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Why is Ferrocene so Exceptional?

Didier Astruc*!!

Dedicated to Professor Henri B. Kagan at the occasion of his 85th birthday

Abstract: The appearance of ferrocene in the middle of the
20th century has revolutionized organometallic chemistry and
is now providing applications in areas as varied and sometimes
initially unexpected as optical and redox devices, battery and
other materials, sensing, catalysis, including asymmetric and en-
antioselective catalysis, and medicine. The author presents here
a general, although personal, view of ferrocene's chemistry,
properties, functions, and applications through a literature sur-
vey involving both historical and up-to-date trends and includ-
ing examples of his group's research in a number of these areas.
The review gathers together general features of ferrocene
\chemistry and representative examples of the salient aspects.

Its focus is on ferrocene's basic properties, ferrocene-containing
ligands, the ferrocene/ferricinium redox couple, ferrocene
mixed-valence and average-valence systems, the ferricinium/
ferrocene redox shuttle in catalysis, ligand-exchange reactions,
ferrocene-containing polymers, ferrocene-containing structures
for cathodic battery and other materials, ferrocenes in supra-
molecular ensembles, liquid crystals, and nonlinear optical ma-
terials, ferrocene-containing stars and their electrostatic effects,
ferrocene-containing dendrons, dendrimers, and nanoparticles
(NPs) and their application in redox sensing and catalysis, and
ferrocenes in nanomedicine.

%

Introduction - Ferrocene's Basic Properties

The process technicians who noticed the formation of an or-
ange sludge when they inspected pipes used in the manufac-
ture of cyclopentadiene upon cracking dicyclopentadiene at
Union Carbide in the late 1940s did not imagine that only a few
years later the new compound involved would be the subject
of wonder from the entire chemistry community. The first
publications, submitted in 1951, ignored Langmuir'sl" and
Sidgwick's®®! 18-electron (18e) rule and represented the com-
pound with two monohapto cyclopentadienyl ligands, as
[Fe(n'-CsH5)1,.24 The real sandwich structure — [Fe(n>-CsHs)], -
was disclosed and published in 1952 by Wilkinson, Rosenblum,
Whiting, and Woodward™! in Harvard and by Fischer and Pfab®
in Munich. It has a Dsy, (eclipsed) or Ds, (staggered) conforma-
tion and a very small rotation energy barrier [Equation (1)].
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33405 Talence Cedex, France
E-mail: didier.astruc@u-bordeaux.fr
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Eclipsed Ds, conformation Staggered D5y conformation
observed in solution by XAFS often observed in crystal structures
at very low temperaturest®3! including for decamethylferrocene M

This structure immediately appeared all the more fascinating,
because nobody had seen anything like that, and especially
because ferrocene (FcH) - the name coined by Woodward and
Whitting”! - appeared to possess three types of exceptional
properties:

(i) stability up to 400 °C (m.p. 172.5 °C) with an iron center that
has the saturated electronic structure of krypton,

(ii) reactivity as a superaromatic electrophile,”’ and

(iii) mild and reversible oxidation around +0.4 V versus satu-
rated calomel electrode (SCE) [Equation (2)].

These properties, in addition to good solubility in all com-
mon organic solvents and stability in air, together with the re-
sulting enormous number of ferrocene derivatives and ferro-
cene-containing materials synthesized in the last 65 years, have
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made ferrocene an icon in organometallic chemistry. Ferrocenes
have been the subject of more than 18000 publications so far
(Web of Science), with numbers of publications appearing
yearly still increasing (for books on ferrocenes, see refs 11,
and for historical surveys, see refs.[12-181),

Imitating the most common synthesis of ferrocene - from
iron chloride and cyclopentadienylsodium [Equation (3)] - the
reactions between cyclopentadienyl salts and all transition
metals provided early on an easy route to transition-metal
sandwich complexes with parallel rings for late transition metals
and main-group metals and bent structures for early transition
metals, with additional equatorial ligands.[21¢!

FeCl, + 2 NaCp — FeCp, + 2 NaCl (in THF) 3)

The robustness of ferrocene, like that of its lower-row ana-
logues ruthenocene and osmocene,®'? is the result of the 18e
count of its central metal atom, contrasting with neighboring
late-transition-metal neutral metallocenes, which have the odd-
number-electron structures of d> 17e for manganocene and d’”
19e for cobaltocene.l'?! Robust isoelectronic 18e ferrocene-type
structures are evident in the forms of the decamethylmangano-
cene anion,[" a strong reductant, and cobalticinium cation,?%
which, with cobaltocene, forms [Co"'Cp,]*/Co"'Cp,, another use-
ful and complementary redox couple.!

The large family of substituted cyclopentadienyl ligands??
has enriched the ferrocene family with a great variety of ferro-
cene derivatives produced by treatment with Fe'' salts [as
in Equation (3)], adding to the many ferrocene derivatives ac-
cessible through electrophilic reactions with ferrocene itself
(Scheme 1).

Strong acids protonate the iron center, yielding the cationic
iron(lV) hydride complex [Fe(H)Cp,]*, but the most classic and
useful representative electrophilic reaction of ferrocene is its
acylation in the presence of acyl chlorides and AlCI3.*23! For
instance, with acetyl chloride, the reaction is currently used in
undergraduate schools to show the difference in reactivity be-
tween the two ferrocene rings, with the first acetylation com-
pletely deactivating the acetylated ring, but also sufficiently
deactivating the unsubstituted ring to slow down its acyl-
ation.?#2°! In this way, the monoacetylation is selective if it is
carefully controlled. The red product acetylferrocene is easily
separated from minor amounts of yellow-orange unreacted
ferrocene and of deep red 1,1-diacetyl ferrocene by column
chromatography on alumina or silica. The acetylation of both
rings to yield 1,1-diacetylferrocene is also easily conducted by
slowly adding ferrocene to a dichloromethane solution of
2 equiv. of the acetylation reagent CH3CO*/AICl,~ (Scheme 2).
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Scheme 1. Representative electrophilic reactions with ferrocene and subse-
quent chemistry (together with acylation, Scheme 2) and mechanism (top).
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Scheme 2. Acetylation of ferrocene and key subsequent chemistry.
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Reduction of acetylferrocene with NaBH, gives the second-
ary alcohol FcCHOHCH;,?% and the resolution of the two
formed enantiomers?”! with the aid of a chiral HPLC column
is another valuable undergraduate laboratory experiment.[282°]
FcCHOHCH; can also be dehydrated to give vinylferro-
cene.3-321 Treatment of alcohols FCCHOHR with [Ph;CI*[PF4~
1 or hydrolysis of acetates FCCH(OAC)R yields the stabilized a-
ferrocenylcarbonium ions [FCCHR]* that are isolable as BF,~ or
PFs~ salts.[33! These cations are also accessible by 1e oxidation
of vinylferrocenes*¥ and can be regarded as distorted cationic
n’-fulvene complexes (Scheme 2) isolobal to [FeCp(n°-arene)]*
(Cp = n>-cyclopentadienyl) with a slight shift of the iron center
towards the exocyclic carbocation (vide supra).®> Deprotona-
tion of the a-ferrocenylcarbonium salts would yield a-ferrocen-
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Scheme 3. Bertrand's characterization of an a-ferrocenylcarbene.”!
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Scheme 4. Clean mono- and dilithiation of ferrocene and relevant chemistry.

ylcarbenes,*% but the ferrocenyl substituent does not electroni-
cally stabilize carbenes, and spectroscopic characterization of
these species (that dimerize to olefins) remained elusive until it
was recently achieved by '3C NMR spectroscopy (Ocarbene ¢ =
315 ppm) by Bertrand's group with the aid of an N(iPr), substit-
uent and trapping with Sg to give the thioketone (Scheme 3).13!

The direct lithiation of ferrocene with butyllithium is another
key reaction yielding 1,1’-dilithioferrocene,® but monolithia-
tion that is marred by the generation of some 1,1’-dithiated
product. A smart and convenient method was, however, re-
ported by Kagan's group, who used the high-yielding formation
of pure (tri-n-butylstannyl)ferrocene, which is a convenient pre-
cursor of pure lithioferrocene®?! and many other monofunc-
tional ferrocene derivatives, and in particular to very useful li-
gands (Scheme 4).14!

Ferrocene-Containing Ligands

The extremely rich reactivity of ferrocene has allowed the syn-
thesis of very useful and currently widely utilized ligands,°-
551 especially a large variety of ferrocenylphosphines that are
accessible either from lithioferrocene and 1,1’-dilithioferrocene
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(Scheme 4) or through direct Friedel-Crafts reactions with ferro-
cene in the presence of aluminum chloride.”? The achiral di-
phosphine 1,1”-bis(diphenylphosphino)ferrocene (dppf) is espe-
cially widely used in catalysis; in particular, its palladium com-
plex [Pd"Cl,(dppf)1®® is used for palladium-coupling reactions
with industrial applications in pharmaceuticals and agrochemis-
try. Ferrocenyl-substituted monophosphines are P-chiral when
the two other P-substituents are different, and such phosphines
P(Fc)(R)(Ar) have been used in asymmetric catalysis. Chiral ferro-
cenyl-based ligands are numerous and useful in enantioselect-

ive syntheses.!>>7:58!
PPh,
/_L .-uPR2

PgaiPh
R
Plane of chirality + C-chirality

Fe
(S,R)-josiphos

<

P-chiral

When two substituents on a ferrocene ring are different, the
ferrocene derivative has a plane of chirality (below). The synthe-
sis of relevant phosphines starts from a monofunctional ferro-

Li PPh
7w, PPhc @ R,
¢ = ¢t
Fe W Fe {
° L0
90% ee

Scheme 5. Enantioselective synthesis of a chiral phosphine involving the ferrocenyl plane of chirality. See Strohmann et al.3°7!

Eur. J. Inorg. Chem. 2017, 6-29 www.eurjic.org

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



{®xChemPubSoc
e Europe

o

cene derivative and uses a chiral diamine and butyllithium. The
diamine chelates the Li cation, rendering the reagent mono-
meric, and thus more reactive, and polarizes the Li-C bond,
which enhances the reactivity of the butyllithium (Scheme 5).

Many bidentate ligands in which the ferrocene unit bridges
a phosphine and another heteroatom ligand have been de-
signed. For instance, Hor's group reported nickel(0) complexa-
tion by hemilabile PN-ferrocene ligands and demonstrated their
ethylene oligomerization activities.®>°®! Through the use of
other chelates such as N,S ligands, ferrocene has been incorpo-
rated - by the Lopez group, for instance — onto palladacycles.®"]
Key ligands that are most useful for stabilizing gold and palla-
dium NPs are ferrocene- and biferrocene-containing thiolates,
and these ligands also serve as self-assembled mono-
layers.[62-661 The Bilstein group has designed N-heterocyclic
carbenes (NHCs) containing a ferrocenyl substituent (or substit-
uents) on the nitrogen atom(s) and has synthesized N,N’-di-
ferrocenyl heterocycles.'*”!

| 7 N@N\ @N
Fe " Fe N\J" Fe > :
< o' o

Ferrocenyl N-heterocyclic carbenes

-

The Ferrocene/Ferricinium Redox Couple

Mild oxidation of ferrocene by, for instance, iodine, FeCls, or
AgNO;, etc. yields a stable blue ferricinium salt that can be
reduced back to ferrocene with, for instance, an acidic aqueous
solution of TiCl; or thiosulfate or by other mild reductants such
as decamethylferrocene. HAuU"'Cl, in water is reduced by ferro-
cene in diethyl ether solution (within seconds on stirring at
room temperature) to afford air-stable ferricinium chloride pro-
tected gold NPs (Figure 1).16%

z ether H\OH -
+HAsCL 3,0 Ve T L
Fe uCly.3H,0 —— g

It
@ Fe*

Figure 1. Fast and simple formation of ferricinium chloride stabilized gold
NPs under ambient conditions through the biphasic reaction between ferro-
cene in diethyl ether and aqg. HAuU"'Cl,.1°]

Ferricinium salts (most commonly the PFs~ salt) are mild Te
oxidants that are especially useful in organometallic and inor-
ganic chemistry.l21¢81 Other names for ferricinium include ferro-
cenium and ferricenium; they have also been used since the
early days. Because “ferro” is conventionally used for Fe'" com-
plexes and “ferri” for Fe'' complexes, it would be best to use
the name ferricenium or ferricinium, especially because, in addi-
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tion, the name ferrocenium hydride should be reserved for the
protonated form of ferrocene [Fe(H)(>-CsHs),1[PFs7], a “bent”
metallocene hydride.707"

In cyclic voltammetry a chemically and electrochemically re-
versible single-electron (1e) redox wave is found upon anodic
oxidation around 0.4 V versus SCE,°® but the exact redox-po-
tential value depends on the solvent, because of the variable
interactions of the different solvents with the positively charged
central iron. Although ferrocene has long been considered a
reference for the measure of redox potentials, decamethylferro-
cene and other permethylated metallocenes are therefore
much more reliable references, because in these cases the cen-
tral metal atom is protected from these interactions by the cage
of ring methyl groups, and the redox potential is then inde-
pendent of the nature of the solvent.7273!

The electrochemical reversibility signifies that electron trans-
fer from the ferrocene to the anode and back-electron transfer
between the anode and ferricinium are fast on the timescale of
potential scanning in cyclic voltammetry. This high heterogene-
ous electron-transfer rate is due to the fact that the structures
of ferrocene and ferricinium are almost exactly the same (no
bond is broken during the redox process), with Fe-C bond
lengthening upon single-electron oxidation of ferrocene being
only of the order of 0.1 A.7477) Electron transfer from ferrocene
to acceptors of interest such as DNA has been studied from the
kinetic viewpoint by Kraatz's group.l’® This fast electron trans-
fer rate and easy ferrocene oxidation are having far-reaching
consequences and applications in medicine, redox sensing,
redox catalysis, and materials science, including in batteries,
electrochromics, etc. (vide infra). For instance, ferrocene-con-
taining nanostructures such as ferrocene-peptide conjugates
undergo extensive rearrangements upon oxidation of the ferro-
cene unit to ferricinium, as recently shown by Kraatz's group.l”?!
Although they are relatively stable in this solid state, ferricinium
salts are air-sensitive and react with O, in organic solutions, 8%
which slightly limits their applications, unless at least one ring
is permethylated.

The Nishihara group discovered a counter-anion-dependent
and thermally modulated valence tautomerization of ferro-
cenyl-conjugated pyrylium salts formed by strong-acid-medi-
ated cyclocondensation of 1-(ferrocenylethynyl)anthraquinone
yielding 2-ferrocenyl-7-oxodihydrodibenzochromenylium salts
[Equation (4).18"

This taumerization, in which the cationic iron sandwich form
is favored at high temperatures for the PF4~ salt, was not ob-
served for the BF;~ counterpart, due to increased coulombic
attraction between this smaller counter-anion and the localized
oxonium charge. This situation is somewhat reminiscent of that
of a-ferrocenylcarbonium (vide supra).®" Along similar lines,
this research group also reported remarkable ferrocene-dithiol-
ene hybrids that display temperature-gated proton-coupled
electron transfer’®>* or reversed intramolecular charge trans-
fer3>51 in which the redox properties of ferrocene play a main
role.

Permethylmetallocene cations are considerably more stable
than their parent metallocenes, due to the stereoelectronic pro-
tection by the methyl ring substituents, and this applies, for
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instance, to pentamethylferricinium and decamethylferricinium.
Decamethylferrocene®? is more easily oxidized than ferrocene
by 0.5 V. For instance, whereas ferrocene does not reduce tetra-
cyanoethylene (TCNE), Miller's and Epstein's groups reported
the first molecular ferromagnet [Fe(n>-CsMes),]* [TCNE]™ upon
oxidizing decamethylferrocene with TCNE.[®3]

NCu, — wCN
NCu, ___ CN NC” | ~CN
T e
Fe : Fe’ :
charge-transfer ferromagnet

complex

The stronger reducing power of permethylferrocenes in rela-
tion to ferrocene has recently been used, for instance, by the
Fukusumi group with octamethylferrocene for two-electron
oxygen reduction with CrV84 or Mn" corrole!®! derivatives.

Ferrocene-based liquid crystals can be profoundly affected
by redox change. For instance, oxidation of a non-mesomorphic
persubstituted ferrocene derivative leads to the corresponding
ferricinium species, which exhibits a smectic A phase.®®

Beer's group demonstrated that the photophysical proper-
ties of a d-f dyad were reversibly switched by oxidizing the
ferrocene chromophore to ferricinium.?”? A remarkable ferro-
cene storage method in dendrimers was reported by the Yama-
moto and the Nishihara groups in the form of Yamamoto's poly-
phenylazomethine dendrimers that were able to encapsulate
ferricinium units through complexation of the electron-donat-
ing skeleton of the polyphenylazomethine dendritic imines. By
utilizing the redox properties of ferrocene, the authors achieved
electrochemical control over the encapsulation and release of
ferrocene into the dendrimers in the same way as redox-respon-
sive proteins such as ferritin.®8 The chemically or physically
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(adsorption) based modification of electrodes!®! with ferrocene
derivatives as redox relays or redox catalysts has long been of
considerable use in electrochemical sensing (vide infra). For in-
stance, electrically insulating proteins can be made redox-con-
ducting,®? electrode-coated monolayers can mimic photosyn-
thetic energy and electron transfer,®" and single-base mis-
matches in DNA can be electronically detected.®?-94

Finally, the other oxidation states — Fe'¥ and Fe' - of ferrocene
have been reversibly electrochemically generated, but the po-
tentials are so extreme that these very reactive species could
not so far be observed spectroscopically (Scheme 6). In cationic
iron sandwich complexes isolobal to ferrocene, the isolation of
such Fe' complexes is possible, however (vide infra).

+3.5V

—_—
-~

+0.4V -3.0v
Cp,Fe?* Cp,Fe* Cp,Fe === Cp,Fe”

16e 17e 18e 19e

Scheme 6. Electrochemical sequences of reversible 1e redox reactions of
ferrocene.l7#!

Ferrocene Mixed-Valence and Average-
Valence Systems

In 1970, single-electron oxidation of biferrocene was reported
to provide one of the first mixed-valence system for which the
infrared spectrum (i.e., at a spectroscopy frequency of about
103 s71) showed the signals of both Fe'' and Fe', indicating
localized class-Il mixed valency in the Robin-Day classifica-
tion,[>2°1 whereas in the related dinuclear complexes
[Fe,(us,m'O-fulvalene)(n®-CsHg)1F[PFgl~ and  [Fe,(u,m'2-biphen-
yl)Cp,l*[PFg]~ intermediate the infrared band indicated average
class-lll mixed valency.'°°-1°21 M@ssbauer spectra (i.e., at the
frequency of about 107 s7') of biferrocenium derivatives are in-
teresting, because, depending on the nature of Cp substituents
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Scheme 7. Nishihara's electronic communication in bis(ferrocenylethynyl)polyaromatics modulated by photochemically driven ring closing.['2%!

and counter anions, localized or delocalized mixed valency is
observed.['%2

Ferrocene units have been useful for the study of electronic
communication through bridges with greater or lesser degrees
of electronic conductivity. For instance, studies conducted by
Lang et al.l"®1"% in particular have scrutinized electronically
intercommunicating iron centers in di- and tetraferrocenyl-
pyrroles and other heterocycles. Diethynylbiferrocene has been
used by the Lapinte and Lang groups as a bridge between sev-
eral redox-active group 8 metal fragments in order to examine
the nature of the electronic communication between these
groups with absorption and vibrational spectroscopy of the
mixed valences, and the interaction was shown to be weak but
measurable.['"]

The Nishihara group synthesized azo-bridged ferrocene
oligomers and a polymer and conducted electrochemical and
optical analyses of internuclear electronic interactions in the
mixed-valence states. The redox potentials and intervalence
band characteristics were shown to depend significantly on the
solvent. The solvent effect of the intervalence band on v(max)
cannot be interpreted only in terms of the parameters in the
Marcus-Hush theory, thus indicating that the nature of the
solvent as donor or acceptor needs to be taken into ac-
count in the electron-exchange process in the mixed-valent
states.''271"71 Visible-light photochromism of Sakamoto's and

Eur. J. Inorg. Chem. 2017, 6-29 www.eurjic.org

Nishihara's related mixed-valent bis(ferrocenylethynyl)ethenes
switches electronic communication between the ferrocene
sites.l'"*118] Structural conversion and spin separation in bis-
(ferrocenylethynyl)anthraquinones were also triggered by
Nishihara's group upon proton-coupled intramolecular electron
transfer.l'’®! This research group reported redox-assisted ring
closure of the photogenerated cyclophanediene form of di-
ferrocenyldimethyldihydropyrene with interferrocene electronic
communication switching. Reversible high-yielding photo-
isomerization was found to take place between the closed
dimethyldihydropyrene form and the open cyclophanediene
form upon alternate irradiation with visible (578 nm) light and
UV (303 nm) light (Scheme 7).1'20

Kaim's charge delocalization in heterodimetallic systems con-
taining ferrocene has been examined by IR and UV/Vis spectro-
scopy and involves some, usually low, charge transfer.!'2!:122]

The Ferricinium/Ferrocene Redox Shuttle in
Catalysis

Switching between ferrocene and ferricinium in a device often
has dramatic consequences for the outcome of a catalytic reac-
tion. Several examples highlight this trend below. Ferricenium
hexafluorophosphate serves as an electron-transfer-chain cata-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ETC CATALYZED TRANSFORMATION OF A PRECATALYST TO A CATALYST

LS = (CO):g(NCI\[E)z R
o+
— L.W'-NCMe N LsW! ‘ P L MeCN
17e
18¢ \‘] / \‘.‘ ,f{
" )
. ‘ // / \
LsWO| LsWI-NCMe* PF,- ==
18e 17
- . _—
Two cycles of this type allow bringing
- two alkynes onto the tungsten center
/ N R
e = o-|
lfe PFﬁ- Fe L4W -
< |
R——
MeCN catalyst: [FeCp,]'[PFs]”
reflux R'C=CH
[W(CO)s] — [W(CO)3(MeCN);] —tu- [W(CO)3(MeCN)(R'C=CH),]
-3C0 r.t.
isomerization¢
R'C=CH
polyalkyne - [W(CO)3(MeCN)(R'C=CH)(=C=CHR")]
R" = Ph, alkyl Chauvin-Katz
metathesis
mechanism

Scheme 8. Proposed mechanism for the remarkable acceleration by the electron-transfer-chain (ETC) catalyst (ferricinium) of the metathesis polymerization

of terminal alkynes.[23]

lyst for carrying out ligand substitution of MeCN in
[W(CO)3(MeCN)s] by terminal alkynes, thus acting as a precata-
lyst for the polymerization of these terminal alkynes.['?3! The
mechanism combines the electrocatalytic exchange of the
acetonitrile ligand on tungsten for alkyne ligands?* with
polymerization by metathesis of the terminal alkynes catalyzed
by W-vinylidene species.'?*! In this Chauvin-Katz mecha-
nism,2>128] coordination of the terminal alkyne on the W-vin-
ylidene species after rearrangement of a W(n?-alkyne) species
produces a tungstacyclobutene. The ferricinium electrocata-
lyst('27! accelerates the replacement of acetonitrile by the alk-
yne ligand via odd-number-electron W species by several or-
ders of magnitude. Polymerization occurs immediately under
ambient conditions in the presence of the ferri-
cenium electrocatalyst instead of proceeding at 100 °C over
several hours in its absence (Scheme 8).[2°!

Studer and Curran recently published an excellent review ar-
ticle entitled “The electron is a catalyst” that gives examples of
how electron shuttles are used catalytically in organic chemis-
try."28] Related concepts were pioneered by Savéant,['?! Rus-
sell,'3% Bunnett,!'3" and Kornblum (Sgy1),["3?! and electron-
transfer reagents such as ArsN* in oxidation and naphthyl-
sodium or photocatalysts in reduction require more energy
(more extreme redox potentials) than in inorganic and organo-
metallic systems,!'33! for which similar concepts had been exam-
ined by Taube in the early 1950s!"3% and later by Kochi.l'?* A
12
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recent example, however, uses the ferricinium/ferrocene shuttle
in organic chemistry as follows. Ferrocene was used as an elec-
tron-shuttle catalyst in C-H imidation of heteroarenes. The de-
composition of a perester reagent yielded a succinimidyl radical
that added to an aromatic system. In this way, the C-H imid-
ation used a new perester-based self-immolating reagent. Suc-
cinimide products obtained were deprotected in situ, giving the
corresponding anilines.['3%

The ferricinium/ferrocene redox shuttle was also shown by
Plenio's group to trigger ring-opening metathesis polymeriza-
tion (ROMP) catalyzed by a second-generation Ru-benzylidene
Grubbs catalyst attached both to silica NPs through a functional
NHC ligand and at the same time to a poly(vinylferrocene) poly-
mer. In the oxidized ferricinium form of the polymer the ROMP
reaction was inhibited, but not in the reduced ferrocene
form.l'3¢! Likewise, it was shown that upon single-electron oxid-
ation, (ferrocenylphosphine)Ru complexes lose some of their
catalytic activity for the isomerization of the allylic alcohol oct-
1-en-3-ol, due to reduced electron density on the Ru center.['3”]

Ligand-Exchange Reactions and Related Iron
Sandwich Complexes

Although the best-known reactions of ferrocene are its electro-
philic reactions and its reversible 1e oxidation to ferricinium,
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ligand-exchange reactions are also a rich and synthetically very
useful source of ferrocene-containing macromolecules and
nanomaterials. The Nesmeyanov group showed that exchange
of a single ferrocene ring for an aromatic group was easily car-
ried out in the presence of a strong Lewis acid such as AICl; to
produce a salt of the robust cation [FeCp(n®-arene)]*.[3813]
This has a rich reactivity with nucleophiles, reducing agents,

7w Ao = |
AICl5, Al, decalin _ Fe(CHy)yl
PFg
Fe Fe —_—
(2) aq. HPFg KOH, DME

<

Eur|IC

European Journal
of Inorgariic Chemistry

Microreview

and bases!"%141] that resembles that of the cobalticinium
salts.['#2143] The most remarkable reactions of these cationic
iron sandwich complexes are their very useful peralkylation and
perallylation reactions with alkyl iodides and allyl bromide, re-
spectively, in the presence of KOH or tBuOK under ambient
conditions, leading to metallostars (Scheme 9) and metallo-
dendrimers (Scheme 10).[14414%1

<
<

Scheme 9. CpFe*-induced hexaferrocenylalkylation of the hexamethylbenzene ligand.!'4%)

1) CH2=CHZCHzBr

(1) mesitylene @ + KOH, THF
@ AlCH, Al _  (2)hv (Vis), CHoCly
N . Fe , PFs e

(3) HSiMe;CH,CI
Karsted catalyst

(4) NaN3, FcCoH
catalyst:

Fe
@ (2) aq. HPFg

Fe

T
CuS0y + Na ascorbate !

N=N

Scheme 10. Synthesis of a ferrocene-terminated dendrimer based on the CpFe*-induced nonaallylation of mesitylene.['44:300]
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The metallodendrimers in particular can be further involved
in a variety of transformation reactions that provide a rich
chemistry. Another useful aspect of the [FeCp(nt-arene)]* salts
is their iron-based redox chemistry.['#1146] Whereas ferricinium
salts are mild oxidants, the isolobal 17e sandwich complex
[Fe(n>-CsMes)(n°®-CeMeg)1?*[SbClgl?~ is a strong oxidant,[#¢! and
the 19e complexes [FeCp(n®-arene)] are strong reduc-
tants.'47:1481 With the 18e monocations, these 17e and 19e Fe
sandwich complexes form other useful robust redox couples
with very positive and very negative redox potentials, respec-
tively.['49150] The reduced Fe' forms are even stronger reduc-
tants than cobaltocene!'>'>2! and were designed as electron
reservoirs paralleling fullerenes.['>3! Other practical reactions in-
volve the visible-light photolytic cleavage of the Fe-arene bond
in [FeCp(nt-arene)]* salts, leading to functional ferrocenes
[Equation (5)] and other organoiron cations,!">4-">71 whereas
thermal arene exchange in these neutral 19-electron complexes
proceeded at sub-ambient temperature.['>®!

CH,Cl, or THF

R =H, Cl, COMe, CO;Me,
CO,CH,CCH, NHCH,Ph
R'= CO,Me, PPh,, SiMe,CH,CI
M = Lior Na (5)

With 1,1’-diacetylferrocene, only double ring exchange with
polymethylbenzene derivatives was achieved, yielding
[Fe(arene),]?* salts, a series of complexes isolobal to ferrocene
with rich redox and arene activation properties.!'>%160]

Carbon atoms in one ferrocene ring can also be replaced by
heteroatoms, although access does not involve ferrocene. For
instance the piano-stool complex [Fe(n>-CsHs)(CO),(n'-pyrrole)]
is used as a precursor for the synthesis of azaferrocene, [Fe-
(M>-CsHs)M>-C4HaN)LIY whereas  pentaphosphaferrocene,
[Fe(n*>-CsMes)(m>-Ps)], was synthesized by a related strategy!'®%
that has been extended to a large variety of sandwich-type
complexes containing the CpFe fragment and to their supra-
molecular applications.['63-166]

(O:N P{iﬁ;ﬁ
Fe Fe
- (N

Azaferrocene Pentaphosphaferrocene

Ferrocene-Containing Polymers

Since the first report, by Arimoto and Haven in 1955, of the
homo- and copolymerization of vinylferrocene derivatives, 6]
ferrocene polymers have remained a continually blossoming
field, with more than 2000 publications that have appeared up
to now and applications in biomedicine, electrocatalysis, mem-
brane fuel cells, sensors, self-healing materials, plastics, batter-
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ies, aerospace materials, liquid crystals, photovoltaic cells, and
nonlinear optics.!'68-1721

Ferrocene-containing polymers can contain the ferrocene
units either in the main polymer chain or in the polymer side
chains.

T
=
<

In the first category, polymerization is based on various poly-
condensation reactions of 1,2-, 1,3-, or 1,1"-disubstituted ferro-
cenes with or without spacers, whereas in the second category,
only monosubstituted ferrocenes are needed. Biferrocenes that
are functionalized on the free Cp rings are also practical units
for the polycondensation reactions and lead to multi-functional
polymers with properties useful for applications in mixed va-
lency, solubility control, electrochromics, sensing, and catalysis.

The most remarkable type of formation of ferrocene poly-
mers containing ferrocene units in the main chain is the ring-
opening polymerization (ROP) of strained ring-tilted ferroceno-
phanes first reported by Manners and co-workers in
1992,[1731741 and then developed and extended extensively by
the same group with a number of useful applications [Equa-
tion (6)]. For ROP, the strained bond in a ferrocenophane is
broken in a number of ways, including in thermal, anionic,
cationic, photolytic, and transition-metal-catalyzed polymeriza-
tion, on which the molecular weights and architectures de-
pend.“”’”él

The molecular weight of the polymers, as well as their archi-
tecture and living character, depend on the mechanism, how-
ever. Living polymerization was found to be photocon-
trolled.l'”*! In addition, this method proved so rich and power-
ful that it was subsequently also applied to a large variety of
non-ferrocene transition-metal sandwich derivatives. The elec-
trochemical analysis of polymers such as [Fe(n>-CsH,),SiMe,],

=
N

0:¢-
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150 °C
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i

Manner's ring-opening polymerization of strained ferrocenophanes
Prototypical example: X = SiMe,

S oJ\\

[Equation (6)] and of small oligomers with two to seven mono-
mer units proved remarkable, with the observations being
found to depend on whether the oligomer contained an odd
or an even number of ferrocene units. For oligomer systems
containing odd numbers of ferrocene units two reversible redox
CV waves were observed, with a redox splitting of 0.22 V,
whereas for oligomer systems containing even numbers of fer-
rocene units larger than two, three CV waves of varying intensi-
ties were observed. For large polymers there were two reversi-
ble CV redox processes of equal intensity at 0.00 and 0.24 V
versus FcH. As shown in Equation (6), the successive ferrocenyl
groups are very close to one another, so that oxidation of two
successive groups at once cannot occur because of the signifi-
cant additional coulombic (electrostatic) repulsion between two
neighboring groups. This is negligible, however, when oxidation
proceeds at alternative groups. Thus, initial oxidation proceeds
at alternative iron sites to afford mixed-valent dinuclear frag-
ments. Further oxidation of successive groups occurs at a
slightly higher potential. This explains the presence of two oxid-
ation waves in the cases of the polymers and of small oligomers
with odd numbers of units."”% This metallopolymer field has
provided a large variety of materials, some with potential appli-
cations, until very recently. For instance, the polyferrocenyl-
silanes can themselves be functionalized."””? Nanostructured

&

(S

Fe

(6)

N3
/Si
\ g
Ny P © “cuso,
Na ascorbate
N\ THF/H,0
/—Sl
N3 i
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materials based on these polyferrocenylsilanes with emerging
applications were found in the form of functional block copoly-
mers.!78!

The syntheses of metallopolymers containing ferrocene units
in the side chains proceed either through polymerization of
monofunctional ferrocene derivatives containing a polymeriza-
ble substituent such as, typically, vinylferrocene under radical,
cationic, anionic, or Ziegler-Natta conditions or by post-syn-
thetic functionalization of a polymer. For this latter type, click
chemistry is especially appropriate, because relevant reactions
are easy to conduct under mild conditions. Thus for instance,
poly(p-azidomethyl)-substituted derivatives were condensed
with ethynylferrocene in a Cu'-catalyzed alkyne-azide cyclo-
addition (CuAAC) process to yield 1,2,3-triazolylferrocene-con-
taining dendronized polymers [Equation (7)].l'7°!

Other remarkable ferrocene-containing polymers are Nishi-
hara's photoconducting poly-(1,1"-dihexylferrocenylenes)/TCNE
adduct, astutely synthesized by the reaction between dihexyl-
fulvalene dianion and [FeCl,(THF),], followed by charge transfer
with TCNE,['8% and the borylene-bridged poly(ferrocenylene)s
synthesized by Wagner's group.!'8"

Ferrocenyl glycidyl ether and allyl glycidyl ether were re-
cently copolymerized by living anionic ROP by the groups of
Wagner, Frey, and Wurm to generate polyfunctional copolymers
with molecular weights up to 40300 g mol~! and low molecular
weight dispersities (Mw/Mn < 1.18).[1821

Radical addition fragmentation chain transfer (RAFT) poly-
merization and atom transfer radical polymerization (ATRP) of
ferrocene-containing acrylate monomers have also recently be-
come popular methods for the formation of polymers contain-
ing ferrocene units in their side chains. ROMP in the presence
of the Schrock molybdenum high-oxidation-state alkylidene
catalyst produced the first ferrocene-containing polymers by
this method. Subsequently, a number of other ferrocene-con-
taining polymers were synthesized by ROMP in the presence of
the Schrock molybdenum-alkylidene or the Grubbs ruthenium-
alkylidene catalysts.['83-187] Very recently, the synthesis of such
ferrocene-containing polymers has been largely developed
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Scheme 11. Living synthesis of diblock polymers containing ferrocene and iron sandwich units with the aid of the third-generation Grubbs ruthenium-

benzylidene ROMP catalyst.'®”!

with the aid of the third-generation Grubbs catalyst, because
the catalyst is both very efficient and air-stable.[888% |t reliably
provides living polymers in a process that allows the introduc-
tion of several blocks containing solubilizing polyethyleneglycol
(PEG) groups and additional neutral or cationic transition-metal
sandwich complexes for multiple functions and applications
(Scheme 11).1190-204]

Metallopolymers containing ferrocene units have been ap-
plied for redox-triggered release of a dye from patchy nano-
capsules,29! for switching of surface wettability,'2°%! in memory
devices, and for permselective membrane gating.27-2121 A
good number of reported polymers are water-soluble as a

result of the introduction of PEG or polyelectrolyte
blOCkS.“69’171'173'213’214]

Ferrocene Polymers for Cathodic Battery
Materials

Polymers with ferrocene-containing side chains show useful
properties including air stability, fast electrochemical kinetics,
and stable voltage plateaux for the development of cathodic
battery materials.[?'5-22%1 Such polymers are electrically insulat-
ing, however, which limits their use as energy storage materials
to small thicknesses, because fast charging/discharging kinetics
are required. The electronic conductivity can be enhanced,
however, by introduction of conductive polymers. Goodenough
et al. reported a ferrocene-containing polypyrrole cathodic ma-
terial with 65 mAh g™ at 0.2 C and up to 2 um thickness,12'!
whereas Su et al. reported ferrocene—pyrrole-, ferrocene-tri-
phenylamine-, and ferrocene-aniline-based polymers reaching
68-104 mA h g~'.2'®! Ferrocene polymers have also been used
as battery materials after carbon fillers were loaded into the
polymer matrixes.2'7-22%1 Walder's group recently reported a
way to disperse negatively charged graphene oxide (GO) single
sheets with partially oxidized poly(vinylferrocene) through elec-
trostatic interactions with use of polymer/GO weight ratios of
up to 10:1. Remarkably, these authors found that a film of
(PVFc@rGO)@CC (current collector) with a specific capacity of
5.8 mCcm=2 was >98 % charged/discharged in less than 3 s,
and that increasing the layer thickness up to ca. 29 pm yielded

Eur. J. Inorg. Chem. 2017, 6-29 www.eurjic.org

a capacity of 770 mC cm™2 accompanied by just 1% capacity
fade.[220!

Ferrocenes in Supramolecular Ensembles,
Liquid Crystals, and Nonlinear Optical
Materials

Ferrocene units have also been included in macrocycles such
as cryptands, calixarenes, and other endoreceptors, in particular
by Beer's group for application in anion redox sensing. A large
number of such ferrocene-containing endoreceptors have been
synthesized and applied to anion sensing by this group,'??" and
the area has been the subject of excellent reviews (Fig-
ure 2)‘[221,222]

More recently, activity along these lines has been pursued
with ion-pair recognition and sensing in aqueous solution.?23!
Ferrocene-appended interlocked structures such as rotaxanes
were shown by Beer and co-workers by 'TH NMR spectroscopy
and electrochemistry to be selective for the recognition of
chloride over more basic oxoanions, in marked contrast to
acyclic analogues.?24-2281 The same group designed a 1,2,3,4,5-
pentaphenylferrocene-stoppered rotaxane that could electro-
chemically recognize anions.???! A ferrocene-containing bis(tri-
azolium)-based macrocyclic system was also shown to recog-
nize chloride and benzoate anions.!>3% A ferrocene-based imid-
azophenanthroline dyad chemosensor designed by Tarraga's
and Molina's group effectively recognized aqueous hydrogen-
pyrophosphate and the organic anions ADP and ATP through
three different channels, provoking cathodic shifts of the ferro-
cene CV wave ranging from -130 mV for hydrogenpyrophos-
phate and fluoride to -40 mV for ADP!23" Ferrocene-based
ureas have also been used as receptors of H,PO,~ and fluoride
anions.[232

The ferrocene unit can be not only part of the host, but
also part of a guest in supramolecular ensembles. For instance,
Kaifer's group reported binding interactions between cucur-
bit[n]uril hosts (n = 7, 8) and guests such as 1,1”-bis(cyclohexyl-
ammoniomethyl)ferrocene, 1,1”-bis(cyclohexylmethylammonio-
methyl)ferrocene, and 1,1"-bis(cyclohexyldimethylammonio-
methyl)ferrocene in aqueous solution.[233-237]
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Figure 2. Examples of Beer's ferrocene-containing endoreceptors for anion redox recognition.??"! See Beer and Gale's general review.3>6]

Ferrocenes such as the seminal example of cis-1-ferrocenyl-
2-(4-nitrophenyl)ethylene (Figure 3, left) were found by Green's
group,?3® followed by other groups,'23°-248! to show nonlinear
optical (NLO) properties, with applications in optical signal
processing such as the frequency doubling of laser light.

OCH;
O @_/—/ﬁ Mo
NO;
/
Fe Fe
< <

M=Cr, W

Figure 3. Green's (left)?*®] and Nishihara-Sarkar's (right)!?**! ferrocene-con-
taining NLO active molecules.

The Nishihara-Sankar group designed a series of molecular
ensembles in which ferrocene is conjugated with a Fischer carb-
ene and disclosed NLO properties involving organometallic
push-pull behavior. The molecular first hyperpolarizability (/)
was determined by hyper-Rayleigh scattering experiments, and
the A values, ranging from 110 x 10739 to 2420 x 1073 esu in
acetonitrile, are among the highest reported for organometallic
molecules (Figure 3, right).3%! This field is presently very active,
as is shown by selected recent examples. With a constant ferro-
cene donor and 4,4’-bipyridinium as the acceptor, variation of
the conjugated bridges allowed the contributions of the or-
ganic connectors to chromophore NLO activities to be deter-
mined. It turned out that both the reduction reactions and the
organic connectors had a significant influence on the 4,4’-bi-

Eur. J. Inorg. Chem. 2017, 6-29 www.eurjic.org

pyridinium system.231 The groups of Hamon, Saillard, Carrillo,
Manzur, and Ledoux-Rak developed another remarkable series
of molecular systems in which ferrocene is conjugated with
Schiff bases; excellent NLO properties were disclosed.[242-2471
The largest quadratic hyperpolarizability value (970 x 1073 esu)
was determined for palladium-containing dimetallic ferrocene
Schiff-base species.**®! Depending on their substitution pat-
terns, these ferrocene Schiff-base complexes can be polymer-
ized to form either main-chain oligomers?** or side-chain
metallopolymers,’?#”) showing a strong increase in the second-
order NLO response.

Ferrocenes have often been employed in luminescent sys-
tems, because they quench excited states. Intra- or intermolec-
ular quenching involve either energy or electron transfer. Other
applications in luminescent materials with ferrocene as a redox
sensor have been disclosed.[24824°]

Ferrocene-containing peptides are of great supramolecular
(vide supra) and biomedical (vide infra) interest, as shown by
the work of the groups of Kraatz, Metzler, and Rapic. For in-
stance, these authors designed and studied helically chiral fer-
rocene peptides containing 1’-aminoferrocene-1-carboxylic acid
subunits as turn inducers by means of, inter alia, the very useful
circular dichroism technique. In particular, they showed that the
helical chirality of the ferrocene system is governed solely by
the chirality of the amino acid attached to the N-terminus of
the ferrocenylamino acid. The conformation and hydrogen-
bonding properties of ferrocenyl-labeled sugar amino acids
were also examined by Barisic's and Rapic's groups. The Rapic
and Zinic group established the formation of foldamers
stabilized by the special type of aromatic m—m interactions be-
tween the closer cyclopentadienyl rings of the juxtaposed ferro-
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cene units of bis- and tris(ferrocene)-containing N-methyl-
imides.[250-255]

Ferrocenes have been incorporated in original thermotropic
liquid crystals, in particular by the groups of Descheneaux!2°6-259
and Guillon!2>725%1 and more recently by Donnio's group.[2592¢01

Deschenaux, Serrano, and Levelut designed and synthesized
a ferrocene-containing liquid-crystalline first-generation den-
dritic core substituted with six mesomorphic ferrocene units
and showed that these compounds exhibited a broad enantio-
tropic smectic A phase.*>! The groups of Guillon, Prato, and
Deschenaux disclosed liquid-crystalline fullerene-ferrocene dy-
ads and ferrocene-containing optically active liquid-crystalline
side-chain polysiloxanes with planar chirality.l2>”]

Ferrocene has also been used in monolayers on gold®" and
silicon?%?! surfaces, which could be applied to charge storage
and communication devices. Ferrocene-appended porphyrins
are potentially useful molecular materials in self-assembled
monolayers for charge separation upon photoinduced electron
transfer.[263]

Ferrocenes as Sources of Carbon Nanotubes
and Other Materials

In the early days after the discovery of ferrocene, it was found
that ferrocene and other ferrocenyl compounds could be used
as antiknock agents and employed in the fuel for petrol engines
for being safer than tetraethyllead. Iron from ferrocene is also
used to cover spark plugs, improving electrical conductivity.
Ferrocene-containing polymers have also been considered as
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aerospace materials.2®¥ Ferrocene has been used as a precursor
material of iron NPs for the production of carbon nanotubes
(CNTs) on heating a ferrocene/xylene mixture (other aromatics
are also used) to 675 °C in a quartz-tube reactor.?®> Other
ferrocene derivatives such as 1,1”-bis(diphenylphosphino)ferro-
cene have also been used for this purpose.l266-2%81 |t was found
that a good synthesis of carbon nanotubes used sublimed
ferrocene that was decomposed under Ar, which allowed a
good selection of the CNT diameter depending on the pressure
and good yields for large-scale production.26”

Ferrocene-Containing Stars and Their Electrostatic Effects
in Electron-Transfer Processes

The hexasubstituted benzene framework is ideal for the con-
struction of hexaferrocene stars and the analysis of their re-
markable redox, electrostatic, and electrochemical proper-
ties.l?’9 Stars terminated with ferrocene units include in
particular highly crowded hexaferrocenylbenzene, synthesized
by Vollhardt's group,?”" and hexakis(ferrocenylethynyl)-
benzene.272:273]

Because the ferrocene groups are located further from the
central benzene core in hexakis(ferrocenyldimethylsilylbutyl)-
benzene and hexakis(pentamethylferrocenylethynylphenyl)-
benzene,!?’4 their electron-transfer and electrochemical prop-
erties become more independent from one another, and the
ferrocene units are sufficiently remote from one another to
present a single cyclic voltammetry (CV) wave with the stan-
dard electrolyte nBuyN*PFg4~.

hexaferrocenylbenzene

Eur. J. Inorg. Chem. 2017, 6-29 www.eurjic.org

hexa(ferrocenylethynyl)benzene
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hexa(ferrocenyldimethylsilylbutyl)benzene

The ferrocenyl 6e CV wave seems to indicate that the six
ferrocene units are equivalent and oxidized at the same poten-
tial, because the cyclic voltammogram appears analogous to
that of a single electron wave. In fact, the six redox potentials
will be theoretically slightly different because of the statistic
factor even if the electrostatic factor is nil.®”! Moreover, this
factor is not absolutely nil, although it is so minute that it is
not observable (with the same molecular framework it is always
more difficult to oxidize a monocation to a dication than a neu-
tral molecule to a monocation due to coulombic repulsion; vide
supra).2”>! Conversely, as the ferrocene units become closer to
the central benzene core and to one another, the electrostatic
factor becomes more significant, and therefore multiple CV
waves are observed. As shown by Geiger's group and others,
close redox CV waves are better separated with use of electro-
lytes based on weakly coordinating anions such as tetrakis-
[3,5-bis(trifluoromethyl)phenyllborate ([BArf,]) and tetrakis-
(pentafluorophenyl)borate {[B(CgFs)4]7}. These anions are more
weakly bonded to ferricinium cations than other traditional
anions such as BF;~ and PFg~ that are currently used as electro-
lyte anions. The ion-pairing strength of the more traditional ani-
ons with ferricinium cations or other cations shields their posi-
tive charge, thus lowering the E;,, values of multiply charged
cations.?76-2791 For instance, 1,3,5-tris(ferrocenylethynyl)ben-
zene shows a single 3e CV wave with nBuyN*PF 2802811 35 the
electrolyte, but three well-separated single-electron CV waves
with [BArf,]~.1273! The lack of wave separation with nBusN*PFg”
shows a lack of electronic communication between the three
ethynylferrocene groups in meta positions relative to one an-
other, which indicates that the wave separation observed with
[nBu4NI*[BArF,I- is purely electrostatic in origin (Figure 4).

Interestingly, in 1,4-bis(ferrocenylethynyl)benzene, only a sin-
gle 2e CV wave is observed even with [nBu,NI*[BArf,]" as elec-
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hexa(ferrocenylethynylphenyl)benzene
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V vs. FeCp*, V vs. FeCp*,
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Figure 4. Comparison of cyclic voltammograms of 1,3,5-tris(ferrocenyl-
ethynyl)benzene (left) and hexakis(ferrocenylethynyl)benzene (right; see
Scheme 1) in CH,Cl, with [(nBu),N][PF¢] (top) and [(nBu),N][BAr",] {bottom;
Arf = 3,5-CgH5(CF3),).

trolyte, showing the absence of any significant electrostatic ef-
fect when these two ferrocenylethynyl substituents are in a
para relationship. This is due to the fact that the rotation of the
Fc groups allows them to be in a transoid relationship with
respect to each other, which involves the maximum distance
between the two iron redox centers. For hexakis(ferrocenyl-
ethynyl)benzene, three distinct 2e CV waves are also observed
with [nBu,NI*[BAr,]~ (Scheme 12) but only a single 6e wave
with nBusN*PFs~, which corroborates the above finding ob-
served with 1,4-bis(ferrocenylethynyl)benzene and with 1,3,5-
tris(ferrocenylethynyl)benzene: that is, para substituents are in-
dependent, but not those in ortho and meta relationships. This
striking difference in electrostatic effect between the meta and

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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electrolyte: [NnBu,][B(Ar)4]
solvent: CH,Cl,

Scheme 12. Anodic oxidation of hexakis(ferrocenylethynyl)benzene with NBu,BArf, as electrolyte in CH,Cl,: electrostatic effects are observed between a
ferrocene center and those in ortho and meta (but not in para) positions, resulting in three 2e CV waves (see Figure 4).272273]
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Hs

H3C“Si-HCH3

Figure 5. Manners' sexi-ferrocenylsilyl cyclic oligomer. The electrostatic effect is observed between a ferrocene center and its first neighbor, but not with the
second and third neighbors, resulting in the presence of two 3e CV waves.?83!
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Figure 6. Long's sexi-ferrocene cyclic oligomer. The electrostatic effect is observed between a ferrocene center and first, second, and third neighbors, resulting
in four individual 1e waves within the CV window (the two others lying outside).l284

para positions was explained in terms of the substituents in
1,3,5-positions not being able to move apart from one an-
other.273!

Interestingly, a number of cyclic oligoferrocenes containing
more than two ferrocene units are known;?4282-2841 in particu-
lar, a cyclic doubly bridged heptaferrocene reported by
Kohler,282) cyclic oligoferrocenes containing from two to seven
ferrocenyldimethylsilyl groups by Manners' group,'?®3! and,
most recently, oligomeric ferrocene rings with five to seven and
with nine ferrocene moieties by Albrecht's and Long's
groups.?84 For the cyclic ferrocenylsilane oligomers, well-sepa-
rated 1e waves were only observed with up to three FcSiMe,
units. For instance, for the hexa(ferrocenylsilane) ring (Figure 5),
two 3e waves separated by 0.2 V were observed, due to the
weak electrostatic factor and the absence of any significant in-
tramolecular electronic factor.

For the series of oligomeric ferrocenes with five to seven and
with nine ferrocene moieties (Figure 6), the ferrocenyl groups
are directly bonded to one another. Thus, the mixed electronic
and electrostatic effects are larger, and individual 1e CV waves
reflect class-lIl mixed valency as in biferrocene (vide supra). The
numbers of 1e CV waves observed in the electrochemical win-
dow (only three for cyclo[5], four for cyclo[6], and six for
cyclo[9]) are lower than the numbers of ferrocene units in the
rings, due to the increasingly large coulombic effect as the
number of oxidized ferrocene units increases within a given
ring.[284

Ferrocene-Containing Dendrons, Dendrimers, and NPs and
Their Application in Redox Sensing and Catalysis

Since the seminal reports in the 1990s,1285-28% there have been
a considerable number of reports on the syntheses of ferrocene
dendrimers.290-24 |n 1997, the first amidoferrocene
dendrimers were reported to be excellent sensors in the redox
recognition of oxoanions.?88! A required condition for the us-
age of a metallodendrimer as a redox sensor is the equivalence
of all the peripheral redox groups (i.e., the absence of significant
electrostatic effects noted in the previous section), so that the
CV wave of the ferrocene dendrimer will be unique and chemi-

Eur. J. Inorg. Chem. 2017, 6-29 www.eurjic.org

cally and electrochemically reversible. Upon addition of the
nBuyN* salt of the oxoanion HSO, or H,PO,™ to the solution
of the metallodendrimer, a new ferrocenyl CV wave appears,
resulting from the H-bonding interactions between the anion
and the amidoferrocene group. The shift of the new CV wave
with respect to the initial ferrocenyl CV wave is all the larger if
the dendrimer is of higher generation, which can be explained
in terms of the creation of narrower channels between the ter-

minal tethers for tighter amidoferrocene-oxoanion interac-
tiOnS.[288'294]

The construction of gold NPs (AuNPs) containing thiolate
ligands terminated with ferrocene2®>2°¢1  or  biferro-
cenel63-65297-2991 |igands or dendrons?®® offers molecular
assemblies with multiple equivalent ferrocene or biferrocene
groups. With dimethylsilylferrocene termini, the interaction be-
tween oxophilic silicon-based groups and oxoanions also pro-
duces appreciable perturbation of the ferrocene redox wave,
inducing the appearance of a new wave that allows oxoanion
titration. With such large molecular ensembles, full adsorption
onto the Pt anode occurs upon multiple scanning of the poten-
tial around the ferrocene region, easily forming a dendrimer-
derivatized electrode that can be washed after titration without
removing the dendritic coating and reused multiple times.[2°®

The first syntheses of clicked 1,2,3-triazolylferrocene-termi-
nated dendrimers in 20075 and of clicked 1,2,3-triazolylbi-
ferrocene-terminated dendrimers of several generations in
20108301 offered the potential for redox sensing of oxoanions
and transition-metal cations at the same time, again with posi-
tive dendritic effects (i.e., increased ion-dendrimer interactions
as the dendrimer generation increased). Indeed, interaction of
the intradendritic triazole groups with the transition-metal
cations Cu', Cu", Pd", and Au"' led to their redox recognition by
cyclic voltammetry.373021 various other ferrocene-containing
dendrimers have been reported, their electrochemical proper-
ties providing useful information on interfacial electron-transfer
properties and redox-recognition features.'3°3-3%! Gjant ferro-
cene-terminated dendrimers containing up to 15000 ferrocene
or pentamethylferrocene termini were synthesized, and both
the ferrocene and ferricinium forms were characterized by elec-
tronic microscopy with the termini showing the redox “breath-
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ing” like molecular machines between the reduced and
oxidized forms, the latter experiencing coulombic repulsion be-
tween charges that expanded the polycationic metallo-
dendrimer size [Equation (8)].5%!

orange, neutral dark-blue, positively-charged
ferrocenyl dendrimer ferricinium dendrimer
_| ot
oxidation
 — (BF),
w"\,d g}g reduction
Gs (2000 + 100 Gs (2000 + 100
ferrocenyl termini) ferricinium termini)
4.5 + 0.4 nm (AFM) 6.5+ 0.6 nm (EFM) (8)

Click ferrocenyl dendrimers of zeroth (G0), first (G1), and sec-
ond generation (G2), containing 9, 27, and 81 triazolylferrocenyl
termini, respectively, were shown to stabilize highly catalytically
active PdNPs through the intradendritic triazole ligands.3%%
With GO, the PdNPs were too large to be encapsulated, but
they were stabilized by several dendrimers. With G1 and G2,
the PANPs were encapsulated in the click dendrimers, the PANP

Scheme 13. One-to-one complexation of intradendritic triazole ligands by Pd"
followed by reduction to catalytically active Pd® NPs.[30%
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core size fitting well with the theoretical size calculated from
the number of Pd atoms corresponding (by transmission elec-
tron microscopy) to the interaction of one Pd'" atom per intra-
dendritic triazole ligand (Scheme 13).

The yields of Suzuki-Miyaura cross-coupling reactions under
ambient conditions were improved upon decreasing the cata-
lyst concentration down to the ppm level, and were independ-
ent of the generation number and the type of stabilization (in-
tra- or interdendritic).3°”! A remarkable TON of 540000 was ob-
tained at a concentration of 1 ppm of Pd. Thus, this “homeo-
pathic”-type behavior,31311 together with these features, sug-
gested that a leaching mechanism was occurring, similarly to
what had been noted by de Vries for high-temperature Heck
reactions.21?!

PANP-cored ferrocenyl dendrimers also showed excellent cat-
alytic activity at the PANP core for Suzuki-Miyaura reactions;
the ferrocene termini served as bulky fragments to stabilize
small active PdNPs and also as nanofilters for styrene hydrogen-
ation.313!

Ferrocenes in Nanomedicine

Organometallics are of considerable interest in medi-
cine, 3143221 with the ferrocene/ferricinium redox couple being
especially intensively studied. It is currently used as a redox
mediator for the amperometric detection of glucose in blood,
important for blood analysis of diabetic patients. Ferricinium
formed at the anode oxidizes the reduced form of glucose
oxidase enzyme (GOD,.q), and the oxidized form of the enzyme
(GOD,,) then oxidizes the glucose substrate to gluconolactone.
This organoiron redox couple rapidly shuttles electrons from
GOD to electrodes (Scheme 14).

Consequently, the current that flows through the electrode
is a measure of the glucose concentration.323324 The first pen-
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Scheme 14. GOD- and ferrocene-mediated anodic oxidation of glucose to gluconolactone used as a universal amperometric sensor for the convenient and

fast detection of glucose in blood.'322

sized electrochemical blood-glucose monitor for self-monitor-
ing for diabetic people was disclosed by Higgins, Hill, and Plot-
kin and launched in 1987 as the ExacTech blood glucose meter
by Genetics International Inc. of Cambridge, MA; 10 glucose
assays annually are performed by self-monitoring with this
method.32]

The most used ferrocene-based drug in medicine is the anti-
malarial drug ferroquine, established by Biot's group in Lille and
presently in clinical phase 11b.32% This compound incorporates
ferrocene in the basic structure of chloroquine, the most com-
monly used antimalarial drug. Chloroquine suffers from a heavy
resistance problem that appears to be avoided with the pres-
ence of the ferroquine moiety, due to production of free radi-
cals through organoiron redox activity. This organoiron drug
has also recently been found to inhibit infection by the hepati-
tis C virus.327

Cl

Cl
= JN T
oS HscW H AN |
HsC N\/\)\
BN CHs
Fe I\\I/CHa
CH,

Chloroquine,
first synthetic anti-malarial drug

Ferroquine, anti-malarial drug,
avoids the resitance to chloroquine

Antitumor activities of ferrocenes were first reported in 1978
by Brynes' group, with derivatives bearing an amine or amido
group that were active against lymphocytic leukemia P-388.53281
Subsequently, several types of ferrocene derivatives were stud-
ied for their anticancer activity and have been excellently re-
viewed and classified by Ornelas.*'! These types of anticancer
results with ferrocenes are as follows:

(i) Ferricinium salts were first shown, by Képf-Maier, Kopf, and
Neuse in 1984, to be efficient against tumor-bearing Ehrich

Eur. J. Inorg. Chem. 2017, 6-29 www.eurjic.org

ascites with counter-anion-dependent activity®?®! as a conse-
quence of Fenton-type oxygen radicals [reactive oxygen species
(ROSs)] causing DNA damage and apoptosis of cells.?3% In 1989
Neuse's group reported ferricinium-containing water-soluble
polymers that exhibited cytotoxicity, although the instability of
the ferricinium group limited potential applications. Further
studies by this group involved the solubilization of ferrocene-
containing polymers through the introduction of polyaspart-
amide modified with PEG side chains and antiproliferative activ-
ity against HeLa and NCaP human cancer cell lines (IC values:
2-20 mg of Fe uL™").331

(i) Ferrocene units conjugated to biologically active molecules
including ferrocenylalkylazoles, ferrocene conjugated with
peptides, ferrocenylalkyl nucleobases, ferrocenyl derivatives of
illudin M, and ferrocenyl derivatives of retinoids.[332:333]

(iii) DNA-targeting compounds connected to ferrocene, includ-
ing ferrocene connected to a DNA intercalator and ferrocene
derivatives of inhibitors of topoisomerase 11.334

(iv) Ferrocenyl compounds based on selective estrogen modula-
tors, including ferrocifens, ferrociphenols, and ferrocenophanes,
studied in depth by the Jaouen-Veissiére—Top—Hillard group (in
these compounds a phenyl ring of the currently widely used
drug tamoxifen or a derivative is replaced by a ferrocenyl
unit!335-339) a5 well as ferrocenylraloxifen, studied by the Mar-
ques group.2*° These compounds show promising results for
breast cancer. In particular, the antiproliferative effect of ferro-
cifens is linked to the formation of ROSs (as in the seminal
examples reported by Képf-Maier, Kopf, and Neuse with simple
ferricinium salts), which has been shown by the loss of these
effects upon addition of antioxidants. This ROS formation is not
linked to the phenol group, however, because the first oxidation
step of ferrocifens is ferrocene oxidation to ferricinium. Note
that the 1C5q values of the initial simple ferricinium complexes
are much larger than those of the ferrocifens (250 um vs.
0.5 um). In the presence of a base such as pyridine, the hydroxy-
ferrocifens are oxidized to quinonemethides through a double
coupled electron-proton transfer, and these quinonemethides
have been identified as metabolites formed upon oxidation of
ferrocifens by rat microsomes (Scheme 15). The formation of
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Scheme 15. Mechanism of the oxidation of ferrocifen by rat microsomes.'33%!

quinonemethides does not appear necessary for the observa-
tion of strong antiproliferative effects, however.[33°]
(v) Ferrocenylandrogens and -antiandrogens, including ferro-
cene derivatives of testosterone and dihydrotestosterone and
ferrocene derivatives of nilutamide.’34"]
(vi) Ferrocene-derived ligands coordinated to transition-metal
ions including those of Ru, Rh, Ir, Pd, Pt, and Au.[342:3431

Most recently, ferrocene-related anticancer research is also
focusing on ferrocene-chalcogeno-triazole-sugar  conju-
gates,®* membrane interactions of nitroarylferrocenes,®4! PE-
Gylated ferrocene radiosensitizers of cancer cells,'34! tubulin-
binding ferrocene-substituted 3,3’-diindolylmethane,34”! ferro-
cene-modified phospholipids,348!  ferrocene-iminosugar hy-
brids,1349) ferrocene-N-heterocyclic carbene-gold(l) complexes
targeting antioxidant pathways,®*” and dendrimer-related
strategies.®>" In terms of drug delivery, an elegant approach
was reported by Wang's group with pH-responsive supramolec-
ular vesicles based on water-soluble pillar[6]arene and ferro-
cene derivatives.[352

Conclusion and Outlook

Why is ferrocene so exceptional? From its origins in modern
hard-core organometallic chemistry it has now reached a place
of prominence in the toolbox of molecular chemistry and mate-
rials science. This situation is due to its low price, robustness,
and easy handling, even for first-year students, and mainly the
extraordinary richness of its steroelectronic properties that have
provided hundreds of catalysts including many efficient chiral

Eur. J. Inorg. Chem. 2017, 6-29 www.eurjic.org
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ones and molecular material precursors for a variety of applica-
tions. Of crucial interest is the coupling of its versatile redox
properties with key applications in fields such as nanomedicine,
biological sensing, catalysis, battery and other materials, and
other areas involving supramolecular, macromolecular, and
optoelectronic property aspects. Thanks to the diversity of its
properties and functions and the richness and ease of its func-
tionalization possibilities, ferrocene is set to be the subject of
increased research density directed towards molecular materi-
als, with a bright future in nanosciences.
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