature as monitored by 1H NMR. The deca-allyl-

ated complex 13 can be submitted to RCM metathesis,

and the reaction proceeds at room temperature in a

few minutes using Grubbs�catalyst to give 14 (Scheme

11) [22d,22e].

With ½CoCp�
2�PF6, the reaction with CH3I cannot be

completed for steric reasons. However, with

½RhCp�
2�PF6 in which the rings are located further apart,

½RhðC5iPr5Þ�2 forms with opposite directionalities on the

two rings, a nice example of specific self-assembly [22c]).

In this case, the permethylation reaction leads to the for-

mation of 20 C–C bonds in a single complex.

Perhaps the easiest, most useful and most common

reaction in our laboratory (vide infra) is that involving
the mesitylene complex [FeCp(g6-1,3,5-Me3–C6H3)]

[PF6] (15) with allylbromide giving the nona-allylated

complex 16 in the presence of either KOH or t-BuOK.

The reaction does not suffer from steric constraints giv-

en the location of the methyl groups about the arene

ring and easily proceeds to completion to form the nine

C–C bonds in high yield under ambient conditions [21c].

Coupling this reaction with alkene metathesis leads to
the formation of a bimetallic capsule 17 after triple

RCM metathesis on each ring and triple cross metathe-

sis linking the two arenes (Scheme 12) [23].

In conclusion, the cationic organometallic complexes

bearing methylated or permethylated ligands such as

Cp, Cp*, C6Me6, mesitylene, durene, etc. are proton res-
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Chart 1. Third generation 243-allyl dendrimer whose molecular peak is obser

with major defects at lower mass.
ervoirs in which a specific number of benzylic protons

can be replaced by benzyl-, p-bromobenzyl-, functional

alkyl- or allyl groups.

3.2. From C–H activation in mononuclear proton-reser-

voir complexes to giant dendrimers and nanodevices

Another challenge using the above proton-reservoir

complexes was the perfunctionalization using functional

aromatics to synthesize a dendron. This was achieved in

the case of p-chlorotoluene. Its CpFe+ complex is easily

converted to the p-ethoxytoluene analog in large scale

by reaction with ethanol using K2CO3. Further reaction

with t-BuOK and allylbromide directly gives the organic
dendron p-ClC6H4C(CH2CH‚CH2)3. This one-pot re-

action involves eight steps and three roles of t-BuOK:

first the three deprotonation–allylation sequences fol-

lowed by the CpFe+-activated nucleophilic cleavage of

the C–O bond, and finally electron transfer to FeII giv-

ing the unstable FeI complex that provides the final de-

complexation product. The dendron can be attached to

dendrimers covalently [24] or by hydrogen bonding [25]
to more dendrons (convergent synthesis), surfaces and

electrodes, polymers and nanoparticles either as

such or with a decoration of the three branches [26]

(Scheme 13).

For instance, hydrosilylation with chloromethyldi-

methylsilane of the nonaolefin derivative obtained by
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nonaallylation gives a nona-chloromethylsilane whose

reaction with the phenol dendron yields a 27-allyl dend-

rimer. These two steps allow growing from the zeroth

generation to the first one, and can proceed up to the

ninth generation (Scheme 14). These reactions are easily

followed by 1H, 13C and 29Si NMR so that completion is
insured before extraction. The molecular peaks in the
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Scheme 15. Synthesis of a molecular battery by functionalization of a dendrim

the blue ferricinium dendrimer using NOPF6 and reduction of the ferricini

without decomposition.
MALDI TOF mass spectra can be observed up to the

third generation (243 branches, Chart 1). The other

techniques of characterization were size exclusion chro-

matography up to the five generation (polydispersity be-

tween 1.00 and 1.02), HRTEM (that requires the

presence of heavy elements) and AFM that showed the
steady increase of the heights of the dendrimers. Given
O

O

O

O

O

O

O

O

O

O

O

O
O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O O

O

O

O

O

O O

O

Si
Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si
Si

SiSi
Si

Si

Si

Si
SiSiSiSi

Si

Si
Si

Si

Fe

O

O

O

O

O

O

O

O

O

O

O

O
O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O
O

O

O

O

O

O
O

O

Si
Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si
Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si
Si

SiSi
Si

Si

Si

Si
Si

SiSiSi
Si

Si
Si

Si

Fe

Fe

Fe
Fe

Fe
Fe

Fe
Fe Fe Fe Fe

Fe
Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe
Fe

Fe
Fe Fe Fe Fe

Fe
Fe

Fe
Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe
Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

ays

+ 81 e -81e

81-silylferrocenyl dendrimer
(the twoMe groupson Si areomitted

 for clarity in the dendrimers)

r

81+
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the level of defects observed, we estimated that the larg-

est dendrimers have >105 branches out of a theoretical

number of 177,147 branches (molecular weight

>26·106 Da, Scheme 14) [24b].

The previous largest dendrimers known had sizes

(around 6000 branches) in agreement with the de Gen-
nes dense-packing limit indicating that it is not possible

to continue dividing the branches regularly beyond this

limit because of the steric congestion at the periphery

[27]. Our synthesis, the first one far beyond this limit,

can be taken into account by a dynamic view, i.e. the

fact that the termini of the branches avoid the steric con-

gestion by turning inside the dendrimer towards the

core. Under these conditions, the internal dendritic cav-
ities are filled, and the limit to the dendrimer construc-

tion lies more in the volume than the surface at the

periphery. It should be noted that the ability for the ter-

mini to turn toward the dendritic core is due to their

non-polar character and their small size. Functional

groups may form hydrogen bonds with neighbors inhib-

iting the turn of the branch termini towards the center,

and this ability must also rapidly decrease while increas-
ing the size of the termini.
4. Prospects from organoiron chemistry to nanosciences

To conclude, dendritic, nanoparticles and surface na-

nocomponents now lead us towards four directions that

have been made possible using the molecular tools de-
scribed in this Account:

(i) Nanocatalysis for green chemistry with recoverable

and re-usable dendritic catalysts [28–30]. Progress has

already been made in redox catalyzed nitrate reduction

[10], ROMP [29], oxidation using polyoxometalates

[28b] and Pd-catalyzed C–C coupling reactions [28c].

A preliminary conclusion is that small dendrimers are
more efficient than large ones (negative dendritic effects)

and even that stars are more appropriate than dendrim-

ers that are sterically congested at the periphery with the

large catalytic groups.

(ii) Nanosensors for the recognition and titration of inor-

ganic anions and ATP (a DNA fragment). Dendrimers

decorated with amido-, amino- or silyl-ferrocenyl

groups can selectively recognize electrochemically these
anions and behave as exo-receptors with dramatically

positive dendritic effect. Moreover, dendrimers, for in-

stance nanoparticle-centered ones are all the better ad-

sorbed on electrodes as they are larger and can

function as re-usable sensors [25].

(iii) Molecular nanoelectronics by linking solid-state

components with nanosized dendrimers covered with re-

dox centers among which electrons hope (Scheme 15).
The goal is to make nanodevices such as molecular bat-

teries, diodes and transistors.
(iv) Physical properties: the functionalization of dend-

rimers and nanoparticles with molecular compounds

for optical, magnetic and electrical properties.
Acknowledgements

I am deeply indebted to my students and colleagues

cited in references for their stimulating ideas and efforts

that have produced the results described in this Account

and to Dr. Jaime Ruiz for his valuable help in the prep-

aration of the manuscript in addition to his major con-

tributions. Financial support from the IUF, CNRS,
MRT and the University Bordeaux I is gratefully

acknowledged.
References

[1] J.P. Collman, L.S. Hegedus, J.R. Norton, R.G. Finke, Principles

and Applications of Organotransition-Metal Chemistry, Univer-

sity Science Books, Mill Valley, CA, 1987.

[2] Ch. Elschenbroich, A. Salzer, Organometallics, VCH, Weinheim,

1992.

[3] R.H. Crabtree, The Organometallic Chemistry of the Transition

Elements, third ed., Wiley, New York, 2001.

[4] F. Mathey, A. Sevin, Molecular Chemistry of the Transi-

tion Elements. An Introductory Course, Wiley, New York,

1996.

[5] G. Wilkinson, F.G.A. Stone, E.W. Abel (Eds.), Comprehensive

Organometallic Chemistry, second ed., Pergamon Press, Oxford,

1995.

[6] (a) Ferrocene (0.1 mol) and the arene (0.1 mol) are refluxed in an

alcane (heptane, decalin, etc.; temperature 100–190 �C) under a

strictly inert atmosphere in the presence of 0.4 mol AlCl3, 0.1 mol

Al for 1 h, the mixture is cooled to 30–40 �C, then 0.1 mol

degassed H2O is added, and the mixture is refluxed again for 12 h,

cooled to RT, then slowly and carefully hydrolyzed with ice-water,

the aqueous layer is decanted and washed with ether, aqueous

ammonia is added until pH 10 to precipitate Al(OH)3 that is

filtered, an aqueous HPF6 solution (0.1 mol) is added to this

aqueous phase to precipitate the PF6 salt that is filtered, then

recrystallized from acetone (75% yield of yellow crystals); com-

prehensive reviews: D. Astruc, Tetrahedron 39 (1983) 4027

Tetrahedron Report No. 157;

A. Abd El Aziz, Coord. Chem. Rev. 203 (2000) 219;

(b) A.N. Nesmeyanov, N.A. Vol�kenau, I.N. Bolesova, Tetrahe-

dron Lett. (1963) 1725.

[7] (a) D. Astruc, J.-R. Hamon, G. Althoff, E. Roman, P. Batail, P.

Michaud, J.-P. Mariot, F. Varret, D. Cozak, J. Am. Chem. Soc.

101 (1979) 5445;

(b) J.-R. Hamon, D. Astruc, P. Michaud, J. Am. Chem. Soc. 103

(1981) 758;

(c) P. Michaud, D. Astruc, J.H. Ammeter, J. Am. Chem. Soc. 104

(1982) 3755;

(d) P. Michaud, D. Astruc, Angew. Chem. Int. Ed. Engl. 21

(1982) 918;

(e) M.V. Rajasekharan, S. Giesynski, J.H. Ammeter, N. Oswald,

J.-R. Hamon, P. Michaud, D. Astruc, J. Am. Chem. Soc. 104

(1982) 2400;

(f) J.C. Green, M.R. Kelly, M.P. Payne, E.A. Seddon, D. Astruc,

J.-R. Hamon, P. Michaud, Organometallics 2 (1983) 211;



D. Astruc / Journal of Organometallic Chemistry 689 (2004) 4332–4344 4343
(g) D. Astruc, Acc. Chem. Res. 19 (1986) 377;

D. Astruc, Chem. Rev. 88 (1988) 1189.

[8] (a) Thermodynamic data (E1/2, pKas and BDEs) up to five

oxidation states: H.A. Trujillo, C.M. Casado, J. Ruiz, R. Astruc,

J. Am. Chem. Soc. 121 (1999) 5674;

(b) J. Ruiz, F. Ogliaro, J.-Y. Saillard, J.-F. Halet, F. Varret, D.

Astruc, J. Am. Chem. Soc. 120 (1998) 11693;

(c) D. Astruc, Acc. Chem. Res. 33 (2000) 287.

[9] (a) M.-H. Desbois, D. Astruc, Angew. Chem. Int. Ed. Engl. 28

(1989) 460;

Angew. Chem. 101 (1989) 459;

(b) J. Ruiz, M. Lacoste, D. Astruc, J. Am. Chem. Soc. 112 (1990)

5471;

(c) M.-H. Delville, S. Mross, D. Astruc, J. Linares, F. Varret, A.

Le Beuze, J.-Y. Saillard, R.D. Culp, D.A. Atwood, A.H. Cowley,

J. Am. Chem. Soc. 118 (1996) 4133.

[10] (a) S. Rigaut, M.-H. Delville, D. Astruc, J. Am. Chem. Soc. 119

(1997) 11132;

(b) A. Buet, A. Darchen, C. Moinet, J. Chem. Soc. Chem.

Commun. (1979) 447.

[11] (a) D.S. Brown, M.-H. Delville, R. Boese, K.P.C. Vollhardt, D.

Astruc, Angew. Chem. Int. Ed. Engl. 33 (1994) 661;

Angew. Chem. 106 (1994) 715;

(b) E. Alonso, D. Astruc, J. Am. Chem. Soc. 122 (2000) 3222.

[12] (a) D. Astruc, E. Roman, J.-R. Hamon, P. Batail, J. Am. Chem.

Soc. 101 (1979) 2240;

(b) J.-R. Hamon, D. Astruc, E. Roman, P. Batail, J.J. Mayerle, J.

Am. Chem. Soc. 103 (1981) 2431;

(c) D. Astruc, J.-R. Hamon, E. Roman, P. Michaud, J. Am.

Chem. Soc. 103 (1981) 7502;

(d) J.-R. Hamon, D. Astruc, J. Am. Chem. Soc. 105 (1983) 5951;

A. Loupy, B. Tchoubar, D. Astruc, Chem. Rev. 92 (1992) 1141.

[13] (a) C. Bossard, S. Rigaud, D. Astruc, M.-H. Delville, G. Félix,

A. Février-Bouvier, J. Amiell, S. Flandrois, P. Delhaes, J. Chem.

Soc. Chem. Commun. (1993) 333;

(b) J. Ruiz, C. Pradet, D. Varret, D. Astruc, Chem. Commun.

(2002) 1108.

[14] (a) I. Fridovitch, in: W.A. Pryor (Ed.), Free Radicals in Biology,

Academic Press, New York, 1976, pp. 239–277;

(b) For an excellent review on the chemistry of O��
2 , see: D.T.

Sawyer, J.S. Valentine, Acc. Chem. Res. 14 (1981) 393.

[15] (a) A. Madonik, D. Mandon, P. Michaud, C. Lapinte, D. Astruc,

J. Am. Chem. Soc. 106 (1984) 3381;

(b) D. Astruc, P. Michaud, A. Madonik, J.-Y. Saillard, R.

Hoffmann, Nouv. J. Chim. 9 (1985) 41;

(c) D. Mandon, L. Toupet, D. Astruc, J. Am. Chem. Soc. 108

(1986) 1320.

[16] A. Madonik, D. Astruc, J. Am. Chem. Soc. 106 (1984) 2437;

D. Astruc, Pure Appl. Chem. 62 (1990) 1165.

[17] (a) D. Astruc, Angew. Chem. Int. Ed. Engl. 27 (1988) 643;

Angew. Chem. 100 (1988) 662;

(b) D. Astruc, Electron Transfer and Radical Processes in

Transition Metal Chemistry, VCH, New York, 1995 (Chapter 6).

[18] D. Astruc, Acc. Chem. Res. 24 (1991) 36.

[19] (a) M.-H. Desbois, D. Astruc, J. Guillin, J.-P. Mariot, F. Varret,

J. Am. Chem. Soc. 107 (1985) 52;

(b) M. Lacoste, F. Varret, L. Toupet, D. Astruc, J. Am. Chem.

Soc. 109 (1987) 6504;

(c) M.-H. Desbois, D. Astruc, J. Guillin, F. Varet, A.X.

Trautwein, G. Villeneuve, J. Am. Chem. Soc. 111 (1989) 5800;

(d) M. Lacoste, H. Rabaa, D. Astruc, N. Ardoin, F. Varret, J.-

Y. Saillard, A. Le Beuze, J. Am. Chem. Soc. 112 (1990) 9548;

(e) M.-H. Delville, M. Lacoste, D. Astruc, J. Am. Chem. Soc. 114

(1992) 8310;

D. Astruc, Acc. Chem. Res. 30 (1997) 383.

[20] J.-R. Hamon, J.-Y. Saillard, A. Le Beuze, M.J. McGlinchey, D.

Astruc, J. Am. Chem. Soc. 104 (1982) 7549.
[21] (a) F. Moulines, D. Astruc, Angew. Chem. Int. Ed. Engl. 27

(1988) 1347;

Angew. Chem. 100 (1988) 1394;

(b) F. Moulines, B. Gloaguen, D. Astruc, Angew. Chem. Int. Ed.

Engl. 28 (1992) 458;

Angew. Chem. 104 (1992) 452;

(c) F. Moulines, L. Djakovitch, R. Boese, B. Gloaguen, W. Thiel,

J.-L. Fillaut, M.-H. Delville, D. Astruc, Angew. Chem. Int. Ed.

Engl. 32 (1993) 1075;

Angew. Chem. 105 (1993) 1132;

(d) J.-L. Fillaut, J. Linares, D. Astruc, Angew. Chem. Int. Ed.

Engl. 33 (1994) 2460;

Angew. Chem. 106 (1994) 2540;

(e) H.-W. Marx, F. Moulines, T. Wagner, D. Astruc, Angew.

Chem. Int. Ed. Engl. 35 (1996) 1701;

Angew. Chem. 108 (1996) 1842.

[22] (a) B. Gloaguen, D. Astruc, J. Am. Chem. Soc. 112 (1990)

4607;

(b) D. Buchholz, D. Astruc, Angew. Chem. Int. Ed. Engl. 33

(1994) 1637;

Angew. Chem. 106 (1994) 1721;

(c) D. Buchholz, B. Gloaguen, J.-L. Fillaut, M. Cotrait, D.

Astruc, Chem. Eur. J. 1 (1995) 374;

(d) V. Martinez, J.-C. Blais, D. Astruc, Org. Lett. 4 (2002)

651;

(e) D. Astruc, Pure Appl. Chem. 75 (2003) 461.

[23] (a) V. Martinez, J.-C. Blais, D. Astruc, Angew. Chem. Int. Ed. 42

(2003) 4366;

Angew. Chem. 115 (2003) 000;

(b) V. Martinez, J.-C. Blais, G. Bravic, D. Astruc, Organometal-

lics 23 (2004) 861.

[24] (a) V. Sartor, L. Djakovitch, J.-L. Fillaut, F. Moulines, F. Neveu,

V. Marvaud, J. Guittard, J.-C. Blais, D. Astruc, J. Am. Chem.

Soc. 121 (1999) 2929;

(b) J. Ruiz, G. Lafuente, S. Marcen, C. Ornelas, S. Lazare, E.

Cloutet, J.-C. Blais, D. Astruc, J. Am. Chem. Soc. 125 (2003) 7250;

(c) S. Nlate, J. Ruiz, V. Sartor, R. Navarro, J.-C. Blais, D. Astruc,

Chem. Eur. J. 6 (2000) 2544;

(d) D. Astruc, S. Nlate, J. Ruiz, in: D. Astruc (Ed.), Modern Arene

Chemistry, Wiley-VCH, 2002, p. 400.

[25] (a) M.-C. Daniel, J. Ruiz, D. Astruc, J. Am. Chem. Soc. 125

(2003) 1150;

(b) Nanoparticle-cored dendrimers have been reported for the

first time in 2001 by three groups:M.-C. Daniel, J. Ruiz, S. Nlate,

J. Palumbo, D. Astruc, Chem. Commun. (2001) 2000;

R. Wang, J. Yang, Z. Zheng Carducci, M.D. Carducci, Angew.

Chem. Int. Ed. 40 (2001) 549;

M.K. Kim, Y.-M. Jeon, W.S. Jeon, H.J. Kim, S.–G. Hong, C.G.

Park, K. Kim, Chem. Commun. (2001) 667.
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