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I) Introduction générale 

Le groupe „Nanosciences et Catalyse‟ dirigé par le Professeur Didier Astruc s‟intéresse 

notamment à l‟incorporation de complexes organométalliques dans les nanosystèmes afin de 

mettre en œuvre leurs propriétés rédox en vue d‟applications en reconnaissance moléculaire, 

batteries moléculaires, catalyse et polyélectrolytes (1). Parmi les métaux les plus courants,  le 

fer et le cobalt sont connus en tant que biométaux, ce qui leur confère des possibilités 

d‟applications diverses en nanomédicine, catalyse et matériaux pour l‟électronique et 

l‟énergie (2).  C‟est dans  cet esprit que s‟inscrit cette thèse avec l‟élaboration de 

macromolécules contenant des métallocènes, complexes de structure sandwich aux propriétés 

redox bien  connues. 

Tout d'abord, en première partie, nous décrivons la construction des assemblages 

supramoléculaires dendritiques.      

La plupart des dendrimères sont construits de manière covalente, mais la liaison ionique a 

récemment attiré l'attention pour une meilleure encapsulation des médicaments et propriétés 

physico-chimiques spécifiques liés à l'énergie. L'objectif était d'étudier la possibilité de 

liaisons ioniques comme une méthode viable pour la conception de capteurs rédox et 

matériaux en relation avec des problèmes énergétiques.  

 

 

 

 

 

 

 

Schéma 1. Motifs de la 1
ère

 partie de thèse (chapitre 1.1). 

Intéressés par l‟introduction de fonctions rédox dans les assemblages dendritiques, nous avons 

choisi d‟une part les dérivés ferrocéniques pour la richesse de leurs applications rédox, 

comme par exemple la reconnaissance moléculaire (3), et d‟autre part le cobalticénium et le 

rhodicénium qui sont des candidats excellents pour l‟électronique moléculaire et la fabrication 

de polyélectrolytes.  

Ces constructions ont été conçues afin d'examiner leurs conséquences physico-chimiques, en 

particulier les propriétés électrochimiques et rédox. Cette stratégie a été étendue à la 

conception d‟ électrodes dérivées de dendrimères ferrocèniques ioniques (G1 et G2) contenant 

des couches de ferrocène intra dendritiques et/ou périphériques ainsi que des polyélectrolytes 
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solubles dans l'eau, en particulier des sels de cobalticénium et rhodicénium 

macromoléculaires dendritiques. 

En deuxième partie de cette thèse nous aborderons la synthèse de macromolécules contenant 

plusieurs groupements biferrocényles. Le biferrocène présente une chimie rédox riche comme 

le ferrocène, mais il a l‟avantage notable de posséder trois différents états d‟oxydation 

(Fe
II
Fe

II
/ Fe

II
Fe

III
/ Fe

III
Fe

III
) au lieu de seulement deux états facilement accessibles pour le 

ferrocène. Le cation de biferrocénium est plus robuste que le ferricenium car son groupe 

cationique ferricenium substitué est stabilisé par le groupe ferrocényle neutre qui est électro-

donneur. Avant le début de cette thèse,  un stage de six mois dans groupe du Prof. Didier 

Astruc a été effectué au cours duquel nous avons réussi à synthétiser et séparer les isomères 

de l‟acétylbiferrocène, ce qui nous a conduits à synthétiser l‟éthynylbiferrocène. Celui-ci est 

un composé-cléf car il nous a permis d‟incorporer facilement le groupement biferrocènyle aux 

macromolécules grâce à la réaction „click‟ CuAAC. En effet, plusieurs générations de 

dendrimères ont été synthétisés (jusqu‟à  la génération 4 (G4) contenant 729 triazole-

biferrocènes à la périphérie), et leurs dérivés à valence mixte ont été isolés.  

Dans ce travail pré-thèse effectué en collaboration avec Dr. Djeda Rodrigue, nous avons 

également mis en évidence la reconnaissance de l‟anion ATP
2-

 par les ferrocènes extérieurs 

des dendrimères alors que les ferrocènes intérieurs reconnaissent les cations des métaux de 

transition. Cette propriété de reconnaissance moléculaire redox confère à ces 

métallodendrimères une fonction particulièrement remarquable (4).  

Ce concept a alors été étendu aux polymères et nanoparticules d‟or pendant la thèse. Des 

polymères triazolyl-biferrocène ont été préparés par ROMP (5) et polymérisation radicalaire 

pour la première fois. Nous avons souhaité utiliser ces polymères comme réducteurs de l‟or 

Au
III 

afin d‟obtenir des nanoparticules d‟or stabilisées par le polymère contenant des unités à 

valence-mixte triazolylbiferrocénium. L‟incubation pendant une semaine, dans des conditions 

concrètes, a donné des nanoserpents encapsulant et stabilisant des nanoparticules d‟or. Cette 

stratégie qui a été accompagnée par l‟utilisation  de  plusieurs techniques analyses est décrite 

au chapitre 2.1. 

 

 

 

 

 

 

 

Schéma 2. Motifs de la 2
ème

 partie de thèse (chapitre 2.1). 
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Des copolymères bistriazole(biferrocène)(PEG) ont aussi été synthétisés par Christophe 

Deraedt (chapitre 2.2). Ces polymères ont été utilisés dans notre groupe en collaboration avec 

Christophe Deraedt et Wang Yanlan pour des applications diverses. Les études rédox, la 

reconnaissance moléculaire de cations Pd
2+

 ainsi que la fabrication d‟électrodes modifiées 

constituent une contribution dans le cadre de cette thèse. Parallèlement, nous les avons testés 

comme réducteurs d‟Au
III

 donnant des réseaux polymériques de différentes formes de 

nanoserpents qui encapsulent également des nanoparticules d‟or. Cette étude est décrite aussi 

dans le chapitre 2.1.   

En troisième et quatrième parties est abordée l‟incorporation de complexes cationiques 

comme par exemple le cobalticénium aux macromolécules par réaction „click‟ afin d‟accéder 

aux polyélectrolytes dendritiques et polymériques organométalliques aux multiples propriétés. 

Les sel de cobalticénium possèdent trois degrés d‟oxydation dont deux sont assez facilement 

accessibles et les complexes de Co
III

 présentent une grande stabilité et deux réductions 

monoélectroniques successives souvent réversibles. L‟incorporation de ces complexes aux 

nanosystèmes permet d‟obtenir des matériaux pouvant subir un transfert réversible d‟un grand 

nombre d‟électrons à peu près au même potentiel (au facteur électrostatique près, celui-ci 

étant extrêmement faible), du moins dans une vague électrochimique unique. Dans le chapitre 

3.1 nous présentons la synthèse de trois générations de métallodendrimères contenant à la 

périphérie des groupements triazolylcobalticénium. Les études rédox effectuées démontrent la 

grande stabilité des nanosystèmes ayant des terminaisons triazolylcobalticénium, ce qui en 

fait de bons candidats pour les batteries moléculaires. Leur potentiel comme capteurs rédox 

ainsi que l‟effet dendritique positif en reconnaissance moléculaire redox ont été également 

démontrés dans ce chapitre. La présence du groupement „triazole‟ comme fonction de 

greffage confère au système des propriétés spécifiques qui permettent d‟envisager des 

applications en nanosciences. 

 

 

 

 

 

 

Schéma 3. Motifs de la 3
ème

 partie de thèse (chapitre 3.1). 

Des dendrimères cobalticénium ont été aussi préparés par une réaction „click‟ différente, celle 

d‟hydroamination. Cette chimie a été développée par Yanlan Wang au sein de notre 

laboratoire. Néanmoins, cette stratégie n‟a pas été efficace pour l‟incorporation de complexes 

FeCp(mésitylene) (6). En revanche, la réaction “click” CuAAC a donné accès à des 
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dendrimères stables contenant jusqu'à 27 complexes [FeCp(mésitylene)] à la périphérie, et ces 

résultats sont rapportés au chapitre 3.3.  

En quatrième partie, des polyélectrolytes de cobalticénium de type polymères sont aussi 

préparés avec les mêmes méthodes que les dendrimères décrits en partie 3 et leurs propriétés 

physicochimiques sont discutées aux chapitres 4.1 et 4.2. 

En cinquième et dernière partie sont introduits les réservoirs dendritiques d‟hydrures (RDH) 

basés sur des terminaisons dendritiques à base de cobalticénium (7), leur fonction de 

réducteurs de cations de métaux nobles en nanoparticules métalliques (NPMs) stabilisées par 

les métallodendrimères et leur comparaison avec les réservoirs dendritiques d‟électrons 

(RDE) à terminaisons ferrocéniques. Les études concernant des monomères triazolyl-

cobalticénium sont décrites au chapitre 5.1 et les études concernant les RDH et RDE sont 

décrites au chapitre 5.2. 

A la fin de cette thèse, divers projets effectués en collaboration sont rapportés (annexes). Ils 

ne sont pas connectés de façon centrale à la thèse, mais ces projets ont apporté des 

expériences enrichissantes supplémentaires concernant différents sujets de recherche de notre 

laboratoire. 

 

 

 

 

 

 

 

 

Schéma 4. Motifs de la 5
ème

 partie de thèse (chapitre 5.2). 
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Partie 1 

Macromolécules supramoléculaires métallocèniques. 

Introduction 

Cette première partie est consacrée à la construction de dendrimères ou polymères ioniques 

liées de façon électrostatique  des métallocènes cationiques. Au premier chapitre, nous avons 

reporté la synthèse de deux séries de dendrimères polyamines secondaires contenant du 

ferrocène ou octaméthylferrocène par condensation de dendrimères de polyamines, (obtenues 

par réduction des dendrimères polyazotures par LiAlH4 ou NaBH4) avec un aldéhyde 

ferrocényle ou octaméthylferrocényle, suivie par la réduction des dendrimères poly-imine. 

Des sels primaires et secondaires de dendrimères polyammonium ferrocényle ont été 

synthétisés par quaternisation des amines dendritiques dont polyamines ferrocényle 

secondaires, par réaction avec un dendron triferrocényle contenant un acide carboxylique 

comme point focal.  

La formation des dendrimères, par liaison ammonium carboxylate, de génération plus élevées, 

a été démontrée par spectroscopie IR et RMN ainsi que la voltammétrie cyclique qui montre 

l’effet électrostatique des groupements ammonium secondaires intra dendritiques et la 

distinction entre les groupes ferrocényles intra dendritiques et périphériques. 

 

Schéma. Motifs du chapitre 1.2. 

D’autre part, au chapitre 1.2, nous décrivons deux nouvelles synthèses, celle du chlorure de 

rhodicénium et celle du rhodicénium tetra (aryl) borate. Ce dernier présentant une solubilité 

dans des solvants apolaires ouvre la voie au développement de la chimie des organorhodium. 

Enfin, l'accès aux sels de rhodicénium (et cobalticénium) macromoléculaires contenant des 

anions polymèriques et dendritiques soluble dans l’eau a été démontré.  
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Ferrocenyl Dendrimers with Ionic Tethers and Dendrons
Amalia Rapakousiou, Yanlan Wang, Frida Nzulu, Rodrigue Djeda, Noël Pinaud, Jaime Ruiz,
and Didier Astruc*

ISM, UMR CNRS No. 5255, University of Bordeaux, 33405 Talence Cedex, France

*S Supporting Information

ABSTRACT: Whereas covalently constructed dendrimers are very
numerous, there are only a few examples of dendrimers based on ionic
bonds with tethers or dendrons. Here such constructions were
designed in order to examine their physicochemical consequences: in
particular, the electrochemical and redox properties. Two series of
secondary polyamine dendrimers containing ferrocenyl and octame-
thylferrocenyl were synthesized by condensation of polyamine
dendrimers, obtained by reduction of the polyazide dendrimers by
LiAlH4 or NaBH4 with ferrocenyl aldehyde or octamethylferrocenyl
aldehyde, followed by reduction of the resulting polyimine dendrimers.
Primary and secondary ferrocenyl polyammonium dendrimer salts
have been synthesized by quaternization of the dendritic amines
including ferrocenyl secondary polyamines by reaction with a
triferrocenyl dendron containing a carboxylic acid as the focal point. Cyclic voltammetry data show the electrostatic effect of
the intradendritic secondary ammonium groups and the distinction between intradendritic and peripheral ferrocenyl groups.

■ INTRODUCTION

Dendrimers now constitute a well-developed field1 that has
applications in biomedicine,2 materials science,3 and catalysis.4

Most dendrimers are constructed covalently, but ionic bonding
has recently attracted attention for enhanced drug encapsula-
tion and specific physicochemical properties, including
mesogens and energy-related aspects.5,6 Here we report
arene-centered polyamine dendrimers with ferrocenyl termini
and a triferrocenyl dendron with a carboxylic group at the focal
point and their ionic assemblies, i.e. dendrimers containing
ammonium carboxylate linkers, some of which contain two
kinds of functional ferrocenyl termini. The goal was to
investigate the possibility of ionic linkages as a viable method
for the design of redox sensors and energy-related materials.
Among redox-active dendrimers, ferrocenyl derivatives7 are the
most practical ones, given the richness and applications of
ferrocene chemistry8 that is well illustrated inter alia in this
issue and the robustness of the ferrocenyl derivatives.

■ RESULTS AND DISCUSSION

Synthesis of New Ferrocenyl Dendrimers Containing
Secondary Amine Groups. We begin with the synthesis of
arene-centered dendrimers according to our classic CpFe+-
induced nonaallylation of mesitylene in [FeCp(η6-1,3,5-
C6H3(CH3)3)][PF6]

9 according to a 1→3 connectivity10

providing the nonaallyl core11 followed by hydrosilylation
with chloromethyldimethylsilane, substitution of the terminal
chloro group in 1 by reaction with sodium azide to give the
nonaazide 2,11 and reduction of the azido groups in 2 to
primary amine termini.12 This sequence of reactions provides

the dendritic zeroth-generation nonaamine core 3 that is
protonated using aqueous HPF6 to give the nonaammonium
salt 4 (Scheme 1). The following generation is obtained upon
Williamson reaction of the nonachloro core 1 with the phenol
triallyl dendron 9 according to a known procedure followed by
substitution of the terminal chloride by the azido group11 that is
subsequently reduced to the primary amine.12 This gives the
first-generation dendrimer 5 containing 27 NH2 termini, and
the 27-ammonium species 8 is obtained upon protonation of 5
with aqueous HPF6 or aqueous HCl

12 (Scheme 2). These 9-
NH2- and 27-NH2-terminated dendrimers are used to
introduce the ferrocenyl groups upon reaction with either
ferrocenyl aldehyde or octamethylferrocenyl aldehyde, although
5 slowly polymerizes in the condensed phase and should be
used as freshly prepared. Both ferrocenyl13 and octamethylfer-
rocenyl14 derivatives have already been condensed with
polyimine DAB dendrimers by the groups of Jutzi and Casado,
respectively, and have also been successfully used here to
synthesize new ferrocenyl-terminated dendrimers. The imino-
ferrocenyl dendrimers obtained using these reactions are
reduced to the secondary aminomethylferrocenyl dendrimers
6 and 7 (Scheme 1). The new ferrocenyl-functionalized
secondary polyamine dendrimer 6 (Scheme 1) is soluble in
toluene, diethyl ether, dichloromethane, and tetrahydrofuran.
This amino metallocene was insoluble in acetonitrile, but the
ferrocenyl alcohol derived from the reduction of the excess of
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ferrocenyl aldehyde in the reaction solution is soluble in
acetonitrile. We acted on this solubility difference to purify the
products by precipitation of the crude reaction from acetonitrile
with a small amount of dichloromethane. For the synthesis of
the octamethylferrocenyl-functionalized dendrimer 7, instead of
ferrocenyl aldehyde, octamethylferrocenyl aldehyde15 was used
with the same route as the synthesis of the dendrimer
ferrocenyl moieties, except for the process of reduction from
imine to amine, which was achieved in this case by using
NaBH4 in a MeOH/THF mixture as solvent. The function-
alized secondary polyamine dendrimer 7 with attached
octamethylferrocenyl termini is soluble in toluene, diethyl
ether, dichloromethane, and tetrahydrofuran. The polyamine

ferrocenyl dendrimer is more aerobically stable than those
containing octamethylferrocenyl termini in solution, because
the eight methyl ferrocene substituents facilitate oxidation to
ferrocenium derivatives by oxygen. These two secondary
polyamine dendrimers 6 and 7 were characterized by 1H
NMR and 13C NMR, IR, DOSY NMR, cyclic voltammetry, and
elemental analyses.

Synthesis of the New Triferrocenyl Dendrons. A
triferrocenyl dendron containing a carboxylic acid group at
the focal point, 13, used for the quaternization reaction, was
synthesized according to Scheme 3. The synthesis of this
dendron starts by the known CpFe+-induced triallylation and
exocyclic C−O cleavage in p-methylethoxytoluene obtained by

Scheme 1
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reaction of ethanol and sodium carbonate with [FeCp(η6-p-
CH3C6H4Cl)][PF6]. The phenol triallyl dendron 9 obtained in
this way was hydrosilylated with dimethylsilylferrocene to give
the known complex 10.9c Then an SN2 reaction of
BrCH2COOMe with the phenol derivative 10 in the presence
of K2CO3 provided the new ester 11. Saponification15 of the
ester group was conducted with NaOH in H2O/dioxane. The
sodium carboxylate dendron product was obtained as a red oil
in 90% yield, and acidification was carried out upon addition of
aqueous HCl to give the ether-soluble carboxylic acid dendron
13 (Scheme 3). These new triferrocenyl dendrons were

characterized by 1H NMR and 13C NMR, IR, mass
spectrometry, cyclic voltammetry, and elemental analyses.

Synthesis of the Primary Polyammonium Den-
drimers. The nonaammonium hexafluorophosphate den-
drimer 4 was synthesized from the primary polyamine nona
dendrimer 3 in dichloromethane by dropwise addition of
aqueous HPF6. The turbid solution was stirred for an additional
30 min. The same procedure was used for the synthesis of the
ionic dendrimer 8 from the polyamine precursor 5 with
aqueous HCl. These dendrimers were soluble only in very polar
solvents such as water, DMF, and DMSO. In 1H NMR and 13C

Scheme 2
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Scheme 3

Chart 1
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NMR in D2O, all of the characteristic peaks of the dendrimers
are observed. Products 4 and 8 were also analyzed by IR and
elemental analysis.
Synthesis of the Supramolecular Ionic Ferrocenyl

Dendrimers. The construction of higher generations of
ferrocenyl dendrimers, generations 1 (products 14, 16, and
17) and 2 (product 15), were achieved in a facile and clean
acid−base reaction (Charts 1−3). One equivalent of the
primary and secondary polyamine dendrimer precursors,
generations 0 and 1, were mixed with 9 and 27 equiv of the
dendron 13 in dichloromethane at room temperature, yielding
orange sticky oils. The solubility of the final supramolecular
products is influenced as expected by the periphery of the
dendrimers that contains 27 (products 14, 16, and 17) and 81
(product 15) ferrocenyl moieties, and these final dendrimers

were soluble in dichloromethane, toluene, and THF. The
dendron 13 with carboxylic acid at the focal point was ether
soluble, as well as the secondary polyamine ferrocenyl and
octamethylferrocenyl dendrimers 6 and 7. On the other hand,
the sodium carboxylate dendron 12 was insoluble in ether. The
same phenomenon is noticed in the polyammonium carbox-
ylate dendrimers that are not ether soluble. Finally, as the
ammonium carboxylate functions are located at the interior of
the dendrimers, the ionic groups are shielded, and they cause
these ionic dendrimers to be insoluble in polar solvents such as
water, acetone, and acetonitrile. Products 14−17 were
characterized by 1H NMR and 13C NMR, IR, DOSY NMR,
cyclic voltammetry, and elemental analyses.

NMR Spectroscopy. NMR spectroscopy proved to be a
key tool for this study, confirming the proposed structures.

Chart 2
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Table 1 shows the comparative NMR (and IR) data for the
dendronic carboxylic acid 13, the corresponding carboxylate
sodium salt 12, the dendritic primary and secondary poly-
amines (3 and 5−7), and the dendritic primary and secondary
polyammonium carboxylates (4, 8, and 14−17). For the
dendron 11, the 1H NMR signals at 4.66 ppm of the

CH2COOMe group and the methyl group at 3.86 ppm
appeared, integrating for two and three protons, respectively.
After the saponification reaction, the dendron 12 showed the
CH2COONa signal at lower field as expected around 4.29 ppm,
whereas the signal of the methyl group disappeared. The
acidification reaction that turned the focal point into a

Chart 3

Table 1. 1H NMR, 13C NMR, and IR Data of Dendrons 11−13 and Dendrimers 3−8 and 14−17

compd CH2COOR
1H/13C (ppm) SiCH2NHx

1H/13C (ppm) HxNCH2Cp
1H/13C (ppm) IR KBr (cm−1)

dend-COOMe 11a 4.66/65.10 1765; 1607
dend-COONa 12a 4.29/64.00 1633
dend-COOH 13a 4.56/66.29 1722; 1607
G0-NH2 3

a 2.04/29.90 3365; 1570
G1-NH2 5

a 2.06/30.00 3350; 1581
G0-NH3PF6 4

b 2.34/27.76 3431; 830
G1-NH3Cl 8

b 2.43/27.86 3425
G1-NH3-Fc27 14

a 4.38/67.98 2.27/25.58 3445; 1636
G2-NH3-Fc81 15

a 4.41/66.51 2.30/27.96 3452; 1643
G0-NH-Fc 6a 2.10/29.70 3.54/53.15 3448; 1592
G0-NH-Fc# 7a 2.04/29.72 3.48/50.20 3456; 1593
G1-NH2-Fc36 16

a 4.42/65.99 2.20/30.00 3.89/50.38 3452; 1641
G1-NH2-Fc

#
9Fc27 17

a 4.42/67.85 2.22/29.70 3.97/51.19 3461; 1630
aNMR in CDCl3 at 25 °C. bNMR in D2O at 25 °C.
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carboxylic acid group was checked by the downfield shift of the
CH2COOH signal at 4.56 ppm. 13C NMR spectroscopy also
confirms the above structures (see the Supporting Informa-
tion). The syntheses of the dendrimers 6 and 7 were also
monitored by 1H NMR. The resulting imine dendrimers
resulting from the condensation reactions between 3 and the
ferrocenyl and octamethylferrocenyl aldehydes showed the
appearance of the −NCH− signal at 8.1−8.2 ppm. After
reduction to the corresponding secondary amines, this signal
completely disappeared, and the −NHCH2−Cp signal
appeared at 3.54 and 3.48 ppm, respectively. The correspond-
ing signals of the ferrocene and octamethylferrocene moieties
also confirmed the structures of the dendrimers 6 and 7. The
ionic dendrimers 4 and 8 were dissolved in D2O, but their
solubility in CDCl3 (for the sake of comparison) was not
determined. Nevertheless, the −CH2NH3

+ signals showed an
important downfield shift. In the case of the primary
polyammonium ferrocenyl dendrimers 14 and 15, by
comparison with the primary polyamine precursors 3 and 5
and dendron 13, the −CH2NH3

+ proton signal was deshielded
by about 0.25 ppm due to the presence of a nearby positive
charge, and the signal of the −CH2COO

− protons was found to
be shielded by about 0.17 ppm due to the presence of a nearby
negative charge. These shifts in comparison to the neutral
termini are in agreement with the formation of the ionic
ammonium carboxylate linker. In the case of the secondary
polyammonium dendrimers 16 and 17, in comparison to the
precursors 6 and 7 and dendron 13, the differences are slightly
smaller, as −CH2NH2

+ protons are deshielded by about 0.10
and 0.18 ppm, respectively and the −CH2COO

− protons are
shielded by 0.14 ppm. This decrease of the charge effect is
taken into account by the fact that the secondary ammonium
groups are larger than the primary groups, resulting in a
dilution of the positive charge and weaker (longer) ionic bond
with the carboxylate. On the other hand, the −NH2

+CH2−Cp
signal of the secondary polyammonium dendrimers 16 and 17
are much more shifted (0.3 and 0.5 ppm) toward lower field
than the signals of the other protons. Interestingly, the 13C
NMR spectra show the opposite effect for the −CH2NH3

+

(shielded compared to −CH2NH2) and −CH2COO
− carbons

(deshielded in comparison to −CH2COOH) in comparison to
proton signals in dendrimers 14 and 15 (see Table 1). Finally,
for the ionic dendrimers, the corresponding proton signals of
the carboxylates are found at an intermediate region between
those of the dendronic acid 13 and those of the dendronic
sodium carboxylate salt 12, probably because of the hydrogen
bonding between the primary or secondary ammonium group
with the carboxylate group.
Infrared Spectroscopy. The infrared spectra also provided

valuable information on the new series of dendrons and
dendrimers. Dendron 11 has the characteristic absorption of
the ester group at 1765 cm−1, and in dendron 13 the presence
of a focal point consisting of the carboxylic acid was checked by
the frequencies related to the carbonyl group at 1722 and 1607
cm−1 (and a broad band due to the O−H stretching at 3400
cm−1). For the dendron 12 the single carbonyl band was shifted
to the region between the two, at 1633 cm−1 due to the
carboxylate absorption (both resonance forms equally contrib-
ute to the ground state of the molecule). Similarly, for the
dendritic polyammonium carboxylates 14−17, a strong band
due to −COO− stretching was found in the region 1630−1643
cm−1.

For the primary polyamines 3 and 5 two broad bands were
observed in the region 3400−3300 cm−1 (−NH2 stretching),
whereas for the secondary polyamines 6 and 7 one broad band
was observed in this region (−NH− stretching). For the
primary and secondary polyammonium dendrimers (products
5, 8, and 14−17), one broad absorption was observed in the
region 3420−3460 cm−1 due to −NH3

+ or −NH2
+− stretching

(see Table 1).
DOSY NMR. DOSY (diffusion-ordered spectroscopy)

experiments were conducted for the dendrimers 6, 7, 14, 16,
and 17. The main goal of these experiments was to measure the
diffusion coefficient D and determine the size of the dendrimer
in solution. The latter also reflects the purity of the products.
The D value allows calculation of the hydrodynamic diameter
of a molecule. Dendrimers are regarded as spherical molecular
objects and characterized by an apparent diffusion coefficient.
The Stokes−Einstein law, D = kBT/6πηrH, gives an estimate for
the diameter of the molecule, where D is the diffusion
coefficient, kB the Boltzmann constant, T the absolute
temperature, η the solvent viscosity, and rH the hydrodynamic
radius of the species (Table 2). The diameter values that are

obtained include peripheral solvation of the products by solvent
molecules in solution. This method was very useful for a clear
comparison between the generations of the dendrimers and
provided evidence for the formation of distinct ionic
assemblies. For the nonionic dendrimers 6 and 7 (generation
0), the calculated rH values are 2.08 and 2.29 nm, respectively,
which shows the effect of the presence of methyl groups in 7
and provides a hydrodynamic radius that is 0.21 nm larger
herewith. When the latter products were allowed to react with
the dendron 13, giving the next generation (generation 1)
dendrimers 16 and 17, it was found that the sizes of the
obtained dendritic ionic assemblies represented by rH are 3.21
and 3.33 nm, respectively. This finding that 17 has a larger rH
value than 16 is in agreement with the relative sizes of their
precursors, respectively 6 and 7. Finally, DOSY NMR, apart
from providing valuable data such as the diffusion coefficients
of the new dendrimers, also gives clear evidence of the size
progression upon an increase of the dendrimer generation. It
also allows comparing the sizes of the dendrimers (ionic and
nonionic) that contain different metallocenes and distinguish-
ing between the assemblies of primary and secondary
polyammonium dendrimers of the same generation.

Cyclic Voltammetry.16 The new dendron 13 and the series
of polyamine and polyammonium ferrocenyl dendrimers were
studied by cyclic voltammetry using decamethylferrocene
(FeCp*2) as the internal reference,17 although ferrocene was
used in the cases of the octamethylferrocenyl dendrimers 7 and
17. The cyclic voltammograms were recorded in dichloro-
methane, and the E1/2 data (measured vs FeCp*2) are gathered

Table 2. Calculated Diffusion Coefficients and
Hydrodynamic Radii Obtained by DOSY NMR

compd Da (±0.1), 10−10 m2/s rH
b (±0.1), nm

G0-NH-Fc 6 1.947 2.08
G0-NH-Fc# 7 1.768 2.29
G1-NH3-Fc27 14 1.044 3.87
G1-NH2-Fc36 16 1.261 3.21
G1-NH2-Fc

#
9Fc27 17 1.216 3.33

aD is the diffusion coefficient, measured in CDCl3 at 25 °C,
brH is the

hydrodynamic radius, calculated using the Stokes−Einstein equation.
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in Table 3. For all of the dendrons and dendrimers, a single
oxidation wave is observed for all the ferrocenyl groups, which
appear seemingly equivalent, due to the weakness of the
electrostatic factor between the redox sites of the dendron and
metallodendrimers, as their redox sites are far away from one
another, being separated by several bonds.18 This single wave
for all these three products is chemically and electrochemically
reversible, although this reversibility is sometimes more or less
perturbed by adsorption of these macromolecules onto the
electrode. The electrochemical reversibility involving all the
redox groups and signifying fast heterogeneous electron
transfer is due to two factors that probably simultaneously
occur: (i) fast rotation of the metallodendrimer within the
electrochemical time scale, whereby all redox groups come in
turn close to the electrode,19 and (ii) electron hopping among
the redox sites borne by flexible tethers, allowing hopping at an
optimal distance and mutual orientation.20 For dendron 13 and
dendrimer 6, the FeIII/II oxidation potentials of the ferrocenyl
redox centers are about 0.54 V, whereas for dendrimer 7 this
potential is 0.1 V. This cathodic shift is accounted for by both
the electron-releasing property of the eight methyl substituents
of the ferrocenyl groups that facilitate oxidation to ferrocenium.
For primary polyammonium dendrimers 14 and 15, the
oxidation potentials are about the same as that of the dendron
(only 20 mV less positive). The ferrocenyl centers at the
periphery of the dendrimers are not influenced by the
ammonium carboxylate linkages that are located in the
dendritic interior. In the case of secondary polyammonium
dendrimers with two kinds of ferrocenyl centers (product 16)
and the mixed ferrocenyl−octamethylferrocenyl dendrimer 17,
two waves are observed corresponding to each type of
ferrocenyl redox center. For products 16 and 17, oxidation of
the peripheral ferrocenes also is recorded at 0.54 V, because
they are not influenced by the remote interior ammonium
carboxylate linkages. Oxidation of the interior ferrocenyl groups
that are close to the ammonium groups now takes place at
much more positive potentials, which is due to the interaction
with and proximity of the ammonium cation. This trend is
more marked for 17, because the ammonium cation stabilizes
the electron-rich octamethylferrocenyl group, which is oxidized
at a potential 170 mV more positive (Figure 1).
The adsorption phenomenon during cyclic voltammetry of

cationic dendrimers is much more marked for ionic dendritic
assemblies than for neutral species. Indeed, for the dendron 13
and the generation-0 dendrimers 6 and 7, adsorption is not
observed, but in the case of the ionic compounds 14−17
adsorption is strong. Especially for compounds 14 and 15
adsorption onto the electrode is observed by scanning around

the oxidation potentials of the peripheral ferrocenyl groups,
which confirms the formation of ionic generation-1 and -2
dendrimers and the existence of electrostatic forces. For the
ionic compounds 16 and 17 adsorption is also highly marked.
On the other hand, the dendron 13 and dendrimers 6 and 7 do
not adsorb and cannot modify the Pt electrodes. This is not the
case for dendrimers 14 and 16, which deposit onto the
electrode surfaces upon scanning toward potentials that are
positive to ferrocenyl oxidation. Modification of electrodes with
films of dendrimers containing reversible redox systems has
been successful, resulting in detectable electroactive material.
This electrochemical behavior of modified electrodes was
studied in dichloromethane containing only the supporting
electrolyte (Figures 2 and 3). A well-defined, symmetrical redox
wave is observed, which is characteristic of a surface-confined
redox couple, with the expected linear relationship of peak
current with potential sweep rate v.21 Repeated scanning does
not change the voltammograms, demonstrating that the
modified electrodes are stable to electrochemical recycling.
However, splitting between oxidation and reduction peaks is
observed (ΔE = 40 mV), which suggests that a structural
reorganization takes place within the electrochemical redox
process within these ionic dendritic assemblies. Values of the
full width at half-maximum for compounds 14 and 16 were
measured at a scan rate of 100 mV/s and found to be ΔEfwhm =
150 and 140 mV, respectively, suggesting the existence of

Table 3. Redox Potentials and Chemical (ia/ic) and Electrochemical (Epa − Epc = ΔE) Reversibilities for Compounds 6, 7, and
13−17α

FeIII/II dendron FeIII/II dendrimer Fe#III/II dendrimer

compd E1/2, V ΔE, V ia/ic E1/2, V ΔE, V ia/ic E1/2, V ΔE, V ia/ic

13 0.54 0.068 0.76
6 0.55 0.065 1
7 0.10 0.040 1
14 0.52 0.015 0.57
15 0.53 0.012 0.42
16 0.54 0.065 1 0.62 0.060 1
17 0.52 0.025 1 0.27 0.030 0.9

αConditions: supporting electrolyte, [n-Bu4N][PF6] 0.1 M; solvent, CH2Cl2; reference electrode, Ag; working and counter electrodes, Pt; scan rate,
0.2 V/s; internal reference, FeCp*2.

Figure 1. CV of 17 in CH2Cl2 solution. Conditions: reference
electrode, Ag; working and counter electrodes, Pt; scan rate, 0.2 V/s;
supporting electrolyte, [n-Bu4N][PF6].
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repulsive forces between the ferrocenyl sites attached onto the
electrode surface.22 These Pt electrodes that are modified with
dendrimers 14 and 16 are durable and reproducible, as no loss
of electroactivity is observed after scanning several times or
after standing in air for several days. The surface coverages of
the electroactive ferrocenyl sites of the modified electrodes of
metallodendrimers 14 and 16 are Γ = 1 × 10−11 and 1.7 ×
10−11 mol cm−2, respectively.
Concluding Remarks. The assembly of ionic dendrons and

dendrimers represents a convenient way to synthesize large
dendrimers with defect-free periphery insofar as the dendrimer
purity solely depends on the purities of the dendrons and
dendritic cores. The ionic linkers at the dendritic interiors are
shielded so that the properties of these dendrimers essentially
depend on the periphery. Of specific interest are ionic
ferrocenyl dendrimers containing both intradendritic and

peripheral ferrocenyl layers such as those synthesized here.
The effect of the intradendritic positive charges of the
ammonium groups clearly appears on the NMR chemical shifts
and electrochemical potentials (E1/2 values) of the inner
ferrocenylmethyl groups. Interestingly, this electrostatic effect is
more pronounced on the octamethylferrocenyl layer than on
the parent ferrocenyl layer, probably because of the electron-
rich methyl substituents in comparison to parent ferrocenyl
sites. The E1/2 value of the inner ferrocenyl layer is sufficiently
shifted anodically to show a CV wave (shoulder) that is slightly
distinct from that of the outer ferrocenyl layer. When the
ferrocenyl substituents are different (H vs CH3), the two
separate CV waves clearly appear with relative intensities
corresponding to their ratio (3/1). Finally, a characteristic of all
the ionic ferrocenyl dendrimers is their strong ability to adsorb
on electrodes and form derivatized electrodes that is
considerably more marked than that of their neutral
constituents. Potential applications are, for instance, the
dendritic encapsulation of ionic or polar biomedical molecules
in hydrophobic media and recyclable redox sensors.

■ EXPERIMENTAL SECTION
General Data. For general data including solvents, apparatuses,

compounds, reactions, spectroscopy, and CV, see the Supporting
Information . Gn indicates the generation number n.

G0-9-dend-NHCH2-Fc (6). To a solution of ferrocenyl aldehyde
(0.077 g, 0.358 mmol, 1.02 equiv/branch) in 30 mL of dry toluene was
added dropwise at 70 °C a solution of polyamine dendrimer 3 (0.050
g, 0.033 mmol) in 20 mL of dry toluene under nitrogen. The reaction
mixture was heated at 75 °C for 12 h. The red solution was then
evaporated to dryness under reduced pressure, the resulting reddish
solid containing Gn-3n+2-dend-NCH-Fc was dissolved in 20 mL of
THF, and a suspension of LiAlH4 (2 equiv/branch) in 20 mL of THF
was added slowly at 0 °C. After the addition, the mixture was stirred
for 16 h at 50 °C under nitrogen. To the reaction solution at 0 °C was
added dropwise H2O (6 equiv/branch), and the mixture was stirred
for 20 min. After drying under vacuum, the crude product was washed
with acetonitrile in order to remove the excess of ferrocene aldehyde/
methanol. Further purification was achieved from precipitation in
acetonitrile, and the product was obtained as an orange sticky oil.
Yield: 70%.

1H NMR (CDCl3, 300 MHz): δ (ppm) 7.01 (3H, CH core), 4.22
(18H, Cp sub), 4.15 (45H, Cp free), 4.15 (18H, Cp sub), 3.54 (18H,
CpCH2NH), 2.10 (18H, SiCH2NH), 1.63 (18H, CqCH2CH2CH2Si),
1.11 (18H, CqCH2CH2CH2Si) 0.54 (18H, CqCH2CH2CH2Si), 0.03 (s,
54H, Si(CH3)2).

13C NMR (CDCl3, 75 MHz): δ (ppm) 145.7 (Cq of
arom core), 128.7 (CH of arom core), 86.3, 68.6, 68.4, 67.7 (Cp-C),
53.2 (CH2-Cp), 43.1 (CqCH2CH2CH2Si), 42.1 (CqH2CH2CH2Si),
29.7 (Si(CH3)2CH2NH), 17.7 (CqCH2CH2CH2Si), 15.1
(CqCH2CH2CH2Si), −3.8 (Si(CH3)2). Anal . Calcd for
C162H237Si9N9Fe9: C, 63.46; H, 7.79.. Found: C, 63.33; H, 7.80.

G0-9-dend-NHCH2-Fc# (7). To a solution of octamethylferrocene
(54.8 mg, 0.16 mmol, 1.2 equiv/branch) in 30 mL of dry toluene was
added dropwise at 70 °C a solution of nonaamine dendrimer (19.2 mg,
0.015 mmol) in 20 mL of dry toluene under nitrogen. The reaction
mixture was heated to 75 °C for 16 h. The red solution was then
evaporated to dryness under reduced pressure, and the resulting
reddish solid containing G0-dend-NCH-Fc# was washed with 20 mL
of CH3CN three times to remove the excess octamethylferrocene
aldehyde/methanol. The resulting reddish solid was dried under
reduced pressure and dissolved in a mixture of THF (10 mL) and
CH3OH (10 mL), and then NaBH4 (3 equiv/branch) was slowly
added at 0 °C. After the addition, the mixture was stirred for 30 min at
0 °C under nitrogen. The solvent was removed under reduced
pressure. To the remaining solid was added dropwise H2O (30 mL),
and the compound was extracted three times with distilled diethyl
ether. The combined organic phase was dried under anhydrous

Figure 2. Cyclic voltammograms of 14 in CH2Cl2 solution containing
0.1 M [n-Bu4N][PF6]: (a) in solution; (b) intensity as a function of
scan rate (linearity shows the expected behavior of an absorbed
dendrimer); (c) modified Pt electrode at various scan rates in a
CH2Cl2 solution (containing only the supporting electrolyte).

Figure 3. Cyclic voltammograms of 16 in CH2Cl2 solution containing
0.1 M [n-Bu4N][PF6]: (a) in solution; (b) intensity as a function of
scan rate (linearity shows the expected behavior of an absorbed
dendrimer); (c) modified Pt electrode at various scan rates in CH2Cl2
(solution containing only the supporting electrolyte).
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Na2SO4. After evaporation, the compound was obtained as a yellow
solid without further purification. Yield: 77%.

1H NMR (CDCl3, 300 MHz): δ (ppm) 6.92 (3H, CH core), 3.48
(18H, NHCH2C5(CH3)4), 3.28 (9H, C5(CH3)4H), 2.04 (18H,
SiCH2NH), 1.83, 1.79, 1.77, 1.71 (216H, C5(CH3)4), 1.58 (18H,
CqCH2CH2CH2Si), 1.04 (18H, CqCH2CH2CH2Si), 0.47 (18H,
CqCH2CH2CH2Si), 0.05 (54H, Si(CH3)2).

13C NMR (CDCl3, 75
MHz): δ (ppm) 145.7 (Cq of arom core), 128.7 (CH of arom core),
80.5, 80.0, 79.8, 79.7, 79.4, and 70.5 (Cp-C), 50.2 (Cp-CH2NH), 43.8
(CqCH2CH2CH2Si), 42.0 (CqCH2CH2CH2Si), 29.7 (Si-
(CH3)2CH2NH), 17.8 (CqCH2CH2CH2Si), 15.1 (CqCH2CH2CH2Si),
11.0, 10.0, 9.9, 9.4 (C5(CH3)4), −4.0 (Si(CH3)). Anal. Calcd for
C234H381Si9Fe9N9: C, 68.95; H, 9.43. Found: C, 68.71; H, 9.14.
G0-NH3

+PF6
− (4). To a stirred solution of 3 (100 mg, 0.078 mmol)

in 20 mL of distilled dichloromethane was added dropwise aqueous
HPF6 (1.1 equiv/branch) diluted in 3 mL of dichloromethane. Then a
white precipitate started to form, but the product was stirred for an
additional 30 min. The solution was evaporated, and the white solid
was washed with acetone. The water-soluble white product 4 was
obtained quantitatively.

1H NMR (D2O, 300 MHz): δ (ppm) 6.92 (3H, CH core), 2.26
(18H, SiCH2NH3

+), 1.55 (18H, CqCH2CH2CH2Si), 0.99 (18H,
CqCH2CH2CH2Si) 0.50 (18H, CqCH2CH2CH2Si), 0.03 (s, 54H,
Si(CH3)2).

13C NMR (D2O, 75 MHz): δ (ppm) 145.72 (Cq arom),
121 .65 (CH arom), 43 .66 (CqCH2CH2CH2Si) , 41 .11
(CqCH2CH2CH2Si) , 27 .76 (Si(CH3)2CH2NH2

+) , 17 .41
(CqCH2CH2CH2Si), 13.60 (CqCH2CH2CH2Si), −4.95 (Si(CH3)).
Anal. Calcd for C63H156Si9N9P9F54·2H2O: C, 28.73; H, 6.13. Found: C,
28.82; H, 6.17.
G1-NH3

+Cl− (8). To a stirred solution of 5 (50 mg, 0.009 mmol) in
20 mL of distilled dichloromethane was added dropwise aqueous HCl
(1.2 equiv/branch) diluted in 5 mL of dichloromethane. Then a white
precipitate started to form, but the product was stirred for an
additional 30 min. The solution was evaporated, and the white solid
was washed with acetone. The water-soluble white waxy product 8 was
obtained quantitatively.

1H NMR (D2O, 300 MHz): δ (ppm) 7.15, 6.72 (39H, CH core),
3.73 (18H, CH2OAr), 2.43 (54H, SiCH2NH3

+), 1.88 (72H,
CqCH2CH2CH2Si), 1.16 (72H, CqCH2CH2CH2Si), 0.63 (72H,
CqCH2CH2CH2Si), 0.13 (216H, Si(CH3)2).

13C NMR (D2O, 75
MHz): δ (ppm) 158.72 (OCq arom of dendron), 139.56 (Cq arom),
127.23, 113.77 (CH arom), 43.16 (CqCH2CH2CH2Si), 41.69
(CqCH2CH2CH2Si) , 27 .86 (Si(CH3)2CH2NH3

+) , 17 .60
(CqCH2CH2CH2Si), 14.56 (CqCH2CH2CH2Si), −4.19 (Si(CH3)2).
Anal. Calcd for C288H624Si36N27O9Cl27·5H2O: C, 51.88; H, 9.59.
Found: C, 51.60; H, 9.57.
Triferrocenyl Carboxylic Acid (13). To a solution of 10 (0.351 g,

0.365 mmol) in 40 mL of acetonitrile were added K2CO3 (0.101 g,
0.731 mmol) and methyl bromoethanoate (0.084 g, 0.548 mmol), and
the resulting solution was heated at 90 °C for 16 h under a nitrogen
atmosphere. After the solvent and excess methyl bromethanoate were
removed, the crude product was dissolved in 100 mL of dichloro-
methane and the solution filtered through Celite. The solvent was
removed under vacuum, and the product was obtained as an orange
oil. Then product 11 (0.360 g, 0.35 mmol) was dissolved in 18 mL of
dioxane, and a solution of NaOH (56 mg, 1.39 mmol) in 5 mL of H2O
was added dropwise. The solution was stirred for 16h at room
temperature. Then, the solution was evaporated, and the product was
washed in water and extracted from dichloromethane. Acidification of
12 in dichloromethane/water with aqueous HCl gave product 13 as an
orange shiny oil. Yield: 90%.
Dendron 11. 1H NMR (CDCl3, 300 MHz): δ (ppm) 7.20, 6.90

(4H, arom), 4.66 (2H, CH2COOMe), 4.35 (6H, Cp sub) 4.13 (15H,
Cp free), 4.06 (6H, Cp sub), 3.86 (3H, CH2COO

−CH3), 1.65 (6H,
CqCH2CH2CH2Si), 1.15 (6H, CqCH2CH2CH2Si), 0.65 (6H,
CqCH2CH2CH2Si), 0.21 (18H, Si(CH3)2).

13C NMR (CDCl3, 75
MHz): δ (ppm) 168.48 (COOMe), 155.08 (OCq arom), 141.20 (Cq
arom), 127.32, 113.91 (CH arom), 72.75, 70.36 (CH of Cp sub),
71.16 (Cq of Cp sub), 67.81 (Cp free), 65.10 (CH2COOMe), 52.17
(COOCH3), 43.24 (CqCH2CH2CH2Si), 41.80 (CqCH2CH2CH2Si),

17.87 (CqCH2CH2CH2Si), 17.39 (CqCH2CH2CH2Si), −2.08 (Si-
(CH3)). MS (m/z): calcd for C55H72O3Si3Fe3 1032.2832, found
1032.7785.

Dendron 12. 1H NMR (CDCl3, 300 MHz): δ (ppm) 7.15, 6.81
(4H, arom), 4.34 (6H, Cp sub), 4.29 (2H, CH2COONa), 4.12 (15H,
Cp free), 4.08 (6H, Cp sub), 3.86 (3H, CH2COO

−CH3), 1.62 (6H,
CqCH2CH2CH2Si), 1.12 (6H, CqCH2CH2CH2Si), 0.64 (6H,
CqCH2CH2CH2Si), 0.19 (18H, Si(CH3)2).

13C NMR (CDCl3, 75
MHz): δ (ppm) 167.16 (COONa), 154.07 (OCq arom), 140.17 (Cq
arom), 127.61, 113.71 (CH arom), 73.00, 70.72 (CH of Cp sub),
70.98 (Cq of Cp sub), 68.17 (Cp free), 64.00 (CH2COONa), 42.89
(CqCH2CH2CH2S i) , 41 .82 (C qCH2CH2CH2S i ) , 17 .76
(CqCH2CH2CH2Si), 17.23 (CqCH2CH2CH2Si), −1.79 (Si(CH3)).

Dendron 13. 1H NMR (CDCl3, 300 MHz): δ (ppm) 7.22, 6.90
(4H, arom), 4.56 (2H, CH2COOH), 4.35 (6H, Cp sub), 4.13 (15H,
Cp free), 4.06 (6H, Cp sub), 1.65 (6H, CqCH2CH2CH2Si), 1.17 (6H,
CqCH2CH2CH2Si), 0.65 (6H, CqCH2CH2CH2Si), 0.21 (18H, Si-
(CH3)2).

13C NMR (CDCl3, 75 MHz): δ (ppm) 174.41 (COOH),
155.11 (OCq arom), 141.32 (Cq arom), 127.63, 114.42 (CH arom),
73.19, 70.90 (CH of Cp sub), 71.51 (Cq of Cp sub), 68.43 (Cp free),
66 .29 (CH2COOH), 43 .33 (CqCH2CH2CH2Si) , 42 .04
(C qCH2CH2CH2S i) , 18 .26 (CqCH2CH2CH2S i ) , 17 .74
(CqCH2CH2CH2Si), −1.87 (Si(CH3)2). MS (m/z): calcd for
C54H70O3Si3Fe3 1018.2681, found 1018.2715. Anal. Calcd for
C54H70O3Si3Fe3: C, 63.65; H, 6.92. Found: C, 63.32; H, 7.07.

General Synthesis of Ionic Polyammonium Carboxylate
Dendrimers. To a stirred solution of secondary or primary polyamine
dendrimer in 10 mL of distilled dichloromethane was added dropwise
a solution of triferrocenyl carboxylic acid (1 equiv/branch) in 10 mL
of dichloromethane, and the mixture was stirred for 20 min. The
solvent was removed under vacuum, and the compound was obtained
as an orange-yellow sticky oil in quantitative yield.

Dendrimer 14. The ionic dendrimer 14 was synthesized from 3 (10
mg, 0.008 mmol, 1 equiv) and 13 (71.5 mg, 0.070 mmol, 9 equiv)
using the general synthesis of ionic polyammonium carboxylate
dendrimers.

1H NMR (CDCl3, 300 MHz): δ (ppm) 7.17 (18H, arom), 7.02
(3H, arom core), 6.86 (18H, arom), 4.38 (18H, CH2COO

−), 4.33
(54H, Cp sub), 4.12 (135H, Cp free), 4.05 (54H, Cp sub), 2.27 (18H,
SiCH2NH3

+), 1.63 (72H, CqCH2CH2CH2Si), 1.15 (72H,
CqCH2CH2CH2Si), 0.64 (72H, CqCH2CH2CH2Si), 0.20, 0.10
(216H, Si(CH3)2).

13C NMR (CDCl3, 75 MHz): δ (ppm) 174.88
(COO−), 155.62 (OCq arom of dendron), 140.46 (Cq arom), 127.48,
114.35 (CH arom), 72.91, 71.29, 70.75, 68.25 (Cp−C), 67.98
(CH2COO

−), 43.24 (CqCH2CH2CH2Si), 42.19 (CqCH2CH2CH2Si),
25.58 (Si(CH3)2CH2NH3

+), 18.14 (CqCH2CH2CH2Si), 17.66
(CqCH2CH2CH2Si), −1.85, −3.99 (Si(CH3)2). Anal. Calcd for
C540H777Si36Fe27N9O27: C, 62.69; H, 7.58. Found: C, 63.02; H, 7.73.

Dendrimer 15. The ionic dendrimer 15 was synthesized from 5 (10
mg, 0.002 mmol, 1 equiv) and 13 (49.5 mg, 0.049 mmol, 27 equiv)
using the general synthesis of ionic polyammonium carboxylate
dendrimers.

1H NMR (CDCl3, 300 MHz): δ (ppm) 7.17 (72H, arom), 6.95
(3H, arom core), 6.85 (72H, arom), 4.41 (54H, CH2COO

−), 4.33
(162H, Cp sub), 4.12 (405H, Cp free), 4.05 (162H, Cp sub), 3.55
(CH2OAr), 2.30 (54H, SiCH2NH3

+), 1.64 (234H, CqCH2CH2CH2Si),
1.13 (234H, CqCH2CH2CH2Si), 0.65 (72H, CqCH2CH2CH2Si), 0.21,
0.05 (216H, Si(CH3)2).

13C NMR (CDCl3, 75 MHz): δ (ppm) 174.10
(COO−), 154.87 (OCq arom of dendron), 141.22 (Cq arom), 127.54,
114.34 (CH arom), 72.92, 71.28, 70.62, 68.09 (Cp-C), 66.51
(CH2COO

−), 43.27 (CqCH2CH2CH2Si), 42.09 (CqCH2CH2CH2Si),
27.96 (Si(CH3)2CH2NH3

+), 18.07 (CqCH2CH2CH2Si), 17.60
(CqCH2CH2CH2Si), −1.91, −3.40 (Si(CH3)2). Anal. Calcd for
C1719H2487Si117Fe81N27O90·2CH2Cl2: C, 62.74; H, 7.63. Found: C,
62.64; H, 7.89.

Dendrimer 16. The ionic dendrimer 16 was synthesized from 6 (10
mg, 0.003 mmol, 1 equiv) and 13 (29.9 mg, 0.029 mmol, 9 equiv)
using the general synthesis of ionic polyammonium carboxylate
dendrimers.
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1H NMR (CDCl3, 300 MHz): δ (ppm) 7.21, 6.89 (39H, arom),
4.41 (18H, CH2COO

−), 4.35, 4.14, 4.07 (324H, Cp), 3.89 (18H,
+NH2CH 2Cp) , 2 .20 (18H, S iCH 2NH2

+) , 1 .65 (72H,
CqCH2CH2CH2Si), 1.17 (72H, CqCH2CH2CH2Si) 0.66 (72H,
CqCH2CH2CH2Si), 0.22, 0.07 (216H, Si(CH3)2).

13C NMR (CDCl3,
75 MHz): δ (ppm) 174.18 (COO−), 155.70 (OCq arom of dendron),
140.79 (Cq arom), 127.67, 114.56 (CH arom), 73.10, 71.50, 71.19,
70.81, 69.31, 68.99, 68.28 (Cp-C), 65.99 (CH2NH2

+CH2Cp), 50.38
(CH2NH2

+CH2Cp) , 43 . 42 (CqCH2CH2CH2S i ) , 42 . 32
(CqCH2CH2CH2Si) , 30 .00 (Si(CH3)2CH2NH2

+) , 18 .26
(CqCH2CH2CH2Si), 17.76 (CqCH2CH2CH2Si), −1.73, −3.40 (Si-
(CH3)). Anal. Calcd for C639H867Si36Fe36N9O27: C, 63.28; H, 7.21.
Found: C, 62.95; H, 7.12.
Dendrimer 17. The ionic dendrimer 17 was synthesized from 7 (10

mg, 0.002 mmol, 1 equiv) and 13 (22.5 mg, 0.022 mmol, 9 equiv)
using the general synthesis of ionic polyammonium carboxylate
dendrimers.

1H NMR (CDCl3, 300 MHz): δ (ppm) 7.16, 6.95, 6.82 (39H,
arom), 4.42 (18H, CH2COO

−), 4.34, 4.13, 4.06 (324H, Cp of Fc),
3.93 (18H, +NH2CH2Cp of Fc#), 3.28 (9H, C5(CH3)4H of Fc#), 2.23
(18H, SiCH2NH2

+), 1.83−1.68 (216H, C5(CH3)4), 1.66 (72H,
CqCH2CH2CH2Si), 1.22 (72H, CqCH2CH2CH2Si), 0.65 (72H,
CqCH2CH2CH2Si), 0.21, 0.07 (216H, Si(CH3)2).

13C NMR (CDCl3,
75 MHz): δ (ppm) 174.18 (COO−), 155.70 (OCq arom of dendron),
140.79 (Cq arom), 127.55, 114.53 (CH arom), 86.31, 83.14, 81.88,
72.94, 71.19, 70.63, 68.11 (Cp-C), 67.85 (CH2COO−), 51.19
(CH2NH2

+CH2Cp) , 43 . 27 (CqCH2CH2CH2S i ) , 42 . 15
(CqCH2CH2CH2Si) , 29 .70 (Si(CH3)2CH2NH2

+) , 18 .09
(CqCH2CH2CH2Si), 17.76 (CqCH2CH2CH2Si), −1.02, −3.20 (Si-
(CH3)2). Anal. Calcd for C711H1002Si36Fe36N9O27·2CH2Cl2: C, 64.39;
H, 7.63. Found: C, 64.22; H, 7.85.
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ABSTRACT: A new, facile synthesis of rhodicenium chloride is described, leading to the synthesis of rhodicenium
tetraarylborate, the first rhodicenium salt that is soluble in less polar solvents. This opens the route to further chemistry that was
prevented by the insolubility of the formerly available rhodicenium salts. This strategy has been extended to the synthesis of
water-soluble polyelectrolyte and dendritic macromolecular cobaltocenium and rhodicenium salts.

■ INTRODUCTION

After 60 years of metallocene chemistry, it is remarkable that
rhodicenium chemistry has been so little developed. Following
Wilkinson’s seminal synthesis in 1953 from a cyclopentadienyl
salt and tris(acetylacetonato)rhodium(III),1 the generation of
rhodicenium cations was reported in the gas phase by a metal
switching reaction2 and by the gas-phase photoinduced reaction
of RhC5H6

+ with cyclopentane3 before the use of modern
microwave techniques.4 Rhodicenium cations share with their
first-row analogues cobaltocenium cations similar robustness
owing to their 18-electron nature. Their salts with mineral acids
are all very soluble in water; however, even with very large
counteranions they are difficult to precipitate from water. A
polarographic study by Wilkinson’s group of [RhCp2][Cl]
showed a cathodic wave at −1.53 V vs SCE representing a one-
electron reduction; however, the neutral RhCp2 could not be
isolated from aqueous solutions. The reaction of anhydrous
rhodium chloride with sodium cyclopentadiene produced the
diamagnetic compound RhC10H11, which was formulated as the
RhI cyclopentadiene complex [Rh(η4-C5H6)Cp] (Cp = η5-
C5H5), and the same compound was formed from reduction of
[RhCp2][Cl] in aqueous ethanol by NaBH4.

5 The suggested
mechanism involved attack by a hydride either on the Cp ring
or intermediately on the metal atom. Oxidation of RhC10H11
with HCl gave 50% of the initial rhodicenium cation. A gas also
evolved consisting of hydrogen together with C5 olefinic
hydrocarbons. Rhodocene was reported upon reduction of
rhodicenium cation with molten sodium and could be trapped
only on a liquid-nitrogen-cooled ESR probe,6 but it
decomposed at room temperature with formation of the
dimer [RhCp(η4-C5H5−)]2, isolated in 8% yield, in which the
η8,μ2-dicyclopentadiene ligand bridges the two RhI centers.7

Geiger’s group reported the electrochemical reduction of the
rhodicenium ion in nonaqueous solvents (CH3CN and DMF)
in two one-electron-reduction processes, and the dimer
[RhCp(η4-C5H5−)]2 was isolated by electrolysis of rhodice-
nium solutions in good yield.8 This material was quantitatively
oxidized back to [Cp2Rh][BF4] by [(C6H5)3C][BF4] in
dichloromethane. Rhodocene has been also observed in mass
spectral studies of rhodicenium.9 The instability of this odd-
electron rhodocene in comparison to its thermally stable
analogue cobaltocene is due to the fact that, in contrast to the
first-row 19-electron transition-metal sandwich complexes, for
which the orbital of the 19th valence electron is mostly metal
based,10 second- and third-row transition-metal sandwich
complexes with one electron in excess vs the 18-electron
configuration are ligand-based radicals. The first isolated
polysubstituted rhodocene was [Rh(C5HPh4)2], obtained
from the reduction of [Rh(C5HPh4)2]

+ due to the very large
tetraphenylcyclopentadienyl ligands, which inhibited dimeriza-
tion.11

Various rhodicenium complexes with substituted cyclo-
pentadienyl ligands have been reported,12 including mono-
phosphorylated rhodicenium analogues13 and functionalized
rhodicenium salts containing two acyl and/or imidoyl
substituents.14 Polymethyl rhodicenium complexes have been
also reported,15 including decamethylrhodicenium16 and non-
amethylrhodicenium,17 imparting greater stability and solubil-
ity. Heteronuclear compounds such as rhodocenylferrocene,
1,1′-dirhodocenylferrocene, and 1-cobaltocenyl-1′-rhodocenyl-
ferrocene have also been prepared by the statistical nucleophilic
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attack of 1,1′-dilithioferrocene on [CoCp2][PF6] and [RhCp2]-
[PF6], followed by subsequent hydride abstraction with
tritylium hexafluorophosphate, yielding the respective terme-
tallocene dications.18

Altogether, rhodicenium chemistry is rather limited, and
applications are scarce with only some mentions of biomedical
usage.19 Indeed, a major problem is the insolubility of the
tetrafluoroborate and hexafluorophosphate salts in common
solvents. Therefore, we have reinvestigated the basic
rhodicenium chemistry, including an alternative synthesis of
rhodicenium chloride from rhodium(III) chloride hydrate, in a
two-step reaction which parallels that known for the synthesis
of decamethylrhodicenium,16 and we have disclosed the access
to rhodicenium salts, including rhodicenium salts containing
polymeric and dendritic macromolecular anions. Finally, the
new family of ionic metallocenium dendrimers has been
extended to the analogous and comparable cobaltocenium
dendrimers.

■ RESULTS AND DISCUSSION
Synthesis of Rhodicenium Chloride. The new synthesis

of rhodicenium chloride started from the reaction of
(trimethylsilyl)cyclopentadiene20 with rhodium(III) chloride
hydrate in 2-propanol at room temperature, forming the
cyclopentadiene rhodium dichloride oligomer20 that is soluble
only in water, DMF, and DMSO. Then, the synthesis of
rhodicenium chloride1 was achieved from the reaction of this
oligomer with sodium cyclopentadiene in THF. The product
was extracted with hot water, and washing with diethyl ether
several times permitted the removal of unreacted organic
species. Extraction with nitromethane (in which the other
reaction product, NaCl, is insoluble) gave rhodicenium chloride
as a yellowish oil (Scheme 1).

Access to the rhodicenium hexafluorophosphate 5 was also
easily achieved by adding HPF6 into the aqueous solution of
rhodicenium chloride. 1H NMR is a practical tool allowing
comparison among the three rhodium complexes 3−5 (Figure
1).
The protons of the Cp ring of rhodicenium chloride are

deshielded by ∼0.1 ppm in comparison to rhodicenium
hexafluorophosphate. The complexes 3−5 are soluble only in
very polar solvents such as water, DMF, and DMSO, which is a
drawback for further reactions of a rhodicenium salt. Therefore,

the synthesis of rhodicenium salts with adequate counteranions
for a better solubility in less polar solvents was envisaged.

Synthesis of a Rhodicenium Tetraarylborate. Na-
[BArF4] (ArF = 3,5-bis(trifuoromethyl)phenyl) was used as a
starting material to react with rhodicenium chloride in order to
form the salt [RhCp2][BAr

F
4] (6), in addition to easily

removable NaCl (Scheme 2). Extraction of the product in

dichloromethane and evaporation of the solvent gave a red-
violet powder. 1H NMR in CDCl3 showed the two typical
signals of the aryl groups with the expected 4 and 8 protons and
the 10 protons of the two Cp rings, whose signal is now found
at 5.63 ppm. This new rhodicenium salt 6 is soluble in lower-
polarity solvents such as diethyl ether, dichloromethane, and
THF (Table 1). Further reactions of 6 can thus be conveniently
achieved in less polar solvents, including hydride addition to
rhodicenium salts. For instance, the reaction of 3 with NaBH4
occurs in aqueous ethanol in 30 min,5 whereas that of 6
proceeds in THF in 5 min followed by extraction with pentane,
giving [Rh(η4-C5H6)Cp] (see the Supporting Information). It
is likely that 6 will be an appropriate starting material for
various nucleophilic reactions with rhodicenium that are
impossible with 4 and 5 due to their insolubility in less polar
solvents such as THF and dichloromethane, in which 6 is
readily soluble.
A sample of the complex 6 in diethyl ether solution was

analyzed by FD mass spectrometry, showing the mass peak of

Scheme 1. New Synthesis of Rhodicenium Chloride (4)

Figure 1. Comparative 1H NMR spectra in D2O of [RhCp(Cl)2]n (3),
[RhCp2][Cl] (4), and [RhCp2][PF6] (5): (a) 3, δ 6.04 ppm (10H,
Cp); (b) 4, δ 5.98 ppm (10H, Cp); (c) 5, δ 5.89 ppm (10H, Cp).

Scheme 2. Synthesis of a Rhodicenium Tetraarylborate
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the ionized rhodicenium cation at m/z 232.98 that confirmed
the [RhCp2][BAr

F
4] structure (Figure 2).

Product 6 was also characterized by cyclic voltammetry using
decamethylferrocene as the internal reference.22 The cyclic
voltammograms were recorded in THF, a very good solubility
being accessible with this solvent, at two different temperatures:
22 and −50 °C (Figure 3). At 22 °C an irreversible wave is
observed at Epc = −1.340 V, due to a one-electron reduction of
compound 6 (RhIII/II). However, under the same conditions,
lowering the temperature to −50 °C allowed the observation of
a partial chemical reversibility of the same wave at E1/2 =
−1.345 V. This wave is electrochemically reversible (ΔE = 65
mV) but only partially chemically reversible, as the intensity of
the anodic peak is much smaller than that of the cathodic peak

(ipa/ipc = 0.30). This confirms the results by Geiger et al.
including the great instability of the single-electron-transfer
product rhodocene, even at −50 °C in THF, and the absence of
significant structural rearrangement along the single-electron
transfer to the rhodicenium salt 6.8

Synthesis of Water-Soluble Rhodicenium Polystyrene
Sulfonate Polymer. Ionic macromolecules such as polymers
and dendrimers have been mentioned previously, even though
this field of chemistry has not been extensively explored. We
envisaged synthesizing ionic rhodicenium polymers and
dendrimers in order to study the properties of these new
kinds of ionic metallomacromolecules. The starting polymer
material sodium polystyrene sulfonate reacted with compound

Table 1. Solubilities of the Cyclopentadienylrhodium Dichloride Oligomer 3 and Rhodicenium Complexes 4−6, 8, 10, and 12 as
a Function of Their Counteranion, at 25 °Ca

compd counteranion (C2H5)2O CH2Cl2 THF CH3CN H2O DMSO

3 − − − − + +
4 Cl− − − − − + +
5 PF6

− − − − + + +
6 BArF4

− + + + + − −
8 Poly-SO3

− − − − − + +
10 Dend-COO− − − − − + +
12 Dend-COO− − − − − + +

aLegend: +, very soluble; −, insoluble.

Figure 2. FD MS of [RhCp2][BAr
F
4] (6) and photo of the FD MS sample of 6 in diethyl ether.

Figure 3. Cyclic voltammetry of [RhCp2][BAr
F
4] (6) in THF at (a) 22 °C and (b) −50 °C. The wave at 0.0 V corresponds to the internal reference

[FeCp*2].
22 Conditions: reference electrode, Ag; working and counter electrodes, Pt; scan rate, 0.05 V/s; supporting electrolyte, [n-Bu4N][BAr

F
4].
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4 to give the rhodicenium polystyrene sulfonate polymer 8 and
NaCl (Scheme 3).

The sodium polystyrene sulfonate polymer has an average
molecular weight of m/z 70.000; thus, the number of
rhodicenium units in polymer 8 is 330 ± 30. The solubility
of this new polymer 8 in water is good, being similar to that of
its precursor compounds 4 and 7. The 1H NMR spectrum in
water shows the correct ratio between the rhodicenium and
polymer protons. The downfield shift of 0.175 ppm for the 10H
of Cp of the rhodicenium cation also shows the formation of
ionic bonds between the sulfonate anion and the rhodicenium
cation (Table 2). Infrared spectroscopy is also a remarkable

tool to study the differences in the sulfonate anions between
polymers 7 and 8 (Figure 4). The bands at 1191, 1129, and
1042 cm−1 of polymer 7 are assignable to sulfonate anions. The
change of the band from 1191 to 1216 cm−1 in polymer 8 is
due to the change of the ionic bond that is now formed
between the sulfonate anion and the rhodicenium cation.
Another difference is the aromatic CC bending band that
appears at 1633 cm−1 in polymer 7 and in polymer 8 changes to
1698 cm−1 (Table 2). Finally, DOSY NMR provided the
diffusion coefficient of the polymer: D = [1.38(±0.1)] × 10−10

m2/s. The spectrum is in agreement with rhodicenium being
bound to the polymer 7, providing polymer 8 (Supporting
Information).
Synthesis of Water-Soluble G1-Carboxylate Rhodice-

nium and Cobaltocenium Dendrimers. The supramolecu-
lar aspects of dendrimers23 have been largely considered for
various uses such as molecular boxes,24 exoreceptors,25

sensors,25 electron-transfer nanodevices,26 molecular micelles,27

nanoreactors,28 and catalysts.29 Ionic interactions of dendrimers
have been studied previously for different applications such as
drug vectors,30 molecular batteries, and modified electrodes.
Polyanionic dendrimers usually display acceptable biocompat-
ibility.30,31 Therefore, we have synthesized the polybenzoate-

terminated dendrimer 9 from a polyiodomethylsilyl precur-
sor.32 This dendrimer reacted as a sodium salt with complex 4
according to a metathesis ion exchange among the two reacting
ion pairs to form a polybenzoate rhodicenium-terminated
dendrimer (Scheme 4). Dendrimer 10 (Chart 1) presents a
good solubility in methanol and water. Its 1H NMR spectrum
discloses the corresponding ratio for the dendritic/peripheral
protons (Cp), showing a downfield shift of 0.012 for the 10H
of Cp of the rhodicenium cation. The 13C NMR spectrum also
confirms the structure of the dendrimeric salt 10. The nature of
the carboxylate anion has changed between dendrimers 9 and
10, and this is clearly shown by the IR spectrum, in which the
absorption due to the carboxylate anion (area 1600−1690
cm−1) in dendrimers 9 and 10 undergoes significant changes
(Table 2). Additionally, the DOSY NMR spectrum of 10
provided the diffusion coefficient D = [4.8(±0.2)] × 10−11 m2/
s (Supporting Information).
The expected similar properties of rhodicenium cations and

cobaltocenium cations suggest that analogous structures and
properties can be obtained for related cobaltocenium salts.
Thus, the dendrimer 12 containing cobaltocenium cations in
the periphery was also synthesized (Chart 1). Cobaltocenium
chloride 11 reacted with the polybenzoate sodium dendrimer 9,
giving the polybenzoate cobaltocenium dendrimer 12 (Scheme
4). The 1H NMR spectrum shows a downfield shift of 0.084
ppm for the 10H of the Cp of the cobaltocenium cation, and
the IR spectrum showed a change in the band of the
carboxylate anion (Table 2). Finally, the DOSY NMR spectrum
of 12 provided the diffusion coefficient D = [5.5(±0.2)] ×
10−11 m2/s (Supporting Information).

■ CONCLUDING REMARKS
The insolubility of classic rhodicenium salts contrasted with the
good solubility of rhodium analogues, possibly because the
larger inter-ring distance led to more exposed positive charge in
rhodicenium than in cobaltocenium, which prevented extension
of the organorhodium chemistry. An alternative synthesis of
rhodicenium chloride and the preparation of new rhodicenium
salts that are soluble in less-polar solvents open the possibilities

Scheme 3. Synthesis of a Polystyrene Sulfonate Rhodicenium
Polymer

Table 2. 1H NMR and IR Data for the Metallocenium
Complexes 3, 8, and 10−12

complex/
counteranion

Cp
(ppm)

Δδ
(ppm) IR in KBr (cm−1)

3a/Cl− 5.977 3104
3b/Cl− 5.969 3104
8a/Poly-SO3

− 5.802 0.175d 1698; 1216; 1129; 1042; 1010
10b/Dend-COO− 5.957 0.012e 3107; 1603
11c/Cl− 5.907 3100
12c/Dend-COO− 5.823 0.084f 3099; 1690

aNMR in D2O at 25 °C. bNMR in methanol-d4 (1). cNMR in
methanol-d4 (5).

dΔδppm = δ(Cp of 3) − δ(Cp of 8). eΔδppm = δ(Cp
of 3) − δ(Cp of 10). fΔδppm = δ(Cp of 11) − δ(Cp of 12).

Figure 4. Comparative IR spectra of polymers 7 and 8.
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of further carrying on organorhodium chemistry. In parallel,
ionic water-soluble cobaltocenium and rhodicenium polyelec-

trolytes and dendrimers with unusual properties have now been
made available.

Scheme 4. Synthesis of the Rhodicenium and Cobaltocenium Dendrimersa

aG1 stands for a first-generation dendrimer; see the structures in Chart 1.

Chart 1
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■ EXPERIMENTAL SECTION
General Data. Reagent-grade diethyl ether and tetrahydrofuran

(THF) were predried over Na foil and distilled from sodium
benzophenone anion under argon immediately prior to use.
Dichloromethane (DCM) was distilled over CaH2 under argon prior
to use. All other solvents and chemicals were used as received. The 1H
NMR spectra were recorded at 25 °C with a 300 MHz spectrometer.
The 13C NMR spectra were obtained in the pulsed FT mode at 75.0
MHz with a 300 MHz spectrometer. All chemical shifts are reported in
parts per million (δ, ppm) with reference to Me4Si (TMS). The
infrared (IR) spectra were recorded on a FT-IR spectrophotometer.
All electrochemical measurements were recorded under a nitrogen
atmosphere. Conditions: dried solvent; temperature, 22 °C;
supporting electrolyte, [nBu4N][BAr

F
4] 0.1 M; working and counter

electrodes, Pt; reference electrode, Ag; internal reference, FeCp*2
(Cp* = η5-C5Me5); scan rate, 0.200 V/s. Diffusion measurements were
performed at 25 °C with a 400 MHz spectrometer. They were
performed using a 1H NMR pulsed-gradient experiment: the simulated
spin−echo sequence leads to the measurement of the diffusion
coefficient D, where D is the slope of the straight line obtained when
ln I is displayed against the square of the gradient-pulse power
according to the equation ln I = −γ2G2Dδ2(Δ − δ/3), where I is the
relative intensity of a chosen resonance, γ is the proton gyromagnetic
ratio, Δ is the intergradient delay (150 ms), δ is the gradient pulse
duration (5 ms), and G is the gradient intensity. The diffusion constant
of water (2.3 × 10−9 m2/s) was used to calibrate the instrument. The
mass spectra were measured by the CESAMO (University of Bordeaux
1, France) on a AccuTOF-GcV instrument which is a GC-TOF. The
instrument was equipped with an FD (field desorption) sample
introduction system. The elemental analyses were performed by the
CESAMO (University of Bordeaux 1, France). The results were
obtained with a Thermo Flash 2000 EA instrument. The sample was
introduced in a tin container for NCHS analysis.
(Trimethylsilyl)cyclopentadiene.20 To a solution of sodium

cyclopentadienide (1.76 g, 0.02 mol) in 10 mL of THF was added
dropwise a solution of trimethylsilyl chloride (2.17 g, 0.02 mol) in 10
mL of THF at 0 °C. The reaction mixture was stirred at 0 °C for 3 h
and an additional 2 h at room temperature. Then, the reaction mixture
was cautiously treated with cold water and extracted with ether. The
organic phase was dried over Na2SO4. Further purification was
achieved by column chromatography (pentane), and the product was
obtained as a colorless liquid (1.8 g, yield 65%).
[CpRhCl2]n (3).

20 To solution of (trimethylsilyl)cyclopentadiene in
7 mL of 2-propanol (0.250 g, 1.81 mmol) was added a solution of
hydrated rhodium trichloride (0.161 g, 0.77 mmol) in 7 mL of 2-
propanol. The mixture was stirred at room temperature overnight.
Pentane was added to the mixture (60 mL), and the precipitate was
filtered. The solid was washed several times with dichloromethane.
The oligomeric product [CpRhCl2]n was obtained as an orange
powder (178.3 mg, yield 97%).
Rhodicenium Chloride (4). The oligomer [CpRhCl2]n (152 mg,

0.64 mmol) was cooled to −78 °C, and then solid CpLi (92 mg, 1.28
mmol) was added slowly. The reaction mixture was stirred for 3 h at
−78 °C and then slowly warmed to room temperature and stirred
overnight. The solvent was removed under reduced pressure. The
solid was extracted with hot water, and the aqueous phase was washed
several times with diethyl ether to remove organic impurities.
Extraction overnight with nitromethane and filtration gave 106 mg
of a yellowish orange powder. Yield: 62%. (Addition of aqueous HPF6
to product 4 in water and extraction in nitromethane gave 140 mg of
rhodicenium hexafluorophosphate (5).)
Complex 6. To a solution of rhodicenium chloride (4) in 3 mL of

water (100 mg, 0.37 mmol) was added NaBArF4 (330 mg, 0.37 mmol)
as a solid. The solution was stirred for 1 h. NaCl was added to the
water solution until saturation. Product 6 was extracted in dichloro-
methane. Evaporation of the solvent gave 6 as a reddish violet powder
(397 mg, 0.36 mmol). Yield: 98%. 1H NMR of 6 (CDCl3, 300 MHz):
δ 7.68 (8H, CF3CH), 7.52 (4H, CF3CHCF3), 5.63 (10H, Cp). 13C
NMR of 6 (CD2Cl2, 75 MHz): δ 134.9 (CCF3), 129.0, 128.9, 127.6

(BCCH, CF3CCHCCF3), 122.1 (BCCHCCF3), 117.5 (CF3), 87.1
(Cp). FD MS (m/z): calcd for C10H10Rh

+ 232.984, found 232.984.
Anal. Calcd for C42H22BF24Rh: C, 46.01; H, 2.02. Found: C, 45.93; H,
2.08.

Complex 8. To a stirred solution of polymer 7 (20 mg, 0.00028
mmol) in 2 mL of H2O was added a solution of 2 mL of compound 4
(25.6 mg, 0.096 mmol) in MeOH. The mixture was stirred for 1/2 h.
The solvent was removed under vacuum, and the product was
extracted twice in nitromethane and filtered. Evaporation of the
solvent provided product 8 as a yellowish gel in quantitative yield. 1H
NMR of 8 (D2O, 300 MHz): δ 7.56, 6.62 (4H, CH of Ar of styrenyl),
5.80 (10H of Cp), 1.70 (CH and CH2 of polymer chain).

13C NMR of
8 (D2O, 75 MHz): δ 141.6 (Cq of Ar), 128.3 (Cq-CH2 of Ar), 126.4
and 126.0 (CH of Ar), 86.66 (Cp of rhodicenium), 40.1 (CH and CH2
of polymeric chain). DOSY NMR: D = [1.38(±0.1)] × 10−10 m2/s.

Complex 10. To a stirred solution of dendrimer 9 (20 mg, 0.002
mmol) in 2 mL of MeOH was added 2 mL of a solution of compound
4 (15.2 mg, 0.056 mmol) in MeOH. The mixture was stirred for 0.5 h.
The solvent was removed under vacuum; the product was extracted
twice in nitromethane and filtered. Evaporation of the solvent gave
product 10 as a yellow-orange gel in quantitative yield. 1H NMR
(CD3OD, 300 MHz): δ 7.84 and 6.78 (144H, CH arom), 5.96 (270H,
Cp), 3.42 (54H, SiCH2-trz), 1.56 (72H, CH2CH2CH2Si), 1.10 (72H,
CH2CH2CH2Si), 0.49 (72H, CH2CH2CH2Si), −0.07 (216H, Si-
(CH3)2).

13C NMR (MeOD, 75 MHz): δ 169.3 (CO), 163.6 (arom
OCq), 131.0 (Cq of arom core), 128.0 and 114.3 (arom CH), 86.9
(Cp), 60.1 (CH2OAr), 44.0 (CqCH2CH2CH2Si) , 42.8
(CqCH2CH2CH2S i ) , 1 7 . 9 (CqCH2CH2CH2S i ) , 1 4 . 4
(CqCH2CH2CH2Si), −5.3 (Si(CH3)2). DOSY NMR: D =
[4.8(±0.2)] × 10−11 m2/s.

Complex 12. To a stirred solution of the dendrimer 9 (20 mg,
0.002 mmol) in 2 mL of MeOH was added a solution of 11 (12.6 mg,
0.056 mmol) in 2 mL of MeOH. The mixture was stirred for 1/2 h.
The solvent was removed under vacuum, and the product was
extracted twice with nitromethane and filtered. Evaporation of the
solvent gave 12 as a yellow gel in quantitative yield. 1H NMR
(CD3OD, 300 MHz): δ 7.88 and 6.86 (144H, CH arom), 5.82 (270H,
Cp), 3.46 (54H, SiCH2-trz), 1.56 (72H, CH2CH2CH2Si), 1.12 (72H,
CH2CH2CH2Si), 0.49 (72H, CH2CH2CH2Si), −0.05 (216H, Si-
(CH3)2).

13C NMR (MeOD, 75 MHz): δ 165.3 (CO), 163.6 (arom
OCq), 131.5 (Cq of arom core), 122.3 and 115.5 (arom CH), 84.8
(Cp), 60.4 (CH2OAr), 42.9 (CqCH2CH2CH2Si) , 41.7
(CqCH2CH2CH2S i ) , 1 7 . 5 (CqCH2CH2CH2S i ) , 1 4 . 3
(CqCH2CH2CH2Si), −5.5 (Si(CH3)2). DOSY NMR: D =
[5.5(±0.2)] × 10−11 m2/s.
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Nat. Biotechnol. 2005, 23, 1517−1526.
(31) (a) Malik, N.; Wiwattanapatapee, R.; Klopsch, R.; Lorenz, K.;
Frey, H.; Weener, J. W.; Meijer, E. W.; Paulus, W.; Duncan, R. J.
Controlled Release 2000, 65, 133−148. (b) Jevprasesphant, R.; Penny,
J.; Jalal, R.; Attwood, D.; McKown, N. B.; Emmanuele, A. D. Int. J.
Pharm. 2003, 252, 263−266. (c) Llevot, A.; Astruc, D. Chem. Soc. Rev.
2012, 41, 242−257.
(32) Ornelas, C.; Boisselier, E.; Martinez, V.; Pianet, I.; Ruiz, J.;
Astruc, D. Chem. Commun. 2007, 5093−5095.

Organometallics Article

dx.doi.org/10.1021/om500028e | Organometallics 2014, 33, 1259−12651265

27



Partie 2 

 

 

 

Polymères biferrocéniques à valence mixte pour 

l’ingénierie de matériaux à base de nanoparticules d’or 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

28



Partie 2 

Polymères biferrocéniques à valence mixte pour l’ingénierie de matériaux à base de 

nanoparticules d’or  

Introduction 

Dans cette partie, nous décrivons trois types de polymères différents contenant des 

groupements triazolylbiferrocène, d’une part des polynorbornènes et un polystyrène contenant 

le triazolylbiferrocène (trz-BiFc) sur la chaine latérale et d’autre part des copolymères 

contenant le trz-BiFc sur la chaine principale. Au chapitre 2.1 on démontre les réactions de 

ces polymères avec HAuCl4 conduisant à la formation de nanoparticules d’or de 12-15 nm 

stabilisées par les polymères de valence mixte triazolylbiferrocénium. L’incubation en 

solution pendant une semaine a donné naissance aux nanoréseaux polymériques encapsulant 

ces nanoparticules d’or. Quand le trz-BiFc est sur la chaine latérale la formation des 

nanoserpents a été observée par TEM et AFM (contrairement aux polymères contenant le trz-

BiFc en chaine principale). Cette architecture est observée quelques soit le nombre d’unités 

polymères-trz-BiFc sur la chaine latérale. Quand les biferrocènes sont remplacé par les 

ferrocènes simples, les nanoserpents ne sont pas observés et les nanoparticules d’or formées 

présentent un diamètre de 6 nm. En outre, la réduction par NaBH4 du polymère à valence-

mixte, stabilisant les nanoparticules d’or, en polymère neutre, provoque la destruction de ces 

nanostructures et la floculation des nanoparticules. Ceci est dû à l’absence de stabilisation 

électrostatique. Ces paramètres permettent de conclure que le triazole et le cation 

biferrocénium sont co-responsables de la formation des réseaux polymériques contenant des 

nanoparticules d’or. Cependant, la formation de nanoserpents par des polymères entrelacés est 

spécifique des métallopolymères électrolytiques contenant le triazolylbiferrocénium sur la 

chaîne latérale. 

 

 

 

 

 

 

 

 

 

Schéma. Motifs du chapitre 2.1. 
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Au chapitre 2.2 nous décrivons la synthèse de copolymères par la méthode de 

polycondensation de bis-azoture (PEG) et bis-éthynylbiferrocène. Dans ce travail effectué en 

collaboration avec Christophe Deraedt et Yanlan Wang, nous avons étudié différentes 

applications comme la catalyse dans l’eau, la reconnaissance rédox, les électrodes modifiées 

et les propriétés électrochromiques et polyélectrolytiques.  

Aux chapitres 2.3 et 2.4 nous décrivons le greffage des groupements trz-BiFc aux polymères 

et nanoparticules d’or avec des ligands thiolates, leurs propriétés redox et leurs applications 

en reconnaissance moléculaire. 
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ABSTRACT: Polymers containing triazolylbiferrocene
are synthesized by ROMP or radical chain reactions and
react with HAuCl4 to provide class-2 mixed-valent
triazolylbiferrocenium polyelectrolyte networks (observed
inter alia by TEM and AFM) that encapsulate gold
nanoparticles (AuNPs). With triazolylbiferrocenium in the
side polymer chain, the intertwined polymer networks
form nanosnakes, unlike with triazolylbiferrocenium in the
main polymer chain. By contrast, simple ferrocene-
containing polymers do not form such a ferricenium
network upon reaction with AuIII, but only small AuNPs,
showing that the triazolyl ligand, the cationic charge, and
the biferrocenium structure are coresponsible for such
network formations.

Gold nanoparticles (AuNPs) have attracted considerable
interest because of their applications in optics, nano-

electronics, nanomedicine, and catalysis depending on their size,
shape and stabilizer.1 Therefore, the way into which specific
macromolecules direct such NP formation and assembly
including size, shape, and organized network is of paramount
importance toward nanoscience applications.2 Ferrocene-con-
taining macromolecules3 may be biocompatible candidates for
AuNP stabilization owing to the suitably matching redox
potentials of ferrocenes and AuIII precursors4 and the antitumoral
properties of various ferrocene derivatives,5 although such a
strategy has not yet been envisaged. An engineered approach to
biferrocene polymer-mediated stabilization and encapsulation of
AuNPs is presented here together with the intriguing properties
of these new nanomaterials.
A simple way to construct ferrocene polymers is to branch

ferrocene to polymerizable monomers by click Cu(I)-catalyzed
Azide Alkyne Cycloaddition (CuAAC) reaction using commer-
cial ethynylferrocene 1.6 A ferrocenyl-containing poly-
(norbornene) polymer 4 was synthesized using the ring-opening
metathesis polymerization (ROMP) of monomer 2 using the
third-generation Grubbs catalyst 3.7 The reaction of 4 with
HAuCl4 leads to a triazolylferricenium polymer, but this product
rapidly decomposes due to the instability of the ferricenium
group under these conditions. Therefore, we subsequently
addressed the possibility of using biferrocene, because the mixed-
valent biferrocenium cation8 is much more robust than

ferricenium (Scheme 1). Thus, low-dispersity biferrocene
analogues 7 and 8 of 6 were synthesized identically with 30

and 60 triazolylbiferrocene units, respectively. These polymers
were characterized by 1H and 13C NMR including HSQC 2D,
HMBC 2D, and NOESY 2D NMR (Supporting Information
(SI)) and cyclic voltammetry showing only the two chemically
and electrochemically reversible waves of the biferocenyl units at
0.42 and 0.75 V8 due to the absence of intramolecular electronic
interaction among the multiple biferrocenyl units.
The reactions of these biferrocene polymers with HAuCl4 in

dichloromethane−methanol provided the formation of Au0NP-
containing nanostructures 7a and 8a that were stabilized by the
green mixed-valent triazolylbiferrocenium polymer 7+,Cl− or
8+,Cl− (Scheme 2) according to the stoichiometry of eq 1:

+

→

+ −

+ − + −

3Fe Fe H Au Cl

3[Fe Fe ] Cl , Au , H Cl

II II III
4

II III 0 (1)

IR spectroscopy of 7a and 8a shows the presence of both FeII

(ferrocene C−H bending, 813 cm−1) and FeIII (ferricenium C−

Received: August 2, 2014
Published: September 25, 2014

Scheme 1. Synthesis of Biferrocene Polymers 7 and 8
Involving ROMP Initiated by the Ru Metathesis Catalyst
“Grubbs III”
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H bending, 834 cm−1), near-infrared spectroscopy shows the
presence of the intervalent charge-transfer band at λmax = 1558
nm, characteristic of class-II mixed valency,9 and CV shows the
same waves as the precursor polymers 7 and 8 (SI).
Incubation for 1 week progressively led to the formation of

polymer nanosnakes 7b and 8b (Scheme 2). After only 3 days,
the nanosnakes are not yet formed, but their nanostructuration
appears in progress by TEM (SI, p S74). Finally, the isolated
nanosnakes shown in Figure 2a presents a thickness of 8.7 nm
±1.5 nm, a length of 210± 15 nm, and encapsulated 11 spherical
AuNPs of 13.5 ± 1.5 nm size observed by transmission electron
microscopy (TEM) with inter-AuNP distances of 5.2 ± 3 nm.
The formation of polymer nanosnakes is taken into account by
the electrostatic repulsion between the cationic biferrocenium
units that is characteristic of polyelectrolytes.10

At this point, it was necessary to investigate the relationship
between the polymer structure and the morphology of the
AuNPs that are formed upon reaction withHAuCl4. Lengthening
the polymer by increasing the number of biferrocene units from
30 in 7 to 60 units in 8 did not provoke a significant morphology
change.
The polymer framework was modified otherwise by designing

another monosubstituted polymer 9 containing biferrocenyl
units in the side chain. The CuAAC “click” reaction with
ethynylbiferrocene 5 and a polystyrene core with an azido
terminus catalyzed by [CuItren(benzyl)6], 10,

11 provided the
triazolylbiferrocene polymer 9 (Figure 1).
Upon treatment of 9 (containing approximately 30

biferrocene units; see SI, pp S48, S53, and S56) with HAuCl4
followed by incubation for 1 week under the same conditions as
those with 7 and 8, the isolated biferrocenium-containing

polymer nanosnake 9b presented in TEM a length of 269 ± 10
nm, a thickness of 8.5± 2 nm and contained 14 AuNPs of 14.5±
1.5 nm size with inter-AuNP distances of 13.5 ± 1.5 nm (Figure
2b). Thus, the similarity of nanosnakes 7b, 8b, and 9b that

encapsulate spherical AuNPs obtained with the two very distinct
types of polymerization and distinct polymer length showed that
the nanosnake formation does not significantly depend on these
parameters. Reduction of 9b byNaBH4 to its neutral biferrocenyl
form 9c leads to flocculation, and TEM (Figure 2d) shows
AuNPs of the same size as in the case of 9b, but the network is
destroyed due to the absence of electrostatic contribution to the
AuNPs stabilization.
Another drastic structural modification is the incorporation of

the biferrocenyl unit in the main polymer chain instead of the
side chain. Thus, such a disubstituted biferrocene-diyl polymer
13 was prepared by CuAAC polycondensation of bis(azido)
triethylene glycol 11 with bis(ethynyl)biferrocene 12 (Scheme
3).4b

Reactions of these polymers with HAuCl4 were carried out
analogously and also provided AuNPs that are stabilized and
encapsulated by mixed-valent biferrocenium chloride polymers
13a (Scheme 4). Incubation showed that the polymer containing
bis(triazolylferrocenium) in the main chain led to a well-
organized non-nanosnake network 13b (TEM, Figure 2c). It can
be concluded that the nanomaterial containing biferrocenium

Scheme 2. Formation of Biferrocenium Chloride Polymer-
Encapsulated AuNPs upon Reaction of 7, 8, or 9 with HAuCl4

Figure 1. Polystyrene-derived polymer containing the biferrocene units
in the side chain synthesized by “click” CuAAC reaction.

Figure 2. TEM of (a) 8b, (b) 9b, (c) 13b, and (d) 9c.
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chloride in the main chain lacks the driving force for nanosnake
formation. The much larger distance between the biferrocenium
units than in the nanomaterials containing biferrocenium choride
in the side chain considerably weakens the electrostatic repulsion
between the cationic charges of all biferrocenium units that is a
key parameter for the nanosnake formation.
The large thickness of the nanosnakes in 7b, 8b, and 9b

indicates that more than a single polymer unit is involved in each
nanosnake and that a group of several biferrocenium chloride
polymer units are intertwined. Likewise, the length of the
nanosnakes is much larger than that of a single polymer unit,
which confirms the requirement of intertwining several polymer
units in order to reach the nanosnake length.
Although trz-ferrocene polymers decompose upon oxidation

by HAuCl4, comparison of these nanosnakes with a related
ferricenium polymer can be done upon using an amidoferrocene
polymer 14 (Figure 3). Indeed, oxidation of 14 by HAuCl4 yields
a stable ferricenium nanostructure 14b in which only small

AuNPs are observed by TEMwithout an apparent network (SI, p
S81). This points out the importance of the triazole in the AuNP
network formation that originates from the complexation of
precursor AuIII ions by the triazole moiety.
Atomic force microscopy studies of AuNPs 8 and 8b were

performed on a graphite surface by peak force tapping mode
where adhesion is mapped simultaneously with topography. The
topography images of 8 showed the polymer with an average
height of 7± 1.5 nm that did not form nanosnakes (SI, p S43). In
the case of 8b however very long nanosnakes on the order of
200−300 nm were observed with a height of 18−35 nm.
Adhesion of 8b was mapped providing qualitative mechanical
information on the sample. Figure 4a shows an adhesion image of

8b, and Figure 4b shows a zoom of one of the nanosnakes. The
force curves were obtained while the two images were recorded
which allowed examining the nature of the nanomaterial. In all
cases three different regions A, B, and C were observed
corresponding to three different force curves (Figure 4b).
The force curves of region A show that the round black zones

belong to a less elastic and stiffer part of material that would
belong to the AuNPs. On the other hand the force curves of
region C show a larger adhesion of the white zones presenting a
softer and more flexible nanomaterial that would correspond to
the organic part of polymer 8b. At last brown zones B
(surrounding regions A) show intermediate force curves with a
different adhesion from regions A and C, presumably due to the
electrostatic forces of the biferrocenium chloride units that are
stabilizing the AuNPs. These three different kinds of force curves
A, B, and C are similar in all recorded adhesion images of the
sample of 8b.

Scheme 3. “Click” CuAAC Synthesis of Biferrocene Polymers
Containing the Biferrocene Units in the Main Chain4b

Scheme 4. Reaction of the Biferrocene Polymer 13 with
HAuCl4 Giving Biferrocenium Chloride Polymer-
Encapsulated AuNPs in the Polymer Network 13b after
Incubation

Figure 3. (a) Homopolymer 14 synthesized by ROMP and (b) its
oxidation product 14a by reaction with HAuCl4.

Figure 4. AFM adhesion images of biferrocenium chloride polymer-
encapsulated AuNPs 8b: (a) at 2 μm scale, (b) at 270 nm scale at which
the force curves of A, B, and C were recorded.
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In conclusion, it has been shown that the first metallopolymers
containing biferrocene in the side chain synthesized with various
structures by ROMP with the Grubbs-III metathesis catalyst or
radical chain form, upon oxidation with HAuCl4 in dichloro-
methane−methanol followed by one-week incubation, class-II
mixed-valent biferrocenium chloride nanosnake polymers that
encapsulate AuNPs. With biferrocene in the main polymer chain,
a non-nanosnake network that encapsulates AuNPs also forms,
but only small AuNPs without a polymer network are observed
by TEM when polyferrocene without a triazolyl substituent
synthesized by ROMP is oxidized by HAuCl4. This shows that
the combination of the triazole ligand and the positive charge of
the biferrocenium polymer are responsible for the AuNP
encapsulation. The nanosnake formation by intertwining
polymers is specific to electrolyte metallopolymers with
triazolylbiferrocenium in the side chain. This nanoengineering
strategy involving structural and electrostatic parameter
variations shows that AuNP wrapping and encapsulation by
metallopolymers can control networks eventually forming
nanosnakes. Applications are forecasted for the control and
visualization of polymers and nanostructures.
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Abstract: Simple “click” polycondensation metallopolymers
of redox-robust bis(ethynyl)biferrocene (biFc) and di(azido)
poly(ethylene glycol) (PEG400 and PEG1000) were designed
for multiple functions including improvement of water solu-
bility and biocompatibility, the introduction of mixed valency
and sensing capabilities, and as nanoparticle stabilizers for
catalysis.

The development of sustainable and biocompatible nano-
materials that have a variety of functions is highly desirable.[1]

Here we propose a significant step toward this goal by using
biferrocene units to construct water-soluble polymers, which
can be used for a variety of applications including sensing and
catalysis. Nowadays, a variety of ferrocene-based polymers
are known, which exhibit very useful electrochromic proper-
ties. For example, orange ferrocene polymers that turn blue
upon oxidation to ferricenium were synthesized by ring-
opening polymerization of ferrocenophanes by Manners and
co-workers.[2] To strengthen the electron-deficient ferrice-
nium groups in polymers, we have now synthesized biferro-
cene[3, 4] polymers in which the electron-releasing ferrocene
units stabilize the adjacent ferricenium units to produce
robust blue-green mixed-valence biferrocenium polymers. In
addition to the electrochromic properties, these new metal-
lopolymers have been constructed with poly(ethylene glycol)
(PEG) chains that not only introduce water solubility and
biocompatibility to the nanomaterials but also provide

reasonable dimesions to make use of the enhanced perme-
ability and retention (EPR) effect to achieve accumulation in
cancer cells.[5] The PEG chains and biferrocene (BiFc) units
have been assembled by the copper-catalyzed alkyne–azide
1,3-cycloaddition (CuAAC) reaction (“click” chemistry),[6,7]

generating 1,2,3-triazole (trz) linkages. Indeed, these hetero-
cyclic nitrogen ligands are known to sense and stabilize
transition-metal ions such as PdII and AuIII, which in turn are
precursors for useful metal nanoparticles (NPs) if the polymer
can protectively encapsulate and stabilize them.[8] Small Pd
NPs and Au NPs are efficient catalysts for a variety of
reactions, and their stabilization through the triazole-con-
taining polymer would be a fast and efficient way to provide
templated catalysts. Depending on the AuIII to Au0 reduction
mode, the size of the Au NPs might be tuned for various
applications in catalysis or biomedicine, in which the PEG
coating provides additional benefits. Another interesting
property of the biferrocene polymers is that the parent unit
itself reduces AuIII to the polymer-stabilized Au NPs.

The synthesis of the copolymers PEG-trz-biFc 4 [poly-
(PEG400-biFc)] and 5 [poly(PEG1000-biFc)] was achieved by
the simple CuAAC “click” reaction between bis-azido-
poly(ethylene glycol) with molecular weights of 400 or 1000
gmol�1 (PEG400 and PEG1000 ; 1 and 2, respectively)[9] and 1,1’-
biethynyl-biFc 3.[10] The biferrocene unit provides the electro-
chemical properties (recognition ability, polyelectrolytic and
polyelectrochromic features) while the PEG chains of vari-
able length introduce tunable solubility into the polymer. The
1,2,3-triazole ring constructed by “click” chemistry stabilizes
active palladium nanoparticles for catalysis of the Suzuki–
Miyaura[11] reaction, which was performed with as little as 2 to
20 ppm of Pd. Additionally, gold nanoparticles were used to
efficiently catalyze the reduction of 4-nitrophenol.

The “click” polymerization (polycondensation) between
1 or 2 and diethyne 3 is carried out at 40 8C over 2 days in
THF/H2O (3:2) using the Sharpless–Fokin catalyst consisting
of CuSO4, H2O (5 equiv), and sodium ascorbate (NaAsc;
Scheme 1). After removal of the copper ions the polymers are
precipitated from Et2O providing 4 as a red-orange air-stable
film and 5 as a paste in 78% and 58% yield, respectively (see
the Supporting Information, SI).

These neutral metallopolymers have been fully charac-
terized by NMR, UV/Vis, and IR spectroscopy, matrix-
assisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectrometry, elemental analysis (EA), cyclic
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voltammetry (CV), and size-exclusion chromatography
(SEC) (SI). Mass spectrometry shows that 4 is composed of
at least eight co-units, which corresponds to 15 trz rings. No
higher polymer has been observed by mass spectrometry
presumably due to saturation of the detector with small
oligomers. The polydispersity of PEG1000 prevents the obser-
vation of 5 by mass spectrometry. No chain terminus (CH2-N3

or -C�CH) has been observed in the NMR spectra of either
polymer. The polymeric nature of 4 and 5 was also confirmed
by IR spectroscopy (no vibrations corresponding to azide and
alkyne groups were found) and by CV measurements
(estimation for 4 : 62� 12 co-units; 5 : 131� 20 co-units; SI).
The dispersity of the polymers was measured by SEC analyses
(4 : D = 1.24 and 5 : D = 1.27) and is particularly low for
a polycondensation process, which makes it possible to
exclude the formation of macrocyles. If any macrocycles
would be formed in small quantities, they would be removed
during the precipitation from ether.[12]

The polymers exhibit a variety of interesting features.
First of all, the synthesis is very simple, because only one step
is needed from known products, and the CuAAC reaction
conveniently yields products, which are easy to purify.
Secondly, the use of PEG units introduces biocompatibility,
while at the same time the easy availability and simple
synthesis from the starting materials 1 and 2 is maintained.
Additionally, the use of linear PEG minimizes steric bulk
around the trz-biFc-trz units. Thirdly, the “click” chemistry
provides triazolyl groups, which are important for the binding
of metals and the stabilization of metal NPs. The crucial role
of the trz rings in the catalysis by metal NPs is exemplified
below.[13] Finally, the presence of biFc units results in multiple
stable redox states, which is the most interesting feature of
polymers 4 and 5. These polymers have multifaceted supra-

molecular properties: because of
their redox properties and as
stable and isolable mixed-valence
compounds, they can act as molec-
ular electron storage systems.
Cyclic voltammetry involving the
bis(trz-Fc) units has been applied to
sense ions with potential applica-
tions such as the fabrication of
modified electrodes. The solubiliza-
tion properties of the two polymers
with distinct PEG lengths are com-
plementary; indeed 4 is soluble only
in CH2Cl2, CHCl3, DMF, whereas
due to the long PEG chain, 5 is
soluble in many more solvents
including THF, MeOH, EtOH,
and H2O.

The cyclic voltammograms of 4
and 5 measured with a Pt electrode
in CH2Cl2 using 0.1m [nBu4N][PF6]
as the supporting electrolyte and
decamethylferrocene, [Cp*2Fe]
(Cp* = h5-C5Me5), as the internal
reference show two reversible
waves at 0.440 and 0.785 V vs.

[Cp*2Fe]+/0 (Figure 1a) and 0.420 and 0.800 V vs. [Cp*2Fe]+/0

(SI), respectively. The presence of only two reversible waves,
like in biferrocene itself, implies that the two Fc moieties of
one biFc unit are dependent on each other, whereas each biFc
unit is independent of other biFc units. One interesting

Scheme 1. Synthesis of the PEG-biFc polymers 4 and 5 and the mixed-valence polymers 6–9).

Figure 1. a) Cylic voltammogram of 4 in CH2Cl2; reference electrode:
Ag; working and counter electrodes: Pt; scan rate: 0.2 Vs�1; support-
ing electrolyte: [nBu4N][PF6]. Two reversible waves are present, one at
0.440 V and a second at 0.785 V. b) Progressive adsorption of 4 upon
scanning around the biFc area. c) The modified Pt electrode at various
scan rates in a CH2Cl2 solution, which only contains the supporting
electrolyte). d) Splitting of the second oxidation wave upon addition of
Pd(OAc)2 to 4 (1 equiv of PdII per BiFc unit).
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feature of 4 is its progressive adsorption on the electrode, as
can be seen from the cyclic voltammogram (Figure 1b). This
allows the facile formation of robust metallopolymer-modi-
fied electrodes upon scanning back and forth around the biFc
potential zone (Figure 1c). Variation of the intensity with the
scan rate during the electrode modification provides a linear
function as it would be expected for a correctly modified
electrode (SI). The adsorption of 5 on the electrode is weaker
than that of 4 owing to the better solubility of 5 and its
ferricenium form. The CV behavior of 4 allows its use and
that of the corresponding modified electrode for ion recog-
nition. After addition of Pd(OAc)2 to a solution of 4,
a splitting of 70 mV of the second biFc oxidation wave is
observed, reflecting the coordination of PdII to the nitrogen
atoms of the trz ligand. This modifies the electron density of
the Fc centers (Figure 1 d). The complexation of Pd(OAc)2 by
trz can also be monitored by 1H NMR spectroscopy in CDCl3/
MeOH (this solvent mixture was also used in the Pd NP
catalysis, see below). The 1H NMR signal of the acetate is
shifted upon addition of 4. This shift is observed until 1 equiv
Pd(OAc)2 per triazolyl ring has been added (SI). The 1:1
stoichiometry of PdII/trz ligand proves to be important in
catalysis (see below), when Pd NPs resulting from the
reduction of trz-coordinated PdII species are used.

The proximity of the Fc moieties in the BiFc units implies
another application, which is the synthesis of stable mixed-
valence polymers affording electrochromic and polyelectro-
lyte materials. The mixed-valence polymers 6 and 7 were
quantitatively synthesized by stoichiometric exergonic reac-
tions of 4 in CH2Cl2 with [Cp2Fe][PF6] and [Cp2Fe][BF4],
respectively, because the redox potential of [Cp2Fe]+/0 is
higher than the first oxidation potential of the biFc+/0 units.
An additional driving force for these reactions is the
precipitation of the mixed-valence polymers 6 and 7 from
CH2Cl2. The acetonitrile-soluble polymers 6 and 7 are blue-
green, whereas the starting material 4 is orange. Likewise, the
mixed-valence polymer 8 was synthesized from 5 in the
presence of 1 equiv [Cp2Fe][BF4] per biFc unit and fully
characterized (SI). The mixed-valence polyelectrolytes 6 and
7 are insoluble in water, whereas 8 is water-soluble. The three
polymers were characterized by UV/Vis, FTIR, near-IR, and
Mçssbauer spectroscopy. The FTIR spectrum of 6 inconven-
iently contains a band of PF6

� at 841 cm�1, but both the
ferrocenyl and the ferricinium groups of the BF4

� polymeric
salts 7 and 8 are detected at 818 cm�1 (nFc) (compare to
819 cm�1 in 4) and 832 cm�1 (nFc*), respectively (SI), indicating
a localized mixed valency even at high IR frequency (1013 s�1),
which was already observed for the parent biferrocenium.
Further proof of this class II mixed valency is the presence of
absorption bands in the near-infrared range corresponding to
a transition from the ground state to the intervalence charge-
transfer (IVCT) state (SI). The recorded Mçssbauer spectrum
of 6 (Figure 2) at zero field and 78 K further confirms the
localized class II mixed valency with the presence of both the
ferrocenyl and the ferricinium groups, which was expected
since this spectroscopic method covers lower frequencies
(107 s�1) than IR. Finally in the UV/Vis spectra the lmax of 6–8
(ca. 600 nm) was strongly shifted relative to the lmax of 4 and 5
(ca. 456 nm) (SI).

The presence of triazole units in the polymer chains allows
the coordination of 1 equiv PdII or AuIII ions per heterocycle
ligand (see above and SI) and further reduction leads to the
formation of polymer-stabilized Pd NPs and Au NPs,
respectively. These nanomaterials were shown to be active
catalysts for various reactions. In addition, it was shown that
the longer PEG chains in 5 (PEG1000) result in the solubiliza-
tion of these stabilized NPs in water.

The Suzuki–Miyaura reaction has been conducted in the
presence of Pd NPs stabilized by 4 and 5. Polymer 4 is mixed
with Pd(OAc)2 (1 equiv per triazole unit) in CHCl3/MeOH (2/
1) and stirred for 5 min. Then NaBH4 (10 equiv per PdII) is
added to the solution, leading to the formation of black Pd
NPs. These stable Pd NPs at a loading of 0.25 mol% Pd are
efficient in the Suzuki–Miyaura cross-coupling reaction of
various bromoarenes with phenylboronic acid (Table 1) in
CHCl3/MeOH (2:1) at 90 8C for 16 h. The water-soluble Pd
NPs stabilized by 5 are prepared by mixing aqueous solutions
of 5 and K2PdCl4 at 20 8C and stirring for 5 min (1/1 Pd/
triazole stoichiometry) followed by the quick addition of
a NaBH4 solution (10 equiv per PdII). The yellow solution of
PdII-5 instantaneously turned orange-brown (SI), confirming
the formation of Pd NPs. Transmission electron microscopy
(TEM) reveals that the size of Pd NPs stabilized by 5 is (2.3�
0.6) nm after they had been stored for one month, which is
ideal for efficient catalysis (Figure 3).

The Suzuki–Miyaura reaction has also been performed
with this catalyst system, using the “greener” solvent mixture
EtOH/H2O (1:1) at 80 8C for 24 h with only 20 ppm of Pd (Pd
NPs). The results are summarized in Table 1 and demonstrate
the high activity of 5-Pd NPs. A loading of only 20 ppm Pd is
sufficient to obtain good yields using both activated as well as
deactivated bromoarenes. Moreover, the amount of Pd can be
further reduced. In the case of the coupling of 4-bromoace-
tophenone and phenylboronic acid at 80 8C only 2 ppm of Pd
was necessary to achieve a reaction yield of 82% after 36 h
(TON = 410000, TOF = 11 400 h�1). The use of such a low
amount of catalyst is very rare in the Suzuki–Miyaura
reaction, further underlining the interesting properties of
the nanomaterial described here. A comparative table (SI)
positions 5-Pd NPs as one of the best catalysts known for the
Suzuki–Miyaura reaction.

Figure 2. Mçssbauer spectrum of 6 at zero field and 78 K showing the
localized class II mixed valency at 107 s�1 with both ferrocenyl (doublet
I.S. = 0.536 mms�1 vs. Fe; Q.S.= 2.192 mms�1) and ferricinium
groups (doublet I.S. = 0.490 mms�1 vs. Fe; Q.S.=0.571 mms�1).
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Polymer 5 is oxidized to the mixed-valence water-soluble
polyelectrolyte 9 when 1 equiv HAuCl4 is added per 3 equiv
biferrocene unit according to the redox stoichiometry,
thereby forming Au0 atoms that give polymer-stabilized Au
NPs. Due to the plasmon absorption, which is detected by
UV/Vis spectroscopy at 534 nm (SI) the Au NPs solution
presents a purple coloration. TEM analysis shows that these
Au NPs have an average size of around (12� 2) nm

(Figure 4). Scheme 2 shows the reduction and stabilization
of both 5-PdNPs and 5-Au NPs. The Au NPs (0.6–1.2 mol%)
were used to catalyze the reduction of 4-nitrophenol to 4-
aminophenol by an excess of NaBH4; 4-aminophenol is
a potential industrial intermediate in the production of many
analgesic and antipyretic drugs, anticorrosion lubricants, and
hair dyeing agents.[14] When 1.2 mol % of Au NPs is used, the
reaction is complete within 350 seconds, which corresponds to
a kapp value of 6.0 � 10�3 s�1. The reaction rate constant kapp is
calculated using the rate equation �ln(Ct/C0) = kapp t (the
catalyst exhibits pseudo-first-order kinetics; SI).

In conclusion, the two copolymers 4 and 5 synthesized by
“click” polycondensation show multifunctional properties as
polyelectrolytes and electrochromes, redox sensors for tran-
sition-metal cations, electrode modifiers, and excellent tem-
plates for the synthesis of efficient Pd and Au nanoparticle
catalysts. The biferrocene unit provides a more stable
ferricenium form than the parent ferricenium, which makes
the polymers ideal as class II mixed-valence polyelectrolytes
and electrochromes. The proximity of the triazole ring to the
biFc units facilitates redox sensing as well as the under-
standing of the stoichiometry of metal cation complexation.
The stabilization and solubilization of Pd NPs and Au NPs by
easily available polymers yield extremely efficient catalysts
for current organic reactions.
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Published online: May 28, 2014

.Keywords: biferrocenes · click chemistry ·
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Table 1: Results of the Suzuki–Miyaura reaction of bromoarenes in the
presence of Pd NPs stabilized by 4 and 5.

Bromoarene
R =

Conditions[a] Conv. [%][b] Yield [%][c] TON [h�1] TOF [h�1]

H A (PdNP-4) 100 99 396 24.8
CH3 A (PdNP-4) 100 97 388 24.3
OCH3 A (PdNP-4) 98 97 388 24.3
NO2 A (PdNP-4) 100 99 396 24.8
CHO A (PdNP-4) 100 99 396 24.8
COCH3 A (PdNP-4) 100 99 396 24.8
H B (PdNP-5) 100 90 45000 1875
CH3 B (PdNP-5) 100 80 40000 1667
OCH3 B (PdNP-5) 100 78 39000 1625
NO2 B (PdNP-5) 100 91 45500 1896
CHO B (PdNP-5) 100 91 45500 1896
COCH3 B (PdNP-5) 100 99 49500 2062

[a] Conditions A: the reactions were carried out with 1 mmol of bromoar-
ene, 1.5 mmol of phenylboronic acid, 2 mmol of K3PO4, and 0.25 mol% of
Pd NPs stabilized by 4 in 3 mL of CHCl3/MeOH (2:1) for 16 h at 90 8C.
Conditions B: the reactions were carried out with 1 mmol of bromoarene,
1.5 mmol of phenylboronic acid, 2 mmol of K3PO4, and 0.002 mol% of Pd
NPs stabilized by 5 in 6 mL of EtOH/H2O (1:1) for 24 h at 80 8C. [b] The
conversion was determined by 1H NMR analysis. [c] Yield of isolated
product.

Figure 3. a) TEM image of Pd NPs stabilized by 5. b) Size distribution
of the Pd NPs present in the TEM picture (average size of 103 Pd
NPs: (2.3�0.6) nm).

Figure 4. a) TEM image of Au NPs synthesized by reduction of AuIII

with 5. b) Size distribution of the Au NPs present in the TEM picture
(average size of 98 Au NPs: (12�2) nm).
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ABSTRACT 

The design of redox-robust polymers is called for in view of interactions with nanoparticles 

and surfaces toward applications in nanonetwork design, sensing and catalysis. Redox-robust 

triazolybiferrocenyl (trzBiFc) polymers have been synthesized with the organometallic group 

in the side chain by ring-opening metathesis polymerization using Grubbs-III catalyst or 

radical polymerization and with the organometallic group in the main chain by Cu(I) azide 

alkyne cycloaddition (CuAAC) catalyzed by [Cu(I)(hexabenzyltren)]Br. Oxidation of the 

trzBiFc polymers with ferricenium hexafluorophoshate yields the stable 35-electron class-II 

mixed-valent biferrocenium polymer. Oxidation of these polymers with Au
III

 or Ag
I
 gives 

nanosnake-shaped networks (observed by TEM and AFM) of this mixed-valent Fe
II
Fe

III
 

polymer with encapsulated metal nanoparticles (NPs) when the organoiron group is located 

on the side chain. The factors that are suggested to be synergistically responsible for the NP 

stabilization and network formation are the polymer bulk, the trz coordination, the nearby 

cationic charge of trzBiFc and the inter-BiFc distance. For instance reduction of such an 

oxidized trzBiFc-AuNP polymer to the neutral trzBiFc-AuNP polymer with NaBH4 destroys 

the network, and the product flocculates. The polymers easily provide modified electrodes 

that sense, via the oxidized Fe
II
Fe

III
 and Fe

III
Fe

III
 polymer states, respectively ATP

2-
 via the 

outer ferrocenyl (Fc) units of the polymer and Pd
II
 via the inner Fc units; this recognition 

works well in dichloromethane (DCM), but also to a lesser extent in water with NaCl as the 

electrolyte. 
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INTRODUCTION 

Ferrocene
1
 and related iron sandwich complexes

2
 have long been shown to disclose excellent 

redox stabilities
3
 that have allowed the development of properties and applications in 

electrochemistry,
4
 catalysis,

5
 nanomedicine,

6
 and sensing.

7
 Consequently, metallocene-

containing polymers have attracted considerable related attention in materials science.
8
 Most 

of these nanomaterials involve the ferrocene (Fc) prototype; in particular ring-opening of 

ferrocenophane monomers directly leads to the synthesis of Fc polymers and herewith to the 

controlled design of mono- and bidimentional nanomaterials.
9
 Despite the well-known 

stability of the d
5
 17-electron ferricenium cation,

1
 many ferricenium compounds are fragile 

and air-sensitive in organic solutions.
10

 Therefore we have investigated the synthesis of 

metallopolymers based on the biferrocene (BiFc) unit,
11

 because the stereoelectronic 

stabilization of the mixed valency in cationic biferrocenium derivatives leads to much more 

robust nanomaterials than with single ferricenium groups. BiFc redox chemistry includes 

three easily accessible oxidation states, and biferrocenium cation belongs to class II of the 

Robin and Day classification with valence localization at the infrared time scale.
12

 BiFc has 

been incorporated into nanosystems such as gold nanoparticles (AuNPs) for 

electrodeposition
13

 and dendrimers for “molecular printboards”,
14

 fabrication of molecular 

junctions
15

 and further studies of their redox properties.
16

 However, the multi-electron 

properties of BiFc polymers
17

 have not yet been much studied, and the remarkable availability 

and stability of biferrocenium polymers allows to design useful redox reactions starting from 

BiFc polymers and leading to original nanomaterials and their networks.  

A breakthrough in the mono-functionalization of BiFc was the synthesis of ethynylbiferrocene 

allowing the easy incorporation of BiFc moieties into dendrimers and gold nanoparticles by 

Sonogashira, homocoupling
 
or “click” reactions

18
 The latter reaction introduces the 1,2,3-

triazolyl (trz) group that is very useful for various applications including redox recognition, 

coordination to transition-metal cations and stabilization of AuNPs and PdNPs for catalysis,
19

 

and is biocompatible.
20

 Indeed, triazolylbiferrocenyl (trzBiFc) dendrimers proved to be 

excellent selective exo-receptors in homogeneous phase, as the outer Fc moiety could 

recognize oxo-anions, whereas the inner Fc recognized transition-metal cations.
18b,c

 However, 

these molecular tools should be immobilized onto solid surfaces in order to be incorporated in 

electrochemical sensing devices. Following this strategy we envisaged to extend the “click” 

BiFc functionalization to polymers by preparing easily-accessible trzBiFc polymers and co-

polymers with polyethylene glycol chains as co-units using ring-opening metathesis 

polymerization (ROMP), copper-catalyzed azide alkyne cycloaddition (CuAAC, “click”) 

polycondensation and free-radical polymerization.
21

 The full characterization of these 

metallopolymers by 
1
H, 

13
C, HSQC, HMBC, COSY and NOESY, DOSY NMR spectroscopy 

is shown here including infrared, UV-vis., Dynamic Light Scattering (DLS), Size Exclusion 

Chromatography (SEC), MALDI-TOF mass spectrometry and Cyclic Voltammetry (CV). 

Oxidation of the metallopolymers using HAuCl4 leads to mixed-valent trz-biferrocenium 

polymers that encapsulate AuNPs and AgNPs in snake-shape networks, as shown by 

Transmission Electron Microscopy (TEM), Atomic Force Microscopy (AFM), UV-Vis., DLS, 

41



3 
 

IR, near-IR and CV. The new trzBiFc-terminated metallopolymers were used to derivatize Pt 

electrodes for redox recognition of ATP
2-

 and Pd
2+

 in organic and aqueous media.   

 

Results and discussion 

1. Synthesis and characterization of triazolylBiFc polymers 9, 10, 14, 18 and 19 

Synthesis of ethynylbiferrocene 3                                                          

Ethynylbiferrocene 3 was synthesized in two steps from BiFc,
22

 1. (Scheme 1) The first step is 

the synthesis of acetylbiferrocene 2 that consists in a Friedel-Crafts acetylation of BiFc and is 

based on the work by Doisneau et al that was reported in 1992.
23

 Ethynylbiferrocene
18e

 3 was 

subsequently prepared in a reaction similar to that used for the synthesis of ethynylferrocene
24

 

between acetylbiferrocene and lithiumdiisopropylamide (LDA)/diethylchlorophosphate 

followed by column chromatography with pentane as eluent. This provided 3 as an orange 

crystalline powder in a 50% overall yield from BiFc. 

Scheme 1: Synthesis of ethynylbiferrocene 3. 

 

Synthesis of the trzBiFc-functionalized norbornene monomer 7 

Commercial cis-5-norbornene-exo-2,3-dicarboxylic anhydride reacts at 110°C with 4-

aminobutanol to give the 4-hydroxylbutyl-cis-5-norbornene-exo-2,3-dicarboximide in 

quantitative yield.
25

 Then under basic conditions the nucleophilic substitution of 4 by TsCl 

(Ts = tosyl) gives 5, and nucleophilic substitution of tosyl by azide yields the 

azidonorbornene monomer 6. Then CuAAC reaction between ethynylbiferrocene and 

monomer 6 catalyzed by Cu(I) leads to the trz-BiFc-functionalized norbornene monomer 7 in 

97% yield (Scheme 2). After purification, compounds 5, 6 and 7 are identified and 

characterized by 
1
H and 

13
C NMR and IR spectroscopy, ESI mass spectrometry, UV-vis., 

elemental analysis and cyclic voltammetry (CV). The 
1
H NMR spectra of 5 shows the 

appearance of the four tosylate protons at 7.74 and 7.31 ppm and the –CH2OTs protons at 

3.97 ppm, whereas in compound 6 the four protons of the tosylate groups are no longer 

observed, and the new –CH2N3 peak appears at 3.47 ppm. The appearance of a strong 

absorption band at 2097 cm
-1

 is observed in the IR spectrum corresponding to the –N3 group. 

After the “click” reaction, the triazolyl proton appears at 7.03 ppm, and the –CH2trz peak is 

deshielded at 4.50 ppm because of the electron-withdrawing property of the trz group. The –

N3 absorption band in the IR is no longer observed, indicating the disappearance of the 

starting material 6. The UV-vis. spectrum recorded in DCM shows a strong absorption at λmax 
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= 450 nm (SI, S20) due to the d-d* transitions of BiFc. Finally, ESI MS and elemental 

analysis confirm the molecular structure of 7. 

Scheme 2: Synthesis of the trz-BiFc-functionalized norbornene monomer 7. 

 

 

 

 

 

 

 

 

 

 

Ring-opening-metathesis polymerization of the norbornene functionalized with a trzBiFc 

group 

The polymerization of the trzBiFc-substituted norbornene monomer 7 (Scheme 3) proceeds in 

distilled DCM in the presence of the 3
rd

-generation of Grubbs’ Ru metathesis catalyst (called 

Grubbs III, 8
26

, Figure 1) at r.t. in 5h. 
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Figure 1: a) 3
rd

 generation Ru metathesis catalyst, Grubs III (8) b) CuACC catalyst copper   

[Cu
I
tren(CH2Ph)6][Br] (13). 

Then excess ethyl vinyl ether is added to quench the reaction. The use of monomer/catalyst 

ratios of 30 and 60 respectively gives polymers 9 and 10 in 98% and 99% yield, as bright 

orange crystalline solids (Scheme 3). Various concentrations of the monomer are examined 

for the ROMP polymerization of monomer 7 and the optimal conditions (highest conversion 

in a shorter time) are achieved when the concentration of monomer 7 is   0.25 M. 

Scheme 3: ROMP reaction of the trzBiFc norbornene monomer 7. 

 

 

 

 

 

 

 

 

1
H NMR is a key tool to check whether the polymerization is finished. Indeed the olefinic 

protons that are found at 6.3 ppm in monomer 7 are now displaced to the region of 5.5-5.8 

ppm after polymerization. The bulky nature of the trzBiFc group is also shown by 
1
H NMR 

for polymers 9 and 10. The trz proton that is represented by a single peak in monomer 7 is 

split into a doublet due to two distinct sterically hindered conformations of the BiFc units 

composing polymers 9 and 10. For instance in HSQC 2D NMR for polymer 9 both trz proton 

peaks correspond to the single –CH carbon peak of trz at 119.85 ppm, and in HMBC 2D 

NMR they both correspond to the –Cq of trz at 145.31 ppm. Interestingly, NOESY 2D NMR 

shows that only one of the two peaks representing the trz proton is correlated to the 

substituted protons of the BiFc group. The protons of the alkyl chain and the –CH2CH of the 

NBR part indicate that some trz units are spatially close to the polymeric chain, whereas 

others are not spatially constrained. Last, the phenyl group of the catalyst is located at the end 

of the polymer chain after polymerization. This phenyl group is found in the area of 7.20-7.40 

ppm that is merged with that of the trz proton. However, extracting the assignment of this area 
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(7.1-7.4 ppm) allows the rough estimation of the number of units of polymers 9 and 10 by 

end-group analysis that is in accordance with the theoretical values (30 and 60 units 

respectively) (SI, S22 and S35). The IR spectrum shows the characteristic band of the C=O 

stretching that is found at 1698 cm
-1

. Additionally, a strong absorption band is found at 816 

cm
-1 

that is a characteristic frequency of the C-H out-of-plane bending vibration of ferrocene. 

Finally, the absorption due to the =C-H stretching of the trz and the Cp groups of the trzBiFc 

units is found at around 3090 cm
-1

. 

Synthesis of the trzBiFc polystyrene 14 

Poly(biferrocenylmethylstyrene) 14 is synthesized in an easy three-step reaction (Scheme 4). 

First, poly(chloromethylstyrene) polymer 11 is prepared by free-radical polymerization of 

commercial chloromethylstyrene using 0.5% of AIBN as the initiator (Scheme 4), a reaction 

that takes place in toluene at 80
o
C. Nucleophilic substitution of the chloro groups using 

sodium azide yields 85 % of the azido-polymer 12.
27

  

Scheme 4: Synthesis of the poly(biferrocenylmethylstyrene) 14 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The two polymer precursors 11 and 12 are analyzed by SEC that shows the molecular weight 

distribution curve of 11 with a polydispersity index PDI = 1.40 and 12 with PDI = 1.25. The 

polydispersity is easily improved from 11 to 12 after the azidation reaction by precipitation of 

12 in MeOH twice. Molecular weight data using polystyrene as the standard reference show 

45



7 
 

that polymer 12 consists of 31 units. The IR spectrum (KBr) shows a strong band at 2097 cm
-1

 

attributed to the –N3 absorption of 12.  

The third step of the synthesis of polymer 14 is the CuAAC functionalization of the 

poly(azidomethylstyrene) polymer with multiple trzBiFc units. The most common Cu
I
 

catalyst used for this reaction is copper sulfate that is reduced in situ by sodium ascorbate 

from Cu
II
 to Cu

I
.
28

 However, its use for macromolecules with multiple azide groups such as 

dendrimers, polymers or nanoparticles is not adequate, leading to lower reaction rates and low 

yields, and other catalysts are envisaged.
29

 Additionally stoichiometric amounts of the 

“catalyst” CuSO4.5H2O are required, with difficulties for the separation of the remaining 

catalyst that remains trapped inside the macromolecule at the multiple trz units.
30

 Recently the 

CuAAC catalyst [Cu(I)(hexabenzyl)tren]Br 13 (Figure 1b) was reported with excellent 

efficiency, including for synthesis of dendrimers
31

 and gold nanoparticles.
32

 

Consequently, polymer 14 is successfully synthesized by CuAAC reaction between 

ethynylbiferrocene 3 and the azido polymer 12 using 15% of catalyst 13. The reaction occurs 

at 60°C under nitrogen in toluene in which the precursors 3 and 12 as well as the catalyst 13 

are very soluble. After 16h, the polymer 14 is formed in 97% yield as an orange precipitate 

allowing its easy separation from the catalyst 13 that remains in toluene solution. The IR 

characteristic absorption of the azido groups in the region of 2094 cm
-1

 of poly-azido 

precursor 12 disappears completely at the end of the reaction, confirming that all the azido 

groups are replaced by trz groups. NMR spectroscopy confirms the structure of the poly-

trzBiFc polymer 14. Specifically, the formation of the trz unit is shown in the 
1
H NMR 

spectrum by the appearance of the proton peaks at 7.68 ppm corresponding to the proton of 

the trz unit. The CH2-N3 protons for precursor 12 at 4.25 ppm are replaced by the CH2-trz at 

5.41 ppm. The other characteristic peaks of the polymer 14 are also observed, and the correct 

ratio between polymer/BiFc protons finally confirms the structure of compound 14. Last, 
13

C 

NMR shows the characteristic peaks of Cq, CH of trz and CH2-trz of the polymer 14. 

 Synthesis of triazolyl-biferrocenyl-PEG copolymers 18 and 19
17c

  

The copolymers containing both biferrocene and PEG units are synthesized by “click” 

CuAAC polycondensation reactions (Scheme 5).   
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Scheme 5: Synthesis of the poly-trzBiFc-PEG polymers 18 and 19 

 

 

 

 

 

 

 

 

The CuAAC reactions take place between the bis-azido-PEG derivatives 15 and 16 that 

contain 7-8 and 21-22 ethyleneglycol units respectively and bis-ethynyl-BiFc
33

 in a mixture of 

THF/H2O, at 40°C for 2 days. The use of the Sharpless-Fokin catalyst CuSO4.5H2O + Na 

ascorbate leads to the polymers 18 and 19 in 78% and 58% yield, respectively. Both polymers 

were purified by precipitation in diethyl ether twice. The introduction of several PEG units in 

polymeric materials is of interest for biocompatibility, water-solubility and enhanced 

permeation and retention (EPR).
34

 Polymer 18 containing PEG units of molecular weight 400 

Da presents solubility properties that are similar to those of the homo-polymers 9, 10 and 14, 

whereas polymer 19 containing PEG units of molecular weight 1000 is also soluble in very 

polar solvents including water. The 
1
H NMR and 

13
C NMR spectra confirm the structures of 

the co-polymers 18 and 19, whereas IR spectroscopy indicates the absence of trace of azide or 

alkyne groups, suggesting that these polymers consist in several units without possibility to 

observe the end groups.  

The HSQC, HMBC and COSY NMR spectra helped to make the correct assignments of 

proton and carbon signals for all the series of trzBiFc polymers 9, 10, 14, 18 and 19. The 

objective of DOSY NMR is double: measure the hydrodynamic diameter of the polymers in 

solution and obtain a DOSY spectrum that reflects the purity of the polymers. The DOSY 

NMR spectra of the polymers 9, 10, 14, 18 and 19 are obtained as well as their diffusion 

coefficient (SI). The higher the molecular weight of the polymer, the smaller the diffusion 

coefficient and the larger the hydrodynamic diameter; the latter is calculated using the Stokes-

Einstein equation D = KBT/6πηrH. The largest rH value, 13.1 ±1.0 nm, is calculated for the co-

polymer 19, whereas the smallest rH value, 1.5 ± 0.5 nm, is calculated for the polymer 9. 
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Finally, DLS also gives access to the hydrodynamic diameter of the polymers 9, 10 and 14 

that are d1 = 14.3 ± 3 nm, d2 = 36.9 ± 7 nm and d3 = 11.9 ± 2 nm respectively. 

The MALDI-TOF mass spectra of the polymers 9 and 14 show well-defined individual peaks 

for polymers fragments that are separated by 654 ± 1 Da (polymer 9) and 553 ± 2 Da 

(polymer 14) corresponding to the mass of a single unit of the corresponding polymers. The 

highest molecular peak, 13990.1 Da, obtained for polymer 14, corresponds to a polymer 

fraction of 25 trzBiFc units. The intensities of the peaks, separated by 654 ± 1 Da (polymer 9) 

or 553 ± 2 DA (polymer 14), progressively decrease and vanish towards higher molecular 

masses. The same phenomenon is observed for the co-polymer 18, where the repetition of 

peaks for polymer fragments are separated by approximately 800 ± 50 Da, as it is known that 

PEG400 (part of precursor 15) is an average number of several lengths of PEG fragments. 

These MALDI TOF mass spectra clearly show the structure and motifs of polymers 9, 14 and 

18.  

All the polymers were also characterized by UV-vis. spectra in which a strong absorption 

band is observed in the visible region peaking at 450-451 nm due to the d-d* transitions of 

BiFc and is typical of BiFc compounds.
35

 The molar extinction coefficients ε of all polymers 

are calculated from Lambert’s-Beer law A = εbc (Table 2). 

SEC of the trzBiFc polymers 9, 10, 14, 18 and 19 provides PDI = 1.21-1.27, the smallest PDI 

value being observed for the ROMP polymers 9 and 10 as expected. The Mw values that are 

obtained from SEC in all cases indicate polymers that are not in accord with the expected 

molecular weights, having less trzBiFc units. It is possible that these polymers interact with 

the column phase inducing a longer retention time and a smaller molecular weight. The 

calculated molecular weights are discussed below and gathered in Table 2.  

CV usually provides information on the ligand electronic effect;
36

 here it is used for polymers 

9, 10, 14, 18 and 19 with decamethylferrocene, FeCp*2 (Cp* = η
5
-C5Me5), as the internal 

reference
37

 in order to examine the thermodynamics and kinetics of the heterogeneous 

electron-transfer processes, the stability of the oxidized states and finally estimate the number 

of monomer units in the polymers. The CVs are recorded in CH2Cl2 -a good solubility being 

accessible with this solvent for all polymers-, on a Pt electrode, using 0.1 M [nBu4N][PF6] as 

the supporting electrolyte. All polymers show two reversible waves vs. FeCp*2. The first 

oxidation wave of polymers 9, 10, 14, 18 and 19 corresponds to the oxidation of the first Fc 

center to the mixed-valent 35-electron complex Fe
II
Fe

III
 biferrocenium, and the second wave 

corresponds to the oxidation of the second Fc center to the 34-electron Fe
III

Fe
III

 biferricenium 

species.  

The BiFc groups of the trz-BiFc polymers give two single waves, which indicates that these 

BiFc groups are independent from one another; this is explained by the weakness of the 

electrostatic factor between the redox sites of the trzBiFc polymers due to the fact that these 

redox centers being far from one another, being separated by many bonds.
38

 

The electrochemical reversibility of the CV waves of all the redox groups signifying fast 

electron transfer between these redox groups and the electrode is due to very fast access of 
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these groups to the electrode within the electrochemical time scale, all the redox groups 

coming in turn close to the electrode,
39

 and/or the electron-hopping mechanism.
40

  

Table 1. Redox potentials and chemical (ia/ic) and electrochemical (Epa-Epc = ΔE) 

reversibility data for monomers 3, 7 and 17 and for polymers 9, 10, 14, 18 and 19 
a
.  

Compound E1/2 (V)
b 

ΔE (mV)
b
 ic/ia

b
 E1/2 (V)

c
 ΔE (mV)

c
 ic/ia

c
 

3 0.48 59 1.0 0.93 56 1 

7 0.43 50 1.1 0.79 40 0.8 

9 0.42 15 1.1 0.76 20 1.4 

10 0.42 30 1.8 0.74 20 1.3 

14 0.41 10 1.7 0.72 15 1.5 

17 0.58 60 1.1 0.93 55 1.0 

18 0.44 55 1.4 0.79 40 1.5 

19 0.42 35 1.3 0.80 45 1.0 

 
a
Supporting electrolyte: [n-Bu4N][PF6] 0.1M; solvent: dry CH2Cl2; working and counter 

electrodes: Pt; reference electrode: Ag; internal reference: FeCp*2; scan rate: 0.200 V.s
-1

. 
b
Data obtained for the first wave (Fe

II/III
). 

c
Data obtained for the second wave (Fe

II/III
). 

 

For polymers 9, 10 and 14 containing side BiFc chains the first oxidation wave is assigned to 

the outer Fc groups that are easier to oxidize than the inner ones, as they bear only the 

electron-releasing inner Fc groups, whereas the second oxidation wave is assigned to the inner 

Fc groups that bear the electron-withdrawing trz substituents (Table 1). 

 

 

 

 

 

 

 

 

Figure 2. CVs of a) monomer 7, b) polymer 9 and c) progressive adsorption of polymer 9 

onto a Pt electrode upon 20 scans around the BiFc potentials. Solvent: DCM ; reference 

electrode : Ag ; working and counter electrodes: Pt ; scan rate: 0.2 V/s; supporting electrolyte: 

0.1 M [n-Bu4N][PF6]. The wave at 0.0V belongs to the internal reference FeCp*2. 
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Adsorption during CV that is common for redox-active macromolecules
41

 is observed for all 

polymers studied here. The Δ(Epc-Epa) value is   59 mV, signifying partial adsorption on the 

electrode surface. In Figure 2a and 2b the CVs of monomer 7 and polymer 9 are shown where 

the adsorption is clear in polymer 9 even from the first scan, whereas as expected it is not 

observed for monomer 7. This facile adsorption favors the easy fabrication of 

metallopolymer-modified electrodes. In Figure 2c, progressive adsorption on the Pt-electrode 

of polymer 9 is demonstrated after approx. 20 scans around the potential region of the BiFc 

CV waves. The same phenomenon is observed for all polymers, except for polymer 19 

probably due to the long PEG units that increase the solubility. This adsorption phenomenon 

for polymers 9, 10 and 18 progresses until 27 ± 4 scans, then a decay of the CV waves 

progressively takes place presumably due to a structural rearrangement of the polymers on the 

electrode surface. Surprisingly this is not the case for polymer 14 where the adsorption 

phenomenon continues until at least 60 scans without any structural rearrangement on the 

surface of the electrode, which makes polymer 14 an ideal candidate for the fabrication of 

modified electrodes. 

2. Molecular weights of polymers 9, 10, 14, 18 and 19  

Different techniques are used for the calculation of the molecular weights of the trzBiFc 

polymers. For the polymers 9 and 10 that are synthesized by ROMP the end-group (
1
H NMR) 

analysis allows the approximate determination of the number of units in these polymers and 

consequently their molecular weight (Table 2). For polymer 9 the molecular weight 

determined by this method is Mn = 22000 g/mol, whereas for the larger polymer 10 the 

calculated molecular weight is Mn = 36000 g/mol. For both polymers the calculated molecular 

weights are close to the theoretical ones determined by the monomer/catalyst molar ratio. 

SEC analysis (vs. polystyrene reference) of the precursor polystyrene polymer 12 is a more 

viable method to determine the total number of units in the case of polymer 14, giving a 

molecular weight of 4938 g/mol corresponding to 31 units. As the CuAAC reaction of 

precursor 12 with compound 3 is complete (no –N3 absorption in the IR after the reaction) and 

the PDI of 12 and 14 are the same, the number of trzBiFc units in this case remains the same 

as the number of azido groups in polymer 12.  

CV also is a valuable tool for the estimation of the number of units in the trzBFc polymers 9, 

10, 14, 18 and 19. The total number of electrons transferred in the oxidation wave for the 

polymer (ne) can be estimated from the limiting currents and approximate relative values of 

the diffusion coefficients of the monomer (Dm) and the polymer (Dp):
 
 

Dp/Dm = (Mm/Mp)
0.55

 (1) 

Since the oxidation of each redox moiety is a one-electron reaction (Fe
II
  Fe

III
), the value of 

ne can be estimated by employing Bard’s equation previously derived for conventional 

polarography:
41,42

 

ne= (idp/Cp)/(idm/Cm) (Mp/Mm)
0.275

 (2)
42
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Consequently comparison with the internal reference FeCp*2 provides a good estimation of 

the number of electrons np involved in the Fe
II/III

 redox process as a function of the monomer 

and polymer intensities (i), concentrations (c) and molecular weights (M). Measurement of 

the respective intensities for the reference FeCp*2 and the first anodic wave (See SI for the 

CVs with FeCp*2 as the reference) led to the data of ne for the polymers 9, 10, 14, 18 and 19. 

The ne values of polymers 9, 10, and 14 are slightly superior to the theoretical number of 

polymeric units, probably due to their slight adsorption on the Pt electrode starting even from 

the first scan around the BiFc potentials. For co-polymers 18 and 19 the molecular weight was 

calculated only by this electrochemical method by both equations 1 and 2 by using the 

diffusion coefficients of the monometallic reference FeCp*2 and polymers 18 and 19. 

UV-vis. spectroscopy was used to confirm the number of units in the polymers in all cases. 

The Lambert-Beer law A = εbc was used to determine the actual total number of metallocene 

(BiFc) groups in polymers 9, 10, and 14. The UV-vis. spectra of the polymers present an 

absorption band at 450 nm due to the d-d* transitions of BiFc. The number of BiFc termini in 

each polymer is estimated by comparing the molar extinction coefficient (ε) of the polymers 

with that of the corresponding monomer (ε0).
43

 The mono-trzBiFc monomer 7 was used for 

this comparison. The number of metallocenes found in each polymer (9, 10, 14) confirms the 

molecular weights calculated with the other methods.  

 

Table 2. Sizes of the polymers 9, 10, 14, 18, 19 (number of molecular units) obtained from 

end-group analysis, CV analyses and UV-vs. spectroscopy. 

 

Compound Conversion nt
a
 / np

c 
ne

d 
nm

f 

Mono 7 -   1   - - 

Poly 9 98% 30/ 33±4 32±3 33±4 

Poly 10 99% 60/ 55±7 66±6 53±7 

Poly 14 97% 31
b
/    - 36±4 29±3 

Poly 18 78% - 151±23
e
 - 

g
 

Poly 19 58% - 62±12
 e
 - 

g
 

 
a
 Theoretical number of branches corresponding to [M]/[C] molar ratio. 

b
 Obtained from the 

SEC analysis of the organic precursor 12 (using polystyrene as standard). 
c
 Values obtained 

by 
1
H NMR end-group analysis in CD2Cl2, at 25°C. 

d
 Number of electrons obtained by CV 

from equation 2. 
e 

Molecular weight of polymers 18 and 19 were calculated by equation 1 

upon using the diffusion coefficients obtained from DOSY NMR analysis. 
f
 Number of 

metallocene units obtained by UV-vis. spectroscopy using equation: nm= ε/εo.
 g

 The equation 

nm= ε/εo is not adequate for polymers 18 and 19 because of the existence of the PEG units. 

 

3. Reaction of polymers with Au
III

: formation of mixed-valent polymers and stabilization 

of encapsulated gold nanoparticles by snake-shaped nanonetworks 

The BiFc polymers are stoichiometrically oxidized by one equiv. of ferricenium 

tetrafluoroborate per BiFc unit
 
to robust cationic mixed-valent biferrocenium

43
 polymers 18a 

and 19a that are characterized by UV-vis., FT-IR, near-IR and Mössbauer spectroscopy. The 
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IR spectra of 18a and 19a show both νFc and νFc
+
 at 818 cm

-1
 and 833 cm

-1
 indicating that the 

mixed-valent polymers 18a and 19a are localized on the time scale of the molecular 

vibrations. These two mixed-valent polymers present a band in the near-IR region (at λmax = 

1954 and λmax = 1921) indicating that they belong to class II of mixed-valent compounds in 

the Robin-Day classification. Mössbauer spectroscopy finally confirms that these two 

polyelectrolytes 18a and 19a are localized class-II mixed-valent complexes.
17c

  

The reducing power of the BiFc polymers and the stability of cationic biferrocenium polymers 

9, 10, and 14 are attractive in view of Au
III

 reduction to Au
0
 nanoparticles (AuNPs)

45
 that are 

stabilized in the biferrocenium polymer frameworks.
21,44

 Consequently, HAuCl4 is chosen as 

the oxidant of the outer Fc groups of the trz-BiFc polymers, the reaction being described by 

eq. 3 with the successful stabilization of AuNPs: 

           3Fe
II
Fe

II
 + H

+
Au

III
Cl4

-
 → 3[Fe

II
Fe

III
]

+
Cl

-
 , Au

0
, H

+
Cl

- 
      (3) 

The reactions proceed in a DCM/ methanol medium (Scheme 6). The polymer reductant is 

added dropwise into the HAuCl4 methanol solution, and the color immediately turns from 

orange-yellow to green suggesting the formation of the mixed-valent polymers 9a, 10a, 14a. 

The factors that provide AuNP stabilization are mild ligands (trz) at the AuNP surface, 

electrostatic (chloride counter-anions and biferrocenium cations), and steric (bulky 

biferrocenium units and the polymer frameworks). Surprisingly, a one-week incubation time 

of the AuNPs stabilized by the mixed-valent biferrocenium polymers progressively leads to 

the formation of polymer nanosnakes that encapsulate AuNPs in 9b, 10b and 14b (Scheme 6). 

Scheme 6: Synthesis of gold nanosnakes AuNSs from polymers 9, 10 and 14: photograph: 

isolated nanosnake from the TEM analysis of AuNSs-14b.  

 

 

 

 

These peculiar AuNP-encapsulating nanosnake networks are clearly seen by TEM analysis 

(Figure 10, polymer 14). The average diameter of these AuNSs-14b is d = 14.5 ± 1.5 nm and 

the calculated distribution of the sizes is shown in Figure 10c. The inter-nanoparticle distance 

stabilized in the several nanosnakes is r = 13.5 ± 1.5 nm (for statistical distribution see SI). In 

the red caption of Figure 10a (zoom), an isolated nanosnake (AuNS) is shown (length: 269 ± 
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10 nm; thickness: 8.5 ± 2 nm containing 14 AuNPs). UV-vis. spectroscopy characterizes the 

AuNPs with the classic plasmon band absorption at 531 nm.  

 

Figure 10: a) TEM analysis of mixed-valent biferrocenium polymer-stabilized AuNSs-14b at 

0.5 μm; b) size distribution of AuNSs. 

Incubation for one week of AuNPs-9a and AuNPs-10a also leads to AuNSs-9b and AuNSs-

10b. TEM analysis of AuNSs-9b shows AuNPs of 10.5 ± 1.5 nm (SI) and TEM analysis of 

AuNSs-10b shows AuNPs of 13.5 ± 1.5 nm (SI). An isolated nanosnake of AuNSs-10b 

presents a thickness of 8.7 ± 1.5 nm, a length of 210 ± 15 nm and encapsulates 11 spherical 

AuNPs with an inter-nanoparticle distance of 5.2 ± 1.5 nm. 

Atomic Force Microscopy (AFM) studies are performed on a graphite surface upon Peak 

Force Tapping. The topography images of polymer 10 show that polymer 10 has an average 

height of 7 ± 1.5 nm on the graphite surface (Figure 11a). However, the situation changes in 

the case of AuNSs-10b. Long nanosnakes assemblies are observed of the order of 200-300 

nm, with a height between 18 nm and 35 nm (Figure 11b). Peak Force Tapping mode also 

permits to extract qualitative nanomechanical properties. Adhesion of 10b is mapped and the 

force curves are recorded. Adhesion images recorded at 2μm and a zoom at one of the 

nanosnakes at 270 nm respectively, provide information on the nature of the nanomaterials. 

Under the same experimental conditions, in all cases three different force curves are observed 

corresponding to three different regions. For instance, regions A, B and C (SI) are giving 

different force curves. Larger adhesion forces are observed in region C (white color) 

corresponding to an elastic and flexible material that is the organic polymer part. Then, zone 

A, with the smaller adhesion forces (black color), belongs to a stiffer part of the nanomaterial 

that corresponds to the AuNPs and last zone B (brown color) surrounding regions A presents 

intermediate force curves due to the electrostatic forces of the trz-BiFc
+
Cl

-
 units surrounding 

the AuNPs.    
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Figure 11. a) AFM topography image (2 μm scale) of 10, b) AFM topography image (270 nm 

scale) of AuNSs-10b. 

Even if the polymer structure and length differ, the type of AuNSs is similar in all cases 

where the trzBiFc units are in the side polymer chain. The role of the incubation time is then 

examined. TEM analyses of AuNSs-10b after 1 and 3 days confirm the need of one week-

incubation time for the completed formation of these nanostructures. After 1 day round 

AuNPs of the same size (13.5 ± 1.5 nm) are formed, whereas after 3 days the rapprochement 

of these nanoparticles is observed even though the nanosnake structure is not yet formed. 

However, after one week incubation time, the rapprochement of the polymer-stabilized 

AuNPs is completed, forming nanosnakes as observed by TEM and AFM microscopies.   

Additionally, as expected the role of the polymer/HAuCl4 stoichiometry is crucial. Indeed, for 

instance upon adding one more equivalent of polymer 10 to HAuCl4 under the same 

conditions, stable AuNPs of the same size are observed, but after one week the formation of 

nanosnakes does not occur. 

In an effort to further confirm the crucial role of the electrostatic interactions of the BiFc
+ 

cations in the formation of the snake-shaped networks and stabilization of AuNPs AuNS’s-

14b was reduced by NaBH4 in DCM/methanol solution. The result is that neutral trzBiFc-

stabilized AuNPs-14c presents a flocculation phenomenon after 10 min. that is taken into 

account by the absence of electrostatic stabilization. Shaking of the solution re-dissolves the 

AuNPs-14c, however, and the flocculation phenomenon is fully reversible.  The UV-vis. 

spectrum shows the presence of a small shoulder at 450 nm belonging to the trzBiFc and the 

plasmon band at 539 nm. TEM clearly shows the destruction of the snake-shape network, 

whereas the AuNPs remain of the same size (d = 13.5 ± 1.5 nm) (Figure 12).   

Besides TEM and UV-vis. analysis the AuNSs-9b, AuNSs-10b and AuNSs-14b are also 

characterized by IR, near-IR and CV. IR spectroscopy is an excellent tool to determine 

whether a mixed-valent complex is electron delocalized or not in the time scale of molecular 

vibrations. More particularly, the difference of the perpendicular C-H bending vibration is 

around 815 cm
-1

 for ferrocene, whereas for ferricenium salts it is found around 852 cm
-1

. For 
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all the AuNSs the IR analysis gives two distinct bands corresponding to the existence of 

Fe
II
/Fe

III
. For example in the case of polymer 14b, two distinct bands are observed: one at 844 

cm
-1 

(corresponding to Fe
III

) and one at 824 cm
-1

 (corresponding to Fe
II
) showing localized 

Fe
II
 and Fe

III
 moieties on the IR time scale. The presence of the Fc

+
 center close to the Fc 

group increases the frequency of the Fc side by 9 cm
-1

, compared to the neutral analogue, 

polymer 14. This shift results from the presence of the electron-withdrawing Fc
+
 substituent 

(Figure 13). 

 

Figure 12. a) TEM ofAuNPs-14c and b) UV-vis. spectrum of 14c (blue line). The violet line 

corresponds to the UV-vis. spectrum after 5 min and the red line is recorded after shaking of 

the sample. The photograph shows the flocculated AuNPs and their redissolution by shaking. 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. FT-IR (KBr) of a) mixed-valent biferrocenium-stabilized AuNSs 14b, 844 cm
-1

 

(νFc+) and 824 cm
-1 
(νFc), b) polymer 14, 815 cm

-1 
(νFc). 
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In order to distinguish between class-I and class-II electron localized mixed valency, the use 

of near-IR spectroscopy is necessary in order to search the intervalent charge-transfer band 

that characterizes the optical transition from the ground state to the intervalence charge-

transfer state of the class-II mixed-valent compounds. Indeed, the near-IR spectra of all the 

AuNSs provide the intervalence band (SI) indicating that the mixed-valent polymers 

stabilizing the AuNPs belong to class II of mixed-valent compounds.  

CV of these AuNSs show both reversible redox waves of the BiFc units, confirming the 

stability of these nanostructures that also present a strong adsorption phenomenon onto the 

electrode surface (SI). However, when the same reaction is conducted with polymer 18 in 

which the trzBiFc
+
Cl

-
 units are in main polymer chain, the situation is different (Scheme 7). 

AuNPs are formed with 12 ± 1 nm size for which surprisingly incubation leads to a well-

organized non-nanosnake network (AuNN, Figure 14). This is taken into account by the fact 

that the larger distance between trz-BiFc
+
 units induces much reduced electrostatic repulsion 

among the cationic centers that are a key parameter for the nanosnake formation.  

Scheme 7: Synthesis of gold nano-networks AuNNs-18b.  

 

 

 

 

 

A key comparison concerns the possibility of AuNP network formation in the trz-Fc polymers 

and the non-trz Fc polymers. The reaction of a trz-Fc-containing poly(norbornene) polymer 

synthesized by ROMP with HAuCl4 leads to a trz-Fc
+
 polymer-AuNP species that 

immediately decomposes owing to the instability of the trz-Fc
+
 moiety. However, when an 

amido-Fc ROMP polymer 20
45

 reacts with HAuCl4, small AuNPs-20a of 6 ± 1 nm size form, 

but after one week incubation time the remained the TEM picture does not show the 

formation of a network (Figure 15).  
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Figure 14. a) TEM analysis of AuNNs-18b at 200 nm, b) UV-vis. spectrum of AuNNs-18b 

peaking at 534 nm (plasmon band). 

The trz together with biferrocenium cations are co-responsible for the organization of the 

nanomaterials in nanosnakes (when trzBiFc
+
 are in the side chain) or nanonetworks  (when 

trzBiFc
+
 are in the main chain). 

 

 

Figure 15: TEM analysis of 20b at 100 nm. 

The method was extended in order to obtain structured silver nanoparticles (AgNPs). Manners 

et al have shown the reduction of Ag
I
 to AgNPs by macromolecules resulting from 

ferrocenophane ring-opening polymerization.
46

  Therefore we tested the formation of AgNP 

networks using trzBiFc polymers as reductant under the same conditions as AuNSs-14b. 

Polymer 14 was used to reduce Ag
I
 stoichiometrically (1:1, trz-BiFc/AgBF4) yielding AgNPs-

21b in a one-pot reaction. The reduction was immediate as witnessed by the color change 

from colorless to grey-purple. AgNPs-21b are very stable, and after a 4-day incubation time 

TEM analysis revealed the polymeric nanosnake-network formation with a thickness of 36 ± 

4 nm in which AgNPs of size d = 4 ± 1 nm are encapsulated (Figure 16). The plasmon band of 

AgNSs-21b was found at λ = 450 nm indicating the formation of the AgNPs, and the 

ferricenium band was recorded at λ = 600 nm.   

The smaller size of the AgNPs found into the polymeric snake-shaped network is possibly due 

to the faster one-electron reduction of Ag
I
 compared to the three-electron reduction of Au

III
 

under the same conditions. The snake-shaped network is formed in both cases AuNSs-14b 

and AgNSs-21b confirming that the synergy between the biferrocenium cation, trz ligand 

coordination, the inter BiFc distance and the polymer bulk is responsible for this snake-

shaped network that encapsulates NPs of metals such as gold and silver.  
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Figure 16. a) TEM analysis of AgNSs-21b, b) UV-vis. spectrum of AgNSs-21b showing the 

plasmon band of AgNPs at λ= 434 nm and the biferrocenium band at λ = 630 nm. 

 

4. Modified electrodes and redox recognition  

Modification of electrodes with polymer films containing reversible redox systems has been 

successful resulting in detectable electroactive materials.
47

 Modified electrodes of polymers 9, 

10, 14 and 18 are prepared via absorption by scanning around the BiFc potentials. The 

electrochemical behavior of these Pt-modified electrodes is first studied in DCM containing 

only the supporting electrolyte. Two well-defined, symmetrical redox waves are observed in 

all cases, which is characteristic of surface-confined redox couples, with the expected linear 

relationship of peak current with potential sweep rate υ (Figure 17b). Repeated scanning does 

not change the CVs demonstrating that the modified electrodes are stable to electrochemical 

cycling. However the stability differs depending on the polymer. The value of the full width at 

half-maximum (fwhm) for polymers 9, 10, 14 and 18 is measured at a scan rate of 100 mV/s 

(Table 3). For polymers 9, 10 and 14 the ΔEfwhm are   99/n mV, suggesting the existence of 

attractive interactions between the BiFc sites attached onto the electrode surface.
48

 On the 

other hand for polymer 18 the ΔEfwhm is 115 mV showing that the biferrocenyl sites have 

repulsive interactions on the electrode surface (Table 3).  

Table 3: Compared modified electrodes with polymers 9, 10, 14 and 18 after 20 ± 5 scans. 

 

 

Compound ΔEfwhm
a
 Γ (mol cm

-2 
)
b
 

 
nd

c
 

Poly   9 75 mV 2.1 x 10
-10

 3 

Poly 10 72 mV 2.9 x 10
-10

 4 

Poly 14 80 mV 3.1 x 10
-10

 14 

Poly 18 115 mV  10.4 x 10
-10

 1 
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a
Values of the full width at half-maximum. 

b
Surface coverage of the electroactive BiFc sites 

of the polymers. 
c
Number of days for which the modified electrodes show no loss of 

electroactivity. 

The Pt electrodes that are modified with polymer 14 are the most durable and reproducible 

ones, as no loss of electroactivity is observed after scanning several times or after standing in 

air for several days. In Figure 17a the modified electrode is shown with polymer 14 (prepared 

upon adsorption after 35 cycles around the BiFc potentials) at various scan rates. The intensity 

as a function of scan rate in Figure 17b shows the expected behavior of an absorbed polymer. 

The surface coverage of the electroactive biferrocenyl sites of the modified electrode is Γ = 

5.3 x 10
-10

 mol cm
-2

. Consequently, polymer 14 shows the best stability and electroactivity for 

fabrication of Pt-modified electrodes, and it is further used for redox-recognition studies. 

The fabrication of stable modified electrodes in purely aqueous solutions is a step towards 

redox recognition in water of substrates of biological importance or of water pollutants. Due 

to its strong polarity, however, water is responsible for the decrease of electrostatic 

interactions and the unfavorable hydrogen bonding between host and guest molecules. This 

makes recognition in water much more difficult than in organic solvent. The Pt-modified 

electrodes that are modified with polymer 14 successfully provide both redox waves of the 

BiFc units in water. The electrode is first checked in water containing KNO3 as supporting 

electrolyte, and both redox waves are observed herewith. The electrochemical reactions of the 

adjacent BiFc moieties give rise to broad oxidation and reduction CV waves giving a ΔE 

value for the first wave of 200 mV and the second one of 260 mV, suggesting a very slow 

heterogeneous electron-transfer process with the electrode surface. However, when NaCl is 

used as a supporting electrolyte the situation changes. Both waves appear as well defined, 

well separated and chemically and electrochemically reversible under these conditions. The 

difference between anodic and cathodic peak potentials is superior to 0.0 V, as in such polar 

media as water the electron transfer becomes slower. Last, the electrode does not lose its 

electroactivity until at least six successive scans (Figure 18).  

59



21 
 

 

Figure 17: a) Modified Pt electrode of polymer 14 at various scan rates in a DCM solution 

containing only 0.1 M [n-Bu4N][PF6] as the supporting electrolyte; b) intensity as a function 

of scan rate; linearity shows the expected behavior of an adsorbed polymer. 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Voltammetric response of a platinum electrode modified with polymer 14, 

measured in H2O/ 0.1 M NaCl; scan rate: 50 mV s
-1

. 
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Redox sensing using Pt electrodes modified with polymer 14 in organic media. Adenosine 

triphosphate (ATP) is an essential coenzyme that transports chemical energy within cells for 

the metabolism. A Pt electrode modified with polymer 14 was used for the recognition of 

ATP in DCM solution containing only [n-Bu4N][PF6] as the supporting electrolyte. Indeed, 

addition of the adenosyl triphosphate salt [n-Bu4N]2[ATP] provokes a splitting of the outer Fc 

CV wave at 0.41 V. During titration the new wave is shifted at 120 mV less positive 

potentials, signifying a rather strong interaction of the outer Fc
+
 group with the ATP

2-
 anion, 

which now makes the oxidation of this Fc group easier than in the absence of ATP. When 

excess of [n-Bu4N]2[ATP] is added the initial cathodic wave disapears and is replaced by the 

new wave (Figure 19). However, electrochemical irreversibility is observed, which is the sign 

of a strong structural rearrangement involving supramolecular interactions (hydrogen bonding 

and electrostatic interactions) in the course of the heterogeneous electron transfer.    

The most remarkable feature found with trzBiFc-terminated dendrimers
18b

 synthesized by 

CuAAC reaction is the selective recognition in solution of anions by the outer Fc/Fc
+
 groups 

and the recognition of transition-metal cations by the inner Fc/Fc
+
 groups. Indeed, in this case, 

using the Pt electrode modified with polymer 14, addition of the salt Pd(OAc)2 also provokes 

the splitting of the wave of the inner Fc group, the new wave appearing at 70 mV more 

positive potentials. This is due to the coordination of the Pd
2+

 cation to the trz group attached 

to the inner Fc group and the larger perturbation of this dicationic BiFc- group in the presence 

of another cation such as Pd
2+

 in the electrochemical cell (see SI, S79). 

 

 

 

 

 

 

 

 

 

 

Figure 19. Recognition of ATP
2-

 with a Pt modified electrode with polymer 14. a) Modified 

electrode alone; b) and c) in the course of titration (the second wave is not represented as 

scanning until more positive potentials upon addition of ATP anions provokes instability of 

the electrode); d) with an excess of [n-Bu4N]2[ATP]. Solvent: DCM; reference electrode: Ag; 

working and counter electrodes: Pt ; scan rate: 0.3 V/s ; supporting electrolyte: 0.1 M 

[nBu4N][PF6].  
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Remarkably, modified Pt electrodes made with polymer 14 recognize both cations and anions 

in a selective way. The outer Fc center recognizes the ATP anion in both DCM and water 

solutions, and the inner Fc center recognizes the Pd cation.  

Redox sensing using Pt electrodes modified with polymer 14 in aqueous media: Recognition 

of the ATP anion using a Pt-modified electrode with polymer 14 was also attempted in an 

aqueous medium containing only NaCl as the supporting electrolyte. Upon addition of 

[Na]2[ATP] the E1/2 of the outer Fc/Fc
+
 wave shifts to 30 mV less positive potentials (SI), a 

change that is less significant than in organic media, as expected. The ΔE value between the 

anodic and cathodic potentials for both waves (inner and outer Fc/Fc
+
 groups) now becomes 

much larger (250 mV and 280 mV respectively). This is due to the binding of the ATP anions 

to the polymer film provoking a strong structural reorganization of the polymer that is 

attached to the electrode surface and slows down the heterogeneous electron transfer. Last, the 

intensity of the anodic peak of the second (inner Fc/Fc
+
 group) wave decreases in the presence 

of the ATP anions, indicating strong electrostatic interactions between the cationic 

biferrocenium groups and the trapped anions. The high electron density around the 

ferrocenium centers caused by immobilized inserted ATP anions may inhibit the reversible 

electrochemical response of a fraction of the redox-active groups.  

 

CONCLUDING REMARKS 

The various syntheses of BiFc-containing polymers (ROMP, radical type, polycondensation), 

their rich redox activity and the robustness of the cationic triazolybiferrocenium moiety 

contrasting with the instability of triazolylferricenium opens multiple applications. Au
III

 and 

Ag
I
 are reduced to Au

0
 and Ag

0
 respectively by the BiFc units to mixed-valent biferrocenium 

polymer-stabilized AuNPs resp. AgNPs in which the remarkable network formation and 

AuNP encapsulation is controlled by the polymer design, in particular by the location in the 

polymer branches or in the polymer main chain of the BiFc units. For instance, with BiFc 

groups in the side polymer chains, rare interwining snake-shaped polymer networks 

encapsulating AuNPs are characterized by TEM and AFM. The roles of the trz ligand, 

electrostatic interactions and inter-BiFc group distance are crucial in network formation and 

AuNP and AgNP stabilization. With BiFc groups in the polymer side chains, the outer Fc 

groups are oxidized at less positive potentials than the inner trzBiFc groups, which allows 

selective anion (ATP
2-

) and cation (Pd
II
) redox recognition in organic solvents using Pt 

electrodes modified with the polymers, and even to a lesser extent in water in spite of the 

strong competition with the supramolecular interactions involving this strongly polar solvent. 
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EXERIMENTAL SECTION 

Genearl Data. See SI. 

Compound 5. N-[4-hydroxybutyl]-cis-5-norbornene-exo-2,3-dicarboximide (425 mg, 1.8 

mmol) and TsCl (343.6 mg, 1.8 mmol) were dissolved in 30 mL of DCM. Then at 0°C KOH 

(403.9 mg, 7.2 mmol) was added in small portions. The mixture was left stirring for 1h at 0°C 

and 10h at r.t. Then 30 mL of distilled water was added, and the organic phase was separated. 

The water phase was washed three times with 15 mL of DCM, and the combined organic 

phases were washed 3 times with 15 mL of water. The organic phase was dried with Na2SO4 

and filtered. The solvent was evaporated giving product 5 in 90% yield (668 mg). 
1
H NMR 

(CDCl3, 300 MHz), δppm: 7.74 and 7.31 (CH, 4H of Tos. group), 6.23 (CH=CH, 2H), 3.97 

(CH2-Tos, 2H), 3.37 (CONCH2, 2H), 3.20 (CHCON, 2H), 2.61 (CH2CH, 2H), 2.37 (CH3 of 

Tos group, 3H), 1.55 (CH2CH2CH2CH2-Tos, 4H), 1.42 and 1.14 (CH2CH, 2H). 
13

C NMR 

(CDCl3, 75 MHz), δppm: 177.98 (C=O), 144.80 (OCq of Tos. group), 137.87 (CH=CH), 

132.99 (CH3Cq of Tos. group), 129.91 and 127.96 (CH of Tos. group), 69.70 (CH2-Tos), 

47.86 (CH2CH), 45.25 (CONCH2), 42.74 (CH2CH), 37.81 (CHCON), 26.38 

(CH2CH2CH2CH2-Tos), 23.96 (CH2CH2CH2CH2-Tos), 21.55 (CH3 of Tos. group). ESI MS: 

Calcd: 412.45, found: 412.12. IR (KBr): 3065 cm
-1

 (=C-H stretching), 1694 cm
-1

 (C=O). 

Compound 7. N-[4-tosylatebutyl]-cis-5-norbornene-exo-2,3-dicarboximide 5 (650 mg, 1.6 

mmol) was dissolved in 5 mL of DMSO in which NaN3 (312 mg, 4.8 mmol) was added in 

small portions. The mixture was left under vigorous stirring at r.t. for 2d.  Then 10 mL of 

water and 5 mL of DCM were added in the solution. The organic phase was separated, and the 

water phase was washed 3 times with DCM. The combined organic phase was washed 10 

times with 5 mL of water in order to remove all the traces of DMSO. 
1
H NMR of N-[4-

azidobutyl]-cis-5-norbornene-exo-2,3-dicarboximide 6 (CDCl3, 300 MHz), δppm: 6.28 

(CH=CH, 2H), 3.47 (CH2-N3, 2H), 3.25 (4H, CONCH2 and CHCON), 2.66 (CH2CH, 2H), 

1.59 (CH2CH2CH2CH2- N3, 4H), 1.48 and 1.16 (CH2CH, 2H). IR of N-[4-azidobutyl]-cis-5-

norbornene-exo-2,3-dicarboximide (KBr): 3065 cm
-1

 (=C-H stretching), 2097 cm
-1

 (-N3), 

1698 cm
-1

 (C=O). N-[4-azidobutyl]-cis-5-norbornene-exo-2,3-dicarboximide 6 (200 mg, 0.76 

mmol) and compound 3
2
 (359.4 mg, 0.91 mmol) were dissolved in 20 mL of distilled THF. 

Then 3 mL of degassed water was added into the solution, and the reaction mixture was 

cooled to 0°C. Then, an aqueous solution of CuSO4 1M (1.1 eq.) was added dropwise, 

followed by the dropwise addition of a freshly prepared solution of sodium ascorbate (2.2 

eq.). The color of the solution changed from orange to dark red upon addition of sodium 

ascorbate. The reaction mixture was allowed to stir for 16h at r.t. under nitrogen atmosphere. 

Then, the mixture of solvents was evaporated in vacuo, and 100 mL of DCM was added, 

followed by the addition of an aqueous solution of ammonia. The mixture was allowed to stir 

for 15 min. in order to remove the copper salt. The organic phase was washed twice with 

water, dried over sodium sulfate, filtered and the solvent was removed in vacuo. Then the 

product was precipitated twice from a DCM solution in pentane. Product 7 was obtained as an 

orange crystalline powder. Yield: 97% (488 mg). 
1
H NMR (CDCl3, 300 MHz), δppm: 7.03 (trz, 

1H), 6.26 (CH=CH, 2H), 4.50 (CH2-trz, 2H), 4.21, 4.14, 4.10, 4.06, (Cp sub., 12H), 3.90 (Cp 

free, 5H), 3.49 (2H, CONCH2), 3.25 (2H, CHCON), 2.66 (CH2CH, 2H), 1.53 
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(CH2CH2CH2CH2-trz, 4H), 1.47 and 1.18 (CH2CH, 2H). 
13

C NMR (CDCl3, 75 MHz), δppm: 

177.96 (C=O), 145.33 (Cq of trz), 137.75 (CH=CH), 119.36 (CH of trz), 85.39, 83.46 and 

72.92 (Cq of BiFc), 69.38, 69.19, 68.94, 67.51, 67.09, 66.10 (CH of BiFc) 47.85 (CH2CH), 

45.13 (CONCH2), 42.74 (CH2CH), 37.61 (CHCON), 27.43 (CH2CH2CH2CH2-trz), 24.81 

(CH2CH2CH2CH2-trz). IR (KBr): 3090 cm
-1

 (=C-H stretching), 1698 cm
-1

 (C=O), 815 cm
-1

 

(Fe
II
). ESI MS: Calcd: 654.35, found: 654.14. UV-Vis: λmax = 450 nm, εo = 500.4 L.cm

-1
mol

-1
. 

Anal. Calcd. for C35H34N4O2Fe2: C, 64.25; H, 5.24. Found: C, 64.12; H, 4.98.  

Polymer 9. Compound 7 (60 mg, 0.09 mmol) was added into a small Schlenk flask that was 

flushed with nitrogen and dissolved in 0.2 mL of dry DCM. Then, catalyst 8 (2.6 mg, 0.003 

mmol) in 0.1 ml of dry DCM was quickly added into the monomer solution under nitrogen 

atmosphere with vigorous stirring. The reaction mixture was vigorously stirred for 5 h, and 

then quenched with 0.2 mL ethyl vinyl ether (EVE). The orange solid polymer 9 was purified 

by precipitation in methanol twice and dried in vacuo (57 mg, yield 98%). 
1
H NMR (CD2Cl2, 

400 MHz), δppm: 7.22 and 7.16 (CH of trz), 5.75 and 5.55 (CH=CH, 2H), 4.60 (CH2-trz, 2H), 

4.30, 4.28, 4.19 (Cp sub. of BiFc), 3.98 (Cp free of BiFc), 3.49 (CONCH2, 2H), 3.04 

(CHCON, 2H), 2.69 and 2.09 (CH2CH, 2H), 1.86 and 1.61 (CH2CH2CH2CH2-trz, 4H) and 

(CH2CH, 2H). 
13

C NMR (CD2Cl2, 75 MHz), δppm: 178.39 (C=O), 145.31 (Cq of trz), 133.50 

and 132.07 (CH=CH), 119.85 (CH of trz), 85.73, 83.02, 77.06, 70.98 (Cq of Cp of BiFc), 

70.98, 69.57 (CH of Cp free of BiFc) 69.35, 67.84, 67.47, 66.53 (CH of Cp sub. of BiFc), 

49.59 (CH2CH), 46.39 (CONCH2), 42.97 (CH2CH), 37.90 (CHCON), 26.33 

(CH2CH2CH2CH2-trz), 26.29 (CH2-trz), 25.11 (CH2CH2CH2CH2-trz). IR (KBr): 3090 cm
-1

 

(=C-H stretching), 1698 cm
-1

 (C=O), 816 cm
-1

 (Fe
II
). UV-Vis: λmax = 450 nm, ε = 15673,7 

L.cm
-1

mol
-1

. Maldi-Tof MS for C6H6(C37H36N4O2Fe2)3C2H2Na: Calcd: 2168.3, Found: 

2168.5. SEC: PDI =1.23. Dynamic Light Scattering (DLS): d = 14.3 ± 3 nm.  

Polymer 10. Compound 7 (60 mg, 0.09 mmol) was added into a small Schlenk flask that was 

flushed with nitrogen and dissolved in 0.2 mL of dry DCM. Then, catalyst 8 (1.3 mg, 0.002 

mmol) in 0.1 mL of dry DCM was quickly added into the monomer solution under nitrogen 

atmosphere with vigorous stirring that was continued for 5 h. The catalyst was quenched with 

0.2 mL ethyl vinyl ether (EVE), and the orange solid polymer 10 was purified by precipitation 

in methanol twice and dried in vacuo (58 mg, 99% yield). 
1
H NMR (CD2Cl2, 400 MHz), δppm: 

7.21 and 7.13 (CH of trz), 5.72 and 5.53 (CH=CH, 2H), 4.55 (CH2-trz, 2H), 4.28, 4.27, 4.16 

(Cp sub. of BiFc), 3.94 (Cp free of BiFc), 3.45 (CONCH2, 2H), 3.00 (CHCON, 2H), 2.67 and 

2.06 (CH2CH, 2H), 1.82 and 1.56 (CH2CH2CH2CH2-trz, 4H) and (CH2CH, 2H).
 13

C NMR 

(CD2Cl2, 75 MHz), δppm: 178.22 (C=O), 145.14 (Cq of trz), 133.38 and 131.94 (CH=CH), 

119.58 (CH of trz), 85.08, 82.99, 76.72, 70.00 (Cq of Cp of BiFc), 69.39, 69.20 (CH of Cp 

free of BiFc) 68.99, 67.57, 67.34, 66.37 (CH of Cp sub. of BiFc), 49.32 (CH2CH), 46.03 

(CONCH2), 45.87 (CH2CH), 37.59 (CHCON), 29.69 (CH2CH2CH2CH2-trz), 27.42 (CH2-trz), 

24.71 (CH2CH2CH2CH2-trz). IR (KBr): 3091 cm
-1

 (=C-H stretching), 1698 cm
-1

 (C=O), 816 

cm
-1

 (Fe
II
). . UV-vis: λmax = 450 nm, ε = 26470 L.cm

-1
mol

-1
. SEC: PDI = 1.21. DLS: d = 36.9 

± 7 nm; 

Polymer 14. Azidomethylpolystyrene (13.4 mg, 0.084 mmol, 1 eq.) and ethynylbiferrocene 3 

(36.0 mg, 0.091 mmol, 1.1 eq.) were dissolved in distilled toluene under nitrogen. Then, 15% 
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of the catalyst 13, [Cu
I
tren(CH2Ph)6][Br], (11 mg, 0.013 mmol, 0.15 eq.) was added. The 

mixture was left for 16h at 50°C. The orange precipitate that was formed was washed twice 

with hot toluene and solubilized in DCM. Evaporation of the solvent in vacuo gave the 

polytriazolyl(biferrocenyl) methylstyrene 14 as an orange waxy product (45 mg, 97% yield). 
1
H NMR (THF-d8, 300 MHz) δppm: 6.92 (CH of trz ), 6.82, 6.32 (4H, CH of Ar of styrenyl), 

5.41 (2H, CH2-triazole), 4.71, 4.32, 4.16 (12H of Cp sub. BiFc), 3.92 (5H of Cp BiFc), 1.62, 

1.16 (CH and CH2 of polymer chain). 
13

C NMR (THF-d8, 75 MHz) δppm: 145.00 (Cq of trz), 

144.40 (Cq of Ar), 133.68 (Cq-CH2 of Ar), 127.82 and 127.39 (CH of Ar), 120.76 (CH of trz) 

85.36, 82.55, 77.57 (Cq of Cp sub. of BiFc), 69.77, 69.20, 68.96 and 67.57 (CH of BiFc), 

52.92 (CH2-trz), 40.21 (CH and CH2 of polymeric chain). SEC: PDI = 1.25. DLS: d = 11.9 ± 

2 nm. IR (KBr): 3092 cm
-1

 (=C-H vibration of Cp and trz) and 815 cm
-1

 (Fe
II
). UV-vis: λmax = 

455 nm, ε = 14896,6 L.cm
-1

mol
-1

. 

Polymer 18. 1.665 x 10
-4

 mol of 15 (74.9 mg, Mw = 450 g.mol
-1

) and the same molar 

quantity of 17 (69.9 mg, Mw = 418 g.mol
-1

) were introduced into a Schlenk flask with 2.8 mL 

of THF under nitrogen.  Then 3.33 x10
-4

 mol of CuSO4, 5H2O (53.24 mg) were solubilized in 

1.8 mL of water and added in the reaction medium, and 6.66 x10
-4

 mol of NaAsc (131.84 mg) 

was solubilized in 1 mL of water and added dropwise to the reaction medium. The reaction 

was stirred at 40°C during 2 days, and an orange precipitate was observed on the wall of the 

Schlenk flask. Then 1 mL of an ammonia solution (37% mol) was added together with 5 mL 

of H2O and 5 mL of DCM. The solution was stirred for 5 min., the organic phase was 

recovered, and the aqueous phase was washed twice with 5 mL of DCM. The combined 

organic phase was gathered, washed with H2O (3 x 5 mL) and dried with Na2SO4. After 

concentration of the organic phase (1 mL), the polymer was precipitated twice in 60 mL of 

Et2O. Then 113 mg of 18 were obtained (78% yield) as an orange solid film polymer. 
1
H 

NMR (CDCl3, 400 MHz) δppm: 7.23 (2H, CH of trz), 4.48 (4H, Cp sub.), 4.43 (4H, -CH2trz), 

4.09 (4H, Cp sub.), 4.04 (8H, Cp sub.), 3.83 (4H, -OCH2CH2trz), 3.57-3.60 (-OCH2CH2O of 

PEG400). 
13
C NMR (CDCl3, 100 MHz), δppm: 145.2 (Cq of trz), 120.6 (CH of trz), 83.9 and 

77.0 (Cq of Cp sub.), 70.7 (-OCH2CH2O of PEG400), 69.7 and 69.6 (CH of Cp sub.), 68.9 (-

OCH2CH2trz), 67.7 and 67.4 (CH of Cp sub.),  50.2 (-OCH2CH2trz). IR (KBr): 3121 cm
-1

 

(=C-H vibration of Cp and trz) 1110 (C-O) and 819 cm
-1

 (Fe
II
).  

Polymer 19. 1.196 x10
-4

 mol of 2 (125.8 mg, Mw = 1052 g.mol
-1

) and the same molar 

quantity of 3 (50 mg, Mw = 418 g.mol
-1

) were introduced under nitrogen into a Schlenk flask 

together with 3 mL of THF. Then 1.53 x10
-4

 mol of CuSO4, 5H2O (38 mg) were solubilized in 

1 mL of water and added in the reaction medium, and 4.75 x10
-4

 mol of NaAsc (94 mg) was 

solubilized in 1 mL of water and added dropwise to the reaction medium. The reaction was 

stirred at 40°C during 2 days, and an orange precipitate was observed on the wall of the 

Schlenk flask. Then 1 mL of an ammonia solution (37% mol) was added together with 5 mL 

of H2O and 5 mL of DCM. The solution was stirred during 5 min, then the organic phase was 

recovered, and the aqueous phase was washed twice with 5 mL of DCM. The organic phases 

were gathered, washed with H2O (3 x 5 mL) and dried with Na2SO4. After concentration of 

the organic phase (1 mL), the polymer was precipitated in 60 mL of Et2O, and 62.5 mg were 

obtained as an orange-red paste (58% yield). 
1
H NMR (CDCl3, 200 MHz) δppm: 7.25 (2H, CH 
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of trz), 4.54 (4H, Cp sub.), 4.44 (4H, -CH2trz), 4.11 (8H, Cp sub.), 4.08 (4H, Cp sub.), 3.84 

(4H, OCH2CH2trz), 3.61-3.65 (-OCH2CH2O of PEG400). 
13

C NMR (CDCl3, 100 MHz), δppm: 

145.1 (Cq of trz), 120.5 (CH of trz), 83.9 and 76.3 (Cq of Cp sub.), 70.5 (-OCH2CH2O of 

PEG400), 69.4 and 69.3(CH of Cp sub.), 68.7 (-OCH2CH2trz), 67.4 and 67.2 (CH of Cp sub.), 

50.2. IR (KBr): 3092 cm
-1

 (=C-H vibration of Cp and trz), 1109 (C-O) and 819 cm
-1

 (Fe
II
).  

AuNSs-9b. Polymer 9 [10 mg, 0.015 mmol (Mw monomer: 654 g.mol
-1

), 1 equiv.] was 

dissolved in 1 ml DCM and added dropwise at 0°C into a stirring solution of HAuCl4.3H2O 

(2.0 mg, 0.005 mmol, 1/3 equiv.) in 4 mL of methanol/ DCM 3:1. The color immediately 

changed from orange to deep green, stirring continued for another 30 min., then the mixture 

was concentrated in vacuo to 3 mL and kept in a closed Schlenk tube for one week 

(incubation time) giving compound 9b. IR (KBr): 3098 cm
-1

 (=C-H vibration of Cp and trz), 

834 cm
-1 

(Fe
III

) and 813 cm
-1

 (Fe
II
). UV-vis.: λmax = 535 nm. TEM: 10.5 ± 1.5 nm.  

AuNSs-10b. Polymer 10 [10 mg, 0.015 mmol (MW monomer: 654 g.mol
-1

), 1 equiv.] was 

dissolved in 1 mL DCM and was added dropwise at 0°C in a stirring solution of HAuCl4 (2.0 

mg, 0.005 mmol, 1/3 equiv.) in 4 mL of methanol/ DCM 3:1. The color instantaneously 

changed from orange to deep green, and stirring was continued for another 30 min. The 

mixture was concentrated in vacuo to 3 mL and kept in a closed Schlenk tube for one week 

(incubation time) giving compound 10b. IR (KBr): 3087 cm
-1

 (=C-H vibration of Cp and trz), 

834 cm
-1 

(Fe
III

) and 815 cm
-1

 (Fe
II
). UV-vis.: λmax = 537 nm. TEM: 13.5 ± 1.5 nm.  

AuNSs-14b. Polymer 14 [10 mg, 0.018 mmol (monomer Mw: 553 g.mol
-1

), 1 equiv.] was 

dissolved in 1 mL DCM and was added dropwise, at 0°C in a stirring solution of HAuCl4 (2.4 

mg, 0.006 mmol, 1/3 equiv.) in 4 mL of methanol/ DCM 3:1. The color changed 

instantaneously from orange to deep green, and stirring was continued for another 30 min. 

The mixture was concentrated in vacuo to 3 mL and kept in a closed Schlenk tube for one 

week (incubation time) giving compound 14b. IR (KBr): 3093 cm
-1

 (=C-H vibration of Cp 

and trz), 844 cm
-1 

(Fe
III

) and 824 cm
-1

 (Fe
II
). UV-vis.: λmax = 531 nm. TEM: 13.5 ± 1.5 nm. 

AuNPs-14c. To the above solution of 14b was added 3 mL of CH2Cl2. Then under N2 and 

vigorous stirring a solution of NaBH4 (1 mg, 0.027 mmol) in 2 mL of methanol was added 

dropwise. The color immediately changed from green to deep red. The solution was stirred for 

an additional 5 min., then the product was immediately filtered. The compound 14c 

precipitated (flocculation) in 10 min., but it is again re-dissolved upon shaking, and this 

process is reversible. UV-vis.: λmax = 539 nm. TEM: 13.5 ± 1.5 nm.   

AuNNs-18b. Polymer 18 [10 mg, 0.012 mmol (monomer Mw: 868 g.mol
-1

), 1 equiv.] was 

dissolved in 1 mL DCM and added dropwise at 0°C into a stirring solution of HAuCl4 (1.5 

mg, 0.004 mmol, 1/3 equiv.) in 4 mL of methanol/ DCM 3:1. The color instantaneously 

changed from orange to deep green, and stirring continued for another 30 min. The mixture 

was concentrated in vacuo to 3 mL and kept in a closed Schlenk tube for one week 

(incubation time) giving compound 18b. IR (KBr): 3087 cm
-1

 (=C-H vibration of Cp and trz), 

834 cm
-1 

(Fe
III

) and 815 cm
-1

 (Fe
II
). UV-vis.: λmax = 534 nm. TEM: 12.0 ± 1 nm. 
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AuNPs-20b. Polymer 20 [10 mg, 0.018 mmol (monomer Mw: 550 g.mol
-1

), 1 equiv.] was 

dissolved in 1 mL DCM was added dropwise at 0°C into a stirring solution of HAuCl4 (2.4 

mg, 0.006 mmol, 1/3 equiv.) in 4 mL of methanol/ DCM 3:1. The color changed 

silmutaneously from orange to deep green, and stirring continued for another 30 min. The 

mixture was concentrated by vacuum to 3 mL and kept in a closed Schlenk tube for one week 

(incubation time) giving compound 20b. UV-vis.: λmax = 528 nm. TEM: 6 ± 1 nm.  

AuNSs-21b. Polymer 14 [10 mg, 0.018 mmol (monomer Mw: 553 g.mol
-1

), 1 equiv.] was 

dissolved in 1 mL DCM and added dropwise at 0°C in a stirring solution of AgBF4 (3.5 mg, 

0.018 mmol, 1 equiv.) in 4 mL of methanol/ DCM 3:1. The color instantaneously changed 

from orange to grey-purple, and stirring was continued for another 30 min. The mixture was 

concentrated in vacuo to 3 mL and kept in a closed Schlenk tube for one week (incubation 

time) giving compound 21b. IR (KBr): 818 cm
-1 

(Fe
III

) and 808 cm
-1

 (Fe
II
). UV-vis.: λmax = 

434 nm. TEM: 4 ± 1 nm. 

CV measurements. All electrochemical measurements were recorded under nitrogen 

atmosphere. Solvent: dry DCM; temperature: 20ºC; supporting electrolyte: [n-Bu4N][PF6] 

0.1M; working and counter electrodes: Pt; reference electrode: Ag; internal reference: 

FeCp*2; scan rate: 0.200 V.s
-1

. The number of electrons involved in the oxidation wave of the 

BiFc polymers was calculated using Bard’s equation: np= (idp/Cp)/(idm/Cm) (Mp/Mm)
0.275

 (see 

text).
42

 The experiments were conducted by adding a known amount of each polymer in 3 mL 

of dry DCM and a known amount of FeCp*2 in 2 mL of DCM. After recording the CVs, the 

intensities of the oxidation waves of the polymers and of the internal reference (FeCp*2) were 

measured. The values were introduced in the above equation giving the final number of 

electrons (ne).  The compared modified electrodes were prepared by approx. 20 adsorption 

cycles around the BiFc potentials on Pt electrodes. Their electrochemical behavior was 

checked in 5 mL DCM solution containing only [n-Bu4N][PF6] 0.1M at various scan rates: 25, 

50, 100, 200, 300, 400, 500 and 600 mV/s. The modified electrodes used for redox 

recognition were prepared using approx. 35 adsorption cycles around the BiFc potentials on 

Pt electrodes. Their electrochemical behavior was checked in 5 mL DCM solution containing 

only [n-Bu4N][PF6] 0.1M at various scan rates: 25, 50, 100, 200, 300, 400, 500 and 600 mV/s 

and in 5mL H2O solution containing only [NaCl] 0.1M.  Redox recognition was conducted in 

two different ways: a) the CVs were recorded upon addition of [n-Bu4N]2[ATP] or Pd(OAc)2 

to an electrochemical cell containing a Pt modified electrode in DCM and b) the CVs were 

recorded upon addition of [Na]2[ATP] to an electrochemical cell containing a Pt modified 

electrode in water.  
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TOC: 

Polymers containing triazolylbiferrocenyl  groups in the side chain or the main chain are synthesized 

by ROMP, radical or click CuAAC polycondensation and oxidized by [FeCp2][PF6], H[AuCl4] or Ag[BF4] 

to stable class-II mixed-valent biferrocenium salts. Various Au and Ag nanoparticle networks 

stabilized by triazolylbiferrocenium salts and modified electrodes are obtained, and ATP2- and PdII are 
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ABSTRACT: Large dendritic assemblies terminated by organo-
metallic groups that possess a rich redox chemistry and
stability in two or more oxidation states are highly desired as
electron-reservoir systems, sensors, and redox catalysts.
Here the synthesis and click (CuAAC) chemistry of ethynyl
biferrocene including branching onto dendrons, arene-cored
dendrimers, and gold nanoparticles are developed, and the
role of the 1,2,3-triazole linkers and redox chemistry of these
assemblies are discussed including the properties and stabilities
of the redox states.

■ INTRODUCTION

Macromolecules containing redox-active units have recently
been largely developed due in particular to their electrochromic
and polyelectrolyte properties.1 Among the various transition-
metal sandwich complexes that display remarkable redox
properties,2 ferrocenyl derivatives are the most frequently
studied, because of the richness of ferrocene chemistry and
its easy oxidation to ferricenium.3 In the ferrocene family,
biferrocene4 derivatives present a great interest, as they include
three easily accessible oxidation states, a characteristic that makes
their redox properties much richer than those of the parent
ferrocene compounds. In addition, the biferrocenium cation is
extremely robust because the electron-releasing ferrocenyl group
stabilizes the neighboring ferricenium cation. Indeed, it is well
known that biferrocenium belongs to the class 2 of the mixed-
valent compounds according to Robin and Day’s classification
following the localization of the valence at the infrared time
scale.5 Therefore, biferrocenyl units have often been incorpo-
rated in various nanostructures such as dendrimers and
nanoparticles.6 Ferrocenyl-terminated dendrimers7 and nano-
particle-cored ferrocenyl-terminated branched assemblies8 rep-
resent a class of metallodendrimers9 that have proved useful
especially for redox sensing,10 although ferricenium or related
Fe(III) analogues were rarely isolated and studied.11

Biferrocenyl dendrimers have been constructed with up to
eight electronically communicated silicon-bridged biferrocenyl
groups in the periphery where stable modified electrodes were
prepared with interacting ferrocenes.5a Water-soluble poly-
(propyleneimine) biferrocenyl dendrimers complexed with
β-CD were studied as well as their adsorption at self-assembled
monolayers on gold for molecular printboards.5b Redox-active
biferrocenes entrapped in polyphenylazomethine dendrimers were
studied with an impressive control of reversible encapsulation/release

due to the stability of the biferrocenium cation,5c whereas
molecular junctions were also prepared from biferrocenyl-
terminated dendrimers.5d Biferrocenyl-terminated diaminobutane
poly(propyleneimine) dendrimers were also synthesized by
Casado’s group, who demonstrated electrochemical anion sensing
and successful immobilization onto electrode surfaces.5e Finally,
dendritic tris- and tetra-biferrocenes linked by rigid ethynylaryl
spacers were synthesized through Sonogashira coupling and
homocoupling reactions displaying an electron-rich chemistry.5f

Gold nanoparticles (AuNPs) are a prolific field with
applications in optics, sensing, nanomedicine, and catalysis,12

and Nishihara’s group has extensively studied AuNPs with
biferrocene-terminated thiolate ligands forming thin redox-active
films by electrodeposition.7 Additionally, biferrocene-functionalized
terpyridine octanethiols and the studies of their self-organization
chemisorbed on AuNPs were reported.13

Click methodology,14 in particular the copper-catalyzed
azide−alkyne cycloaddition (CuAAC) forming 1,2,3-triazoles
(trz),14b−g has recently appeared as one of the most powerful and
practical means to formmetallocene-terminated nanoassemblies.
The triazolyl linkage is significant for redox recognition and
subsequent stabilization of gold and palladium nanoparticles for
catalysis,15 and in many cases it shows remarkable biocompat-
ibility.16 Triazolyl-metallocenyl dendrimers have been success-
fully synthesized by a CuAAC-type click reaction using the
Sharpless catalyst and showed various applications in redox
recognition and catalysis.17

Herein, we report the detailed synthesis of ethynylbiferrocene
and its CuAAC-type click reactions providing access to
triazolylbiferrocenyl nanosystems.18 Therefore, three generations
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of triazolylbiferrocenyl dendrimers together with a new tris-
trz-BiFc dendron containing a propargyl group at the focal point
are reported and detailed in this article. Additionally, the
construction of dendritic AuNPs with triazolylbiferrocenyl
termini at the periphery was achieved, allowing the study of
their properties and redox behavior.

■ RESULTS AND DISCUSSION

Synthesis of Ethynylbiferrocene, 3. Ethynylbiferrocene,
3, was synthesized in two steps from biferrocene,19 1 (Scheme 1).
The first step is the synthesis of acetylbiferrocene, 2, consisting in
a Friedel−Crafts acetylation of biferrocene; this reaction is based
on the work by Doisneau et al. in 1992.20 The acetylation
of biferrocene yields four acetylbiferrocene isomers. The isomer
in which the acetyl group is attached to the cyclopentadienyl
opposite the two rings joining the two ferrocenyl moieties was
isolated following column purification using dichloromethane
(DCM) as eluent and recrystallization from cold pentane (0 °C).
Ethynylbiferrocene,18 3, was subsequently prepared in a reaction
similar to that carried out for the synthesis of ethynylferrocene.21

The reaction was conducted between acetylbiferrocene and
LDA/diethylchlorophosphate under nitrogen at −78 °C.
Purification by column chromatography using pentane as eluent
provided an orange crystalline powder in 50% overall yield from
biferrocene, 1.
Synthesis and Characterization of G0, G1, and G2

Triazolylbiferrocenyl (trz-BiFc) Dendrimers. The syntheses
of the G0, G1, and G2 chloromethyl(dimethyl)silyl dendrimers
with 1→3 connectivity22 were carried out as described previously
upon CpFe+-induced polyallylation of mesitylene and
p-methoxytoluene. This was followed, after decomplexation, by
hydrosilylation of the polyallyl dendritic cores and dendron using
chloromethyldimethylsilane and iteration using a Williamson
reaction with the tribranched phenol triallyl dendron (Scheme 2).23

The terminal chloro groups were then substituted by azido
groups upon reaction with sodium azide, providing the azido-
terminated dendrimers 4, 5, and 6 (Scheme 2).24

Subsequently, the CuAAC reaction was conducted between
the G0, G1, and G2 azido-terminated dendrimers and the terminal
alkyne 3, catalyzed by CuI obtained from CuSO4/sodium
ascorbate. The solvent chosen for these reactions is THF/H2O
(1:1), in which the polyazido precursors 4, 5, 6, and 3 are soluble.
Upon addition of sodium ascorbate, which reduces CuII to CuI,
the color immediately changed from brown to light orange, and
the mixture was stirred under N2 for 24 h. The G0−G1−G2 trz-
BiFc dendrimers 7, 8, and 9 were purified by precipitation in
methanol and pentane and obtained as yellow solids showing
excellent solubility in DCM, THF, and chloroform (Scheme 3).
The three dendrimers were characterized by IR, 1H and 13C

NMR spectra, MALDI-TOF MS, SEC, DLS, elemental analyses,
and CV.
The 1H NMR spectra of dendrimers 7, 8, and 9 show the

disappearance of the ethynyl proton at 2.7 ppm and CH2N3

protons of the polyazido-terminated dendrimers at 2.8 ppm and
the appearance of the proton of triazole (7.0−7.1 ppm) formed
upon click reaction as well as the CH2trz signal at 3.7 ppm. The
presence of triazoles is also confirmed by the appearance of the
characteristic peaks of Cq and CH of trz as well as the CH2trz
in the 13C NMR spectra. Finally, the assignments of the number
of protons in 1H NMR show the expected ratio between the
dendritic frame part and the trz-BiFc peripheral groups.
IR was a useful tool to follow the reaction using the distinct

absorption band of N3 at 2094 cm−1, which disappeared at the
end of the click reactions, confirming the complete formation of
1,2,3-triazoles. The absorptions due to theC−H stretching of
the triazoles and Cp groups of BiFc units are found in the range
3091−3096 cm−1.

Scheme 1. Synthesis of Ethynylbiferrocene, 3

Scheme 2. Construction of G1, G2, and G3 Allyl Dendrimers

Scheme 3. Click Synthesis of G0, G1, and G2 trz-BiFc-Terminated Dendrimers
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MALDI-TOF mass spectrometry of the dendrimer 7 (M+)
showed the molecular ion peak at 5087.11 Da, whereas the
calculated mass is 5086.98 Da. SEC analyses gave the poly-
dispersity index of the dendrimers 7, 8, and 9 and most
importantly showed the progressive size evolution between the
generations of dendrimers.18a The PDIs of 7, 8, and 9 are 1.01,
1.02, and 1.15, respectively. The DLS analyses show the size
progression, disclosing an increase of the hydrodynamic
diameter among G1 andG2. Finally, elemental analysis confirmed
the structure of all the dendrimers.
The three generations of trz-BiFc dendrimers (compounds 7,

8, and 9) were studied by cyclic voltammetry using decamethyl-
ferrocene as the internal reference.25 The cyclic voltammograms
(CVs) were recorded in DCM, a good solubility being accessible
with this solvent. The first oxidation wave of all the products
corresponds to the oxidation of the outer ferrocene that is only
bearing as substituent the electron-rich inner ferrocene, whereas
the second wave corresponds to the oxidation of the inner
ferrocene bearing also the electron-withdrawing triazole. Both
waves are single in DCM, which can be explained by the
weakness of the electrostatic factor among the redox sites of the
metallodendrimers, these redox centers being far from one
another and separated by long tethers.26

Both waves in DCM appear to be chemically and electro-
chemically reversible. The electrochemical reversibility involving
equally all the redox groups is due to very fast rotation within the
electrochemical time scale, where all the redox groups come close
to the electrode, provoking fast electron transfer between all the
redox groups and the electrode27 and/or the electron-hopping
mechanism.28

Adsorption during cyclic voltammetry recording of den-
drimers is common, and it is marked for the high dendrimer
generations. This large adsorption phenomenon for the large
dendrimers is due to the low solubility of the oxidized

dendrimers in DCM. Adsorption begins with the nona-trz-BiFc
dendrimer 7 (ic/ia = 1.25) and gradually increases as the genera-
tion number of dendrimer increases. In particular, the ic/ia value
for dendrimers 8 and 9 is 1.6 and 1.8, respectively, concerning the
first oxidation wave (FeIIFeII → FeIIFeIII). Adsorption is much
more intense for the second oxidation wave (FeIIFeIII →
FeIIIFeIII) in the case of dendrimers 7 (ic/ia = 3.0) and 8 (ic/ia =
3.2). However, in the case of dendrimer 9 the phenomenon is less
intense (ic/ia = 1.3) presumably due to partial degradation of the
dendritic products during oxidation of all the biferrocenyl termini
to FeIIIFeIII dicationic compounds.

Synthesis and Characterization of a trz-BiFc Phenol
Dendron. A tris-trz-biferrocenyl dendron containing a prop-
argyl group at the focal point, 14, was synthesized according to
Scheme 4. The synthesis of this dendron starts by the known
CpFe+-induced benzylic triallylation of the methyl substituent of
the p-methoxytoluene iron complex [FeCp(η6 -p-CH3C6H4OCH3 )]-
[PF6] obtained by reaction of ethanol and sodium carbonate with
[FeCp(η6-p-CH3C6H4Cl)][PF6] and subsequent exocyclic C−O
cleavage in the methoxy group.23 The triallylated phenol dendron 10
obtained in this way is hydrosilylated with chloromethyldimethylsi-
lane to give complex 11. The terminal chloro groups were then
substituted by azido groups upon reactions with sodium azide,
providing the azido-terminated phenoltriallyl dendron 12.29

Subsequently, a click reaction was carried out between 12 and
complex 3 using CuSO4/sodium ascorbate in a mixture of
THF/H2O at rt during 24 h. The new dendron 13 was purified
by precipitation in pentane twice and characterized by 1H and
13C NMR, IR, and Maldi-TOF spectroscopies. 1H NMR (in
CD3COCD3) showed the presence of the trz-proton at 7.44 ppm
and the CH2trz protons at 3.90 ppm together with the other
proton signals of the dendron. 13CNMR spectroscopy confirmed
the structure of 13; IR showed the replacement of the azido
termini by 1,2,3-triazoles, and finally Maldi-TOF MS of dendron

Figure 1. 1H NMR spectrum and assignments of the signals of dendrimer 7.
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13 was found at 1755.7 Da, whereas the calculated mass was
1755.3 Da.
The next step was the functionalization of 13 with a propargyl

group at the focal point that would allow attaching to azido-
terminated assemblies. The propargylation reaction occurred in
acetone solvent, at 60 °C for 24 h, using propargyl bromide and
Cs2CO3 as a base. At the end of the reaction, the excess of
propargyl bromide was removed under vacuum, and extraction
with diethyl ether/H2O gave dendron 14 in 90% yield. By 1H
NMR spectroscopy, the CCH proton is observed at 2.75 ppm
and the CH2O signal at 4.73 ppm, whereas the OCH2C signal
in 13C NMR appears at 55.8 ppm. In IR spectroscopy, a weak

absorption is observed at 2.100 cm−1; this absorption is due
to the alkyne group of the focal point of dendron 14. Mass
spectrometry confirmed the structure of 14 (SI).

Synthesis of trz-BiFc-Terminated Gold Nanoparticles.
Click modification of AuNPs has been a challenge in the past
years because of serious aggregation problems that consequently
induced low product yields.30 However, the efficient CuI

catalyst31 [CuI(CH2Ph)6tren][Br] was recently reported for
the efficient click functionalization of AuNPs.32 Therefore,
grafting of biferrocene on the AuNPs was attempted using this
efficient catalyst. Dodecanethiolate AuNPs, 15, were synthesized
by the well-known Brust−Schiffrin method.33 A ligand-exchange

Chart 1. Generations 1 and 2 of trz-BiFc-Terminated Dendrimers 8 and 9
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reaction was then conducted in DCM for 7 days in the presence
of azidoundecanethiol ligands to finally provide AuNPs 16 in
90% yield. 1H NMR spectroscopy allowed estimating the ratio of
azido-terminated ligands versus nonazido ligands by comparing
the integration of the −CH3 methyl signal (0.84 ppm) with that
of the CH2N3 signal (see SI,

1H NMR of the AuNPs 16, S03).
Thus, 70% of the ligands on the surface of the AuNPs were
replaced by azido-terminated ligands (Scheme 5). TEM revealed
the size of the AuNPs, which was 2.2± 0.2 nm, where the area of
a AuNP 16 was calculated to be 15.2 nm2. With the help
of theoretical studies of Leff et al.34 the number (nAu) of gold
atoms of a AuNP 2 was estimated: nAu = 328. Considering that

the alkanethiol footprint occupies a surface of 0.21 nm2,35 the
approximate number of ligands on a AuNP 16 is ∼72 thiolate
ligands. With the proportion of azido/nonazido ligands being
determined by 1H NMR (70/30), ∼50 azido ligands per gold
nanoparticle is deduced.
The click functionalization of AuNPs was carried out between

azido-terminated AuNPs 16 and either ethynylbiferrocene (3)
or dendron 14 to finally give the dendritic AuNPs 17 and
18, respectively. The reactions occurred in toluene using
[CuI(CH2Ph)6tren][Br], 19, as a catalyst (20%). An excess of
ethynyl derivative 3 or 14 was employed (1.5 equiv per azido-
terminated ligand), and the reactions lasted for 2 and 1 d,

Scheme 5. Overall Synthesis of trz-BiFc-Terminated AuNPs 17 and 18

Scheme 4. Overall Synthesis of the tris-trz-BiFc Dendron with a Propargyl Group at the Focal Point
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respectively. At the end of the reaction, the catalyst and excess of
alkyne were removed by washing the AuNPs with ethanol/
pentane in the case of AuNPs 17 (yield: 65%) and ethanol/
diethyl ether in case of AuNPs 18 (yield: 77%). Presumably, the
click reaction with dendron 14 was faster and provided a better
yield than with 3, due to its less encumbered alkyne group at the
focal point in 14 compared to the more encumbered ethynyl
group of compound 3. The AuNPs 17 and AuNPs 18 were
characterized by 1H NMR, IR, and UV−visible spectroscopy,
TEM, DLS, and cyclic voltammetry.
Characterization of AuNPs 17. First, IR spectroscopy

confirmed that all the azido groups were replaced by 1,2,3-trz-
BiFc groups at the periphery of the AuNPs, as indicated by the
disappearance of the typical absorption of the N3 groups.

1H NMR
spectroscopy showed all the corresponding peaks of the AuNPs 17:
the BiFc protons, ligands, and a weak peak of the triazole proton.
The −CH2N3 at 3.22 ppm of AuNPs 16 and the −CCH proton at
2.70 ppm of 3 were not observed, indicating that all the azido
groups were replaced by trz-BiFc groups and that no excess of 3
remained after purification. In Figure 2 the TEM of AuNPs 17
shows that their diameter is d =2.1± 0.1 nm, a value slightly smaller
than that observed for AuNPs 16. The calculated number of ligands
of AuNPs 17 is ∼66; thus it can be concluded that there are 40 ± 6
trz-BiFc moieties in each AuNP 17 (Table 1). This indicates that a
rearrangement of the AuNPs takes place during the click reaction
with a loss of trz-BiFc-terminated ligands occurring to produce
the more stable AuNPs 17. Finally, DLS revealed that the overall
hydrodynamic diameter of AuNPs 17 was d = 20 ± 3 nm.

Characterization of AuNPs 18. As for the AuNPs 17, the
reaction of AuNPs 18 was followed by IR spectroscopy, which
confirmed that the click reaction was completed; this was
monitored by the disappearance of the N3 absorption.
TEM analysis showed that the size (diameter) of the den-

dronized AuNPs 18 is d = 2.0 ± 0.1 nm (Figure 2), whereas the
hydrodynamic diameter (by DLS) was found to be d = 23± 4 nm.
Consequently, in this case the calculated number of trz-BiFc

groups at the periphery of AuNPs 4 is 108 ± 18 (Table 1).
Similarly, the UV−vis spectrum shows a very weak and broad
absorption shoulder corresponding to the surface plasmon band
of the AuNPs 18, which can be explained by the small size of
these nanoparticles. The 1H NMR spectrum of the AuNPs 18
shows the corresponding peaks of the BiFc dendron, alkyl chains,
and triazole peaks, confirming the structure of these AuNPs. At
the same time, the disappearance of the CH2N3 signal of the
AuNPs 16 at 3.22 ppm confirms that the reaction is finished
and that the CCH peak of the dendron 14 at 2.75 ppm shows that
the excess of 14 was successfully removed. The click reaction of
the AuNPs 16 with the dendron 14 allowed the introduction of a
considerably larger number of trz-BiFc ligands.

Cyclic Voltammetry of AuNPs 17 and 18. Both AuNPs 17
and 18 were also studied by cyclic voltammetry in DCM, in
which they were soluble. The recorded CV of the AuNPs (see SI,
S18) 17 showed two redox waves of the trz-BiFc peripheral
moieties. Both waves are chemically and electrochemically
reversible. However, this heterogeneous electron transfer is
observed with adsorption on the electrode, as characterized by

Figure 2. (a) TEM and size distribution of AuNPs 17; (b) TEM and size distribution of AuNPs 18 (bar scale: 100 nm).

Table 1. Core Size, Number of Gold Atoms (nAu), Number of Ligands (nL), Number of trz-BiFc Ligands (nBiFc), and Approximative
Molecular Weight (MW)

compound TEM (nm) nAu nL nBiFc MW

AuNPs 16 2.2 ± 0.2 328 ± 90 72 ± 13 80 500
AuNPs 17 2.1 ± 0.1 285 ± 41 66 ± 06 40 (±06) 86 000
AuNPs 18 2.0 ± 0.1 246 ± 38 60 ± 06 108 (±18) 126 000
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separation values between the forward and return peak potentials
ΔE that are significantly lower than theNerstian value of 59mV at
25 °C (ΔE = 20 mV for the first redox wave andΔE = 30 mV for
the second redox wave). Continuous scanning around the BiFc
potentials leads to full adsorption on the Pt electrode (ΔE =
0 mV). The case of the AuNPs 18 is different, however. The first
oxidation wave that corresponds to the more easily oxidized outer
ferrocenyl groups of the biferrocenes also appears to be chemically

and electrochemically reversible. The second oxidation wave of
the AuNPs 18 that corresponds to the less easily oxidized inner
(internal) ferrocenyl groups appears at 60 mV more positive
potentials than that of the AuNPs 17. Presumably, the
electrostatic factor is more important in the AuNPs 18 after
the oxidation of the first (outer) ferrocenyl groups than in AuNPs
17, which means that more energy is required for the second
oxidation, that of the inner ferrocenyl groups (Figure 3).

Presumably this is due to the proximity of the trz-BiFc moieties
inside each dendron in the dendronized AuNPs 18 unlike in the
AuNPs 17. Additionally, this wave (internal Fc) of the AuNPs 18
appears to be quasi-reversible (ΔEp = 85 mV), indicating that
some structural reorganization (that may be decomplexation)
somewhat slows down the heterogeneous electron transfer.
Adsorption is also observed on the electrode, but continuous
scanning leads to degradation of the product on the surface of the
Pt-electrode (probably decomplexation) so that a fine modified
electrode is not accessible, unlike in the case of the AuNPs 17
described above.

■ CONCLUSION
The synthesis and purification of ethynylbiferrocene was a key
step for the click assembly of dendrons, dendrimers, and gold
nanoparticles containing biferrocenyl termini. These organo-
metallic nanomaterials show very useful redox properties
involving the three distinct oxidation states of biferrocene. In
particular the biferrocenyl termini are all equivalent, and cyclic
voltammograms of the metallodendrimers show only two waves
that are not broadened by the nanostructure due to the weakness
of the electrostatic effect. This equivalence is essential for sensing
applications with these metallodendrimers. In nanoparticle-
cored dendrimers, however, the second biferrocene oxidation
wave is found at slightly more positive potential value than in
nondendronized nanoparticles with quasi-reversibility, presum-
ably due to some electrostatic effect within the three
biferrocenium units of the dendrons. The result is that modified
electrodes with the nanoparticles can be formed only with
nanoparticles containing nondendronized biferrocenyl tethers.
The electron-withdrawing triazolyl groups linked to the
biferrocenyl termini plays a key role in differentiating the inner
and outer ferrocenyl groups of the dendrimers, which is most
useful for sensing both anionic and cationic substrates and
stabilizing well-defined nanoparticles.

■ EXPERIMENTAL SECTION
Synthesis of 2.20 In a flask were placed 10.24 g of zinc powder and a

solution of biferrocene 1 (4.0 g, 10.8 mmol) in 100 mL of anhydrous
DCM under nitrogen. In another flask, also under nitrogen, acetyl

Chart 2. Triazolylbiferrocenyl-Terminated AuNPs 17

Chart 3. Triazolylbiferrocenyl-Terminated AuNPs 18

Figure 3. CV of the AuNPs 18. Solvent: CH2Cl2; internal reference:
FeCp*2 (Cp* = η5-C5Me5); reference electrode: Ag; working and
counter electrodes: Pt; scan rate: 0.2 V/s; supporting electrolyte:
[n-Bu4N][PF6]. The wave at 0.0 V corresponds to decamethylferrocene
(reference).25
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chloride (0.76 mL, 10.7 mmol) was dissolved in 100 mL of anhydrous
DCM. To this was slowly added anhydrous aluminum chloride (1.4 g,
10.8 mmol). The second solution was added to the first dropwise at
0 °C, forming a rich purple color. The mixture was stirred for 20 h at
0 °C and hydrolyzed cautiously with water at 0 °C. The product was
extracted with DCM and washed several times with water. After drying
over Na2SO4 the solvent was removed in vacuo. The crude product was
purified by column chromatography on silica gel. Elution with pentane
removed unreacted species. Then elution with DCM removed
acetylbiferrocene (red band). Recrystallization in 10 mL DCM/
500 mL cold pentane at 0 °C gave product 2 (800 mg, yield: 17%).
1HNMR (CDCl3, 300MHz) δppm: 4.600 (t, 2H, sub. Cp), 4.387 (m, 4H,
sub. Cp), 4.344 (t, 2H, sub. Cp), 4.243 (d, 4H, sub. Cp), 4.000 (5H, Cp
free), 2.179 (s, 3H, CH3COBiFc).
Synthesis of 3.18 Compound 2 (0.800 g, 1.94 mmol) was dissolved

in 50 mL of THF and cooled to −78 °C, and a 1.1 equiv solution of
freshly prepared lithium diisopropylamide [100 mL of THF,
diisopropylamine (1.1 equiv, 2.13 mmol, 0.3 mL), n-butyllithium
(1.21 equiv, 2.35mmol)] was added dropwise. The reactionmixture was
stirred for 1 h at −78 °C; then diethylchlorophosphate (1.05 equiv,
2.04 mmol, 0.29 mL) was added, and the reaction mixture was
maintained at−78 °C for 1 h. Then the reaction mixture was warmed to
room temperature (rt) before cooling again to−78 °C and adding again
dropwise a 2.3 equiv solution of freshly prepared lithium diisopropyl-
amine [100 mL of THF, diisopropylamine (2.3 equiv, 4.46 mmol,
0.62 mL), n-butyllithium (2.53 equiv, 4.91 mmol)]. After raising the
temperature again to rt the reaction was hydrolyzed at 0 °C. After
extraction with DCM, drying on sodium sulfate, and evaporation of the
solvent the crude product was purified by column chromatography on
silica gel with pentane/DCM (9:1) as eluent. The product was isolated
as a red solid (0.368 g, 48%). 1H NMR (CDCl3, 300 MHz), δppm: 4.43−
4.38 (m, 4H, CH of sub. Cp), 4.27−4.22 (m, 6H, CH of sub. Cp), 4.05−
4.03 (m, 7H, CH of Cp free and sub. Cp), 2.71 (s, 1H, CCH).
Synthesis of 7. Ethynylbiferrocene (3; 0.178 g, 0.454 mmol) and

G0-9-N3 (0.050 g, 0.033 mmol) were dissolved in oxygen-free THF
(50 mL), and oxygen-free water (50 mL) was added. A solution of 1 M
CuSO4 (1 equiv per branch) was added at 0 °C, with subsequent
dropwise addition of a freshly prepared solution of 1 M sodium
ascorbate (2 equiv per branch). The brown solution immediately
changed to orange. The reaction mixture was allowed to stir for 24 h
under N2 at rt. Then DCM (100 mL) was added followed by the
addition of an aqueous solution of ammonia. Themixture was allowed to
stir for 10 min in order to remove all the copper salts trapped inside the
dendrimer. The organic phase was washed twice with water, dried over
sodium sulfate, and filtered, and the solvent was removed in vacuo. The
product was then washed with methanol to remove the excess alkyne
and precipitated from DCM with methanol and then with pentane,
giving a yellow powder (0.134 g, yield 80%).

1H NMR (CDCl3, 200 MHz), δppm: 7.02 (s, 9H of triazole),
4.53, 4.24, 4.20, and 4.11 (s, 108H, Cp sub.), 3.94 (s, 45H, Cp), 3.74 (s,
18H, SiCH2-triazole), 1.55 (s, 18H, CH2CH2CH2Si), 1.01 (s, 18H,
CH2CH2CH2Si), 0.56 (s, 18H, CH2CH2CH2Si), 0.03 (s, 54H,
Si(CH3)2).

13C NMR (CDCl3, 50 MHz), δppm: 145.6 (Cq core),
144.9 (Cq of triazole), 121.3 (CHof arom. core), 120.4 (CHof triazole),
84.9, 82.6, and 70.7 (Cq of Cp sub.), 69.4, 67.9, 67.4, 67.2, 66.1 (CH
of Cp sub.), 69.1 (CH of Cp), 43.8 (CqCH2CH2CH2Si), 41.7
(CqCH2CH2CH2Si), 40.6 (triazole-CH2Si), 17.5 (CqCH2CH2CH2Si),
14.8 (CqCH2CH2CH2Si), −3.7 (Si(CH3)2). MALDI-TOF-MS (m/z):
calcd 5086.98; found 5087.11 (M+, 100%). Anal. Calcd for
C261H291Fe18N27Si9: C 61.56, H 5.72. Found: C 60.58, H 7.91.
Synthesis of 8. Ethynylbiferrocene (3; 0.127 g, 0.324 mmol) and

G1-27-N3 (0.050 g, 0.008 mmol) were dissolved in oxygen-free THF
(50 mL), and oxygen-free water (50 mL) was added. A solution of
1 M CuSO4 (1 equiv per branch) was added at 0 °C, with subsequent
dropwise addition of a freshly prepared solution of 1 M sodium
ascorbate (2 equiv per branch). The color of the brown solution
immediately changed to orange. The reactionmixture was allowed to stir
for 24 h under N2 at rt. Then DCM (100mL) was added followed by the
addition of an aqueous solution of ammonia. Themixture was allowed to
stir for 10 min in order to remove all the copper salts trapped inside the

dendrimer. The organic phase was washed twice with water, dried over
sodium sulfate, and filtered, and the solvent was removed in vacuo. The
product was then washed with methanol to remove the excess alkyne
and precipitated from DCM with methanol and then with pentane,
giving a yellow powder (0.114 g, yield 85%).

1H NMR (CDCl3, 200 MHz), δppm: 7.12 (d, 18H, arom.), 6.95 (s,
27H of triazole), 6.88 (d, 18H, arom.), 4.52, 4.23, 4.18, and 4.10 (s,
324H, Cp sub.), 3.94 (s, 135H, Cp), 3.74 (s, 54H, SiCH2-triazole), 3.48
(s, 18H, CH2OAr), 1.55 (s, 72H, CH2CH2CH2Si), 1.04 (s, 72H,
CH2CH2CH2Si), 0.55 (s, 72H, CH2CH2CH2Si), 0.05 (s, 216H,
Si(CH3)2).

13C NMR (CDCl3, 50 MHz), δppm: 158.9 (arom. OCq),
144.9 (Cq-triazole), 138.6 (arom. Cq), 127.9 and 113.4 (arom. CH of
dendron), 120.1 (CH of triazole), 84.8, 82.4, and 70.7 (Cq of Cp sub.),
69.4, 69.0, 67.4, 67.2, and 66.1 (CH of Cp sub.), 69.1 (CH of Cp), 60.3
(CH2OAr), 42.8 (CqCH2CH2CH2Si), 41.8 (CqCH2CH2CH2Si), 40.6
(triazole-CH2Si), 17.3 (CqCH2CH2CH2Si), 14.7 (CqCH2CH2CH2Si),
−3.8 (Si(CH3)2). Anal. Calcd for C882H1029Fe54N81O9Si36: C 62.55, H
6.12. Found: C 62.20, H 6.46.

Synthesis of 9. Ethynylbiferrocene (3; 0.116 g, 0.294 mmol) and
G2-81-N3 (0.050 g, 0.003 mmol) were dissolved in oxygen-free THF
(50 mL), and oxygen-free water (50 mL) was added. A solution of
1 M CuSO4 (1 equiv per branch) was added at 0 °C, with subsequent
dropwise addition of a freshly prepared solution of 1 M sodium
ascorbate (2 equiv per branch). The color of the brown solution
immediately changed to orange. The reactionmixture was allowed to stir
for 24 h under N2 at rt. Then DCM (100mL) was added followed by the
addition of an aqueous solution of ammonia. The mixture was allowed
to stir for 10 min in order to remove all the copper salts trapped inside
the dendrimer. The organic phase was washed twice with water, dried
over sodium sulfate, and filtered, and the solvent was removed in vacuo.
The product was then washed with methanol to remove the excess
alkyne and precipitated from DCM with methanol and then with
pentane, giving a yellow powder (0.103 g, yield 81%).

1H NMR (CDCl3, 200 MHz), δppm: 7.13 (d, 72H, arom.), 6.96
(s, 81H of triazole), 6.88 (d, 72H, arom.), 4.53, 4.23, 4.20, and 4.11 (s,
972H, Cp sub.), 3.94 (s, 405H, Cp), 3.74 (s, 162H, SiCH2-triazole), 3.53
(s, 72H, CH2OAr), 1.57 (s, 234H, CH2CH2CH2Si), 1.04 (s, 234H,
CH2CH2CH2Si), 0.57 (s, 234H, CH2CH2CH2Si), 0.08 (s, 702H,
Si(CH3)2).

13C NMR (CDCl3, 50 MHz), δppm: 159.1 (arom. OCq),
144.9 (Cq-triazole), 138.7 (arom. Cq), 127.1 and 113.6 (arom. CH of
dendron), 120.1 (CHof triazole), 85.1, 82.7, and 70.8 (Cq ofCp sub.), 69.4,
69.0, 67.9, 67.4, 67.2, and 66.2 (CH of Cp sub.), 69.1 (CH of Cp), 60.2
(CH2OAr), 43.0 (CqCH2CH2CH2Si), 41.8 (CqCH2CH2CH2 Si), 40.6
(triazole-CH2Si), 17.4 (CqCH2CH2CH2Si), 14.9 (CqCH2CH2CH2Si),
−3.7 (Si(CH3)2). Anal. Calcd for C2745H3243Fe162N243O36Si117 : C 62.74, H
6.22. Found: C 62.48, H 6.43.

Synthesis of 13. The tris-azido phenol dendron 12 (124.6 mg,
0.217 mmol, 1 equiv) and ethynylbiferrocene (3; 257 mg, 0.652 mmol,
3 equiv) were dissolved in 50mL of THF, and 50mL of water was added
(1:1 THF/water). At 0 °C, CuSO4 was added (162.7 mg, 0.652 mmol;
3 equiv; 1 M aqueous solution), followed by the dropwise addition of a
freshly prepared solution of sodium ascorbate (258.3 mg, 1.304 mmol; 6
equiv; 1 M aqueous solution). The solution was allowed to stir for 24 h
at rt. An aqueous solution of ammonia was added, and the mixture was
allowed to stir for 10 min. The organic phase was washed twice with
water, dried over sodium sulfate, and filtered, and the solvent was
removed in vacuo. The product was washed with pentane in order to
remove the excess of 3; then it was precipitated in pentane twice. The
product was obtained as an orange powder (0.305 g, yield: 80%).

1H NMR (CDCl3, 300 MHz), δppm: 7.05 (3H, CH trz), 6.85 and 6.74
(4H, CH arom.), 4.61, 4.23, 4.17, and 4.80 (51H, Cp of BiFc), 3.74 (6H,
SiCH2trz), 1.65 (6H, CH2CH2CH2Si), 1.01 (6H, CH2CH2CH2Si), 0.53
(6H, CH2CH2CH2Si), 0.05 (18H, Si(CH3)2).

13C NMR (CDCl3, 75
MHz) δppm: 154.3 (CqOH), 145.0 (Cq of trz), 127.2 and 115,2 (CH
arom.), 120.2 (CH of trz), 85.0, 82.6, 70.8 (Cq of Cp sub.), 69.5, 69.1,
67.5, 67.3, 66.2 (CHofCp sub.), 69.2 (CHofCp), 43.0 (CqCH2CH2CH2Si),
41.7 (CqCH2CH2CH2Si), 40.8 (trz-CH2Si), 17.4 (CqCH2CH2CH2Si),
14.8 (CqCH2CH2CH2Si), −3.8 (Si(CH3)2). IR (KBr): 3400 cm−1

(O−H), 3083 cm−1 (C−H of trz and Cp), 818 cm−1 (C−H out-of-plane
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bending of Fc). Maldi-TOFmass spectrum: calcd for C91H100Si3N9Fe6O
1755.3 Da, found 1755.7 Da.
Synthesis of 14. Dendron 13 (248 mg, 0.14 mmol, 1 equiv) was

dissolved in 60 mL of acetone. Then 5.6 mg of Cs2CO3 (0.42 mmol, 3
equiv) and 0.0015 mL of propargyl bromide (0.21 mmol, 1.5 equiv)
were added. The reaction mixture was heated under nitrogen at 60 °C
for 24 h. The excess of propargyl bromide was removed in vacuo. After
extraction of the product in diethyl ether/water, the organic phase was
washed twice with water. The organic phase was evaporated, and the
product was an orange-brown powder (0.225 g, yield: 90%). 1H NMR
(CD3COCD3, 300 MHz) δppm: 7.50 (CH of trz), 7.26 and 6.96
(4H, CH, arom.), 4.74 (2H, CH2O), 4.55, 4.31, 4.28, 4.13, 3.93 (51H,
Cp of BiFc), 3.91 (6H, SiCH2N), 3.07 (1H, OCH2CCH), 1.68 (6H,
CH2CH2CH2Si), 1 .21 (6H, CH2CH2CH2Si) , 0.62 (6H,
CH2CH2CH2Si), 0.10 (18H, Si(CH3)2).

13C NMR (CD3COCD3, 75
MHz) δppm: 155.2 (CqO), 144.41 (Cq of trz), 127.48 and 114,53 (CH
arom.), 121.12 (CH of trz), 85.11, 82.91, 71.98 (Cq of Cp sub.), 79.04
(CqOCH2CCH), 77.38 (CqOCH2CCH), 69.42, 69.25, 67.56, 67.00,
66.50 (CHof Cp sub.), 69.24 (CHof Cp), 55.79 (CqOCH2CCH) 42.93
(CqCH2CH2CH2Si), 41.48 (CqCH2CH2CH2Si), 40.28 (trz-CH2Si),
17.41 (CqCH2CH2CH2Si), 14.76 (CqCH2CH2CH2Si), −4.18 (Si-
(CH3)2). IR (KBr): 3091 cm−1 (C−H of trz and Cp), 2117 cm−1

(CCH), 823 cm−1 (C−H out-of-plane bending of Fc). Maldi-TOFmass
spectrum: calcd for C94H102Si3N9Fe6O 1793.4 and for C94 H102 Si3 N9 Fe6 OK
1832.3, found 1793.9 and 1832.9, respectively. Anal. Calcd for
C94H103Si3N9Fe6O: C 62.94, H 5.79. Found: C 62.63, H 5.81.
Synthesis of AuNPs 17. The azido-terminated AuNPS 16 (50 mg,

6× 10−4 mmol, 1 equiv) and ethynylbiferrocene (3; 18 mg, 0.045 mmol,
75 equiv) were dissolved in 40 mL of distilled toluene. At rt, 20% of the
catalyst 19was added. The solution was allowed to stir for 48 h at rt. The
solvent was distilled, and the black solid was washed with ethanol and
subsequently with pentane to remove the catalyst and the excess of 3.
The product was solubilized again in DCM and filtered. The product
was obtained as a black/brown oil (0.036 g, yield: 65%).

1H NMR (CDCl3, 300 MHz), δppm: 6.97 (1H, trz), 4.53, 4.38, 4.34,
4.22, 4.16, 3.97, 3.91 (19H, Cp sub., Cp free and −CH2trz), 1.54 (22H,
−CH2 of ligands with BiFc termini), 1.23 (22H, −CH2 of ligands with
methyl termini), 0.86 (3H, −CH3). DLS: hydrodynamic diameter,
d = 20 ± 3 nm. IR (KBr): disappearance of the N3 band at 2097 cm

−1,
801 cm−1 (C−H out-of-plane bending of Fc). TEM: d = 2.1 ± 0.1 nm.
CV: E1/2 = 0.48 V,ΔE = 20 mV, ia/ic = 1 and E1/2 = 0.80 V,ΔE = 30 mV,
ia/ic = 0.9.
Synthesis of AuNPs 18. The azido-terminated AuNPS 16 (50 mg,

6× 10−4 mmol, 1 equiv) and dendron 14 (81mg, 0.045mmol, 75 equiv)
were dissolved in 50 mL of distilled toluene. At rt, 20% of catalyst 19was
added, and the solution was allowed to stir for 24 h at rt. The solvent was
distilled, and the black solid was washed with ethanol and subsequently
with pentane to remove the catalyst and the excess of 3. The product
was solubilized again in DCM and filtered. The product was obtained as
black-brown oil (0.060 g, yield: 77%).

1H NMR (CDCl3, 300 MHz), δppm: 7.13−7.21 (4H, CH of triazoles
and 4H, CH of Ar), 4.82 (2H, CH2O of each dendron), 4.40, 4.23, 4.03,
3.74 (51H, Cp of BiFc-dendron), 3.48 (6H, SiCH2N of BiFc-dendron),
1.60 (6H, CH2CH2CH2Si of BiFc-dendron and 22H, −CH2 of the alkyl
BiFc-terminated chain), 1.27 (6H, CH2CH2CH2Si of BiFc-dendron and
22H,−CH2 of the alkyl chain), 0.88 (3H,−CH3 ), 0.54 (6H,CH2 CH2 CH2 Si
of each dendron), 0.05 (18H, Si(CH3)2 of BiFc-dendron). IR (KBr):
disappearance of the N3 band at 2097 cm−1, 802 cm−1 (C−H out-of-
plane bending of Fc). DLS: hydrodynamic diameter, d = 23 ± 4 nm.
TEM: d = 2.0 ± 0.1 nm. CV: E1/2 = 0.48 V, ΔE = 50 mV, ia/ic = 0.7 and
E1/2 = 0.86 V, ΔE = 85 mV, ia/ic = 0.6.
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Partie 3 

Conception de dendrimères polycationiques de cobalticénium et de FeCp(mésitylène) 

Introduction 

 Cette partie concerne la synthèse par la méthode “click” CuAAC de dendrimères contenant 

plusieurs cations triazolylmétallocényles en terminaison développant des nanomatériaux à 

propriétés polyélectroniques, c’est-à-dire permettant de transférer plusieurs électrons au 

même potentiel (approximativement) avec des valeurs de potentiels redox variant en fonction 

du biométal (Fe, Co) et des ligands (Cp, arène) utilisés. En même temps, la présence du 

groupement triazolyle confère aux systèmes des propriétés spécifiques sur le plan de la 

reconnaissance redox et de l’influence électronique sur le centre redox voisin. 

Dans un premier chapitre, les réactions click catalysées au Cu
I
 de l’éthynyl-cobalticénium 

avec un dendron tris-azoture et trois générations de dendrimères polyazoture sont 

développées. La montée en génération, c'est-à-dire l’augmentation du nombre de trz-Cob
+
 du 

dendron (n = 3) au plus grand dendrimère G2 (n = 81) étudiée par plusieurs techniques, 

procure à ces molécules des propriétés différentes (comme par exemple la solubilité). La 

spectroscopie UV-visible montre la croissance de nombres d’unités qui est analogue à la 

croissance du coefficient d’extinction molaire, ainsi que les études statistiques d’AFM qui ont 

fourni une preuve claire de la progression de la taille lors de la progression en génération du 

dendrimère. Par voltammètrie cyclique (VC), il est démontré que le solvant joue un rôle 

notable concernant la réversibilité de la vague  Co
III/II

. En outre la VC indique que la 

réversibilité de la deuxième vague Co
II/I

 dépend de la génération du dendrimère.  La 

possibilité de reconnaissance de l’anion H2PO4 qui est un fragment du co-enzyme ATP
2-

 par le 

dendrimère G2 est également mis en évidence. 

 

 

 

 

 

 

 

Schéma. Motifs du chapitre 3.1. 

Les dendrimères de FeCp(mésitylène) ont aussi été synthétisés par réaction click CuAAC 

malgré leur sensibilité à la lumière visible et aux solvants coordinants (Chapitre 3.2) et les 

études rédox de ces dendrimères sont détaillées ici. 
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Au chapitre 3.3 nous présentons la synthèse de poly-cobalticénium dendritiques par une 

différente méthode, celle de la réaction de hydroamination. Ces études sont réalisées dans le 

cadre d’une collaboration avec Dr.Wang Yanlan et sont présentées en cette partie. 
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ABSTRACT: The derivatization of macromolecules with redox-
stable groups is a challenge for molecular electronics applications.
The large majority of redox-derivatized macromolecules involve
ferrocenes, and there are only a few reports with cobalticinium. We
report here the first click derivatization of macromolecules with the
cobalticinium redox group using ethynylcobalticinium hexafluor-
ophosphate, 1. CuI catalysis was used for these selective click
metallodendrimer syntheses starting from 1 and providing the
tripodal dendron 3 that contains three 1,2,3-triazolylcobalticinium
termini and a phenol focal point and the dendrimers of generations
0, 1, and 2 containing 9, 27, and 81 triazolylcobalticinium units for
the dendrimers 4, 5, and 6, respectively. Atomic force microscopy
(AFM) statistical studies provided the progression of height upon
increase of dendrimer generation. Cyclic voltammetry studies in MeCN and dimethylformamide (DMF) show the solvent-
dependent reversibility of the CoIII/II wave (18e/19e) and generation dependent reversibility of the CoII/I (19e/20e) wave in
DMF. The H2PO4

− anion is only recognized by the largest metallodendrimer 6 by a significant cathodic shift of the CoIII/II wave.

■ INTRODUCTION

Cobalticinium salts1 have been the subject of attention for their
useful electrochemistry and electron-transfer chemistry. They
present a relative stability of three oxidation states, including the
19-electron neutral cobaltocene1,2 and the very electron rich 20-
electron cobaltocene anion.3 When redox-reversible transition-
metal complexes are linked to nanosystems, they undergo
chemically and electrochemically reversible transfer of a large
number of electrons, and these multiple redox processes are
useful for nanodevices behaving as nanobatteries,4 redox
sensing,5 and biosensing,6 modified electrode surfaces7 and
redox catalysis.8 Poly cobalticinium receptors were extensively
studied by Beer et al. for anion recognition,5 and various cobaltici-
nium polymers obtained either by ring-opening cobaltocenophane9

or from cobalticinium carboxylic acid as a side group10 have been
reported.
Metallodendrimers have a rich chemistry that has been

extensively reviewed.11 The dendritic structures offer the
opportunity of introduction of many redox centers at the
periphery of the molecular frame, allowing multiple possibilities
of functionalization.12 This concept has been widely studied with
ferrocene dendrimers.13 However, cobalticinium dendrimers are
much less developed even though they have been already
reported by several groups.14 These metallodendritic syntheses
have systematically used cobalticinium carboxylic acid. Click
methodology,15 in particular the copper catalyzed azide−alkyne
cycloaddition (CuAAC) forming 1,2,3 triazoles (trz),16 however,
has recently appeared as one of the most powerful and practical
means to form such nanoassemblies.17 Ferrocenyl dendrimers

have been synthesized in this way,18 and advantage of the
introduction of trz ligands on the dendritic tethers has appeared as
a powerful means to stabilize palladium19 and gold20 nanoparticles
with remarkable catalytic19 and sensor properties.18

Recently, complexes containing a single trz-cobalticinium unit
have been synthesized from ethynylcobalticinium, verifying the
possibility to link cobalticinium to other groups in this way by
CuAAC click chemistry.21 Herein we now report the use of the
click CuAAC strategy using ethynyl cobalticinium to synthesize a
metallodendron with 1→3 connectivity22 and three generations
(G0, G1, and G2) of cobalticinium dendrimers 4, 5, and 6 (Chart 1)
with the same connectivity containing respectively 9, 27, and 81
cobalticinium termini. Cyclic voltammetry studies of these new
redox-active metallodendrimers including redox recognition of the
H2PO4

− anion with positive dendritic effects23 are also reported
here.

■ RESULTS AND DISCUSSION

1. Synthesis of the Dendrimers Series and Phenol-
triallyl Dendron. The construction for the G0, G1, and G2
chloromethyl(dimethyl)silyl dendrimers with 1→3 connectiv-
ity22 were synthesized as described previously upon CpFe+-
induced triallylation of mesitylene and p.methoxytoluene
followed, after decomplexation, by hydrosilylation of the
polyallyl dendritic cores and dendron using chloromethyldime-
thylsilane and iteration using a Williamson reaction with the
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tribranched phenol dendron (phenol triallyl).24 The terminal
chloro groups were then substituted by azido groups by reaction

with sodium azide providing azido-terminated dendrimers and
dendron.18

Chart 1

Scheme 1. Click Synthesis of the tris-trz-Cobalticinium Phenoltriallyl Dendron 3

Inorganic Chemistry Article

dx.doi.org/10.1021/ic400747y | Inorg. Chem. 2013, 52, 6685−66936686

88



2. Click Synthesis of the Dendron and Dendrimers.
Ethynylcobalticinium 1 was synthesized as previously described
in 60% overall yield from cobalticinium hexafluorophosphate.25

The uncatalyzed Huisgen reaction26 between 1 and benzyl azide
conducted in the absence of copper catalyst in 1,2 dimethoxy-
ethane at 80 °C was completed in 2 days giving 92% of the 1−4
disubstituted triazole 2 (a) and only 8% of the 1−5 disubstituted
triazole 2 (b) (see Supporting Information). The selectivity for
the 1−4 isomer is remarkable under these conditions; it is likely
due to steric reasons favoring the 1−4 substitution.23 The
mixture of isomers was characterized by 1H, 13C, and 31P NMR,
IR, UV−vis, and ESI mass spectrometry. Comparing to the
CuAAC click reaction with the use of copper catalyst (CuSO4 +
ascorbic acid), however, the latter does not give isomerization at
all, but only the 1−4 disubstituted trz product, and the reaction is
much more rapid. Consequently, the catalyzed CuAAC reaction
of 1 with the azido-terminated dendron and dendrimers was
appropriate for the metallodendrimer assembly. Thus the
syntheses of the trz-cobalticinium dendron 3 and dendrimers
4, 5, 6 were carried out using CuSO4/sodium ascorbate between
the terminal alkyne 1 and the tris-azido phenoltriallyl dendron
(Scheme 1) and three generations G0, G1, and G2 of dendrimers
dend-N3 containing 3, 9, 27, 81 azido termini respectively
(Scheme 2). The solvents in each reaction were chosen to

achieve the solubility of the final product, because the
polycationic cobalticinium dendrimers were soluble only in
high polarity solvents, the reaction of the dendron was carried
out in THF/H2O, that of 4 in CH3CN/H2O and those of 5 and 6
in a mixture of THF/CH3CN/H2O, because the azido-
terminated precursors were not soluble in CH3CN. The
temperature of the reaction was 60 °C, and the reactions were
left stirring during 16 h. The reactions needed stoichiometric
rather than catalytic amounts of CuI because of encapsulation of
CuI by coordinating to the resulting trz ligand, as previously
encountered with ferrocenyl analogues.18,27 The copper salt was
finally removed as [Cu(NH3)2(H2O)2] [SO4] by adding an
aqueous solution of NH3 that was left stirring for 15 min. The
resulting tris-trz-cobalticinium terminated dendron and trz-
cobalticinium dendrimers were purified, after workup, by precip-
itation in diethyl ether as orange powder. They were isolated as
orange-red products in high yields. They were characterized by1 H,
13C, and 29Si NMR, IR, UV−vis., DOSY NMR, MALDI-TOF mass
spectrometry, AFM measurements, cyclic voltammetry, and
elemental analysis.
3. Characterizations. The characterization of the dendritic

cobalticinium salts depends on their solubility that varies with the
number of cobalticinium moieties in the molecule. The trz-
cobalticinium group is very hydrophilic, and it is soluble only in
polar solvents. As the number of trz-cobalticinium groups
increases in a molecule, the polarity of the solvent in which it can
be solubilized also increases. Indeed the monomers 2 (a), 2 (b)
can be dissolved in dichloromethane, tetrahydrofuran (THF),

acetone, acetonitrile, and DMF, whereas the dendrimer 6 can be
solubilized only in very polar solvents such as CH3CN, DMF,
and DMSO. The solubility of the products is summarized in
Table 1.

The inf rared spectra are a very useful tool to monitor the click
reactions, because the characteristic peak of the azido groups at
about 2094 cm−1 disappears at the end of the reactions
confirming that the azido groups are replaced by the 1,2,3-
triazole groups. The characteristic absorption of the PF6 anion of
these trz-cobalticinium products shows a strong band in the
range 836−838 cm−1. The absorptions due to the =C−H
stretching of the triazole and Cp groups of the trz-cobalticinium
unit are found in the range 3118−3127 cm−1 (Figure 1).

NMR spectroscopy confirms the structure of the trz-cobalticinium
products. Particularly, in 1H NMR the formation of the trz ring is
clearly shown by the appearance of the peaks around 8.4 ppm (in
CD3COCD3) for the products 3, 4, and 5, and around 8.0 (in
CD3CN) for the product 6. In all the cases, the peak of SiCH2 -N3 at
2.7−2.8 ppm has disappeared, whereas the appearance of the new
peak of SiCH2-trz takes place at about 4.1 ppm. The presence of the
trz group is also confirmed by the appearance of the characteristic
peaks of Cq and CH of trz as well as SiCH2-trz in the 13C NMR
spectra. The 29Si NMR spectra of the dendrimers are very simple,
showing one peak at 3.41 ppm (compounds 4 and 5) and 3.50 ppm
(compound 6) for SiCH2-trz and another smaller peak at 0.46 ppm
that corresponds to SiCH2O for compounds 5 and 6. Finally, the

Scheme 2. Click Synthesis of the Dendrimers 4, 5, and 6 with
9, 27, and 81 trz-Cobalticinium Termini, Respectively

Table 1. Solubilities of the trz-Cobalticinium
Hexafluorophosphate Derivatives 2 (a), 3, 4, 5, and 6 as a
Function of the Number of trz-Cobalticinium Termini, at
25°Ca

product CH2Cl2 THF acetone CH3CN/DMF

2 (a) + + + +
3 − + + +
4 − − + +
5 − − + +
6 − − − +

a +: very soluble; −: insoluble.

Figure 1. IR spectra of the tris-azido phenoltriallyl precursor and
product 3 after the CuAAC click reaction.
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assignments of the number of protons in 1H NMR show the
expected ratio between the dendritic frame part and the
cobalticinium part, including for the large dendrimer 6.
Maldi-TOF mass spectrometry confirms the structure of the

positively monocharged trz-cobalticinium dendron 3 (showing
two PF6 anions) and trz-cobalticinium dendrimer 4 (see
Supporting Information). Elemental analysis also confirms the
structures of 3, 4, 5, and 6.
UV−visible Spectroscopy. A strong absorption band is

observed for all the dendrimers in the ultraviolet region peaking

at 354.8 nm, whereas a less intense absorption shoulder is
observed in the visible region peaking at about 427 nm. From the
Lambert−Beer’s law, we calculated the molar extinction coefficient
ε for the compounds 3, 4, 5, and 6. Its value increases upon increase
of dendrimer generation, which also confirms the progressivity of
the trz-cobalticinium generations (3, 4, 5, and 6). (For ε values: see
the Supporting Information)
DOSY (diffusion-ordered spectroscopy) experiments were

carried out for the dendrimers 4, 5, and 6. The main goal of these
experiments was to measure the diffusion coefficient D that was

Figure 2. AFM images and statistical height distribution of dendrimers 4, 5, and 6.
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extracted from the DOSY 1HNMR spectra. The latter also reflect
the purity of the products. For compound 4, the average diffusion
coefficient value obtained isD = 2.85 (±0.1)× 10−6 cm2/s. In the
case of the dendrimer 5 (27 branches), the calculated diffusion
coefficient is D = 2.58 (±0.1) × 10−6 cm2/s, whereas in the case
of the dendrimer 6 (81 branches), the calculated diffusion
coefficient is D = 6.46 (±0.1) × 10−7 cm2/s.
In an effort to better characterize the three polycobalticinium

dendrimers and their interaction with surfaces, and obtain a
clearer evidence of the size progression, atomic force microscopy
(AFM) studies have been conducted. Freshly cleaved mica
surfaces (that have a negative surface charge density) have been
used as clean imaging substrates. A diluted acetonitrile solution
of each dendrimer was deposited on a mica surface by spin-
coating (800−1000 rpm for one minute, 0.1% w/w). In their
condensed phase, the dendrimers collapse onto the mica surface.
The height of the dendrimer layer usually represents a
monolayer, and the dendrimers agglomerate in large packages
of variable sizes on the surface.13 In our studies, the heights of the
dendrimers were quite uniform. Therefore, statistical study of the
height of each dendrimer by AFM analysis was obtained and
provided a clear evidence of the size progression upon increase of
dendrimer generation. (Figure 2).
Although both the DOSY 1H NMR and AFM experiments

yield dendrimer sizes, the two methods are not comparable, because
the former provides a diameter that includes peripheral solvation or/
and even eventually dendritic agglomerates in solution, whereas the
latter gives the height (thicknesses) of a collapsed dendrimer in the
condensed phase. The reproducible DOSY measuments indicated
above leads to diameters of 4.8 nm for 4, 5.6 nm for 5, and 19.6 nm
for 6 that are much larger than the AFM thicknesses indicated in the
condensed phase for the reasons indicated above. In the present
case, it is highly probable that interdendrimer ion-pairing intervenes
for the formation of agglomerates in solution given the charged
branch termini of the dendrimers, which increases the observed
DOSY sizes in solution.
4. Cyclic Voltammetry Studies. The tris-triazolyl cobalti-

cinium dendron 3 and the three generations of triazolyl-
cobalticinium dendrimers (compounds 4, 5, and 6) were studied
by cyclic voltammetry using decamethylferrocene as the internal
reference.28 The cyclic voltammograms (CVs) were recorded in
acetonitrile and DMF, a good solubility being accessible with
both solvents, and the results are gathered in Table 2. The first
reduction wave of all the products corresponds to the reduction
of cobalticinium to the 19-electron complex cobaltocene
(CoIII/II), and the second wave corresponds to the reduction of
cobaltocene to the 20-electron cobaltocenyl anion (CoII/I). Both
waves are single in acetonitrile and DMF, which can be explained
by the weakness of the electrostatic factor between the redox sites
of the metallodendrimers, these redox centers being far from one
another and separated by long tethers.29

The first wave in both acetonitrile and DMF appears
chemically and electrochemically reversible, a result similar to
that obtained with the monomeric complex 2 (a).21 The
electrochemical reversibility involving equally all the redox
groups is due to very fast rotation within the electrochemical time
scale, where all the redox groups come close to the electrode
provoking fast electron transfer between all the redox groups and
the electrode,30 and/or the electron-hopping mechanism.31

Adsorption during the cyclic voltammetry recording of
dendrimer is common, and it is more marked with cationic
dendrimers than with neutral ones. It is observed for the first
wave only in acetonitrile, and it is marked for the high dendrimer

generations. This large adsorption phenomenon for the large
dendrimers is due to the low solubility of the reduced neutral
dendrimer in acetonitrile. Themonomer and dendron compounds
2 (a) and 3 do not adsorb on the electrode. Adsorption begins
with the nona-cobalticinium dendrimer 4 (ia/ic =1.1) and
gradually increases as the generation number of dendrimer
increases. In particular, the ia/ic value for dendrimers 5 (Figure 3)
and 6 is 2.0 and 2.7 respectively (Table 2).

The second wave for compound 3 is completely irreversible
just like for themonomer 2 (a), whereas in dendrimers (4, 5, and 6)
the situation changes. In acetonitrile, this secondwave is reversible at
the electrochemical time scale but chemically irreversible. This is
due to partial degradation of the dendritic products during reduction
(CoII/I), caused by population of antibonding e*1 orbitals, which
destabilizes the cobalt-ligand bonds in synergy with the solvent
interaction.32 This thermodynamic destabilization is indeed
combined with kinetic destabilization when the solvent is a ligand
that can easily displace the Cp ring, which is especially the case
with MeCN. This chemical irreversibility is responsible for the
appearance of a shoulder at the anode of the first wave during

Table 2. Redox Potentials and Chemical (ia/ic) and
Electrochemical (Epa − Epc = ΔE) Reversibility Data for
Compounds 2(a)−6a

CoIII/II [V] CoII/I [V]

solvent E1/2 ΔE ia/ic E ΔE ia/ic

2 (a)21 MeCN −0.75 0.060 1.0 Ep = −1.76 0 0
3 MeCN −0.78 0.040 0.6 Ep = −1.72 0 0
3b MeCN −0.78 0.060 1.0
3 DMF −0.81 0.060 0.3 Ep = −1.81 0 0
4 MeCN −0.74 0.030 0.5 E1/2 = −1.65 0.050 0.2
4b MeCN −0.74 0.065 1.1
4 DMF −0.81 0.060 0.7 E1/2 = −1.79 0.070 0.8
5 MeCN −0.75 0.015 0.3 E1/2 = −1.80 0.010 0.3
5b MeCN −0.75 0.010 2.0
5 DMF −0.82 0.060 0.9 E1/2 = −1.77 0.060 1
6b MeCN −0.72 0.030 2.7
6 DMF −0.82 0.040 0.9 E1/2 = −1.78 0.050 0.7
6b DMF −0.82 0.040 1.0
aSupporting electrolyte: [n-Bu4N][PF6] 0.1M; working and counter
electrodes: Pt; reference electrode: Ag; internal reference: FeCp*2
(Cp* = η5-C5Me5); scan rate: 0.200 V s−1. bScanning until −1.0 V.

Figure 3. CV of 5 in CH3CN. The wave at 0.0 V corresponds to the
internal reference FeCp*2. Solvent: CH3CN; reference electrode: Ag;
working and counter electrodes: Pt; scan rate: 0.2 V/s; supporting
electrolyte: [n-Bu4N][PF6].
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oxidation. Upon scanning until less negative potentials in the same
solvent, the first CoIII/II wave is completely reversible, and no
splitting is observed (Figure 4), showing that decomposition of the

Co complex does not occur at the 19-electron level, but only upon
scanning the 20-electron state. However, in DMF such degradation
does not take place as the second wave appears both chemically and
electrochemically reversible (Figure 5). Another observation is

that the envelope of the first redox wave is broad, whereas in
the CoII/I wave that does not contain cationic species this
phenomenon does not appear. Thus the broad first wave could
be due to electrostatic interactions differentiating the various
single electron-transfer steps, that is, the electrostatic interaction
for the first electron transfer involves all the cationic charges,
whereas that for the last electron transfer involves only one
positive charge for the whole dendrimer. Interactions between
the cationic centers and the counteranions and the solvent
molecules are responsible for the variation of the energy engaged
in the heterogeneous electron transfers.
Redox recognition of anions by cyclic voltammetry is possible

with the triazolylcobalticinium dendrimers. Recognition and

sensing of anions are of importance in many fields, ranging from
environmental monitoring, biology, and industrial applications
to clinical diagnostics. To investigate this property, the
recognition of the H2PO4 anion as its n-Bu4N

+ salt was probed.
Such redox recognition has been first studied by Beer’s group
with polycobalticinium endoreceptors,4 and extended by our
group to dendritic exoreceptors.23 Indeed, its addition to the
electrochemical cell containing compound 6 provokes a splitting
of the CoIII/II CV wave for which the new part resulting from the
addition of [n-Bu4N][H2PO4] is found at a potential 0.15 Vmore
negative than the original one (Figure 6). The electrostatic

binding of the anionic guest partly masks the positive charge,
rendering the positively charged cobalticinium moiety more
difficult to reduce to its neutral 19-electron form. Overall, the
reasons for redox recognition combine the electrostatic and
supramolecular interaction with dendritic (exoreceptor) effect.
The supramolecular interactions are those of the hydrogen
bonding between the OH groups of the H2PO4

− anion and the
nitrogen atoms of the trz group and eventually the interaction of
oxygen atoms of the anion with the positively charged cobalt
center (or eventually a chelating interaction involving both the
trz and the Co center). The combined electrostatic and
supramolecular interactions are not sufficient, however, to
induce redox recognition in the present case (as in others
involving monomers and small dendrimers), as demonstrated by
the lack of redox recognition here with the trz-cobalticinium 2
(a), 3, 4, and 5. A significant topological effect is required in
synergy with the electrostatic and supramolecular effect to
recognize the oxo-anions. This strong dendritic effect (i.e., the
effect increases as the dendrimer generation increases) is only
obtained here with the second-generation metallodendrimer 6,
whereas interestingly it is insufficient with the zeroth and first-
generation dendrimers 4 and 5. This confirms the positive dendritic
effect in redox recognition, that is, the recognition improves as the
dendrimer generation increases (note that we believe that in
homogeneous catalysis, the dendritic effect with dendrimers
terminated with catalysts is negative for steric reasons33). These
trz-cobaticinium dendrimers are not adequate for H2PO4

− anion
titration, however, because the exact number of equivalents of the
anion could not be calculated because of some precipitation
occurring during addition of [n-Bu4N][H2PO4].

■ CONCLUDING REMARKS
The paucity of cobalticinium chemistry has largely favored the
development of ferrocene-containing dendrimers and polymers.

Figure 4. CV of 4 in CH3CN. The wave at 0.0 V corresponds to the
internal reference FeCp*2. Solvent: CH3CN; reference electrode: Ag;
working and counter electrodes: Pt; scan rate: 0.2 V/s; supporting
electrolyte: [n-Bu4N][PF6].

Figure 5. (a) CV of 4 in DMF. (b) CV of 5 in DMF. The wave at 0.0 V
corresponds to the internal reference FeCp*2. Solvent: DMF; reference
electrode: Ag; working and counter electrodes: Pt; scan rate: 0.2 V/s;
supporting electrolyte: [n-Bu4N][PF6].

Figure 6. CVs of compound 6: (a) In DMF, [n-Bu4N][PF6] 0.1M; see
Table 2 for data and conditions; (b) splitting of the reduction CV wave
upon addition of Bu4NH2PO4; (c) complete disappearance of the first
wave upon addition of Bu4NH2PO4.
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The great interest in polycationic dendrimers and polymers has
recently led to research on cobalticinium polymers especially
favored by the cobaltocenophane ring-opening polymerization
and the use of cobalticinium-carboxylic acid. Click chemistry
introduced a decade ago was ideal for the synthesis of
cobaltocenyl dendrimer and polymers, which has been achieved
for dendrimers in this article. The redox-active click
cobalticinium dendrimers also benefit from the location of a
1,2,3-triazolyl (trz) ring attached to the cobalticinium group.
Previous work has shown the interest of the trz ring as a ligand
that was very useful for the stabilization of catalytically active
nanoparticles19 in metallodendrimers and for sensing.17 Thus the
present click metallodendrimers that are the first cobalticinium
dendrimers benefit from both the trz unit attached to the
cobalticinium redox group allowing facile redox recognition of
substrates interacting with this heterocycle and the positive charge
on each dendrimer termini that should enable further supra-
molecular anion design and ion-pair interaction. These systems
will thus serve as a basis for further research in these directions as
well as the development of soft materials of interest. Reduction
studies of the trz-cobalticinium monomers involving 19-electron
species34 should also be extended to trz-cobalticinium dendrimers
and polymers to search for molecular battery materials. Such
studies are currently underway in our laboratory.

■ EXPERIMENTAL SECTION
General Data. For general data including solvents, apparatuses,

compounds, reactions, spectroscopies, and CV, see the Supporting
Information. Gn indicates the generation number n. The mononuclear
compound 1 was synthesized according to ref 25.
General Procedure for the Click Synthesis of Polycobaltici-

nium Dendron and Dendrimers. The compound 1 (1.5 equiv per
branch) and the azido-terminated dendron or dendrimers (3, 4, 5, or 6)
were dissolved in degassed THF, CH3CN or both, then degassed water
was added and the reaction mixture was cooled to 0 °C. Then, an
aqueous solution of CuSO4 1 M (1.1 equiv per branch) was added
dropwise, followed by the dropwise addition of a freshly prepared
solution of sodium ascorbate (2.2 equiv per branch) The color of the
solution changed from orange to dark red upon addition of sodium
ascorbate. The reaction mixture was allowed to stir for 16 h at 60 °C
under nitrogen atmosphere. Then, the mixture of solvents was removed
under vacuum, and 100 mL of nitromethane was added followed by the
addition of an aqueous solution of ammonia. Themixture was allowed to
stir for 15 min to remove all the copper salt trapped inside the dendron
or dendrimer. The organic phase was washed twice with water, dried
over sodium sulfate, filtered, and the solvent was removed under
vacuum. Then the product was washed with THF to remove the excess
of alkyne and precipitated from an acetone or acetonitrile solution in
diethyl ether.
Tris-triazolylcobalticiniumDendron 3.The synthesis was carried

out from ethynylcobalticinium 1 (406 mg, 1.134 mmol) and tris-azido
phenoltriallyl dendron (144.6 mg, 0.252 mmol) using the above general
procedure for click synthesis. The reaction was carried out in 60 mL of
THF−40 mL of H2O. The product 3 was obtained as an orange-red
powder (400 mg). Yield: 96% 1H NMR (1D 1H), (CD3COCD3,
400 MHz): δppm: 8.39 (3H, CH of trz), 7.15 and 6.78 (4H, CH arom.),
6.42 (6H, CH of Cp sub.), 6.03 (6H, CH of Cp sub.), 5.73 (15H, CH
of Cp), 4.12 (6H, SiCH2-trz), 1.67 (6H, CH2CH2CH2Si), 1.18 (6H,
CH2CH2CH2Si), 0.67 (6H, 18H, CH2CH2CH2 Si), 0.11 (18H, Si(CH3 )2 ).
13C NMR (1D 1H), (CD3COCD3, 75 MHz): δppm: 155.74 (CqOH),
138.34 (Cq-trz), 128.14 and 115,63 (CH arom.), 125.77 (CH of trz), 97.02
(Cq of Cp sub.), 86.69 (CH of Cp), 85.29 (CH of Cp sub.), 81.52 (CH of
Cp sub.), 43.74 (CqCH2CH2CH2Si), 42.50 CqCH2CH2CH2Si), 41.67
(trz-CH2Si), 18.14 (CqCH2CH2CH2Si), 15.20 (CqCH2CH2CH2Si),
−3.82 (Si(CH3)2). MALDI-TOF-MS (m/z) of C61H77Si3N9Co3(PF6)2 :
calc. 1503.29; found 1503.35. Anal. Calc. for C61H77Si3N9-
Co3(PF6)3(C4H8O): C 45.81, H 5.03; found: C 46.05 H 4.93.

Dendrimer 4. The synthesis was carried out from ethynylcobalti-
cinium 1 (252 mg, 0.705 mmol) and G0−9N3 (79.1 mg, 0.052 mmol)
using the general procedure for click synthesis above. The reaction was
carried out into 20 mL of CH3CN−5 mL of H2O. Product 4 was
obtained as an orange-red powder (239 mg). Yield: 97% 1H NMR
(1D 1H), (CD3COCD3, 400 MHz): δppm: 8.39 (9H, CH of trz), 7.14
(3H, CH of arom.core), 6.39 (18H, CH of Cp sub.), 5.99 (18H, CH of
Cp sub.), 5.70 (45H, CH of Cp), 4.12 (18H, SiCH2-trz), 1.76 (18H,
CH2CH2CH2Si), 1.23 (18H, CH2CH2CH2Si), 0.71 (18H, 18H,
CH2CH2CH2Si), 0.10 (54H, Si(CH3)2).

13CNMR(1D1H), (CD3COCD3 ,
75MHz): δppm: 146.72 (Cq of arom.core), 138.41 (Cq of trz), 125.92 (CHof
trz), 122.58 (CHof arom.core), 97.21 (Cq of Cp sub.), 86.78 (CHofCp),
85.39, 81.59 (CH of Cp sub.), 44.84 (CqCH2CH2CH2Si), 42.63
(CqCH2CH2CH2Si), 41.87 (trz-CH2Si), 18.53 (CqCH2CH2CH2Si),
15.56 (CqCH2CH2CH2Si), −3.51 (Si(CH3)2).

29Si NMR (CD3COCD3,
79.5 MHz): δppm: 3.41 (9Si, SiCH2trz). MALDI-TOF-MS (m/z) of
C171H225Si9N27Co9(PF6)2: calc. 3729.0; found 3729.1. Anal. Calc. for
C171H219Si9N27Co9(PF6)9: C 43.32, H 4.66; found: C 43.59 H 4.82.

Dendrimer 5. The synthesis was carried out from ethynylcobalti-
cinium 1 (232 mg, 0.648 mmol) and G1-27N3 (100.0 mg, 0.016 mmol)
using the general procedure for click synthesis above. The reaction was
carried out into 15 mL of CH3CN−20 mL of THF and 5 mL of H2O.
Product 5 was obtained as an orange powder (202 mg). Yield: 80% 1H
NMR (1D 1H), (CD3COCD3, 400 MHz): δpmp: 8.37 (27H, CH of trz),
7.23, 6.91 (39H, CH of arom.core), 6.38 (54H, CH of Cp sub.), 5.97
(54H, CH of Cp sub.), 5.67 (135H, CH of Cp), 4.10 (54H, SiCH2-trz),
3.60 (18H, SiCH2O), 1.66 (72H, CH2CH2CH2Si), 1.20 (72H,
CH2CH2CH2Si), 0.66 (72H, 18H, CH2CH2CH2Si), 0.08 (216H,
Si(CH3)2).

13C NMR (1D 1H), (CD3COCD3, 75 MHz): δppm: 160.05
(arom. OCq), 139.76 (Cq of trz), 138.40 (Cq of arom.core), 128.02 and
114.34 (arom. CH), 125.92 (CH of trz), 97.35 (Cq of Cp sub.), 86.66 (CH
of Cp), 85.27, 81.44 (CH of Cp sub.), 60.81 (CH2OAr), 43.97
(CqCH2CH2CH2Si), 42.77 (CqCH2CH2CH2Si), 41.67 (trz-CH2Si),
18.26 (CqCH2CH2CH2Si), 15.33 (CqCH2CH2CH2Si),−3.78 (Si(CH3)2 ).
29Si NMR (CD3COCD3, 79.5 MHz): δppm : 0.46 (9 Si, SiCH2O), 3.41
(27Si, SiCH2trz). Anal. Calc. for C612H786Si36N81Co27O9(PF6)27: C 46.11,
H 4.97; found: C 45.98 H 5.12.

Dendrimer 6. The synthesis was carried out from ethynylcobalti-
cinium 1 (218 mg, 0.608 mmol) and G2-81N3 (100.0 mg, 0.005 mmol)
using the general procedure for click synthesis above. The reaction was
carried out into 15 mL of CH3CN−20 mL of THF and 5 mL of H2O.
Product 6 was obtained as an orange powder (175 mg). Yield: 73% 1H
NMR (1D 1H), (CD3CN, 400MHz): δppm: 8.04 (81H, CH of trz), 7.15,
6.82 (147H, CH arom.), 6.16 (162H, CH of Cp sub.), 5.74 (162H, CH
of Cp sub.), 5.48 (405H, CH of Cp), 3.98 (162H, SiCH2-trz), 3.50 (72H,
SiCH2O), 1.57 (234H, CH2CH2CH2Si), 1.08 (234H, CH2CH2CH2Si),
0.56 (234H, 18H, CH2CH2CH2Si), 0.01 (702H, Si(CH3)2).

13C NMR
(1D 1H), (CD3CN, 75 MHz): δppm: 160.45 (arom. OCq), 140.60 (Cq of
arom.core), 138.77 (Cq of trz), 128.66 and 114.82 (arom. CH), 126.07
(CH of trz), 97.30 (Cq of Cp sub.), 87.10 (CH of Cp), 85.70, 81.89 (CHof
Cp sub.), 61.67 (CH2OAr), 44.31 (CqCH2CH2CH2Si), 42.92
(CqCH2CH2CH2Si), 42.31 (trz-CH2Si), 18.61 (CqCH2CH2CH2Si),
15.74 (CqCH2CH2CH2Si), −3.35 (Si(CH3)2).

29Si NMR (CD3CN, 79.5
MHz): δppm: 0.46 (36 Si, SiCH2O), 3.50 (81Si, SiCH2trz). Anal. Calc. for
C1935H2514Si117N243Co81O36(PF6)81(H2O)5: C 46.81, H 5.12; found: C
47.00 H 5.16.
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ABSTRACT: The functionalization of dendrimers and other
macromolecules with cationic redox-active organometallics
remains a target toward metal-containing dendrimers and
polymers that can serve in particular as polyelectrolytes and
multielectron redox reagents. Along this line, we report the click
functionalization of organometallics and dendrimers with a
redox-active ethynylarene iron complex, [FeCp(η6-
ethynylmesitylene)][PF6], 3, easily available from [FeCp(η6-
mesitylene)][PF6], 1. Complex 3 reacts with azidomethylferro-
cene upon catalysis by copper sulfate and sodium ascorbate
(CuAAC reaction) to give a bimetallic complex that is reduced
on the mesitylene ligand to a mixture of isomeric cyclo-
hexadienyl complexes. Complex 3 also reacts according to the
same click reaction with zeroth- and first-generation metallodendrimers containing, respectively, 9 and 27 azido termini to
provide new polar polycationic metallodendrimers that are reversibly reduced, on the electrochemical time scale, to 19-electron
FeI species.

■ INTRODUCTION
Metallodendrimers are a rich chemistry1 that finds applications
in catalysis,2 sensing,3 molecular electronics,4 and other
molecular materials properties.1 Metallocene-terminated den-
drimers occupy a large part of this chemistry because of their
rich redox properties that are especially developed and applied
with ferrocene dendrimers.5 Very few polycationic dendrimers
are known, almost exclusively cobalticenium dendrimers,6,7

however, despite their polyelectrolyte properties. The chemistry
of the family of complexes [FeCp(η6-arene)][PF6]

8 (Cp = η5-
C5H5) parallels that of cobalticenium

9 and is also quite rich. For
instance, the basic properties of the readily available complex
[FeCp(η6-mesitylene)][PF6], 1,

10 are illustrated in Scheme 1.
Further functionalization of 1 was thus a target in order to graft
this cheap and easily available cationic and redox-active
organoiron complex onto the periphery of dendrimers.
Recently, it has been possible to nearly quantitatively

functionalize complex 1 by the introduction of an ethynyl
group on the arene ligand upon addition of the ethynyl
carbanion in the form of lithium acetylideethylenediamine in
THF giving exo-cyclohexadienyl adduct 2, followed by removal
of the endo hydride using commercial trityl hexafluorophos-
phate providing the ethynyl-substituted arene complex [FeCp-
(η6-ethynylmesitylene)][PF6], 3 (Scheme 2).11

This procedure is an extension of the very useful analogous
functionalization of cobalticenium.12 Complex 3 that is readily
obtained in this way serves in further functionalization. For
instance, the new facile hydroamination of this complex 2 leads
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Scheme 1. Basic Chemistry of Complex 1

Article

pubs.acs.org/Organometallics

© 2014 American Chemical Society 3583 dx.doi.org/10.1021/om500495r | Organometallics 2014, 33, 3583−3590

96

pubs.acs.org/Organometallics


to the formation of conjugated trans-enamines,11 but attempts
to extend this functionalization to dendritic amines were
unsuccessful, although such an extension worked well with
ethynylcobalticenium.13 However, we report here the successful
and facile CuAAC click reaction14 of 2 with azidomethylferro-
cene and dendritic azides yielding cationic bi- and polymetallic
complexes of hexahapto-coordinated 1,2,3-triazolylmesitylene.
The redox chemistry of these new cationic bimetallic and
dendritic complexes is also detailed here.

■ RESULTS AND DISCUSSION
Click Reaction of Ethynylmesitylene Complex 3 with

Azidomethylferrocene. The ethynyl derivative 3 of the
complex [FeCp(η6-C6H3Me3)]PF6, 1, is synthesized according
to the nucleophilic addition of lithium acetylideethylenedi-
amine followed by hydride abstraction by [Ph3C][PF6]
(Scheme 2). (Azidomethyl)ferrocene 4 is then used in the
CuAAC reaction with compound 3 to selectively produce 1,4-
disubstituted triazolyl (trz) complex 5 in quantitative yield
(Scheme 3).
The new dark-orange complex 5 is soluble in dichloro-

methane, THF, and chloroform and must be kept in the dark in
the solid state in order to avoid its visible-light-induced
photodecomplexation. The infrared spectroscopy shows the
disappearance of the azido group at 2097 cm−1 and the
appearance of the characteristic band of the PF6

− anion at 839
cm−1. The formation of the trz group is clearly shown in 1H
NMR spectroscopy by the appearance of the CH2-trz and trz
CH peaks at 5.55 and 8.41 ppm, respectively, and is also
confirmed by the presence of the characteristic peaks of Cq and
CH of trz in the 13C NMR spectrum. Product 5 was
additionally characterized by HMBC, HSQC, COSY, 31P, and
19F NMR spectroscopic techniques (Supporting Information).
Finally, the structure of 5 was confirmed by the molecular peak
at 506 Da in the mass spectrum corresponding to the positively
charged complex 5 and by elemental analysis.
The cyclic voltammetry and redox chemistry of the iron-

sandwich complexes including that of ferrocene15 and of the
family of [FeCp(η6-arene)][PF6] complexes16 are well
documented. The cyclic voltammograms (CVs) of complex 5
were recorded in DMF using decamethylferrocene as the
internal reference17 in order to investigate the redox properties
of the triazolyl-[FeIICp(η6-C6H2Me3-)]PF6 group. The oxida-
tion wave at 0.55 V vs [FeCp*2]

+/0 (Cp* = η5-C5Me5) is due to

the oxidation of the ferrocenyl fragment to the 17-electron
ferricenium species, and the reduction wave at −1.36 V vs
[FeCp*2]

+/0 is due to the reduction of the triazolyl-[FeIICp(η6-
C6H2Me3-)]PF6 fragment to its 19-electron FeI isostructural
analogue.8b Both waves show electrochemical and chemical
reversibility under N2 indicating the robustness of compound 5
and the triazolyl group attached to the [FeIICp(η6-C6H2Me3‑)]-
PF6 sandwich under these conditions. When the CV is recorded
under air, the situation changes, however. The reduction wave
of triazolyl-[FeIICp(η6-C6H2Me3-)]PF6 is then irreversible with
a potential Ep of −1.34 V vs [FeCp*2]

+/0, whereas remarkably a
new irreversible oxidation wave appeared at −0.68 V vs
[FeCp*2]

+/0. It is known that the 19-electron complex [FeII(η5-
Cp)(η6-C6Me6)] is extremely reactive toward O2, reacting with
an overall H atom abstraction from a benzylic methyl
substituent according to a mechanism that comprises electron
transfer from FeI to O2 followed by deprotonation by
superoxide O2

− giving the 18-electron cyclohexadienylidene-
methylene complex [FeII(η5-Cp)(η5-C6Me5CH2)].

18 It seems
that the 19-electron species triazolyl-[FeI(η5-Cp)(η6-
C6H2Me3‑)] generated at the cathode by single-electron
reduction of 5 reacts analogously with O2 from air giving
triazolyl-[FeII(η5-Cp)(η5-C6H2Me2CH2-)], although this cyclo-
hexadienylidene-methylene species has not been isolated in this
case. This reaction appears here to be faster than the
electrochemical time scale as expected; thus, it probably is
this oxidized species that is then oxidized at −0.68 V (Figure
1).

Scheme 2. Synthesis of Ethynyl Derivative 3

Scheme 3. “Click” Synthesis of Bimetallic Complex 5

Figure 1. CVs of 5 under N2 and under O2 (air). Solvent, DMF;
reference electrode, Ag; working and counter electrodes, Pt; scan rate,
0.2 V/s; and supporting electrolyte, [n-Bu4N][PF6], 0.1M.
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Reduction of Binuclear Triazole Complex 5 by NaBH4.
The complexes of the [FeCp(η6-arene)][PF6] family are known
to be reducible by NaBH4 on the arene ligand producing a
decrease of hapticity to yield cyclohexadienyl complexes, and in
the presence of methyl substituents on the arene ligand, the
unsubstituted carbon atoms of the ligand are preferentially
attacked.19 In accord with this rule,20 reduction of the dark-
orange cationic complex 5 by NaBH4 at 0 °C in THF produces
the light-orange complex 6 that contains two iron-sandwich
units with both pentahapto ligands. Complex 6 is soluble in less
polar solvents such as diethyl ether, which allows its extraction
under N2 (Scheme 4). Compound 6 is air-sensitive but not
light-sensitive, contrary to the complexes of the [FeII(η5-
Cp)(η6-arene)]PF6 family.8b,21

Compound 6 together with isomers have been isolated in
80% yield, and their structure is confirmed by the observation
of the molecular peak in the FD-mass spectrum (Figure 2a).
Compound and isomers 6 have been further characterized by
1H NMR, 13C NMR, and HSQC spectroscopy, which is rather
complex, showing the formation of a mixture of isomers
corresponding to different positions of the hydride addition.
The same phenomenon has been observed for the reduction of
triazolyl-cobalticenium complexes by NaBH4.

22 Indeed the
hydride reduction of compound 5 might occur on positions i, ii,
iii, and iv of the mesitylene ligand (preferentially in i and iii due
to sterically and electronically disfavored hydride attack on the
methyl-substituted arene carbon atoms) as indicated in Figure
2b. In all cases, the hydride is located in exo position on the
mesitylene ligand as a result of the exo hydride attack. No
attempt was made to identify and separate the isomers.

The cyclic voltammogram in THF shows a totally irreversible
oxidation wave at 0.20 V vs. [FeCp2*]

+/0. It is suggested that
this wave corresponds to the oxidation of the compound 6 and
its isomers (Supporting Information). This wave is very large,
representing the subsequent irreversible oxidation of 6 and its
isomers back to the starting material, complex 5.

Grafting [FeCp(η6-ethynylmesitylene)][PF6] onto Den-
drimers by Click Chemistry. Grafting [FeCp(η6-
ethynylmesitylene)][PF6] on macromolecules was a challenge
because of several factors. First, the visible-light sensitivity of
the complexes of the [FeCp(η6-arene)][PF6] family and more
particularly of the click reaction products because of the
electron-withdrawing trz substituent21 leads to a rapid
decoordination of the mesitylene ligand. Then, an additional
difficulty is the solubility problem that reduces the choice of
solvent, while coordinating solvents are not permitted because
of ligand displacement due to the cationic electron-poor arene
ligand bond in 3. Finally, the steric effect of the ortho-methyl
groups that had most probably been responsible for the lack of
success of the extension of the useful hydroamination to
dendritic amines might also cause failure of the click reaction.
Finally, however, click chemistry has proved to be an efficient
way for the incorporation of 3 into dendrimers, and the
CuAAC reaction has been successfully conducted between 3
and polyazido-terminated dendritic precursors for the synthesis
of the cationic metallodendrimers.
The synthesis of the polyazido dendrimers begins with the

synthesis of arene-centered dendrimers according to the classic
CpFe+-induced nona-allylation of mesitylene in [FeCp(η6-
1,3,5-C6H3(CH3)3)][PF6]

23 according to the 1 → 3 con-

Scheme 4. Reduction of the Complex Fc-CH2-trz-Fe
II(η5-Cp)(η6-C6H2Me3-)]PF6, 5, (Fc = ferrocenyl) by NaBH4 Giving Neutral

Bimetallic Complex 6 and Isomers

Figure 2. (a) FD-MS of neutral compound 6 and isomers and (b) possible hydride addition on four positions i, ii, iii, and iv of the mesitylene ligand
(ii and iv are steroelectronically disfavored).
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nectivity pioneered by Newkome.24 This reaction provides the
nonaallyl core and is followed by hydrosilylation with
chloromethyldimethylsilane25 and substitution of the terminal
chloro group in 7 by reaction with sodium azide giving the
zeroth-generation dendritic nonaazide 8. The following
dendrimer generation containing 27 terminal allyl groups is
obtained by Williamson reaction of the nona-chloro core 7 with
a phenol triallyl dendron23 according to a known procedure.23b

It is followed by substitution of the terminal chloride by the
azido group by reaction with NaN3. This sequence of reactions
provides the known first-generation dendrimer 10 containing
27 N3 termini.26

Click reactions follow between these dendritic azido
precursors and alkyne 3. The solvents in each reaction are
chosen in order to achieve the solubility of the final product
because the polycationic poly-[FeIICp(η6-C6H2Me3-)]PF6
dendrimers are soluble only in high polarity solvents. For the
synthesis of the dendrimer, G0-nona-[Fe

IICp(η6-C6H2Me3‑)]-
PF6, 9, DMF/H2O 4:1 is chosen as solvent, whereas for the
dendrimer of higher generation G1-27-[Fe

II(η5-Cp)(η6-
C6H2Me3-)]PF6, 11, a mixture of DMF/THF/H2O is used
because the azido-terminated precursor 10 is insoluble in DMF.
The temperature of the reactions is maintained at 60 °C, and
the reaction mixtures are left stirring during 16 h. The copper
salt is finally removed as [Cu(NH3)2(H2O)2] [SO4] by adding
an aqueous solution of NH3 that is left stirring with the mixture
for 15 min. The resulting dendrimers 9 (Scheme 5) and 11
(Scheme 6) are purified, after workup in the dark, by
precipitation in diethyl ether as yellowish powders. Washing
with the less polar THF solvent in which they are insoluble
permits one to separate the excess of starting material 3 and
further impurities to finally give products 9 and 11 that are fully

characterized by 1H, 13C, 19F, 31 P, HMBC, HSQC, COSY
NMR, IR, cyclic voltammetry, and elemental analysis. MALDI-
TOF analysis is also attempted for the smaller dendrimer 9 for
which the molecular peak is observed even though the mass
spectrum is an ensemble of multiple fragments due to the high
instability of the dendrimer under these conditions (see
Supporting Information).
Indeed, dendrimers 9 and 11 are very polar because the

fragment trz-[FeII(η5-Cp)(η6-C6H2Me3-)]PF6 is very hydro-
philic and soluble only in very polar solvents. Particularly,
dendrimers 9 and 11 can be dissolved in acetone, acetonitrile,
methanol, and DMF. However, these dendrimers are not
soluble in water despite the presence of several cationic
organometallic fragments at their periphery. Another observa-
tion is that dendrimers 9 and 11 are not stable in acetonitrile
solution because acetonitrile is a competing ligand with
mesitylene for coordination to iron(II), and precipitation
occurs after several hours. Furthermore, exposure of these
dendrimers to ambient light in solution or in the solid state also
leads to rapid decomplexation of the mesitylene ligand. When
kept in the dark, however, dendrimers 9 and 11 are stable
compounds.
Infrared spectroscopy is a very useful tool to monitor the

click reactions with dendrimers because the characteristic peak
of the azido groups at about 2094 cm−1 disappears at the end of
the reactions confirming their replacement by the 1,2,3-triazole
groups. The characteristic absorption of the PF6

− anion of these
PF6

− salts shows a strong band in the range 836−842 cm−1.
The absorptions due to the C−H stretching of the triazole
and Cp groups of the trz-[FeII(η5-Cp)(η6-C6H2Me3-)]PF6 unit
are found in the range 3095−3127 cm−1.

Scheme 5. Synthesis of the Dendrimer G0-Nona-[Fe
II(η5-Cp)(η6-C6H2Me3-)]PF6, 9
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NMR spectroscopy confirms the structure of the trz-[FeII(η5-
Cp)(η6-C6H2Me3-)]PF6 products. Particularly, in

1H NMR the
formation of the trz ring is clearly shown by the appearance of
the peaks around 8.27 ppm (in CD3OD or CD3COCD3) for
the products 9 and 11. In both cases, the peak of SiCH2-N3 at
2.7−2.8 ppm disappears, whereas the appearance of the new
peak of SiCH2-trz takes place at about 4.2 ppm. The presence
of the trz group is also confirmed by the appearance of the
characteristic peaks of Cq and CH of trz as well as SiCH2-trz in
the 13C NMR spectra. Finally, the assignments of the number
of protons in 1H NMR show the expected ratio between the
dendritic frame part and the trz-[FeII(η5-Cp)(η6-C6H2Me3‑)]-
PF6 groups. The 19F and 31P NMR spectra show the
characteristic peaks of the PF6

− counteranion. 2-D NMR data

(HSQC, HMBC, and COSY) show the correct correlation
between proton/proton and proton/carbon peaks. Finally,
elemental analysis confirms the structure of the dendrimers 9
and 11.

Cyclic Voltammetry of the Cationic Metalloden-
drimers 9 and 11. Both dendrimers 9 and 11 are also
studied by cyclic voltammetry using decamethylferrocene as the
internal reference,17 in DMF, a good solubility being accessible
with this solvent. Different conditions such as temperature and
air (O2)/N2 atmosphere are examined. A cathodic CV wave in
all the products is observed around −1.34 V vs [FeCp*2]

0/+

and corresponds to the reduction of [FeIICp(η6-C6H2Me3‑)]-
PF6 to the 19-electron species [FeICp(η6-C6H2Me3-)]. In all
cases, this wave is single in DMF, which is explained by the

Scheme 6. Synthesis of G1-27-[Fe
II(η5-Cp)(η6-C6H2Me3-)]PF6 Dendrimer 11
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weakness of the electrostatic factor between the redox sites of
the metallodendrimers, these redox centers being far from one
another and separated by long tethers.27 However, the envelope
of the redox wave is broad, which is presumably due to
electrostatic interactions differentiating the various single
electron-transfer steps.
When recording the CVs of dendrimers 9 and 11 under

aerobic (O2) atmosphere, the same phenomenon as that for
compound 5 is observed. The reduction wave of the fragments
[FeIICp(η6-C6H2Me3-)]PF6 is irreversible due to the fast
reaction of the 19-electron species with O2 (vide supra).
However, when the electrochemical experiments are performed
under nitrogen at room temperature, the cathodic wave (FeII/I)
becomes chemically and electrochemically reversible. The peak-
to-peak potential difference between the cathodic and anodic
waves is 30−40 mV, significantly narrower compared with the
Nernstian one-electron process, probably due to some
adsorption onto the electrode. The electrochemical reversibility
involving equally all of the redox groups is due to very fast
rotation within the electrochemical time scale because all of the
redox groups come close to the electrode, provoking fast
electron transfer between these groups and the electrode,28

and/or the electron-hopping mechanism.29 The CV wave
under N2 of dendrimer 11 containing 27 [FeII(η5-Cp)(η6-
C6H2Me3-)]PF6 termini is shown in Figure 3.

■ CONCLUDING REMARKS

The currently used click reaction, i.e., the Huisgen-type
CuAAC, proves to be most useful to graft organometallic
complexes onto the periphery of dendrimers.30 Here, the newly
functionalized, easily available complex 3 is a remarkable
illustration insofar as the hydroamination of 3 could not
provide such iron-sandwich terminated dendrimers. In spite of
their sensivity to visible light and coordinating solvents such as
acetonitrile, the polycationic metallodendrimers were fully
characterized. The electron-withdrawing 1,2,3-triazolyl linkage
formed by the CuAAC reaction does not significantly perturb
the chemical and electrochemical reversibility of the cathodic
reduction to the FeI 19-electron species at least during the
electrochemical time scale under an inert atmosphere. This
chemistry adds to the versatility of the functionalization and
redox properties of the family of [FeCp(η6-arene)][PF6]
complexes that parallels the cobalticenium family and opens
the route to new cationic metallodendrimers and metal-
containing macromolecules and polyelectrolytes.

■ EXPERIMENTAL SECTION
General Data. Reagent-grade tetrahydrofuran (THF) was predried

over Na foil and distilled from sodium-benzophenone anion under
argon immediately prior to use. All other solvents and chemicals were
used as received. The 1H NMR spectra were recorded at 25 °C with a
Bruker AVANCE II 400 MHz spectrometer. The 13C NMR spectra
were obtained in the pulsed FT mode at 100 MHz with a Bruker
AVANCE 400 spectrometer. 19F NMR spectra were recorded at 25 °C
in a 376 MHz with a Bruker AVANCE II 400 MHz spectrometer. 31P
NMR was recorded at 25 °C at 162 MHz with a Bruker AVANCE II
400 MHz spectrometer. All chemical shifts are reported in parts per
million (δ, ppm) with reference to Me4Si (TMS). The infrared (IR)
spectra were recorded on an ATI Mattson Genesis series FT-IR
spectrophotometer. The results of elemental analysis were obtained by
a Thermo Flash 2000 EA. The sample was introduced in a tin
container for NCHS analysis and in a silver container for oxygen
analysis. The mass spectra were performed by the CESAMO
(Bordeaux, France) on a QStar Elite mass spectrometer (Applied
Biosystems). The instrument is equipped with an ESI source, and
spectra were recorded in the positive mode. The electrospray needle
was maintained at 5000 V and operated at room temperature. Samples
were introduced by injection through a 20 μL sample loop into a 4500
μL/min flow of methanol from the LC pump. The mass spectrum of
compound 6 was obtained by the CESAMO on a AccuTOF-GcV
(JEOL), which is a GC-TOF. The instrument is equipped with a
sample introduction system named FD (Field Desorption). The
MALDI-TOF mass spectra were obtained by the CESAMO
(Bordeaux, France) on a PerSeptive Biosystems Voyager Elite
(Framingham, MA) time-of-flight mass spectrometer. All electro-
chemical measurements (CV) were recorded under the following
conditions: solvent, dry DMF; temperature, 20 °C; supporting
electrolyte, [nBu4N][PF6] 0.1M; working and counter electrodes, Pt;
reference electrode, Ag; internal reference, FeCp*2; scan rate, 0.200 V·
s−1.

Complex 5. A mixture of 1 equiv of azidomethylferrocene (60 mg,
0.23 mmol) and 1 equiv of ethynyl compound 3 (94 mg, 0.23 mmol)
were dissolved in 3/2 distilled THF/H2O. At 0 °C, CuSO4 was added
(1 equiv; 1 M aqueous solution), followed by dropwise addition of a
freshly prepared solution of sodium ascorbate (2 equiv; 1 M aqueous
solution). The solution was allowed to stir for 12 h at r.t. under N2.
Then, an aqueous solution of ammonia was added, and the mixture
was allowed to stir for 10 min. The organic phase was washed twice
with water, dried with sodium sulfate, and filtered through paper, and
the solvent was removed in vacuo. Complex 5 was purified by
precipitation with diethyl ether and obtained as dark-orange powder in
quantitative yield (154 mg). 1H NMR of 5 (CD3COCD3, 400 MHz),
δppm: 8.41 (1H, CH of trz), 6.43 (2H, CH of mesitylene), 5.55 (2H of
trz−CH2), 5.17 (5H, CH of Cp of [FeIICp(η6-C6H2Me3-)]PF6, 4.45
(2H, CH of Cp sub. of FeCp2), 4.25 (2H, CH of Cp sub. and 5H, CH
of Cp free of FeCp2), 2.56 (3H, −CHCCH3) and 2.35 (6H,
trzCCCH3).

13C NMR of 5 (CD3COCD3, 100 MHz), δppm: 139.88
(Cq of trz), 125.86 (CH of trz), 102.80 (trz-Cq), 102.75 (trz-CCq),

Figure 3. CV of dendrimer 11 in DMF under N2. Internal reference, FeCp*2; reference electrode, Ag; working and counter electrodes, Pt; scan rate,
0.2 V/s; supporting electrolyte, [n-Bu4N][PF6].
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94.44 (CHCq of mesitylene), 88.48 (CH of mesitylene), 82.50 (Cq of
Cp sub. of FeCp2), 78.78 (CH of Cp of -[FeIICp(η6-C6H2Me3-)]PF6,
69.01 (CH of Cp of FeCp2), 68.93 and 68.88 (CH of Cp sub. of
FeCp2), 50.08 (trz-CH2), 19.61 and 19.54 (−CH3 of mesitylene).

19F
NMR of 5 (CD3COCD3, 376 MHz), δppm: doublet centered at −73.3
ppm (JF-P = 710 Hz). 31P NMR of 5 (CD3COCD3, 162 MHz), δppm:
−144.1 ppm (hept., PF6

−) (JP-F = 710 Hz). ESI MS of 5 (m/z): Calcd
for C27H28N3Fe2

+, 506.097 Da; found, 506.098 Da. Anal. Calcd for
C27H28N3Fe2PF6: C, 49.80; H, 4.33. Found C, 50.10; H, 4.51.
Complex 6. A mixture of 1 equiv of 5 (30 mg, 0.046 mmol) with 2

equiv of NaBH4 (1.7 mg, 0.092 mmol) in 20 mL of distilled THF was
stirred for 10 min under N2. Then, the solvent was evaporated in
vacuo, and distilled diethyl ether was added to solubilize the neutral
product. After filtration under N2 and evaporation of the solvent in
vacuo, the product was obtained as a light-orange powder. Yield: 80%
(19 mg). Complex 6 is not stable in air and was stored under N2.

1H
NMR of 6 (CDCl3, 400 MHz), δppm: 7.88−7.11 (1H, CH of trz),
6.36−6.06 (CH of mesitylene), 5.42−5.25 (2H of trz−CH2 and H of
diene), 4.93−4.00 (5H, CH of Cp of [FeIICp(η6-C6H2Me3-)]PF6 and
(9H, CH of Cp of FeCp2), 2.46−2.20 and 1.40−1.17 (9H, −CH3),
1.90−1.64 (H in exo position). 13C NMR of 6 (CDCl3, 100 MHz),
δppm: 137.65 (Cq of trz), 123.20 (CH of trz), 102.31 (trz-Cq), 98.71
(trz-CCq), 94.60 (CHCq of mesitylene), 88.33 (CH of mesitylene),
79.56 (Cq of Cp sub. of FeCp2), 79.56−75.04 (CH of Cp of
-[FeIICp(η6-C6H2Me3-)]PF6, 69.48−68.78 (CH of FeCp2), 49.93 (trz-
CH2), 39.74, 39.00 and 30,02 (CH exo), 25.65−19.96 (−CH3 of
mesitylene). MS (m/z) of 6: Calcd for C27H29Fe2N3, 507.1060; found,
507.1055.
Compound 9. Azido-terminated dendrimer 8 (1 equiv, 30 mg,

0.020 mmol) and complex 3 (13.5 equiv., 110.7 mg, 0.27 mmol) were
dissolved in 20 mL of anhydrous and degassed DMF, then 3 mL of
degassed water was added, and the reaction mixture was cooled to 0
°C. Then, an aqueous solution of 1 M CuSO4 (1.1 equiv per branch)
was added dropwise, followed by the dropwise addition of a freshly
prepared solution of sodium ascorbate (2.2 equiv per branch). The
color of the solution changed from yellow to dark orange upon
addition of sodium ascorbate. The reaction mixture was allowed to stir
for 16 h at 60 °C under nitrogen atmosphere. Then, the mixture of
solvents was evaporated in vacuo, and 100 mL of nitromethane was
added followed by the addition of an aqueous solution of ammonia.
The mixture was allowed to stir for 15 min in order to remove all of
the copper salt trapped inside the dendrimer. The organic phase was
washed twice with water, dried over sodium sulfate, and filtered, and
the solvent was removed in vacuo. Then, the product was precipitated
from an acetone solution in diethyl ether and washed with THF to
remove the excess of alkyne and further impurities. Product 9 was
obtained as an orange-yellow powder. Yield: 65% (67 mg). 1H NMR
of 9 (CD3OD, 400 MHz): δppm: 8.23 (9H, CH of trz), 7.18 (3H, CH
of arom.core), 6.33 (18H, CH of mesitylene), 5.03 (45H, CH of Cp of
[FeIICp(η6-C6H2Me3-)]PF6, 4.16 (18H, SiCH2-trz), 2.48 (27H,
−CHCCH3), 2.25 (54H, trzCCCH3) 1.80 (18H, CH2CH2CH2Si),
1.31 (18H, CH2CH2CH2Si), 0.76 (18H, CH2CH2CH2Si), 0.13 (54H,
Si(CH3)2).

13C NMR of 9 (CD3OD, 100 MHz), δppm: 145.09 (Cq of
arom.core), 138.24 (Cq of trz), 127.12 (CH of trz), 124.41 (CH of
arom.core), 102.46 (trz-Cq and trz-CCq), 94.05 (CHCq of
mesitylene), 88.34 (CH of mesitylene), 78.37 (CH of Cp of
[FeIICp(η6-C6H2Me3-)]PF6, 44.00 (CqCH2CH2CH2Si), 42.01
(CqCH2CH2CH2Si), 40.72 (trz-CH2Si), 20.34 and 20.20 (−CH3 of
mesitylene), 17.91 (CqCH2CH2CH2Si), 14.92 (CqCH2CH2CH2Si),
−4.61 (Si(CH3)2).

19F NMR of 9 (CD3OD, 376 MHz), δppm: doublet
centered at 75.3 ppm (JF-P = 710 Hz). Anal. Calcd for
C207H282Si9N27Fe9P9F54(H2O): C 47.57, H 5.48; found, C 47.64 H
5.22.
Compound 11. Azido-terminated dendrimer 10 (1 equiv, 22.5 mg,

0.004 mmol) and complex 3 (40.0 equiv, 60 mg, 0.144 mmol) were
dissolved in a mixture of 20 mL of anhydrous and degassed DMF and
15 mL of anhydrous and degassed THF, then 3 mL of degassed water
was added, and the reaction mixture was cooled to 0 °C. Then, an
aqueous solution of 1 M CuSO4 (1.1 equiv per branch) was added
dropwise, followed by the dropwise addition of a freshly prepared

solution of sodium ascorbate (2.2 equiv per branch). The color of the
solution changed from yellow to dark orange upon addition of sodium
ascorbate. The reaction mixture was allowed to stir for 16 h at 60 °C
under nitrogen atmosphere. Then, the mixture of solvents was
evaporated in vacuo, and 100 mL of nitromethane was added followed
by the addition of an aqueous solution of ammonia. The mixture was
allowed to stir for 15 min in order to remove all the copper salt
trapped inside the dendrimer. The organic phase was washed twice
with water, dried over sodium sulfate, and filtered, and the solvent was
removed in vacuo. Then, the product was precipitated from an acetone
solution in diethyl ether and washed with THF to remove the excess of
alkyne and further impurities. Product 11 was obtained as an orange-
yelow powder. Yield: 56% (35 mg). 1H NMR of 11 (CD3COCD3, 400
MHz), δppm: 8.32 (27H, CH of trz), 7.30, 6.90 (39H, CH of
arom.core), 6.42 (54H, CH of mesitylene), 5.12 (135H, CH of Cp of
[FeIICp(η6-C6H2Me3-)]PF6, 4.20 (54H, SiCH2-trz), 3.59 (18H,
SiCH2O), 2.51 (3H, −CHCCH3) and 2.31 (6H, trzCCCH3), 1.73
(72H, CH2CH2CH2Si), 1.28 (72H, CH2CH2CH2Si), 0.71 (72H,
CH2CH2CH2Si), 0.10 (216H, Si(CH3)2).

13C NMR of 11
(CD3COCD3, 100 MHz), δppm: 159.58 (arom. OCq), 139.66 (Cq of
trz), 137.47 (Cq of arom.core), 127.51 and 113.81 (arom. CH), 125.59
(CH of trz), 102.76 (trz-Cq), 102.67 (trz-CCq), 94.58 (CHCq of
mesitylene), 88.53 (CH of mesitylene), 78.78 (CH of Cp of
[Fe I ICp(η 6 -C 6H2Me3 - ) ]PF6 , 60 . 20 (CH2OAr) , 43 . 25
(CqCH2CH2CH2Si), 42.21 (CqCH2CH2CH2Si), 40.97 (trz-CH2Si),
19.61 (−CH3 of mesitylene), 17.70 (CqCH2CH2CH2Si), 14.82
(CqCH2CH2CH2Si), −4.16 (Si(CH3)2).

19F NMR of 11
(CD3COCD3, 376 MHz), δppm: doublet centered at 73.3 ppm (JF-P
= 710 Hz). 31P NMR of 11 (CD3COCD3, 162 MHz), δppm: −144.1
ppm (hept. , PF6

−) (JP-F = 710 Hz). Anal. Calcd for
C720H975Si36N81Fe27O9(PF6)27(H2O)2: C 49.76, H 5.68; found, C
49.48 H 5.81.
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Dendrimers and Dendrons, Syntheses, Concepts, Applications; Wiley-
VCH: Weinheim, Germany, 2001. (c) Hwang, S. H.; Shreiner, C. D.;
Moorefield, C. N.; Newkome, G. R. New J. Chem. 2007, 31, 1192−
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& Dendrimers

Metalation of Polyamine Dendrimers with Ethynylcobalticenium
for the Construction of Mono- and Heterobimetallic Polycationic
Metallodendrimers

Yanlan Wang, Amalia Rapakousiou, Jaime Ruiz, and Didier Astruc*[a]

Abstract: The introduction of robust redox groups at the
periphery of common amine-terminated dendrimers is of in-
terest in the design of dendritic nanobatteries, sensors, and
redox catalysts. Here we are applying the recently discov-
ered uncatalyzed hydroamination of ethynylcobalticenium,
a mild “green” reaction that quantitatively yields trans-enam-
ines without the formation of any byproduct, to functional-
ize dendrimers that are terminated with primary or secon-
dary amino groups. Poly(amido amine) (PAMAM) dendrimers
terminated by primary amino groups and arene-centered
dendrimers terminated by secondary amino groups yield
dendrimers that contain up to 81 trans-enamine-cobalticeni-
um termini using this reaction. The hydroamination reaction

was also conducted with dendrimers that contained ferroce-
nylmethylamino groups, which yielded dendrimers that con-
tained both ferrocenyl and cobalticenium termini. The size
of the dendrimers was investigated using both dynamic
light scattering and diffusion-ordered spectroscopy (DOSY)
1H NMR spectroscopy, and the number of electrons involved
in heterogeneous multielectron transfers at electrodes was
searched by cyclic voltammetry. The latter works well up to
the 27-branch dendrimer, whereas the 81-dendrimer yielded
a result in an excess amount (110 electrons) owing to ad-
sorption onto the cathode that becomes all the more signifi-
cant as the metallodendrimer size increases.

Introduction

Metallodendrimers[1] are a class of well-defined metal-contain-
ing macromolecules[2] that show applications in sensing, cataly-
sis, and materials science[1, 3] in which the metal fragments are
located inside the dendrimers[4] or at the periphery.[5] Metallo-
dendrimers that contain stable redox centers are by and large
ferrocene-terminated dendrimers.[6] Cobalticenium dendrim-
ers[7, 8] are of interest because of the robustness of the CoIII/II

redox center[9, 10] and their complementarity with ferrocene
dendrimers and other iron
complexes[11] for electro-
chemical investigations of
anion recognition and
sensing and as nanobatter-
ies.

Although cobalticenium
branching relied for a long
time on tedious synthesis
and the functionalization
of cobalticenium carboxylic
acid,[10] recently the functionalization of ethynylcobalticenium
using either click chemistry[12] or uncatalyzed mild hydroamina-

tion[13] opened new avenues for the derivatization of cobaltice-
nium on nanomaterials. This latter reaction of readily available
ethynylcobalticenium hexafluorophosphate[14, 15] with primary
and secondary amines is facile, quantitative, and does not
form byproducts. It yields air-stable, strongly colored push–pull
conjugated cobalticenium trans-enamines and thus appears to
be an ideal “green” reaction for the efficient and facile func-
tionalization of a variety of aminated dendrimers. These den-
drimer functionalizations are illustrated and developed in this
article [Eq. (1)] .

Results and Discussion

Hydroamination of ethynylcobalticenium 1 with a PAMAM
dendrimer

Ethynylcobalticenium 1 was easily synthesized as previously
described in 60 % overall yield from cobalticenium hexafluoro-
phosphate.[14] The reaction between 1 and the commercially
available first-generation poly(amido amine) (PAMAM) dendri-
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mer that contained eight terminal NH2 groups (20 wt % solu-
tion in MeOH) in CH3CN/CH2Cl2 (1:1) at 35 8C for two days
yields the all-trans-enamine-cobalticenium dendrimer 2
(Scheme 1). The color of the mixture changed from yellow to
deep red while stirring the reaction mixture, which indicates
the formation of the enamine product. The workup gave
a dark red solid that was washed with dry THF to remove the
excess amount of complex 1 by using the solubility differences
between dendrimer 2 and complex 1 in THF (yield 90 %). Den-
drimer 2 was fully characterized by 1H (including diffusion-or-
dered spectroscopy (DOSY)), 13C, 29Si, and 31P NMR spectrosco-
py; elemental analysis ; IR and UV/Vis spectroscopy; and cyclic
voltammetry in DMF.

Hydroamination of 1, with three generations of arene-cen-
tered dendrimers terminated with (9, 27, 81) secondary
amine groups

The hydroamination reaction to construct cobalticenium-func-
tionalized nanomaterials was analogously extended to den-
drimers terminated with secondary amine groups. Construction
of the generations G0, G1, and G2 chloromethyl(dimethyl)silyl
dendrimers with 1!3 connectivity[16] proceeded as described
previously upon CpFe+-induced (Cp = cyclopentadienyl) trially-
lation of mesitylene and p-methoxytoluene followed, after de-
complexation, by hydrosilylation of the polyallyl dendritic
cores and dendron using chloromethyldimethylsilane and iter-
ation using a Williamson reaction with the tri-branched phenol
dendron (phenol triallyl).[17] The terminal chloro groups were
then substituted by iodo groups by reaction with sodium
iodide to provide iodo-terminated dendrimers. Thus, the
arene-cored dendrimer with terminal �NHnBu groups (easily
available upon Williamson reaction between the benzaldehyde
dendrimer and butylamine followed by imine reduction) reacts
with 1 to give the three generations of all-trans-enamine-co-

balticenium dendrimers (Schemes 2, 3, and 4), which were fully
characterized by 1H (including DOSY), 13C, 29Si NMR spectrosco-
py; IR and UV/Vis spectroscopy; elemental analysis ; and cyclic
voltammetry.

Hydroamination of 1 with a nona-NHFc# dendrimer and syn-
thesis of the bimetallic dendrimer 12

The convenience of the functionalization of nanomaterials with
the ethynylcobalticenium PF6 and the stability of the enamine-
functionalized dendrimers encouraged the construction of het-
erobimetallic dendrimers 12 by this effective method
(Scheme 5). The nona-NHFc# dendrimer terminated with nine
octamethylferrocenylmethyl secondary amines was reported
previously.[18] Its synthesis involves the reaction of FcCHO with
the dendritic amine, a method that was pioneered by Casado’s
group.[18b] The reaction of this nona-NHFc# dendrimer with
1 leads to the heterobimetallic dendrimer 12 as a dark red
solid (yield 90 %) that was characterized by 1H (including
DOSY), 13C, and 29Si NMR spectroscopy; IR and UV/Vis spectros-
copy; elemental analysis ; and cyclic voltammetry.

Characterizations of the enamine cobalticenium dendrimers

In the course of the synthesis of 5, the new intermediate den-
drimer 3 obtained by Williamson reaction was characterized by
1H, 13C, and 29Si NMR spectroscopy; IR spectroscopy; MALDI-
MS; and elemental analysis. The 1H NMR spectrum showed the
typical chemical shift of the proton on the CHO group at d=

9.88 ppm in CDCl3, which corresponded to the peak at d=

190.64 ppm in the 13 C NMR spectrum assigned to the CHO
carbon. The IR (KBr) spectrum also confirmed the structure
with the strong absorbance at 1690 cm�1 (nC=O) and 2750 cm�1

(nCHO), and the molecular ion in MALDI-TOF spectroscopy for

Scheme 1. Reaction of 1 with the first-generation PAMAM dendrimer yielding the all-trans-enamine-cobalticenium dendrimer 2.
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(C126H174O18Si9)Na+ was found at 2251.7 (see the Supporting In-
formation).

The reaction between the 9-benzaldehyde dendrimer 3 and
an excess amount of neat n-butylamine at RT under N2 gave
a light yellow oil as the intermediate imine complex that was
characterized by 1H, 13C, and 29Si NMR spectroscopy; IR spec-
troscopy; MALDI-TOF MS; and elemental analysis. The 1H NMR
spectrum showed the disappearance of the CHO group at d=

9.88 ppm (300 MHz, CDCl3) and the appearance of the new
chemical shift at d= 8.12 ppm for the �CH=N� proton, and
the IR (KBr) showed the strong absorbance at 1645 cm�1 as-
signed to the C=N bond absorption. In the MALDI-TOF spec-
trum of the G0 nona-imine (C162H255O9Si9N9), the molecular
peak was found at 2725.4 (see Supporting Information). Then
this G0-nona-imine was reduced by NaBH4/PhCOOH at 0 8C in
MeOH/THF (1:1),[19] thus giving the 9-NHnBu dendrimer 4 as
a light yellow oil (yield 90 %), which was characterized by 1H,
13C, 29Si NMR spectroscopy; IR spectroscopy; MALDI-TOF MS;
and elemental analysis. The 1H NMR spectrum showed the dis-
appearance of the chemical shift at d= 8.12 ppm that be-
longed to the �CH=N� group and the appearance of the new

peak at d= 3.45 ppm that was assigned to the two protons on
the �PhCH2N� groups. The IR spectrum (KBr) showed the ab-
sorbance at 3300 cm�1 (nN�H), and the molecular ion in MALDI-
TOF for 4 (C116H273O9Si9N9)Na+ was found at m/z 2765.4. Upon
reaction between 1 and the 9-NHnBu dendrimer 4 in CH3CN/
CH2Cl2 (1:1) at 35 8C, the color of the mixture changed from
yellow to deep red, and after two days the reaction was com-
pleted, thus giving the quite air-stable all-trans-enamine-cobal-
ticenium dendrimer 5 that was characterized by 1H (including
DOSY), 13C, 29Si, and 31P NMR spectroscopy; elemental analysis;
IR and UV/Vis spectroscopy; MALDI-TOF MS; and cyclic voltam-
metry. The two protons on the �CH=CH� groups appeared at
d= 4.87 ppm (d, J = 11.72 Hz, 9 H) and 7.60 ppm (d, J =

11.72 Hz, 9 H) of the 1H NMR spectrum in (CD3)2CO and showed
the all trans-enamine cobalticenium structure, and the MALDI-
TOF spectrum confirmed the structure of 5 : m/z calcd for
(C270H363O9Si9N9Co9)(PF6)9: 5965.4; molecular ion found for
(C270H363O9Si9N9Co9)(PF6)8 at m/z 5820.4, for (C270H363O9Si9N9Co9)-
(PF6)7 at m/z 5675.5, and for (C270H363O9Si9N9Co9)(PF6)6 at m/z
5530.7 (Figure 1). All these characterizations indicated that the
hydroamination that yielded 5 was quantitative.

Scheme 2. Synthesis of the dendrimer G0-3 by Williamson reaction between G0-CH2I (nine branches) and 4-hydroxybenzaldehyde; synthesis of the G0 dendri-
mer 4 terminated with nine secondary amine groups and uncatalyzed hydroamination of 1 with dendrimer 4 to give the all-trans-enamine-cobaltocenium
dendrimer 5.
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Generations G1 and G2 of all-trans-enamine cobalticenium
dendrimers that contained 27 and 81 cobalticenium PF6 at the
periphery were constructed, respectively, by the method de-
scribed above for the synthesis of the G0 dendrimer; these re-
actions were completed in two days at 35 8C (Scheme 3 and 4).
The intermediate dendrimers 6, 7, 9, and 10 were fully charac-
terized by 1H, 13C, 29Si NMR spectroscopy; IR spectroscopy; and
elemental analysis. These large-generation dark red all trans-
enamine cobalticenium dendrimers 8 and 11 were fully charac-
terized by 1H (including DOSY), 13C, 29Si, 31P NMR spectroscopy;
IR and UV/Vis spectroscopy; elemental analysis ; and cyclic vol-
tammetry in DMF and showed properties that were similar in
all these characterizations to those of dendrimer 5 (see the
Supporting Information).

As the numbers of cobalticenium hexafluorophosphate
groups in the dendrimers increased, the solubility in THF de-
creased regularly. The smaller dendrimers 2, 5, and 12 showed
good solubility in THF. However, the solubility of dendrimer 8

in THF was very limited, and the largest dendrimer 11 was not
soluble in THF but only DMF. The IR (KBr) for all the cobaltice-
nium-enamine dendrimers showed a strong absorbance at
1614 cm�1 for the C=C bond and 836 cm�1 for the PF6 group
(Table 1). In the UV/Vis spectra, the weak adsorption in the
region of 410–422 nm was assigned to the d–d* transition of
cobalticenium,[20] and the transitions in the area of 483–
514 nm for all the dendrimers seem to be due to d–d* mixed

Scheme 3. Synthesis of dendrimer G1-6 by Williamson reaction between G1-CH2I (27 branches) and 4-hydroxybenzaldehyde; synthesis of the dendrimer 7
and hydroamination of 1 with dendrimer 7 giving the all-trans-enamine-cobalticenium dendrimer 8.

Table 1. IR and UV/Vis absorptions for dendrimers 2, 5, 8, 11, and 12.

Dendrimer UV/Vis [nm] IR [cm�1]
lmax1 lmax2 nC=C nPF6

2 (8 Co) 410 483 1621 840
5 (9 Co) 415 495 1614 836
8 (27 Co) 415 495 1614 838
11 (81 Co) 415 495 1814 838
12 (9 Co + 9 Fe#) 422 514 1607 838
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with charge transfer from the
ligand to the metal (Figure 2,
Table 1). The variation of lmax

within the group of dendrimers
2, 5, and 12 is probably caused
by the variation of functional
group on the enamine
(Figure 2).

DOSY experiments were car-
ried out for dendrimers 2, 5, 8,
11, and 12 in CO(CD3)2 at 25 8C
(Table 2). The main goal of these

Scheme 4. Synthesis of dendrimer G2-9 by Williamson reaction with G2-CH2I (81 branches) and 4-hydroxybenzaldehyde; synthesis of the G2 dendrimer 10 ter-
minated with 81 secondary amine groups and hydroamination of 1 with dendrimer 10 giving the all-trans-enamine-cobaltocenium dendrimer 11.

Table 2. DOSY and DLS experiments for dendrimers 2, 5, 8, 11, and 12.

Compound D[a] (�0.1) [m2 s�1] rH
[b] (�0.1) [nm] rH

[c] (�5) [nm]

2 (8 Co) 1.65 � 10�10 4.13 –
5 (9 Co) 1.65 � 10�10 4.13 –
8 (27 Co) 1.03 � 10�10 6.64 –
11 (81 Co) 0.87 � 10�10 7.86 35
12 (9 Co + 9 Fe#) 2.22 � 10�10 3.09 –

[a] Diffusion coefficient measured in CO(CD3)2 at 25 8C. [b] Hydrodynamic radius from DOSY calculated using
the Stokes–Einstein equation. [c] Hydrodynamic diameter from DLS. The values were obtained in acetone. The
results are not reliably available for small dendrimers in DLS.
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experiments was to measure the diffusion coefficient D by
1H NMR spectroscopy. In the 1H NMR spectroscopic experiment,
diffusion is mathematically treated as DOSY to obtain the
equivalent of ‘spectral’ chromatography. The objective is thus
double: to measure the diffusion coefficients of the molecules
in solution and to obtain a DOSY spectrum that reflects the
purity of the assembly (see the Supporting Information). For
compound 2 (eight branches), the average diffusion coefficient
value obtained was D = (1.65�0.1) � 10�10 m2 s�1. In the case of

the G0 dendrimer 5 (nine branches), the calculated diffusion
coefficient was D = (1.65�0.1) � 10�10 m2 s�1, and for the dime-
tallic G0 dendrimer 12 (nine branches) the calculated diffusion
coefficient was D = (2.22�0.1) � 10�10 m2 s�1. These three small-
sized dendrimers 2, 5, and 12 gave close hydrodynamic radii
of 4.13, 4.13, and 3.09 nm, respectively, under identical condi-
tions. In the case of G1 dendrimer 8 (27 branches), the calcu-
lated diffusion coefficient was D = (1.03�0.1) � 10�10 m2 s�1,
and the hydrodynamic radius was 6.64 nm, whereas in the

Scheme 5. Synthesis of the bimetallic dendrimer 12 by hydroamination reaction of 1 with nona-NHFc# (Fc# = octamethylferrocenyl).

Figure 1. MALDI-TOF spectrum for dendrimer 5.

Chem. Eur. J. 2014, 20, 11176 – 11186 www.chemeurj.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim11181

Full Paper

109

http://www.chemeurj.org


case of the G2 dendrimer 11 (81 branches) the calculated diffu-
sion coefficient was D = (0.87�0.1) � 10�10 m2 s�1, and the hy-
drodynamic radius was 7.86 nm. The DOSY experiment results
give clear evidence of size progression as dendrimer genera-
tion increases. Otherwise, for the largest dendrimer 11, the
values obtained from dynamic light scattering (DLS) were
larger than the sizes obtained from DOSY experiments, which
is taken into account by the intermolecular associations. For
dendrimers 2, 5, 8, 12, it was not possible to obtain reproduci-
ble sizes by DLS because of strong electrostatic intermolecular
associations.[21]

Cyclic voltammograms of the dendrimers terminated with
cobalticenium

Seminal electrochemical studies of cobalticenium and deriva-
tives have been reported by Geiger, including a reversible
CoIII/II reduction that generated the neutral d7 “19-electron” co-
baltocene species and at much more negative potential anoth-
er single-electron reduction to the d8 “20-electron” CoI anion.[9]

Cobaltocenes are thermally stable, air-sensitive complexes,
whereas the very-high-energy CoI anion has never been isolat-
ed. In molecular nanomaterials such as large metallodendrim-
ers, the second wave is marred by considerable adsorption
and chemical irreversibility, therefore the attention here focus-
es on the first cyclic voltammetry wave that is very useful be-
cause its reversibility is still present. The cyclic voltammograms
(CVs) of dendrimers 2, 5, 8, 11, and 12 were determined in
DMF with FeCp*2 (Cp* =h5-C5Me5)2)[22] as the reference. The
CoIII/II reduction wave was indeed found to be chemically and
electrochemically reversible (Figure 2). The redox potential E1/2

of this reversible CoIII/II CV wave in dendrimers ranged from
�1.03 to �1.07 V versus FeCp*2. For the comparatively small
dendrimers 2, 5, 8, and 12, the CVs show an adsorption that is
negligible for this reversible CoIII/II wave (ia/ic = 1), so that com-
parison with the internal reference FeCp*2 provides a good es-
timation, by using the Bard–Anson equation [Eq. (2)] ,[23] of the
number of electrons nd involved in the CoIII/II redox process as
a function of the monomer and dendrimer intensities (i), con-
centrations (c), and molecular weights (M).

nd ¼ ðidcm=imcdÞðMm=MdÞ0:275 ð2Þ

According to this equation, the number of electrons found to
be transferred in the CoIII/II wave are nd = (7.5�1), (8.2�1),
(28�2), and (8.5�1) when using this equation for dendrimers
2, 5, 8, and 12, respectively, which is in good agreement with
the theoretical values of 8, 9, 27, and 9 redox groups in the
dendrimers (Table 3). The CV of dendrimer 12 also showed the

chemically and electrochemically reversible FeII/III oxidation
wave for the octamethylferrocenyl group. The redox potential
E1/2 of the FeII/III wave was 0.20 V versus FeCp*2 and �0.27 V
versus FeCp2, respectively (Table 3, Figure 3C and D). However,
for the largest dendrimer 11, the adsorption during the elec-
trochemistry measurements was more significant than with
the smaller dendrimers (Figure 3B), and consequently a larger
value nd = (110.5�5) than the theoretical number of redox
groups was found.

Figure 2. Compared UV/Vis absorptions for dendrimers a) 2, b) 5, and c) 12.

Table 3. Compared E1/2 values and numbers of electrons involved in the
redox wave of the cyclic voltammogram for all the cobalticenium dendri-
mers.[a]

Compound E1/2 [V] DE [mV] nd (number of electrons)

2 (8 Co) �1.05 65 7.5�1
5 (9 Co) �1.04 60 8.2�1
8 (27 Co) �1.03 65 28.0�2
11 (81 Co) �1.03 50 110.5�5
12 (9 Fe# + 9 Co)[b] �1.07 70 8.5�1

[a] Cyclic voltammetry of cobalticenium-enamine-terminated dendrimers
(2 mm) obtained at a Pt electrode at 25 8C in DMF; supporting electrolyte:
[nBu4N][PF6] , reversible CoIII/II wave. Internal reference: [FeCp*2]0/ + . [b] The
redox potential E1/2 of the FeII/III wave was 0.20 V versus FeCp*2 and
�0.27 V versus FeCp2, respectively.

Figure 3. Cyclic voltammograms of A) 5, B) 11, and C, D) 12.
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Conclusion

With amine-terminated dendrimers, which are among the
most common dendrimers (including the well-known PAMAM
dendrimers), the addition of ethynylcobalticenium produces
highly conjugated, deeply red-colored trans-enamine dendrim-
ers and proceeds smoothly and quantitatively at 35 8C without
the need of a catalyst (in contrast to the CuAAC “click” reac-
tion) and without the formation of any byproduct. This uncata-
lyzed alkyne hydroamination is thus a “green” organometallic
reaction that is very useful, because it is the most practical
method of introducing the cobalticenium group onto dendrim-
ers and thus also into a variety of other nanomaterials that are
functionalized with a primary or secondary amine group. The
ease and simplicity of the reaction allowed us to readily syn-
thesize heterobimetallic dendrimers that contain both ferro-
cenyl and cobalticenium groups, which means that sophisticat-
ed nanomaterials become accessible using this method. The
cobalticenium dendrimers are valuable since the CoIII/II redox
center is robust, as shown by the electrochemical studies re-
ported in this article, and very complementary to the ferriceni-
um/ferrocene redox couple. In spite of its robustness and utili-
ty, up to now it has been minimally employed owing to tedi-
ous synthetic methods, but the present modified procedure re-
ported herein should greatly enhance its applications in the
near future.

Experimental Section

General information

THF was dried over Na foil and distilled from the sodium benzo-
phenone anion under nitrogen immediately prior to use. Dichloro-
methane (CH2Cl2) and CH3CN were distilled from calcium hydride
under nitrogen prior to use. All other solvents and chemicals were
used as received. 1H NMR spectra were recorded at 25 8C using
a Bruker AC (200, 300, 400, 600 MHz) spectrometer. The 13C NMR
spectra were obtained in the pulsed FT mode at 75 MHz using
a Bruker AC 300 spectrometer. All the chemical shifts (d) are report-
ed in parts per million with reference to Me4Si for the 1H and
13C NMR spectra. All the 1H, 13C, 29Si, and 31P and DOSY NMR spec-
troscopic data and spectra are gathered in the Supporting Informa-
tion. The mass spectra were recorded using an Applied Biosystems
Voyager-DE STR-MALDI-TOF spectrometer (see the Supporting In-
formation). The infrared spectra were recorded using an ATI Matt-
son Genesis series FTIR spectrophotometer. UV/Vis absorption
spectra were measured using a Perkin–Elmer Lambda 19 UV/Vis
spectrometer (see the Supporting Information). Electrochemical
measurements (cyclic voltammetry) were recorded using a PAR 273
potentiostat under a nitrogen atmosphere at 293 K (see main text
and the Supporting Information). The elemental analyses were per-
formed at the Center of Microanalyses of CNRS at Lyon Solaize
(France). DOSY NMR spectroscopic measurements were performed
at 25 8C using a Bruker AVANCE II 600 MHz spectrometer. They
were performed using 1H NMR pulsed-gradient spectroscopic ex-
periments, the simulated spin–echo sequence that leads to the
measurement of the diffusion coefficient D, in which D is the slope
of the straight line obtained when ln (I) is displayed against the
square of the gradient-pulse power according to the following
equation [Eq. (3)]:

ln ðIÞ ¼ �g2G2Dd2ðD�d=3Þ ð3Þ

in which I is the relative intensity of a chosen resonance, g is the
proton gyromagnetic ratio, D is the intergradient delay (150 ms), d

is the gradient pulse duration (5 ms), and G is the gradient intensi-
ty. The diffusion constant of water (2.3 � 109 m2 s�1) was used to cal-
ibrate the instrument (see the Supporting Information).

Dendrimer 2

Complex 1 (43.0 mg, 1.2 � 10�4 mol, 1.5 equiv for each branch) and
the PAMAM dendrimer G1 (87 mL, 1 � 10�5 mol, 20 wt % solution in
MeOH) were dissolved in CH3CN/CH2Cl2 (1:1, 10 mL), then the mix-
ture was stirred for 2 d under N2 at 35 8C. The color of the mixture
changed from yellow to deep red during the stirring. The solvent
was removed under vacuum, and the residual solid was washed
with dry THF three times, then the residual solid was dried under
vacuum to give the all-trans-enamine-cobalticenium dendrimer 2
as a dark red solid (42.3 mg, yield 90 %). UV/Vis: lmax1 = 410 nm,
lmax2 = 483 nm, e = 1.00 � 105 L mol�1; IR (KBr): ñ= 3430 (nN�H), 1614
(nCH=CH), 838 cm�1 (nPF6) ; CV = 2 mm, solvent: DMF, T: 20 8C, support-
ing electrolyte: [nBu4N][PF6] (0.1 m), working and counter electro-
des: Pt, reference electrode: Ag, scan rate: 0.200 V s�1, internal ref-
erence: FeCp*2 ; E1/2(rev) =�1.05 V, DE = 65 mV; elemental analysis
calcd (%) for C158H208N26O12Co8(PF6)8 : C 44.19, H 4.88, N 8.48; found:
C 44.36, H 4.59, N 8.57.

Dendrimer 3

The nona-CH2I dendrimer (228.1 mg, 1 � 10�4 mol, 1 equiv), 4-hy-
droxybenzaldehyde (1.098 g, 9 � 10�3 mol, 10 equiv for each
branch), and K2CO3 (2.484 g, 1.8 � 10�2 mol, 20 equiv for each
branch) were mixed in one flask under N2. DMF (10 mL) was added
into the mixture with a syringe needle, the solution was stirred at
50 8C under N2 for 24 h. The color of the solution changed from
light yellow to light violet. Distilled H2O (100 mL) was added to
this mixture, a white precipitate formed, and the mixture was kept
stirring for 10 min. After filtration, the filtrate was violet, and the re-
sidual white solid was on the surface of the Celite. This white solid
was washed with H2O (100 mL four times) to remove the DMF, 4-
hydroxybenzaldehyde, and K2CO3. The white product was dissolved
in CH2Cl2 to give a colorless solution. This solution was dried with
anhydrous Na2SO4, the solvent was evaporated, and the dendrimer
was obtained as a colorless gel (200 mg, yield 89 %). IR (KBr): ñ=
1690 (nC=O), 2750 cm�1 (nCHO) ; MALDI-TOF: m/z calcd for
(C126H174O18Si9)Na+ : 2252.0; found: 2251.7; elemental analysis calcd
(%) for C126H174O18Si9 : C 67.88, H, 7.87; found: C 67.93, H 7.77.

Dendrimer 4

The 9-benzaldehyde dendrimer (223 mg, 10�4 mol) was dissolved
in dry n-butylamine (10 mL), and this mixture was stirred at RT
under N2 for 16 h. The excess amount of n-butylamine was re-
moved under vacuum to give a light yellow oil as the intermediate
imine. IR (KBr): ñ= 1645 cm�1 (nC=N) ; MALDI-TOF: m/z calcd for
(C162H255O9Si9N9): 2725.6; found: 2725.4; elemental analysis calcd
(%) for C162H255O9Si9N9: C 71.39, H 9.43, N 4.63; found: C 71.50, H
9.55, N 4.67.

The G0-imine dendrimer (824 mg, 3 � 10�4 mol) was dissolved in
MeOH/THF (1:1, 10 mL), then the mixed powder of NaBH4

(306.4 mg, 8.1 � 10�3 mol, 3 equiv for each branch) and PhCOOH
(998.5 mg, 8.1 � 10�3 mol, 3 equiv for each branch) was added to
the solution slowly at 0 8C, and the mixture was left stirring under
0 8C for 30 min. The solvent was removed under vacuum, then dry
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CH2Cl2 (30 mL) was added to the residual white solid. After separa-
tion, the organic solution was washed three times with a saturated
NaHCO3 solution and three times with distilled H2O. The organic
phase was dried with anhydrous Na2SO4, and the solvent was re-
moved under vacuum to give the 9-NHnBu dendrimer as a light
yellow oil (746 mg, yield 90 %). IR (KBr): ñ= 3300 cm�1 (nN�H);
MALDI-TOF: m/z calcd for (C162H273O9Si9N9)Na+ : 2764.9; found:
2765.4; elemental analysis calcd (%) for C162H273O9Si9N9: C 70.92, H
10.03, N 4.59; found: C 70.67, H 10.12, N 4.65.

Dendrimer 5

Complex 1 (87 mg, 0.23 mmol, 2.63 equiv for each branch) and the
9-NHnBu dendrimer 4 (27.43 mg, 0.01 mmol) were dissolved in
CH3CN/CH2Cl2 (1:1, 10 mL), then the mixture was stirred for 2 d
under N2 at 35 8C, and the color of the mixture changed from
yellow to deep red during the stirring. The solvent was removed
under vacuum, the dark red solid was washed three times with dry
THF, then the residual dark red solid was dried under vacuum to
give 5 as a dark red solid (53.7 mg, yield 90 %). IR (KBr): ñ= 1614
(nC=C), 836 cm�1 (nPF6) ; UV/Vis: lmax1 = 415 nm, lmax2 = 495 nm, e=
1.12 � 105 L mol�1 cm; CV = 2 mm, solvent: DMF, T: 20 8C, supporting
electrolyte: [nBu4N][PF6] (0.1 m), working and counter electrodes:
Pt, reference electrode: Ag, scan rate: 0.200 V s�1, internal refer-
ence: FeCp*2 ; E1/2(rev) =�1.03 V, DE = 65 mV; MALDI-TOF: m/z calcd
for (C270H363O9Si9N9Co9)(PF6)9: 5965.4; found (C270H363O9Si9N9Co9)-
(PF6)8 : 5820.4; elemental analysis calcd for (C270H363O9Si9N9Co9)-
(PF6)9 : C 54.35, H 6.13, N 2.11; found: C 53.40, H 6.18, N 2.23.

Dendrimer 6

The G1-CH2I dendrimer (228.1 mg, 1 � 10�4 mol, 1 equiv), 4-hydrox-
ybenzaldehyde (1.098 g, 9 � 10�3 mol, 10 equiv for each branch),
and K2CO3 (2.484 g, 1.8 � 10�2 mol, 20 equiv for each branch) were
mixed in a flask under N2. DMF (10 mL) was added into the mixture
with a syringe needle, and the solution was stirred at 50 8C under
N2 for 24 h. The color of the solution changed from light yellow to
light violet. H2O (100 mL) was added to this mixture, a white pre-
cipitate formed, and the mixture was kept stirring for 10 min. After
filtration, the filtrate was violet, and the residual white solid was
left on the surface of the Celite. The white solid was washed with
H2O (100 mL four times) to remove the DMF, 4-hydroxybenzalde-
hyde, and K2CO3. The white product was dissolved in CH2Cl2 to
give a colorless solution. The solution was dried with anhydrous
Na2SO4 and evaporated, and the compound was obtained as a col-
orless gel (200 mg, yield 89 %). IR (KBr): ñ= 1691 cm�1 (nCH = O);
MALDI-TOF: m/z calcd for (C477H678O63Si36Na+): 8454.5; found:
8454.3; elemental analysis calcd (%) for C477H678O63Si36 : C 67.95 H
8.11; found: C 67.58, H 8.01.

Dendrimer 7

The 27-benzaldehyde dendrimer 6 (843.2 mg, 1 � 10�4 mol) was dis-
solved in dry n-butylamine (10 mL), and this mixture was stirred at
RT under N2 for 16 h. The excess amount of n-butylamine was re-
moved under vacuum, which gave the G1-imine as a light yellow
oil. This compound was dissolved in MeOH/THF (1:1, 10 mL), then
the mixed powder of NaBH4 (306.4 mg, 8.1 � 10�3 mol, 3 equiv for
each branch) and PhCOOH (998.5 mg, 8.1 � 10�3 mol, 3 equiv for
each branch) was slowly added to the solution at 0 8C, then the
mixture was left stirring under 0 8C for one hour. The solvent was
removed under vacuum, dry CH2Cl2 (30 mL) was added to the re-
sidual white solid, and after filtration the organic solution was
washed three times with saturated NaHCO3 and three times with

distilled H2O. The organic phase was dried with anhydrous Na2SO4,
and the solvent was removed under vacuum to give the 27-NHnBu
dendrimer 7 as a light yellow oil (897 mg, yield 90 %). For G1-
imine: IR (KBr): ñ= 1645 cm�1 (nCH=N) ; elemental analysis calcd (%)
for C585H921N27O36Si36 : C 70.83, H 9.36, N 3.81; found: C 70.65, H
9.46, N 3.67. For 7: MALDI-TOF: m/z calcd for (C585H975N27O36Si36Na+

): 9997.2; found: 9998.2; elemental analysis calcd (%) for
C585H975N27O36Si36 : C 70.44, H 9.85, N 3.79; found: C 70.61, H 9.62, N
3.68.

Dendrimer 8

Complex 1 (90 mg, 2.43 � 10�4 mmol, 1.5 equiv for each branch)
and the 27-NHnBu dendrimer 7 (60 mg, 6 � 10�6 mol) were dis-
solved in CH3CN/CH2Cl2 (1:1, 10 mL), then the mixture was stirred
for 2 d under N2 at 35 8C; the color of the mixture changed from
yellow to deep red during the stirring. The solvent was removed
under vacuum, the dark red solid was washed with dry THF and fil-
tered three times, and the residual dark red solid was dried under
vacuum to give compound 8 as a dark red solid (108 mg, yield
90 %). UV/Vis: lmax1 = 415 nm, lmax2 = 495 nm, e= 3.38 � 105 L mol�1;
IR (KBr): ñ= 1614 (nCH=CH), 838 cm�1 (nPF6�) ; CV = 2 mm, solvent:
DMF, T: 20 8C; supporting electrolyte: [nBu4N][PF6] (0.1 m), working
and counter electrodes: Pt, reference electrode: Ag, scan rate:
0.200 V s�1; internal reference: FeCp*2 ; E1/2(rev) =�1.03 V, DE =
65 mV; elemental analysis calcd (%) for C909H1245N27O36Si36Co27-
(PF6)27: C 55.58, H 6.39, N 1.93; found: C 55.95, H 6.64, N 1.81.

Dendrimer 9

The G2-CH2I dendrimer (145 mg, 5.27 � 10�3 mmol, 1 equiv), 4-hy-
droxybenzaldehyde (521 mg, 4.27 � 10�3 mmol, 10 equiv for each
branch), and K2CO3 (1.178 g, 8.54 � 10�3 mmol, 20 equiv for each
branch) were mixed in a flask under N2. DMF (10 mL) was added
into the mixture with a syringe needle, the solution was stirred at
50 8C under N2 for 24 h and the color of the solution changed
from light yellow to light violet. H2O (100 mL) was added to this
mixture, a white precipitate formed, and the mixture was kept stir-
ring for 10 min. After filtration, the filtrate was violet and the resid-
ual white solid was on the surface of the Celite. The white solid
was washed with H2O (100 mL four times) to remove the DMF, the
excess amount 4-hydroxybenzaldehyde, and K2CO3, and the white
product was dissolved in CH2Cl2 to give a colorless solution. After
drying with anhydrous Na2SO4, and under vacuum, compound 9
was obtained as a colorless gel (128 mg, yield 90 %). IR (KBr): ñ=
1688 cm�1 (nCH=O) ; elemental analysis calcd (%) for
C1530H2190O198Si117: C 67.97, H 8.16; found: C 67.65, H 8.32.

Dendrimer 10

The 81-benzaldehyde dendrimer 9 (142 mg, 5.27 � 10�3 mmol) was
dissolved in dry n-butylamine (10 mL), this mixture was stirred at
RT under N2 for 16 h, the excess amount of n-butylamine was re-
moved under vacuum, and the residual light yellow oil was dis-
solved in MeOH/THF (1:1, 10 mL). The mixed powder of NaBH4

(80.8 mg, 2.135 � 10�3 mol, 5 equiv for each branch) and PhCOOH
(260.5 mg, 2.135 � 10�3 mol, 5 equiv for each branch) was slowly
added to the solution at 0 8C. The mixture was left stirring under
0 8C for 30 min, the solvent was removed under vacuum, and dry
CH2Cl2 (30 mL) was added to the residual white solid. After filtra-
tion, the organic solution was washed three times with saturated
NaHCO3 solution and three times with distilled H2O. The organic
phase was dried with anhydrous Na2SO4, and the solvent was re-
moved under vacuum to give the 81-NHnBu dendrimer as light
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yellow oil (137.5 mg, yield 90 %). For G2-imine: IR (KBr): ñ=
1645 cm�1 (nCH=N) ; elemental analysis calcd (%) for
C1854H2919O117Si117N 81: C 70.69, H 9.34, N 3.60; found: C 70.65, H 9.32,
N 3.35. For 10 : elemental analysis calcd (%) for C1854H3081O117Si117N 81:
C 70.32, H 9.81, N 3.58; found: C 70.60, H 9.64, N 3.69.

Dendrimer 11

Complex 1 (27.9 mg, 7.8 � 10�2 mmol, 1.5 equiv for each branch)
and the 81-NHnBu dendrimer 10 (20 mg, 6.4 � 10�4 mmol) were
dissolved in CH3CN/CH2Cl2 (1:1, 10 mL), the mixture was stirred for
2 d under N2 at 35 8C, and the color of the mixture changed from
yellow to deep red during the stirring. The solvent was removed
under vacuum, the dark red solid was washed three times with dry
THF, then the residual solid was dried under vacuum to give 11 as
a dark red solid (34.7 mg, yield 90 %). UV/Vis: lmax1 = 410 nm,
lmax2 = 496 nm (e = 1.12 � 106 L mol�1 cm�1) ; IR (KBr): ñ= 1614 (nCH=

CH), 838 cm�1 (nPF6) ; CV = 2 mm, solvent: DMF, T: 20 8C, supporting
electrolyte: [nBu4N][PF6] (0.1 m), working and counter electrodes:
Pt, reference electrode: Ag, scan rate: 0.200 V s�1, internal refer-
ence: FeCp*2 ; E1/2(rev) =�1.03 V, DE = 50 mV; elemental analysis
calcd (%) for C2826H3891O117Si117N 81Co81(PF6)81: C 55.94, H 6.46, N 1.87;
found: C 56.30, H 6.64, N 1.69.

Dendrimer 12

Complex 1 (27.8 mg, 7.8 � 10�2 mmol, 1.5 equiv for each branch)
and the nona-NHFc# dendrimer (25 mg, 5.75 � 10�3 mmol) were dis-
solved in a mixture of CH3CN (10 mL) and CH2Cl2 (10 mL). This solu-
tion was stirred for 2 d under N2 at 35 8C. The color of the mixture
changed from yellow to deep red during the stirring, dibutylamine
(5 mL) was added, and the mixture was stirred for 30 min at RT.
The solvent was removed under vacuum, the residual dark red
solid was washed with dry diethyl ether and filtered three times,
and it was dried under vacuum to give 12 as a dark red solid
(38.8 mg, yield 90 %). UV/Vis: lmax1 = 322 nm, lmax2 = 422 nm, lmax3 =
514 nm (e= 1.15 � 105 L mol�1 cm�1) ; IR (KBr): 1607 (nC=C), 838 cm�1

(nPF6) ; CV 2 mm, solvent: DMF, T: 20 8C, supporting electrolyte:
[nBu4N][PF6] 0.1 m, working and counter electrodes: Pt, reference
electrode: Ag, scan rate: 0.200 V s�1, internal reference: FeCp*2; E1/

2(rev) = 0.20 V, DE = 70 mV; E1/2(rev) =�1.07 V, DE = 70 mV; elemental
analysis calcd (%) for C360H525Si9N9Co9Fe9(PF6)9 : C 57.12, H 6.99, N
1.67; found: C 57.30, H 6.74, N 1.69.
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Partie 4 

Synthèse et activité rédox de polyélectrolytes de cobalticénium 

La conception de polyélectrolytes contenant des cobalticénium a été réalisé par les deux 

méthodes ‘click’ mentionnés à la partie 3. Ces polyélectrolytes présentent l’originalité de 

devoir leurs charges cationiques à des entités métallocéniques qui, de surcroît, sont 

extrêmement robustes sur le plan redox. Cette propriété en fait aussi potentiellement des 

batteries moléculaires de synthèse plus rapide que celle de dendrimères et de potentiel redox 

remarquablement placé, assez négativement dans l’échelle redox. 

Le polymère discuté au chapitre 4.1 a été synthétisé par CuAAC de l’éthynylcobalticénium 

avec un polystyrène à fonction polyazoture. La synthèse a été réalisée en trois étapes. Le fait 

que ce polymère soit soluble dans l’eau est remarquable parce que cela peut conduire à des 

applications comme par exemple la détection redox dans l'eau ou l'encapsulation de molécules 

hydrophobes et de médicaments dans un milieu aqueux. Par analyse SEC du précurseur 

polyazoture, nous avons estimé que le nombre d’unités est 31. En utilisant l'équation de Bard 

par voltammétrie cyclique (VC), avec le décaméthylferrocène comme référence interne, nous 

avons estimé le nombre np d'électrons transférés dans la vague d'oxydation du polymère, np = 

29 ± 3, résultat qui confirme les résultats de l’analyse SEC. De plus, les études de VC ont 

montré que tous les deux processus de transfert d'électrons sont réversibles.  

  

 

 

. 

 

 

 

 

Schéma. Motifs du chapitre 4.1. 

Au chapitre 4.2, nous décrivons la conception de polymères de cobalticénium  par 

polymérisation ROMP. La synthèse de ces polymères a été effectuée par Dr. Wang Yanlan et 

les études rédox par moi-même, avec en particulier la détermination de nombre d’unités à 

l’aide l’équation de Anson et Bard. La méthode ROMP permet une définition beaucoup plus 

précise et plus étendue que la polymérisation radicalaire du p.chlorométhylstyrène, en 

particulier grâce à l’utilisation du catalyseur de métathèse de Grubbs de 3
ème

 génération. 
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Abstract Ionic macromolecules, i.e. polyelectrolytes are

of academic and industrial interest due to their poly-

charged structures and applications. Here a polyelectrolyte

containing redox-active cobalticinium groups is synthe-

sized by CuI-catalyzed azide alkyne Huisgen-type regio-

selective 1,3-cycloaddition, which is also-called ‘‘click’’

synthesis between a poly(azidomethylstyrene) polymer and

ethynylcobalticinium. Overall, this first triazolylcobaltici-

nium polymer is easily prepared in only three steps, which

opens the way for applications such as redox sensing in

aqueous media, polymer encapsulation of hydrophobic

biomedical molecules in water and stabilization of colloi-

dal suspensions. Cyclic voltammetry shows chemically and

electrochemically reversible reductions on the electro-

chemical time scale, to the neutral 19-electron cobaltocene

polymer and to the unstable 20-electron anionic structure.

Application of Bard’s equation using the decamethylfer-

rocene reference allows estimating that the number of

electrons transferred in the first cyclic voltammetry wave is

29 ± 3, close to the number of cobalticinium units,

31 ± 2, determined by size exclusion chromatography.

Keywords Cobalticinium � Polymer � Click

reaction � Redox process � Cyclic voltammetry �
Polyelectrolytes

1 Introduction

Cobalticinium derivatives [1–5] are isoelectronic with

ferrocenes, but the positive charge of the 18-electron form

precludes all the electrophilic functionalization reactions

related to ferrocene. Yet cobalticinium salts, as with their

ferrocene analogues, have a rich electrochemistry with

reversible access to neutral CoII19-electron [6, 7] and

anionic 20-electron metallocene species [8, 9] and this

positive charge is the potential source of polyelectrolytes

upon pairing with an adequate source of anions in cobal-

ticinium polymers [10–22].

When transition metal complexes such as cobalticinium

salts are linked to macromolecules, they can undergo

transfer of a large number of electrons, and these multiple

redox processes are useful for potential nanodevice appli-

cations. Indeed, cobalticinium polymers are known [10–22]

and have been obtained either by ring-opening cobaltoce-

nophane [10–12] or from cobalticinium carboxylic acid as

a derivatizing side group [13–22].

Whereas this functionalization is tedious, ethynylco-

balticinium has been known for more than 20 years and is

easily synthesized [23] which provided the possibility of

easy CuI-catalyzed ‘‘click’’ reactions [24–27], as demon-

strated for ethynylferrocene [28–30] with a variety of

alkynes. Indeed, the first ‘‘click’’ reaction between eth-

ynylcobalticinium and alkynes was reported to give tria-

zolylcobalticinium derivatives in 2010 [28], and since then

this practical reaction has been systematically used in our

group for cobalticinium functionalization [29, 30]. The
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triazolyl derivatives are potential ligands that are useful for

sensing [31–33] and catalysis [34–36], especially when

they are directly linked to a redox-active metallocene unit.

Recently, triazolylcobalticinium dendrimers have been

reported [30]. Here we describe the first synthesis of a

triazolylcobalticinium polyelectrolyte polymer by CuI-cat-

alyzed azide-alkyne ‘‘click’’ cycloaddition (CuAAC) of

ethynylcobalticinium with an azido-functionalized

polymer.

2 Experimental

2.1 Materials

Reagent-grade diethyl ether and tetrahydrofuran (THF)

were predried over Na foil and distilled from sodium-

benzophenone anion under argon immediately prior to use.

All other solvents were used as received. Ethynylcobal-

ticinium 3 was synthesized according to [23]. p-Chloro-

methyl-styrene was purchased from Aldrich. Polymers 1

and 2 were synthesized according to [37] with slight

modifications (vide infra).

2.2 Physical Measurements

The 1H NMR spectra were recorded at 25 �C with a Bruker

AVANCE II 300 MHz spectrometer. The 13C NMR spec-

tra were obtained in the pulsed FT mode at 75.0 MHz with

a Bruker AVANCE 300 spectrometer. All chemical shifts

are reported in parts per million (d, ppm) with reference to

Me4Si (TMS). The infrared (IR) spectra were recorded on

an ATI Mattson Genesis series FT-IR spectrophotometer.

UV–Vis absorption spectra were measured with a Perkin–

Elmer Lambda 19 UV–Vis spectrometer. The size exclu-

sion chromatography (SEC) measurements were carried

out using the PL-GPC 50 plus Integrated GPC system from

Polymer laboratories-Varian equipped with refractometric

and UV detectors, column oven and integrated degasser.

Columns from TOSOH: TSKgel TOSOH, HXL-L (guard

column 6.0 mm ID 9 4.0 cm L), G4000HXL (7.8 mm

ID 9 30.0 cm L), G3000HXL (7.8 mm ID 9 30.0 cm L),

G2000HXL (7.8 mm ID 9 30.0 cm L). Flow Marker:

TCB (trichlorobenzene, C6H3Cl3), Flow: 1.0 mL/min.

Solvent: THF from Aldrich, loop : 100 lL.

2.3 Cyclic Voltammetry (CV) Measurements

All electrochemical measurements were recorded under

nitrogen atmosphere. Conditions: solvent: dry DMF; tem-

perature: 20 �C; supporting electrolyte: [n-Bu4N][PF6]

0.1 M; working and counter electrodes: Pt; reference

electrode: Ag; internal reference: FeCp*2 (Cp* = g5-

C5Me5) [38]; scan rate: 0.200 V/s-1.

2.4 Synthesis of p-Polychloromethylstyrene 1

p-Chloromethylstyrene (2.17 g, 14.2 mmol) was dissolved

in 5 mL dry toluene, then AIBN (0.12 g, 0.7 mmol) was

added under nitrogen. The reaction mixture was allowed to

stir at 80 �C for 24 h. Then, toluene was removed under

vacuum, and the crude product was washed with methanol

and precipitated five times in CH2Cl2/methanol. The p-

polychloromethylstyrene 1 was obtained as a white powder

in 53.9 % yield. SEC: PDI = 1.40, Mn = 4,758,

Mw = 5,297.

2.5 Synthesis of p-Polyazidomethylstyrene 2

In a Schlenk flask, the p-polychloromethylstyrene com-

pound 1 (2.5 g, 0.5 mmol) was dissolved in 20 mL DMF,

and NaN3 (1.6 g, 24.6 mmol) was added. The mixture was

heated at 80 �C for 24 h, then the suspension was extracted

three times with diethyl ether/H2O, the organic phase was

dried over Na2SO4, filtered and evaporated. The p-poly-

azidomethylstyrene compound 2 was purified by precipi-

tation in MeOH twice. It was obtained as a white waxy

product in 84.6 % yield. IR spectrum: 2,097 cm-1 for the

azido band. SEC: PDI = 1.24, Mn = 4,901, Mw = 4,938.

2.6 Synthesis of Poly-triazolylcobalticinium Polymer 4

The ethynylcobalticinium compound 3 (1.5 equiv.,

168.7 mg, 0.47 mmol) and the azido polymer 2 (1 equiv.,

50 mg, 0.3 mmol) were dissolved in a mixture of degassed

THF (15 mL), DMF (20 mL) and H2O (4 mL), and the

reaction mixture was cooled to 0 �C. Then, an aqueous

solution of CuSO4 1 M (1.1 equiv.) was added dropwise,

followed by the dropwise addition of a freshly prepared

solution of sodium ascorbate (2.2 equiv.) The color of the

solution changed from orange to dark red upon addition of

sodium ascorbate. The reaction mixture was allowed to stir

for 12 h at 50 �C under a nitrogen atmosphere. Then the

mixture of solvents was removed under vacuum, and

100 mL of nitromethane was added followed by the addition

of an aqueous solution of ammonia. The mixture was

allowed to stir for 15 min in order to remove all the copper

salt trapped inside the polymer. The organic phase was

washed twice with water, dried over sodium sulfate, filtered

and the solvent was removed under vacuum. Then the

product was washed with THF in order to remove the excess

of alkyne and precipitated from an acetone or acetonitrile

solution in diethyl ether. Further washing in acetonitrile

removed smaller polymer parts. The water-soluble polymer

4 was obtained as an orange-yellow sticky oil in 53 % yield.
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1H NMR (1D 1H), (D2O, 300 MHz): dppm: 8.35 (CH of

trz), 7.0 (CH arom.), 6.03 (CH of Cp sub.), 5.73 (CH of Cp

sub.), 5.44 (CH of Cp free and CH2 -trz), 1.56, 1.40 (CH2

and CH of polymeric chain). 13C NMR (D2O, 75 MHz):

140.43 (Cq of Ar), 138.68 (Cq of trz), 128.75 (CH of Ar

polymer chain), 125.24 (CH of trz), 93.22 (Cq of Cp sub.),

85.83 (CH of Cp), 86.74, 85.72, 84.59, 80.55 (CH of Cp

sub.), 55.34 (CH2-trz), 53.72 (CH, CH2 of polymeric

chain).

3 Results and Discussion

3.1 Synthesis and SEC Characterization of Polymers 1

and 2

The polychloromethylstyrene polymer 1 was prepared by

free-radical polymerization of commercial chloromethyl-

styrene using AIBN as the initiator (Scheme 1). The

reaction took place in toluene, at 80 �C under nitrogen.

Azidation reaction gave the azido-polymer 2 in 85 %

yield.

SEC (reference: polystyrene) shows the molecular

weight distribution curve of 1 with polydispersity index

(PDI) = 1.4 and 2 with PDI = 1.2. The polydispersity

improved from 1 to 2, because after the azidation reaction

the product was further purified by precipitation in MeOH

twice. Molecular weight data using polystyrene as the

standard reference show that polymer 2 consists of 31 units

(Fig. 1).

3.2 Synthesis of the Cobalticinium Polymer 4

The polymer 4 was synthesized by CuAAC ‘‘click’’ reac-

tion between ethynylcobalticinium 3 and the azido polymer

2. Previous studies concerning the click cobalticinium

dendrimers showed that as the number of the triazolyl (trz)

cobalticinium groups increases in a molecule, its polarity

also increases due to charge clustering. Charge clustering

favors solubilization in more polar solvents such as water,

which is a polyelectrolyte property. Assuming that the

polymer 2 consists of a large number of units, a mixture of

THF/DMF/H2O as solvent was chosen for the click reac-

tion in order to achieve the solubility of the final product 4.

Scheme 1 Synthesis of the water-soluble triazolylcobalticinium polyelectrolyte
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The reaction lasted 12 h at 50 �C. The copper salt was

removed as [Cu(NH3)2(H2O)2] [SO4] after adding an

aqueous solution of NH3 to the mixture. The polymer was

purified by precipitation in diethyl ether and washed with

acetonitrile in order to remove smaller polymeric units that

might have formed. The final yellow product was soluble

only in very polar solvents such as water (Fig. 2), DMF and

DMSO.

3.3 Characterization of the Cobalticinium Polymer 4

‘‘Click’’ reactions are easily monitored by infrared spec-

troscopy (neat), because the azido groups have a charac-

teristic peak at 2,094 cm-1 that disappears at the end of the

reaction confirming that all the azido groups are replaced

by trz groups. A strong band at 838 cm-1 is due to the

absorption of the PF6 anion, and the band at 3,118 cm-1 is

due to the = C–H stretching of the trz and the Cp groups of

the cobalticinium units. NMR spectroscopy in D2O con-

firms the structure of the water-soluble polymer 4. 1H

NMR shows the disappearance of the –CH2N3 peak at

4.25 ppm, the appearance of the trz-CH peak at 8.35 ppm

as well as the other characteristic peaks of the polymer.

The presence of trz group is also confirmed by the

appearance of the characteristic peaks of Cq and CH of trz

in the 13C NMR spectra. UV–Vis spectroscopy recorded in

water shows a strong absorption at 347 nm due to d–d*

transitions of cobalticinium and an absorption shoulder at

425 nm (Fig. 2).

The MALDI-TOF mass spectrum of the polycationic

cobalticinium polymer 4 showed well-defined individual

peaks for polymer fragments that are separated by 517 Da,

which exactly corresponds to the mass of one methylenes-

tyryltriazolylcobalticinium hexafluorophosphate unit

(Fig. 3). The highest molecular peak that could be obtained

was that of 5,796 Da corresponding to a polymer fraction of

11 trz-cobalticinium units. Several other fragments are also

observed probably due to additions or losses of some PF6

anions. The intensities of the peaks separated by 517 Da

progressively decrease and vanish towards high molecular

masses. Thus the molecular peak and higher masses cannot

be observed. While this MALDI TOF mass spectrum

clearly shows the structure and motifs of the polymer 4, the

SEC analysis of the precursor polymer 2 is a more viable

method to determine the total number of units. SEC analysis

of the final polycationic cobalticinium itself, polyelectrolyte

4, is difficult due to the strong electrostatic interactions

between the cobalticinium moieties. Therefore CV studies

were conducted in order to examine the thermodynamics

and kinetics of the heterogeneous electron-transfer pro-

cesses, the stability of the reduced states and finally to

confirm the number of units in the cobalticinium polymer 4.

3.4 Cyclic Voltammetry Studies and Multi-Electron-

Transfer Process

The trz-cobalticinium polymer 4 was studied by cyclic

voltammetry using decamethylferrocene as the internal

reference [38]. DMF was used as a solvent (Fig. 4). The

Fig. 1 SEC analysis:

a p-polychloromethylstyrene 1,

b p-polyazidomethylstyrene 2

Fig. 2 UV–Vis spectroscopy of the cobalticinium polymer 4 in water

(Color figure online)
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first reduction wave corresponding to the reduction of

cobalticinium to the 19-electron cobaltocene (CoIII/II) takes

place at -0.8 V [6, 7]. The second wave corresponding to

the reduction of cobaltocene to the 20-electron cobalt-

ocenyl anion (CoII/I) appears at -1.73 V [8, 9] (Table 1).

Although heterogeneous electron transfers from the elec-

trode to the metallocene polymer proceed one by one [39],

both waves are single. This can be explained by the

weakness of the electrostatic factor between the redox sites

which are separated by several bonds [40–43]. Addition-

ally both waves appear to be electrochemically reversible.

The electrochemical reversibility is due to very fast rota-

tion within the electrochemical time scale, where all the

redox groups come close to the electrode provoking fast

electron transfer between all the redox groups and the

electrode, [44] and/or the electron-hopping mechanism

[45].

Supporting electrolyte: [n-Bu4N][PF6] 0.1 M; working

and counter electrodes: Pt; reference electrode: Ag; internal

reference: FeCp*2 (Cp* = g5-C5Me5); scan rate: 0.200

V/s-1. The DE value of 0.045 V obtained for the CoIII/II

wave, slightly lower than the standard 0.059 V value at

25 �C [39], is probably due to partial adsorption of 4 onto

the electrode.

The envelope of the first redox wave (CoIII/II) is slightly

broadened compared to a standard single-electron wave

shape which is most probably due to electrostatic interac-

tions slightly differentiating the multiple single electron-

transfer steps corresponding to the CoIII/II redox change. In

the second electron-transfer (CoII/I) for which the starting

polymer does not contain cationic species, this phenome-

non does not appear, because it is weaker. The electrostatic

interaction for the first electron transfers involve all the

cationic charges whereas the last ones involve a neutral or

Fig. 3 MALDI-TOF mass spectrum of polymer 4

Fig. 4 CV of 4. Internal reference: FeCp*2. Solvent: DMF; 298 K;

reference electrode: Ag; working and counter electrodes: Pt; scan

rate: 0.2 V/s-1; supporting electrolyte: [n-Bu4N][PF6]

Table 1 Redox potentials, chemical (ia/ic) and electrochemical (Epa-

Epc = DE) reversibility data for compound 4

Compound Solvent CoIII/II [V] CoII/I [V]

E1/2 DE ia/ic E1/2 DE ia/ic

4 DMF -0.80 0.045 0.8 -1.73 0.060 0.6

J Inorg Organomet Polym (2014) 24:107–113 111

123

121



anionic polymer. Interactions between the cationic centers,

the counter anions and the solvent molecules are respon-

sible for the variation of the electrostatic energy engaged in

the heterogeneous electron transfers [43–47].

The second wave (CoII/I) is electrochemically reversible,

indicating that the 20-electron fully sandwich structure is

retained on the electrochemical time scale without signif-

icant structural change [8, 9] (only a small increase of the

Co–Cp bonds is expected due to the presence of two

electrons in slightly anti-bonding e*1 orbitals [48, 49]). On

the other hand, the chemical reversibility is weaker than

that of the first wave (Table 1), signifying that on a longer

timescale the anionic metallopolymer structure collapses.

Lastly, the number of electrons involved in the first redox

change (CoIII/II) was calculated by cyclic voltammetry

analysis in order to confirm the number of trz-cobalticini-

um units, 31, determined from SEC analysis of the pre-

cursor 2. The total number of electrons transferred in the

oxidation wave for the polymer (np) can be estimated from

the limiting currents and approximate relative values of the

diffusion coefficients of the monomer (Dm) and the poly-

mer (Dp):

Dp=Dm¼ Mm=Mp

� �0:55

Assuming that the reduction of each redox moiety is an

one-electron reaction (CoIII CoII), the value of np can be

estimated by employing Bard’s equation previously

derived for conventional polarography [39, 40]:

np¼ idp=Cp

� �
= idm=Cmð Þ Mp=Mm

� �0:275

Consequently comparison with the internal reference

[Fe(g5-C5Me5)2] provides a good estimation of the number

of electrons np involved in the CoIII/II redox process as a

function of the monomer and polymer intensities (i),

concentrations (C) and molecular weights (M) [40].

Measurement of the respective intensities for the

decamethylferrocene reference and the first wave led to the

data of np = 29 ± 3 electrons for the polyelectrolyte 4, which

is in good agreement with the experimental values of 31 ± 2

derived by SEC of the polyazido polystyrene polymer

precursor, 2. The value of 29 is lower than 31, probably due

to the lowering of the wave due to the electrostatic factor (vide

supra). This factor should indeed result in a lower value than

the actual one as found, but the decrease is only modest

judging from the comparison with the SEC data.

4 Concluding Remarks

The first triazolylcobalticinium polymer has been synthe-

sized by facile CuI-catalyzed azide-alkyne ‘‘click’’ CuAAC

of ethynylcobalticinium with an azido-functionalized

polymer. The three-step synthesis represents a very prac-

tical synthetic method from commercial p-chloromethyl-

styrene. The number of triazolylcobalticinium units in this

polymer 4 has been estimated to be 31 using the SEC data

of the polyazido polymer and was confirmed (29 ± 3)

using Bard’s equation by cyclic voltammetry using

decamethylferrocene as the internal reference. Remark-

ably, this polymer is water soluble, which can lead to

significant applications in redox sensing in water or poly-

mer encapsulation in aqueous media of hydrophobic bio-

medical molecules and drugs. Cyclic voltammetry studies

showed two reversible electron-transfer processes which

make this polymer a very good candidate as a molecular–

battery material. Such studies are currently underway in

our laboratory.
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de la Recherche Scientifique (CNRS), the Agence Nationale de la

Recherche (ANR) and the China Scholarship Council (Ph.D. grant to

Y. W.) is gratefully acknowledged.

References

1. G. Wilkinson, J. Am. Chem. Soc. 74, 6148 (1952)

2. G. Wilkinson, P.L. Pauson, F.A. Cotton, J. Am. Chem. Soc. 76,

1970 (1954)

3. J.E. Sheats, M.D. Rausch, J. Org. Chem. 35, 3245 (1970)

4. J.E. Sheats, J. Organomet. Chem. Lib 7, 461 (1979)

5. R.D.W. Kemmit, D.R. Russell, Comprehensive Organometallic

Chemistry (Pergamon, Oxford, 1982)

6. N.J. Connelly, W.E. Geiger, Chem. Rev. 96, 877 (1996)

7. W.E. Geiger, Organometallics 26, 5738 (2007)

8. W.E. Geiger, J. Am. Chem. Soc. 96, 2632 (1974)

9. W.E. Geiger, W.L. Bowden, N. El Murr, Inorg. Chem. 18, 2358

(1979)

10. U.F.J. Mayer, J.P.H. Charmant, J. Rae, I. Manners, Organome-

tallics 27, 1524 (2008)

11. U.F.J. Mayer, J.B. Gilroy, D. O’Hare, I. Manners, J. Am. Chem.

Soc. 131, 10382 (2009)

12. H. Qiu, J.B. Gilry, I. Manners, Chem. Commun. 49, 42 (2013)

13. T. Ito, T. Kenjo, Bull. Soc. Chem. Jpn. 41, 614 (1968)

14. C.U. Pittman, O.E. Ayers, S.P. McManus, J.E. Sheats, C.E.

Whitten, Macromolecules 4, 360 (1971)

15. C.M. Casado, F. Lobete, B. Alonso, B. Gonzalez, J. Losada, U.

Amadr, Organometallics 18, 4960 (1999)

16. K. Masakazu, T. Ikuyoshi, Nippon Kagakkai Koen Yokoshu 83,

805 (2003)

17. M. Kondo, Y. Hayakawa, M. Miyazawa, A. Oyama, K. Unoura,

H. Kawaguchi, T. Naito, K. Maeda, F. Uchida, Inorg. Chem. 43,

5801 (2004)

18. L.X. Ren, C.G. Hardy, C.B. Tang, J. Am. Chem. Soc. 132, 8874

(2010)

19. L.X. Ren, C.G. Hardy, S.F. Tang, D.B. Doxie, N. Hamidi, C.B.

Tang, Macromolecules 43, 9304 (2010)

20. J.Y. Zhang, L.X. Ren, C.G. Hardy, C.B. Tang, Macromolecules

45, 6857 (2012)

112 J Inorg Organomet Polym (2014) 24:107–113

123

122



21. L.X. Ren, J.Y. Zhang, C.G. Hardy, S.G. Ma, C.B. Tang, Mac-

romol. Commun. 33, 510 (2012)

22. L.X. Ren, J.Y. Zhang, X.L. Bai, C.G. Hardy, K.D. Shimizu, C.B.

Tang, Chem. Sci. 3, 580 (2012)

23. M. Wildschek, C. Rieker, P. Jaitner, H. Schottenberger, K.E.

Schwarzhans, J. Organomet. Chem. 396, 355 (1990)

24. C. Ornelas, J. Ruiz, E. Cloutet, S. Alves, D. Astruc, Angew.

Chem. Int. Ed. 46, 872 (2007)
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ABSTRACT: The synthesis of redox-robust polyelectrolyte
polymers has long been investigated. Two simple methods of
synthesis of well-defined cobalticenium-containing polymers
are presented using both the norbornene ring-opening-
metathesis polymerization (ROMP) method initiated by a
third-generation Grubbs catalyst and the mild uncatalyzed
hydroamination of the easily available ethynyl cobalticenium
hexafluorophosphate salt. In the first strategy, a norbornene
monomer functionalized with an enamine-cobalticenium
group is polymerized by ROMP, whereas in the second one a norbornene derivative functionalized with a secondary amine
group is polymerized by ROMP using the same catalyst followed by hydroamination of ethynyl cobalticenium. The structures of
the polymers have been established by 1H, 13C NMR, and DOSY NMR, IR, UV−vis spectroscopy, mass spectrometry, elemental
analysis, and cyclic voltammetry. The number of units in the polymers have been determined for various polymer lengths using
end-group analysis by 1H NMR using the diffusion coefficient determined by DOSY NMR and by cyclic voltammetry upon
comparing the relative intensities of a monomer reference and the cobalticenium polymers.

■ INTRODUCTION

Metallocene polymers1 have been largely developed as a
privileged area of metal-containing polymers,2 in particular due
to their robustness and redox properties.3 Although by far the
most extensively investigated metallocene polymers are
ferrocene-containing polymers,4 cobalticenium containing poly-
mers5−8 and dendrimers9,10 have attracted attention for a long
time. Cobalticenium salts are monocationic in the robust 18-
electron configuration.11 Cobalticenium polymers and den-
drimers are polyelectrolytes, a field of interest in materials
chemistry because of specific solubilities, physical properties, and
applications, for instance, in batteries.12

The most common cobalticenium starting materials for the
synthesis of cobalticenium polymers are cobalticenium carbox-
ylic acids that are subjected to amide coupling upon reaction with
polymeric5,6 and dendritic amines.9 Tang’s group has also
recently reported several articles on cobalticenium polymers
based on such useful coupling reactions.6 Manners’ group7 very
recently published the remarkable, facile, and efficient ring-
opening polymerization reaction of a cobaltocenophane
monomer as an extension of the rich ferrocenophane ring-
opening polymerization chemistry.13 Another useful starting
material is ethynylcobalticenium hexafluorophosphate, 1,14 that
readily undergoes click reactions with terminal azides yielding
1,2,3-triazolyl cobalticenium derivatives (Scheme 1).15 This click
reaction has indeed been used to synthesize cobalticenium
polyelectrolytes8 and dendritic cobalticenium complexes.10

Ethynyl cobalticenium hexafluorophosphate has also been
reported to react with primary and secondary amines according
to a facile uncatalyzed hydroamination reaction yielding trans-
enamines under ambient or nearly ambient conditions (Scheme
1).16

We now report two new mild and efficient routes to
cobalticenium polymers using ethynylcobalticenium hydro-
amination reactions: (i) the functionalization of an amino
derivative of a norbornene polymer (obtained by ROMP) with
ethynyl cobalticenium and (ii) the ROMP polymerization of a
cobalticenium derivative of a norbornene monomer bearing an
amino group to which ethynyl cobalticenium has been connected
using this hydroamination reaction.

■ RESULTS AND DISCUSSION
For the preparation of the organic and organometallic polymers,
the ring-opening-metathesis polymerization (ROMP) reaction
of norbornene derivatives has been selected.17 This reaction is
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Scheme 1. Two Useful Reactions of Ethynylcobalticenium
Hexafluorophosphate, 115,16
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known to be very efficient using the third-generation Grubbs
catalyst 3 that is easily prepared using the commercial second-
generation Grubbs catalyst 2 (eq 1).18

1. Hydroamination of 1 by a Norbornene-Function-
alized Secondary Amine. Commercial 5-norbornene-2-
carboxaldehyde (endo + exo) monomer was treated with excess
butylamine at room temperature under N2 for 16 h to give the
imine product as a light yellow oil quantitatively. The reduction
reaction of the imine was carried out in dry THF/CH3OH (1:1)
at 0 °C (Scheme 2) using the mixed powder NaBH4/
PhCOOH19 to give the norbornene-substituted secondary
amine as a light yellow oil in 99% yield. This secondary amine
reacted stoichiometrically with 1 in CH3CN at 35 °C for 16h
under N2 to give the cobalticenium−enamine monomer 4 as a
deep red solid in 98% yield. This monomer has been fully
characterized by 1H, 13C, 31P NMR, IR, UV−vis, cyclic
voltammogram, mass, and elemental analysis (Figures S1−S5,
Supporting Information).
2. Ring-Opening-Metathesis Polymerization (ROMP) of

Norbornene Functionalized with trans-Enamine Cobalti-
cenium Hexafluorophosphate Using Grubbs’ Third-
Generation Catalyst. The cobalticenium−enamine-substi-
tuted norbornene monomer 4 has been polymerized in distilled
CH2Cl2 in the presence of the catalyst 3 at room temperature in
30 min. Then excess ethyl vinyl ether was added to quench the
reaction. After the solvent was removed under vacuum, the
remaining deep red solid was washed with THF (3 × 10 mL) to
remove the catalyst and the short-chain polymers. The use of
different ratio of catalyst (0.01, 0.05, and 0.10 equiv) gives the
polymers 5 in 90% yield, 9 in 98% yield, and 10 in 99% yield
respectively as deep-red solids, characterized by 1H, 13C, and
DOSY NMR, IR, UV−vis spectroscopy, MALDI−TOF mass
spectrometry, cyclic voltammetry (CV), and elemental analysis
(Figures S6−S8 and S14−S19).

3. ROMP of Norbornene Functionalized with a
Secondary Amine. The cobalticenium−enamine polymer 8
was obtained by the uncatalyzed hydroamination reaction of 1
with the secondary amine-functionalized polymer 7 (Scheme 3).
First 5-norbornene-2-carboxaldehyde (endo + exo) was poly-
merized in CH2Cl2 in the presence of catalyst 3 (0.03 equiv) at
room temperature for 30 min. Then excess of ethyl vinyl ether
was added to quench the reaction. The mixture was concentrated
to 1 mL under vacuum, then excess of MeOH was added to
precipitate the polymer 6 as a white solid that was characterized
by 1H and 13C NMR, SEC (size exclusion chromatographie) and
elemental analysis (Figures S9 and S10). The SEC of 6 shows a
broad-ranged, ill-defined bimodal polymer due to the probably
fast aggregation during the measurement (Figure S11). Polymer
6 was treated with excess butylamine at 35 °C to give the imine
polymer as a light-yellow oil quantitatively. Then this imine
polymer was reduced in THF/CH3OH (1:1) at 0 °C in the
presence of a NaBH4/PhCOOH powdery mixture to give after
work-up the secondary amine-substituted polymer 7 as a light
yellow oil in 95% yield.19 Polymer 7 was characterized by 1H and
13C NMR and elemental analysis (Figures S12 and S13).

4. Hydroamination of 1 with the Secondary Amine-
Functionalized Polynorbornene Polymer 7. The secondary
amine-functionalized polymer 7 was treated with a slight excess
of 1 in CH2Cl2:CH3CN (1:1) providing the cobalticenium−
enamine polymer 8 in 2 days in 97% yield, and 8 was fully
characterized.

5. Characterization. 1H NMR Spectra of the Monomer 4
and Polymer 5. Figure 1 shows the compared 1H NMR spectra
of the cobalticenium−enamine monomer 4 (Figure 1A) and
polymer 5 (Figure 1B) in CD3COCD3. For the monomer 4, the
typical two protons on the CC bond on the norbornene were
found in the area of 6.08−6.28 ppm. The splitting of all the peaks
is caused by the mixture of endo and exo structures. The two
protons of the CC bond between the amino and the
cobalticenium were found in the area of 4.72−4.78 and 7.16−
7.28 ppm, respectively showing the trans-enamine−cobaltice-
nium structure. After polymerization in the presence of catalyst 3,
these two protons of the CC bond on the norbornene
structure appeared in the region of 5.37 ppm that was merged
with that of the substituted Cp ligand of cobalticenium. All the
peaks are broad as reported in the literature for the ROMP
polymers and each peak was well assigned for the polymer. The

Scheme 2. ROMP Reaction of the Enamine−Cobalticenium Norbornene Yielding the Homopolymer 5
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phenyl group of the catalyst is located at the end of the polymer
chain after polymerization. This phenyl group in the polymer was
found in the area of 7.20−7.40 ppm, which is convenient for the
rough estimation of the molecular weight of the polycationic
polymers by the end-group analysis (vide inf ra).
MALDI−TOF Mass Spectrometry. The ESI mass spectrum of

the cationic monomer 4 (C24H31CoN
+) was simulated as 392.44

and found at 392.18 indicating the presence of the molecular ion.
The MALDI−TOF spectrum of the polycationic cobalticenium
polymer 5 showed well-defined individual peaks for polymer
fragments that are separated by exactly 537.1 g/mol correspond-
ing to the mass of one norbornene enamine-cobalticenium
hexafluorophosphate unit 4 (Figure 2). The highest molecular
peak observed was located at 10303.5 g/mol corresponding to a
polymer fraction of 19 monomer units with terminal groups.
Several other fragments are also observed due to the additions or
losses of PF6 anions and end groups. Thus, it was not possible to
obtain the true molecular weight for the polymer 5 due to the
limit of the MALDI−TOF technique, but the MALDI−TOF
spectrum clearly shows the structure and motifs of 5. For the
polymers 8, 9, and 10, the MALDI−TOF mass spectra also
showed the splitting of each unit in the same area in accord with
their structures.
UV−Vis Spectroscopy. The solution of 1 in acetone is yellow

(Figure 3, left). On the other hand, all the cobalticenium enamine
monomers and polymers are deep red in acetone (Figure 3,
right). As shown in Figure 3, compound 1 (blue line) showed
adsorptions at 350 and 420 nm in the UV−vis spectrum. The
weak peak around 420 nm is assigned to the d−d* transition of
cobalticenium.20 The new absorption around 500 nm seems to
be due to d−d* transition mixed with charge transfer from the
ligand to the metal in the cobalticenium−enamine monomers
and polymers 4, 5, and 8.16 The weak peak around 420 nm
caused by the d−d* transition of cobalticenium is still on the
shoulder of the main absorptions around 500 nm for all the
cobalticenium−enamine monomers and polymers. The poly-
mers 9 and 10 showed identical adsorptions under the UV−vis
with the polymer 5 as expected.
Cyclic Voltammetry (CV) and Multielectron-Transfer

Process in the Polymers. The redox processes of cobalticenium
salts have been thoroughly studied by cyclic voltammetry and

other electrochemical techniques, in particular by Geiger’s
group.21 It is well-known that the single-electron reduction of
cobalticenium salts gives stable cobaltocene and the second
single-electron reduction gives unstable cobaltocene anion. Such
studies have been extended to polymers and the cyclic
voltammograms have been recorded in this work for all the
cobalticenium−enamine monomer and polymers. For example,
the cyclic voltammogram of polymer 5 has been recorded at 20
°C with decamethylferrocene, [Fe(η5-C5Me5)2], {(η

5-C5Me5) =
Cp*)} as the internal reference in DMF in order to cover the
largest possible electroactivity.22 It shows two redox waves
coresponding to the two redox states of the cobalt center. The
redox process of cobalticenium does not clearly appear as fully
chemically and electrochemically reversible, because it is marred
by some adsorption (vide inf ra), but some data have been
extracted and gathered in Table 1. For the CoIII/II wave E1/2 =
−1.04 V, and for the CoII/I wave E1/2 = −2.02 V vs FeCp*2
(Figure 4). For the polymer 5, the first redox wave (CoIII/II) is
slightly broadened compared to a standard single-electron wave.
It is probable that some adsorption and electrostatic interactions
slightly differentiate the multiple single electron-transfer steps
corresponding to the CoIII/II redox, whereas in the second
electron-transfer (CoII/I) for which the starting polymer does not
contain cationic species this phenomenon does not appear. The
CV of the monomer 4 includes a partly chemically reversible
oxidation of the amine group to somewhat unstable aminium at
1.04 V and two reversible waves for the two redox states of cobalt
under identical electrode potentials with the polymer 5. On the
other hand, both the monomer 4 and polymer 5 show large
differences in electrode potentials compared to the starting
complex 1 under identical conditions (CoIII/II wave, E1/2 =−0.70
V; CoII/I wave, E1/2 = −1.63 V vs FeCp*2) (Table 1).

Molecular Weights. It was challenging to observe a GPC
signal for the cobalticenium-containing polymers due to the
strong electrostatic interaction between the cationic cobaltice-
nium moieties and the stationary phase of microstyragel
columns. It was not possible to determine the precise molecular
weight by MALDI−TOF spectrometry due to the limit of this
technique, although the splitting of each unit was found for all the
cobalticenium polymers in this work (Scheme 1). The end-group
analysis by 1HNMR allows the approximate determination of the

Scheme 3. Hydroamination of 1 by the Secondary Amine-Functionalized Norbornene Polymer 7, Yielding the Cobalticenium−
Enamine-Functionalized Norbornene Polymer 8
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molecular weight of the polymers obtained by ROMP. For
example, the molecular weight of polymer 5 determined from
end-group analysis isMn = 44750 g/mol which corresponds to 83
units (Table 2). The objective of DOSY (diffusion-ordered
spectroscopy) NMR experiments was thus double: measuring
the diffusion coefficients of the molecules in solution and
obtaining a DOSY spectrum that reflects the purity of the
polymer. The DOSY NMR of the homopolymer 5 obtained in
CD3COCD3 gives the diffusion coefficient as 9.1 × 10−11 m2/s
using eq 2:

=D D M M/ ( / )p m m p
0.55

(2)

using the known diffusion coefficients of the monomer (Dm) and
the polymer (Dp). The molecular weight of 5 is Mn = 47783 g/
mol which corresponds to a number of monomer units np in the
polymer approximatively equal to 89, i.e., slightly higher than the
result obtained by end-group analysis using the 1H NMR
spectrum. Since the reduction of each redox moiety corresponds

to a one-electron process (CoIII/II), the value of np is then
estimated by employing the Bard−Anson equation, 3,23

previously derived for conventional polarography:

=n i C i C M M( / )/( / )( / )p dp p dm m p m
0.275

(3)

Using this eq 3, comparison between the intensities (i) of the CV
wave of the internal reference [FeCp*2] and the polymer
provides a good estimation of the number of electrons np
involved in the CoIII/II redox process of the polymer using the
known concentrations (c) and molecular weights (M) obtained
from eq 2. Measurement of the ratio between the intensities of
the decamethylferrocene reference wave and the first wave of the
polymer led to the result np = 99 electrons for the polyelectrolyte
5, which is slightly higher than the experimental values of 83 and
89 derived by the end-group analysis and the DOSY measure-
ments, respectively. It is assumed that some adsorption is
responsible for enhancing the np value determined with eq 3, thus
the actual value is better represented by the average of the two

Figure 1. 1H NMR spectra of the cobalticenium−enamine monomer 4 (A) and homopolymer 5 in CD3COCD3 (B).
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other methods for the determination of np. Identical measure-
ments including the end-group analysis, DOSY NMR for the
diffusion coefficient determination and the calculations of the
number of electrons heterogeneously transferred in the CV
process were also carried out for the polymer 8, 9 and 10, and the
values obtained are gathered in Table 2.

■ CONCLUDING REMARKS
The facile, mild hydroamination of ethynylcobalticenium was
shown to easily apply to the syntheses of cobalticenium
polymers. It can be used either in the metalation of

Figure 2. MALDI−TOF spectrum of polymer 5.

Figure 3. Compared UV−vis spectra of 1 (blue line), cobalticenium−
enamine monomer 4 (red line), cobalticenium−enamine polymer 5
(black line) and cobalticenium−enamine polymer 8 (violet line) in
acetone. The inset photograph shows the color of 1 (left) and the
cobalticenium−enamine norbornene polymers 5 (right) in acetone.

Table 1. Compared E1/2 Values for the Cyclic Voltammograms
of 1, Monomer 4, and Polymer 5a

compound E′1/2 (V)
ΔE′ (mV)
(E′pa − E′pc) E″1/2 (V)

ΔE″ (mV)
(E″pa − E″pc)

1 −0.70 70 −1.63 80
4 −1.04 40 −2.02 70
5 −1.04 40 −2.02 40

aCyclic voltammograms (2 mM) were obtained at a Pt electrode at 20
°C in DMF; scan rate = 0.2 V/s; supporting electrolyte = [n-
Bu4N][PF6]; internal reference = [FeCp*2]

0/+ (Cp* = η5-C5Me5). The
redox potential values for the polymer 8, 9, and 10 are identical to
those of the polymer 5 under identical conditions.

Figure 4.CV of polymer 5 (2mM) obtained at a Pt electrode at 20 °C in
DMF. Supporting electrolyte: [n-Bu4N][PF6]. Scan rate: 0.2 V/s. Top:
Reference and CoIII/II wave, E1/2 = −1.04 V (ΔEp = 40 mV) vs
[FeCp*2]

0/+ (Cp* = η5-C5Me5). Bottom: Co
III/II wave, E1/2 = −1.04 V

(ΔEp = 40 mV); CoII/I wave, E1/2 = −2.02 V (ΔEp = 40 mV).

Table 2. Sizes of the Polymers (Number of Molecular Units
np) Obtained from the End-Group Analysis, DOSY NMR
Data, and CV Experiments, Respectively

compound

Da (diffusion
coefficient)
(±0.1) m2/s

np (from end
group 1H NMR

analysis)b

np
(from eq 2)c

(DOSY
NMR)

np
(from eq 3)d

(CV)

5 0.91 × 10−10 83 ± 10 89 ± 10 99 ± 10
8 1.06 × 10−10 60 ± 5 67 ± 5 72 ± 5
9 1.28 × 10−10 44 ± 5 48 ± 5 50 ± 5
10 1.98 × 10−10 18 ± 3 22 ± 3 25 ± 3

aDOSY NMR were measured in CD3COCD3 at 25 °C. bValues
obtained by 1H NMR in CD3COCD3 at 25 °C.

cValues obtained using
eq 2 with the diffusion coefficient obtained from DOSY experiments.
dValues obtained from eq 3.
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polynorbornene polymers containing a secondary amine group
and synthesized by ROMP using Grubb’s third-generation
ROMP catalyst or alternatively in the hydroamination using a
secondary amine-functionalized norbornene derivative followed
by ROMP using the same ruthenium catalyst. Both methods
proceed easily in high yields with various polymer lengths and
form facile and readily available routes to redox-robust
polycobalticenium polyelectrolytes. It is remarkable that the
three methods, end-group analysis, DOSY NMR and cyclic
voltammetry give comparable results for the determination of the
number of monomeric units in the polymers, although
adsorption onto the Pt electrode becomes more significant as
the polymer is larger, which provides data in slight excess by the
cyclic-voltammetry method for large polymers. This study thus
shows the compared reliability of these three methods at least for
redox-active metallopolymers of such sizes.

■ EXPERIMENTAL SECTION
General Information. Reagent-grade THF, diethyl ether, and

pentane were dried over Na foil and distilled from sodium
benzophenone under nitrogen immediately prior to use. DCM was
dried over calcium hydride and distilled under nitrogen prior to use.
CH3CN was dried over P2O5 and distilled under nitrogen prior to use.
All other solvents and chemicals were used as received. 1H NMR spectra
were recorded at 25 °C with a Bruker AC (200, 300, or 600 MHz)
spectrometer. The 13C NMR spectra were obtained in the pulsed FT
mode at 75 or 150 MHz with a Bruker AC 300 or 600 spectrometer. All
the chemical shifts are reported in parts per million (δ, ppm) with
reference to Me4Si for the

1H and 13C NMR spectra. 31P stands for 31P
(1H) in the data, with chemical shifts referenced to external H3PO4. The
mass spectra were recorded using an Applied Biosystems Voyager-DE
STR-MALDI−TOF spectrometer. The infrared spectra were recorded
on an ATI Mattson Genesis series FT-IR spectrophotometer. UV−vis
spectra were measured with PerkinElmer Lambda 19 UV−vis
spectrometer. Electrochemical measurements (CV) were recorded on
a PAR 273 potentiostat under nitrogen atmosphere. Cyclic voltammo-
grams were obtained at a Pt electrode at 20 °C in DMF; supporting
electrolyte, [n-Bu4N][PF6]; reference, [FeCp*2]

0/+ (Cp* = η5-C5Me5).
The elemental analyses were performed at the Center of Microanalyses
of CNRS at Lyon Solaize (France). DOSY NMR measurements were
performed at 25 °C with a Bruker AVANCE II 600 MHz spectrometer.
They were performed using 1H NMR pulsed-gradient experiment: the
simulated spin−echo sequence which led to the measurement of the
diffusion coefficient D. D is the slope of the straight line obtained when
ln(I) is displayed against the gradient-pulse power’s square according to
the following equation: ln(I) = −γ2G2Dδ2(Δ − δ/3), I is the relative
intensity of a chosen resonance, γ is the proton gyromagnetic ratio, Δ is
the intergradient delay (150 ms), δ is the gradient pulse duration (5 ms),
and G is the gradient intensity. The diffusion constant of water (2.3 ×
10−9 m2/s) was used to calibrate the instrument. Size exclusion
chromatography (SEC) of polymers were performed using a Malvern
Viscotek TDA max at 30 °C with THF as eluent and PS standards were
used for calibration.
Monomer 4. 5-Norbornene-2-carboxaldehyde (1.22 g, 10 mmol, 1

equiv) was dissolved in 10 mL of butylamine. The mixture was stirred at
room temperature under N2 for 16 h, the solvent was removed in vacuo
to give the imine derivative as a light-yellow oil, dry THF/CH3OH
(1:1), 30 mL, was added, and the solution was stirred at 0 o C for 10 min.
A mixed powder of NaBH4 (1.89 g, 50 mmol, 5 equiv) and PhCOOH
(6.10 g, 50 mmol, 5 equiv) was added portionwise into the solution at 0
°C, the mixture was stirred for another 30 min at 0 °C, the solvent was
removed in vacuo, 30 mL of dry CH2Cl2 and 50 mL of saturated
NaHCO3 solution were added to the remaining white solid, and the
mixture was stirred for 30 min. After separation, the organic phase was
washed three times with distilled H2O and dried with anhydrous
Na2SO4, and the solvent was removed in vacuo to yield the secondary
amine-substituted norbornene as a light-yellow oil (1.78 g, 99% yield).
Then the norbornene-substituted secondary amine (35.8 mg, 0.2 mmol,

1 equiv) and 1 (71.6 mg, 0.2 mmol, 1 equiv) were dissolved in 10 mL of
CH3CN, the mixture was stirred at 35 °C for 16 h under N2, the color
changed from orange to deep red, and the solvent was removed in vacuo
to give the enamine monomer 4 as a deep red solid (105.2 mg, yield =
98%). 1H NMR (300 MHz, (CD3)2CO), δppm: 0.78 (m, 1H), 0.88 (t,
3H, CH3/Bu), 1.34 (m, 5H), 1.61 (m, 2H), 1.88 (m, 1H), 2.66 (m, 1H),
2.90 (m, 2H), 3.01 (m, 1H), 3.35 (m, 2H, CH2), 4.91−4.95 (d, 1H),
5.46 (5H/Cp), 5.68 (t, 2H, Cp/sub.), 5.82 (t, 2H, Cp/sub.), 6.08−6.28
(m, 2H/CHCH), 7.46−7.51 (d, 1H), 2.05 (s, (CD3)2CO).

13C NMR
((CD3)2CO, 75 MHz): 147.57 (CHCH), 137.90 (CHCH),
131.95 (CHCH), 117.66 (CHCH), 84.26 (Cp),84.35 (C/
norbornene), 82.67 (sub. Cp), 81.37 (sub. Cp), 73.13 (sub. Cp),
49.33,44.26, 42.25 (C/norbornene), 19.78 (CH2/Bu), 13.20 (CH3/
Bu), 29.84, 206.26 (CD3)2CO.

31P NMR (121 MHz, CD3COCD3),
δppm: −144.11 (m, PF6). UV−vis: λmax1 = 320 nm; λmax2 = 420 nm; λmax3
= 500 nm (ε = 1.15 × 104 L mol−1 cm−1). Cyclic voltammogram was
obtained at a Pt electrode at 20 °C in DMF: supporting electrolyte, [n-
Bu4N][PF6]. (i-Pr)2NR wave: E1/2 = 1.04 V (ΔEp = 80 mV). CoIII/II

wave: E1/2 = −1.04 V (ΔEp = 40 mV). CoII/I wave: E1/2 = −2.02 V (ΔEp
= 70 mV) vs [FeCp*2]

0/+ (Cp* = η5-C5Me5). ESI: calcd m/z for
(C24H31CoN

+), 392.44; found, 392.18. Anal. Calcd for C24H31CoNPF6:
C, 53.64; H, 5.81; N, 2.61. Found: C, 53.76; H, 5.98; N, 2.44.

Polymer 5. The cobalticenium enamine-substituted norbornene
monomer 4 (40 mg, 0.0745 mmol, 1 equiv) was dissolved in 4 mL of dry
CH2Cl2, a solution of 3 (0.63 mg, 0.000745 mmol, 0.01 equiv) in 1 mL
of CH2Cl2 was added to the mixture at room temperature under N2, and
the mixture was stirred at this temperature for 30 min. Then 2 mL of
ethyl vinyl ether was added to quench the reaction, the solvent was
removed in vacuo, and the remaining solid was washed three times with
distilled THF. After filtration, the polymer was obtained as a deep red
solid. 1H NMR (300 MHz, (CD3)2CO), δppm: 0.88 (m, 3H, CH3/Bu),
1.34 (m, 5H), 1.61 (m, 2H), 1.88 (m, 1H), 2.45 (m, 1H), 2.66 (m, 1H),
2.90 (m, 2H), 3.35 (m, 2H, CH2), 3.61 (m, 1H), 4.89 (m, 1H), 5.38
(5H/Cp), 5.38 (m, 2H/CHCH), 5.60 (m, 2H, Cp/sub.), 5.73 (m,
2H, Cp/sub.), 7.40 (m, 1H), 2.05 (s, (CD3)2CO). 13C NMR
((CD3)2CO, 150 MHz): 147.99 (CHCH), 130.09−134.99 (CH
CH), 117.71 (CHCH), 84.32 (Cp), 84.31 (sub. Cp), 81.34 (sub. Cp),
73.12 (sub. Cp), 41.13−37.09 (C/norbornene), 19.80 (CH2/Bu), 13.36
(CH3/Bu), 29.84, 206.26 (CD3)2CO. DOSY (CD3COCD3, 600 Hz):
the coefficient diffusion D = 9.1 × 10−11 m2/s. IR (KBr): 1606 cm−1

(νCC), 835 cm
−1 (νPF6). UV−vis: λmax1 = 320 nm; λmax2 = 420 nm; λmax3

= 500 nm (for each nuit, ε = 1.15 × 104 L mol−1 cm−1). CV of 5 (2 mM)
obtained at a Pt electrode at 20 °C in DMF; supporting electrolyte, [n-
Bu4N][PF6]. Co

III/II wave: E1/2 = −1.04 V (ΔEp = 40 mV), CoII/I wave:
E1/2 =−2.02 V (ΔEp = 40 mV) vs [FeCp*2]0/+ (Cp* = η5-C5Me5). Anal.
Calcd for (C24H31CoNPF6)n: C, 53.64; H, 5.81; N, 2.61. Found: C,
53.77; H, 5.67; N, 2.49.

Polymer 6. 5-Norbornene-2-carboxaldehyde (179 mg, 1.47 mmol,
1equiv) was dissolved in 7.5 mL of dry CH2Cl2, a green solution of 3
(12.5 mg, 0.0147 mmol, 0.01 equiv) in 2.5 mL of CH2Cl2 was added to
the mixture at room temperature under N2, and the color of the solution
instantaneously changed from green to brown, indicating initiation of
the polymerization. The mixture was stirred at room temperature for 30
min, 2 mL of ethyl vinyl ether was added to quench the reaction, the
solvent was removed in vacuo until 0.5 mL of CH2Cl2 was left, and 50mL
of MeOH was added to the remaining mixture. The polymer was
precipitated as a white solid and washed three times with MeOH. After
filtration, the remaining white solid was dried in vacuo to give the
polymer as a white solid. 1H NMR (300 MHz, CDCl3), δppm: 1.18 (m,
3H, CH3/Bu), 1.33−1.47 (m, 9H), 1.89 (m, 1H), 2.26−2.34 (m, 2H),
2.58 (m, 3H), 2.81−2.88 (m, 2H), 5.35−5.48 (m, 2H/CHCH), 9.67
(m, 1H/CHO), 7.26 (s, CDCl3).

13C NMR (150 MHz, CDCl3), δppm:
32.36, 37.64, 42.33, 45.52, 54.96 (C/norbornene), 128.53−134.95 (m,
CHCH), 204.02 (broad, CHO), 77.16 (CDCl3). Anal. Calcd for
(C8H10O)n: C, 78.65; H, 8.25. Found: C, 78.77; H, 8.27.

Polymer 7. The polymeric aldehyde 6 (122.2 mg, 1 mmol, 1 equiv)
was dissolved in 10 mL of a mixed solvent (THF/butylamine: 1/1). The
mixture was stirred at room temperature under N2 overnight, the solvent
was removed in vacuo to give the polymeric imine as an light-yellow oil,
dry THF/CH3OH (1:1), 30 mL, was added, and the solution was stirred
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at 0 °C for 10 min. A mixed powder of NaBH4 (189 mg, 5 mmol, 5
equiv) and PhCOOH (610mg, 5mmol, 5 equiv) was added portionwise
into the solution under 0 °C, the mixture was stirred for another 30 min
at 0 °C, the solvent was removed in vacuo, 30 mL of dry CH2Cl2, and 50
mL of saturated NaHCO3 solution were added to the remaining white
solid. After stirring and separation, the organic phase was washed three
times with distilled H2O and dried over anhydrous Na2SO4. The solvent
was removed under evaporation to give the polymeric amine as a light-
yellow oil in 95% yield. 1H NMR (300MHz, CDCl3), δppm: 1.20 (broad,
3H, CH3/Bu), 1.85 (broad, 2H), 2.22 (m, 2H), 2.41 (broad, 2H), 2.88
(broad, 2H), 3.68 (broad, 1H), 3.79 (broad, 1H), 3.99 (broad, 1H), 4.28
(broad, 2H), 4.31 (broad, 2H), 5.45 (m, 2H/CHCH), 7.26 (s,
CDCl3), 2.79, 2.89, 7.95 (DMF). 13C NMR (50 MHz, CDCl3), δppm:
14.01, 22.18, 25.60, 27.77, 29.28, 31.40, 37.54, 38.62, 42.35, 49.80,
130.21−134.72 (C/polymer), 77.16 (CDCl3). Anal. Calcd for
(C12H21N)n: C, 80.38; H, 11.81; N, 7.81. Found: C, 80.77; H, 11.60;
N, 7.83.
Polymer 8. The norbornene amine polymer 7 (35.8 mg, 0.2 mmol, 1

equiv) and 1 (71.6 mg, 0.2 mmol, 1 equiv) were dissolved in 10 mL of a
mixed solvent (CH2Cl2/CH3CN = 1/1). The mixture was stirred for
16h at 35 °C under N2, the color of the solution changed from orange to
deep red, the solvent was removed in vacuo, and the remaining solid was
washed three times with distilled THF to give the polymeric enamine 8
as a deep red solid (104.2 mg, 90% yield). Anal. Calcd for
(C24H31CoNPF6)n: C, 53.64; H, 5.81; N, 2.61. Found: C, 53.70; H,
5.77; N, 2.60. The characterizations (IR, UV−vis, 1H NMR, 13C NMR,
31P NMR, and cyclic voltammogram) of polymer 8 were identical with
those of polymer 5: except for the diffusion coefficient by DOSY 1H
NMR.
Polymers 9 and 10. The use of the ratios of catalyst 0.05 and 0.10

equiv leads to the polymer 9 in 98% yield and polymer 10 in 99% yield,
respectively, as deep red solids, giving the same 1H, 13C, NMR, IR, UV−
vis spectroscopies, MALDI−TOF mass spectrometry, cyclic voltam-
metry (CV), and elemental analysis as polymer 5 except for the diffusion
coefficient by DOSY 1H NMR.
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Partie 5 

 

Les réservoirs dendritiques d’hydrures (RDH) 

 

La formation et la stabilisation de NPMs de taille contrôlée constitue actuellement un enjeu 

crucial étant donné l’utilisation de ces NPMs dans différents domaines tels que la catalyse, les 

capteurs et la nanomédecine. Par exemple les petites NPs d’or sont recherchées en catalyse (< 

5 nm) alors que ce sont les grandes NPs d’or qui sont recherchées en imagerie et thérapie 

médicales (> 20 nm).
1
 L’environnement stabilisant moléculaire des NPs joue également un 

rôle considérable dans leurs applications: force du ligandage, propriétés physico-chimiques et 

toxicité potentielle. Dans ce contexte, la génération des NPMs dans leur milieu stabilisateur 

doit se faire simultanément avec la réduction des cations précurseurs en atomes métalliques 

destinés à s’assembler en NPMs.  

Le réducteur habituellement utilisé, NaBH4, conduit à des NPMs données qui ne répondent 

pas nécessairement aux besoins et laissent des polyboranes plus ou moins définis dont 

l’existence n’est généralement pas prise en compte dans les publications. D’autres réducteurs, 

monoélectroniques comme le ferrocène, ont été utilisés avec des succès variables et 

aboutissent à des résultats particuliers. Nous avons imaginé l’idée de réservoir polyhydrurique 

dendritique en introduisant à l’intérieur du dendrimère des ligands stabilisant à la fois les ions 

métalliques précurseurs et les NPMs formées. La nature dendritique du réducteur permet 

d’assurer un grand nombre d’hydrures en périphérie permettant de réduire un nombre 

suffisant de cations métalliques. La structure et la topologie dendritique permettent de 

stabiliser les nanoparticules, ce dernier élément étant connu depuis les travaux de Crooks avec 

les dendrimères PAMAM.
2
 Après transfert, la périphérie du dendrimère devient 

polycationique, et nous avons anticipé des propriétés protectrices de cette fonction. 

Les dendrimères à terminaisons cobalticénium de génération 0 à 2 (G0-G2) ont été synthétisés 

par réactions “click” (cycloaddition d’alcyne terminal avec un dérivé azoturé catalysée par 

Cu
I
)
3
 entre les dendrimères G0-G2 comportant 9, 27 et 81 terminaisons azido avec 

l’hexafluorophosphate d’éthynylcobalticénium conduisant à des dendrimères à terminaisons 

hexafluorophosphate de1,2,3-triazolylcobalticénium. La réduction du cobalticénium 

(complexe d
6
 du Co

III
, 18e) par NaBH4 conduit à un complexe de cyclopentadiène rouge 

4
-C5H6)Cp]

4
 (complexe d

8
 du Co

I
, 18e).

5
 La présence du substituent triazolyl ne 

perturbe pas la réduction par hydrure du cobalticénium, ce qui est présenté dans le premier 

mémoire publié de ce chapitre qui concerne cette chimie des monomères. Le second 

manuscrit concerne les RDHs et la comparaison avec les RDEs (réducteur monoélectroniques 

de Au
III

 formant de très grosses NPs d’or).  Ce manuscrit non publié montre que les RDHs au 

cobalticénium conduisent systématiquement, par réductions de Au
III

, Ag
I
 et Pd

II
 à des capsules 

très robustes contenant des petites NPs de Pd, Ag et Au, contrairement aux RDEs.  La taille 

énorme des NPs d’or obtenues avec le RDE est attribuée à la lenteur de la réduction 

monoélectronique devant passer par des intermédiaires radicalaires de haute énergie, 
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contrairement aux RDHs impliquant probablement seulement des processus énergétiquement 

faciles tels que des échanges de ligands anioniques suivis d’éliminations réductrices de H2. 

 

 

 

 

 

 

 

 

 

 

Schéma. Motifs du chapitre 5.2. 
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Mono- and heterobimetallic triazolylferrocene and co-
balticinium complexes and triazolium derivatives were syn-
thesized by click reactions between the ethynylmetallocenes
and benzyl azide or (azidomethyl)ferrocene followed by
methylation reactions, respectively. Cyclic voltammetry data
shed light on the electron-withdrawing character of the
1,2,3-triazolyl and triazolium substituents of the metallo-

Introduction

The concept of “click” reactions by Sharpless el al. pro-
poses to easily assemble molecular fragments.[1] The CuI-
catalyzed regioselective azide–alkyne cycloaddition
(CuAAC),[2,3] which is presently the most frequent exam-
ple,[4–22] was reported in 2002 by the research groups of
Sharpless et al.[2] and Meldal et al.[3] This synthetic advan-
tage is not the only one, since the resulting 1,2,3-triazolyl
derivatives that are selectively produced are also good li-
gands in a variety of transition-metal complexes that have
new luminescent,[23–26] sensor,[27–29] or catalytic proper-
ties.[30,31] In this context, one of the key functions of transi-
tion-metal complexes is their redox behavior,[32–38] and in
particular late transition-metal sandwich complexes are
known to withstand stability under two or three oxidation
states.[36,39–41] The latter property indeed allows their use as
redox reagents,[36] redox catalysts,[42] and redox sen-
sors.[43–47] Therefore, we wish to investigate the redox be-
havior of simple ferrocene and cobalticinium complexes
bound to 1,2,3-triazolyl using click (CuAAC) reactions of
the ethynylmetallocene precursors and the related triazol-
ium derivatives subsequently obtained by the methylation
of the latter. The investigation of these syntheses and that
of the redox properties of the metallocene triazolyl and tri-
azolium derivatives are the subject of this article, and the
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cenes, and cathodic reduction of the triazolium group was
found to be irreversible even at –50 °C. Chemical reduction
of orange triazolylcobalticinium hexafluorophosphate using
NaBH4 yielded a mixture of red isomeric triazolyl η4-cyclo-
pentadiene–cobalt–η5-cyclopentadienyl complexes, whereas
reduction by the single-electron reductant [FeICp(η6-
C6Me6)] yielded the brown 19-electron triazolylcobaltocene.

results are a key step towards potential analytical and syn-
thetic redox chemistry of large nanosystems involving click
assemblies.[47]

The alkylation of triazole (trz) to yield the triazolium
(trz*) group has been reported as well as the properties of
trz and trz* derivatives as molecular sensors.[27–29] The re-
dox chemistry of ferrocene and cobalticinium have been
known since Wilkinson’s seminal reports on these metallo-
cenes,[48,49] and these properties have been extensively
studied by cyclic voltammetry and used in organometallic
synthesis, sensing, and catalysis.[32–36,42,50] However, we are
not aware of redox or electrochemical studies of trz and
trz* derivatives.

Results and Discussion

1. CuAAC Reactions and Syntheses of the Mono- and
Heterobimetallic Triazole Compounds

The CuAAC reactions were conducted between benzyl
azide and the known ethynylmetallocenes[51,52] to produce
the triazolyl derivatives 1 and 3 [Equation (1)], and with
ethynylbenzene to produce the reference organic compound
5.

This CuAAC click reaction is, as is well known, com-
pletely selective in the formation of 1,4-disubstituted trz,
contrary to the non-catalyzed Huisgen azide–alkyne dipolar
cycloaddition that produces both 1,4 and 1,5 isomers.[53] As
a CuI catalyst, we used a mixture of CuSO4·5H2O and the
reductant sodium ascorbate that is the initial Sharpless cat-
alyst.[2] (Azidomethyl)ferrocene[54] was also used in the
CuAAC reaction with ethynylcobalticinium to produce the
heterobimetallic triazolyl complex 7; see Equation (2).
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All the triazole derivatives were obtained after precipi-
tation in an overall yield of around 80%. The infrared spec-
tra were a very useful tool in following all these click reac-
tions (compounds 1, 3, 5, and 7), because the characteristic
peak of the azido groups at about 2094 cm–1 disappears at
the end of each reaction confirming that these azido groups
were replaced by the trz. For triazolyl cobalticinium hexa-
fluorophosphate (1), which was soluble only in polar sol-
vents such as acetone and acetonitrile, but also in THF, the
characteristic band of the PF6 anion is observed at
837 cm–1. The formation of trz is clearly shown by 1H
NMR spectroscopy by the appearance of the trz CH peak.
This is also confirmed in particular by the characteristic
peaks of Cq and CH of trz in the 13C NMR spectra. Fi-
nally, the structures of all of the new trz compounds were
also confirmed by the observation of the molecular peak
in the mass spectrum and by elemental analysis (see the
Supporting Information).

2. Methylation of the Triazole Compounds to Produce
Triazolium Derivatives

Further methylation of the trz rings of the compounds
1, 3, and 5, using Me3OBF4 as the methylating agent,[29]

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 5071–50775072

resulted in the formation of the trz* compounds 2, 4, and
6, respectively, in yields of about 90 % and dimethyl ether
that was removed under vacuum; see Equation (3).

The 1H and 13C NMR spectra of the trz* compounds 2,
4, and 6 show the proton and carbon signals, respectively,
of the N–CH3 methyl group. All the signals in the NMR
spectra of these new trz* products were shifted downfield
compared to their trz precursors, because of the cationic
nature of the trz* species. However, the quaternary carbon
of the cobalticinium cation linked to the trz* group was
shifted upfield in the 13C NMR spectrum. The infrared
spectra of the trz* compounds 2, 4, and 6 show the appear-
ance of the characteristic band of BF4

– at 1070 cm–1, and
for trz* cobalticinium hexafluorophosphate (2) the charac-
teristic band of the PF6 anion is observed at 872 cm–1. The
structure of the new trz* derivatives was confirmed by the
molecular peak in the mass spectra and by elemental analy-
ses (see the Supporting Information).

3. Cyclic Voltammetry Studies

The cyclic voltammograms (CVs) of all the trz and trz*
compounds have been recorded in order to investigate the
redox properties of the trz and trz* groups and their influ-
ence on the redox properties of the neutral and cationic
metallocenic groups to which they are directly attached.
The results are reported in Table 1.

The new compound 1 shows two chemically and electro-
chemically reversible reduction waves in THF at the Pt elec-
trode, assigned to the two successive single-electron re-
ductions of cobalticinium[55] (Figure 1). The first (less cath-
odic) wave corresponds to the reduction of the 18-electron,
d6 CoIII complex to the 19-electron, d7 CoII complex. This
wave at –0.85 V vs. [FeCp2*]+/0 (Cp* = η5-C5Me5) in THF
is located at a potential that is 40 mV less negative than
that of the parent cobalticinium complex, which can be at-
tributed to the electron-withdrawing properties of the 1,2,3-
triazolyl group. The second single-electron cathodic wave
that is located at –1.90 V vs. [FeCp2*]+/0 corresponds to the
reduction of the 19-electron, d7 CoII complex to the 20-
electron, d8 CoI species. It is remarkable that this second
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Table 1. Redox potentials and chemical (ia/ic) and electrochemical (Epa – Epc = ΔE) reversibility data for compounds 1–7. Supporting
electrolyte: [nBu4N][PF6] (0.1 m); working and counter electrodes: Pt; reference electrode: Ag; internal reference: FeCp*2 (Cp* = η5-
C5Me5); scan rate: 0.200 Vs–1.

Solvent FeII/III [V] CoIII/II [V] CoII/I [V] trz*(0/+1)

– E1/2

ΔE i

a/ic E1/2

ΔE i

a/ic E
ΔE i

a/ic Ep ΔE

1 MeCN – – – –0.75 0.60 1 Ep = –1.76 0 0 – –
1 THF – – – –0.85 0.65 1 E1/2 = –1.90 0.90 0.9 – –
2 MeCN – – – –0.46 0.50 1 Ep = –1.32 0 0 –2.20 0
3 MeCN 0.55 0.50 1 – – – – – – – –
3 THF 0.43 0.60 1 – – – – – – – –
4 MeCN 0.84 0.50 1 – – – – – – –1.64 0
6 MeCN – – – – – – – – – –1.60 0
6 THF – – – – – – – – – –1.72 0
7 MeCN 0.62 0.50 1 –0.76 0.50 0.5 Ep = –1.81 0 0 – –
7 THF 0.48 0.65 1 –0.88 0.65 1 E1/2 = –1.92 0.80 0.3 – –

Figure 1. CV of 1 in THF. The wave at 0.0 V corresponds to the
internal reference FeCp*2. Solvent: THF; reference electrode: Ag;
working and counter electrodes: Pt; scan rate: 0.2 Vs–1; supporting
electrolyte: [nBu4N][PF6].

cathodic wave is also chemically and electrochemically re-
versible, which means that both the 19-electron and 20-elec-
tron species are stable on the electrochemical time scale,
and the trz substituent does not destabilize these oxidation
states that are already rendered fragile by the presence of
electrons in the antibonding e1* orbitals. The influence of
the electron-withdrawing properties of the trz substituent
on the redox potentials appears to be the same for both the
first and second reduction wave. In MeCN, the reduction
waves are chemically irreversible, which can be attributed to
fast ligand substitution by the MeCN ligand in high con-
centration. Indeed, MeCN is a much stronger ligand than
THF, and we know that ligand substitution of π-hydro-
carbon ligands in 19-electron late transition-metal com-
plexes by good ligands such as MeCN is of the order of
109 faster than the analogous exchange in the 18-electron
complexes.[56,57] Thus the 19-electron CoII complexes are ki-
netically very unstable in MeCN even on the electrochemi-
cal time scale, and the 20-electron CoI species even more
so. This irreversibility in MeCN (partial for the first wave,
total for the second one) is observed for all the compounds
containing the cobalticinium group (1, 2, and 7). For the
triazolylferrocene complex 3, oxidation of the ferrocenyl
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group is found at a more positive potential than ferrocene
itself in MeCN (Table 1), whereas for 7 (Figure 2) the ad-
ditional influence of the cobalticinium group shifts the oxi-
dation of the ferrocenyl group anodically (Table 1).

Figure 2. CV of 7 in THF. The wave at 0.0 V corresponds to the
internal reference of FeCp*2. Solvent: THF; reference electrode,
Ag; working and counter electrodes: Pt; scan rate: 0.2 Vs–1; sup-
porting electrolyte: [nBu4N][PF6].

Cathodic reduction of the trz ring in the triazolyl deriva-
tives 1, 3, 5, and 7 was not observed until –2.5 V vs.
[FeCp2*]+/0. On the other hand, cathodic reduction of the

Figure 3. CV of 6 in CH3CN. The wave at 0.0 V corresponds to
the internal reference of FeCp*2. Solvent: CH3CN; reference elec-
trode: Ag; working and counter electrodes: Pt; scan rate: 0.2 Vs–1;
supporting electrolyte: [nBu4N][PF6].
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trz* derivatives 2, 4, and 6 was observed, but it was totally
chemically irreversible even at –50 °C. The trz* group in the
organic compound 6 (Figure 3) was reduced at a slightly
less negative potential (Ep) than the trz* group in the ferro-
cene derivative 4 because of the electron-releasing property
of the ferrocenyl group (compared to the phenyl group),
although the comparison between the Ep values does not
reflect the exact difference of the E0 values that are not
easily accessible. The trz* group in the cobaltocenyltriazole
complex 2 was reduced at a much more negative potential
because the 20-electron cobaltocene anionic species that is
generated at a less negative potential is strongly electron-
releasing. Finally, the trz* group behaves as an even more
electron-withdrawing substituent than trz because of the
cationic charge of the former. For instance, reversible sin-
gle-electron anodic oxidation of the ferrocenyl group in
MeCN occurs at a potential 220 mV more positive for 4
than for the ferrocenyl group in 7.

4. Reduction of Triazolylcobalticinium 2 with NaBH4 and
Single-Electron Reductants

Reduction of the orange cationic triazolylcobalticinium
complex 1 by NaBH4 at 0 °C in THF, in which it was solu-
ble, produced the red, air-sensitive compound 8 that was
soluble in diethyl ether enabling its extraction under N2

[Equation (4)]. Its thermal stability under N2 is modest un-
der ambient conditions, allowing standard spectroscopic
analysis.

The disappearance of the PF6
– band in the infrared spec-

trum of 8 is consistent with the formation of a neutral com-
pound in 95% yield, the structure being confirmed by ob-
servation of the molecular peak in the mass spectrum.
Compound 8 has a rather complex 1H NMR spectrum
showing the formation of a mixture of isomeric triazolyl η4-
cyclopentadiene–cobalt–η5-cyclopentadienyl complexes.[58]

Indeed the hydride reduction of the cationic cobalt sand-
wich can occur either on the ipso 1,2 or 1,3 position of the
cyclopentadienyl ligand to which the trz group is attached
or to the free cyclopentadienyl ligand. No attempt was
made to separate the isomers. The cyclic voltammogram in
CH2Cl2 shows two totally irreversible oxidation waves at
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0.3 V and 0.65 V vs. [FeCp2*]+/0. It is suggested that these
two waves correspond to the oxidation of the triazolylcyclo-
pentadiene–cobalt–Cp and triazolylcyclopentadienyl–co-
balt–cyclopentadiene, respectively. The first wave at 0.3 V is
more intense than the other, which would be in agreement
with the preferential hydride reduction of the substituted
ring that is more electron poor than the free ring.

Reduction of 1 by Na/Hg in THF led to decomposition,
probably because of the thermal instability of the 20-elec-
tron triazolylcobaltocene anion, which is easily formed with
reduction by Na/Hg. Therefore we synthesized the known
crystalline forest-green 19-electron complex [FeICp(η5-
C6Me6)].[59] This complex has a potential E0 of –1.53 V in
THF vs. [FeCp2*]+/0 [60–61] that is much more cathodic than
the first potential of the reduction of 1 but less negative
than its second reduction potential. Reduction of 1 by a
stoichiometric amount of [FeICp(η5-C6Me6)] in THF in-
stantaneously provoked a color change from orange to
brown and formation of a yellow precipitate of [FeIICp(η5-
C6Me6)][PF6]; see Equation (5).[58] The reduced brown, air-
sensitive compound 9 (the color of cobaltocene) was soluble
in diethyl ether and was characterized by UV/Vis and EPR
(Figure 4) spectroscopy as well as mass spectrometry. It was
also characterized by its re-oxidation in air to the 18-elec-
tron complex as shown by 1H NMR spectroscopy (the
shape of the signal of the trz proton therein is broad and
different from that of the peak observed in 1, which may
tentatively be assigned to a change of anion for OH– that
forms a hydrogen bond with the trz proton).
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Figure 4. EPR analysis of 9 and approximate simulations of signals B and C[62]. Signal A gives g� = 2.037 and g� = 2.003. Signal B gives
g = 2.015 and the hyperfine coupling constant A (Co – I = 7/2) = 150 G. The g values of signal C are g1 = 1.17, g2 = 1.9, and g3 = 5.09.

Conclusions

Three triazolylmetallocenes, including a heterobimetallic
complex, have been synthesized by CuAAC click reactions,
and their redox chemistry has been investigated including
the determination of the oxidation/reduction potentials of
the redox-active groups and the nature of the products of
reduction by NaBH4 and the electron-reservoir complex
[FeICp(η5-C6Me6)]. The relatively strong electron-with-
drawing nature of trz shifts the redox potentials of the
metallocenes anodically. The reduction potential of the trz
group itself in the trz-containing compounds was not local-
ized until –2.5 V in THF.

Additionally, trz* tetrafluoroborate derivatives, including
those attached to the metallocenes, have been synthesized.
The cationic charge of the trz* renders it even more elec-
tron-withdrawing than the trz group, which is reflected in
the cyclic voltammetry data. The reduction potential of the
trz* group is reported here, but the trz* cathodic reduction
is totally chemically irreversible, even at –50 °C. In 1-
benzyl-3-methyl-4-cobalticinium hexafluorophosphate-1H-
triazolium (2) the addition of the third electron (reduction
of trz* group) is hifted cathodically, i.e. reduction is ren-
dered much more difficult (Ep = –2.20 V), because of the
negative charge of cobaltocene than in compounds 4 and 6
for which the reduction of the trz* group attached to a neu-
tral ferrocenyl or phenyl takes place around Ep = –1.60 V.
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In conclusion, this study has afforded useful information
concerning the electronic properties of trz and trz* groups
and their effect on the redox potentials of late transition-
metal metallocenes. The stability of reduction products syn-
thesized using specific reductants is of the utmost impor-
tance if similar procedures are envisaged for large nanosys-
tems such as metallodendrimers and nanoparticles.[47] The
satisfying results show that such further steps can be under-
taken in the future.

Experimental Section

General: Reagent-grade diethyl ether and tetrahydrofuran (THF)
were predried with Na foil and distilled from sodium/benzo-
phenone under argon immediately prior to use. Dichloromethane
was distilled from calcium hydride just before use. All other sol-
vents and chemicals were used as received. Ethynylferrocene, styr-
ene, benzyl azide, and Me3OBF4 were purchased from Aldrich. 1H
NMR spectra were recorded at 25 °C with a Bruker AC 300 MHz
spectrometer. The 13C NMR spectra were obtained in the pulsed
FT mode at 75.0 MHz with a Bruker AC 300 spectrometer. The
NMR spectra were recorded in d6 acetone unless noted otherwise.
All chemical shifts are reported in parts per million (δ, ppm) with
reference to Me4Si (TMS). The mass spectra were recorded at the
CESAMO (Univ. Bordeaux) with a QStar Elite mass spectrometer
(Applied Biosystems). The instrument is equipped with an ESI
source, and spectra were recorded in the positive mode. The electro-
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spray needle was maintained at 5000 V and operated at room temp.
Samples were introduced by injection through a 20 μL sample loop
into a 4500 μLmin–1 flow of methanol from the LC pump. Mass
spectra of 8 were performed by the CESAMO with an AccuTOF-
GcV (JEOL), which is a GC-TOF. The instrument is equipped with
a sample introduction system named FD (Field Desorption). The
EPR spectrum was recorded with a Bruker EMX X-band spec-
trometer (microwave frequency 9.46 GHz). Parameters: microwave
power: 50 mW; modulation frequency (magnetic field): 100 kHz;
modulation amplitude: 8 Gauss; magnetic field sweep width
(Gauss): [0; 7000]; T = 4 K. All electrochemical measurements were
recorded under nitrogen in dry CH3CN, THF, or CH2CH2 at 20 °C.
Supporting electrolyte: [nBu4N][PF6] (0.1 m); working and counter
electrodes: Pt; reference electrode: Ag; internal reference: FeCp*2;
scan rate: 0.200 Vs–1.

Click Synthesis of 1: A mixture of 1 equiv. of benzyl azide (70 mg,
0.53 mmol) and 1 equiv. of ethynyl cobalticinium hexafluorophos-
phate[52] (189.79 mg, 0.53 mmol) were dissolved in 3:2 distilled
THF/H2O. At 0 °C, CuSO4 was added (1 equiv.; 1 m aqueous solu-
tion), followed by dropwise addition of a freshly prepared solution
of sodium ascorbate (2 equiv.; 1 m aqueous solution). The solution
was allowed to stir for 12 h at room temp. under N2. An aqueous
solution of ammonia was added, and the mixture was allowed to
stir for 10 min. The organic phase was washed twice with water,
dried with sodium sulfate, filtered through paper, and the solvent
was removed under vacuum. Complex 1 was purified by precipi-
tation with diethyl ether, and obtained as an orange-red powder;
yield 80 %. 1H NMR (1D, 1 H): δ = 8.55 (1 H, CH of trz), 7.39 (5
H, CH of Ar), 6.38 (2 H, CH of Cp sub.), 5.97 (2 H, CH of Cp
sub.), 5.70 (7 H, CH of Cp and Ar-CH2) ppm. 13C NMR (1D 1
H): δ = 138.28 (Cq of trz), 135.5 (Cq of Ar), 128.98, 128.52, 128.21
(CH of Ar), 124.52 (CH of trz), 96.04 (Cq of Cp sub.), 85.96 (CH
of Cp), 84.53, 80.92 (CH of Cp sub.), 53.82 (Ar-CH2) ppm. MS
(m/z): calcd. for C19H17N3Co 346.0748; found 346.0746.

Click Synthesis of 7: The compound 7 was synthesized according
to the same procedure as for 1 above by the click synthesis between
(azidomethyl)ferrocene[53] (80 mg, 0.33 mmol) and ethynylco-
balticinium hexafluorophosphate[52] (118.84 mg, 0.33 mmol) and
obtained as orange-red needles after precipitation in ether; yield
84 %. 1H NMR (1D 1 H): δ = 8.48 (1 H, CH of trz), 6.39 (2 H,
CH of Cp sub. of CoCp2

+PF6
–), 5.98 (2 H, CH of Cp sub. of

CoCp2
+PF6

–), 5.71 (5 H, CH of Cp of CoCp2
+PF6

–), 5.46 (2H of
trz-CH2), 4.42 (2 H, CH of Cp sub. of FeCp2), 4.23 (2 H, CH of
Cp sub. of FeCp2), 4.22 (5 H, CH of Cp of FeCp2) ppm. 13C NMR
(1D 1 H): δ = 138.75 (Cq of trz), 124.81 (CH of trz), 97.30 (Cq of
Cp sub. of CoCp2

+PF6
–), 86.85 (CH of Cp of CoCp2

+PF6
–), 85.39,

81.85 (CH of Cp sub. of CoCp2
+PF6

–), 82.65 (Cq of Cp sub. of
FeCp2), 69.98 (CH of Cp sub. of FeCp2), 69.80 (CH of Cp of
FeCp2), 50.89 (trz-CH2) ppm. MS (m/z): calcd. for C23H21FeCoN3

454.0429; found 454.0413. C23H21CoF6FeN3P (599.18): calcd. C
46.10, H 3.53; found C 45.92, H 3.46.

Synthesis of 2: A mixture of 1 equiv. of 1 (120 mg, 0.24 mmol) with
1 equiv. of Me3OBF4 (36.14 mg, 0.24 mmol) in distilled dichloro-
methane (30 mL) was stirred for 3 d at room temp. under N2. Then,
the organic phase was washed twice with water, dried with sodium
sulfate, and the solvent was evaporated under vacuum. Compound
2 was purified upon washing with THF; yield 90%. 1H NMR (1D,
1 H): δ = 9.47 (1 H, CH of trz*), 7.62, 7.46 (5 H, CH of Ar), 6.61
(2 H, CH of Cp sub.), 6.21 (2 H, CH of Cp sub.), 6.03 (5 H, CH
of Cp), 5.96 (2 H, CH of Ar-CH2), 4.53 (3 H, CH of N-CH3) ppm.
13C NMR (1D, 1 H): δ = 136.15 (Cq of trz*), 132.25 (Cq of Ar),
131.32 (CH of trz*), 129.58, 129.46, 129.22 (CH of Ar), 87.37 (CH
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of Cp), 86.51, 84.96 (CH of Cp sub.), 85.63 (Cq of Cp sub.), 57.36
(Ar-CH2), 39.64 (N-CH3) ppm. MS (m/z): calcd. for C20H19N3Co
360.0905; found 360. C20H19BCoF10N3P·Et2O (426.01): calcd. C
43.19, H 4.71; found C 43.39, H 4.11.

Synthesis of 4: The compound 4 was synthesized from 1 equiv. of
3 (120 mg, 0.35 mmol) and 1 equiv. of Me3OBF4 (51.72 mg,
0.35 mmol) according to the same procedure as for 2. It was puri-
fied by precipitation in ether; yield 93%. 1H NMR (1D 1 H): δ =
8.65 (1 H, CH of trz*), 7.52, 7.40 (5 H, CH of Ar), 5.67 (2 H, CH
of Ar-CH2), 4.72 (2 H, CH of Cp sub.), 4.47 (2 H, CH of Cp sub.),
4.22 (5 H, CH of Cp), 4.20 (3 H, CH of N-CH3) ppm. 13C NMR
(1D 1 H): δ = 145.04 (Cq of trz*), 133.64 (Cq of Ar), 130.29,
130.12, 130.01 (CH of Ar), 128.38 (CH of trz*), 72.08 (CH of Cp
sub.), 71.16 (CH of Cp), 69.96 (CH of Cp sub.), 66.98 (Cq of Cp
sub.), 57.63 (Ar-CH2), 39.73 (N-CH3) ppm. MS (m/z): calcd. for
C20H20N3Fe 358.1001; found 358.1000. C20H20BF4FeN3 (445.05):
calcd. C 53.98, H 4.53; found C 53.63, H 4.44.

Synthesis of 6: The compound 6 was synthesized from 1 equiv. of
5 (120 mg, 0.51 mmol) and 1 equiv. of Me3OBF4 (75.49 mg,
0.51 mmol) according to the same procedure as for 2. It was puri-
fied by precipitation in ether; yield 91%. 1H NMR (1D, 1 H)
CDCl3: δppm = 9.01 (1 H, CH of trz*), 7.79 (2 H, CH of Ph), 7.66
(5 H, 2 CH of Ar and 3 CH of Ph), 7.46 (2 H, CH of Ar), 5.98 (2
H, CH of Ar-CH2), 4.41 (3 H, CH of N-CH3) ppm. 13C NMR (1D,
1 H): δ = 144.42 (Cq of trz*), 133.54 (Cq of Ar), 132.51, 130.10
(CH of Ph), 130.47, 130.36, 130.29 (CH of Ar), 129.59 (CH of
trz*), 123.75 (Cq of Ph), 57.91 (Ar-CH2), 39.47 (N-CH3) ppm. MS
(m/z): calcd. for C16H16N3 250.1338; found 250.1337. C16H16BFN3

(280.13): calcd. C 57.00, H 4.78; found C 56.75, H 4.56.

Synthesis of 8: A mixture of 1 equiv. of 1 (150 mg, 0.31 mmol) with
1.1 equiv. of NaBH4 (12.71 mg, 0.34 mmol) in distilled THF
(20 mL) was stirred for 20 min at 0 °C under N2. Then, the solvent
was evaporated under vacuum, and distilled diethyl ether was
added to solubilize the neutral product. After filtration under N2

and evaporation of the solvent, the product was obtained as a deep
red powder; yield 95%. The complex 8 is not air stable and stored
under N2. It is thermally stable under N2 for a few hours, then
degradation appears as indicated by the 1H NMR spectrum and
precipitation. 1H NMR (1D, 1 H) CDCl3: δ = 7.41–7.31 (5 H, CH
of Ph), 7.13 and 6.66 (1H of trz), 5.51–5.34 (2H of Ph-CH2 and
2H of diene), 4.88–4.52 (5H of free Cp and 4H of substituted Cp
when H– is added to free Cp), 2.93–2.88 (2H of diene), 2.09–2.04
(2H free) ppm. 13C NMR (1D, 1 H) C6D6: δ = 149.59 (Cq of tri-
azole), 133.62 (Cq of Ar), 129.37, 129.19 (CH of Ar), 121.51 (CH
of triazole), 80.755–80.60 (CH of Cp), 78.84–75.16 (CH of cyclo-
pentadiene), 55.14 (Ar-CH2), 43.17–39.72 (CH2 of cyclopentadi-
ene) ppm. MS (m/z): calcd. for C19H18CoN3 347.08327; found
347.08422.

Synthesis of 9: A solution of 1 (1 equiv., 120 mg, 0.24 mmol) in
distilled THF (20 mL) was prepared in a Schlenk flask. Then ad-
dition under N2 of a solution of a stoichiometric amount of the
forest-green complex [FeICp(η5-C6Me6)][59] (1 equiv., 0.24 mmol,
67.97 mg) in distilled THF was performed by canula. A color
change from orange to brown and a yellow precipitate of
[FeIICp(η5-C6Me6)][PF6] appeared immediately. After evaporation
of the solvent under vacuum, the neutral brown product 9 was
solubilized in distilled diethyl ether and filtered to obtain 9 as a
brown powder; yield 97%. The paramagnetic complex 9 is not air
stable and was stored under N2. Oxidation of the product in air
yielded 1 after addition of NaPF6. 1H NMR (1D 1 H), ([D6]acet-
one, 300 MHz), after oxidation of 9 in air: δ = 8.57 (1 H, CH of
triazole), 7.41 (5 H, CH of Ar), 6.41 (2 H, CH of substituted Cp),
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6.01 (2 H, CH of substituted Cp), 5.74 (5 H, CH of Cp), 5.72 (2H
of Ar-CH2) ppm. MS (m/z): calcd. for C19H17CoN3 346.0748;
found 347.0765.

Supporting Information (see footnote on the first page of this arti-
cle): General data, 1H, 13C NMR (including HMBC spectrum of
8), IR, UV/Vis and mass spectra and cyclic voltammograms.
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Dendritic Organocobalt(I) Hydride Reservoirs as Reductants.  Formation of Robust 

Capsules Containing  Pd, Ag or Au Nanoparticles.  

 

 

 

Abstract. Three generations of Dendritic Hydride reservoirs (DHR)s  are designed based on 

yellow cobalticenium termini (empty DHRs) and their stable deep-red hydride reduction form 

(filled DHRs). The filled DHRs reduce various transition metal cations to robust capsules 

containing transition-metal nanoparticles (NPs). The efficiency of the DHRs is compared to that 

of Dendritic Electron Reservoirs (DERs) based on ferrocene termini that do not disclose the 

same properties. 

 

 

Redox processes are central in Nature and human activities. In biology, key redox processes 

occur by transfer of electrons such as in cytochromes and iron-sulfur proteins, hydrogen atoms 

such as in flavin adenine dinucleotide (FADH2  FAD with 2e
-
 + 2H

+
) or hydrides such as in 

nicotimamide adenine dinucleotide (NADH  NAD
+
 with 2e

-
 + H

+
)
1
. Likewise laboratory and 

industrial redox processes involve single–electron reductants such as alkali metals
2
, hydrogen 

atom transfer agents such as tin hydrides and curcumin
3
 and hydride transfer reagents such as 

borohydrides and aluminohydrides
4
. Multiple-electron transfer is often necessary in redox-

catalyzed reactions involved in fuel cells and solar energy storage
5, 6

, and electron-reservoir 

materials are also known as redox catalysts and electrocatalysts
7
. For instance Pt and Au 

nanoparticles are multi-electron redox catalysts for the reduction side of water photo-splitting to 

dihydrogen
8, 9, 10

. Hydride transfer processes are presently of general interest in various areas of 

chemical and technogogical processes including those involving nanoscience
11, 12, 13, 14, 15, 16, 17

. 

Here we introduce dendritic organocobalt hydride reservoirs including their capacity to 

selectively reduce Pd
II
, Ag

I
 and Au

III
 to very robust capsules containing small nanoparticles and 

compare them with ferrocenyl dendritic electron reservoirs (DERs)
18

. 

 

Dendritic hydride reservoirs (DHRs) were synthesized in their empty reservoir form by Cu(I)-

catalyzed azide alkyne cycloaddition (CuAAC, “click”)
19, 20

 between arene-core dendrimers with 

1 3 connectivity
21

 terminated by 9, 27 and 81 azido termini (respectively generations 0, 1 and 

2, G0-G2) and ethynylcobalticenium hexafluorophosphate leading to yellow  1,2,3-triazolyl-

cobalticenium-terminated G0-G2 metallodendrimers
22

 1(PF6
-
), 2(PF6

-
) and 3(PF6

-
) that are 

soluble as hexafluorophosphates  in the polar solvents acetone, acetonitrile and nitromethane 

(Fig 1). These three generations G0-G2, 4, 5 and 6 of empty DHRs are reduced by NaBH4 in THF 

to neutral deep-red filled DHRs of 9, 27 and 81 hydrides respectively that are soluble in low-

polarity solvents such as THF, dichloromethane and chloroform
23

. These filled DHRs are 

terminated by 18-electron d
8
 [Co(I) Cp(η

4
-cyclopentadiene)] groups (Cp = η

5
-C5H5)

24, 25
 that 

return to the 18-electron d
6 

cobalticenium state subsequent to hydride transfer (Figure 2). Both 

families of deep-red d
8 

Co(I) and yellow d
6 

Co(III) metallodendrimers are thermally stable, 

which is indispensible for the reservoir function. These dendrimers were characterized by 
1
H, 

13
C 

NMR, HSQC 2D NMR, UV-vis., IR and mass spectroscopies. 
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Figure 1. 1,2,3-triazolyl-cobalticenium-terminated dendrimers 1(PF6
-
), 2(PF6

-
) and 3(PF6

-
). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Schematic hydride addition/abstraction reversibility between empty DHRs 1(PF6
-
) 

(G0), 2(PF6
-
) (G1) and 3(PF6

-
) (G2) and filled DHRs 4 (G0), 5 (G1) and 6 (G2). Addition of HCl 

to filled DHRs 4, 5 and 6 also leads to empty DHRs 1(Cl
-
),  2(Cl

-
) and 3(Cl

-
) respectively. 
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AFM studies of the neutral filled DHRs dendrimers 4, 5 and 6 allowed the comparison between 

the three generations G0-G2 and with the polycationic empty DHRs 1(PF6
-
), 2(PF6

-
) and 3 (PF6

-
) 

(Figure 3).    

 

 

 

 

  
   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. AFM topology images of dendrimers 4, 5 and 6 and their comparative statistical height 

distributions. 

 

Evolution of the height with the dendrimer generation is clearly observed, and the height on the 

mica surface of the neutral dendrimers 4, 5 or 6 is smaller by 0.3 nm compared to those of the 

polycationic dendrimers 1(PF6
-
), 2(PF6

-
) and 3 (PF6

-
) respectively. This was expected due to the 

electrostatic interactions of the polycationic dendrimers that increases the DHR sizes, i.e. the 

DHRs “breathe” between their filled and empty forms. The AFM shows that a second layer of 

the smaller dendrimer 4 is also formed, a tendency that is also noted for the higher generations to 

a lesser extent.  

 

The d
6
 Co(III)  metallodendrimers can be isolated with various counter anions X

-
 upon reaction 

of the d
8 

Co(I) form with acids HX. For instance upon reactions with aqueous HCl, the water-

soluble d
6
 Co(III)  dendrimers 1(Cl

-
), 2(Cl

-
) and 3 (Cl

-
), i.e. the empty DHRs, are obtained as 

chloride salts. H2, characterized by 
1
H NMR, is also formed in these reactions as a result of the 
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protonation of the hydride of the filled DHRs, presumably upon Co(I) protonation followed by 

diene endo C-H oxidative addition and reductive H2 elimination (Figure 2).  

 

 

Figure 4. a) TEM image of a capsule with AuNPs-8, b) UV-vis. spectrum of AuNPS-8, c) AFM 

phase image of a capsule with AuNPs-8, d) AFM topology image (height sensor) of AuNPs-8.   

 

The multiple hydride transfer to substrates using DHRs is specifically engineered to reduce 

within a confined space a number of transition-metal cations to atoms that coalesce to 

dendrimer-stabilized metal nanoparticles (NPs)
26

. The presence of intradendritic triazole ligands 

generated by CuAAC reaction during the dendrimer construction
27

 is necessary to attract the 

metal cations in the dendrimer interior by coordination of the triazole ligands before reduction
28

. 

The metal NPs are also stabilized by the triazole ligands, although less strongly than the metal 

cations. These NPs have the possibility to remain encapsulated inside the dendrimer if it is large 

enough or to coalesce with other NPs to be sterically stabilized outside the dendrimer if the 

dendrimer is too small. The NPs are not only stabilized as usual by a combination of steric and 

ligand interactions
29, 30, 31

, but here the polycationic nature of the empty DHRs also provides 
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electrostatic stabilization of the NPs. These DHR properties are illustrated with Pd(II), Ag(I) and 

Au(III) reduction to metal NPs. 

Reduction of Au(III) to Au(0) was conducted with the DHRs 4 and 5 in THF using either a 

THF/water (1/3) solution of HAuCl4 yielding AuNPs-7 and AuNPs-8 or a THF solution of 

AuCl3 yielding AuNPs-9 according to equations 3 and 4 stoichiometrically considering that each 

hydride carries two electrons. 

 

Den-(Trz-Co
I
H)n + 2n/3 HAuCl4   Den-(Trz-Co

III
Cl)n, 2n/3Au

0
 + 5n/3 HCl (aq)       (3) 

Den-(Trz-Co
I
H)n + 2n/3 AuCl3       Den-(Trz-Co

III
Cl)n, 2n/3Au

0
 + n HCl (THF)         (4) 

 

These stoichiometries were verified by the full consumption of both substrates in each case. With 

HAuCl4 this shows the absence of hydride reduction of protons to H2 (the solution pH remains 

acidic, and no H2 formed). Au(III) reduction to Au(0) is faster than that of protons, which is 

justified by both thermodynamic (E
0
 Au(III/0) > E

0
 (H

+
/H2)) and kinetic reasons (structural 

transformation is more significant for H2, vide supra) . In both cases, the wine-red DHR color 

instantaneously changed to pink-red upon addition of HAuCl4 or violet in the case of AuCl3. The 

absorption bands of the cobalticenium (Co
III

) complexes appeared in the UV-vis. spectra as well 

as the AuNP plasmon band. The location of this plasmon band
19

 was very different, however, 

depending on the Au(III) source: 530 ± 4 nm for AuNPs-7 and AuNPs-8  with HAuCl4 and 571 

nm for AuNPs-9 with AuCl3, characterizing an enormous AuNP size difference (Figures 4 and 

5).  

 

 
 

Figure 5. a) TEM image of capsules containing AuNPs-9 and b) UV-vis. of AuNPs-9.   

 

The TEM pictures of these AuNPs show a remarkable and unusual feature. The empty DHRs are 

assembled in packages forming spherical capsules of 85 ± 20 nm in the case of AuNPs-8 that 

incorporate many monodisperse AuNPs of 3± 0.5 nm diameter (Figure 4). With AuCl3, spherical 

DHR capsules are also formed with diameter around 220 ± 40 nm, but they contain only a few 

very large AuNPs-9 of 33 ± 2 nm (Figure 5). The formation of such capsules is taken into 

account by the major electrostatic forces at the polycationic empty DHR peripheries where 

multiple ion pairing leads to large assemblies that contain several thousand positive charges and 

counter anions at the capsule peripheries. Under these conditions the ionic strength of the solvent 

plays a key role in blocking the NP expansion as observed with the very unusual large size of the 

AuNPs-9 formed inside the capsules in the low-polarity THF solvent (Figure 6). 

For comparison, a stoichiometric mixture of empty G1 DHR chloride and HAuCl4 was submitted 

to reduction by NaBH4 in water and formed polydispersed AuNPs-10 that were moderately 
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stabilized by empty G1 DHR (they flocculate and are reversibly solubilized upon stirring) with 

an average of 5 nm together with aggregates, but decomposed to aggregates upon heating  

 

 

Figure 6. Reaction of DHR 5 with HAuCl4 and AuCl3 yielding capsules containing AuNPs-8 

and AuNPs-9 respectively. 

 

contrary to the capsules that are stable in boiling water and at r.t. in air for several months 

(Figure 7). The same mixture was also reduced by NaBH4 in THF leading to color change from 

yellow to purple and subsequently to deep red as the empty DHR was reduced to filled DHR 

(AuNPs-11).  
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The AuNPs-11 formed showed a plasmon band at 519 nm and also flocculated, and TEM 

analysis showed that capsules were not formed, but these capsules were formed again upon 

addition of aqueous HPF6, which confirms the relationship between the polycationic nature of 

the DHRs and the capsule formation (AuNPs-12) (Figure 7). 

 

The principle of robust nanocapsule formation containing metal NPs was extended to Ag and Pd. 

Reaction of the filled G1 DHR with AgBF4
 
was conducted in THF/H2O and provoked an 

instantaneous color change from colorless to orange without precipitation (Figure 8). 

  

Den-(Trz-Co
I
H)n + 2n Ag

I
BF4    Den-(Trz-Co

III
 BF4)n, 2n Ag

0
 + n HBF4 (H2O/THF)         (5) 

 

The new solution (AgNPs-13) presented a plasmon band at 439 nm and was stable for more than 

a month. The TEM images also show the formation of 85±5 nm capsules containing 5±0.5 nm 

AgNPs-13, a situation analogous to that disclosed with AuNPs-8. With Pd
II
(OAc)2, however 

reaction of the G1 DHR instantaneously gave a black precipitate indicating agglomeration of 

instable PdNPs. To circumvent this problem, Pd(OAc)2 was first coordinated with a trz ligand in 

THF, then reaction of  the complex trz-Pd(OAc)2 with the filled G1 DHR provoked a color 

change from yellow to brown without precipitation (Figure 8).  

 

Den-(Trz-Co
I
H)n + n Pd

II
trz(OAc)2    Den-(Trz-Pd

0
trz,OAc)n, 2n Ag

0
 + n AcOH (THF)      (6) 

 

This solution is stable, and the TEM picture also showed the formation of capsules of 94±5 nm 

containing PdNPs-14 of 2.6±0.2 nm size. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Reduction of G1Co
III

Au
III

 by NaBH4 leading to the selective reduction of either Co
III

 

(AuNPs-10) or Au
III

 (AuNPs-11) and selective oxidation of G1Co
I
Au

0
 (AuNPs-11) back to 

G1Co
III

Au
0
 (AuNPs-12). 

 

The capsules of AuNPs-8 and AgNPs-13 were analyzed by Atomic Force Microscopy (AFM) 

using tapping mode operation. The topology images of AuNPs-8 (Figure 4d) revealed the 

horizontal diameter of the capsules to be 102 ± 25 nm and 80± 20 nm for AgNPs-13, data that 

are close to those of the TEM analysis. The capsules are observed separately or by packages of 

two or three together. Phase images were also recorded in both cases and qualitative mechanical 

information was obtained. In Figure 4c a phase image (zoom) at 540.5 nm is obtained showing 

capsules of AuNPs-8. The black-colored part surrounding the capsules indicates an elastic and 
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flexible material belonging to the dendritic part, whereas the white part in the middle is a stiffer 

and more rigid material belonging to the AuNPs.     

 

One may compare the DHRs to filled dendritic electron reservoirs (DERs)
32

 in which the 18-

electron d
6
 Fe

II
 ferrocenyl groups located at the dendrimer termini are the reductants. The empty 

DERs contain the 17-electron d
5
 Fe

III
 termini (Figure 9). The new orange filled G1 DER 15 with 

the same core frame as the G1 DHR and 27 trz-methylferrocene termini reacts with HAuCl4 in 

chloroform/methanol to give the blue-purple empty DER that stabilizes AuNPs-16.  

 

 

Figure 8. a) UV-vis. of AgNPs-13, b) TEM image of AgNPs-13 and c) TEM image of PdNPs-

14. 

 

The reaction is very slow, proceeding over several hours at r.t. and giving AuNPs-16 that are 

shown by TEM to be extremely large, around 260 nm with a AuNP plasmon band at 590 nm, 

which confirms the slow rate of the process. No capsule is formed, however (Figure 9). This 

shows the considerable difference of behavior and reaction rate between the DHR and DER with 

the same topology and comparable structure. 

 

3 Den-(TrzCH2Fe
II
)n + n HAu

III
Cl4      Den-(TrzCH2Fe

III
,Cl)n, n Au

0
 + n HCl             (7) 
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Figure 9. a) Structure of the DER 15; b) schematic electron addition/abstraction reversibility 

between empty DERs and filled DERs; c) TEM image of AuNPs-16 ; d) UV-vis. spectrum of 

AuNPs-16.    
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Methods 

 

Example of reversible DHRs:  
Hydride addition: The empty DHR 2(PF6) solid (50 mg, 0.003 mmol) reacted with  NaBH4 (4 

mg, 0.09 mmol) in distilled THF (15 mL) for 20 min at 0°C under N2. The color of the solution 

changed from colorless to deep red. Then, the solution was filtered under nitrogen. The solvent 

was evaporated in vacuo. The deep red solid was washed three times with 10 mL of distilled 

H2O. The filled DHR 5 was obtained as a deep red powder in quantitative yield (35 mg). UV-

vis.: λmax1 = 420 nm, λmax2 = 530 nm. 

Hydride abstraction: The filled DHR 5 (33 mg, 0.003 mmol) was solubilized in 10 mL of THF. 

Then a 10 mL aqueous solution of HCl (0.01 M) was added dropwise, and the color gradually 

changed from deep red to light yellow giving back the empty DHR 2(Cl) and molecular 

hydrogen. After stirring for 10 min. the mixture of solvents was evaporated. Product 2(Cl) was 

obtained as a yellow waxy product in quantitative yield (36 mg). The empty DHR 2(Cl) is now 

water-soluble. 
1
H NMR (1D 1H), (D2O, 400 MHz): δppm: 8.28 (27H, CH of trz), 7.00, 6.66 (39H, 

CH of arom.core), 6.09 (54H, CH of Cp sub.), 5.72 (54H, CH of Cp sub.), 5.39 (135H, CH of 

Cp), 3.90 (54H, SiCH2-trz), 3.43 (18H, SiCH2O), 1.44 (72H, CH2CH2CH2Si), 0.94 (72H, 

CH2CH2CH2Si), 0.39 (72H, 18H, CH2CH2CH2Si), -0.14 (216H, Si(CH3)2). UV-vis.: λmax1 = 355 

nm, λmax2 = 410 nm (shoulder). 

 

AuNPs-7: The filled DHR 5 (10 mg, 0.8 x 10
-3

 mmol, 1 equiv.) was dissolved in 1 mL THF and 

was added dropwise at 0°C in a solution of HAuCl4 (5.7 mg, 0.014 mmol, 18 equiv.) in 40 mL of 

H2O/ THF 3:1, under vigorous stirring. The color instantaneously changed from yellow to pink 

red, and stirring was continued for another 10 min. The mixture was concentrated in vacuo to 30 

mL.  UV-vis.: λmax = 348 nm, SPR: λmax = 537 nm. TEM: dAuNPs = 3± 0.5 nm, dCapsules = 63 ± 20 

nm.   

 

AuNPs-9: The filled DHR 5 (10 mg, 0.8 x 10
-3

 mmol, 1 equiv.) was dissolved in 1 mL THF and 

was added dropwise at 0°C in a solution of AuCl3 (4.4 mg, 0.014 mmol, 18 equiv.) in 30 mL of 

THF, under vigorous stirring. The color instantaneously changed from yellow to violet, and 

stirring was continued for another 10 min. The mixture was kept in a closed flask. UV-vis.: λmax 

= 350 nm, SPR: λmax = 571 nm. TEM: dAuNPs = 33 ± 2 nm, dCapsules = 220 ± 40 nm.  

  

AgNPs-13: The filled DHR 5 (10 mg, 0.8 x 10
-3

 mmol, 1 equiv.) was dissolved in 1 mL THF and 

was added dropwise at 0°C into a solution of AgBF4 (2.1 mg, 0.011 mmol, 13.5 equiv.) in 30 mL 

of H2O/ THF 3:1, under vigorous stirring. The color instantaneously changed from colorless to 

light orange, and stirring was continued for another 10 min. The mixture was concentrated in 

vacuo to 22 mL. UV-vis.: λmax = 350 nm, SPR: λmax = 439 nm. TEM: dAgNPs = 5±0.5 nm, dCapsules 

= 85±5 nm.   

 

PdNPs-14: Pd(OAc)2 (4.8 mg, 0.022 mmol, 27 equiv.) was solubilized in 3 mL of THF. To this 

solution was added 2 mL of triethylene glycol triazole (4.3 mg, 0.022 mmol, 27 equiv.), and the 

mixture was stirred vigorously for 20 min. Then, additional 15 mL of THF was added to the 

solution. Consequently, 1 mL of the filled DHR 5 (10 mg, 0.8 x 10
-3

 mmol, 1 equiv.) was added 

dropwise at 0°C to the solution under vigorous stirring. The color instantaneously changed from 

yellow to deep brown, and stirring was continued for another 10 min. The mixture was kept in a 

closed flask. UV-vis.: λmax = 350 nm. TEM: dPdNPs = 2.6±0.2 nm, dCapsules = 94±5 nm.   

 

AuNPs-16: The filled DER 15 (10 mg, 0.8 x 10
-3

 mmol, 1 equiv.) was dissolved in 1 mL DCM 

and was added dropwise at 0°C into a solution of HAuCl4 (2.9 mg, 0.007 mmol, 9 equiv.) in 30 
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mL of MeOH/ DCM 2:1, under vigorous stirring. The mixture was stirred for 3h. The color 

changed gradually from yellow to blue-purple in 1h. The mixture was kept in a closed flask. UV-

vis.: SPR: λmax = 590 nm. TEM: dAuNPs = 260 ± 30 nm.   

 

Conclusion 

Dendritic Hydride Reservoirs (DHRs) constructed in their empty and filled forms with 9, 27 or 

81 stable 18-electron Co(III) and Co(I) complexes at their periphery are very flexible 

macromolecular materials. They efficiently transform salts of various noble transition metals to 

stable metal particles that are trapped in large, robust cationic nanocapsules of the order of 100 

nm and reversibly disintegrate upon reduction. The polycationic nature of the empty DHRs 

results in particularly high stability of the DHR capsules involving several thousand peripheral 

charges. Compared to topologically related Dendritic Electron Reservoirs (DERs) that can be 

interconverted without breakdown between their 18-electron ferrocenyl and 17-electron 

ferricenium forms, DHRs are much more efficient, whereas DERs do not form capsules. The 

considerably slower reduction rates observed with DERs presumably results from the kinetic 

requirement of high-energy radical intermediates upon electron transfer contrasting with the 

more straightforward substitution of anionic ligands of transition metal complexes by hydrides 

followed by reductive elimination of dihydrogen in the case of DHRs. 
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Conclusion et perspectives 

L’objectif de cette thèse était l’ingéniérie, la synthèse et l’étude des propriétés de 

nanomatériaux possédant des propriétés redox polyélectroniques et leurs applications. Nous 

avons effectué un travail de thèse en chimie organométallique macromoléculaire des métaux 

de transition et nanoscience des nanoparticules d’or. Au cours de ces travaux, nous avons 

développé des nouveaux nanomatériaux métallopolymèriques et métallodendritiques de type 

polyélectrolyte et examiné leurs interactions avec les nanoparticules d’or. Outre l’ingéniérie et 

les synthèses métallomacromoléculaires qui ont été très conséquentes, deux avancées notables 

ont été réalisées. D’abord la réduction par les macromolécules ferrocéniques et 

biferrocéniques de Au(III) en nanoparticules d’Au(0) par transfert électronique avec 

stabilisation concomitante des nanoparticules d’Au(0) et des macromolécules contenant le 

ferricénium. Ensuite la synthèse de macromolécules contenant les complexes sandwichs 

cationiques (polyélectrolytes) et neutres du cobalt, avec en particulier la faculté de ces dernier 

à servir de réservoirs d’hydrures avec, par exemple, formation de capsules de nanoparticules 

d’Au(0), Ag(0) où Pd(0). Notons ici le parallèle conceptuel entre réservoirs 

macromoléculaires polyferrocéniques d’électrons et réservoirs cobaltomacromoléculaires 

d’hydrures et la richesse de la structuration des nanomatériaux à base de nanoparticules d’or 

qui en a résulté. Les autres applications ont concerné la reconnaissance redox de l’ATP et de 

cations métalliques, éventuellement simultanément dans le cas des dendrimères à 

terminaisons biferrocéniques parfois même en milieu aqueux. 

Concernant les perspectives ouvertes par cette thèse, dans un avenir proche, on pourra étudier 

la réduction de ces macromolécules polycationiques en macromolécules neutres comportant 

19 électrons de valence, l’encapsulation et le transport des médicaments en milieu 

macromoléculaire hydrophobe et/ou hydrophile ainsi que le comportement de ce type de 

polyélectrolytes dans les batteries.  

La structuration des réseaux macromoléculaires contenant des nanoparticules métalliques qui 

constituent l’aspect le plus novateur de la thèse devrait être développée en particulier avec les 

nanoparticules d’or et les macromolécules biologiques. On peut espérer des applications dans 

le domaine biomédical, en particulier pour le diagnostic, voire la photothermothérapie (donc 

la “théranostique”). 

L’ingénierie de formation des nanoréseaux à partir des macromolécules triazolyl-

biferrocényles peut être étendue aux autres complexes de transition et leurs applications 

peuvent être envisagées dans des domaines tels que l’énergie avec les batteries moléculaires 

au cobalt et la nanoélectronique avec le branchement de fils moléculaires conducteurs sur les 

nanoparticules.   
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ABSTRACT: Orange linear bis-, star tris-, and dendritic tetra-
biferrocenes linked by rigid ethynylaryl and diynyl spacers
were synthesized through Sonogashira coupling and homo-
coupling reactions and oxidized to robust blue biferrocenium
complexes. The proximity of the two ferrocenyl units to each
other in the biferrocenyl units introduces electrostatic and
electronic effects that are observed by cyclic voltammetry and
are responsible for mixed-valence stabilization and localization.
The use of the polyfluorinated electrolyte [n-Bu4N][BAr4

F]
{ArF = 3,5-bis(trifluoromethyl)phenyl} allows observing
considerable enhancement of these effects and separation of
electrochemical waves representing the two ferrocenyl groups of the biferrocenyl unit. The electrostatic effect is also selectively
observed with the latter electrolyte between the two central ferrocenyl units of bis(biferrocenyl)diyne. Oxidation of all of these
poly(biferrocenyl) complexes using a ferricinium salt yields blue, robust biferrocenium complexes. Their localized mixed-valent
electronic structure was demonstrated at both Mössbauer and infrared time scales even with the counteranion (BAr4

F) that
provokes the maximum electrostatic effect and very much enhances the difference between the two oxidation potentials. Their
near-infrared spectra show the intervalent charge transfer and are similar to those previously recorded for biferrocenium and
derivatives, confirming the class-II mixed valence. The biferrocene units around the arene linker are completely electronically
independent in the neutral and cationic complexes. In conclusion, from a practical standpoint, the easy oxidation of these stiff
electrochromic nanosystems and the largely increased robustness of their oxidized form compared to ferricinium make their
potential use as electrochromes considerably more attractive than that of simple ferrocene derivatives.

■ INTRODUCTION

Despite illustrious redox properties,1 ferrocene undergoes
oxidation to ferricinium that is only modestly stable and
decomposes in aerobic solutions.2 On the other hand, among
polyferrocene families,3 biferrocene4 is the long-known
prototype generating organometallic mixed-valence com-
pounds5 that possess a much richer electro- and electron-
transfer chemistry than ferrocene. For instance, biferrocene is
more readily oxidized than ferrocene, and its single-electron
oxidation product, biferrocenium, is robust. Biferrocene has
been used for the molecular electronics properties of
nanosystems in gold nanoparticles for electrodeposition,6

surfaces for molecular printboards,7 and dendrimers for
peripheral redox sensing.8 It has been shown by Mössbauer,
EPR, and near-infrared spectroscopies that the monocationic
biferrocenium salts and derivatives belong to the class II of
mixed-valent complexes with several anions, the near-infrared
spectra showing the intervalent charge-transfer band.9 The
electrochemistry of biferrocene9,10,11a and polyferrocene3e

derivatives has been studied, and in particular, the Geiger

group has shown the influence of electrolytes containing a
perfluorotetraarylborate anion on the separation of the
ferrocenyl waves.11

Linking ferrocenyl groups with an aromatic core in the 1-, 3-,
and 5-positions has already been achieved.12 The authors
reported 1,3,5-triferrocenyl benzene and its cyclic voltammetry
containing a single wave when a standard electrolyte was used.
This lack of separation of the electrochemical waves of the
three ferrocenyl groups showed that there was no electronic
communication through the arene bridge.12 Later, it was
reported that these three waves are well-separated when a
perfluorotetraarylborate salt was used, which was selectively
attributed to a purely electrostatic effect.13 Long’s group also
reported trimetalated 1,3,5-triethynylarene complexes including
electronic communication among the three metal centers
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through the core in contrast with the situation of 1,3,5-
triferrocenylbenzene.14

Since ethynylbiferrocene had already been recently re-
ported,8 it thus appeared attractive to synthesize poly(biferro-
cenylethynyl) complexes, because such compounds would yield
cations upon oxidation that should be much more stable than
polyferricinium compounds and thus behave as robust
electrochromes. Then the electronic and electrostatic effects
in poly(biferrocenylethynyl)arene derivatives would also be
comparable with those of the corresponding poly(ferrocenyl)-
arene complexes with various supporting electrolytes.
Bis(alkynyl)biferrocenes have long been known,12 and the

Lang and Lapinte groups have recently reported the use of
bis(alkynyl)biferrocene as a bridge between various redox-
active group 8 transition-metal fragments.15 Heinze’s group has
designed biferrocene amino acids,16a oligonuclear ferrocenyl
amides,16b and organometallic foldamers from ferrocenyl amino
acids16c that all show stable mixed-valence properties. The
construction of dendritic frameworks containing the 1,3,5-
triethynylaryl core has been pioneered by Moore,17a−c and
related cores have been used in particular by Humphrey’s group
for the synthesis and study of stiff dendrimers containing
ruthenium moieties.17d,e Biferrocene could also be stored in
polyphenylazomethine dendrimers by the Yamamoto and
Nishihara groups,18a and recently, Hans’ group has reported
diferrocenyl units bridged by the single-carbon groups CH2,
CO, or CHOH,18b Biferrocenylene derivatives are also known
to give very stable class-III mixed-valent cations.19a,b

Here, we are reporting the results of the synthesis of bis-, tris-
and tetra-ethynylbiferrocenes by Sonogashira coupling and
homocoupling conditions. We also examine the oxidized
complexes deriving from these new systems, whereby the

proximity of ferrocenyl units to each other in the biferrocenyl
units introduces electronic and electrostatic effects.

■ RESULTS AND DISCUSSION

Synthesis and Structures of the Bridged Bi-
(ferrocenyl)ethynyl Complexes 2−7. The Sonogashira
coupling20 between ethynylbiferrocene and 1,3,5-tribromoben-
zene was carried out with 3 equiv of ethynylbiferrocene 1 and 1
equiv of 1,3,5-tribromobenzene under palladium-catalyzed
conditions at reflux for 3 h. After evaporation, the crude
orange mixture was separated by column chromatography on
silica gel with pentane/CH2Cl2 (4:1) to afford the pure
compounds: ethynylbiferrocenylarene 2 (34 mg, yield: 9%
based on the conversion of ethynylbiferrocene), linear 1,4-
bis(biferrocenyl)butadiyne 5 (67 mg, yield: 28%), dendronic
1,3-bis(biferrocenylethynyl)-5-bromo arene 3 (26 mg, yield:
9%), and the main reaction product, star-shaped 1,3,5-
tris(biferrocenylethynyl)arene compound 4 (125 mg, yield:
50%) linked by rigid arylethynyl spacers. (Scheme 1).
Overall, the Sonogashira reaction affords rapid access to

these biferrocene-containing complexes that are readily
separated by standard column chromatography. The formation
of 5 corresponds to the Pd-catalyzed coupling alone and is in
competition with the Sonogashira reaction. All the complexes
obtained in this Sonogashira reaction are of interest for the
determination of their redox potential (vide infra) or for further
coupling. Because they were readily separated and the yield of
the targeted product 3 being reasonable, the reaction was not
optimized further toward the formation of any of them. The
complexes 2, 3, 4, and 5 were characterized by 1H NMR, 13C
NMR, cyclic voltammetry (CV), IR, UV−vis, ESI, and
elemental analyses. The IR spectra showed the characteristic
bands around 2211 cm−1 corresponding to the alkynyl

Scheme 1. Sonogashira Coupling Reaction between Ethynylbiferrocene and 1,3,5-Tribromobenzene and Further Coupling
Reactions
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absorption (νCC), and the ESI mass spectra showed the
correct molecular ion for each compound. The 1,3-di(biferro-
cenylethynyl)-5-bromobenzene complex 3 was easily synthe-
sized through the Sonogashira reaction shown in Scheme 1;
further reaction of 3 with trimethylsilylacetylene under
palladium-catalyzed conditions, followed by reaction with
K2CO3 in a THF/CH3OH mixture, led to the 1,3-di(biferro-
cenylethynyl)-5-ethynylbenzene complex 6 (yield: 60%). Then
6 was submitted to CuII-induced homocoupling to give the
tetra(ethynylbiferrocene) complex 7 in 60% isolated yield
(Scheme 1). The complexes 6 and 7 were fully characterized by
1H NMR, 13C NMR, cyclic votammetry, FT-IR, UV−vis, and
MALDI-TOF mass spectroscopy and provided correct
elemental analyses. The FT-IR (KBr) spectrum of 6 shows
the presence of the alkynyl group at 2209 cm−1 (νCC) and
3292 cm−1 (νCCH) (see the Supporting Information).
Cyclic Voltammetry of the Bis- and Poly(ethynyl-

biferrocenyl) Complexes 1−7. The electrochemistry of
polyferrocene systems has been thoroughly studied by Geiger’s
group, including the electrostatic effect induced in the variation
of supporting electrolytes.1,11

The cyclic voltammograms (CVs) of the bis- and poly-
(ethynylbiferrocenyl) complexes 1−7 compare with those of
the known reference compounds 8−11 (Chart 1).

Table 1 gathers the electrochemical and thermodynamic data
of all the compounds 1−11. It can be easily observed therein
that the ethynyl group exerts a quite strong electron-
withdrawing effect on ferrocene (8). For instance, in CH2Cl2

with [n-Bu4N][PF6] 0.1 M as the supporting electrolyte, the
oxidation of ethynylferrocene (9) is 165 mV more positive than
that of ferrocene; that is, it is more difficult to oxidize than
ferrocene. Likewise, under the same conditions, the oxidation of
the diyne complex 10 occurs at a potential 280 mV more
positive than that of biferrocene. In 1, the first oxidation is only
slightly more difficult (by 40 mV) than in 11, because it
concerns the ferrocenyl site that is not directly bound to the
ethynyl group, but the second oxidation, concerning the
ferrocenyl site that is attached to the ethynyl group, intervenes
at a potential that is 115 mV higher than that of 11.8 These
basic considerations will be useful to assign the CV waves of the
poly(ferrocenylethynyl) complexes studied here.
The large comproportionation constants (K′com) gathered in

Table 1 reflect the stability of the mixed-valence FeII−FeIII
biferrocenium complexes. The presence of the ethynyl
substituent still increases the large K′com values by an order
of magnitude. Another useful experimental tool is the variation
of supporting electrolyte from the standard electrolyte [n-
Bu4N][PF6] to [n-Bu4N][BAr4

F] {ArF = 3,5-bis(trifluoro-
methyl)phenyl} that weakens ion-pairing effects and favors
the observation of electrostatic effects in the compounds under
study. Geiger highlighted the fact that the use of the
polyfluorinated electrolytes such as [n-Bu4N][BAr4

F] instead
of, for instance, [n-Bu4N][PF6] leads to a much larger wave
separation among the various oxidation CV waves of bis- or
tetraferrocenyl systems provided the ferrocenyl groups are close
to one another.11 One of the consequences is the larger K′com
values leading to easier stabilization of the mixed-valence FeII−
FeIII complexes. This clearly appeared for biferrocene (11) for
which the wave separation was, in CH2Cl2, 375 mV with [n-
Bu4N][PF6] and 590 mV with [n-Bu4N][BAr4

F]. In the same
way, the wave separation in CH2Cl2 for 10 increases from 85
mV with [n-Bu4N][PF6] to 175 mV with [n-Bu4N][BAr4

F]. It is
much attenuated in 10 compared to 11 because of the
increased distance and decreased electronic communication
and electrostatic effect between the two redox centers. Geiger

Chart 1. Ferrocene, Ethynylferrocene, 1,4-Bis(ferrocenyl)-
1,3-butadiyne, and Biferrocene

Table 1. Compared E1/2 and Comproportionation Constant (K′com) Values for a Series of Ferrocenyl and Biferrocenyl
Compoundsa

compound supporting electrolyte E′1/2 (V) E″1/2 (V) ΔE′ox (mV) K′com
1 [n-Bu4N][PF6] 0.480 0.930 450 4.04 × 107

2 [n-Bu4N][PF6] 0.325 0.610 285 6.55 × 104

3 [n-Bu4N][PF6] 0.473 0.850 377 2.35 × 106

4 [n-Bu4N][BAr4
F] 0.520 0.980 460 5.94 × 107

[n-Bu4N][PF6] 0.465 0.870 405 6.99 × 106

5 [n-Bu4N][BAr4
F] 0.555 1.230 675 2.56 × 1011

E″′1/2 (1.430) ΔE″ox (200) K″com (2.4 × 103)
[n-Bu4N][PF6] 0.475 0.930 455 4.86 × 107

6 [n-Bu4N][PF6] 0.395 0.730 335 4.60 × 105

7 [n-Bu4N][PF6] 0.470 0.837 367 1.59 × 107

8 [n-Bu4N][BAr4
F] 0.615 (0.40)b,22

9 [n-Bu4N][BAr4
F] 0.780

10 [n-Bu4N][BAr4
F] 0.755 0.930 175 908

[n-Bu4N][PF6] 0.700 0.785 85 27
11 [n-Bu4N][BAr4

F] 0.475 (0.31)b 1.065 (0.62)b 590 9.39 × 109

[n-Bu4N][PF6] 0.440 0.815 375 2.18 × 106

aThe E1/2 values were examined under identical conditions using FeCp*2 as the internal reference. Solvent: CH2Cl2; supporting electrolyte: [n-
Bu4N][BAr4

F] or [n-Bu4N][PF6] 0.1 M; 293 K; working and counter electrodes: Pt; reference electrode: Ag; scan rate: 0.200 V·s−1. All the CV
measurements were carried out using the following concentrations: 1 (3 mM), 2 (3 mM), 3 (1.5 mM), 4 (0.3 mM), 5 (0.5 mM), 6, 7, 8, 9, 10, and
11 (1.5 mM). bThe E′1/2 value of the Cp*2Fe(+/0) redox couple vs Cp2Fe(+/0) is 0.615 V under these conditions with [n-Bu4N][BAr4

F].22
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has pointed out that large changes of ΔE1/2 values raise
cautionary notes on the common usage of these values in
estimating the degree of electronic communication between
different redox sites in a molecule.11 We believe that this
statement perfectly applies to 11 and its derivatives 2, 3, 4, 6,
and 7 that are subject to both electronic communication and
electrostatic effects between the very close redox centers of
biferrocenyl compounds within each biferrocenyl unit, in
particular, when electrolytes with polyfluorinated anions are
used, such as in [n-Bu4N][BAr4

F]. The CVs of the complexes 2,
3, 4, 6, and 7 all show two fully reversible waves around 0.5 and
1 V vs decamethylferrocene (FeCp*2),

21 respectively, that are
assigned to the two electronically communicated iron centers in
the biferrocenyl group.
The electronic communication and proximity resulting in the

electrostatic effect induce a mixed-valence system that is very
stable, as reflected by the large K′com values that are still
increased by an order of magnitude with [n-Bu4N][BAr4

F]
compared to [n-Bu4N][PF6] (Table 1). Despite these large
values, it is not possible to state on the basis of the CV data
only whether the mixed-valence FeII−FeIII are localized or
delocalized, and this distinction must await the isolation and
spectroscopic characterization. For the CVs, the second wave
also shows more or less adsorption due to the precipitation of
the polycation salts onto the electrode. Thus, the potential at
which this second oxidation occurs that is calculated using the
average of the oxidation and reduction potentials (CV
maximum) less accurately reflects the standard oxidation
potential than in the case of the first oxidation.
For instance, the CV of complex 4 is shown in Figure 1B.

This CV compares to that of related tris-1,3,5-(ferrocenyl-
ethynyl)benzene, 12,13,14 in CH2Cl2 with [n-Bu4N][BAr4

F] as
supporting electrolyte that showed three distinct one-electron
waves reflecting the pure electrostatic effect between the three

ferrocenyl groups in the absence of a through-bond electronic
effect (Figure 1A).
With 4, the electrostatic effect among the three ferrocenyl

groups attached to the tris(ethynylferrocenyl) core is almost
absent, although the CV was recorded with [n-Bu4N][BAr4

F] as
the electrolyte. Given the electron-withdrawing effect of the
alkynyl group that was shown in the reference compound 1, 9,
and 10, it could be anticipated that the outer ferrocenyl groups
of 2, 3, 4, 5, and 7 would be oxidized more easily than the inner
ones that are attached to the alkynyl groups. Concerning 5,
interestingly, this situation is opposite that disclosed by
Heinze’s group for a ureylene-bridged bis(biferrocene) complex
in which the outer ferrocenyl units bear a strong electron-
withdrawing carboxymethyl substituent. Heinze’s group has
nicely confirmed this by 1HNMR upon partial oxidation of the
bi- or oligoferrocenyl derivatives that selectively affects the first-
oxidized units, allowing identification of the redox sites.19b

Thus, in the poly(biferrocenylethynyl) complexes 3, 4, 6, and 7,
the outer ferrocenyl groups are much further from one another
than in 12 (Figure 1A). The first oxidation of all the
poly(biferrocenylethynyl) compounds is thus found at the
same potential in a single CV wave with [n-Bu4N][PF6]. With
[n-Bu4N][BAr4

F] that brings about the maximum possible
electrostatic effect, a somewhat broader CV wave is observed
corresponding to three very close potentials, this electrostatic
effect remaining very weak due to the large intersite distance
(Figure 1B,C). Interestingly, the second oxidation wave of all
the poly(biferrocenylethynyl) around 1 V vs FeCp*2 is unique
and not split or broadened even with [n-Bu4N][BAr4

F],
contrary to what was observed for 12 (Figure 1A). Thus, it
appears that the three outer ferricinium substituents of 4, for
instance, completely shield and annihilate the purely electro-
static effect observed in their absence in 12. This shielding is
probably due to the positive charge on the outer ferricinium
group and is enhanced by the spatial delocalization of these

Figure 1. (A) Compared cyclic voltammograms of 1,3,5-tris(ferrocenylethynyl)benzene (0.3 mM), 12, (B) and 1,3,5-tris(biferrocenylethynyl)-
benzene (0.3 mM), 4, with decamethylferrocene (FeCp*2) as the internal reference. Solvent: CH2Cl2; temperature: 293 K; supporting electrolyte:
[n-Bu4N][BAr4

F] 0.1 M; working and counter electrodes: Pt; reference electrode: Ag; scan rate: 0.200 V·s−1. The three reversible waves for 12 are at
E1/2 = 0.64, 0.84, and 1.06 V vs FeCp*2; the two reversible waves for 4 are at E1/2 = 0.52 and 0.98 V vs FeCp*2. (C) Cyclic voltammogram of 1,3,5-
tris(biferrocenylethynyl)benzene (0.3 mM), 4. Solvent: CH2Cl2; supporting electrolyte: [n-Bu4N][PF6]; temperature: 293 K; working and counter
electrodes: Pt; reference electrode: Ag; scan rate: 0.200 V·s−1; two reversible waves: E1/2 = 0.465 V (ΔE = 30 mV) and 0.870 V (ΔE = 20 mV) vs
FeCp*2.
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charges given the fast rotation of the ferrocenyl−ferricinium
bond at the electrochemical time scale. In all of these
poly(biferrocenylethynyl)arene complexes, the biferrocenyl

units appear as electronically independent; that is, there is no
electronic transmission through the arene core as known in the
ferrocenyl analogues.12,13

Figure 2. (A) Cyclic voltammogram of 1,4-bis(biferrocenyl)-1,3-butadiyne, 5 (0.5 mM; CH2Cl2; supporting electrolyte [n-Bu4N][BAr4
F]; 293 K):

working and counter electrodes: Pt; reference electrode: Ag; scan rate: 0.200 V·s−1; three reversible waves: E1/2 = 555 mV (ΔE = 80 mV), 1.230 V
(ΔE = 70 mV), and 1.430 V (ΔE = 60 mV) vs FeCp*2. (B) CV of 1,4-bis(biferrocenyl)-1,3-butadiyne, 5 (0.5 mM; CH2Cl2; supporting electrolyte
[n-Bu4N][PF6]; 293 K): working and counter electrodes: Pt; reference electrode: Ag; scan rate: 0.200 V·s−1; two reversible waves: E1/2 = 485 mV
(ΔE = 40 mV) and 0.930 V (ΔE = 110 mV) vs FeCp*2. (C) CV of 7 (1.5 mM; CH2Cl2; supporting electrolyte [n-Bu4N][PF6]; 293 K): working and
counter electrodes: Pt; reference electrode: Ag; scan rate: 0.200 V·s−1; two reversible waves: E1/2 = 470 mV (ΔE = 35 mV) and 0.837 V (ΔE = 10
mV) vs FeCp*2.

Scheme 2. Oxidation of All the Biferrocenylethynyl Complexes with 1 equiv of Ferricinium Salt [Cp2Fe][BAr4
F], 8(BAr4

F) per
Biferrocenylethynyl Group, To Synthesize Bis-, Tris-, and Tetra-Biferroceniumethynyl (FeII−FeIII) Saltsa

aThe ferrocenyl groups are red, and the ferricinium groups are blue.
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The above analysis also applies to the linear complex 5
concerning the first oxidation near 0.5 V vs FeCp2*; that is, the
single CV wave observed with [n-Bu4N][PF6] broadens to an
envelope of a broader wave, reflecting the slight splitting into
two close redox potentials with [n-Bu4N][BAr4

F] as the
supporting electrolyte, due to the very weak electrostatic effect
between the two outer ferrocenyl groups. The situation is very
different for the second oxidation wave that is unique (with
some adsorption) with [n-Bu4N][PF6], but well-split into two
very distinct CV waves with [n-Bu4N][BAr4

F], reflecting a
rather strong electrostatic effect. The unicity of the CV wave
observed with [n-Bu4N][PF6] indicates that the electronic
communication between the two inner ferrocenyl groups of 5,
if any, is negligible. The electrostatic effect is much stronger for
5 than for the poly(biferrocenylethynyl)arene complexes,
essentially because the bis(ethynyl) linker in 5 is much shorter
than the bis(ethynyl)arene linker in the 3, 4, 6, and 7 (Figure
2). On the basis of Chemdraw simulations, the Fe−Fe distance
with the bis(ethynyl) linker is estimated to 6.7 Å,16a that is, 3.9
Å shorter than the Fe−Fe distance through the bis(ethynyl)-
arene linker (10.6 Å).
Syntheses and Electronic Structures of the Mixed-

Valence Biferrocenium Complexes. The electrochemical
studies of the preceding section have shown that the first
oxidation waves of the neutral biferrocenyl complexes are at
potentials 0.1−0.2 more positive than that of ferrocene, which
means that ferricinium salts can easily oxidize biferrocenyle-
thynyl derivatives. In terms of redox equilibriums of the
oxidation using ferricinium, the reactions are shifted quasi-
quantitatively toward the formation of ferrocene and mixed-
valent biferrocenium complexes. The oxidant [Cp2Fe][BAr4

F]
was chosen for the reaction, because (i) strong electrostatic
effects are expected, and (ii) an initial attempt with [Cp2Fe]-
[PF6] and 4 provided the brown complex 4(PF6)3 that
presented a band of (PF6

−) inconveniently appearing in the
FT-IR spectrum at 840 cm−1 near the ferrocene absorption
region of interest.
Biferrocene 11, the poly(biferrocenylethynyl)arene com-

plexes 4 and 7, and the bis(biferrocenyl)diynyl complex 5
have been oxidized by reactions with 1 equiv of [Cp2Fe]-
[BAr4

F] per biferrocenylethynyl unit in CH2Cl2, and all of these
reactions proceeded virtually quantitatively to produce,
respectively, the air and thermally stable salts 11(BAr4

F),
4(BAr4

F)3, 7(BAr4
F)4, and 5(BAr4

F)2 as brown solids (Scheme
2).
Although the biferrocenium monocation 11+ is known with

various anions, the salt 11(BAr4
F) had not yet been isolated.

The biferrocenium salts of 11+ were shown in various reports to
be localized class-II mixed-valent complexes, but it is also
known that parameters such as the nature of the substituent
have an important effect on the intervalent electron-transfer
rate.9,23−26 Therefore, the electronic structure was verified,
especially due to the strong electrostatic effect of the (BAr4

F)
anion, although the nature of the anion (BF4

−, PF6
−, ClO4

−) in
ligand-bridged RuII−RuIII complexes was reported to influence
electrostatic factors,11 but not inner-sphere electronic commu-
nication between redox sites.27

The FT-IR spectrum of 4 (Figure 3A) in KBr pellets showed
the absorption of the ferrocenyl group at 814 cm−1 (νFc). In the
FT-IR spectrum of 4(PF6)3, however, a band of (PF6

−)
inconveniently appears at 840 cm−1. Therefore, the (BAr4

F‑)
salt was used to investigate this region of the spectrum. Both
the ferrocenyl and the ferrocenium groups in the mixed-valence

compound 4(BAr4
F)3 are detected at 886 cm−1 (νFc+) and 836

cm−1 (νFc) (Figure 3B). For the other mixed-valence complexes
11(BAr4

F), 5(BAr4
F)2, and 7(BAr4

F)4, analogous results were
obtained, and the data are gathered in Table 2. Indeed, the

presence of the Fc+ center close to the Fc group increases the
frequencies of the Fc side by 22, 24, 23, and 19 cm−1 for
4(BAr4

F)3, 5(BAr4
F)2, 7(BAr4

F)4, and 11(BAr4
F) in comparison

with their neutral analogues 4, 5, 7, and 11, respectively, as a
result of the presence of the electron-withdrawing ferricinium
substituent (Table 2).
A large shift in the UV−vis absorption of 4(PF6)3 and

4(BAr4
F)3 was recorded compared to 4. Under identical

conditions, λmax of 4 = 454 nm, λmax of 4(PF6)3 = 555 nm,
and λmax of 4(BAr4

F)3 = 565 nm (Figure 4). For the other
mixed-valence complexes 5(BAr4

F)2, 7(BAr4
F)4, and 11(BAr4

F),
similar results were obtained, and the data are gathered in Table
3.
A similar large shift in the UV−vis absorption of 5(BAr4

F)2,
7(BAr4

F)4, and 11(BAr4
F) was found (respectively, 106, 109,

and 112 nm) in comparison with their neutral analogues 5, 7,
and 11 (Table 3).

57Fe Mössbauer spectra easily allowed assigning the oxidation
states in the mixed-valent compounds 4(PF6)3, 5(BAr4

F)2, and
11(BAr4

F). The spectra were recorded at 78 K at zero field and
showed the localized mixed valency with the presence of both
the ferrocenyl groups and the ferrocenium groups. This
indicates that this property is verified even at a rate of 108

s−1 that is the Mössbauer frequency. The quadruple splitting
(QS) and isomer shift (IS) parameters are gathered in Table 4
and Figure 5. The area ratio is slightly different from the
expected 1:1 value, which can be explained by the well-known

Figure 3. FT-IR spectra in KBr pellets of (A) 4, 814 cm−1 (νFc) and
(B) 4(BAr4

F)3, 886 cm−1 (νFc+), 836 cm−1 (νFc), where Fc stands for
[Fe(η5-C5H5)(η

5-C5H4−)].

Table 2. FT-IR Spectra in KBr Pellets of All the Biferrocenyl
Complexes and their FeII−FeIII Mixed-Valent States Studied
in This Work

compound νFc (cm
−1) νFc+ (cm−1)

4 814
4(BAr4

F)3 836 886
5 814
5(BAr4

F)2 838 887
7 815
7(BAr4

F)4 838 886
11 817
11(BAr4

F) 836 886
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different probabilities of the recoil free absorption of Fe(II) and
Fe(III) centers.28

In agreement with the infrared spectra results presented
above, there is no indication of any electron delocalization
between the FeII and the FeIII ions; thus, the biferrocenium
complexes do not belong to the class III of mixed-valent
complexes.
To distinguish between class-I and class-II mixed valency,

recording near-infrared spectra is necessary in order to search
the intervalent charge-transfer band that characterizes the
optical transition from the ground state to the intervalence
charge-transfer state of the class-II compounds. This band is
already known for biferrocenium complexes. Analysis of the
band energies, bandwidths, and intensities and the solvent
effects on the band characteristics provides Hush29 parameters
that are gathered in Table 5 and the Supporting Information,
allowing comparison of these new class-II mixed-valence
complexes with known mixed-valence complexes.
Figure 6 shows the absorption spectra as a function of the

energy in the near-IR region for the five mixed-valence
compounds examined in this work in CD3COCD3. Deuterated

solvents were used in order to reduce interference from the C−
H overtone bands.29 The observed bandwidth at half-height,
(Δν1/2)obs, is estimated by doubling the half-bandwidth at half-
height on the high-energy side of νmax.

30 The calculated
bandwidth, (Δν1/2)calcd, is calculated by the equation νmax =
(Δν1/2)2/2310. The values of the ratio (Δν1/2)obs/(Δν1/2)calcd
are 1.09−1.33 for 4(PF6)3, 4(BAr4

F)3, 5(BAr4
F)2, 7(BAr4

F)4,
and 11(BAr4

F). For Robin and Day class-II complexes, values of
1.1−1.4 have so far been reported, confirming the class-II
mixed valency of the new complexes.30−32 The intercluster
electronic coupling, HAB, was estimated by the equation HAB =
(2.05 × 10−2)(νmaxεmaxΔν1/2)1/2/d; the calculated values of the
electronic coupling HAB of a single biferrocenyl unit are
comparable with the reported compounds that contained this
unit (d = 5.5 ± 0.5 Å).16a,33 The IVCT bands were also checked
in CD3CN for all the mixed-valence compounds in this work,
and similar results were obtained (see the Supporting
Information). The calculated results are in agreement with
the infrared and Mössbauer results presented above.

■ CONCLUDING REMARKS
The synthesis of multiredox systems with biferrocenylethynyl
units using Sonogashira and further copper-catalyzed coupling
allows forming stable orange solid compounds containing up to
eight ferrocenyl groups in compound 7. The use of the
biferrocenyl unit also brings about a large stabilization of mixed-
valent biferrocenyl systems with various consequences. Indeed,
the tetra(n-butyl)ammonium salt of the perfluorinated tetrakis-
[(3,5-bistrifluoromethyl)phenyl] borate anion completely
changes the cyclic voltammetry of the biferrocenylethynyl
complexes in stabilizing mixed-valent compounds (large
difference of redox potentials between the first and second
cyclovoltammetry waves of the biferrocenyl units yielding large
comproportionation constants) due to electrostatic effects that
are not observed with the standard electrolyte [n-Bu4N][PF6].
This is the case of the tetranuclear mixed-valence tricationic salt

Figure 4. (A) Compared UV−vis spectra of 4 and 4(PF6)3: λmax of 4 = 454 nm (deep green); λmax of 4(PF6)3 = 555 nm (light green). (B) Compared
UV−vis spectra of 4 and 4(BAr4

F)3: λmax of 4 = 454 nm (deep blue); λmax of 4(BAr4
F)3 = 565 nm (light blue).

Table 3. Wavelengths (in nm) of the UV−vis Transitions for
All the Biferrocenyl Complexes and Their Mixed-Valent
FeII−FeIII States

compound λmax (nm)

4 454
4(PF6)3 555
4(BAr4

F)3 565
5 458
5(BAr4

F)2 564
7 458
7(BAr4

F)4 567
11 460
11(BAr4

F) 572

Table 4. Mössbauer Parameters for the Mixed-Valent Complexes 4(PF6)3, 5(BAr4
F)2, and 11(BAr4

F)

Fc Fc+

compound ISa (mm·s−1) QSa (mm·s−1) ISa (mm·s−1) QSa (mm·s−1) % (Fc+/Fc)a

4(PF6)3 0.514(2) 2.229(3) 0.520(4) 0.495(8) 51/49
5(BAr4

F)2 0.524(3) 2.046(6) 0.505(9) 61/39
11(BAr4

F) 0.530(1) 2.042(8) 0.505(9) 42/58

aIS = isomer shift vs Fe; QS = quadrupole splitting.
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53+ and of the most highly charged mixed-valent polynuclear
arene complexes. Except in this case of 53+ for which relative
stabilization is only provided by the perfluorinated counter-
anion, resulting in the electrostatic effect between diynyl-linked
ferrocenyl units (the inner ones) belonging to two distinct
biferrocenyl groups, all the arene-centered poly(biferrocenyl-
ethynyl) complexes present biferrocenyl groups that are

independent by cyclic voltammetry (no wave separation).
They are distinguished neither by electrostatic effect (unlike in
1,3,5-triferrocenyl benzene) nor by arene-mediated electronic
communication (as in 1,3,5-triferrocenylbenzene),12,13 and in
contrast with the series of 1,3,5-tris(ethynylmetal)benzene
complexes reported by the groups of Long and Zanello that
present electronic communication between the three metals
through the arene bridge.14

The poly(biferrocenylethynyl) systems are easier to oxidize
than the parent poly(ferrocenylethynyl) complexes. Then the
oxidized mixed-valence systems are very easily synthesized
using a ferricinium salt as an oxidant, and the oxidized
biferrocenium compounds are much more robust than
ferricinium derivatives. The electron-withdrawing effect of the
ethynyl and arylethynyl groups on ferrocene shown by the CV
data allows easier direct oxidation of the nonethynylated
ferrocenyl group than of the ethynylferrocenyl group in the
ethynylbiferrocenyl complexes under study. All the oxidized
BAr4

F complexes are, as other previously reported biferrocenes,
class-II mixed-valent. This was shown by the observation of
both FeII and FeIII Mössbauer and IR absorption in the mixed-
valent compounds and that of the optical intervalence charge-
transfer band in the near-IR spectra. Possible applications are
the production of electrochrome nanosystems that are
commutable at low potentials and robust in both solutions
and condensed phases in two oxidation states with distinct
colors.

■ EXPERIMENTAL SECTION
General Data. THF and diethyl ether were dried over Na foil and

distilled from sodium-benzophenone anion under nitrogen immedi-
ately prior to use. DCM, i-Pr2NH, and Et3N were distilled from
calcium hydride under nitrogen prior to use. All other solvents and
chemicals were used as received. 1H NMR spectra were recorded at 25
°C with a Bruker AC (200, 300 MHz) spectrometer. The 13C NMR
spectra were obtained in the pulsed FT mode at 75 MHz with a Bruker
AC 300 spectrometer. All the chemical shifts are reported in parts per
million (δ, ppm) with reference to Me4Si for the

1H and 13C NMR
spectra. The mass spectra were recorded using an Applied Biosystems
Voyager-DE STR-MALDI-TOF spectrometer. The infrared spectra
were recorded on an ATI Mattson Genesis series FT-IR spectropho-
tometer. The elemental analyses were performed by the Center of
Microanalyses of the CNRS at Lyon Villeurbanne, France. UV−vis
absorption spectra were measured with a PerkinElmer Lambda 19
UV−vis spectrometer. Electrochemical measurements (CV) were
recorded on a PAR 273 potentiostat under a nitrogen atmosphere at
293 K. 57Fe Mössbauer spectra have been recorded using a
conventional constant-acceleration type spectrometer equipped with
a 50 mCi 57Co source and a flow-type liquid nitrogen cryostat. Least-
squares fittings of the Mössbauer spectra have been carried out with

Figure 5. Mössbauer spectra of 4(PF6)3 (A), 5(BAr4
F)2 (B), and 11(BAr4

F) (C) at zero field and 78 K.

Table 5. Properties of the Intervalent Charge-Transfer Band
for 7(BAr4

F)4 and 11(BAr4
F)g

compound solvent acetone-d6

7(BAr4
F)4 λmax (nm)

a 1605
νmax (cm

−1)b 6230
(Δν1/2)obs (cm−1)c 4140
(Δν1/2)calcd (cm−1)d 3794
(Δν1/2)obs/(Δν1/2)calcd 1.09
εmax (M

−1 cm−1)e 2036
HAB (cm−1)f 854

11(BAr4
F) λmax (nm)

a 1748
νmax (cm

−1)b 5720
(Δν1/2)obs (cm−1)c 4360
(Δν1/2)calcd (cm−1)d 3634
(Δν1/2)obs/(Δν1/2)calcd 1.20
εmax (M

−1 cm−1)e 518
HAB (cm−1)f 424

aλmax: wavelength of maximum absorbance for the IVCT band. bνmax =
Eop: energy of the band at λmax.

c(Δν1/2)obs: observed bandwidth at
half-height. d(Δν1/2)calcd: calculated bandwidth at half-height. eεmax: the
molar extinction coefficient at λmax.

fHAB: the electronic coupling.
gSee

the similar data for all mixed-valent complexes in the Supporting
Information.

Figure 6. Near-IR spectra of 11(BAr4
F) (A), 4(PF6)3 (B), 4(BAr4

F)3
(C), 5(BAr4

F)2 (D), and 7(BAr4
F)4 (E) in CD3COCD3.
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the assumption of a Lorentzian line shape using the Recoil software
package.
General Synthetic Procedure for the Complexes 2−5. The

starting material ethynylbiferrocene,1, was synthesized according to ref
8. For the Sonogashira reaction, a catalytic amount of CuI (10 mg,
0.05 mmol, 0.25 equiv), Pd(OAc)2 (11 mg, 0.05 mmol, 0.25 equiv),
and PPh3 (30 mg, 0.11 mmol, 0.5 equiv.) in 50 mL of diisopropyl-
amine were stirred at 0 °C for 10 min. The mixture was then treated
with ethynylbiferrocene (236.4 mg, 0.6 mmol, 3 equiv) and 1,3,5-
tribromobenzene (63 mg, 0.2 mmol, 1 equiv) and stirred at 0 °C for 1
h before warming to r.t. Then the mixture was heated under reflux for
3 h. The solvent was removed under vacuum, the product was
extracted with CH2Cl2, and diluted aq. HCl was added. The organic
phase was washed three times with a saturated aqueous solution of
Na2CO3 and H2O, dried over anhydrous Na2SO4, and concentrated
under vacuum. The crude orange mixture was separated by column
chromatography on silica gel with pentane/CH2Cl2 (4:1) to provide
each pure compound. Complex 2 (Rf = 0.9) was first eluted (34 mg,
yield: 9% based on the conversion of ethynylbiferrocene), followed by
compound 5 (67 mg, yield: 28%, Rf = 0.7), then compound 3 (26 mg,
yield: 9%, Rf = 0.5), and finally compound 4 (125 mg, yield: 50%, Rf =
0.1).
1-Biferrocenylethynyl-3,5-dibromo Benzene 2. 1H NMR (300

MHz, CDCl3), δ ppm: 4.02 (s, 5H, free Cp), 4.13 (t, J = 1.89 Hz, 2H,
CH of Cp), 4.20 (m, 2H, CH of Cp), 4.24 (t, J = 1.89 Hz, 2H, CH of
Cp), 4.30 (t, J = 1.89 Hz, 2H, CH of Cp), 4.37 (t, J = 1.80 Hz, 2H, CH
of Cp), 4.43 (m, 2H, CH of Cp), 7.48 (s, 2H, Ph), 7.58 (s, 1H, Ph),
7.26 (s, CDCl3).

13C NMR (75.0 MHz, CDCl3), δ ppm: 64.8, 66.5,
67.9, 69.3, 69.6, 70.3, 71.3, 72.8, 82.0, 83.3 (C of the Bif.), 86.2, 91.7
(CC), 122.5 (Cq of aromatic-Br), 127.6 (Cq of aromatic-CC),
132.7, 132.9 (CH of aromatic), 76.6, 77.0, 77.5 (CDCl3). IR (KBr):
2210 cm−1 (νCC). UV−vis: λmax = 450 nm (εmax = 75 M−1 cm−1).
Cyclic voltammogram (3 mM, CH2Cl2; supporting electrolyte [n-
Bu4N][PF6]; 293 K): working and counter electrodes: Pt; reference
electrode: Ag; scan rate: 0.200 V·s−1; two reversible waves: E1/2 =
0.325 V (ΔE = 40 mV), 0.610 V (ΔE = 40 mV) vs FeCp*2. mp: 144
°C. MALDI-TOF: calcd m/z for M+ (C28H20Br2Fe2) 627.9; found
627.7. Anal. Calcd for C28H20Br2Fe2: C, 53.55; H, 3.21. Found: C,
53.45; H, 3.01.
1,3-Bis(biferrocenylethynyl)-5-bromo Benzene 3. 1H NMR

(300 MHz, CDCl3), δ ppm: 4.01 (s, 10H, free Cp), 4.14 (m, 4H, CH/
sub.Cp), 4.19 (m, 4H, CH/sub.Cp), 4.31 (m, 8H, CH/sub.Cp),
4.41(m, 8H, CH/sub.Cp), 7.41 (s, 1H, Ph), 7.48 (s, 2H, Ph), 7.26 (s,
CDCl3).

13C NMR (75.0 MHz, CDCl3), δ ppm: 65.2, 66.6, 67.9, 68.0,
69.3 (free Cp), 69.6, 70.3, 72.7, 82.2, 84.1 (Cp), 86.0, 90.5 (CC),
121.6, 125.9, 132.6, 132.8 (Ph), 76.4, 77.0, 77.7 (CDCl3). IR (KBr):
2216 cm−1 (νCC). UV−vis: λmax = 457 nm (εmax = 155 M−1 cm−1).
Cyclic voltammogram (1.5 mM; CH2Cl2; supporting electrolyte [n-
Bu4N][PF6]; 293 K): working and counter electrodes: Pt; reference
electrode: Ag; scan rate: 0.200 V·s−1; two reversible waves: E1/2 =
0.473 V (ΔE = 20 mV), 0.850 V (ΔE = 20 mV) vs FeCp*2. mp: 177
°C. MALDI-TOF: calcd m/z for M+ (C50H37BrFe4) 941.1; found
939.6. Anal.Calcd for C50H37BrFe4: C, 63.81; H, 3.96. Found: C,
63.66; H, 4.33.
1,3,5-Tris(biferrocenylethynyl) Benzene 4. 1H NMR (300

MHz, CDCl3), δ ppm: 4.05 (s, 15H, free Cp), 4.13 (m, 6H, C/
sub.Cp), 4.28 (m, 12H, C/sub.Cp), 4.33 (m, 6H, C/sub.Cp), 4.40 (t,
6H, C/sub.Cp), 4.51(t, 6H, C/sub.Cp), 7.47 (s, 3H, Ph), 7.26 (s,
CDCl3), 5.30 (s, CH2Cl2).

13C NMR (75.0 MHz, CDCl3), δ ppm:
65.7, 66.6, 68.1, 68.3, 69.6, 69.7, 70.5, 70.6, 71.3 (C/Cp), 72.8 (free
Cp), 84.9, 89.3 (CC), 124.4, 133.0 (Ph), 76.6, 77.0, 77.5 (CDCl3).
The IR (KBr): 2211 cm−1 (νCC). The CV of 4 (CH2Cl2; supporting
electrolyte [n-Bu4N][BAr4

F]; 293 K): two reversible waves: E1/2 = 0.52
and 0.98 V vs FeCp*2. IR (KBr): 2211 cm−1 (νCC), 814 cm−1 (νFc).
UV−vis: λmax = 454 nm (εmax = 230 M−1 cm−1). Cyclic voltammogram
(0.3 mM; CH2Cl2; supporting electrolyte [n-Bu4N][PF6]; 293 K):
working and counter electrodes: Pt; reference electrode: Ag; scan rate:
0.200 V·s−1; two reversible waves: E1/2 = 0.465 V (ΔE = 30 mV),
0.870 V (ΔE = 20 mV) vs FeCp*2. When the supporting electrolyte
[n-Bu4N][BAr4

F] 0.1 M was used under the identical conditions, the

two reversible waves are at E1/2 = 0.52 and 0.98 V vs FeCp*2. mp: 209
°C. MALDI-TOF: calcd m/z for M+ (C72H54Fe6) 1254.2; found
1254.8. Anal. Calcd for C72H54Fe6(1/4CH2Cl2): C, 67.58; H, 4.26.
Found: C, 67.65; H, 4.38.

Synthesis and Characterizations of 1,3,5-Tris(biferrocenyl-
ethynyl) Benzene(PF6)3, 4(PF6)3. The compound 4 (62.7 mg, 0.05
mmol, 1 equiv.) and ferricinium PF6 (49.6 mg, 0.15 mmol, 3 equiv.)
was mixed in 30 mL of distilled dichloromethane. The mixture was
stirred at r.t. for 10 min under N2. Then the solvent was removed
under vacuum, and the solid that was left was washed three times with
distilled pentane to give the 4(PF6)3 as a brown solid (80.2 mg, yield:
95%). IR (KBr): 2210 cm−1 (νCC), 832 cm

−1 (νPF6‑). UV−vis: λmax =
555 nm (εmax = 680 M−1 cm−1). Melting point: decomposition above
200 °C. Anal. Calcd for C72H54Fe6P3F18: C, 51.20; H, 3.22. Found: C,
51.40; H, 3.17.

Synthesis and Characterizations of 1,3,5-Tris(biferrocenyl-
ethynyl) Benzene(BAr4

F)3, 4(BAr4
F)3. The compound 4 (12.5 mg,

0.01 mmol, 1 equiv) and ferricinium (BAr4
F−) (31.5 mg, 0.03 mmol, 3

equiv) were mixed in 30 mL of distilled CH2Cl2. The mixture was
stirred at r.t. for 30 min under N2. Then the solvent was removed
under vacuum, and the solid that was left was washed three times with
distilled pentane to give the compound 4(BAr4

F)3 (36.5 mg, yield:
94%). IR (KBr): 2210 cm−1 (νCC), 886 cm

−1 (νFc+), 836 cm
−1 (νFc).

UV−vis: λmax = 555 nm (εmax = 600 M−1 cm−1). mp: 150 °C. Anal.
Calcd for C168H90Fe6F72B3(CH2Cl2): C, 51.66; H, 2.36. Found: C,
51.35; H, 2.66.

Bis(biferrocenylethynyl) 5. 1H NMR (300 MHz, CDCl3), δ
ppm: 4.06 (s, 10H/free Cp), 4.08 (m, 4H/sub.Cp), 4.28 (m, 4H/
sub.Cp), 4.32 (m, 8H/sub.Cp), 4.39 (m, 4H/sub.Cp), 4.51 (m, 4H,
sub.Cp), 5.30 (s, CH2Cl2), 1.53 (H2O), 7.26 (s, CDCl3).

13C NMR
(75.0 MHz, CDCl3), δ ppm: 66.5, 66.6, 68.0, 68.2, 69.3, 69.6, 69.9,
70.2, 70.6, 73.3 (Cp), 78.9 (CC), 76.4, 77.0, 77.7 (CDCl3). CV (0.5
mM) in CH2Cl2; supporting electrolyte [n-Bu4N][BAr4

F]; working
and counter electrodes: Pt; reference electrode: Ag; scan rate: 0.200 V·
s−1; 293 K; three reversible waves: E1/2 = 0.52, 1.20, and 1.40 V vs
FeCp2*. CV (0.5 mM) in CH2Cl2; supporting electrolyte: [n-
Bu4N][PF6]; 293 K; working and counter electrodes: Pt; reference
electrode: Ag; scan rate: 0.200 V·s−1; two reversible waves: E1/2 = 475
mV (ΔE = 40 mV) and 0.930 V (ΔE = 80 mV) vs FeCp*2. The IR
(KBr): 2142 cm−1 (νCC), 814 cm−1(νFc). UV−vis: λmax = 458 nm
(εmax = 155 M−1 cm−1). mp: 224 °C. MALDI-TOF: calcd m/z for M+

(C44H34Fe4) 786.0; found 785.9. Anal. Calcd for C44H34Fe4(H2O): C,
65.72; H, 4.51. Found: C, 65.42; H, 4.54.

Synthesis and Characterizations of [1,4-Bis(biferrocenyl)-
butadiyne](BAr4

F)2, 5(BAr4
F)2. Compound 5 (39.3 mg, 0.05 mmol, 1

equiv) and [FeCp2][BAr4
F] (104.9 mg, 0.1 mmol, 2 equiv) were

dissolved in 10 mL of distilled CH2Cl2. Then the mixture was stirred at
r.t. for 30 min under N2. The solvent was removed under vacuum, and
the solid that was left was washed three times with distilled pentane.
The mixed-valence compound 5(BAr4

F−)2 was obtained as a brown
solid (119.3 mg, yield: 96%). IR (KBr): 2211 cm−1 (νCC), 887 cm−1

(νFc
+), 838 cm−1 (νFc). UV−vis: λmax = 564 nm (εmax = 480 M−1

cm−1). mp: 160 °C. Anal. Calcd for C108H58Fe4F48B2 (CH2Cl2): C,
50.40; H, 2.33. Found: C, 50.61; H, 2.52.

Synthesis and Characterizations of 1-Ethynyl-3,5-di(biferro-
cenylethynyl) Benzene, 6. Pd(PPh3)Cl2 (7 mg, 0.01 mmol, 0.1
equiv) and CuI (3.8 mg, 0.02 mmol, 0.2 equiv) were dissolved in 5 mL
of distilled Et3N. Then compound 3 (94.2 mg, 0.1 mmol) was added
to the mixture. The solution was stirred at 50 °C for 10 min under N2
before trimethylsilylacetylene (30 μL, 0.2 mmol) was added. Then the
mixture was stirred at 50 °C for 2 days. The same amount of
Pd(PPh3)Cl2 (7 mg, 0.01 mmol, 0.1 equiv) and CuI (3.8 mg, 0.02
mmol, 0.2 equiv) was added. Then the mixture was stirred at 50 °C
under N2 for another 5 days. After the solvent was evaporated, the
crude reaction mixture was purified by silica gel flash chromatography
with dichloromethane/pentane (1/4, Rf = 0.5). After concentration,
the intermediate compound was dissolved in THF/CH3OH (5 mL/5
mL). Then K2CO3 (166 mg, 1.2 mmol, 6 equiv) was added. The
mixture was stirred at r.t. for 30 min, the reaction mixture was
quenched with a saturated ammonium chloride solution, and the
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product was extracted three times with dichloromethane. The
combined organic layer was dried over anhydrous Na2SO4. The
solvent was removed under vacuum to give compound 6 (53 mg,
yield: 60%). 1H NMR (300 MHz, CDCl3), δ ppm: 3.12 (s, 1H, C
C−H), 4.02 (s, 10H/free Cp), 4.12 (m, 4H, CH/sub.Cp), 4.21 (m,
4H, CH/sub.Cp), 4.28 (m, 4H, CH/sub.Cp), 4.31 (m, 4H, CH/
sub.Cp), 4.40 (m, 4H, CH/sub.Cp), 4.45 (m, 4H, CH/sub.Cp), 5.30
(s, CH2Cl2), 7.48 (s, 3H, Ph), 7.26 (s, CDCl3).

13C NMR (75.0 MHz,
CDCl3), δ ppm: 65.4, 66.6, 67.9, 68.1, 69.2, 69.6, 70.2, 72.7, (C/
sub.Cp), 77.9, 82.4 (CC−H), 82.3, 84.5 (CH/sub.Cp), 86.0, 89.7
(CC), 122.4 (Cq of aromatic −CC−H), 124.7 (Cq of aromatic-
CC−), 133.5, 134.3 (CH of aromatic), 76.6, 77.0, 77.4 (CDCl3). IR
(KBr): 2211 cm−1 (νCC), 3293 cm−1 (νC−H). UV−vis: λmax = 454
nm (εmax = 155 M−1 cm−1). CV (1.5 mM; CH2Cl2; supporting
electrolyte [n-Bu4N][PF6]; 293 K): working and counter electrodes:
Pt; reference electrode: Ag; scan rate: 0.200 V·s−1; two reversible
waves: E1/2 = 395 mV (ΔE = 10 mV), 0.730 V (ΔE = 20 mV) vs
FeCp*2. mp: 177 °C. MALDI-TOF: calcd m/z for M+ (C52H38Fe4)
886.2; found 885.8. Anal. Calcd for C52H38Fe4: C, 70.47; H, 4.32.
Found: C, 70.60; H, 4.22.
Synthesis and Characterizations of Bis{1,3-Di(biferrocenyl-

ethynyl)-5-ethynyl Benzene}, 7. Compound 6 (45 mg, 0.05 mmol)
was dissolved in 2 mL of distilled Et3N. Then the catalyst CuCl2 (2
mg, 0.015 mmol, 30% equiv) was added into the solution. The mixture
was stirred overnight at 100 °C under N2, then the solvent was
removed under vacuum, and a diluted HCl solution and dichloro-
methane were added to the solid that was left. After separation, the
organic phase was washed three times with distilled H2O. Then the
organic phase was dried over anhydrous Na2SO4. The crude product
was purified through silica gel flash chromatography with dichloro-
methane/pentane (1/4, Rf = 0.4). After concentration, compound 7
was obtained (27 mg, yield: 60%). 1H NMR (200 MHz, CDCl3), δ
ppm: 4.03 (s, 20H, free Cp), 4.13 (m, 8H, CH/sub.Cp), 4.23 (m, 8H,
CH/sub.Cp), 4.28 (m, 8H, CH/sub.Cp), 4.32 (m, 8H, CH/sub.Cp),
4.40 (m, 8H, CH/sub.Cp), 4.46 (m, 8H, CH/sub.Cp), 7.52 (s, 6H,
Ph), 7.26 (s, CDCl3).

13C NMR (75.0 MHz, CDCl3), δ ppm: 65.4,
66.6, 68.0, 68.1 (C/sub.Cp), 69.4 (free Cp), 69.6, 70.3, 71.3, 72.8, 74.5
(C/sub.Cp), 82.7, 84.4 (CC), 86.2, 90.15 (CC), 122.0, 125.0,
133.8, 134.8 (C/Ph), 76.6, 77.0, 77.5 (CDCl3). IR (KBr): 2209 cm−1

(νCC). UV−vis: λmax = 454 nm (εmax = 335 M−1 cm−1). CV (1.5 mM;
CH2Cl2; supporting electrolyte [n-Bu4N][PF6]; 293 K): working and
counter electrodes: Pt; reference electrode: Ag; scan rate: 0.200 V·s−1;
two reversible waves: E1/2 = 470 mV (ΔE = 35 mV), 0.837 V (ΔE =
10 mV) vs FeCp*2. mp: 195 °C. The MALDI-TOF: calcd m/z for M+

(C104H74Fe8) 1771.1; found 1770.8. Anal. Calcd for C104H78Fe8·
(H2O)2: C, 69.15; H, 4.35. Found: C, 69.16; H, 4.44.
Synthesis and Characterizations of [Bis{1,3-di(biferrocenyl-

ethynyl)-5-ethynyl Benzene}](BAr4
F)4, 7(BAr4

F)4. Compound 7
(17.7 mg, 0.01 mmol, 1 equiv) and [FeCp2][BAr4

F] (40.2 mg, 0.04
mmol, 4 equiv) were dissolved in 10 mL of distilled CH2Cl2. Then the
mixture was stirred at r.t. during 30 min under N2, the solvent was
removed under vacuum, and the solid that was left was washed three
times with distilled pentane. Then the compound 7(BAr4

F)4 was
obtained as a brown solid (49.6 mg, yield: 93%). IR (KBr): 2216 cm−1

(νCC), 886 cm−1 (νFc*), 838 cm−1 (νFc). UV−vis: λmax = 567 nm
(εmax = 850 M−1 cm−1). mp: 150 °C. Anal. Calcd for C232H122Fe8F96-
B4: C, 53.35; H, 2.35. Found: C, 53.05; H, 2.38.
Synthesis of Biferrocenium(BAr4

F), 11(BAr4
F). Biferrocene

(37.0 mg, 0.1 mmol, 1equiv) and [FeCp2](BAr4
F) (104.9 mg, 0.1

mmol, 1 equiv) were dissolved in 10 mL of distilled CH2Cl2. Then the
mixture was stirred at r.t. during 30 min under N2. The solvent was
removed under vacuum, and the solid that was left was washed three
times with distilled pentane. Then biferrocenium(BAr4

F) was obtained
as a brown solid (117.1 mg; yield: 95%). IR (KBr): 886 cm−1 (νFc+),
836 cm−1 (νFc). UV−vis spectrum of 11(BAr4

F): λmax = 572 nm (εmax

= 235 M−1 cm−1). mp: 140 °C. Anal. Calcd for C52H30Fe2F24B(1/
2CH2Cl2): C, 49.43; H, 2.45. Found: C, 49.51; H, 2.67.
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ABSTRACT: Monofunctional triazoles linked to ferrocene, ferrice-
nium, or coumarin (Cou), easily synthesized by copper-catalyzed azide
alkyne (CuAAC) “click” reactions between the corresponding func-
tional azides and (trimethylsilyl)acetylene followed by silyl group
deprotection, provide a variety of convenient neutral ligands for the
stabilization of functional gold nanoparticles (AuNPs) in polar organic
solvents. These triazole (trz)-AuNPs are very useful toward a variety of
applications to synthesis, sensing, and catalysis. Both ferrocenyl (Fc)
and isostructural ferricenium linked triazoles give rise to AuNP stabilization, although by different synthetic routes. Indeed, the
first direct synthesis and stabilization of AuNPs by ferricenium are obtained by the reduction of HAuCl4 upon reaction with a
ferrocene derivative, AuNP stabilization resulting from a synergy between electrostatic and coordination effects. The ferricenium/
ferrocene trz-AuNP redox couple is fully reversible, as shown by cyclic voltammograms that were recorded with both redox
forms. These trz-AuNPs are stable for weeks in various polar solvents, but at the same time, the advantage of trz-AuNPs is the
easy substitution of neutral trz ligands by thiols and other ligands, giving rise to applications. Indeed, this ligand substitution of trz
at the AuNP surface yields a stable Fc-terminated nanogold-cored dendrimer upon reaction with a Fc-terminated thiol dendron,
substitution of Cou-linked trz with cysteine, homocysteine, and glutathione provides remarkably efficient biothiol sensing, and a
ferricenium-linked trz-AuNP catalyst is effective for NaBH4 reduction of 4-nitrophenol to 4-aminophenol. In this catalytic
example, the additional electrostatic AuNP stabilization modulates the reaction rate and induction time.

■ INTRODUCTION

In the past few decades, a variety of ligands1−9 have been
synthesized and used to stabilize gold nanoparticles (AuNPs)9

either in organic solvents or in water. The surface properties,
including the ligand type, binding force of gold with other
atoms, as well as ligand coverage of AuNPs, control the
solubility, stability, and applications of AuNPs. For example, in
thiolate-stabilized AuNPs, covalent bonding between the gold
and sulfur atoms contributes to passivation of the surface of
thiolate-stabilized AuNPs and makes AuNPs stable in the solid
state,1 whereas citrate-stabilized AuNPs were usually prepared
in aqueous solution because of the multipackage of ionic
species on the AuNP surface.2 In addition, the influence of the
surface properties of AuNPs was also observed in several
examples on the coordination-induced stabilization of AuNPs
with nitrogen donors, particularly dendritic supramolecules.9

Indeed, poly(amidoamine) dendrimers show significant
template effects in the formation of nanoparticles in various
solvents.3 Copper-catalyzed azide alkyne (CuAAC) “click”
chemistry has generated supermolecules,4 such as poly-

(ethylene glycol) (PEG)-terminated dendrimers and poly-
mers,5 also stabilizing AuNPs in aqueous solution.6 Besides,
other nitrogen ligands, such as imidazoles7 and pyridines,8 have
also been utilized for the stabilization of AuNPs.9 The dual
property of triazole-AuNPs (trz-AuNPs) that, on the one hand,
are stable and, on the other hand, have modest AuNP−N bond
strength, allowing facile ligand substitution of triazoles by other
ligands for various applications, makes this family of AuNPs
particularly attractive. Indeed, upon trz ligand substitution, it is
possible to synthesize various other liganded AuNPs, to use the
ligand-exchange processes for sensing and to provide catalyti-
cally efficient AuNP surfaces.10 Stabilization and uses of water-
soluble PEGylated trz-AuNPs have recently been shown.11

Here we focus on the stabilization of trz-AuNPs linked to
ferrocene,12,13 ferricenium, and coumarin (Cou) termini using
these monofunctional trz-AuNPs that are not synthesized in
water and are soluble in organic solvents.
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For applications, ferrocenes have attracted attention because
of the sensing and biomedical applications of the ferrocenyl
(Fc) derivatives related to their reversible redox properties.14

Catalytic properties will also be shown to result from fast
triazole removal by substrates at the AuNP surface. Indeed,
noble-metal nanoparticles,15 in particular AuNPs, are excellent
catalysts for the reduction of 4-nitrophenol (4-NP), which is
toxic and inhibitory in nature, in order to produce 4-
aminophenol (4-AP), which has properties and applications
such as corrosion inhibitor, dying agent, and, in particular,
intermediate for the synthesis of paracetamol.16 Finally, Cou is
a well-known fluorescent dye17 that are linking to triazole-
AuNPs for the investigation of fluorescent-sensing properties
based on AuNP ligand substitution by biologically relevant
thiols. Indeed, the thiols cysteine (Cys), homocysteine (Hcy),
and glutathione (GSH) play key roles in the biological
systems.18 Many diseases are relevant to the abnormal contents
of Cys or Hcy in the human body. For instance, an abnormal
level of Cys may cause skin lesions and liver damage.19

Furthermore, Hcy is a risk factor for Alzheimer’s and
cardiovascular diseases.20 Excess Cys has been associated with
neurotoxicity and many other diseases.21 Accordingly, the
development of chemosensors for biological thiol derivatives
(biothiols) is of great importance, as recently indicated.22

Sensing biological thiols using the fluorescence “turn-on”
method on the surface of AuNPs results from either the
formation of new fluorescent species or the release of dye
adsorbed on the AuNPs, as recently reported.23

■ RESULTS AND DISCUSSION

In order to easily incorporate the redox complex and other
functionalities into AuNPs in an organic solution, two kinds of
small monosubstituted triazole molecules, Fc-trz and Cou-trz,
were synthesized, taking into account their electrochemical or
photochemical properties. Each functional unit was linked to
the trz ring by an ether group that increased the flexibility of the
trz ligand to make sure that the triazoles smoothly arrange on
the surface of AuNPs.
Ferrocene- and Ferricenium-Triazole-Stabilized

AuNPs. Late-transition-metal sandwich complexes are known
for their stability in several oxidation states and their ability to

effect efficient stoichiometric and catalytic electron-transfer
processes24 for multiple applications.25,26 They are also rather
easy to functionalize on the ligands,25 and thus the introduction
of alkynyl or azido groups has been reported in view of further
CuAAC “click” functionalizing chemistry.27 The Fc-linked
1,2,3-triazole (Fc-trz; see Figure 1) was synthesized using the
CuAAC “click” reaction between (trimethylsilyl)azide and
propargyloxymethylferrocene in a N,N-dimethylformamide
(DMF)/methanol (MeOH) solution at 100 °C with CuI as
the catalyst (Experimental Section). Fc-trz was characterized by
1H and 13C NMR and IR spectroscopies, electrospray
ionization mass spectrometry (ESI-MS), elemental analysis,
and cyclic voltammetry (see the Supporting Information, SI).
Coumarin triazole (Cou-trz) was synthesized according to the
literature,28 but its photochemical property and applications
were not reported.
A one-step process to functionalize AuNPs with Fc-trz was

carried out in an organic solution. Compared to the above-
mentioned ligand-substitution method, Fc-trz was used as the
stabilizer instead of ferrocene thiolate ligands.12a The
preparation of AuNPs stabilized by Fc-trz was performed
using two pathways. In the first method, Fc-trz and NaBH4
were dissolved in ethanol (EtOH), and a HAuCl4/EtOH
solution was slowly injected into this solution under a nitrogen
atmosphere with stirring. After being further stirred for 2 h,
AuNP-1 was purified by dialysis against a large volume of
EtOH. In this process, gold(III) was reduced by NaBH4, while
Fc-trz played the role of stabilizer. No oxidation of Fc was
found according to UV−vis spectroscopy analysis of AuNP-1,
which is well taken into account by the fact that NaBH4 is a
much stronger and faster reducing reagent than ferrocene.
Indeed, as shown in Figure 2a, two bands at 321 and 430 nm
belong to the ferrocene unit.
On the other hand, during the preparation of AuNP-2, no

external reductant was involved. The Fc group works not only
as the capping agent in its oxidized form but also as the
reductant. In this reaction, the Fc group was oxidized to
ferricenium chloride, with gold(III) being reduced to gold(0)
atoms that form AuNPs. AuNP-2 is stabilized by the
ferricenium chloride triazole ligand, with stabilization resulting
from the positive synergy between the electrostatic factor and

Figure 1. AuNPs stabilized by Fc-trz (AuNP-1) or oxidized Fc+-trz-Cl− (AuNP-2) in an organic solution.
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the trz ligand coordination to the AuNP surface (Figure 1).
The oxidation of ferrocene to ferricenium was successfully
recorded by UV−vis spectroscopy, with the band at 627 nm in
Figure 2b corresponding to the ferricenium unit. In Figure 2a, a
very weak shoulder band (because of the large ferrocene
absorption) around 530−580 nm corresponds to the surface
plasmon band (SPB) of AuNP-1. The SPB of AuNP-2 overlaps
with the ferricenium band, which is deduced from a comparison
with the SPB band of AuNP-3. Both MeOH and tetrahy-
drofuran (THF) were suitable solvents in the one-step
preparation of AuNPs-1 and AuNPs-2.
The transmission electron microscopy (TEM) images shown

in Figure 3 revealed the sizes of the Fc-trz-capped AuNPs that
were prepared with or without NaBH4, indicating that AuNP-1
(5 nm) was slightly larger than AuNP-2 (4.4 nm). The size
difference between AuNP-1 and AuNP-2 in core size may arise
from the difference of the reduction and stabilization rates in
each case. Indeed, the stabilization in AuNP-2 is stronger
compared to AuNP-1 because of the additional electrostatic
stabilization of AuNP-2. Both AuNP-1 and AuNP-2 are
monodispersed in an EtOH solution, as disclosed by TEM and
dynamic light scattering (DLS) analyses. The multiionic layers

of AuNP-2 led to the formation of small clusters (9.8 nm) in
solution compared to AuNP-1, which formed relatively larger
clusters (12 nm). The electrochemical characterization of
AuNP-1 and AuNP-2 was conducted by cyclic voltammetry. As
shown in Figure S7 in the SI on the cyclic voltammogram of
AuNP-1, the expected chemically and electrochemically
reversible waves of the ferricenium/Fc redox system were
observed. The difference between the anodic and cathodic peak
potentials (ΔE) is 0.06 V, and the intensity ratio ia/ic is 1.0,
showing the chemical reversibility of the iron(III/II) system
without being marred by adsorption. The measured redox
potential value of this multiferrocenyl redox system, i.e., the
average of the anodic and cathodic wave potentials [E1/2 = (Epa
+ Epc)/2], is 0.44 V versus decamethylferrocene.24c Both
AuNPs-1 and AuNPs-2 are qualified for redox-sensing
applications.

4-NP Reduction. AuNP-2 was selected because it was the
only AuNP in this series that was water-soluble, which
facilitated the catalytic experiments. The lability of the
AuNP−trz and AuNP−Cl− connections on the surface of
AuNP-2 was employed to catalyze 4-NP reduction in water/
EtOH (95:5) in the presence of NaBH4

29 with catalyst amounts
of 0.5% or 1%. This reaction was carried out in a standard
quartz cuvette (path length: 1 cm) and monitored by UV−vis
spectroscopy every 40 s (Figure S11 in the SI). The plots of the
decrease rate of 4-NP [−ln(C/C0)] versus the reaction times
(Figure 4) were collected (with C and C0 being the 4-NP

concentrations at times t and t = 0, respectively). The rate
constant k of the catalytic reduction of 4-NP was found to be

Figure 2. UV−vis spectra revealing the characteristic bands of (a) the
Fc group in AuNP-1 (321 and 430 nm) and (b) the ferricenium group
in AuNP-2 (627 nm) (both were recorded in an EtOH solution).

Figure 3. TEM images of AuNP-1 (d = 5 nm) and AuNP-2 (d = 4.4 nm) prepared using two distinct methods.

Figure 4. Plots of the decreasing rate of 4-NP [−ln(C/C0)] versus the
reaction times using two distinct amounts of catalyst AuNP-2 (0.5%
catalyst in the black curve and 1% catalyst in the red curve).
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1.1 × 10−3 s−1 with 0.5% AuNP-2 as the catalyst, and the k
value increased to 1.6 × 10−3 s−1 with an increase of the catalyst
amount to 1%. Moreover, an induction period (200 s) was
required because of the AuNP surface organization of the
substrates in the mixed solvent.30 Compared to the catalysis of
4-NP reduction with bulky water-soluble PEG-trz ligands,
which provided k = 5.2 × 10−3 s−1 (0.5% catalyst),13a the
catalytic efficiency of AuNP-2 that was stabilized by the present
triazole ligands was relatively lower (1.1 × 10−3 s−1), although
the core of AuNP-2 was slightly smaller than that of AuNPs
with PEG-trz ligands. However, AuNPs-2 remained superior
for 4-NP reduction to triazole-stabilized AuNPs of close size
stabilized by other ligands such as thiolate and citrate because
of the labile character of the AuNP−trz bonds.
Cou-trz-Stabilized AuNPs. Cou-trz-stabilized AuNPs

(AuNP-3) were prepared in EtOH with sodium borohydride
as the reductant to reduce AuIII to Au0. Thus, HAuCl4 and Cou-
trz were dissolved together in an EtOH solution, and an EtOH
solution of NaBH4 was added dropwise to the mixture under a
nitrogen atmosphere. The yielded solution was further stirred
for 2 h. These AuNPs precipitated in EtOH in 24 h, and they
were redissolved in dimethyl sulfoxide (DMSO). After
precipitation−redissolution three times, excess Cou-trz was
easily removed with the supernatant. The size of the AuNP-3
core shown by TEM is 6.3 nm, i.e., slightly larger than those of
AuNP-1 and AuNP-2. TEM and DLS (average diameter size: d
= 16 nm) analyses showed that AuNP-3 has lower dispersion
than AuNP-1 and AuNP-2, presumably because of the
precipitation−redissolution purification process.
According to the fluorescence quenching effect of the AuNP

core of AuNP-3, the very high molar extinction coefficients and
broad energy bandwidths of AuNPs result in emission−
extinction of a fluorescent dye that is relatively close to the
surface of AuNP-3. As shown in Figure 5, in which the

fluorescence emission spectra of Cou-trz and AuNP-3 are
presented, the emission band (λmax) of Cou-trz at 537 nm is of
high intensity (λex = 405 nm in a DMSO/water solution). On
the other hand, a dramatic decrease was observed after capping
AuNPs with Cou-trz ligands (see the red curve in Figure 5);
that is, the emission of Cou-trz was quenched by the AuNP
core of AuNP-3.
Given the combination of the fluorescence quenching effect

of AuNPs and the flexible bonding of AuNPs to trz rings
facilitating trz substitution at the AuNP surface, it was reasoned
that sensing by a dramatic change of the fluorescence intensity

upon ligand substitution should be efficient. It was indeed
possible to easily detect the presence in solution of thiol or
sulfide compounds in this way. Three biological thiols that are
known to cause illness in the human body were taken as models
to verify the sensing property of AuNP-3. As illustrated in
Scheme 1, an aqueous solution of biothiol (Hcy, Cys, or GSH)
was progressively titrated upon an increase in the concentration
in a DMSO/water solution of AuNP-3 in a standard quartz
cuvette (path length = 1 cm). Along with the progress of ligand
substitution, Cou-trz−AuNP-3 was removed from the solution
and replaced by AuNPs bound to biothiols. The recovery of
photochemical emission of Cou-trz was consequently observed.
The emission intensity of AuNP-3 increased distinctly with an
increase of the biothiols (up to 10 equiv) after being mixed for
10 min after titration (Figure 6; see full-scale fluorescence
emission spectra in Figure S12 in the SI). The same
phenomena were observed in sensing Cys and GSH (Figures
S13 and S14 in the SI), demonstrating the photochemical
application of AuNP-3 in the sensing of biothiols.

Synthesis of a Nanogold-Cored Fc-Terminated Den-
drimer. Another way to utilize the lability of trz in
monosubstituted trz-stabilized AuNPs for the synthesis of Fc-
containing AuNPs was achieved by the facile reaction of trz-
AuNPs with Fc-terminated dendrons containing a thiol focal
point as the potential AuNP thiolate ligand. Thus, the
nonabranched Fc-terminated thiol dendron 6 was synthesized
and utilized to substitute for the trz ligand from the surface of
AuNPs. This method allows the formation of very stable AuNP
thiolates containing a bulky Fc-loaded surface.13a

The nonaferrocene dendron 6 with 1 → 3 directionalities31

was synthesized via the CuAAC “click” reaction of
azidomethylferrocenyl with a nonaalkyne dendron.13a This
dendron was easily grafted onto the surface of AuNPs by fast
and quantitative trz ligand substitution to give AuNP-5
(Scheme 2). In order to limit the Fc bulk at the dendrimer
periphery, the dendron 6 was introduced together with linear
dodecanethiol, which were found in 70% of the total of 540 ±
8032 thiol per AuNP-5. AuNP-5 retained its core size and
monodispersity during the reaction in an organic solvent, which
resulted in a AuNP-cored dendrimer containing about 140 ±
25 thiol dendrons, i.e., 1260 ± 180 Fc termini, and displayed
chemical and electrochemical reversibility together with
significant adsorption in its cyclic voltammogram (see the SI).33

■ CONCLUSION
In this work, the first trz-AuNPs that are soluble in organic
media have been synthesized in a size range of 4.4−6.3 nm with
narrow dispersities in EtOH with ferrocene, ferricenium, and
Cou groups linked to the trz ligands. The first ferricenium-
stabilized AuNPs have been synthesized by direct redox
reaction between the trz-linked Fc and HAuCl4 without any
other reductant. The excellent stabilization of these AuNPs
results from synergistic stabilization by both the electrostatic
effect and trz coordination. This excellence of stabilization is
confirmed by the slower catalysis of 4-NP reduction by NaBH4
than with other trz-AuNP catalysts. In addition, the retention
time characterized here was not found with other trz-AuNPs,
indicating a higher reorganization energy at the AuNP surface
than with neutral trz ligands. The two FeII and FeIII redox forms
of the trz-AuNPs with closely related AuNP core sizes were
independently synthesized and shown to reversibly interconvert
by cyclic voltammetry. Easy trz ligand substitution has been
shown to usefully apply to dendrimer synthesis, biothiol

Figure 5. Fluorescent emission spectra of Cou-trz (0.2 mM) and Cou-
trz-capped AuNP-3 (both in a DMSO/water solution; λex = 405 nm,
recorded at 22 °C).
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fluorescence “turn-on” sensing assay, and nitrophenol reduction
by NaBH4. Finally, concerning the synthetic aspect, facile
AuNP-cored dendrimer construction is demonstrated upon
triazole substitution by a thiol dendron. These remarkable
applications show the versatility and applicability of trz-AuNP
in organic media. The strategy that consists of stabilizing stable
AuNPs by easily synthesized 1,2,3-triazoles is conclusively
powerful because of the complementarity between the stability
of these AuNPs and the multiple applications resulting from
facile triazole substitution at the AuNP surfaces.

■ EXPERIMENTAL SECTION
General Data. All solvents and chemicals were used as purchased.

Dialysis was performed with a Spectra/Por 6 dialysis membrane. NMR
spectra were recorded at 25 °C with a Bruker 300 (300 MHz)
spectrometer. All of the chemical shifts are reported in parts per
million (δ, ppm) with reference to Me4Si for the

1H and 13C NMR
spectra. IR spectra were recorded on an ATI Mattson Genesis series
Fourier transform infrared spectrophotometer. UV−vis absorption
spectra were measured with a PerkinElmer Lambda 19 UV−vis
spectrometer. DLS measurements were made using a Malvern
Zetasizer 3000 HSA instrument at 25 °C at an angle of 90°.
Fluorescence emission spectra were recorded by a Spex FluoroLog 2
spectrofluorimeter. Cyclic voltammetry measurements: All electro-

chemical measurements were recorded under a nitrogen atmosphere at
25 °C.

Synthesis of the 1,2,3-Triazoles. Synthesis of Fc-trz: trimethyl-
silyl azide (0.23 mL, 1.8 mmol) was added to a DMF and MeOH
solution (3 mL, 9:1) of CuI (7.5 mg, 0.04 mmol) and
propargyloxymethylferrocene (300 mg, 1.18 mmol) under nitrogen
atmosphere in a pressure vial. The reaction mixture was stirred at 100
°C for 12 h. The mixture was cooled to room temperature, then
filtered, and concentrated. The residue was purified by silica gel
column chromatography (n-hexane/EtOAc, 5:1 to 2:1) to afford Fc-trz
in 60% yield (210 mg). 1H NMR (300 MHz, CDCl3): δ 7.66 (1H,
CHtrz), 4.65 (2H, CH2-trz), 4.35 (2H, CH2-Fc), 4.24 (2H, CHCp), 4.15
(2H, CHCp), 4.13 (5H, CHCp).

13C NMR (75 MHz, CDCl3): δ 145,
122.2, 82.7, 69.1, 68.9, 62.4, 50.2. IR: νCp at 819 cm−1, disappearance
of the σCC band at 2100 cm−1. ESI-MS. Calcd for C14H15FeN3O [M
+ Na+]: m/z 320.12. Found m/z 320.0. Anal. (calcd, found for
C14H15FeN3O): C (56.59, 56.70), H (5.09, 5.34), N (14.14, 13.87) .

Coumarin triazole (Cou-trz) was synthesized according to the
literature.28

Synthesis of the AuNPs. AuNP-1. Fc-trz (19 mg, 0.06 mmol) and
NaBH4 (2.5 mg, 0.06 mmol) were dissolved in 20 mL of EtOH in a
Schlenk flask, and a HAuCl4 (4.3 mg, 0.012 mmol)/EtOH (10 mL)
solution was then injected dropwise into the flask in a nitrogen
atmosphere with vigorous stirring. The solution was further stirred for
1 h and purified by dialysis against a large volume of EtOH before
analysis. AuNPs were prepared in MeOH or THF with the same
procedure.

AuNP-2. Fc-trz (11.5 mg, 0.04 mmol) was dissolved in 20 mL of
EtOH in a Schlenk flask, and a HAuCl4 (4.3 mg, 0.012 mmol)/EtOH
(10 mL) solution was then injected into the flask under a nitrogen
atmosphere with stirring. The solution was further stirred for 1 h and
purified by dialysis against a large volume of EtOH before analysis.
AuNPs were prepared in MeOH or THF with the same procedure.

AuNP-3. Cou-trz (30 mg, 0.06 mmol) and HAuCl4 (4.3 mg, 0.012
mmol) were dissolved in 20 mL of EtOH in a Schlenk flask that is
refilled with nitrogen. A NaBH4 (2.5 mg, 0.06 mmol)/EtOH (10 mL)
solutionwas then added dropwise into the flask under a nitrogen
atmosphere with stirring. The solution was further stirred for 1 h.
AuNP-3 was purified by precipitation in EtOH and redissolution in
DMSO three times.

Catalytic Reduction of 4-Nitrophenol (4-NP). A typical
procedure is as follows: An aqueous solution (2.5 mL) containing
NaBH4 (7.2 μmol) and 4-NP (0.09 μmol) was prepared in a 3 mL
standard quartz cuvette (path length: 1 cm). AuNP-2 (0.5%, 0.45 ×
10−3 μmol; 1%, 0.9 × 10−3 μmol) in EtOH was injected into the
cuvette. The reaction progress was detected by UV−vis spectroscopy
every 40 s.

Scheme 1. General Illustration of Fluorescent Sensing of Biothiols (Cys, Hcy, and GSH) with AuNP-3 via Ligand Substitution
on the Surface of AuNPs Inducing Fluorescence “Turn-On” Phenomenona

aThe green color represents the recovery of the Cou fluorescence property.

Figure 6. Fluorescent emission spectra of AuNP-3 mixed with various
amounts of Hcy (1 equiv of analyte = 0.05 mM in the solution; λex =
405 nm; standard quartz cuvette; path length = 1 cm, recorded at 25
°C; see full-scale spectra in Figure S12 in the SI).
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Sensing of Homocysteine (Hcy), Cysteine (Cys), and
Glutathione (GSH). A gradually increasing amount of Hcy (40
mM, 0.5, 1, 2, 5, and 10 equiv) in water was added to a 2.5 mL
solution of AuNP-3 (0.05 mM; 3:7 water/DMSO) in a standard
quartz cuvette (path length: 1 cm). The solution was monitored using
a fluorimeter 10 min after mixing. Titration of Cys and GSH was
conducted according to the same process.
Ligand-Substitution Reaction of AuNP-4 by a Mixture of

Nonaferrocenyl Thiolate Dendron 6 and Dodecanethiol To
Synthesize AuNP-5. A total of 3 mL of a THF solution of the
nonaferrocenylthiol dendron13a (150 mg, 0.25 mmol) and dodeca-
nethiol (10 mg, 0.05 mmol, 12 μL) was added into 3 mL (1 mM) of a
mPEG-trz-stabilized AuNP (AuNP-4)13a and stirred for 10 min. Then
10 mL of dichloromethane was added to the mixed solution, and the
organic phase was then separated and dried over Na2SO4. After
evaporation of the solvent, AuNPs were washed with acetone and then
EtOH followed by precipitation in dichloromethane/MeOH. 1H NMR
(CDCl3, 200 MHz): δ 7.61 (9H, CH in triazole), 6.71 (8H, HAr), 5.28,
5.16 (24 H, ArOCH2−), 4.91 (18H, −CH2Cp), 4.24−4.12 (81H,
CHCp), 1.83, 1.59. 1.24 (22H, CH2− in the alkyl chain), 0.86 (3H,
CH3CH2−). UV−vis spectroscopy: plasmon band at 535 nm. DLS:
16.3 ± 3 nm.
Using Leff’s method,32 the number of AuNP atoms in AuNP-5 and

the number of ligands, 540 thiol ligands on the surface of AuNP-5,
were determined. From the integration of H-1 (CH3 in dodeca-
nethiolate) and H-2 (CH in Cp) in the 1H NMR spectrum (Figure
S14 in the SI) of AuNP-5, the ratio of the numbers of the two ligands
(Fc-dendron/dodecanethiolate) was calculated to be about 1:2.8; that
is, 70% of the thiolates on the surface of AuNP-5 are dodecanethiolate
ligands (about 400 ± 70 dodecanethiolates per AuNP). Meanwhile,
approximately 140 ± 25 Fc dendrons on average are located on each
AuNP surface. The calculations indicate that there are on average
about 1260 ± 180 Fc units surrounding every AuNP-5 (see the SI).

■ ASSOCIATED CONTENT
*S Supporting Information
Characterization and data of compounds and AuNPs. This
material is available free of charge via the Internet at http://
pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: d.astruc@ism.u-bordeaux1.fr.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Financial support from the China Scholarship Council (Ph.D.
grants to N.L.), the Univ. Bordeaux, the CNRS, and L’Oreál is
gratefully acknowledged.

■ REFERENCES
(1) (a) Giersig, M.; Mulvaney, P. Langmuir 1993, 9, 3408−3413.
(b) Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R. J. J.
Chem. Soc., Chem. Commun. 1994, 801−802. (c) Rongchao, J.
Nanoscale 2010, 2, 343−362.
(2) (a) Turkevitch, J.; Stevenson, P. C. Discuss. Faraday Soc. 1951, 11,
55−75. (b) Frens, G. Nature (London), Phys. Sci. 1973, 132, 20−22.
(c) Connor, E. E.; Mwamuka, J.; Gole, A.; Murphy, C. J.; Wyatt, M. D.
Small 2005, 1, 325−327. (d) Kimling, J.; Maier, M.; Okenve, B.;
Kotaidis, V.; Ballot, H.; Plech, A. J. Phys. Chem. B 2006, 110, 15700−
15707.
(3) Scott, R. W. J.; Wilson, O. M.; Oh, S.-K.; Kenik, E. A.; Crooks, R.
M. J. Am. Chem. Soc. 2004, 126, 15583−15591.
(4) (a) Boisselier, E.; Diallo, A. K.; Salmon, L.; Ornelas, C.; Astruc,
D. J. Am. Chem. Soc. 2010, 132, 2729−2742. (b) Astruc, D. Nat. Chem.
2012, 4, 255−267.
(5) Deraedt, C.; Rapakousiou, A.; Wang, Y.; Salmon, L.; Bousquet,
M.; Astruc, D. Angew. Chem., Int. Ed. 2014, 53, 8445−8449.

Scheme 2. Ligand Substitution of the trz-Capped AuNP-4 by a Nonaferrocenylthiol Dendron on the AuNP Surface, Yielding the
AuNP Thiolate Poly-Fc-Terminated Dendrimer (AuNP-5)

Inorganic Chemistry Article

dx.doi.org/10.1021/ic5021498 | Inorg. Chem. XXXX, XXX, XXX−XXXF

174

http://pubs.acs.org
http://pubs.acs.org
mailto:d.astruc@ism.u-bordeaux1.fr


(6) Li, N.; Echeverría, M.; Moya, S.; Ruiz, J.; Astruc, D. Inorg. Chem.
2014, 53, 6954−6961.
(7) (a) Serpell, C. J.; Cookson, J.; Ozkaya, D.; Beer, P. D. Nat. Chem.
2011, 3, 478−483. (b) Knighton, R. C.; Sambrook, M. R.; Vincent, J.
C.; Smith, S. A.; Serpell, C. J.; Cookson, J.; Vichers, M. S.; Beer, P. D.
Chem. Commun. 2013, 49, 2293−2295.
(8) (a) Yu, A.; Liang, Z.; Cho, J.; Caruso, F. Nano Lett. 2003, 3,
1203−1207. (b) Devadoss, A.; Spehar-Deĺez̀e, A.-M.; Tanner, D. A.;
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CONS P EC TU S

O ne of the primary recent improvements in
molecular chemistry is the now decade-old

concept of click chemistry. Typically performed as
copper-catalyzed azide�alkyne (CuAAC) Huis-
gen-type 1,3-cycloadditions, this reaction has
many applications in biomedicine and materials
science. The application of this chemistry in
dendrimer synthesis beyond the zeroth genera-
tion and in nanoparticle functionalization re-
quires stoichiometric use of the most common click catalyst, CuSO4 3 5H2O with sodium ascorbate.

Efforts to develop milder reaction conditions for these substrates have led to the design of polydentate nitrogen ligands.
Along these lines, we have described a new, efficient, practical, and easy-to-synthesize catalytic complex, [CuI(hexabenzyltren)]Br,
1 [tren = tris(2-aminoethyl)amine], for the synthesis of relatively large dendrimers and functional gold nanoparticles (AuNPs).
This efficient catalyst can be used alone in 0.1% mol amounts for nondendritic click reactions or with the sodium-ascorbate
additive, which inhibits aerobic catalyst oxidation. Alternatively, catalytic quantities of the air-stable compounds hexabenzyltren
and CuBr added to the click reaction medium can provide analogously satisfactory results. Based on this catalyst as a core, we have
also designed and synthesized analogous CuI-centered dendritic catalysts that are much less air-sensitive than 1 and are soluble in
organic solvents or in water (depending on the nature of the terminal groups). These multivalent catalysts facilitate efficient click
chemistry and exert positive dendritic effects that mimic enzyme activity. We propose a monometallic CuAAC click mechanism for
this process.

Although the primary use of click chemistry with dendrimers has been to decorate dendrimers with a large number of
molecules for medicinal or materials purposes, we are specifically interested in the formation of intradendritic [1,2,3]-triazole
heterocycles that coordinate to transition-metal ions via their nitrogen atoms. We describe applications including molecular
recognition of anions and cations and the stabilization of transition metal nanoparticles according to a principle pioneered by
Crooks with poly(amido amine) (PAMAM) dendrimers, and in particular, the control of structural and reactivity parameters in which
the intradendritic [1,2,3]-triazoles and peripheral tripodal tri(ethylene glycol) termini play key roles in the click-dendrimer
mediated synthesis and stabilization of gold nanoparticles (AuNPs). By varying these parameters, we have stabilized water-
soluble, weakly liganded AuNPs between 1.8 and 50 nm in size and have shown large differences in behavior between AuNPs and
PdNPs. Overall, the new catalyst design and the possibilities of click dendrimer chemistry introduce a bridge between dendritic
architectures and the world of nanomaterials for multiple applications.

Introduction
The study of dendrimers1�21 is now a broad and crucial

supramolecular research field8�11 that has applications

inter alia in catalysis,11�14materials science,11,15,16 andnano-

medicine.17�21 Click dendrimers have evolved in 200422

subsequently to Sharpless' concept of easy and practical
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assembly ofmolecular fragments.23 Among the various click

reactions,23 the copper-catalyzed azide�alkyne cycloaddi-

tion (CuAAC)24�28 rapidly appeared as the most useful one

and will be examined here (Scheme 1). There are indeed

myriad ways to synthesize dendrimers,1�11 but the CuAAC

click reaction has recently appeared as one of the most

efficient and productive.29�32

Since our initial interest in iterative reactions33 on theway

to dendrimers, we have developed dendrimer synthetic

pathways that involve the Williamson reaction,34,35 cross

olefinmetathesis,36 and finally theCuAAC click reaction. The

latter was used by either introducing the azido groups at

the periphery and the ethynyl group at the focal point of

incoming dendrons37 or the converse.38We will first deline-

ate here the specific problems encountered for the click

synthesis of nanosystems that led us to disclose new effi-

cient catalysts including dendritic ones. Then, whereas in the

rich click literature the purpose was to assemble useful

functional groups, our goal has also been to utilize the

inorganic properties of the coordination and supramolecular

interactionsof the intradendritic [1,2,3]-triazole link.Designed

applications are toward control of transition-metal nano-

particle growth and molecular recognition and will also be

the subject of this Account.

CuAAC Click Synthesis in Nanoscience: A
New, Efficient, and Easily Available Catalyst
TheCuAAC click reaction is catalyzedbya large variety of CuI

species that can be either generated in situ or directly

introduced into the reaction medium.23�32 One of the most

important properties of the Sharpless catalyst, CuSO4 þ
sodium ascorbate, is its simplicity and easy use including

in aqueous solvents. Another key property, shared by all

the CuI catalysts, is that it yields a single triazole isomer, the

1,4-substituted one, whereas the noncatalyzed Huisgen

cycloaddition produces a mixture of 1,4- and 1,5-disubsti-

tuted triazoles (Scheme 1).

Finally, catalysis allows one to conduct the reactions

under much milder conditions (20�60 �C) than the uncata-

lyzed reactions, which require temperatures above 100 �C,
especially if the alkyne substituent is electron-rich. Indeed

this catalyst presently is by far the most used CuAAC cata-

lyst.24 Several research groups have synthesized click den-

drimers using this catalyst.29,30 We have found, however,

that catalytic amounts of this Sharpless catalyst probed in

several solvents and under various temperatures could not

lead to completion of the click reaction in the dendrimers

SCHEME 1. Comparison of Noncatalyzed and CuI-Catalyzed Alkyne�
Azide Cycloadditionsa

aThe noncatalyzed Huisgen reaction is faster with electron-withdrawing alkyne
substituent(s) than with electron-rich alkynes.

SCHEME 2. Synthesis of the Dendrimer 5 Catalyzed by
[CuI(hexabenzyltren)]Br, 1, Compared with the Use of CuSO4 þ Sodium
Ascorbate and the Catalyst CuI[tren(C18H37)6]Br, 2
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and that a stoichiometric amount of catalyst was required to

obtain a satisfactory result beyond the zeroth dendritic gen-

eration.37,38 The use of large quantities of toxic copper

reagent is not compatible with green conditions required for

biomedical use; thus improvements are needed. This pro-

blem in dendrimers and other branchednanosystems results

from the coordination of the CuI species to two or several

intradendritic triazoles formed in the reactions, blocking

further catalysis. The dendrimer topology facilitates this

entropy-favored interbranch chelation of CuI in dendrimers,

a problem that is not encountered in nondendritic click

syntheses. We also noticed that the click CuAAC functional-

ization of gold nanoparticles (AuNPs) that were reported in

the literature had involved very low reaction yields.39 We

could improve the click CuAAC functionalization of AuNPs

with a variety of alkynes by carrying out the reaction under

inert atmosphere, but again a stoichiometric amount of Sharp-

less catalyst40 or evenmore41was required. Matyjaszewski's

group showed that the Me6tren [tren = tris(2-aminoethyl)-

amine] ligand accelerates the CuI click catalysis by a factor of

50 comparedwith CuBr.42 Subsequently, the pentane-soluble

complex Cu[tren(C18H37)6]Br, 2, was shown to catalyze the

click functionalization of a zeroth-generation dendrimer

bearing nine azido termini,43 but this catalyst was inefficient

for the click synthesis of the corresponding first-generation

dendrimer because of its bulk.44 On the other hand, the new

toluene-soluble complex Cu[tren(CH2Ph)6]Br,1, was an effici-

ent catalyst for theCuAACclick reactionof the first-generation

(G1) dendrimer3 containing27azido terminiwith adendron

4 functionalized at the focal point with a propargyl group,

cleanly yielding dendrimer5with81allyl termini (Scheme2).44

SCHEME 3. Synthesis of the Catalyst CuI(hexabenzyltren), 1, of the
CuAAC Reaction

SCHEME 4. Synthesis of the Dendritic CuI Catalysts 6 and 7 of the
CuAAC Reaction

SCHEME 5. Monometallic Mechanism for the Click Reaction, Based on
the Fokin�Finn Mechanism and Extended to CuItrena

aTh Fokin�Finnmechanism involves azide attack on themetal beforemigration
to the alkynyl ligand and a σ,π-bimetallic CuI intermediate that does not appear
to be possible with the CuI-centered dendritic catalysts 6, 7, and 8.
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This complex was also an efficient catalyst in 10 mol %

for the click functionalization of AuNPs. The complex 1 was

synthesized by reaction of commercial tren with benzylbro-

mide followed by heating hexabenzyltren with CuBr in

dioxane (Scheme 3).

Although the medium is air-sensitive, the click reactions

using this catalyst work well under air in the additional

presence of sodium ascorbate. Alternatively, catalysis can

be carried out aswell if equalmolar amounts of the air stable

compound hexabenzyltren and CuBr are added together to

the reactionmedium in catalytic quantities. The catalytic use

of 1 in click dendrimer synthesis and AuNP functionalization

shows that the hexabenzyltren ligand of 1 resists full de-

coordination that would trap CuI stoichiometrically as in the

case of the Sharpless CuI catalyst. This is also in favor of the

monometallic mechanism shown in Scheme 2 for the series

of CuI tren catalysts.

Reactions using the catalyst 1 or its above components

are best conducted in toluene in which 1 is soluble, because

the triazole reaction products are insoluble in this solvent

and thus easily separated.44

Positive Dendritic Effects in CuAAC Click Cat-
alysis and Catalysis “on” Water
Cu[tren(CH2Ph)6]Br-centered dendritic catalysts of zeroth

and first generations, 6 and 7, have been synthesized by

covalently attaching dendrons in the para position of the

phenyl groups of 1,44 according to a 1 f 3 connectivitity

(Scheme 4).45�47 Aerobic CuI oxidation to μ-oxo-bridged

dicopper species is sterically prevented in these CuI-centered

dendrimers. These dendritic catalysts are consequently

much less air-sensitive than the parent complex 1, due to

the absence of possible inner-sphere oxidation pathways.

Catalytic click reactions in toluene were also shown to pro-

ceed faster with 6 and 7 than with the parent catalyst 1.

Some click reactions such as that of phenyl acetylene with

benzylazide are even faster with the G1 catalyst 7 than with

theG0 catalyst6, indicating that intradendritic CuI�substrate

supramolecular interactions are reminiscent of enzymatic

catalysis. Thus for small substrates, the dendritic effect48

is positive. This also shows that a monometallic mechanism

is efficient for the click reaction (Scheme 5), because the

SCHEME 6. Synthesis of the Water-Soluble Catalyst 8 Including Click
Ligand Synthesis Catalyzed by 1

SCHEME 7. Click Synthesis of the Triazolylbiferrocenyl Dendrimers
9�13 from Five Generations of Azido-Terminated Dendrimers and
Ethynylbiferrocene
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dendritic frame inhibits the approach of a second CuI -centered

dendrimer.

Following detailed kinetic studies, Fokin and Finn pointed

out the possibility of a σ,π-bimetallic CuI intermediate.28,49�51

Indeed, in the absence of bulky (dendritic) polydentate accel-

erating ligands, abimetallicmechanism is favored, because the

π�CuI coordination of the σ-alkynyl ligand decreases the elec-

tronic density on this ligand, which facilitates the azide attack.

If the tridentate ligand is not bulky, partial decoordination

(even in the case of 1) can eventually also give rise to this

bimetallic mechanism. This was shown by the Scripps group

using very efficient click catalysts of the type CuI {tris-

(triazolylmethyl)amine} and related catalysts.28,51

Finally, a water-soluble Cu[tren(CH2Ph)6]
þ-centered click

catalyst 8was synthesized by CuAAC click reaction between

the Cu[tren(CH2Ar)6]Br core functionalized in the para aryl

SCHEME 8. Selective Oxidation of the Outer Ferrocenyl Groups of the Triazolylbiferrocenyl Dendrimer 10 Using Ferrocenium Hexafluorophosphate
Producing the Mixed-Valence Dendrimer 14
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position with azido groups and a tri(ethylene glycol)-termi-

nated dendron bearing a propargyl group at the focal point.

The click synthesis of the dendritic tren ligand of 8 was also

catalyzed by the parent click catalyst1 (Scheme6). This com-

plex catalyzed the CuAAC click reactions of water-insoluble

substrates “on”water under air at ambient temperature and

was recyclable several times without loss of activity. Cata-

lysis of reactions “on”water is a broad research field that has

recently been reviewed.52

Recognition of Transition-Metal Cations and
Oxo-Anions Using the Coordination of Intra-
dendritic [1,2,3]-Triazolyl Groups
Click dendrimer syntheses were designed not only as a very

practical way to decorate dendrimers with useful organo-

metallic groups,53,54 water-solubilizing sugars,55 and therm-

ally robust carboranes (which advantageously bring a large

number of suchgroupswithina singlemolecular assembly)56

but also specifically in order to benefit from the intradendritic

generation of [1,2,3]-triazolyl ligands for coordination to

transition-metal ions.37,38 For instance, with PdCl2(PhCN)2, an

X-ray crystal structure determination allowed the location of

the [1,2,3]-triazole coordination site of PdCl2 on the terminal

N atom next to the substituent of the alkyne precursor of the

triazole.57 Such a coordination allowed the recognition of CuI ,

CuII, PdII, and PtII.37 In the case of PdII , titration could indicate a

1:1 triazole/PdII stoichiometry and predict the number of Pd0

atoms, confirmed by transmission electron microscopy, in

intradendritic PdNPs formed by reduction of these PdII ions in

large dendrimers. This strategy generated with precise PdNP

catalytic studies58�60 was inspired by Crooks' pioneering stud-

ies of the poly(amido amine) (PAMAM)-dendrimer encapsu-

lated PdNP catalysts.61,62 Extremely efficient (“homeopathic”)

PdNP catalysts were disclosed in this way,58 including some

that were very efficient in aqueous media.60 Along this line,

note Yamamoto's approach who also conducted dendrimer

encapsulation of transition-metal species using intradendritic

phenylazomethine ligands for catalysis and materials science

purposes.63,64

A recent remarkable use of triazole-containing dendri-

mers was achieved with biferrocenyl triazole dendrimers

9�13, which were synthesized by click reactions between

five generations of azido-terminated dendrimers, constructed

with 1f3 connectivity, and ethynylbiferrocene (Scheme 7).65

Biferrocenyl-containing nanomaterials have been exten-

sively studied by Nishihara's group and present unique

mixed-valence properties.66 Mixed-valence biferrocenium

triazole dendrimers such as 14 were synthesized by oxida-

tion of the neutral metallodendrimers with ferricinium hexa-

fluorophosphate (Scheme 8).

These polycationic dendrimers result from selective oxi-

dation of the outer ferrocenyl groups (vide infra), because the

inner ferrocenyl groups are more difficult to oxidize due to

the presence of the nearby electron-withdrawing triazolyl

group. The M€ossbauer spectrum at zero field of the mixed-

valencedendrimer14with27biferrocenium termini showed

a doublet for the ferrocenium groups and another one for

the ferrocenyl groups indicating the localization of the

mixed valence.67 The cyclic voltammograms (CVs) of these

dendrimers showed two chemically and electrochemically

reversible waves at 0.4 and 0.7 V vs the internal reference

decamethylferrocene,68 although adsorption characterized

by the decrease of the difference of potential between the

anodic and cathodicwaves decreased as the dendrimer gen-

eration increased (Figure 1). Addition of [Pd(MeCN)4][PF6]2 to

a CH2Cl2 solution of the dendrimer 11 containing 81 bifer-

rocenyl triazole termini led to selective recognition by the

second oxidationwave at 0.7 V,whereas addition of the oxo

anion [n-Bu4N]2[ATP] to the same solution of 11 led to selec-

tive recognition by the first oxidation wave at 0.4 V. This

confirms that the inner ferrocenyl groups that are located

near the triazole rings are more difficult to oxidize than the

FIGURE 1. Selective roles of the inner and outer ferrocenyl groups of
the 81-biferrocenyl dendrimer in the redox recognition of ATP2� and
Pd2þ. Cyclic voltammogramsof theG2-81-biferrocenyl dendrimer11 (a)
in CH2Cl2, [n-Bu4N][PF6] 0.1M, (b) progressive adsorption upon scanning
around the potential of the biferrocenyl potential area, (c) splitting of the
outer-ferrocenyl CVwave uponaddition of ATP, and (d) addition of Pd(OAc)2
provoking the splitting of the inner ferrocenyl CV wave at 0.7 V.
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outer ones. The easier oxidation of the outer ferrocenes to

ferricinium selectively creates positive charges at the den-

drimer periphery that form ion pairing with the [ATP] anions

just by setting the potential between 0.4 and 0.7 V (Figure 1).

Use and Role of the Intradendritic [1,2,3]-
Triazolyl Groups in the Formation of Water-
Soluble Dendrimer-Stabilized Gold Nano-
particles (AuNPs)
Initialworkon click dendrimer-mediated stabilizationof nano-

particles involved catalytically active PdNPs as mentioned

above. We have recently been interested in click-dendrimer

stabilization of water-soluble AuNPs because of the roles of

AuNPs in catalysis (small AuNPs, in the range 1�3nm)69�73and

nanomedicine (largeAuNPs, in the range3�50nmgiving rise to

plasmonic absorptions that are useful for both diagnostics and

therapy).41,74�77 Seminal work on PAMAM-dendrimer stabiliza-

tion of AuNPs and other transition-metal NPs was carried out in

the late 1990s,78,79 in particular by the Crooks group, and has

been reviewed including catalytic properties.61,62,80,81

In order to stabilize AuNPs in water, a variety of new

dendrimers were synthesized from poly-azido-terminated

FIGURE 2. Generation-2 click dendrimer 15 terminated by 243 tri(ethylene glycol) groups (81 Percec-type dendrons) and constructed with 1 f 3
connectivity.
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dendritic precursors (with 9, 27, and 81 azido groups) by

CuAAC click reactions using 1 f 3 connectivity44�46 with a

Percec-type dendron10 containing three tri(ethylene glycol)

(TEG) termini and a tetra(ethylene glycol) functionalizedwith

a propargyl group at the focal point (See the example of

dendrimer 15 shown in Figure 2)

These dendrimers were compared with other structurally

related dendrimers built using Williamson coupling34,35

instead of CuAAC click coupling, in order to investigate the

influence of the intradendritic triazolylmotifs. The TEG termini

provided ideal conditions for AuNP formation from HAuCl4
either using NaBH4 as the reductant or without external

reductant.82 With NaBH4, however, it was also indispensa-

ble to use click dendrimers terminated by Percec-type TEG

dendrons in order to introduce AuIII inside the dendrimer by

coordination to the triazole rings, which adequately modu-

lated the nucleation. With the smallest dendrimer of the

series that was terminated by only 27 TEGs, the AuNPs

formed were larger (4.1 ( 0.5 nm) than the dendrimers

and thus were stabilized by several dendrimers and showed

a plasmon band at 540 nm. The larger dendrimers contain-

ing 81 (Figure 2) and 243 terminal TEGs (Figure 3) encapsu-

lated AuNPs that were too small (1.9 ( 0.4 nm) to present a

plasmon band. For comparison, when the dendrimer struc-

ture contained only TEG termini but no [1,2,3]-triazole or

[1,2,3]-triazoles but no TEG-terminated dendrons, NaBH4

reduction led to unstable AuNPs that precipitated after a

fewminutes. This was in contrast with PdNPs that were fully

stabilized by such dendrimers and catalytically active in

olefin hydrogenation and Suzuki�Miyaura reactions under

ambient conditions.58 On the other hand, in the absence of

external reductant, AuIII�triazole coordination slowed AuIII

reduction in dendrimers terminated by TEG dendrons, be-

cause the distal Percec-type dendron itself was the reduc-

tant. The semicavitand effect of the three TEGs of the

dendron was then crucial, as shown by the failure of AuIII

reduction using a click dendrimer terminated by a linear

tetra(ethylene glycol) instead of a Percec-type TEG dendron.

Dendrimer-stabilized AuNPs were formed with the click as

well as nonclick dendrimers from HAuCl4 in this way in the

absence of additional reductant. Then AuNPs had a 23�
42 nm size depending on the generation.83 Choosing the

AuCl4/dendrimer stoichiometry also oriented the size of the

AuNPs formed (Table 1).

Monoelectronic reductants such as ferrocene, ethynylfer-

rocene, decamethylferrocene, and the electron-reservoir

sandwich complex [FeI(η5-C5H5)(η
6-C6Me6)], which has 19

valence electrons on the iron valence shell,33,84 have also

been used for the first time for the reduction of HAuCl4 to

AuNPs (Figure 3). Their outer-sphere reductionmechanism67

implied a much slower reduction than that involving the

inner-sphere reductant NaBH4, and the size of the dendrimer-

stabilizedAuNPs formed (between7and 38nm)was directly

related to the standard oxidation potentials of the FeI and

FeII reductants. This provided the possibility to finely tune

the size of the AuNPs.83

All these water-soluble dendrimer-stabilized PEGylated

AuNPs were only weakly stabilized and are thus potentially

useful for catalytic (small size) and biomedical applications

(large size).

Conclusion and Prospects
The CuAAC click synthesis is a superb synthetic tool that has

beenusefully and successfully appliedby thepioneers of this

chemistry to the biological and biomedical field.22�28 Con-

cerning the synthesis of relatively large dendrimers and click

functionalized transition-metal nanoparticles the design

of new liganded catalysts was required as illustrated here

by the efficient, practical, and easily made complex Cu[tren-

(CH2Ph)6]Br. Very efficient dendritic analogue catalysts showed

that amononuclear CuI catalysis is involved, and the positive

dendritic effect recalls enzymatic catalysis.85 Even if the copper

catalyst is not desired in green processes, it can be removed

from the click reactionmediumwhen these catalysts are used.

FIGURE 3. (a) TEM of the dendrimer 15þ 1 equiv of HAuCl4 reduced by
[FeICp(η6-C6Me6)] and (b) HRTEM of the dendrimer 15 þ 1 equiv of
HAuCl4 reduced by [FeICp(η6-C6Me6)].

TABLE 1. Size Variation of AuNPs Stabilized by the Generation-2 Click
Dendrimer 15 Terminated by 243 Tri(ethylene glycol) Groups (see
Figure 3) in Methanol upon Reduction Using NaBH4 in Methanol as a
Function of the Addition of HAuCl4

equiv. number of HAuIIICl4 per triazole AuNP diameter (nm)

1 1.9(0.2
3 3.8 (0.4
5 5.3(0.5
7 6.8(0.7

10 11.0(1
20 11.3(1

183



638 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 630–640 ’ 2012 ’ Vol. 45, No. 4

Click Dendrimers and Triazole-Related Aspects Astruc et al.

Alternatively, copper-free solutions are known either with

electron-deficient alkyne substrates (the Huisgen cycloaddi-

tions are then possible in water under mild conditions)86 or

using strain-promoted alkyne�azide cycloaddition.87 The

synthesis of click dendrimers not only allows decoration of

dendrimers with a large number of substrates of interest but

also the introduction of the intradendritic [1,2,3]-triazoles to

allow their use to coordinate transition-metal ions. Applica-

tions have been illustrated here in molecular recognition

and for the fine-tuning of the formation of small catalytically

active PdNPs as well as AuNPs of various sizes ranging from

1.8 to 42 nm. The difference of influence of the multiple

structural and reactivity parameters on the stabilization

and size of the NPs of these two metals is thus impressive.

The intradendritic [1,2,3]-triazole ligands are also a key

to redox recognition that is helpful for the control of the

size of potentially useful, weakly liganded transition-metal

nanoparticles.

In summary, CuAAC click chemistry plays a pivotal role in

the interplay between dendritic architectures and nanopar-

ticles, that is, betweenmolecular nanoscience and nanoma-

terials, and this concept is clearly called for many further

developments and applications.
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ABSTRACT: The controlled synthesis of monodisperse, redox-active
metallopolymers and their redox properties and functions, including
robust electrode derivatization and sensing, remains a challenge. Here a
series of polynorbornene homopolymers and block copolymers
containing side-chain amidoferrocenyl groups and tetraethylene glycol
linkers were prepared via living ring-opening metathesis polymerization
initiated by Grubbs’ third-generation catalyst (1). Their molecular
weights were determined using MALDI-TOF mass spectra, size exclusion
chromatography (SEC), end-group analysis, and the empirical Bard−
Anson electrochemical equation. All polymerizations followed a living
and controlled manner, and the number of amidoferrocenyl units varied
from 5 to 332. These homopolymers and block copolymers were
successfully used to prepare modified Pt electrodes that showed excellent stability. The modified Pt electrodes show excellent
qualitative sensing of ATP2− anions, in particular those prepared with the block copolymers. The quantitative recognition and
titration of [n-Bu4N]2[ATP] was carried out using the CH2Cl2 solution of the homopolymers, showing that two amidoferrocenyl
groups of the homopolymers interacted with each ATP2− molecule. This stoichiometry led us to propose the H-bonding modes
in the supramolecular polymeric network.

1. INTRODUCTION

The past several decades have witnessed the rapid development
of metallocene-containing macromolecules, especially with
ferrocenyl groups,1−23 owing to their multielectron redox
properties and wide applications such as catalysts,24 bio-
sensors,25 virus-like receptors,26 models of molecular bat-
teries,27 colorimetric sensors,28 etc. Among the polymers, there
are two major classes of materials: (i) main chain ferrocene
containing polymers in which the ferrocenyl group is an integral
part of the polymer backbone29 and (ii) side chain ferrocene
containing polymers in which the ferrocenyl moiety is a
pendant group.12,13 For the side chain ferrocene containing
polymers, early studies focused mainly on vinylferrocene and
ferrocene containing acrylate and methacrylate that were
polymerized by conventional techniques such as free radical,
cationic, and anionic polymerization. The polymers that were
prepared using these methods often had low molecular weight
(<10000) and lacked control of the molecular weight and
molecular weight distribution.30−38 Therefore, the synthetic
challenges have halted further interest in the exploration of side
chain ferrocene containing polymers prepared by such
conventional polymerization techniques.
Recently, significant attention has been paid again to the first

originally developed side chain ferrocene containing polymers,

especially well-defined polymers and block copolymers
synthesized by controlled and living polymerization such as
living anionic polymerization (LAP)39 and ring-opening
metathesis polymerization (ROMP),40 as well as controlled
and living radical polymerization (CRP) techniques41,42

including atom transfer radical polymerization (ATRP),43−45

reversible addition−fragmentation chain transfer polymer-
ization (RAFT),46 and nitroxide-mediated polymerization
(NMP).47 These techniques allow the preparation of polymers
with predetermined molecular weight, low polydispersity, high
functionality, and diverse architectures.12,13

Ring-opening metathesis polymerization (ROMP), a varia-
tion of the olefin metathesis reaction, has emerged as a
particularly powerful method for synthesizing polymers with
tunable sizes, shapes, and functions.48 It has found a
tremendous utility for the synthesis of materials having specific
biological, electronic, and mechanical properties. In 1992, the
living ROMP was first applied to prepare well-defined side
chain ferrocene containing polymers and block copolymers by
Schrock and co-workers, who used the molybdenum-based
metathesis catalyst [Mo(CH-t-Bu)(NAr)(O-t-Bu)2] (Figure
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1).49−51 Since then, the groups of Mirkin,52−57 Abd-El-
Aziz,58−66 and Luh67−76 prepared a series of side chain
ferrocene containing polynorbornene homopolymers and
block copolymers by ROMP. The most frequently used
catalysts were ruthenium-based Grubbs first- and second-
generation catalysts (Figure 1).77 Furthermore, although most

of the obtained polymers showed low polydispersity, they are
often oligomers or polymers with a relatively small number of
pendant ferrocenyl units (no more than 30). Up to now, only
Tew and co-workers78 used Grubbs’ third-generation catalyst
(1), shown in Figure 1, a very active catalyst that has a much
faster initiation (by at least 3 orders of magnitude) than

Figure 1. Catalysts successively used for ROMP syntheses of ferrocenyl-containing polymers since 1992 (from left to right).

Scheme 1. Synthesis of Amidoferrocenyl-Containing Homopolymers 6 by ROMP

Scheme 2. Synthesis of Amidoferrocenyl-Containing Block Copolymers 10 by ROMP
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Grubbs’ first- and second-generation catalysts.79,80 Tew’s group
prepared a series of metal-containing block−random copoly-
mers composed of an alkyl-functionalized homo block (C16)
and a random block of cobalt carbonyl (alkyne) units (Co) and
ferrocenyl-functionalized (Fe) units via ROMP. These
copolymers showed excellent monodispersities (PDI < 1.1)
and had the largest theoretical number of ferrocene units of 75.
Therefore, these successful results obtained with alkylferrocenyl
units opened the route to more work involving functional
ferrocenyl units and large polymers and the exploration of their
properties and applications.
In this work, the very active Grubbs’ third-generation ROMP

catalyst 1 is used as the initiator (Figure 1).
We present the syntheses and some applications of side chain

amidoferrocenyl containing homopolymers (Scheme 1) and
block copolymers (Scheme 2) by controlled and living ROMP.
Tetraethylene glycol (TEG) was chosen as the linker between
the norbornene moiety and amidoferrocenyl units to improve
the solubility of macromolecules81,82 and their biocompatibility
that also involves enhanced permeation and retention
effects.82,83 The molecular weights of these new polymers
have been well characterized by end-group analysis, MALDI-
TOF mass spectra, size exclusion chromatography (SEC), and
the Bard−Anson electrochemical method.84,85 These homo-
polymers and block copolymers showed an excellent potential
in electrode modification resulting from the large polymer sizes
and in electrochemical sensing of the ATP2− anion provided by
the presence of the amido group on the ferrocenyl moiety that
forms efficient hydrogen bonding with oxoanions.86−88

2. EXPERIMENTAL SECTION
2.1. General Data. For general data including solvents,

apparatuses, compounds, reactions, spectroscopy, CV, and SEC, see
the Supporting Information.
2.2. N-[11′-Amine-3′,6′,9′-trioxahendecyl]-cis-5-norbor-

nene-exo-2,3-dicarboximide (4). To a solution of freshly prepared
3 (2.49 g, 12.97 mmol, 5.3 equiv) in toluene (25 mL) was added a
solution of 2 (0.4 g, 2.44 mmol, 1 equiv) in toluene (25 mL) dropwise
at room temperature over 0.5 h with vigorous stirring. Then,
triethylamine (0.2 mL, 1.43 mmol, 0.59 equiv) was added dropwise.
The obtained mixture was refluxed for 12 h with a Dean−Stark
apparatus before the solvent as well as residual triethylamine were
removed via distillation in vacuo. Purification was achieved by column
chromatography with dichloromethane (DCM)/methanol (1% →
60%) as eluent, and the product was obtained as a pale yellow oil.
Yield: 0.56 g, 68%. 1H NMR of 4 (300 MHz, CDCl3): δppm 1.35 (d, J =
10.1 Hz, 1H, CH2 bridge), 1.48 (d, J = 10.1 Hz, 1H, CH2-bridge), 1.89
(s, br, 3H, −NH2 + H2O), 2.68 (d, J = 1.1 Hz, 2H, CO-CH), 2.85 (t, J
= 10.6 Hz, 2H, CH2-NH2), 3.26 (t, J = 3.4 Hz, 2H, CH-CH), 3.49
(t, J = 10.3 Hz, 2H, CH2CH2NH2), 3.57−3.71 (m, 12H, 6 × CH2),
6.28 (t, J = 3.6 Hz, 2H, CHCH). 13C NMR of 4 (75 MHz, CDCl3):
δppm 178.01 (CO-N), 137.79 (CC), 73.07 (−CH2CH2NH2), 70.53,
70.47, 70.205, 69.86 (−OCH2CH2OCH2CH2O−), 66.88
(−CH2NH2), 47.78 (CO-CH), 45.235 (CH-CH), 42.675 (CH2-
bridge), 41.45 (CH2-N-CO), 37.74 (-CH2CH2-N-CO). MS (ESI, m/
z): calcd for C17H26N2O5, 338; found, 339.19 (M + H+).
2.3. N-[11′-Ferroceneformamido-3′,6′,9′-trioxahendecyl]-

cis-5-norbornene-exo-2,3-dicarboximide Monomer (5). To a
suspension of ferrocenecarboxylic acid (0.5 g, 2.17 mmol) in dry DCM
(40 mL) was added dropwise triethylamine (0.1 mL, 0.72 mmol) at
room temperature under a nitrogen atmosphere. Then, oxalyl chloride
(0.7 mL, 8.2 mmol) was added dropwise at 0 °C. The obtained
mixture was stirred overnight at room temperature and dried in vacuo.
The residual red solid of crude chlorocarbonyl ferrocene (FcCOCl)
was dissolved in dry DCM (20 mL) and added dropwise to a DCM
solution (20 mL) of 4 (0.2 g, 0.59 mmol) and triethylamine (1.5 mL,

10.7 mmol). The mixture was stirred overnight under a nitrogen
atmosphere at room temperature and then washed with saturated
NaHCO3 solution (1 × 100 mL) and distilled water (3 × 100 mL).
The organic solution was dried over anhydrous sodium sulfate and
filtered, and the solvent was removed in vacuo. The product was
purified by column chromatography with DCM/methanol (1% →
20%) as the eluent and obtained as a brown sticky oil. Yield: 0.234 g,
71.8%. 1H NMR of 5 (300 MHz, CDCl3): δppm 1.20 (d, J = 9.9 Hz,
1H, CH2-bridge), 1.32 (d, J = 9.9 Hz, 1H, CH2-bridge), 2.52 (d, J =
0.9 Hz, 2H, CO-CH), 3.09 (t, J = 3.1 Hz, 2H, CH-CH), 3.41−3.55
(m, 16H, 4 × CH2CH2), 4.05 (s, 5H, free Cp), 4.18 (t, J = 3.4 Hz, 2H,
sub. Cp), 4.61 (t, J = 3.8 Hz, 2H, sub. Cp), 6.12 (t, J = 3.6 Hz, 2H,
CHCH), 6.59 (t, J = 9.9 Hz, 1H, NHCO). 13C NMR of 5 (50 MHz,
CDCl3): δppm 177.841 (CON), 170.25 (CONH), 137.71 (CHCH),
70 .375 , 70 . 24 , 70 .11 , 69 .975 , 69 .745 , 69 .65 , 68 . 20
(−OCH2CH2OCH2CH2OCH2−, sub. Cp and free Cp), 66.76
(-CH2NH), 47.68 (CO-CH), 45.14 (CH-CH), 42.615 (CH2-
bridge), 39.20 (CH2−NCO), 37.665 (−CH2CH2-NCO). MS (ESI,
m/z): calcd for C28H34N2O6Fe, 550; found, 573.2 (M + Na+).

2.4. General Procedure for the Synthesis of Polymeric N-[3-
(3′,6′,9′-Trioxaundecyl-11′-ferroceneformamido)]-cis-5-nor-
bornene-exo-2,3-dicarboximide (6) via ROMP. The desired
amount of 1 was placed in a small Schlenk flask, flushed with
nitrogen, and dissolved in a minimum amount of dry DCM. A known
amount of monomer 5 in dry DCM (1 mL per 100 mg of monomer 5)
was added to the catalyst solution under a nitrogen atmosphere with
vigorous stirring. The reaction mixture was stirred vigorously for 1 h
and then quenched with 0.2 mL of ethyl vinyl ether (EVE). The yellow
solid polymers 6 were purified by precipitating in methanol five times
and dried in vacuo until constant weight. 1H NMR of 6 (300 MHz,
CDCl3): δppm 7.23−7.44 (m, phenyl and CDCl3), 6.65 (broad, 1H,
NHCO), 5.75 and 5.53 (double broad, 2H, CHCH), 4.76 (s, 2H,
sub. Cp), 4.35 (s, 2H, sub. Cp) (Cp = η5-C5H5), 4.22(s, 5H, free Cp),
3.51−3.67 (broad, 16H, −CH2(CH2OCH2)3CH2−), 3.26 (broad, 
CH-CH), 2.71 (broad, CHCHCHCH2), 2.13 (broad, CO−CH),
1.61 (broad, CHCHCHCH2).

2.5. N-[3-(3′,6′,9′-Trioxadecyl)]-cis-5-norbornene-exo-2,3-di-
carboximide Monomer (8). To a solution of freshly prepared 2-(2-
(2-methoxyethoxy)ethoxy) ethylamine (7; 1.99 g, 12.21 mmol, 5.0
equiv) in toluene (20 mL) was added dropwise a solution of 2 (0.4 g,
2.44 mmol, 1 equiv) in toluene (25 mL) at room temperature in 0.5 h
with vigorous stirring. Then, triethylamine (0.2 mL, 1.43 mmol, 0.59
equiv) was added dropwise. The obtained mixture was refluxed for 12
h with a Dean−Stark apparatus before the solvent as well as residual
triethylamine were removed via vacuum distillation. Purification was
achieved by column chromatography with DCM/methanol (1% →
50%) as eluent, and the product was obtained as a colorless oil. Yield:
0.65 g, 86.3%. 1H NMR of 8 (300 MHz, CDCl3): δppm 1.37 (d, J = 9.6
Hz, 1H, CH2-bridge), 1.49 (d, J = 9.6 Hz, 1H, CH2-bridge), 2.69 (d, J
= 3.6 Hz, 2H, CO-CH), 3.27 (d, J = 1.8 Hz, 2H,CH-CH), 3.38 (s, J
= 4.3 Hz, 3H, CH3), 3.536−3.683 (m, 12H, 6 × CH2), 6.23 (t, J = 3.8
Hz, 2H, CHCH). 13C NMR of 8 (75 MHz, CDCl3): δppm 177.45
(CO-N), 137.60 (CC), 71.657, 70.223, 69.612, 66.53
(−OCH2CH2OCH2CH2O−), 58.64 (−CH3), 47.49 (CO-CH), 45.00
(CH-CH), 42.464 (CH2-bridge), 37.47 (N-CH2CH2). MS (ESI, m/
z): calcd for C16H23NO5, 309; found, 332.2 (M + Na+).

2.6. General Procedure for the Synthesis of the Block
Copolymers 10 by ROMP. The desired amount of 1 was placed in a
small Schlenk flask, flushed with nitrogen, and dissolved in a minimum
amount of dry DCM. Known amounts of monomers 8 and 5 were
placed in two small glass tubes, respectively, and dissolved in dry DCM
(1 mL per 100 mg of monomers). First, the monomer 8 was
transferred to the flask containing 1 via a syringe. The reaction mixture
was stirred vigorously for 8 min, and a known amount of the reaction
solution was taken out and quenched with 0.1 mL of ethyl vinyl ether
(EVE) for 1H NMR analysis. Then, the solution containing monomer
5 was transferred to the reaction flask via a syringe. The
polymerization was allowed to continue for 60 min and quenched
with 0.2 mL of ethyl EVE. The copolymers 10 were purified by
precipitation in diethyl ether five times and dried in vacuo to constant
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weight. 1H NMR of polymers 9 (300 MHz, CDCl3): δppm 7.190−7.354
(m, phenyl and CDCl3), 5.751 and 5.508 (broad doublet, 2H, CH
CH), 3.521−3.595 (broad, 12H, −CH2(CH2OCH2)2CH2−), 3.355 (s,
3H, OCH3), 3.043 (broad, CH-CH), 2.683 (broad, CH
CHCHCH2), 2.070 (broad, CO-CH), 1.578 (broad, CH
CHCHCH2).

1H NMR of copolymers 10 (300 MHz, CDCl3): δppm
7.26−7.36 (m, phenyl and CDCl3), 6.47 (broad, NHCO), 5.75 and
5.50 (broad doublet, CHCH), 4.71 (s, sub. Cp), 4.32 (s, sub. Cp),
4.19 (s, free Cp), 3.52−3.60 (broad, −CH2(CH2OCH2)2CH2− and
−CH2(CH2OCH2)3CH2−), 3.355 (s, OCH3), 3.04 (broad, CH-
CH), 2.68 (broad, CHCHCHCH2), 2.08 (broad, CO-CH), 1.575
(broad, CHCHCHCH2).
2.7. Electrochemistry, Modified Electrodes, and Redox

Sensing. All electrochemical measurements were recorded under a
nitrogen atmosphere. Conditions: solvent, dry dichloromethane;
temperature, 20 °C; supporting electrolyte, [nBu4N][PF6] 0.1 M;
working and counter electrodes, Pt; reference electrode, Ag; internal
reference, FeCp*2 (Cp* = η5-C5Me5); scan rate, 0.200 V s−1. The
number of electrons involved in the oxidation wave of ferrocenyl
polymers was calculated by the Bard−Anson equation: np = (idp/Cp)/
(idm/Cm)(Mp/Mm)

0.275 (see text and the Supporting Information). The
experiments were conducted by adding a known amount of polymer
(see the Supporting Information) in 3 mL of dry DCM, and then a
known amount of [FeCp*2] (see the Supporting Information) in 2 mL
of DCM was added to the solution. After the CVs were recorded, the
intensities of the oxidation waves of the polymers and of the internal
reference [FeCp*2] were measured. The values were introduced in the
above equation, giving the final number of electrons (np). The
modified electrodes were prepared after approximately 25 adsorption
cycles around the ferrocenyl potential on Pt electrodes. Their
electrochemical behavior was checked in 5 mL of a DCM solution
containing only [nBu4N][PF6] 0.1 M at various scan rates: 25, 50, 100,

200, 300, 400, 500, and 600 mV s−1. Redox recognition was conducted
in two different ways. (a) In solution via titration: the CVs were
recorded upon addition of 0, 0.25, and 0.5 equiv of [n-Bu4N]2[ATP].
The potentials of the new wave were measured using [FeCp*2] as an
internal reference. (b) With modified electrodes: the CVs were
recorded upon addition of [n-Bu4N]2[ATP] to an electrochemical cell
containing a Pt-modified electrode.

3. RESULTS AND DISCUSSION

3.1. Synthesis and ROMP of the Amidoferrocenyl-
Containing Monomer 5. As shown in Scheme 1, the new
amidoferrocenyl-containing monomer 5 was prepared by an
amidation reaction between ferrocenylcarbonyl chloride and
the key intermediate N-[11′-amine-3′,6′,9′-trioxahendecyl]-cis-
5-norbornene-exo-2,3-dicarboximide (4). This compound 4 was
prepared from cis-5-norbornene-exo-2,3-dicarboxylic anhydride
(2) in the presence of 1,11-diamine-3,6,9-trioxaundecane (3),
whose method of synthesis is well described in the Supporting
Information. Figure 2A shows the 1H NMR spectrum of the
intermediate 4. The peak at 6.28 ppm corresponds to the
olefinic protons, while the two double peaks at 1.36−1.37 and
1.46−1.50 ppm originate from the characteristic bridge-
methylene protons of the cis-norbornene structure. As shown
in the 1H NMR spectrum of monomer 5 (Figure 2B), the
appearance of the amido proton at 6.59 ppm and the three
characteristic cyclopentadienyl (Cp) protons at 4.61, 4.18, and
4.05 ppm, respectively, demonstrate the success of the
amidation reaction. The methylene protons of the TEG linker
are concentrated at 3.41−3.53 ppm, which is different from the

Figure 2. 1H NMR spectra of 4 (A), monomer 5 (B), and polymer 6 (C) in CDCl3.
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dispersed distribution in intermediate 4. All of the other peaks
are clearly assigned. 13C NMR and mass spectroscopy (Figures
S6 and S7, Supporting Information) further confirm the
structure of the monomer 5.
The preparation of amidoferrocenyl-containing polymers 6

by ROMP was carried out in dry DCM at room temperature
using catalyst 1. As shown in Figure 2C, the disappearance of

the peak at 6.13 ppm corresponding to the olefinic protons of
monomer 5 and the appearance of new two broad peaks at 5.53
and 5.75 ppm that arise from the olefinic protons of polymers 6
indicate the successful polymerization of the monomer 5.
Furthermore, the other peaks of the cis-norbornene backbone
in polymers 6 change into broad signals that are very different
from the sharp signals of the monomers.
In this study, a series of amidoferrocenyl-containing

homopolymers 6 were synthesized with molar feed ratios of
monomer to catalyst from 5:1 to 400:1. In situ 1H NMR
analysis of the crude reaction mixture indicated that the
monomer conversions, which were calculated by comparing the
1H NMR signals of the olefinic protons between monomer 5
(6.13 ppm) and the polymers 6 (5.53 and 5.75 ppm), were
nearly 100% within 60 min when the molar feed ratio was less
than 50. It was necessary to extend the polymerization time in
order to obtain the larger polymers. For instance, when the
molar feed ratio was 100:1, the monomer conversion was only
50% after 60 min but improved to nearly 100% after overnight
stirring. For the largest molar feed ratio of 400:1, the monomer
conversion only reached 83% even after 4 days. The
amidoferrocenyl-containing homopolymers 6 are not soluble
in organic solvents such as acetone, acetonitrile, methanol, and
diethyl ether, unlike the monomer 5, but they are soluble in
dichloromethane, chloroform, tetrahydrofuran (THF), and
strongly polar solvents such as DMF and dimethyl sulfoxide
(DMSO). The smaller polymers have better solubilities than
the larger polymers. For instance, the polymer 6 with a molar
feed ratio of 50:1 is partially soluble in THF, but when the

Table 1. Molecular Weight Data for the Amidoferrocenyl-
Containing Polymer 6

[M5]:[C]
a

5:1 16:1 50:1 100:1 400:1

conversn (%)b >99 >99 >99 >99 83
np1

c 5 ± 1 16 ± 2 50 ± 5 95 ± 5 332
np2

d 4.2 ± 0.4 14 ± 1 34 ± 2 51 ± 3 64 ± 3
np3

e 4 ± 0.1 15 ± 1 47 ± 3 94 ± 5 336 ± 8
Mn

f 2854 8904 27604 55104 182704
Mn

g 2878.7 8930.2
Mn

h 1417 4239 5508
PDIh 1.09 1.08 1.03
a[M5]:[C] is the molar feed ratio of monomer 5 and 1. bMonomer
conversion determined by 1H NMR. cDegree of polymerization
obtained from 1H NMR using conversion of monomer 5. dDegree of
polymerization determined via end-group analysis by 1H NMR
spectroscopy in CD2Cl2.

eDegree of polymerization determined by
the Bard−Anson electrochemical method. fMWs obtained by 1H
NMR using conversion of monomer 5. gMWs (+Na+) determined via
MALDI-TOF mass spectroscopy. hObtained from SEC using
polystyrenes as standards.

Figure 3. MALDI-TOF MS spectrum of polymer 616. The molar feed ratio of monomer 5 to 1 is 16:1. The red dotted lines correspond to the
difference between molecular peaks of a value of 550 ± 1 Da (MW of 5).
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molar feed ratio is increased to 100:1, the polymer 6 is
insoluble in THF.
3.2. Molecular Weight Analysis of the Polymers 6.

Molecular weights (MWs) can be measured via a variety of
techniques, including gel permeation chromatography (GPC),
osmometry, static light scattering, matrix-assisted laser
desorption-ionization time-of-flight mass spectrometry
(MALDI-TOF MS), viscometry, small-angle X-ray scattering,
small-angle neutron scattering, ultracentrifugation, cryoscopy,
ebulliometry, and end-group analysis.86 Each method has its
respective advantages and disadvantages, and the most suitable
methods also depend on the polymer type. In this study, size
exclusion chromatography (SEC), MALDI-TOF MS, end-

group analysis, and the Bard−Anson electrochemical meth-
od84,85 were used to investigate the MWs of the amidoferro-
cenyl-containing polymers 6.
As shown in Table 1, the theoretical MWs and polymer-

ization degrees of the polymers 6 were calculated according to
the molar feed ratios and the corresponding monomer
conversions from 1H NMR. End-group analysis by 1H NMR
of the polymers 6 in CD2Cl2 (see Figure S10, Supporting
Information) was conducted by comparing the five protons of
end-group phenyls (7.20−7.43 ppm) with amido protons (6.59
ppm), olefinic protons (5.56 and 5.77 ppm), Cp protons (4.23,
4.37, and 4.74 ppm), and linker protons (3.55−3.65 ppm),
respectively. For the small polymers in which theoretical MWs

Figure 4. Electrochemical properties of monomer 5 and polymer 650. The molar feed ratio of monomer 5 to 1 is 50:1. (A) CV of monomer 5 in
CH2Cl2: internal reference, FeCp*2; reference electrode, Ag; working and counter electrodes, Pt; scan rate, 0.4 mV/s; supporting electrolyte, [n-
Bu4N][PF6]. The wave at 0.0 V is that of the reference [FeCp*2]. (B) CV of the polymer 650 in CH2Cl2: internal reference, [FeCp*2]; reference
electrode, Ag; working and counter electrodes, Pt; scan rate, 0.2 mV/s; supporting electrolyte, [n-Bu4N][PF6]. The wave at 0.0 V is that of the
reference [FeCp*2]. (C) Progressive adsorption of the polymer 650 upon scanning around the ferrocenyl area. (D) Pt electrode modified with the
polymer 650 at various scan rates in CH2Cl2 solution (containing only the supporting electrolyte). (E) Intensity as a function of scan rate (linearity
shows the expected behavior of the absorbed polymer).

Table 2. Redox Potentials and Chemical (ic/ia) and Electrochemical (Epa − Epc = ΔE) Reversibilities for Monomer 5, Polymers
6, and Corresponding Modified Electrodes

modified electrode

compd E1/2 (ΔE) (mV) ic/ia E1/2 (ΔE) (mV) Γ (mol/cm2)a Γ (mol/cm2)a (ferrocenyl sites)

monomer 5 680 (70) 1.0
polymer 616 680 (30) 2.2 660 (0) 5.52 × 10−11 8.27 × 10−10

polymer 650 680 (40) 3.1 660 (0) 4.53 × 10−11 2.13 × 10−9

polymer 6100 680 (30) 2.2 660 (0) 3.11 × 10−11 2.92 × 10−9

polymer 6400 680 (40) 2.5 660 (0) 1.30 × 10−11 4.40 × 10−9

aSurface coverage on the modified Pt electrode obtained after approximately 25 adsorption cycles.
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were less than 10000 Da, the MWs by NMR conversion and
end-group analysis were in good agreement, which was further
confirmed by MALDI-TOF MS results (Figure 3 and Figure
S13 (Supporting Information)). As shown in Figure 3, the
MALDI-TOF mass spectrum of polymer 616 showed well-
defined individual peaks for polymer fragments that are
separated by 550 ± 1 Da corresponding to the mass of one

monomer 5 unit. There is a peak at 8930.2 Da that corresponds
to the molecular weight of (C6H6)(C28H34N2O6Fe)16(C2H2)-
Na. On the other hand, the MWs obtained by SEC were always
smaller than the theoretical values, which may result from the
obvious structural difference between the polystyrene standards
and the amidoferrocenyl-containing polymers 6. However,
none the polydispersity indexes (PDI) obtained by SEC traces
were larger than 1.1, which demonstrated a controlled
polymerization.
End-group analysis and MALDI-TOF MS are not reliable for

the large polymers, however. The SEC traces of the large
polymers 6 could not be obtained in THF because of solubility
problems. SEC measurements were also attempted in CHCl3,
but no signal was observed, probably because of the strong
adsorption of the large polymers 6 on the column stationary
phase. From the DOSY 1H NMR spectra of the polymers 6
(Figure S14−S16, Supporting Information), the hydrodynamic
diameters of polymers 6 can be calculated using the Stokes−
Einstein equation (see Supporting Information). A progressive
increase of the hydrodynamic diameters was observed upon
increasing the molar feed ratio of monomer 5 to 1 from 50:1 to

Figure 5. CVs for the titration of [n-Bu4N]2[ATP] with polymer 6
50 in

CH2Cl2 at 20 °C by adding the salt of the anion to the polymer
solution: (A) before addition of [n-Bu4N]2[ATP]; (B) during the
titration with 0.25 equiv of [n-Bu4N]2[ATP]; (C) with 0.5 equiv of [n-
Bu4N]2[ATP].

Figure 6. Hydrogen-bonding interactions between ATP2− and two
amidoferrocenyl groups of polymers 6.

Figure 7. CVs for the titration of [n-Bu4N]2[ATP] by the modified Pt
electrode with polymer 650 in CH2Cl2 at 20 °C: (A) before addition of
[n-Bu4N]2[ATP]; (B) during titration of [n-Bu4N]2[ATP]; (C) after
addition of excess [n-Bu4N]2[ATP].

Organometallics Article

dx.doi.org/10.1021/om5006897 | Organometallics 2014, 33, 4323−43354329

193



400:1, which indicates a concomitant increase of MWs.
Although the DOSY results cannot quantitatively characterize
the polydispersity of polymers, the low deviation values of the
diffusion coefficient (D) from different DOSY 1H NMR peaks
show that these polymers should have a narrow molecular
weight distribution.
In order to further characterize the polymers 6, especially the

large ones, we have used the Bard−Anson electrochemical
method,84,85 in which the compared intensities in the cyclic
voltammograms (CVs) of the polymers and monomer were
used. The total number of electrons transferred in the oxidation
wave for the polymer (np) is the same as that of monomer units
in the polymer, because only one electron from FeII (ferrocene)
to FeIII (ferrocenium) is transferred from each monomer unit

to the anode during the electrochemical experiment. This
number np is estimated by employing the Bard−Anson
empirical equation84,85 previously derived for conventional
polarography, where id, M, and C are the CV wave intensity of
the diffusion current, molecular weight, and concentration of
the monomer (m) and polymer (p), respectively:

=
⎛
⎝⎜

⎞
⎠⎟n

i C

i C

M

M

( / )

( / )p
dp p

dm m

p

m

0.275

As shown in Table 1, the estimated values of electrons (np3)
for all of the polymers 6 showed excellent consistency with the
polymerization degree (np1) obtained from 1H NMR, which
further demonstrated the controlled characteristic for the
ROMP of the amidoferrocenyl-containing monomer 5. For
example, for the polymer 6400, the largest polymer prepared in
this study, the calculated polymerization degree (np1) from the
conversion rate is 332, and the value of np2 from end-group
analysis is 64 ± 3, but the np3 value from the above formula is
336 ± 8, which is very close to the theoretical result. Thus, the
Bard−Anson electrochemical method is a valuable tool to check
the np and MW values of amidoferrocenyl containing polymers
6.

3.3. Redox Properties of Polymers 6 and Electro-
chemical Sensing of ATP2−. The new ferrocenyl monomer 5
and the side chain amidoferrocenyl containing homopolymers 6
have been studied by CV87−90 using decamethylferrocene
[FeCp*2] as the internal reference.90 The CVs have been
recorded in DCM (Figure 4 and Figures S20 and S21
(Supporting Information)), and the E1/2 data (measured vs
[FeCp*2]) are gathered in Table 2. For monomer 5 and all of
the polymers 6, a single oxidation wave is observed for all the
ferrocenyl groups, and this single wave is marred by adsorption
of the polymer onto the electrode. For the monomer 5, the
FeIII/II oxidation potential of the ferrocenyl redox center is
around 680 mV, whereas for polymers 6 the potentials are also
around 680 mV, although the precise value is to a certain extent
not as precise due to the adsorption (Figure 4B).

Figure 8. 1H NMR spectra of monomer 8 (A), polymer 9 (B), and copolymer 10 (C) in CDCl3.

Table 3. Molecular Weight Data of the Amidoferrocenyl-
Containing Block Copolymers 10

[M8]:[M5]:[C]
a

6:3:1 20:10:1 100:50:1 100:100:1

conversn (%)b >99 >99 >99 >99
np1

c 3 10 50 100
np2

d 3 ± 0.3 10 ± 1 44 ± 3 82 ± 5
np3

e 2.7 ± 0.3 9 ± 1 44 ± 3 98 ± 3
Mn

f 3608 11784 58504 86004
Mn

g 3633.9
Mn

h 2585 7139 25454 22325
PDIh 1.10 1.06 1.14 1.11

a[M8]:[M5]:[C]: molar feed ratio of monomer 8, monomer 5, and 1.
bMonomer conversion of monomer 5 determined by 1H NMR.
cDegree of polymerization obtained from 1H NMR using conversion
of the amidoferrocenyl-containing monomer 5. dDegree of polymer-
ization for the amidoferrocenyl-containing block determined via end-
group analysis by 1H NMR spectroscopy. eDegree of polymerization
for the amidoferrocenyl-containing monomer 5 determined by the
Bard−Anson electrochemical method. fMWs obtained for copolymers
10 by 1H NMR using conversion of monomers 8 and 5. gMWs
(+Na+) determined by MALDI-TOF mass spectroscopy. hObtained
from SEC using polystyrenes as standards.
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There was no adsorption phenomenon during CV for
monomer 5, but for all the polymers 6 obvious and strong
adsorption onto electrodes was observed, as shown in Figure

4C, upon scanning around the oxidation potential of the
amidoferrocenyl group. The progressive adsorption onto
electrodes is an advantage for the facile formation of robust

Figure 9.MALDI-TOF MS spectrum of the copolymer 106/3. The molar feed ratio of monomers 8 and 5 to 1 is 6:3:1. The dotted red and blue lines
correspond to the difference between molecular peaks of 550 ± 1 (MW of 5) and 309 ± 1 Da (MW of 8), respectively.

Figure 10. Electrochemical properties of the copolymer 10100/50. The molar feed ratio of monomers 8 and 5 to 1 is 100:50:1. (A) CV of the
copolymer in DCM: internal reference, [FeCp*2]; reference electrode, Ag; working and counter electrodes, Pt; scan rate, 0.4 mV/s; supporting
electrolyte, [n-Bu4N][PF6]. (B) Pt electrode modified by the copolymer at various scan rates in DCM solution containing only the supporting
electrolyte. (C) Intensity as a function of scan rate (the linearity shows the expected behavior of the adsorbed polymer).
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metallopolymer-modified electrodes upon scanning around the
amidoferrocenyl potential zone.87−90 Modification of electrodes
using polymers 6 with various MWs has been successful,
resulting in detectable electroactive materials. The electro-
chemical behavior of the modified electrodes was studied in
DCM containing only the supporting electrolyte (Figure 4D).
A well-defined symmetrical redox wave is observed that is
characteristic of a surface-confined redox couple, with the
expected linear relationship of peak current with potential
sweep rate (Figure 4E).87 The modified electrode is stable, as
repeated scanning does not modify the CVs. Furthermore, no
splitting between oxidation and reduction peaks is observed
(ΔE = 0 mV), which suggests that no structural change takes
place within the electrochemical redox process.85,87 These Pt
electrodes modified by polymers 6 are durable and reprodu-
cible, as no loss of electroactivity is observed after scanning
several times or after standing in air for several days. The
surface coverages of the electroactive amidoferrocenyl sites of
the modified electrodes for all the polymers are given in Table
2.
Oxoanion sensing is a key field of molecular recogni-

tion,91−93 in particular because DNA fragments include
adenosine triphosphate anion (ATP2−), an important coen-
zyme that transports chemical energy to cells for metabolism.
Here electrochemical recognition of ATP2− by the redox-active
polymers was studied first in dichloromethane (DCM) solution
using the n-butylammonium salt [n-Bu4N]2[ATP] and then
using a modified electrode that was derivatized by adsorption of
the polymers. Let us first examine the redox recognition in

solution. Addition of [n-Bu4N]2[ATP] to an electrochemical
cell containing a solution of polymer 650 in DCM led to the
appearance of a new wave at a potential less positive than the
initial wave, the intensity of which decreased while that of the
new wave increased (Figure 5). Indeed, the interaction of the
anions with redox groups releases electron density, rendering
oxidation of the amidoferrocenyl group easier. The difference in
amidoferrocenyl redox potential between the initial wave and
the new wave (ΔE) is 70 mV. The equivalence point is reached
when 0.5 equiv of [nBu4N]2[ATP] has been added (Figure
5C), which is in accord with the double negative charge of this
anion and signifies that the ATP2− anion is quantitatively
recognized by the polymer 650 in DCM solution and that two
amidoferrocenyl groups are interacting with each ATP2−.
The α and β phosphates near the ribose are those that were

found by the group of Hampe and Kappes using infrared
multiple photon dissociation and photoelectron spectroscopy
to bear the two negative charges of ATP2−.94 Accordingly, the
stoichiometry of the titration that corresponds to two
amidoferrocenyl units per ATP2− is dictated by the interactions
of these two negatively charged α and β phosphates with the
NH groups of amidoferrocenyl units. In the oxidized
ferrocenium form generated at the anode, the interaction of
the oxygen anions involves an NH group of considerably
increased acidity due to the positive charge that is delocalized
over the amidoferrocenium moiety. The H bond is then
strengthened, and the synergy between this H bond and the
electrostatic bond between the cation and the anion is
sufficiently strong to significantly modify the ferrocenyl redox
potential. The two negatively charged phosphates are very
different from each other (Figure 6): the β and γ phosphates
form a favorable chelating double H bond with an
amidoferrocenyl group of polymers 6 (“intramolecular H
bonding”), whereas the α phosphate can only form a single H
bond with another amidoferrocenyl group. This group also
forms another H bond between its carbonyl group and another
ATP2− molecule (“intermolecular” H bonding), as shown in
Figure 6.
The Pt electrode modified with the polymer 650 was also

used for its recognition in DCM solution containing only [n-
Bu4N][PF6] as the supporting electrolyte, and a similar trend
was observed. As shown in Figure 7, the addition of [n-
Bu4N]2[ATP] to an electrochemical cell containing the
modified Pt electrode in DCM caused the appearance of a
new wave at a potential less positive than that for the initial
wave. The intensity of the initial wave decreased, while that of
the new wave increased. The difference in ferrocenyl redox
potential between the initial wave and the new wave (ΔE) is
130 mV: i.e., 60 mV larger than that observed with polymer 650

in solution. The larger ΔE value signifies a rather strong
interaction of the amidoferrocenium group on the modified Pt
electrode with the ATP2− anions. Consequently, the modified
Pt electrode with polymer 650 is a good candidate for the
qualitative recognition of ATP2− anions.91−93

3.4. Synthesis of the Amidoferrocenyl Block Copoly-
mers 10. As shown in Scheme 2, first the new monomer N-[3-
(3′,6′,9′-trioxadecyl)]-cis-5-norbornene-exo-2,3-dicarboximide
(8) was synthesized by reaction between 2 and 2-(2-(2-
methoxyethoxy)ethoxy)ethylamine (7). Figure 8A shows the
1H NMR spectrum of the monomer 8. The peak at 6.30 ppm
corresponds to the olefinic protons, and two doublet peaks at
1.36−1.39 and 1.47−1.51 ppm originate from the bridge-
methylene protons of the cis-norbornene structure. Further-

Figure 11. CVs for the titration of [n-Bu4N]2[ATP] by the Pt
electrode modified with the copolymer 10100/50 in DCM at 20 °C: (A)
before addition of [n-Bu4N]2[ATP]; (B) during addition of [n-
Bu4N]2[ATP]; (C) after addition of excess [n-Bu4N]2[ATP].
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more, the protons of the methyl group of the side chain are
found at 3.37 ppm.
The block copolymers 10 were synthesized by chain

extension of monomer 8 to the second amidoferrocenyl-
containing monomer 5 via a one-pot two-step sequential
ROMP. The preparation of the first block, polymer 9, was
accomplished with nearly 100% monomer conversion in 8 min,
which was demonstrated by the disappearance of the peak at
6.30 ppm corresponding to the olefinic protons of monomer 8
and the appearance of new two broad peaks at 5.51 and 5.75
ppm corresponding to the olefinic protons of polymers (Figure
8B). The SEC results (Figures S32−S34, Supporting
Information) show the good monodispersity (PDI < 1.1) of
polymers 9 and demonstrate the controlled polymerization of
monomer 8. Full characterization of polymers 9 is detailed in
the Supporting Information. Figure 8C shows the 1H NMR
spectrum of the block copolymer 10. The protons of the Cp of
the ferrocenyl groups are located at 4.71, 4.32, and 4.19 ppm,
respectively. The peak at 6.47 ppm corresponds to the proton
of the amido group in the amidoferrocenyl block. The presence
of the above new peaks indicates the successful preparation of
the block copolymers 10.
Similarly, a series of amidoferrocenyl-containing copolymers

10 were synthesized with various molar feed ratios of monomer
8 and 5 to catalyst 1. The polymerization of monomer 8 is
finished at nearly 100% conversion within 8 min, even when the
molar feed ratio of monomer 8 to 1 was increased to 200:1.
However, for the second block, reaction times longer than 60
min (48 h in this study) were necessary when the feed ratio of
monomer 5 to 1 was increased to 100:1. The most obvious
difference in structure between monomers 5 and 8 is the
presence of the amidoferrocenyl moiety in 5. Thus, it is
believed that the polymerization is slowed down by the
presence of the amidoferrocenyl moiety due to steric constraint
of the linked ferrocenyl bulk.95 Furthermore, the block
copolymers 10 show a better solubility than the homopolymers
6. All of the prepared copolymers are soluble in DCM, CHCl3,
THF, DMF, and DMSO, and the small copolymers are even
soluble in acetone, acetonitrile, and ethyl acetate.
3.5. Molecular Weight Analysis of Block Copolymers

10. The MWs of polymers 9 and block copolymers 10 were
characterized by end-group analysis, MALDI-TOF MS, and
SEC, respectively. The polymerization degrees of the first,
polymers 9, were first obtained by end-group analysis using the
1H NMR spectra of polymers 9 in CD3CN (Figure S27,
Supporting Information). Then, the polymerization degrees of
the second block, polymers 10, were calculated by comparing
the integration of the methyl proton (3.355 ppm) with that of
the protons of the amido group (6.472 ppm) and Cp rings
(4.710, 4.318, and 4.189 ppm), respectively. As shown in Table
3, the polymerization degrees from end-group analysis (np2) are
very close to that obtained using the 1H NMR conversion (np1).
The number of amidoferrocenyl units in the copolymers 10 was
also determined using the Bard−Anson electrochemical
method. The estimated values of electrons (np3) for all of the
copolymers showed a good consistency with the value of np1, as
well. As shown in Figure 9, the MALDI-TOF MS of the small
copolymer 106/3, in which the molar feed ratio of monomer 8
and 5 to 1 is 6:3:1, shows well-defined individual peaks for
polymer fragments that are separated by 550 Da (MW of
monomer 5) and 309 Da (MW of monomer 8), respectively.
T h e M W f o u n d f o r ( C 6 H 6 ) -
(C16H23NO5)6(C28H34N2O6Fe)3(C2H2)Na is 3633.9 Da,

which is very close to the calculated value of 3633.4 Da. For
polymers 9, the MW from SEC analysis (Figures S32−S34,
Supporting Information) is also close to the theoretical values
obtained by 1H NMR conversion. For the corresponding
copolymers 10, as for the homopolymers 6, the MWs obtained
by SEC are always smaller than the calculated values.
Fortunately, the PDI values for all the copolymers 10 are less
than 1.15, which shows the good monodispersity of the
copolymers.

3.6. Redox Properties and Electrochemical Sensing of
ATP2− for the Block Copolymers 10. The side chain
amidoferrocenyl containing block copolymers 10 were studied
by CV using [FeCp*2] as the internal reference. The CVs were
recorded in DCM (Figure 10 and Figures S44−S46
(Supporting Information)), and the E1/2 data (measured vs
[FeCp*2]) are gathered in Table S3 (Supporting Information).
As shown in Figure 10A, a single oxidation wave is observed for
the ferrocenyl groups of the copolymer 10100/50, and this single
wave shows better reversibility and less adsorption than that of
6, which is taken into account by the solubilizing property of
the TEG chains in 10. Some adsorption is still observable,
however, as characterized by an intensity ratio ia/ic (0.9) that is
lower than 1 and a ΔE value that is lower (0.020 V) that the
Nernstian value of 0.059 V at 25 °C. The anodic and cathodic
CV waves are also slightly broader than those of the monomer
5, which is probably due to the nonequivalence of all the
ferrocenyl groups in the polymer chain. The FeIII/II oxidation
potential of the ferrocenyl redox center is found around 680
mV as well.
The accessibility of modified electrodes85−90 has also been

explored. Indeed, upon scanning around the oxidation potential
of the amidoferrocenyl group, the copolymers are adsorbed
onto electrodes (see Figure S46B). Thus, modification of
electrodes using the copolymers 10 has been successful. Figure
10B and Figure S46C show the electrochemical behavior of
modified electrodes in DCM containing only the supporting
electrolyte. A well-defined symmetrical redox wave that is
characteristic of a surface-confined redox couple is observed,
including the expected linear relationship of peak current with
potential sweep rate. Furthermore, repeated scanning does not
change the CVs, which indicates that the modified electrode is
stable. There is no structural change during the electrochemical
redox process, as no splitting between the oxidation and
reduction peaks is observed (ΔE = 0 mV).
Finally, electrochemical recognition of [n-Bu4N]2[ATP] by

the copolymer 10 was also found to be possible. As shown in
Figure 11, the addition of [n-Bu4N]2[ATP] to an electro-
chemical cell containing the Pt electrode modified with
copolymer 10100/50 in DCM provoked the appearance of a
new wave at a potential less positive than the initial wave. The
intensity of the initial wave decreased, while that of the new
wave increased. The difference in amidoferrocenyl redox
potential between the initial wave and the new wave (ΔE) is
150 mV: i.e., 20 mV larger than that obtained using the
modified Pt electrode with polymer 650. This might possibly be
the consequence of encapsulation by the triethylene glycol
branch network of the amidoferrocene−ATP interaction.
Consequently for the qualitative recognition of ATP2− anions
the Pt electrode modified with the copolymer 10 shows a better
effect in comparison to that modified with the homopolymer 6.
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4. CONCLUSION
These series of side chain amidoferrocenyl containing
homopolymers and block copolymers that were successfully
synthesized by controlled and living ROMP catalyzed by
Grubbs’ third-generation catalyst (1) are monodisperse and can
reach up to 332 units, with the solubility decreasing as the
number of monomer units increases. Given the relatively good
solubility of up to large sizes, they could be easily used. They
very efficiently modified Pt electrodes with excellent stability
and robustness, and the modified Pt electrodes recognized
ATP2− anions. The Pt electrodes modified with block
copolymers show a slightly better qualitative sensing of
ATP2− anion in comparison to those modified with the
corresponding homopolymers, possibly because the triethylene
glycol branch network favors the amidoferrocene−ATP
interaction by encapsulation. Quantitative recognition (titra-
tion) of ATP2− is obtained, with the DCM solutions of the
homopolymers showing the interaction of two amidoferrocenyl
groups with each ATP2−. This leads us to conclude that a
chelating intramolecular H bond occurs with the β and γ
phosphate groups of ATP2− and a single H bond between the α
phosphate and another amidoferrocenyl group involves
intermolecular H bonding: i.e., a polymeric network of H
bonds.
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Titre : Ingéniérie des nanomatériaux redox métallocéniques  

Résumé :      

 
Les dendrimères et polymères contenant des métaux de transition comme le fer, le 
cobalt et le rhodium peuvent servir à la fabrication des nanomatériaux utiles à la 
catalyse, la reconnaissance moléculaire et l’électronique moléculaire. Pour leur 
construction, des liaisons ioniques, de la chimie click : CuAAC et hydroamination, la 
polymérisation ROMP et la polymérisation radicalaire ont été utilisés et ont permis la 
formation de nouveaux types de polyélectrolytes metallocéniques. La synthèse de 
nouvelles nanoparticules d’or, d’argent et de palladium à partir de ces 
métallopolymères et métallodendrimères ont  été mises au point, conduisant à des 
réseaux à architecture spécifique bien définie. Ces assemblages supramoléculaires 
et ingénierie moléculaire ouvrent la voie vers l’application de la chimie 
organométallique dans la conception de nouveaux  nanomatériaux nanoparticulaires 
structurés à l’aide des propriétés rédox des métallomacromolécules. 
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Abstract :  

 
Dendrimers and polymers containing transition metals such as iron, cobalt and 
rhodium can serve in the fabrication of useful nanomaterials for catalysis, molecular 
recognition and molecular electronics. For their construction, ionic bonds, click 
chemistry: CuAAC and hydroamination, ROMP and radical polymerization were used 
and allowed the formation of new types of metallocenyl polyélectrolytes. The 
synthesis of new gold, silver and palladium nanoparticles from these metallopolymers 
and metallodendrimers has been developed, leading to specific and well-defined 
architectures. These supramolecular assemblies and molecular engineering opens 
the way towards the application of organometallic chemistry in the design of new 
structured nanoparticle-containing nanomaterials using the redox properties of 
metallomacromolecules. 
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