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The functions and applications of electron-reservoir iron and cobalt sandwich complexes

are reviewed with emphasis of the author’s work using the 19-electron FeI complexes

[(Z5-C5R5)Fe(Z
6-C6Me6)], R = H or Me, the most electron-rich neutral molecules known to date

and the 17-electron FeIII complex [(Z5-C5Me5)Fe(Z
6-C6Me6)][SbCl6]2, the strongest known

organometallic oxidant. It is shown that the electron-reservoir concept involving steric protection

of a central redox site and the resulting redox robustness allows to carry out a variety of

functions such as references for the measurement of redox potentials, many useful stoichiometric

and catalytic redox reactions, sensing of anions and cations and entry into the area of molecular

electronics also including the nanoscale.

1. Introduction

Henry Taube, in addition to being a gentleman, was the

pioneer of molecular electronics and molecular engineering

with his work carried out in the 1950s. Having classified

the transition-metal ions as substitutionally inert or labile in

a seminal review article,2 he then designed the first

inner-sphere electron transfer reactions and showed that the

electron transfer using this mechanism was considerably

faster than an analogous outer-sphere electron transfer using

analogous transition metal ions.3 He also organized the

first electron- or atom-transfer-chain mechanism,4 a form of

electron-transfer-induced catalysis, that was (unconsciously)

imitated by organic chemist decades later. Finally, among

his breakthroughs, he disclosed the first mixed-valent

complexes and established the distinction between mixed-

valent and average-valent systems,5 the primitive form of

molecular wires. Less known is his disclosure of the

first electrochemical hysteresis loop6 that is the ancestor of

electron-transfer-triggered molecular machines.7 Taube’s

molecules and systems had sizes that range around a

nanometer, and it is amusing to observe that all these

findings are now currently used in nanosciences and

nanotechnology.

Redox chemistry involves physical methods,8 processes1–10

(many of which are biological or biomimetic)9 and reagents.11

In 1979, we reported the stabilization of FeI complexes to

form a family of redox-robust 19-electron complexes that

are still the most electron-rich neutral molecules known,

based on their ionization potentials determined by HeI photo-

electron spectroscopy.12 The prototype of these complexes,

[CpFe(Z6-C6Me6)], an extremely air-sensitive 19-electron d7

FeI Jahn–Teller active complex, is stable up to 100 1C, and

its X-ray crystal structure was recorded.12 Later, we syn-

thesized the thermally stable (but air sensitive) 17-electron d5

FeIII complex [(Z5-C5Me5)Fe(Z
6-C6Me6)][SbCl6]2, the stron-

gest known organometallic oxidant with a potential one volt

more positive than its isoelectronic analog ferrocenium

(Scheme 1). In this review article, we wish to briefly summarize

the functions of these complexes and other redox-robust

iron and cobalt sandwiches involving the concept of elec-

tron reservoir, i.e. the redox robustness of these transi-

tion metals when they are embedded in the shell of bulky

ligands. A variety of resulting properties and their applica-

tions are illustrated in the spirit of Taube’s electron transfer

principles.
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2. Permethylated transition-metal sandwiches as

references for the determination of redox potentials

The IUPAC recommended to report the standard redox poten-

tial of non-aqueous systems E10 vs. the ferrocene/ferrocenium

(FeCp2
0/+) redox couple rather than vs. the aqueous saturated

calomel electrode13 which is only modestly stable in non-

aqueous solutions.14 Previously, redox potentials in non-

aqueous solutions were reported vs. SCE, but subsequently,

redox potentials were most often reported vs. FeCp2
0/+.

Conversion of values reported vs. SCE to values reported vs.

FeCp2
0/+ have been made.21 In spite of the IUPAC recommen-

dation, the absolute redox potential value of the couple

FeCp2
0/+ is dependent on the nature of the solvent and supporting

electrolyte, because the iron center which is the subject of redox

change is not well protected by the ligand in ferrocenium.15,16

Indeed, the nucleophiles can interact from the sides with the

cationic iron center. The energy of this interaction shifts the redox

potential and depends on the nature of the nucleophiles. There-

fore, we have selected the permethylated transition-metal sand-

wiches redox systems shown in Chart 1 (in their 18-electron

forms): decamethylferrocene/decamethylferrocenium [FeCp*2]
0/+,

decamethylcobaltocene/decamethylcobaltocenium [CoCp*2]
0/+

and [FeCp(Z6-C6Me6)]
0/+ as alternative and complementary

reference systems.16a In these electron-reservoir complexes, the

transition-metal center is really shielded from the external

nucleophiles (solvent, counter-anion of the electrolyte), and they

do not modify the redox potential value.

The redox potential values of these redox couples are

reported in Table 1 vs. SCE in different solvents. The

independence of the redox couples of the permethylated redox

couples was verified by comparing the values of the redox

potentials recorded vs. [FeCp*2]
0/+ taken as the reference,

which are reported in Table 2 for various solvents. Only the

values of the [FeCp2]
0/+ couple varies, not those of the

permethylated redox couples. This result is consistent with

the fact that the redox potentials of the permethylated redox

couples are independent of the nature of the solvent and

supporting electrolyte. The fact that the [FeCp2]
0/+ reference

is not quite accurate enough does not mean that the many

results that have been reported in the recent literatureChart 1

Table 1 E1/2 values (V) of transition-metal sandwich complexes
determined vs. SCEa

E1/2 vs. SCE DMF CH3CN THF CH2Cl2 DMSO DME

FeCp2
0/+ 0.470 0.382 0.547 0.475 0.435 0.580

FeCp*2
0/+ �0.125 �0.125 0.102 �0.070 �0.030 0.140

CoCp*2
0/+ �1.402 �1.525 �1.295 �1.497 �1.425 �1.260

FeCp*(C6Me6)
0/+ �1.762 �1.865 �1.645 — �1.775 �1.605

a E1/2 values were determined using the cationic form: E1 B E1/2 =

(Epa + Epc)/2. n-Bu4N
+PF6

� (0.1 M); cationic complex: 10�3 M; v =

400 mV s�1, T = 20 1C; working and counter electrodes: Pt; reference

electrode: SCE; DEp = Epa � Epc = 40–45 mV (DMF), 45–50 mV

(MeCN), 50–55 mV (THF), 50–60 mV (CH2Cl2), 50–60 mV (DMSO),

60–70 mV (DME). The shifts vs. the theoretical value of 58 mV at

20 1C are due to variations in ohmic compensation. E1/2 values were

recorded with an accuracy of �0.005 V except the E1/2 value of

[FeCp*(C6Me6)]
0/+ in CH2Cl2, which is not accurate because of the

interference with the reduction of the solvent. In CH2Cl2, n-Bu4N
+

salts with various counter-anions and concentrations (vide infra) were

used, but the difference between the E1/2 values of FeCp*2
+/0 and

CoCp*2
+/0 remained constant (1.390 V). The difference between the

E1/2 values of FeCp2
+/0 and FeCp*2

+/0 varied, however, between

0.460 and 0.545 V. The E1/2 values vs. SCE obtained for FeCp2
+/0 and

FeCp*2
+/0 respectively are as follows (V). n-Bu4N

+PF6
� (0.1 M: 0.475

and �0.070; 0.4 M: 0.425 and �0.100); n-Bu4N+BF4
� (0.1 M: 0.585

and 0.045; 0.4 M: 0.555 and 0.035); n-Bu4N
+Br� (0.1 M: 0.490 and

�0.010; 0.4 M: 0.480 and 0.000); n-Bu4N
+HSO4

� (0.1 M: 0.545

and 0.065; 0.4 M: 0.515 and 0.055); n-Bu4N
+Cl� (0.1 M: 0.590 and

0.070; 0.4 M: 0.570 and 0.070).

Scheme 1 Synthesis of the family of electron-reservoir complexes.

Table 2 E1/2 values (V) of transition-metal sandwich complexes
determined vs. FeCp*2

a

E1/2 vs. FeCp*2 DMF CH3CN THF CH2Cl2 DMSO DME

FeCp*2
0/+ 0 0 0 0 0 0

FeCp2
0/+ 0.480 0.510 0.440 0.545 0.470 0.440

CoCp*2
0/+ 1.390 1.390 1.400 1.390 1.395 1.400

FeCp*(C6Me6)
0/+ 1.750 1.745 1.750 — 1.750 1.750

a E1/2 values were determined using the cationic form: E1 B E1/2 =

(Epa + Epc)/2. n-Bu4N
+PF6

� (0.1 M); cationic complex: 10�3 M; v =

400 mV s�1, T = 20 1C; working and counter electrodes: Pt; reference

electrode: SCE; DEp = Epa � Epc = 40–45 mV (DMF), 45–50 mV

(MeCN), 50–55 mV (THF), 50–60 mV (CH2Cl2), 50–60 mV (DMSO),

60–70 mV (DME). The shifts vs. the theoretical value of 58 mV at

20 1C are due to variations in ohmic compensation. E1/2 values were

recorded with an accuracy of �0.005 V except the E1/2 value of

[FeCp*(C6Me6)]
0/+ in CH2Cl2, which is not accurate because of the

interference with the reduction of the solvent. In CH2Cl2, n-Bu4N
+

salts with various counter-anions and concentrations (vide infra) were

used, but the difference between the E1/2 values of FeCp*2
+/0 and

CoCp*2
+/0 remained constant (1.390 V). The difference between the

E1/2 values of FeCp2
+/0 and FeCp*2

+/0 varied, however, between

0.460 and 0.545 V. The E1/2 values vs. SCE obtained for FeCp2
+/0 and

FeCp*2
+/0 respectively are as follows (V). n-Bu4N

+PF6
� (0.1 M: 0.475

and �0.070; 0.4 M: 0.425 and �0.100); n-Bu4N+BF4
� (0.1 M: 0.585

and 0.045; 0.4 M: 0.555 and 0.035); n-Bu4N
+Br� (0.1 M: 0.490 and

�0.010; 0.4 M: 0.480 and 0.000); n-Bu4N
+HSO4

� (0.1 M: 0.545

and 0.065; 0.4 M: 0.515 and 0.055); n-Bu4N
+Cl� (0.1 M: 0.590 and

0.070; 0.4 M: 0.570 and 0.070).
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vs. [FeCp2]
0/+ have to be re-measured vs. the more accurate

[FeCp*2]
0/+ reference. Indeed, it is possible to take advantage

of all the results obtained vs. [FeCp2]
0/+ using the conversion

of values vs. [FeCp2]
0/+ to values vs. [FeCp*2]

0/+ of Table 2 in

various solvents. Likewise, it is possible to use ferrocene

continuously as the internal reference, and yet to have a

solvent- and electrolyte-independent redox potential by con-

version with Table 2. The standard redox potentials of the

main reductants and oxidants E10 vs. [FeCp2]
0/+, [FeCp2]

0/+,

SCE and the normal hydrogen electrode (NHE) are given in

Table 3 and 4, respectively (ESIz).16a

3. Iron and cobalt sandwich complexes as redox

reagents

Organometallic complexes, in particular Fe and Co metallo-

cenes and other sandwich complexes for which at least two

redox forms are stable and robust, are very appropriate to

carry out clean electron transfer reactions, because side reac-

tions of the substrate are avoided in this way. When very

strong reductants are required (alkali metals, aromatic radical

anions, benzophenone radical anion), the purity of the reduc-

tant is not well established due to air and moisture sensitivity,

and it is used in excess in order to insure complete reactions.

This type of procedure introduces difficulties to separate

products, and in addition over-reduction may proceed. The

same can be stated with strong oxidants such as O2
+ (Bartlett’

dioxygenyl salt),17 C60
+ and C76

+,18 Ag+,19 MX5 (M = Sb,

As; X = F, Cl).20 Some good single-electron transfer oxidants

such as NO+ are non-innocent, i.e. they often participate as

ligands in (side) reactions of transition-metal complexes.21

Thus, it is wise to choose a redox reagent that will provide

the exergonic reaction with only a modest exergonicity, and

very often organometallic redox reagents, for which both

forms are robust, provide the ideal choice. The knowledge of

the standard redox potentials of the redox reagents examined

in section 1 provides a relatively good guide for the choice of

the adequate reagent. It is of course essential to also know the

standard reduction or oxidation potential of the substrate that

needs be transformed or to measure this potential using cyclic

voltammetry (CV). If reduction or oxidation of the substrate is

found to be chemically irreversible by CV, then the redox

process occurs more easily than indicated by the electro-

chemical potential, because the redox reaction is driven by

the follow-up reaction of the substrate. Comparing with the

electrochemical potential, this potential gain is all the larger as

the follow-up reaction is faster and can reach several hundred mV.

Even if there is no follow-up decomposition of the redox

reactants, the exergonicity is not necessarily directly provided

by the potential difference between the standard redox poten-

tials of the redox reactants. 22,23 It is only so if there is one unit

charge difference between the redox reactants (vide infra).

Indeed, the ergonicity is provided by the Weller equation that

takes into account both the thermodynamic potential of the

donor and acceptor substrates and the electrostatic factor

(eqn (1) and (2)):22,23

DG1 (kcal mol�1)

= 23.06[(E1D � E1A) + (ZA � ZD � 1)e2f/ed] (1)

= 23.06[E1D � E1A] + 331.2[(ZA � ZD � 1)(f/ed) (2)

If, for instance, the monocations are reduced by a neutral

organometallic complex, ZA � ZD = 1, and this electrostatic

factor (ZA � ZD � 1)(f/ed) is nil. The thermodynamics is then

only governed by the redox potentials of the donor and

acceptor (simplified Weller equation, eqn (3)).

DG1 (kcal mol�1) = 23.06[E1D � E1A] (3)

If, on the other hand, the reaction is carried out in a solvent of

low dielectric constant, or/and if the radii of the donor and

acceptor are small, the electrostatic factor can be large,

especially if the charges of the donor and acceptor are very

different, in particular if the oxidant is an anion (such as in

polyoxometallates).23a,b

In eqn (3), for instance the redox reaction is 99% achieved if

the difference between the redox potential of the oxidant and

that of the reductant is 0.12 V for the exchange of one electron

at 25 1C.

Certain transition-metal sandwiches including electron-

reservoir FeI complexes suitably serve as such redox reagents for

which both redox forms are stable and can be easily separated

after stoichiometric redox reactions. By variation of the

number of methyl groups on the rings, a convenient scale of

redox reagents is available over a scale of more than 3 volts

(Chart 2). Organometallic chemists, in particular the groups of

Connelly,11a,b Geiger,11a,c Hamon and Lapinte,24 have

extensively and successfully used ferrocenium (usually as a

BF4 or PF6 salt)
25 as a mild monoelectronic oxidant. In fact,

the scale is even more widely flexible as shown in Chart 2.

Geiger’s group has initiated the use of acetylferrocenium,11

Chart 2

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009 New J. Chem., 2009, 33, 1191–1206 | 1193
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a stronger oxidant than ferrocenium, and some chemists have

used cobaltocene24,26 as a reductant (vide infra).11

4. Stoichiometric reactions using the genuine

19-electron organo-Fe
I
electron-reservoir complex

[CpFe
I
(g6

-C6Me6)] and its functional derivatives

Although the use of cobaltocene, an air sensitive complex

yielding a peroxo-bridged dimer upon fast reaction with O2,
27

has been carried out in several instances,11,24,26 a general

strategy for smooth single-electron reduction using stronger

reagents was clearly called for. The air-sensitive complex

decamethylcobaltocene28 has also sometimes been used.11,29

The antibonding orbital is largely ligand based in these cobalt

metallocenes, with only a 40% metal character.30 Thus, they

are not real 19-electron complexes31 and belong to a large class

of complexes resulting from the single-electron reduction of

18-electron precursors for which the extra electron is essen-

tially ligand based. 31,32 On the other hand, a large family of

complexes [(Z5-C5R5)Fe
I(Z6-arene)], R=H orMe,33 has been

synthesized, characterized by a variety of physical techniques

and DFT calculations34,35 and used as very powerful

(yet thermally stable) reductants in a variety of processes

(vide infra). In these complexes, the metal character of the

antibonding orbital of e1* symmetry reaches 80%., i.e. the

extra electron is protected within the reservoir shell of protect-

ing ligands.34 For instance, the fully methylated, crystalline

complex [(Z5-C5Me5)Fe
I(Z6-C6Me6)] has a redox potential that

is one volt more negative than that of cobaltocene (Scheme 1),

and this redox potential is not medium sensitive.12 The

18-electron cationic precursors [(Z5-C5R5)Fe
I(Z6-arene)][PF6]

are easily available by reactions of arenes with ferrocene

(R = H) or [(Z5-C5Me5)Fe(CO)2Br] (R = Me),35 or by

visible-light photolysis.36 These complexes can also be func-

tionalized with various Cp substituents (COCH3,
37a CO2H,37b,c

CO2R,37d CONHR,37d COSR)37d which allows solubilization in

water,37b,c brings about various colors of the thermally stable

19-electron complexes37d and covalent fixation to polymers and

dendrimers using the ester and amide linkages.37d

The most straightforward reaction of the prototypal

complex [CpFeI(Z6-C6Me6)] is that with air, because there

is a one-volt difference between the redox potential of the

FeII/FeI system and that of O2/O2
� (1 V. vs. Cp2Fe

+/Cp2Fe in

DMF), which makes electron transfer very exergonic.38

Indeed, the reaction of forest-green [CpFeI(Z6-C6Me6)] with

air at –100 1C in frozen THF solution is indicated by a red

color appearing at the surface of the frozen green FeI solution

in an EPR tube. The EPR spectrum recorded is typical of the

temperature dependent spectrum of the superoxide radical

anion O2
�,39 indicating that single electron transfer has

occurred. In THF or pentane solution at �78 1C, the reaction

is fast, and a blood-red solution appears after addition of

1/4 equiv. O2 per mol FeI has been added. The red complex,

virtually quantitatively formed, lacks one H atom compared to

the starting 19-electron complex, and its X-ray crystal struc-

ture revealed an 18-electron cyclohexadienyl structure,40a

[CpFeII(Z6-C6Me5QCH2)] containing an exocyclic double

bond.40b Thus, the second step, following the initial electron

transfer between FeI and O2, is proton transfer in the

caged contact ion pair [CpFeII(Z6-C6Me6), O2
.�] from an

acidic methyl group of the cationic FeII intermediate.

To support this pathway (in addition to the above EPR

experiment), it could be shown that KO2 deprotonates

[CpFeI(Z6-C6Me6)][PF6] in the presence of 18-crown-6 ether

in DMSO. The second step of the reaction of FeI to O2, proton

transfer in the caged intermediate ion pair, can be completely

inhibited at �80 or 20 1C in THF in the presence of

[Na+,PF6
�] that is also in the form of a contact ion pair in

this solvent.41 The two contact ion pairs exchange their partners

in a very fast process42 yielding [CpFeII(Z6-C6Me6)][PF6], and

also [Na+O2
�] whose fast disproportionation to peroxide is an

additional driving force for the overall reaction. If there is no

methyl group on the arene ligand, then O2
� adds as a

nucleophile onto the arene ligand in the cage cationic inter-

mediate, and the peroxo organo FeII radical formed coupled

with a FeI complex to yield a peroxo-bridged cyclohexadienyl

dimer, [CpFeII(Z5-C6H6-exo-O–]2, which resembles that formed

between cobaltocene and O2, [CpCo
III(Z4-C5H5-exo-O–]2.

27 The

salt effect identically operates in this situation. This rather

extraordinary salt effect totally inhibiting the reactivity of

O2
� at �80 1C is reminiscent of the superoxide dismutase

enzyme although the conditions are very different.39 This

chemistry was further generalized to other 19- and 20-electron

complexes43a,b and used for Cp and arene functionalization of

the electron-reservoir complexes.43c Recently, this reaction

of [CpFeI(Z6-C6Me6)] with O2 was applied to the deprotonation

of imidazolium salts to N-heterocyclic carbenes44 using air

(Scheme 2).45 The mechanism involves electron transfer from

the electron-reservoir complex and O2 forming superoxide

radical anion. The latter either directly deprotonates the

imidazolium salt or deprotonation occurs via the iron sandwich

complex. In principle, this system could also work with other

weak acids. Indeed, some functional imidazolium salts cannot be

deprotonated using t-BuOK that is usually utilized for this

deprotonation (Scheme 3).45 In this case, the new process

Scheme 2 Mechanism of the deprotonation of an imidazolium salt to

an N-heterocyclic carbene using an electron-reservoir complex and air.

Compare the direct pathway and indirect pathway via the cyclo-

hexadienylidene intermediate.

1194 | New J. Chem., 2009, 33, 1191–1206 This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009
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allowing to deprotonate a weak acid with FeI and air is simple

and useful, because N-heterocyclic carbenes are superb ligands

for catalysis.46

Electron transfer reactions of [CpFeI(Z6-C6Me6)] with a

variety of organic, inorganic and organometallic substrates is

shown in Scheme 4.47 In some cases (TCNQ, C60), multi-

electron reduction of substrates is found, whereas in others

(alkynes, ketones, inorganic oxides), reduction proceeds

according to electron transfer/proton transfer sequences, and

in these cases reductions proceed with large over-potentials,

because the redox equilibria are shifted toward products due

to fast protonation steps (Scheme 4).

We now focus on fullerenes whose monoelectronic reduc-

tions such as that of C60 are well known and can be carried out

stepwise up to the formation the hexa-anion without break-

down on the electrochemical time scale48 (although such hexa-

charged anions have never been synthesized). Strong chemical

reductants such as alkali metals, however, can reduce C60 up

to the trianion only given the two extreme values of the last

reduction potentials. Moreover, the cesium salt of C60
3�

was shown to be a superconductor.49 Reduction of C60 by

[FeI(Z5-C5H5)(Z
6-C6Me6)] gives the mono-, di- or trianion of

C60 depending on the stoichiometry (Scheme 5).

In the salt of the trianion, the lattice is determined by the

large organoiron cation rather than by the anion, however.

Thus, its physical properties are only those of a paramagnetic

species.50 Cobaltocene can only reduce C60 to its mono-anion

and decamethylcobaltocene can reduce it to its dianion. When

the FeI complex is located at the periphery of dendrimers,

electron transfer to C60 is obtained likewise, for instance to

give C60
.� with the suitable stoichiometry of reactants

(Scheme 6).51

5. Stoichiometric oxidation reactions

using the 17-electron organo-Fe
III

complex

[(g5-C5Me5)Fe
III
(g6

-C6Me6)][SbCl6]2, the strongest

known organometallic oxidant

Oxidation of the yellow 18-electron complex [FeII(Z5-C5Me5)-

(Z6-C6Me6)][PF6] by SbCl6 in liquid SO2 yields the purple

17-electron complex [FeIII(Z5-C5Me5)(Z
6-C6Me6)][SbCl6]2,

isoelectronic to ferrocenium, that is stable in dry air. The

electrochemical oxidation of the monocationic 18-electron

complexes [FeCp(Z6-arene)][PF6] in liquid SO2 shows a rever-

sible monoelectronic wave around +2 V vs. SCE, but the

17-electron dicationic complexes are not isolable. The full

steric protection of the iron(III) center, with 11 methyl groups,

that bears the electron hole in the dication insures stability of

the complex. The redox potential of this FeII/FeIII system is

Scheme 3 Deprotonation of the weak acid imidazolium using the prototypal electron-reservoir complex [FeI(Z5-C5H5)(Z
6-C6Me6)] and air under

ambient conditions.

Scheme 4 Electron transfer reactions to organic, inorganic and organometallic substrates using the 19-electron FeI electron-reservoir complex

[CpFeI(Z6-C6Me6)].
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1.4 V vs. SCE, i.e. 1 V more positive than that of ferrocenium.

This large difference of redox potential for two isoelectronic

redox systems involving the same oxidation state with about

the same sandwich structure is only due to the charge

difference that is responsible for the difference of electrostatic

effect.52

It can oxidize [Cr(Z6-C6H6)(CO)3] to the cation, the mono-

cationic complex [FeCp(CO)]4[PF6] to the isostructural

dication and Ru(bpy)3
2+ to the trication (Scheme 7).52

6. Electrocatalytic (electron-transfer-chain

catalyzed) reactions using the catalyst

[FeI(g5-C5R5)(g
6-C6Me6)] (R = H or Me)

Savéant distinguished electrocatalysis that is the catalysis of

reactions (that may be non-redox) by electrons or electron

holes proceeding according to an electron-transfer-chain

mechanism and redox catalysis that is the mediation or

catalysis of a redox reaction by a redox mediator (outer-

sphere) or redox catalyst (inner sphere).53

Electron-transfer-chain (or atom-transfer-chain) catalysis,

introduced first by Taube with inorganic complexes,4 has been

studied and successfully applied to organotransition-metal

synthesis in the early 1980s.54,55 The electron-reservoir com-

plexes [FeI(Z5-C5R5)(Z
6-C6Me6)] (R = H or Me) and deriva-

tives are excellent initiators when initiation must be carried out

by a reductant, i.e.when the product is more electron rich than the

starting complex in order to design an exergonic cross electron

transfer step in the catalytic chain. For instance, substitution

of the toluene ligand in [FeII(Z5-C5H5)(Z
6-C6H6)][PF6] by

three phosphanes can be achieved in a few seconds at room

temperature by adding 1% of [FeI(Z5-C5H5)(Z
6-C6Me6)]

in THF.56

In fulvalene dimetal carbonyl complexes, ETC-induced

introduction of PMe3 leads to the zwitterionic mono-

substituted complex in the presence of a catalytic amount of

[FeI(Z5-C5H5)(Z
6-C6Me6)]. Introduction of the second phos-

phane involving carbonyl substitution does not proceed,

however.57 Substitution of CO by the second PMe3 ligand

can be only achieved using the more powerful reductant

[FeI(Z5-C5Me5)(Z
6-C6Me6)] as a catalyst (Scheme 8).58

In the cluster [Ru3(CO)12], substitution of carbonyl by

phosphane ligands leads to mixtures when it is carried out

thermally. Using ETC catalysis, CO substitution by phos-

phanes was shown by Bruce’s group to be very selective and

clean.59a Subsequently, this synthetic strategy was pursued in a

dendrimer series. Therefore, dendritic phosphines containing

32 diphenylalkyl phosphine termini were synthesized and

showed a single 31P NMR signal signifying the equivalence

of the phosphorus atoms around the dendrimer. ETC catalysis

was initiated by 1% [FeI(Z5-C5H5)(Z
6-C6Me6)] and carried out

using a stoichiometric dendritic phosphine/cluster ratio in

order to perform single CO substitution by a dendritic phos-

phine tether. The resulting product showed a single 31P NMR

signal indicating that the 32-phosphine dendrimer has bound

32 Ru3(CO)11 cluster units. A similar procedure was applied to

the next generation of dendrimer containing 64 phosphine

termini (Scheme 9).59b,c

On the oxidation side, a catalytic amount of ferrocenium

could serve as electrocatalyst for the fast substitution of two

acetonitrile ligands in [W(CO)3(MeCN)3] by two terminal

alkyne ligands under ambient conditions, provoking meta-

thesis polymerization of terminal alkynes.60a,b It was proposed

that an alkyne ligand isomerizes to a vinylidene in the tungsten

complex, followed by formation of a tungstacyclobutene

intermediate that undergoes polymerization via the Chauvin–

Katz mechanism.60c–e

Scheme 5 Reduction of C60 by [FeI(Z5-C5H5)(Z
6-C6Me6)] to the mono-, di- or trianion depending on the stoichiometry. For the redox potential

values of C60, see Echegoyen and co-workers in ref. 48.
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7. Redox catalysis in water using the catalysts

[FeI(g5-C5H4R)(g
6-arene)] (R = H or CO2H)

Redox catalysts mediate (outer sphere) or catalyze (inner

sphere) reduction or oxidation processes that are thermo-

dynamically favorable (exergonic), but limited by slow kinetics

due to extensive structural reorganization. They also facilitate

endergonic electron transfers for which the product is reactive

enough to shift the redox process. Redox catalysts are

important in biological processes for which coupling between

several redox catalysts (including mediators and true redox

catalysts) are required in complex fundamental processes such

as respiration, nitrogen fixation, etc.9 They are also designed

for chemical processes (for instance CuI/CuII in the Wacker

process),23b photochemical processes (water splitting),23a and

electrochemical processes (fuel cells).23a,53

The electron-reservoir complexes [FeI(Z5-C5H4R)(Z6-C6Me6)]

(R = H or CO2H) and derivatives are redox catalysts for

nitrate and nitrite cathodic reduction in water using an Hg

cathode in alkali aqueous solution. These oxo-anions are not

reducible (electroactive) in water at basic pH, and it is water

that is reduced to dihydrogen at very negative poten-

tials around �2 V vs. SCE. In the presence of the

[FeI(Z5-C5H5)(Z
6-C6Me6)] catalyst, however, these nitrogen

oxides are reduced to ammonia. In the absence of a nitrate

or nitrite, the redox catalysts slowly catalyze water reduction

to dihydrogen. Catalysis of nitrogen oxide reduction to

ammonia works whether the reduced form of the catalyst is

water-soluble or not (i.e. homogeneously or heterogeneously).

When a carboxylic group is present on the Cp ring of the

catalyst, the catalyst becomes soluble in alkaline water in both

the FeII and FeI forms, which gives access to the kinetics of

redox catalysis. The rate constant is then directly accessible

from the ratio of current intensities for the FeII/I reduction in

the voltammogram measured in the presence and absence of

nitrate or nitrite (Scheme 10).61,62

The redox system [FeCp(Z6-C6Me6)]
0/+ is not only an

electron-reservoir, but also a proton reservoir, the pKa of the

18-electron cation in DMSO being around 28, i.e. 15 pKa

lower than that of the metal-free arene.63 Thus reactions

with excess base (KOH or KOtBu) and various alkyl-

and benzyl halides gives star-shape complexes64 and their

Scheme 6 (Top) Formation of the G4-PPI dendrimer containing 64 ion pairs [CpFeII(C6Me6)
+, C60

��] as termini. (Bottom) 2-D schematic

representation and EPR spectrum of [CpFeII(C6Me6)
+C60

��].
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organic stars after removal of the central metal group.

It is then possible to covalently attach catalysts at the star

branch termini.62,65 The interest of star- and dendritic cata-

lysts is that they can be removed from the reaction medium

unlike monometallic catalysts.66 It was thus possible to

derivatize redox catalysts of the type [(CpR)Fe(Z6-C6Me6)]
+

onto hexafunctional star-shaped cores in which the R

group covalently links the complex to the star tethers

(Scheme 11).43c,62

The hexairon redox catalysts were found to be about as

efficient as mononuclear catalysts (the metal sites do not suffer

from steric bulk), whereas introduction of bulk around the

iron sandwich by hexasubstitution of the arene ring slowed

down the redox catalysis of nitrate and nitrite reduction. This

indicates that there is some inner-sphere component in the

electron transfer step between the 19-electron complex and

nitrate or nitrite. Although the low-oxidation state of FeI is

not favorable for binding an oxygen atom of these nitrogen

oxides, decoordination of an arene double bond to generate a

17-electron FeI species that would weakly bind an oxygen

atom to facilitate electron transfer is probable given the kinetic

data (Scheme 12).65

In summary, mono-and star-shaped hexanuclear iron-sandwich

electron-reservoir systems bearing the water-solubilizing

carboxylate group catalyze cathodic nitrate and nitrite reduc-

tion to ammonia on Hg cathode in alkaline water. Kinetic data

show that location of the iron catalyst at the termini of the star

core is favorable to avoid steric inhibition of the inner-sphere

mechanism of redox catalysis.

On the oxidation side, the complex [FeIII(Z5-C5Me5)-

(Z6-C6Me6)][SbCl6]2 is also a redox catalyst for the oxidation

of furfural.52

8. Molecular electronics in redox metallocene-

containing polymers and dendrimers

Ferrocenyl-containing polymers have been known for a long

time from the radical polymerization of vinyl ferrocene,67 and

now represent a very rich family of materials. Bard and Anson

first estimated the number of redox units in these polymers in a

seminal article using the intensity of the wave observed by

cyclic voltammetry,68a and coulometry also leads to these

numbers.68b The inclusion of ferrocene units into polymeric

arrays has indeed attracted much attention due to the electronic

donating ability, reversible redox chemistry, steric properties

and ready functionalization of the redox-stable ferrocenyl

group. In particular, Manners’ group has reported an

impressive family of ferrocenyl polymers synthesized by

ferrocenophane-ring opening polymerization, and these poly-

mers show mixed valency resulting in materials electronic

properties.67,69a,b Such mixed valencies can also be designed

by the introduction of two close redox units at the periphery of

dendrimers.69c

Metallodendrimers69–75 containing ferrocenyl72 and other

iron-sandwich groups73a–c are precise macromolecules whose

shapes are better defined than those of polymers and become

globular as the generation increases (Chart 3). Dendronized

Scheme 7 The 17-electron FeIII complex [FeIII(Z5-C5Me5)(Z
6-C6Me6)]-

[SbCl6]2 as a strong monoelectronic oxidant.

Scheme 8 Electrocatalytic phosphine addition and electron transfer from Ru to W catalyzed by [FeI(Z5-C5H5)(Z
6-C6Me6)]. The stronger catalyst

[FeI(Z5-C5Me5)(Z
6-C6Me6)] can also catalyze CO substitution by PMe3 in the zwitterionic complex (top right).

1198 | New J. Chem., 2009, 33, 1191–1206 This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009
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ferrocenyl polymers show intermediate properties between

those of ferrocenyl dendrimers and polymers.73d,e

Cyclic voltammetry of metal-complex-cored dendrimers

indicates that electronic communication is very poor

with electrodes due to slow, distant electron transfer

problems.74 On the other hand, the opposite was found with

ferrocenyl-terminated dendrimers that always showed electro-

chemically reversible (fast) electron transfer with electrodes72

including with dendrimers containing up to 14 000 ferrocenyl

termini that have a diameter of 30 nm in dichloromethane

solutions.75

Even if the intramolecular distance between two redox

centers is large (most often more than ten bonds), through-

space electron hopping is optimized when the dendritic tethers

bring two redox center at the minimum distance between them

in a very fast dynamic process. This stepwise electron transfer

among the redox centers between the remote ones and the

ones that are located near the electrode also brings the elec-

tron or electron hole to the electrode faster than the stan-

dard electrochemical time scale. A precise analysis of this

latter mechanism has been proposed by Amatore et al. for

dendrimers terminated by [Ru(terpy)2],
2+ based on the

measured electron hopping rate constant using ultramicro-

electrodes and on a Smoluchowski-type model developed to

take into account viscosity effects during the displacement of

the RuII/RuIII(tpy)2 redox centers around their equilibrium

positions.76 The same is true, with fast interdendritic electron

transfer,77 so that redox-center-terminated dendrimers in

which the redox centers are robust could serve as molecular

conductors.

Scheme 9

Scheme 10 Redox catalysis of the cathodic reduction of nitrate and

nitrite in water on a Hg cathode. These anions are not electroactive in

the absence of catalyst in basic aqueous medium (water is then reduced

to H2). The organoiron electron-reservoir redox catalyst is fully stable

upon cycling in water.

Scheme 11 Synthesis of a star-shaped water-soluble electron-reservoir redox catalyst. No kinetic loss is observed compared to the monoiron

complex, and stability upon cycling is retained. The star shape avoids kinetic retardation observed with bulky dendritic cores inhibiting access of

the substrate to the metal center.
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9. Redox-stable metallocene dendrimers as sensors

Redox metallocenes attached to endo-receptors (crowns,

calixarenes, polypodal systems, etc) are sensors of anions, as

nicely shown by Beer’s group.78 The fixation of these redox

systems at the termini of dendrimers provide a single wave in

cyclic voltammetry that is chemically and electrochemically

reversible due to this fast inter-redox-site electron hopping

mechanism. This trend allows to use these metallodendrimers

as exo-receptors for sensing with several advantages: (i) they

are better sensors than monometallic systems, showing

positive dendritic effects79 (i.e. sensing improves as the

dendrimer generation number increases); (ii) they can be used

to modify electrodes all the more easily as they are larger,

i.e. as the dendrimer generation is higher.80 These metallo-

dendrimer-derivatized electrodes can be re-used upon

washing, because the metallocene dendrimer remains firmly

attached to the electrode. The ferrocene-terminated dendrimer

have been ;used with various templating cores such as arenes,81

octahedral inorganic clusters (Chart 3)82 or gold nanoparticles

(Chart 4).83

Cobaltocene-terminated dendrimers can be used in the same

way, although the multiple charges limit their solubility.84 The

terminal sensor can be an amidoferrocenyl group whereby the

amido fragment forms hydrogen bonds with HSO4
� and

(better) H2PO4
�,79–81 amino-arene-iron cation specific for

bromide and (better) chloride87 or silylferrocenyl group for

oxo-anions and ATP2�83c With the amidoferrocenyl termini,

the stability of the amidoferrocenium form is questionable, but

the robustness was ensured with pentamethylamidoferrocenyl

dendrimer termini.85 The click ferrocenyl dendrimers in which

the 1,2,3-triazole groups are directly attached to the ferrocenyl

groups present, in addition, the advantage that they can sense

both the oxo-anions such as ATP2� and transition-metal

cations such as PdII, PtII, CuI and CuII.86

10. Electronic communication through

hydrocarbon ligands and metallodendrimers:

molecular wires and molecular machines

A molecular wire (MW) consists of a molecule connected

between two reservoirs of electrons. The molecular orbitals

of the molecule, when the connected electron reservoir groups

couple, provide a favorable electron pathway. Such a system

was suggested to have the ability to rectify current in the early

Scheme 12 Kinetics of the redox catalysis of nitrate cathodic reduction (logarithm of the rate constant, ln k of the mediation step: FeI +NO3
�-

FeII + . . .) in water as a function of the driving force E1 of the redox catalyst. Note the kinetic retardation with the redox catalysts con-

taining a bulky arene ligand that inhibits the approach of nitrate to the iron center. This effect shows the inner-sphere component of the

electron transfer mechanism. Non-bulky catalysts are on the straight line. The star-shape catalyst of Scheme 11 nearly falls on this

straight line.

Chart 3
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1970s by Aviram and Ratner who are, with Taube, the

pioneers of molecular electronics.88 Research on MWs has

attracted considerable attention over the past few years with

research on the possibility of rectification and other pheno-

mena, and it now appears as a major area of nanosciences and

nanotechnologies.89 Prominent examples also include

polymeric inorganic materials such as Li2Mo6Se,
90 but let us

concentrate here on conducting organic linkers schematized

on Chart 5.

Following Taube’s example of electronic communication

between two ruthenium centers via a pyrazine bridge,5 other

ligand-bridged bimetallic compounds were designed and

examined from the point of view of electronic communication

between the two metallic redox centers. The question is

whether these compounds are delocalized class-III mixed-

valence (actually average-valent) or localized class-II mixed-

valence with electron transfer between the redox sites.91 The

first well-known example is biferrocene (type A, Chart 6)

whose monocation (FeIIFeIII)92a,b is class II (as its

permethylated analog92c), but can become more delocalized

with one alkyl substituent per sandwich unit.92d In other

following examples of type A from our work with the same

fulvalene bridge between two iron centers in sandwich

geometry, however, complexes were found to be either

localized93 or delocalized.94 For instance, they could be

perfectly delocalized class III FeIFeII compounds94 even on

the infrared time scale (Chart 6).94d It was found that the non-

bridging ancillary ligands play a crucial role, because they

intervene in the frontier orbitals. As an example polyaromatic

bridges were found to promote a delocalized mixed FeIFeII

system, and the di-reduced state coupled to distort the

diphenyl ligand to a bis-cyclohexadienylidene ligand.95 The

geometry that is involved in these delocalized hydrocarbon-

bridged systems is also represented by A in Chart 6, and it is

found (transiently for the states involving Fe0) in five

oxidation states FeIIFeII, FeIIFeI, FeIFeI, FeIFe0 and Fe0Fe0

Chart 4

Chart 5

Chart 6
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that are represented by cascades of single-electron chemically

and electrochemically redox reversible waves in cyclic voltam-

metry (except the last wave for which the electron transfer is

slow meaning structural reorganization, presumably to reduce

the hapticity).

The linear geometry B was subsequently investigated and

synthesized with all-carbon-chain ligands from the mid-1990s

by the groups of Lapinte,96 Bruce,97 Gladysz96,98 and Yam.99

The iron compounds (Chart 7) have a specific interest because

of the possibility to easily access to mixed (average) valence

FeIIFeIII systems and di-oxidized FeIIIFeIII compounds96 as in

the biferrocene derivatives. Moreover, the iron atom is

surrounded by the bulky ancillary ligands C5Me5 and

chelating diphenyldiphosphinoethane so that these com-

plexes behave like electron reservoirs as in permethylated

sandwich complexes. This property allowed their stabili-

zation and study in various oxidation states. The groups of

Bruce and Gladysz have isolated bimetallic compounds of

ruthenium, rhenium and platinum with very long poly-yne

chains containing up to 20 carbon atoms, i.e. n = 10 in

Chart 7, and interesting non-linear optical properties have

been disclosed.100

With a phenylene spacer, diynyl-bridged bimetallic iron

complexes are still electronically connected, but much more

so in paraphenylene connectors101 than in meta isomers.

Tris(iron-ethynyl)benzene complexes have been isolated and

analyzed from the point of view of their mixed valencies, and a

certain degree of electronic communication was observed.102

In contrast, with ferrocenyl termini instead of iron termini, no

splitting of the cyclic voltammetry wave of bis(p-ferrocenyl-

ethynyl)benzene is observed even with perfluorinated tetra-

arylborate electrolyte salts known to weaken iron pairing.103

Thus, the absence of electronic communication between the

ferrocenyl units in para and meta positions (due to very

weak redox content in the Cp orbital connected to the

ethynyl benzene group) allows to isolate the electrostatic

factor in mixed valency as observed by cyclic voltammetry.

For instance, in hexa(ferrocenylethynyl)benzene (C, Chart 8),

a single cyclic voltammetry wave is observed using

[n-Bu4N][PF6] as the supporting electrolyte, whereas this

wave can be split into three two-electron waves or six

overlapping single-electron wave by variation of the nature

of the supporting electrolyte and/or of the nature and number

of methyl groups on the free Cp rings of the six ferrocenyl

units.104

Such electronic effects are called for in the Toulouse group

project of a molecular motor based on D (Chart 8) whereby

oxidation of selectively only one ferrocenyl center at a

nanoelectrode would provoke repulsion of that rotating

center from the anode and thus provoke the motor rotation,

bringing the oxidized group to the cathode for reduction.105

In dendrimers, molecular motions and rearrangements and

size variations upon redox change is considerable and

connected again to the electrostatic effects of ion pairing.

For instance, in a G5 dendrimer containing 2000 ferrocenyl

termini, the dendrimer size increase upon oxidation could be

recorded using atomic force microscopy and electron force

microscopy in the solid state on a mica surface. The height

measured increases from 4.5 � 0.4 nm in the orange ferrocenyl

dendrimer to 6.5 � 0.6 nm in the dark-blue ferro-

cenium tetrafluoroborate dendrimer (Scheme 13). The robust

nature of both redox forms insures complete reversibility

of the process. This means that, upon a simple electric pulse

at the right potential, a nanomolecular machinery is at

work.75c

Chart 7

Chart 8
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11. Conclusion and outlook

In this microreview, we have shown the multiple functions and

applications of the concept of electron reservoir molecules,

that was introduced 30 years ago.12 The encapsulation of a

redox-active metal center inside a bulky shell of protecting

ligands results in the robustness of the complexes throughout a

large variety of processes: as references, reagents, electro-

catalysts, redox catalysts, robust redox termini for electronic

communication, and photochromic polymers and dendrimers

also serving as molecular batteries. Very strongly reducing and

oxidizing reagents were designed based on this principle, but

other redox systems shown here with intermediate potentials

in the redox scale are also very useful and will continue to be

so in the design of nanodevices. Organometallics, however, are

not the only candidates for electron-reservoir systems. Photo-

electron transfer with polypyridine ruthenium complexes106

and other photo-active inorganic and organic compounds107

are useful for energy conversion, fine chemistry and machinery

devices, although the instability of some oxidation states can

sometimes be limiting. Metal nanoparticles can accept many

quantum-size controlled electron transfers with Coulomb

blockades108 and be used as excellent multi-electron catalysts.109

Redox-induced switch of spin cross-over for the design of

molecular-memory devices is another example of possible

future application.110 It is indeed the synergy between well-

designed, versatile molecular components and nanoparticles

and surfaces that will the basis of nanoscience and nano-

technology in the 21st century.
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87 C. Valério, E. Alonso, J. Ruiz, J.-C. Blais and D. Astruc, Angew.
Chem., Int. Ed., 1999, 38, 1747; B. Alonso, P. Garcı́a Armada,
J. Losada, I. Cuadrado, B. González and C. M. Casado, Biosens.
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