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ABSTRACT

This Account focuses on fundamental aspects and applications of
the concept of “electron and proton reservoirs”. Permethylated
electron reservoir iron sandwich complexes, which were known
to be excellent reducing agents in their neutral 19e Fe' form, have
recently been shown to be stable strong oxidants in their dicationic
17e Fe"' form. Thermodynamic, mechanistic, and synthetic aspects
of the redox chemistry of these and related organoiron complexes
are summarized. Proton reservoir properties of these complexes
are due to enhanced acidity in their cationic form and result in an
original type of activation: perfunctionalization leading to dendritic
cores and useful metallodendrimers of variable topology.

Electron and proton transfers play a key role in supramo-
lecular chemistry,! biochemistry,> and molecular acti-
vation.>"® They are also intimately connected as, for
instance, in the redox processes of the organic hetero-
cycles of NADH, FADH,, and NADPH involved in respira-
tion and photosynthesis.® Thus, redox systems which are
reversible in any sense are essential for natural and
unnatural processes because, by definition, there is no
breakdown of the molecular entities upon redox change
other than the removal or addition of electrons and
protons. Some monoelectronic systems with mild poten-
tials, mostly inorganic, are very well known for their ability
to withstand the redox change in biological processes®
(mediators: cytochromes and iron—sulfur proteins), mo-
lecular materials® (conductors and superconductors, mixed-
valence compounds for nonlinear optics, molecular fer-
romagnetism), catalysis®’ (Wacker-type processes?), and
light emission or absorption (sensitizers such as [Ru-
(bpy)s]?>" involved in light—energy conversion?). Although
the above examples indicate that stable redox systems can
be found in various areas of molecular chemistry, the vast
majority of oxidation and reduction processes of molec-
ular compounds show a lack of reversibility or a limited
reversibility even on the short electrochemical time
scales.® The reason for this is that, most of the time, an
electron is removed from a bonding orbital upon oxidation
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and added into an antibonding orbital upon reduction,
which leads to violation of the rare gas “rule” (octet or
18-electron) and is a strong destabilizing factor. Only
delocalized systems with degenerate orbitals and low-lying
antibonding orbitals are suitable for a redox change
without dramatic consequence for the molecular integrity,
and such redox systems are useful redox reagents (Scheme
1). Twenty years ago, we introduced the name and
concept of “electron reservoir” for stable, very electron-
rich permethylated sandwiches such as [Fe'(5°-CsRs)(15-
CsMeg] {R = H (1a) or Me (1b)}, i.e., compounds with 19
valence electrons on the transition element located at the
heart of the molecular structure and well protected from
the outside by the shell of the permethylated rings.!® These
compounds are the most electron-rich compounds known
with ionization potentials as low as that of potassium
metal and can reduce a large variety of substrates. For
instance, with O,, the generation, spectroscopic charac-
terization, and reactivity and inhibition of superoxide
radical anion O,*~ were shown.! In this Account, | would
like to give a unifying view of the electron and proton
reservoir iron—aromatic sandwich complexes including a
recently established thermodynamic basis and synthetic
applications.

The First Triad of Stable 17-, 18-, and
19-Electron Complexes

The yellow 18e complexes 1 as well as a large number of
iron complexes with other arene ligands, whose reduction
to the neutral forest-green 19e complexes was known,
could be oxidized in SO, in a single-electron wave at very
positive potentials ranging from 0.9 to 1.7 V vs Cp,Fet/°
(Cp = #5-CsHs). Furthermore, 1b* as well as the analogous
iron complexes of durene and pentamethylbenzene could
be oxidized by SbCls or SbFs in SO, to the stable purple
17e dications obtained as SbClg~ or SbFs~ salts which were
recrystallized from SO, (Scheme 2).

The electronic structure of these 17e cations was
examined using the DFT method, UV—visible, ESR, and
Mossbauer spectroscopy and magnetic susceptibility mea-
surements and was shown to be close to that of ferri-
cinium, i.e., 2E; corresponding to the metallic (a;)%(e,)?
electron configuration. This means that a single positive
charge shifts the potential toward anodic values by about
1.7 V, the potential of the parent redox system [FeCp(7°-
CeHe)] %" vs Cp,Fe¥ ™. It was also possible to oxidize the
19e complex 1b directly to the 17e complex 1b[SbCl¢],, a
potential jump of 3 V! This is the first case for which both
monoelectronic oxidation and reduction give stable 17e
and 19e complexes, respectively. The 17e Fe'"' complex
12+ is, indeed, the most powerful stable organometallic
oxidant.'? The electron reservoir principle now applies on
both oxidation and reduction sides. One may compare this
triad to the bis-arene series [Fe(775-CsMeg),] 2+ (20/+/2+,
Scheme 3) This extension with mechanistic considerations
is the subject of the following section.
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Scheme 1. Redox Scale of Stable Redox Couples Including Common Redox Reagents?
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Scheme 2. Useful Stable Organometallic Electron Reservoir System
Involving a Strong Oxidant (17e) and a Strong Reductant (19e)
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Electron-Transfer Pathways in the Reactions
Involving Electron Reservoir Systems: A
Combinatorial View

In this series, all the complexes shown in Scheme 3 can
be isolated (see the colors) except for [Fe(y5-CsMeg)(1°-
CsMesCH,)]™°.13 This diagram shows the systematic, com-
binatorial interconnections of the particle transfers and
their possible mechanisms.

In biology, the hydride reduction of NAD" to NADH,
which corresponds to the transfer of a proton and two
electrons, can proceed by any of three possible mecha-
nisms (2e + H*, e + H* or H7). Similarly, mechanistic
considerations are implied for the other heterocyclic
bioorganic redox reagents involving the transfer of hy-
drogen(s). This type of diagram is useful to illustrate all
the possible interconnecting mechanisms, because odd-
electron pathways are at least as frequent as classic
pairwise mechanisms. Indeed, relevant to these biochemi-
cal processes, we could show by spectroscopic detection
of the intermediate species that the hydride reduction of
the PF¢~ salts of the monocations by NaBH, or LiAIH, such
as lat, 2%, and [Fe(57°-CsMes)(17>-CsMegH)] T (31) proceeded
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via single-electron-transfer (SET) pathways. The main-
group hydride first transfers an electron to the organoiron
cation, giving the neutral 19e organoiron intermediate,
which then takes up a hydrogen atom from the hydride
to give the final product.** The reverse reaction, hydride
abstraction using PhsC*, could also be shown to proceed
according to the SET path, for instance with [Fe(#°-Cs-
Meg)(17*-ex0-RCsMegH)]*® or even with non-methylated
analogues [Fe(;7°-CsHs) (17*-ex0-RCsH;)].26-19 This was cru-
cial for the synthesis of heterobifunctional cyclohexa-
dienes from CgRs (R = H or Me). In this case, PhC;™" first
oxidizes the neutral 18e organoiron compound to the
cationic 17e species and the trityl radical PhsC*. The
reaction must be carried out at —40 °C so that these two
radicals are sufficiently long-lived to react with the
concomitant H-atom transfer from the 17e organoiron
intermediate to the Ph;C* radical to give the reaction
products. Other examples of reactions proceeding by SET
with compounds of these families are the removal of a H
atom by O, in the 19e complexes 1 and 3 and the removal
of two H atoms by O; in the 20e complex 2.1115 Recently,
this reaction was extended to triple C—H/N—H activation
by O, from a 19e complex bearing an alkylaminomethyl
substituent on the Cp ligand. The overall reaction occurs
rapidly under ambient conditions, allowing the hetero-
bifunctionalization of the iron sandwich complex and, in
particular, its solubilization in water (Scheme 4).

Each of the three H-atom abstractions by O, proceeds
analogously by exergonic electron transfer from the 19e
Fe' center to O,, followed by deprotonation of the cationic
18e organoiron intermediate by O,*~ in the cage (Scheme
5)_20

The multiple types of C—H activation (by H*, H, or
H~ transfer) involving permethylated late transition-metal
sandwich complexes and the variety of oxidation states
(from Fe® to Fe'") and valence-electron numbers (from 17e
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Scheme 3. Example of Diagram lllustrating the Combinatorial View
of Electron, Proton, H-Atom, and Hydride Tranfers in Permethylated
Late Transition-Metal Sandwich Complexes
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to 20e) led to the requirement of a thermodynamic basis
in one of these families in order to facilitate their
understanding.

Thermodynamics of C—H Activation in the

16—20-Electron Isostructural Complexes

ﬁe;(n5-C5R5)(n6-arene] (x=0—-4;R=Hor
e

To start, we measured the potentials of the reversible (or
partly reversible) oxidation and two reductions of the 18e

complexes [M"(3°-CsRs)(n%-arene][PF¢] (R = H or Me, M
= Fe or Ru) for a variety of arenes. The determination of
the peak potentials of the irreversible oxidation and
reduction of the complexes [Fe"(57°-CsRs)(17°-CsMesCH,)]
(4a, R = H; 4b, R = Me), resulting from the deprotonation
of 1, was also carried out. In this case, it was necessary to
correct these values with the potential shifts provoked by
the irreversible follow-up reactions according to Parker
et al. in order to estimate the E° values.?? The accuracy
on E° is now weaker than in the reversible cases. Then,
we measured the pK, of these cations?* by the direct
method used inter alia by the groups of Norton,? Tilset,?
and Theopold?® to investigate the acidity of transition-
metal hydrides. It consists of the addition of a known
quantity of base with strength similar to that of the
compound under investigation to a solution of this
compound, and the position of this equilibrium is spec-
troscopically determined (using *H NMR or UV—vis in the
present case). Knowing the position of this equilibrium,
one may calculate the pK, of the analyte from the pK, of
the base used (Scheme 6).

Using other methods, the groups of Terrier?® and
Bordwell>” measured the pK, of the diphenylmethane and
fluorene iron complexes, respectively, which are much
more acidic than 1*. With pK, and E° values in hand, it is
possible to estimate other thermodynamic values such as
the C—H bond energy and the pK, of other isostructural
oxidation states with the help of thermodynamic dia-
grams. Such thermodynamic cycles were first introduced
by Breslow and Balasubramanian?® in the late 1960s and
then used by many others.??73! Thus, the pK, of the 17e
complexes 12* can be calculated in this way using those
of the 18e complexes 11 and the oxidation potentials of 1
and their deprotonated species 4 (Scheme 7). For instance,

pK,(1a°") = pK, (1a*) — F(E®,..; — E®.0r:)/2.303RT

= pKy(1a") — 16.89(E% 5 :rzr — E 4gors)
=29.2—-16.89(1.165 + 1.250) = —11.6

Likewise, the pK, of the 19e complex 1 can be calculated
using those of the 18e complexes and the reduction
potentials of 1t and 4. Since second-oxidation and
second-reduction potentials are sometimes accessible or
can be estimated, it is possible to extend this type of cycle
to the estimation of the pK, values of the 16e and 20e
species with some approximation.

The calculation of the element—hydrogen bond dis-
sociation energies (BDEs) has also been achieved using
other thermodynamic cycles, which required measure-
ment of the pK, of the acid AH and the oxidation potential
of the conjugate base A~ and estimation of the solvation,
transfer, and formation energies of the hydrogen radical
and the proton (Scheme 8).

A value of 73.5 & 1 kcal-mol~* for the constant C has
been determined by Parker et al.??> for DMSO as the solvent
and FeCp,¥ " as the reference, and we used this value and
these conditions. Parker and Tilset have introduced cycles
based on isodesmic reactions?? and calculated many M—H
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Scheme 5. Proposed Mechanisms of the Reaction of Scheme 3, a Triple H-Atom Abstraction (via Electron Transfer) by 0, in a 19e Fe' Complex
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BDEs of transition metal—fluorene complexes have also
recently been determined.?” Application of the technique
of Scheme 6 to the 18e complexes 1" to calculate the
benzylic C—H BDE is shown in Scheme 9. For instance,

BDE(1a") = 2.3RT pK, + FE®, ,, + C
= 1.365 pK,(1a") + 23.06E°,,,. + 73.5 kcal/mol
= 1.365(29.2) 4 23.06(—1.165) + 73.5 = 86.5 kcal/mol

Similarly, this cycle could be also carried out for the
estimation of the benzylic C—H BDE in the 17e complexes
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[M] = CpFe or Cp*Fe

Cp =1>-CsHs; Cp* = n°-CsMes
12+, the 19e complexes 1, and the 20e complexes 17, or,
more practically, the C—H BDE in the next oxidation state
can be deduced from the C—H BDE of the known
oxidation state and the redox potentials involving these
two states, as shown in Scheme 10 for the 17e species 12+,
For instance,

BDE(1a’") = BDE(1a") — 23.06(E° ... — E%4pirzt)
= 86.5 — 23.06(1.25—0.34) = 65.5 kcal/mol
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An overall picture of the thermodynamic data is shown
in the case of 1a*™ and related species in Scheme 11.

The conclusions of this first thermodynamic study in
molecular chemistry spanning several oxidation states are
the following:

(1) Coordination of the arene by CpM™ and Cp*M™* (Cp*
= 15-CsMes) in the 18e complex increases its acidity by
14 and 12 pK, units, respectively (analogous Fe and Ru
complexes have about the same pK,), so these mono-
cationic sandwich complexes can be reversibly deproto-
nated by t-BuOK. On the other hand, the benzylic C—H
BDE in these 18e complexes is not significantly different
from that found in the free arene.

(2) In the neutral 19e iron complexes, the reverse
situation is found: the acidity is about the same as that
in the free arene, but the C—H BDE is lower by 21
kcal-mol~! than that in the 18e complexes or in the free
arene because the loss of a H atom leads to a stable 18e
species.

(3) In the anionic 20e iron species, the acidity decreases
by 18 pK, units compared to that of the 19e species or
the free arene because of the negative charge. The benzylic
C—H BDE is as low as that in the 19e complex for the
same reason; i.e. there is one less electron in an anti-

ir Complexes Astruc

bonding orbital after the homolytic cleavage of a benzylic
C—H bond.

(4) The acidity of the dicationic 17e iron complex is
considerably increased (40 pK, units lower) compared to
that of the 18e complex and even more compared to that
of the free ligand (53 pK, units). The benzylic C—H BDE
is the weakest in the whole series, which may appear
surprising because homolytic cleavage of a benzylic C—H
bond should lead to the very unfavorable 16e metal
configuration. Coordination of the exocyclic double bond
to the free metal site as shown in the proposed structure
(reminiscent of a ferrocenyl carbonium cation) would
bring back its valence electron count to 18, and this could
explain its stability and the observation of low BDEs.

(5) The tricationic 16e species would have a pK, 95
units lower than that of the free arene and 114 pK, units
lower than that of the 20e species (although neither the
16e nor the 20e species has been isolated).?

Synthetic Applications of the Electron and
Proton Reservoir Complexes

Applications of [Fe'(°-CsRs)(n%-arene] (R = H or Me) as
Electron Reservoirs. The prototype of stable 19e com-
plexes 1la is most often used, but solubilization in water
by introduction of a carboxylate substituent or variation
of the redox potential by changing the number of methyl
groups on the Cp and arene ligands can be affected at
will. Since these applications have already been reviewed,?
only the main types of properties of the electron reservoir
Fe' complexes are summarized here.

Stoichiometric monoelectronic reductants: many accep-
tors have been reduced (O, Ceg, Ceo~, Ceo® .3 TCNQ,
TCNQ™, inorganic and organometallic cations, and many
neutral organic compounds such as aldehydes, ketones,
and phenazine).

Redox mediators or catalysts (cathodic reduction of
nitrite and nitrate to ammonia in water).?°

Electrocatalysts (initiators of electron-transfer chain-
catalyzed reactions such as chelation and substitution of

Scheme 11
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Scheme 12. Examples of Exergonic Monoelectronic Oxidation
Reactions by the Strong 17e Oxidant
[Fe'" (37°-C5Mes) (17°-CeMes) I [ShCls 2

1+
Fe'!
()
1b*, 18e vQ
co CO {:%_‘—“
SbClg J 8§02 0.2V vs. FeCpg
oc” CO >co
12+ [Fe4Cp4(CO)al
-0.04V vs. FeC|
Fle' I —p>2 [Fe4Cpa(CO)s]*
[Fe4Cpa(CO)]*
1b%, 17¢ 0.6V vs. FeCp; 2
1,03V vs. FeCpy > [FesCp4(CO]
in CHoCl
22 (Ru(bpy)s*
. 0.87V vs. FeC|
COUNTER ANION: L e Rutbpy)a®
s

arene or CO by P donors in mono-, di-, and polynuclear
complexes). 3334

Dendritic redox sensors for the recognition of small
inorganic anions (vide infra): CI-, Br—, H,PO,~, HSO,.353%

References for the determination of redox potentials by
cyclic voltammetry. Unlike in ferrocene, the IUPAC refer-
ence, the redox-active metal centers is shielded from the
outside by the shell of permethylated ligands in [Fe'(;®-
C5R5)(1’]6-C6R5)], [Fe"(n5-C5R5)2], and [COII(WS-C5R5)2], which
were found to be more reliable than ferrocene as refer-
ences.%’

Applications of [Fe'''(75-CsRs)(n5-CsMe 6T {R =
(1a2%) or Me (1b?")} as Single-Electron Oxidants. Being
a strong monoelectronic oxidant with a redox potential
about 1 V higher than that of ferrocene, 1b[SbCl¢], can
oxidize a large number of substrates. Representative
examples are shown in Scheme 12.%2

In principle, 1a?>" or 1b%" can play the same role in
oxidation as 1 in reduction above. For instance, 1a%* is a
good redox catalyst for the useful ring-opening oxidation
of furfural in SO, at —40 °C on a Pt anode (rate constant,
k = 115 mol-L"%-s71).22

Synthetic Applications of the Complexes [FeCp(#°-
arene)][PF¢] as Proton Reservoirs. The reaction between
an 18e cationic complex [MCp(%-C¢Meg)][PFs] (M = Fe
or Ru) and excess base and organic halide leads to the
replacement of six protons by six branches in a one-pot
reaction (Scheme 13).10:38-42

This CpM*-induced hexaalkylation, hexaaallylation or
hexabenzylation of CsMes consists of a series of deproto-

Scheme 13

Kt+-BuO or KOH (excess) +
@_‘ * RBr or Rl (excess) |©"——|
Fe" PFs- Fe R PFs-

_;‘<_b§‘ THForDME =

R = alkyl, ferrocenylalkyl,
1a [PFg] allyl, benzyl, p-alkoxybenzy!
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nation/C—C bond formation sequences. The deprotona-
tion of the organometallic cation is a reversible process
considering its pK, and that of the base respectively, but
the reaction is shifted toward the alkylation reaction
products because the alkylation steps are irreversible. The
first deprotonation of the yellow salt of the 18e organoiron
cation gives a deep-red 18e cyclohexadienyl complex, as
shown in Scheme 11. Recovery of the aromatic structure
of the ligand and of the yellow color is accomplished by
the alkylation step. Thus, a new sequence can start again,
and so on until the steric limit is reached. This complex
is a reservoir of six protons in the hexafunctionalization
reaction. Visually, the reaction is “oscillatory” between
yellow and red in terms of color changes. For instance,
the hexamethylation of 1a*™ with CH3l and t-BuOK spon-
taneously occurs in 1 min altogether, and the rapid
sequences can be visually followed. Although the reactions
are stoichiometric, the metal center is firmly held to
activate the aromatic ligand during all the sequences. One
can compare this process with catalysis, each sequence
being the equivalent of a catalytic cycle. Synthetic ap-
plications are shown in Schemes 14 and 15.4345

With allyl bromide, the perallylation of the hexameth-
ylbenzene ligand can be continued until dodecaallylation
involving 12 sequences (24 reactions altogether), in which
[FeCp(CesMeg)][PFs] is a reservoir of 12 protons. The
resulting dodecaallylated complex and closely related ones
can be considered as the first organometallic dendrimers.*
Since only one face of the ligand bears a metal center,
the molecule is chiral because no free rotation of the
chains is possible. The directionality of the chains (re-
sponsible for the chirality*”) is generated by self-assembly
of the chains during the iron-induced perallylation reac-
tion (Scheme 16).

With a five-membered ring as a ligand, i.e., with Cs-
Mes, there is more space around the ligand (angle with
the centroid, 72°) than with a six-membered ring (60°),
so rotation of the doubly alkylated chains can be induced
thermally and monitored by *H NMR. Although the methyl
groups of the CsMes ligands are less acidic than those of
la™, double alkylation,*® allylation, and benzylation*® of
each methyl group can proceed in the 18e complexes
[MCp*Cp][PFs] (M = Co or Rh) (Scheme 17), whereas only
dodecaallylation is possible in 1a*. These double-branch-
ing reactions providing directional ligands are one-pot
syntheses of chiral dendritic cores, avoiding the tedious
isolation—purification—repetition procedure commonly
used in dendrimer chemistry.5-5!

Attempted permethylation of the 18e complex [CoCp*;]-
[PFe] (57) failed because of steric problems even under
forcing conditions, but that of the Rh analogue 6* was
successful since the larger radius of rhodium induces a
larger inter-ring distance in 6* than in 5%, which circum-
vents the bulk problem.%? Thus, 6" is a reservoir of 20
protons. In the course of this reaction, self-organization
induces an opposite directionality of the two rings, only
one diastereoisomer being obtained. The ability of the
second-row transition-metal permethylated sandwich com-
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Scheme 14. Star-Shaped Molecular Architectures Generated by Hexafunctionalization of [Fe''Cp(16-CsMes)][PFe]
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plex to undergo permethylation or perfunctionalization
while first-row metal complex does not because of steric
constraints is, in fact, a quite general feature, as we could
recently show with [MCp*(78-CsMeg)]™ (M = Ru vs Fe).5

The double branching is also very easy for some 18e
CpFe™ complexes of polymethylaromatics such as o-xylene
and durene, in which each methyl group has one methyl
and one hydrogen neighbor on the benzene ring. These
facile reactions are accessible for benzylation and allyla-
tion*¢ and are thus suitable for immediate application in
synthesis. Indeed, polyallyl cores can be easily trans-
formed into poly-primary alcohols by regiospecific hy-
droboration using disiamylborane and oxidation using
H,0,/OH~ (Scheme 14),384344 and polybenzyl cores can
be regioselectively acylated (Scheme 15)* and chlorocar-
bonylated in para positions (Scheme 18).3¢

An example of an application is represented in Scheme
18, where the octabenzylation and subsequent chlorocar-
bonylation reactions are used to introduce 24 amidofer-

rocene and 24 [Cp*Fe(y%-N-anilino-)] termini on the
branches of dendrimers.

The former dendrimer is useful as a sensor for the
recognition of the H,PO,~ and HSO,~ anions (but not the
halides) using electrochemistry, which takes advantage of
the difference in the interactions of the anion with the
amido group (presumably by double H-bonding) between
the weakly bonded ferrocene form and the strongly bound
ferricinium form.3 The latter dendrimer nicely and very
selectively recognizes the chloride and bromide anions
(but not the above oxoanions) through a single H-bonding
interaction in the branches.®® In both cases, dramatic
dendritic effects were found; i.e., the recognition by
tripods with the same branches is, by comparison with
these dendrimers, weak.

The complex [FeCp(r®-mesitylene)]" is a reservoir of
nine protons since nine allyl group can be introduced.
This nonaallylation is facile and useful. It led to the
discovery of another early organometallic dendrimer,34-57
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Scheme 15. Cgo-Terminated Star-Shaped Polystyrene Polymer Generated by Hexabenzylation of [Fe''Cp(18-CsMes)][PFe]
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Scheme 16. Self-Organization of a Directionally Rigid, Chiral Scheme 17. Chiral, Metallocene-Centered Dendritic Cores Generated
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a nona-[FeCp(n®-arene)]* complex (Scheme 19).58 Nona-
ferrocene® and nonacobalticinium®® dendrimers derived
from the nonaallyl core were also efficient for the recogni-
tion of oxoanions with strong dendritic effects.>>% Fur-
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Rh, AG* = 70.21 kJ.mol* (16.8+0.2 kcal.mol'™")

thermore, this nonaallyl dendrimer served as a core for
the divergent synthesis of 27-, 81-, and 243-allyl dendrim-
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Scheme 18. Dendritic Multielectron Reservoirs Active in Sensing Anions and Generated from [Fe"'Cp(ap8-durene)][PFs]?

(24-Fc)

(24-FeAr)

a Conditions: (i) PhCH,Br, KOH, DME, 2 d, room temperature; (ii) (COCI),, AICl3, CH,Cl,, 15 °C, 1 h; (iii) NH,C(CH,OCH,CH,CN)3, NEts, CH.Cl,, 3 d,
room temperature; (iv) BHz—Me,S, THF, room temperature, 1d; (v) [Fe(Cp)(CsHsCOCI)], 6, CH.Cl,, 4 d; (vi) [FeCp*(175-CeHsF)]*PFs~, 8, CH,Cl,, room

temperature, 15 d.

ers using the dendron p-OHCgH,C(CH,CH=CH,); in reac-
tions with the polymesylates; i.e., dendritic syntheses that
occur in this way are fast.5!

Conclusion and Perspectives

Our delineation of the concept of “electron reservoir” in
1979 has led us to a number of areas where applications
are involved: stoichiometric, chain, and catalytic reactions
in organic, inorganic, and organometallic chemistry. Some
of these electron-transfer reactions, such as those involv-
ing dioxygen, were of interest for mimicking the reactivity
of superoxide radical anions in biology, and also provided
the basis for very mild yet powerful C—H activation

systems of great synthetic utility. Other SET reactions of
the electron reservoir complexes were useful in materials
sciences, such as those using Cg and TCNQ and their
mono- and polyanions. Recently, we have synthesized
dicationic 17e complexes which are strong oxidants with
functions comparable to those of electron reservoirs on
the oxidation side. The variety of oxidation states and
valence electron numbers involved in electron-, proton-,
hydrogen-atom-, and hydride-transfer chemistry led us to
examine diagrams organized in a combinatorial way in
order to illustrate the mechanistic possibilities implicated
in the many particle-transfer reactions. A systematic
thermodynamic investigation of the C—H activation pro-
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Scheme 19. Generation of Dendritic Architectures Based on [Fe"Cp(z®-Mesitylene)][PFe]2
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2 The dendritic growth of the polyamines (9 — 18 — etc.) follows Vogtle’s
branching a tripod dendron (see text).5!

cesses in these various oxidation states highlights the
strong influences of the charge and coordination on the
acidity and BDE, respectively. Among all the particle
transfer reactions, the proton reservoir properties of the
cationic organotransition-metal sandwich complexes bear-
ing polymethylated ligands were synthetically powerful
because they rapidly generated diverse topologies for star
and dendritic cores that allow the construction of nano-
sized molecules. The evolving fascinating domain of
dendrimers has applications in molecular recognition
when dendritic effects are disclosed and in catalysis when
no steric inhibition problem at the bulky dendritic surface
intervenes. Thus, the new directions are now in nano-
sciences, where the concept of electron reservoir is also
very useful and powerful. For instance, the metalloden-
drimers illustrated in this Account have reversible redox
centers and show a unique reversible wave in cyclic
voltammetry.3526:5% We are now examining dendrimers®%:6!
surrounded by electron reservoir units which are huge
reservoirs of electrons® for which two redox forms can
be isolated* with the transfer of a large number of
electrons between the “red” and “ox” forms. This principle
should be extended to a variety of nanoscale assemblies
and find use in catalysis,>%2 molecular recognition,16263
molecular electronics,'28 biotechnologies,® and lithogra-

phy.65
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strategy,?>5! and that of the polyolefins (9 — 27 — etc.) is achieved by
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