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Abstract

This review will describe the ongoing efforts being made to incorporate organometallic fragments into the framework of dend-
rimers. While purely dendritic organic molecules are well known and well studied, species incorporating organometallic moieties
potentially offer many benefits that are not available to only organic containing dendrimers. For example, catalytic or redox active
organometallic functions can be included in the dendritic framework and impart these characteristics onto the dendrimer. This
report will give an overview of the latest developments in this field by highlighting selected examples that detail novel synthetic strat-
egies or dendrimer construction methodologies, interesting practical applications or address specific problems associated with organ-

ometallic dendrimers.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Dendrimers are large, mono-disperse, highly/hyper
branched molecules with precisely designed and defined
structures. Since their initial conceptual development,
the research and practical applications of dendritic
materials has blossomed [1,2]. While most of the dend-
rimers synthesized to date are organic molecules [3],
there has been significant effort put forward towards
the incorporation of other main group elements [4],
and organometallic or transition metal entities and frag-
ments [5,6]. This merging of fields hopes to combine the
properties of the organometallic or transition metal spe-
cies, such as catalytic [7-9], electrochemical, optical and
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magnetic properties, with the benefits generally attrib-
uted to dendrimers, such as site isolation [10,11], precise
steric environments, recyclability [12] and possible coop-
erative effects. This topic has intrigued and excited
numerous groups and has resulted in a myriad of new
structures and architectures as well as applications for
these species.

Reported in 1994 by Puddephatt, a dendrimer was
constructed in which an organometallic species, incor-
porating a Pt'"V center, was used as an integral structural
feature [13,14]. This was the first example of a dendrimer
where an organometallic fragment was incorporated
into every generation. In general, one of the long-
standing problems in dendrimer synthesis for both or-
ganic and organometallic species is the discovery of high
yielding, selective reactions that allow the dendrimers to
be synthesized without defects, for example, the incom-
plete substitution of the reactive groups in the periphery.
Puddephatt employed two reactions of Pt that here
known to be essentially quantitative: (1) the oxidative
addition of a benzylic bromide to a 2,2'-bipyridine
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(bipy) dimethyl Pt center and (2) the ligand displace-
ment of bound SMe,; groups with the chelating bipy lig-
and. By incorporation of a benzylic bromide in
substituted bipy compounds, the fabrication of organo-
metallic dendrimers was achieved. The reaction se-
quence for the initial stages of dendrimer formation is
shown in Scheme 1. This cycle was repeated three times
to generate a second generation dendrimer 1, depicted in
Fig. 1. Further reactions to obtain higher generations
were unsuccessful [15] but this study was the first to
show that reactions involving organometallic species
could be employed to generate dendritic structures in
which metal centers were integrated into the dendrimer
skeleton.

One of the first organometallic dendrimers to be ap-
plied in catalysis was reported by the groups of van
Koten and van Leecuwen [16]. The periphery of a car-
bosilane (CS) dendrimer was adorned with terdentate
monoanionic aryl diamino “NCN” pincer supported
nickel groups. Zeroth and first generation dendrimers,
G2 and G2, respectively, were constructed via a diver-
gent route and the pincer function was introduced by
reaction of the peripheral Me,SiCl groups in the dend-
rimer with a pincer containing a terminal alcohol in the
presence of NEt; base. The structures are shown in Fig. 2.
This dendrimer was applied as a homogeneous cata-
lyst for the Kharasch addition of polyhaloalkanes to
alkenes. The activity of the dendrimer was only slightly
less than that of the monomeric species (82 and 71% for
Go2 and G2, respectively) and most likely arises from
incomplete Ni incorporation. The yields of the reaction
were based on quantitative metallation of the dend-
rimer, but, in the case of G;2 for example, the average
incorporation was found to be 11 nickel centers. The
products produced by the dendritic catalyst were identi-
cal to the monomeric systems. This indicated that
incorporation of a catalytically active metal into a
dendritic structure allowed for similar reactivity to
occur on a dendrimer surface as in solution. While not
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tested in the original publication, the CS-dendrimer-
supported pincer catalysts can be removed from a reac-
tion mixture via ultrafiltration (vide infra). This report
helped to set the stage for the practical application of
dendrimers to address specific deficiencies in homogene-
ous catalysis, for this system, the removal and reuse of
the catalyst.

From these auspicious beginnings, research on the
incorporation of organometallic species and fragments
into the framework of a dendrimer has exhibited phe-
nomenal growth. This is indeed a vast field and, in this
review, we will focus on dendrimers that incorporate
an organometallic moiety as an integral structural fea-
ture of the dendrimer framework. Due to the breadth
of the body of research that has been reported, we will
focus on dendrimers with strictly organometallic link-
ages between the metal and the dendrimer framework,
i.e., a o or © metal-carbon bond. This will exclude coor-
dination compounds in which the dendrimer and metal
are linked through a dative metal-heteroatom bond
[17] and also dendrimers interdispersed with metal nano-
particles [18,19] Also, we will not incorporate strictly
main group or main group organometallic dendrimers
in this review [4]. The reader is directed to the previously
mentioned reviews and books for further information on
these topics. In addition to these, a small number of re-
views have detailed the research on dendrimers contain-
ing organometallic or transition metal moieties [5,6].
These reviews cover most of the major results in the field
of organometallic dendrimers prior to 1999. As such, we
will focus on the developments in the field after this
time. Some other reviews have appeared [7-9,20] but
do not strictly focus on organometallic dendrimers, as
defined here. While this report is not intended to be
comprehensive, our aim is to give an overview of the
field and highlight specific examples that illustrate gen-
eral synthetic strategies or particularly useful reactions
as well as the utility and application of these interesting
dendrimers.
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Scheme 1. Synthetic methodology for generation of Puddephatt’s Pt(bipy) dendrimers.
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Fig. 1. Structure of Puddephatt’s second generation Pt(bipy) dendrimer 1.

The presentation of the research described herein will
be delineated by the position of the organometallic spe-
cies in the dendrimer framework: on the periphery, with-
in the dendrimer core, and throughout the dendrimer
backbone. Due to the number of dendrimers in which
a ferrocene group is peripherally substituted, these com-
pounds will be presented in a separate subsection within
this grouping. The focus will be on the synthetic meth-
odologies for incorporation of the organometallic unit
into the dendrimer and on the structure and intrinsic
physical or spectroscopic properties of the organometal-
lic containing species. Also, demonstrated or potential
applications of the organometallic containing dendrim-
ers will be highlighted.

2. Peripheral substitution of dendrimers with organome-
tallic species

Dendrimers with organometallic functionalities deco-
rating the periphery are, by far, the most common of
this type of organometallic containing dendrimer spe-

cies. Often the methodologies for construction of the
dendrimer framework have been previously elucidated
for a specific transition metal and, for other organome-
tallic fragments, have been successfully transposed for
the new metal. Alternatively, the simple dendrimer is
commercially available, such as the diamino butane
(DAB), poly(amido)amine (PAMAM), or Newkome-
type dendrimers, and only final modifications to the
peripheral functional groups and/or introduction of
the organometallic fragment need to be performed. As
such, these dendrimers tend to be fashioned with a spe-
cific function or goal in mind, such as incorporation of a
catalytic site or redox active center. The merging of the
potential properties of dendrimers with demonstrated
functionality of an organometallic species was identified
early on as a worthy and potentially lucrative goal.

2.1. Ferrocenyl substituted in the periphery of dendrimers
Due to their high degree of chemical and thermal

stability as well as thoroughly investigated and well-
understood electrochemical properties, there have been
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Fig. 2. Structure of van Koten’s carbosilane pincer nickel dendrimers 2.

many reports on the introduction of ferrocene units on
the periphery of dendrimers. The main aspects of this
work prior to 1999 have been reviewed by Moss [5]
and by Cuadrado [6]. While much of the groundwork
has been laid in this specific field, many publications
are still focusing on this area which extend the under-
standing of the interaction of the dendrimer with both
the incorporated ferrocene group and other outside
species, such as electrode surfaces or solutes.

Much of the work in this field has progressed beyond
simple synthesis of novel structures or compounds and
has been extended into practical applications. Most of
the uses for these ferrocenyl systems exploit their well-
studied redox behavior and some speciality devices have
been fashioned in which electrodes with dendrimer coat-
ings for redox sensing of analytes have been built. Some
recent reports have included the electrochemical sensing
of bio-relevant molecules, such as biotin, DNA, nucleic
acids and carbohydrates using electrodes incorporating

dendrimers of ferrocene along with a specific analyte
binding function [21,22].

While many architectures for the core and arms of the
dendrimer have been employed, the most common being
poly(amine), amides, carbosilane or Fréchet-type benzy-
lic ether scaffolds, some new methodologies have re-
cently been introduced with the potential to alter the
properties and applications of the functional groups or
to add extra degrees of flexibility in the systems. Astruc
and coworkers have employed non-covalent hydrogen
bonding as a synthetic pathway to construct a dend-
rimer containing ferrocene groups [23]. The use of H-
bonding for dendrimer construction has been previously
employed [10,24,25] but this is the first instance using
this methodology to incorporate an organometallic frag-
ment. With commercially available DAB polyamine
dendrimers of generations 1-4 and dendrons contain-
ing three ferrocenyl and a single phenolic unit (3), N-
H-O bonding interactions were used to generate the
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Fig. 3. Structure of Astruc’s H-bonded dendrimer G 4.

dendrimer assembly. A depiction of the first generation
dendrimer G4 is shown in Fig. 3. Evidence for forma-
tion of the H-bonding interactions was established by
NMR experiments. The '"H NMR signals for both the
NH, and ArOH protons (6 = 1.5 and 5.0, respectively,
for the free species) are broadened and shifted to a sin-
gle, broad resonance at ¢ = 2.4-4.1, indicating interac-
tion between these functional groups and evidence for
hydrogen bonding.

These dendrimer assemblies were used in the recogni-
tion of H,PO, anions, which was probed by cyclic
voltametry (CV) studies. As previously investigated by
Astruc [26], the addition of H,PO, to an amido-substi-
tuted ferrocene, FcC(O)NHPr, resulted in a decrease in
intensity of the initial wave and the appearance of a new
wave at less positive potential. Upon reaching a 1:1 sto-
ichiometry, the initial wave disappears. The value for the
change in potential of the Fc'"™ waves, AE, ), in the ab-
sence and with one equivalent of H,PO,, was found to
be 150 mV. To determine if the incorporation of the
amidoferrocene group in a dendritic system has an ef-
fect, a control experiment using the phenolic dendron
3 and n-propylamine (PrNH,) was performed and the
AE,, value was found to be 205 mV. Using both the
ferrocenyl-substituted G4 and G,4 DAB dendrimers re-

sulted in an increase in the value of AE;,, to 250 and 280
mV, respectively. This increase indicates that there is a
difference in AE,,; upon introduction of the dendrimer
with respect to the monomeric system and that H-bond-
ing interactions generating dendritic species are present
under these conditions. In this case, this is a positive
dendritic effect. The larger G;4 and G44 DAB systems
gave results identical to that of the G-4 dendrimer, indi-
cating that saturation has already occurred at the second
generation. In addition to the effect on the AE,,, values,
there was a large difference in the amount of H,PO,
needed to reach the equivalence point between the
PrNH, system and the DAB dendrimers. In the case
of PrNH,, 2.5 equivalents of H,PO, were needed per
dendritic branch, presumably due to competitive H-
bonding between the added amine and 3 for H,PO;.
For the DAB dendrimers, the equivalence point is
reached with 0.5, 0.8, 2.0 and 2.0 equivalents for the
G4, G4, G34 and G44 dendrimers, respectively. The sig-
nificant drop comparing the PrNH, system to the G;
dendrimer is proposed to be the result of restricted
access of the H,PO, anion to the sterically more con-
gested amines of the DAB molecules and points to che-
lation by the amidoferrocene units. The increase with
higher generation dendrimers is due to steric congestion
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on the surface and to possible disruption of H-bonding,
which is consistent with the AE;, results. With the G4
system, the precise 0.5 equivalents necessary to reach the
equivalence point is consistent with a structure in which
each of the H,PO, anions is binding with two aminof-
errocenes, also by H-bonding, generating the complexed
dendrimer G;4-H,PO, shown in Fig. 4. The complex
also contains six [nBuyN] counterions. This structure
should incorporate, based on the stoichiometry, two
separate H-bonding motifs for interaction of the
H,PO, anion. The first is between two amido C=0O
groups of the amidoferrocenes within the same dendron
arm with one H,PO, and the other employs amidoferr-
ocenes from adjacent dendron arms to chelate the other
H,PO, anion. While this is likely a fluxional process, the
electrochemical data does indication that this type of
structure does exist on the time scale of the electrochem-
ical experiment and that there is no interdendritic bridg-
ing by the H,PO, anion.

Majoral and coworkers have employed phosphorus
containing dendrimers [6,27] to study the effect of the
position of a chiral ferrocene within the dendrimer struc-
ture on its chiroptical and electrochemical properties

4021

[28]. Dendrimers were synthesized in which the ferrocene
unit was sequentially ensconced within successive dend-
rimer generations. To investigate the effect of “burying”
the electroactive organometallic functionality, the
known phosphorus-containing dendrimers of Majoral
were used and ferrocenyl aldehyde endgroups were
incorporated, which have planar chirality [29]. Addi-
tional dendrimer layers were added via condensation
of a phosphorhydrazide H,NNMeP(S)Cl, and subse-
quent reaction with two equivalents of 4-hydroxybenzal-
dehyde sodium salt and the pendant PCl, group as
shown in Scheme 2. All of the reaction steps were quite
high yielding (>85%) and dendrimers out to the eleventh
generation were synthesized.

Initially, ferrocenyl-substituted phosphorus-contain-
ing dendrimers of third, fifth and ninth generation of
dendrimers 5 were employed and the metallocene was
capped (6) and buried within additional first and second
dendritic generations (G3+16 or G3:,6), respectively.
Scheme 2 depicts the synthesis of the third generation
dendrimer G;6 and additional layers to generate G3.,6
and Gz4,6. The reactions were monitored and the
dendrimers were characterized via multinuclear NMR
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Fig. 4. Proposed structure of Astruc’s G;4-H,PO; .
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Scheme 2. Synthesis of Majoral’s end-capped ferrocenyl dendrimers 5 and 6.

spectroscopy. °'P NMR spectroscopy was employed to
ensure complete reaction of the 4-hydroxybenzaldehyde
with the PCl, moieties and "H NMR spectroscopy was
used to probe the subsequent aldehyde condensation
reaction. Size exclusion chromatography was also used
and the determined polydispersity (1.03-1.08) indicated
that the dendrimers formed were essentially monodis-
perse. Matrix assisted laser desorption ionization time
of flight (MALDI-TOF) mass spectrometry experiments
were not possible due to reactivity of the hydrazone
linkages.

Analysis of the electrochemical properties of the
dendrimers show distinctive differences in the intensity
of the redox waves and reversibility, depending on the
layer in which the electroactive ferrocene is located.
The dendrimers suitable for electrochemical study were
the ferrocene-capped 5 dendrimers and for the various
generations of 6, systems incorporation the aryl alde-
hyde end group. For all dendrimers studied, a single oxi-
dation/reduction wave is observed for the individual
species showing that all the ferrocene units in a given
dendrimer have the same redox potential and are elec-
trochemically independent. In terms of the redox poten-

tials, the difference between the dendrimers with
terminal ferrocenyl groups and the “buried” ferrocene
is due to the different functional groups on the ferrocene
ring. For the terminal ferrocenes, G35 for example, an
aldehyde is connected to the ring, while for the aryl alde-
hyde-capped dendrimers, a hydrazone is bound to the
ferrocenes, as in G36. This results in a negative shift of
the potential from ~0.81 to ~0.64 V for 5 and 6, respec-
tively. The addition of subsequent dendrimer layers has
no significant effect on the potential. Two other observa-
tions were noted in comparison of the various dendrim-
ers. The first is that the rate of electron transfer is greatly
reduced upon confinement of the ferrocene within the
dendrimer. In a related observation, it was also noted
that the reversibility of the system is increased upon fer-
rocene confinement. In the case of ferrocene end-capped
dendrimers 5, deposition of a blue film on the electrode
was noted and the reduction waves show a typical shape
associated with stripping. However, with the ferrocene
group protected within the dendrimer in 6, these features
were not observed showing that the encapsulation of the
electroactive unit can add stability under electrochemi-
cal conditions. In terms of the chiroptical properties,
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optical rotation measurements were obtained and al-
most no difference was noted based on the position of
the ferrocene within the dendrimer. This indicates that
the chemical environment about the chiral centers is
not significantly perturbed by burying it within the
dendrimer structure.

Togni and coworkers have reported the attachment
of chiral ferrocenyl diphosphines to a dendritic skeleton.
The “Josiphos™ groups, as shown in Scheme 3 and Fig. 5,
have been incorporated via a carbosilane linkage to a
carbon of the cyclopentadienyl (Cp) ring of the ferro-
cene. The mononuclear Josiphos ligand system was pro-
ven to be an effective support for Rh-catalyzed
asymmetric hydrogenation of alkenes [30]. Josiphos con-
taining dendrimers have been constructed with arene (9),
adamantyl (10) [31], and phosphazene (11, 12) [32] cores
and dendrimers containing up to 24 metallocene frag-
ments [33] have been synthesized. The basic synthetic
procedure is essentially identical for all the dendrimers.
The Josiphos ferrocene 7 with a pendant amine func-
tionality is reacted with an acid chloride, in the cases
of the adamantyl and aryl cores, or is deprotonated with
NaOMe and subsequently reacted with a P-Cl bond in
the case of the phosphazene derivatives. The synthesis
of a dendritic wedge containing two Josiphos moieties,
compound 8, is shown in Scheme 3 and the structures
of the dendrimers 9-12 are given in Fig. 5. After gener-
ation of dendron 8, the silyl ether protecting group is re-
moved to produce a phenol, which is then coupled to the
previously described cores via acid (HCI) elimination.
All compounds have been characterized by exhaustive
NMR methods as well as MALDI-TOF mass spectrom-
etry. As expected, the NMR spectra are all indicative of
a highly symmetrical system. For instance, the *'P NMR
spectrum of 11 exhibits only a singlet for the interior
core P=N groups and the Josiphos portion appears as
two doublets (*Jp_p = 40 Hz) as the inequivalent phos-
phorous atoms couple in the periphery.

All Josiphos containing dendrimers 9-12 have been
tested in the Rh-catalyzed asymmetric hydrogenation
of dimethyl itaconate with excellent results. To generate
the active catalytic species, the dendrimers were reacted
with one equivalent (per Josiphos) of [Rh(COD),]BF, in
CH,Cl, for 15 min. All of the dendrimers tested were
highly active, hydrogenation was complete in ca. 20
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Fig. 5. Structure of Togni’s Josiphos containing dendrimers 9-12.

min, and the dendritic systems exhibited high ee values
(>98%), regardless of the size, number of Josiphos
groups or dendrimer generation. The monomeric model
7 showed similar activities and an ee of 99% for the iden-
tical reaction. This result demonstrates that incorpora-
tion of chirality in the dendrimer framework can be
smoothly transferred to a substrate in a catalytic reac-
tion and that each catalytic center is essentially sterically
independent of its neighbours. For the larger dendrimers
incorporating an adamantyl core, preliminary mem-
brane filtration experiments show quantitative retention
of the dendrimers [31] but results of hydrogenation in a
continuous-flow reactor have not yet been reported.
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Scheme 3. Synthesis of Togni’s Josiphos dendron 8.
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Most of the ferrocene containing dendrimers re-
ported to date exhibit no electronic communication be-
tween the electroactive groups, as shown by the fact that
oxidation or reduction takes place at a single, well-
defined potential. However, the ability to connect the
ferrocenes in a fashion that would allow communication
could be of potential interest in adding flexibility to the
redox receptivity of the dendrimers. Cuadrado et al. [34]
reported the first example of unambiguous electronic
coupling of ferrocenes in a carbosilane dendrimer frame-
work. Recent work by Kaifer and coworkers [35] has
shown that differentiation of the redox properties of fer-
rocene moieties within a dendrimer is possible in a
chemically reversible fashion. Dendrimers containing
ferrocenes with DAB type alkylamine backbones were
synthesized. The reaction of (ferrocenylmethyl)trimeth-
ylammonium iodide 13 with the amine NH functions
proceeds in the presence of K,COj3. The dendrimer 14,
shown in Scheme 4, was isolated in 20% yield; the hep-
tasubstituted derivative, missing one ferrocene group,
could also be obtained in 40% yield. The species were
separated by column chromatography.

The key to modulation of the electronic communica-
tion is the quaternization of the bridging amine group
(see Fig. 6), which can be achieved irreversibly with
iodomethane or reversibly with protic acids, such as
HCI. In the neutral, unprotonated state, some moderate
electronic communication is observed between the ferro-
cene centers, presumably mediated by the lone pair of
electrons of the amine nitrogen. Upon reaction with acid
or iodomethane, the charged ammonium bridge effec-
tively blocks any electronic interaction between the me-
tal centers. As the redox potential of the charged and
uncharged portions are significantly different (E;, =
0.50 and 0.61 V for 14 and fully protonated 14, respec-
tively) it is possible to observe two distinct redox waves.
Cyclic voltametry was performed on 14 during titration
with 1 M HCL. On addition of 3.5 equivalents of acid,
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At
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Fig. 6. Electronic communication in Kaifer’s ferrocenyl dendrimer 14.

the CV clearly exhibits two waves, due to the partial
protonation of the dendrimer. Addition of 10 equiva-
lents of acid results in full protonation and the observa-
tion of a single wave.

In somewhat related work, Salmon and Jutzi [36]
have reported the synthesis of similar ferrocene-
functionalized DAB dendrimers to Kaifer but with only
one ferrocene unit per dendrimer arm. The first step of
the reaction sequence consists of reaction of the ferroce-
nyl aldehyde with the DAB amine. The resulting imine is
reduced with NaBH, to generate the desired dendrimers.
A simplified diagram detailing the synthesis of the first
generation dendrimer G;15 is shown in Scheme 5. The
synthesis has been carried out up to and including the
fifth generation, which incorporates 64 ferrocene groups
and 126 amine functionalities in the dendrimer back-
bone. All the dendrimers were prepared in good yields
and are soluble in common organic solvents, such as
CH,Cl, and toluene. However, reaction of the dend-
rimer with anhydrous HCI gas, also shown in Scheme 5,
generates the cationic ammonium dendrimers 16 and
results in drastic changes to the solubility properties.
The resultant protonation of the dendrimer backbone
amines renders the dendrimers insoluble in the above
solvents but allows for dissolution in polar solvents such
as DMSO, ethanol and water. The third generation
cationic dendrimer G316 is depicted in Fig. 7.

All of the protonated dendrimers exhibited fully
reversible redox behavior in DMSO solvent. Only one
signal is observed in the cyclic voltamograms, and thus

Scheme 4. Synthesis of Kaifer’s ferrocenyl DAB dendrimer 14.
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all the ferrocenes are electrochemically equivalent and
independent. The ferrocenyl ammonium units in dend-
rimers of type 16 were more difficult to oxidize than
parent ferrocene dendrimers 15 by 90 mV, due to the
addition of a cationic group adjacent to the ferrocene
ring. Also, as a result of increased solubility in polar
solvents, adsorption of the oxidized species onto the
electrode surfaces was not observed.

Ferrocenyl dendrimers incorporating liquid crystal-
line promoting functions have been recently reported
by Deschenaux and coworkers [37]. Two species were
reported and differ in the position of the ferrocene
moiety in the dendritic structure and the nature of
the liquid crystalline promotor. As shown in Fig. 8§,
dendrimer 17 has the ferrocenyl group between the
dendrimer core and the cholesterol liquid crystalline
portion. In compound 18, the ferrocene is located in
the extreme periphery of the dendrimer and the liquid

crystalline segment consists of a rod of contiguous aro-
matic rings. Both the dendrimers exhibit liquid crystal-
line properties; evidence for the liquid crystalline
nature of the dendrimers was established by differential
scanning calorimetry and polarized optical microscopy
and the nature of the mesophases was probed via X-
ray diffraction studies. The isotropization temperatures
were somewhat lower for 17 (169 °C) than for 18 (256
°C), likely due to the differing nature of the liquid
crystalline promoting groups. While this initial study
does not allow for the strict evaluation of structure/
property relationships, it does indicate that the liquid
crystallinity of the dendrimers is not dependent on
the position of the ferrocene moiety. This allows for
potential flexibility in the construction of future dend-
rimers as the position of the organometallic can be
varied without significantly affecting liquid crystalline
properties.
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Fig. 8. Structures of Deschenaux’s liquid crystalline ferrocenyl dendrimers 17 and 18.

A mixed cobaltocene—ferrocene dendrimer was re-
cently synthesized by Cuadrado and coworkers [38] uti-
lizing various DAB-amine backbones. These dendrimers
combine the stable, reversible electrochemical properties
of ferrocene (oxidation) with similar characteristics of
cobaltocenium (reduction). Combining these redox sys-
tems in the same dendrimer should lead to interesting
properties. The heterogeneously peripherally substituted
dendrimers were synthesized simply via addition of an
equimolar ratio of the acetyl chlorides of ferrocene or
cobaltocenium hexafluorophosphate to the DAB amine
dendrimers. The zeroth through the third generation
dendrimers 19 were synthesized; the third generation
containing 32 substituted end groups. A model com-
pound 20 containing one ferrocene and one cobaltoce-
nium cation separated by a 1,4-diamido butane linkage
was also synthesized to aid in characterization. Ideally,
the dendrimers should contain equivalent amounts of
the ferrocene and cobaltocenium randomly distributed
over the periphery. However, this in not the case as
treatment of reaction mixtures with CH,Cl, and MeCN
resulted in isolation of fractions containing different ra-
tios of organometallic groups, perhaps not surprising
based on the synthetic method employed. The structures

of the dinuclear model 20 as well as that of the idealized,
1.e., equimolar quantities of ferrocene and cobaltoce-
nium, second generation dendrimer G,19 are shown in
Fig. 9.

The solubility of the dendrimers can also be control-
led by variation of the stoichiometry of the ferrocene
and cobaltocenium starting materials. By increasing
the amount of charged cobaltocenium, the subsequent
dendrimer’s solubility in water is increased. Conversely,
by loading the structure with neutral ferrocene, water
solubility is decreased but the dendrimer has enhanced
solubility in CH,Cl,. This easy tuneability of the surface
charge density, and thus solubility properties, is one of
the potentially useful properties of this dendrimer
system.

The dendrimers were characterized by NMR spectr-
oscopy, electrospray ionization mass spectrometry
(ESI-MS) and total X-ray fluorescence (TXRF). The
'"H and *C NMR spectral signals for the ferrocene
and cobaltocenium moieties were essentially identical
to those of the dendrimers containing only the individ-
ual metallocenes and integration of the 'H NMR signals
was used to determine the ratio of the peripheral metall-
ocenes in the dendrimers. TXRF analysis was used to
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confirm the ratios determined from NMR experiments
and cobaltocenium: ferrocene ratios in the bulk mixture
were 3:1 for the zeroth generation dendrimer Gg19,
6.5:1.5 for G19, 13:3 for G,19 and 19:13 for Gs19.
The ESI-MS experiment confirmed the presence of mul-
tiply charged species, due to sequential loss of
counteranions.

The cyclic voltamograms of dendrimers 19 and the
divalent model 20 were also investigated. All the dend-
rimers exhibit two waves; one oxidation at approxi-
mately 0.60 V, assigned to the Fe'™™ couple for
multiple, non-interacting ferrocenes and a single reduc-
tion peak at about —0.70 V, due to the Co™! couple
for the cobaltocenium cations, again which are presum-
ably non-interacting. There is also some evidence of dep-
osition of the dendrimers on the electrode during
reduction due to the change of charge during the electr-
ochemical process. The reduced neutral dendrimer pre-
cipitates on the electrode and subsequently redissolves
during the return oxidation process. Also, the ferro-

cene/cobaltocenium ratio calculated from cyclic volta-
metry is in good agreement with the NMR and TXRF
results.

Films of the second generation mixed metallocene
dendrimer G,19 have been coated on electrode surfaces
and show a remarkable degree of stability and reversibil-
ity under the conditions of the CV experiment. The elec-
trodes were subjected to over 100 scans with no loss of
current response or drift of redox potential for either
the ferrocene or cobaltocenium centers. These dend-
rimer-modified electrodes were further derivatized by
immobilization of glucose oxidase on the surface as well.
For biochemical processes, the combination of the ferro-
cene and the cobaltocenium fragments forges a well-
matched pair as the iron centers can act as mediators
for anaerobic enzymatic processes while the cobaltoce-
nes can participate in reactions under aerobic condi-
tions. Glucose was detected using the oxidase/
dendrimers-modified electrode via amperometric re-
sponse by either monitoring the enzyme-mediated
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oxidation of ferrocene or, conversely, by measurement
of the reduction of dissolved oxygen by the cobaltoce-
nium cations. The intense currents observed were not
apparent with an electrode modified with the oxidase
only and thus the bimetallic dendrimer plays a critical
role in the sensitivity of the constructed electrode.

A novel dendritic structure has been reported in
which the core of the dendrimer consists of a cyclotri-
phosphazene moiety [39]. While most dendrimer cores
allow for introduction of three or four dendrimer arms,
aryl or adamantyl for example, incorporation of the
phosphazene core allows for facile incorporation of six
separate dendrons about the core. Majoral and Togni
originally reported the use of the P3N; core in the con-
struction of organic dendrimers [40] and in the genera-
tion of Josiphos containing dendrimer 11, respectively.
As well, the phosphazene function is chemically and
thermally inert under a wide variety of conditions. The
synthesis involved generation of a diferrocenyl phenol
and subsequent addition to hexachlorotriphosphazene,
Cl¢P3N;, employing NaH as a base. An excess of the
dendron was used (10 equivalents) but some uncoupled
products arising from incomplete substitution are pre-
sent. The structure of the dendrimer 21 is depicted in
Fig. 10. With the chosen dendron, steric crowding ap-
pears to be an issue. The completely functionalized
dendrimer 21 was isolated in 26% yield after preparative
thin layer chromatography and characterized by multi-
nuclear NMR and IR spectroscopy as well as MAL-
DI-TOF mass spectrometry.

Electrochemical studies on 21 indicate that all 12 of
the ferrocene groups are electrochemically equivalent.
A single reversible wave with an Ej» =0.41 mV (vs.
SCE) in CH,Cl, is observed. Some anodic stripping
was noted as the current of the cathodic wave was
slightly larger than that of the anodic wave, indicating

2
I

potential deposition of the oxidized product on the cath-
ode surface.

A number of related ferrocene-substituted triphos-
phazenes, including a hexaferrocene 22, have also been
synthesized [41]. An example is also shown in Fig. 10.
These species do show similar electrochemical behavior
in that a single, reversible wave is observed, indicating
that all the ferrocene units are uncoupled and react inde-
pendently. While not technically dendrimeric, com-
pound 22 provides a further example in which the
triphosphazene core is used as a hexa-substituted sup-
port for multiple redox active centers.

2.2. Dendrimers containing non-ferrocene organometallic
groups in the periphery

These types of dendrimers constitute an important
class of compounds and have been employed in a variety
of fields. Very often, these are the species at the forefront
of prototypical species that are attempting to “bridge
the gap” between homogeneous and heterogeneous
catalysis. The goal of this area is to combine the most
favourable properties of each of the two types of catal-
ysis. Ideally, the accessibility and precise, synthetically
variable control of the structure of the catalytically ac-
tive site, features available to homogenous, monomeric
systems, would be coupled with facile catalyst separa-
tion from product streams or potential isolation of reac-
tive sites, hallmarks of heterogeneous catalysis. In
addition, the effects of functional group concentration
on dendrimer peripheries, probed elegantly with the pre-
viously described ferrocene chemistry, can be utilized to
alter reactivity compared to non-dendrimer systems and
to investigate modes of catalyst decomposition.

One of the first reported successes in the dendrimer
field as a whole was the attachment of monoanionic, ter-
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Fig. 10. Structures of Sengupta’s ferrocenyl triphosphazene dendrimer 21 and related species 22.
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dentate chelating “NCN”’ type pincer nickel moieties in
the periphery of a carbosilane dendrimer. As described
in the introduction, dendrimers G2 and G2 were suc-
cessfully employed in the Kharasch addition, with com-
parable activity to monomeric species. Based on these
preliminary experiments, some modifications to the pin-
cer containing dendrimers were investigated to further
elucidate the factors that affect catalyst performance
and to determine if these systems were amenable to
membrane filtration techniques [42,43]. One of the first
details addressed was the nature of the linking group be-
tween the dendrimer and the organometallic pincer spe-
cies. In the original report, a carbamate moiety was
installed in 2, which allowed for rapid and simple instal-
lation of the pincer on the dendrimer skeleton. However,
this linker could potentially limit further reactivity, for
example, with alkyl lithium reagents. To help overcome
these potential deficiencies, a dendrimer was constructed
in which the link between the aryl ring of the pincer and
the dendrimer was changed to a silyl group. Based on
this methodology, a small library of dendrimers was
assembled and the effect of peripheral crowding and
the proximity of reactive metal centers could be system-
atically probed.

The synthesis of the new pincer containing dendrim-
ers consisted of a four step reaction sequence shown in
Scheme 6; (1) hydrosilation of an appropriately substi-
tuted allyl-terminated dendrimer with HSiMe,Cl, (2)
metathesis of the Si—-Cl bond with excess 3-Li-1,5-
(CH,;NMe,),CsHj3 (23) to install the pincer moiety on
the dendrimer, (3) selective lithiation between the pincer

P neat HSiMe,Cl
Si S S
Me b Pt cat.

4

arms with 7BuLi, (4) transmetallation of the lithiated
dendrimer with NiCIl,(PEt;), to give the desired NCNNi
dendrimers.

Variation in the dendrimers was introduced via differ-
ing substitution patterns in the branching points, the
structures of the NCNNi dendrimers 24-26 are shown
in Fig. 11. For example, the first generation dendrimer
G 24 contains three pincer moieties per silicon branch-
ing point in the periphery, giving a dendrimer with ide-
ally 12 Ni containing pincer functions. The related G,
dendrimer 26 has only two pincer moieties per arm
and the additional valency of the silicon is accommo-
dated by a methyl group. In addition, an “extended”
system incorporating an additional —~CH,CH,SiMe,—
fragment between the dendrimer and the pincer (25)
was synthesized. This was accomplished by employing
one extra sequence of allylation and hydrosilylation
prior to introduction of the pincer moiety. All the pincer
containing dendrimers were characterized by multinu-
clear NMR spectroscopy as well as mass spectrometry
and elemental analysis.

While the synthetic route was simple and effective,
there were some problems associated with the final reac-
tion step. The presence of lithiated pincer moieties is
synthetically very useful for the introduction of various
metal centers but also extremely sensitive to traces of
water. Analysis of the spectroscopic and elemental anal-
ysis data showed that the nickellation of the pincer moi-
ety was incomplete, in general only 80-90% of the pincer
sites were metallated. This is proposed to be due to par-
tial hydrolysis of the reactive polylithiated species
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Scheme 6. Reaction pathway for generation of van Koten’s carbosilane NCNNi dendrimer 26.
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during the nickellation reaction. Separate experiments
show that greater than 98% lithiation is achieved with
non-nickellated dendrimers of type 24, based on quench-
ing studies [44,45], so adventitious introduction of mois-
ture is likely the source of the observed partial
metallation and not due to incomplete lithiation of the
pincer groups. The presence of non-metallated sites
was evident in the NMR spectra of the products. The
degree of metallation observed in the '"H NMR spectra,
based on integration, matches results from elemental

analysis. Mass spectrometry also showed the presence
of these defects in the dendrimer structure.

The redox chemistry of the nickellated dendrimers
was investigated. As the redox processes involves both
an electrochemical and a chemical step, simple Nerns-
tian behaviour is not observed. For NCNNi''Cl pincer
complexes, oxidation of the nickel center to Ni'" is fol-
lowed by addition of chloride to generate NCNNi'''Cl,
(27, see Scheme 7) in the presence of a chloride source,
in this case from the supporting electrolyte, Buy,NCI.



P.A. Chase et al. | Journal of Organometallic Chemistry 689 (2004) 4016-4054 4031

NMe,

Ni—Cl + CCly =—

NMe2

“Cl o
Ni<"™ +°cCl,
i

NMe persistent
organometallic

o radical

MeO)K]/ * "CClg——== Meojﬁﬁc%

NMe,
0

Me
NMe,
’ o)
Ni< !
| Nt MeoJ}Accb
NMe; Me

Me

NMe, 0]

Me

— l\’li—CI + |\/|eo)g(\co|3
| cl

NMe»
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For the dendrimer systems, only a single oxidation and
reduction wave is observed for the individual species; all
the Ni centers are electrochemically equivalent and inde-
pendent. The calculated E,, values (taken as the average
of E,x and E,.q) were essentially equivalent (—0.32 to
—0.35 V) irrespective of dendrimer.

The main contribution from this work was the de-
tailed analysis of the effect of the density of peripheral
functional groups on the catalytic activity of the dend-
rimers in the Kharasch addition. The Kharasch addition
is an atom transfer radical addition reaction between an
olefin and a polyhalogenated alkane; a simple mecha-
nism of this reaction, catalyzed by NCNNIi pincers, is
shown in Scheme 7. The model reaction studied was
the selective, stoichiometric Kharasch addition of CCly
to methyl methacrylate. Under conditions of excess
methyl methacrylate, however, with catalytic quantities
of NCNNICI and CCly, low polydispersity poly(methyl
methacrylate) can be generated. Based on dendrimer,
the activity of the NCNNi moieties showed a remarka-
ble degree of variation. The zeroth generation dendrimer
Go24 exhibited very similar activity to that of mono-
meric analogues, whereas the second generation dend-
rimer G»24 was essentially inactive. There was
obviously a strong correlation between the dendrimer
generation and catalytic activity in the Kharasch reac-
tion. This negative dendrimer effect was ascribed to
the proximity of the surface Ni pincer functions and
was clearly evident in comparison of the reactivity of
the various first generation dendrimers. The highly
branched, high nickel content, compact dendrimer
G124 exhibits activity, in terms of initial turnover fre-
quency per Ni center, approximately half that of the zer-
oth generation. In addition, the reaction profile is
indicative of significant catalyst deactivation, after 60
min there is essentially no additional conversion. How-
ever, extension of the length of the dendrimer arms in

25, or dilution of the nickel content on the dendrimer
surface in 26, results in a significant boost in catalyst sta-
bility. While G124 is essentially inactive after 60 min and
20% conversion, both 25 and 26 do not show signs of
catalyst degradation and full conversion is achieved in
22 h.

Analysis of the kinetic behaviour of the reaction and
fate of the catalytic NCNNIi species allowed for postula-
tion of possible deactivation mechanisms of the catalysts
in the dendrimer framework. For all the species, a pur-
ple precipitate could be isolated from the reaction mix-
ture. In the case of the catalytically active dendrimers,
the formation of this precipitate was only evident near
the end of the reaction, under conditions of low olefin
concentration. In the case of the deactivated com-
pounds, this purple precipitate was noted early in the
reaction and coincides with the observed reduction in
reaction rate. Independent synthesis and comparison
of EPR spectra show this product to be a stable, persist-
ent NCNNi""'Cl, radical like 27.

From this data, a plausible mechanism for catalyst
deactivation can be formulated. As shown in Scheme
7, the initial step of the catalytic reaction is the genera-
tion of a NCNNi"'Cl, complex in conjunction with a
Cl;C radical. Salient to the regeneration of the active
Ni" catalyst is halide abstraction from the Ni'"" center
by the radical product precursor P'. However, if the gen-
erated C15C radical were to undergo a termination proc-
ess, such as radical coupling with an additional Cl;C,
the Ni(III) species becomes trapped in this state and
the active Ni(II) center cannot be regenerated. In this
way, the high concentration of Ni centers on the dend-
rimer surface is detrimental to catalytic activity. During
the initial radical formation step, a high local concentra-
tion of radicals is generated. This increases the chance
for irreversible coupling of two Cl;C' molecules and
concurrent removal of catalytically active Ni centers.
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By dilution of the Ni concentration on the dendrimer
surface or by extension of the inter nickel distances, this
effectively dilutes the local radical concentrations and
therefore reduces the rate of catalyst deactivation. It is
this irreversible formation of catalytically inactive
Ni(III) centers that ultimately is the cause of the reduced
reactivity. A depiction of a possible deactivation process
is given in Fig. 12.

The pincer-based carbosilane dendrimers Go24 and
G124 were tested for their degree of retention under
membrane filtration conditions. Using a SelRO-
MPF-50 membrane, the retention of G¢24 and G,24 were
97.4% and 99.75%, respectively. As expected, the larger
dendrimer is retained to a greater degree and the degree
of retention was sufficient to perform test catalysis. For
both G(24 and G24 under batch conditions, the precip-
itation of the purple decomposition product was noted
after 40 min. However, for the first generation dendrimer
G 24, the decomposition product still showed activity in
the Kharasch addition. Addition of BuyNBr prevented
formation of the decomposition product but resulted in
somewhat lower initial reaction rates and incorporation
of Br into the product, due to halide exchange with the
catalyst. Continuous flow membrane reactions were also
attempted with G;24. While no precipitation of decom-
position products was noted, there was significant loss
of catalytic activity after 33 h. Tests of the retained and
filtered fractions indicated that the catalyst was retained
by the membrane (98.6%) but showed no activity. It was
proposed that the reactive radical intermediates might be
interacting with the functional groups of the membrane
material and thus influencing the observed reactivity.
While the catalyst was effectively retained, new mem-
branes are needed that are compatible with the reaction
conditions to successfully construct a usable system for
continuous operation.

Subsequent dendrimer chemistry utilizing the pincer
systems involving gas-sensing applications has also been
developed. The synthesis of these dendrimers employed

a rapid esterification reaction between 4-hydroxy-
NCNPt groups with acetyl chlorides which were coupled
to a benzene core [46]. The synthesis of these species was
performed via a convergent route. Zeroth and first gen-
eration dendrimers 28, shown in Fig. 13, were prepared
via this route and were fully characterized by multinu-
clear NMR and UV-Vis spectroscopies as well as mass
spectrometry. These dendrimers were successfully em-
ployed as sensors for SO,, a known property of NCNPt
pincer species [47,48]. In addition to the characteristic
colour change from colourless to orange upon exposure
of the Pt pincer to an atmosphere of SO,, there is a dis-
tinct change in solubility of the SO, adduct. While the
uncomplexed dendrimers are relatively insoluble in
THF, the adducts fully dissolve. The SO, binding
strength and associated spectroscopic factors were not
affected by incorporation into the dendrimer
framework.

Based on previous studies, NCNPt pincers are also
effective sensors for SO, in the solid state [48]. To ex-
ploit this characteristic, a solid state sensor was fash-
ioned using a quartz crystal microbalance by grafting
a variety of NCNPt molecules onto the microbalance
disk [49]. The microbalance can detect the minute
changes in net mass of the dendrimers-modified sensor
disk due to complexation or removal of SO,. Tests with
monomeric 4-hydroxyNCNPt showed promising results
in terms of gas detection but the sensor system was not
stable as the NCNPt slowly sublimed at operating tem-
peratures (50 °C). By using higher molecular weight
dendritic structures, such as 29 shown in Fig. 14, this
problem was circumvented and a stable sensor may
be constructed. Sensors constructed from 28 or 29
could reliably and reversibly detect concentrations of
SO, at 5 and 10 ppm, respectively. The high-end detec-
tion limit for both species was approximately 800 ppm.
Moreover, the response to changes in SO, concentra-
tion in the gas stream was virtually instantaneous, an
advantageous attribute for a potential device. Also,
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there is no need to purge the system after gas detection
as the sensor responds continuously to variation in gas
concentration, preventing the need to purge the system
between analyses. Finally, addition of impurities to the
system, such as organic solvents (benzene, toluene, ani-
line, methanol, nitromethane) or other gases (NHj3, CO,
CO,, H,0) does not effect the sensitivity or response of
the system.

The pincer moiety has also been introduced into a
variety of dendritic structures via non-covalent bonding
modes. Dative metal-heteroatom bonding interactions
have been employed by Reinhoudt to generate poly-
meric and well-defined dendritic structures with SCS
pincer Pd units coupled with nitriles [50]. Incorporation

of phosphorus donors (PCP-type pincer ligands) al-
lowed for the synthesis of heterometallic dendrimers
with Ni, Pd and Pt centers [51]. The NCN pincer func-
tion has also been incorporated in a dendrimer mole-
cule. Electrostatic interactions, in a similar fashion to
the H-bonded dendrimers of Astruc (see Section 2.1),
are the key to incorporation of the NCN pincer organ-
ometallic fragment into the dendritic framework [52].
Utilizing NCNPd species in which a sulphate group is
terminally incorporated into an alkyl chain on the para
position of the pincer aryl ring, up to eight pincer moi-
eties have been introduced into a dendrimer containing
an octacationic ammonium core and a variety of polar
or apolar dendritic arms. The cationic Pd species 31
could be generated via two separate routes. Reaction
of the Pd—Cl dendrimer 30 with eight equivalents of
AgBF, generated 31. The structures of the dendrimers
30 and 31 are shown in Scheme 8§ and have been charac-
terized by multinuclear NMR spectroscopic studies,
including DOSY experiments, and by ESI mass spectr-
ometry [53]. Although halide scrambling is observed,
the MS data clearly indicate that an octamer was formed
and was stable in solution.

The NCNPd dendrimers 30 and 31 have been tested
as Lewis acid catalysts in the aldol condensation of
benzaldehyde and methyl isocyanatoacetate. Test reac-
tions showed that incorporation of the active Pd catalyst
into the dendrimer framework does not hinder catalytic
activity and the dendrimer is highly active. Indeed, the %
conversion, turnover frequency and the cis/trans ratio of
the products were essentially identical for a monomeric
model complex and the dendrimer. This methodol-
ogy could potentially allow for facile variation and
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introduction of organometallic or other functional
groups into a dendrimer framework.

Hurley and Mohler [54] have reported the synthesis
of a DAB-amine-functionalized dendrimer with
CpW(CO);Me moieties. These species were studied as
carriers for groups active in the scission of double-
stranded DNA. The synthesis of these species was af-
fected by a condensation reaction of the appropriate
DAB amine with the activated succinimide ester of the
organometallic fragment. An example of the first gener-
ation dendrimer G;32 is given in Scheme 9. Dendrimers
of type 32 were constructed out to the third generation
along with a related spermine analogue (33). All synthe-
ses were effected in good yields (58-70%).

The rationale for using the dendritic scaffold was
fourfold. Studies involving DNA cleavage showed that
two radical centers are needed to react sequentially to
effectively cleave double-stranded DNA. As such, incor-
poration of the active fragments into a dendrimer will
allow for close proximity of the reactive groups and
potential cooperative effects. Secondly, the amine func-
tionalities in the DAB backbone will be protonated at
physiological pH, shown previously with Jutzi’s ferroce-
nyl DAB dendrimers 15 and 16, allowing for increased
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Scheme 9. Synthesis of Mohler’s tungsten containing DAB dendrimers
32 and spermine analogue 33.



P.A. Chase et al. | Journal of Organometallic Chemistry 689 (2004) 4016-4054

water solubility, necessary for effective reaction rates
and potential drug delivery. In addition, the positively
charged ammonium centers will be electrostatically at-
tracted to the anionic sugar—phosphate backbone of
the DNA, which will increase the interaction between
the dendrimer and DNA strands. Finally, the DAB
dendrimers, in a variety of generations, are commer-
cially available allowing for rapid screening of poten-
tially active candidates.

The DNA cleavage studies were performed using all
the above dendrimers with a standard DNA source,
pBR322 DNA. While monomeric CpW(CO);Me is an
active cleaver of single-stranded DNA under photolysis
conditions, it is completely inactive toward scission of
double-stranded DNA. By incorporation of the active
sites into the first generation DAB dendrimer, the activ-
ity of the tungsten centers in G;32 increased nine-fold
towards single strand cleavage. Also, G;32 showed effec-
tive double strand cleavage indicating that there is a pos-
itive dendritic effect as the dendrimer structure was
effectively able to deliver multiple radical species rapidly
to the DNA strand. Unfortunately, the activity of the
higher generation dendrimers could not be determined
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as they formed insoluble DNA/dendrimer aggregates,
even under low pH conditions (<2).

Hoveyda and coworkers [55] have described the use
of a carbosilane dendrimer for the recovery of Ru-based
alkylidine olefin metathesis catalysts. Undoubtedly, ole-
fin metathesis [56], with either ruthenium [57] or molyb-
denum [58] catalyst systems, is one of the more
important reactions in polymer chemistry and natural
product synthesis [59] and the ability to recover and re-
use the catalysts would greatly impact the cost efficiency
of these reactions. A simple dendrimer containing four
active Ru sites was reported. To begin, a carbosilane
dendrimer was synthesized with terminal styrenyl alkox-
ide moieties. This was reacted with 4.3 equivalents of the
commercially available Cl,Ru=Ph(H)(PCy;), (first gen-
eration Grubbs catalyst) and CuCl to generate dend-
rimer 34, shown in Fig. 15. The related dendrimer 35,
differing only in that one PCy; has been replaced by
an N-mesityl-functionalized imidazole, was generated
in precisely the same fashion using second generation
Grubbs catalyst. The yields of the air-stable dendrimers
were 87% and 55% for 34 and 35, respectively, for the
final reaction step.
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Fig. 15. Structure of Hoyveda’s dendritic Ru olefin metathesis catalysts 34 and 35.
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Scheme 10. Release/return mechanism for Hoyveda’s Ru olefin metathesis catalysts.

The styrenyl alkoxide Ru metathesis catalysts operate
via a unique mechanism, shown in Scheme 10, in which
initial reaction of the Ru pre-catalyst 36 with olefins
generates the proposed active catalytic species with
expulsion of a styrene ether molecule. The styrenyl ether
is relatively unreactive compared to most other olefins
and does not participate to a large degree in the subse-
quent metathesis reactions. However, on consumption
of the olefinic starting materials, the active Ru-carbene
recombines with the styrene ether to regenerate 36. This
process, coined the release/return mechanism, has been
employed to support a related metathesis catalysts with-
in a polymer support [60]. There were noted, however,
some problems with recovery of the Ru and with the
activity of the polymer in subsequent reaction cycles,
possibly due to folding of the polymer limiting access
of the reactive groups. Thus, the well-defined structural
characteristics of a dendrimer could potentially be em-
ployed to increase both the reaction rate and the degree
of catalyst recovery. However, the release/return mecha-
nism does have some fundamental problems associated
with use in continuous flow or membrane filtration
experiments. As the active catalyst is not bound to the
dendrimer, metal species of small dimensions are free

2,

Re-CO
oc CO

in solution and thus catalyst leaching would occur. Also,
catalyst self-decay can occur which will also compete
with the return step [55]. As such, these species are more
suitable for recovery and reuse in batch reactions.

The Ru containing dendrimers were tested as cata-
lysts in a number of metathesis reactions, including ring
closing, ring opening, cross metathesis and tandem ring
opening/ring closing metathesis. In all cases the dend-
ritic catalyst is highly active and the support of the dend-
rimer allows for recycling. Dendrimer 34 was employed
in six sequential ring-closing reactions all with isolated
yields of 87% or greater. The dendritic catalyst is sepa-
rated from the reaction mixture via chromatography
over silica gel. However, based on 'H NMR spectro-
scopic analysis of the recovered dendrimer, there is a sig-
nificant amount of Ru leaching. After the sixth cycle,
only 41% of the original amount of Ru still remains
bound to the dendrimer framework of 34. While still
very high, the observed yield decreased steadily in suc-
cessive reactions. This leaching was suggested to be the
result of backfolding of the arms of the dendrimer, lim-
iting access of the styrenyl ether end group to the re-
leased Ru-carbene, preventing return. In the case of
the more active metathesis catalyst in 35, the amount
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Fig. 16. Structure of Moss’s Re containing dendrimer 38.
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of leaching is reduced but still, recovery of the mono-
meric Ru catalyst is more efficient.

Moss and coworkers [61] have recently reported the
synthesis of a first generation organorhenium dendrimer
38 containing six CpRe(CO); units in the periphery.
Using methodology previously employed to assemble
Fe and Ru dendrimers [5,6,20], the synthesis consists
of the assembly of Fréchet-type wedges containing two
rhenium centers and coupling them, through a benzylic
bromide, to the 1,1,1-tris(4-hydroxyphenyl)ethane core.
The structure of dendrimer 38 is shown in Fig. 16. The
dendrimer was characterized by NMR spectroscopic

studies and MALDI-TOF mass spectrometry. Attempts
to oxidize the peripheral Re centers to catalytically ac-
tive oxo-rhenium species were not successful.

Astruc and coworkers [62] have synthesized a dend-
rimer in which an arene RuCp* cationic functionality
is incorporated. This work extends the large volume of
complexes reported by Astruc in which a cationic arene
FeCp moiety is used to activate the coordinated arene
towards hexasubstitution [63]. This reaction was em-
ployed to generate star polymers and dendrimers incor-
porating a hexa-substituted benzene core. Indeed, the
synthesis of the Ru containing compound 39 follows

Scheme 11. Synthesis of Astruc’s Ru arene dendrimer 39.
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Scheme 12. Synthesis of Bunz’s polyphenylacetylene cyclobutadienylcobaltocene compounds 40-43.
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similar reaction procedures. The incorporation of the
cationic Ru fragment allows for selective activation of
an aryl bromide towards nucleophilic substitution, a
necessary step for dendrimer construction where the
iron route failed. The final step of the synthesis of the
dendrimer is shown in Scheme 11. The allyl functions
in the dendrimer periphery may be employed for further
reactivity for generation of extended structures.

3. Core functionalization of dendrimers with organome-
tallic species

This type of dendrimer consists of an organometallic-
based core with an organic-derived dendritic structure
built up about the metal. In some senses, the dendrimer

portion can be considered as an extremely large ligand
to the metal center. However, the dendritic structure
can provide additional features that other ligands can-
not. Entrapment of an organometallic species at the core
of a dendrimer can greatly influence the reactivity of the
metal center by limiting interaction with the bulk solu-
tion and solutes and also limit or direct the access of
substrates [10]. Also, the environment inside the dend-
rimer skeleton can be significantly different from the
bulk solution, in polarity for example, and may alter
reactivity of the organometallic.

Bunz and coworkers [64] have recently reported the
synthesis of a number of polyphenylene dendrimers con-
taining a cyclobutadienylCoCp functionality at the core.
The necessary ethynyl phenyl starting materials were
prepared using Pd-catalyzed Sonogashira type coupling

Fig. 17. Structure of Bunz’s polyphenylene cyclobutadienylcobaltocene dendrimers 45-47.



P.A. Chase et al. | Journal of Organometallic Chemistry 689 (2004) 4016-4054 4039

reactions in good yields. The Co-initiated [2 + 2] cyclo-
addition of the ethynyl units with CpCo(CO), proceeded
exclusively between the desired internal aryl alkynes. An
example is given in Scheme 12. Steric protection of the
terminal alkynes by the triisopropylsilyl groups inhibits
reaction at these positions. However, the isolated yields
of the cycloaddition reaction decreased with addition of
steric bulk about the diarylalkyne, see Scheme 12. For
example, shifting the position of the Si(i-Pr);-appended
alkynyl moiety through para, meta, and ortho positions
results in a decrease in yield of the cycloaddition reac-
tion from 83%, 23% to 0% for dendrimers 40, 41, and
42, respectively. The yields refer to the isolated product
after removal of the Si(i-Pr); protecting groups with
BuyNF. The doubly substituted alkynylaryl 43 was ob-
tained in 12% yield. To generate the dendritic structures,
the deprotected terminal alkynes were reacted in a
Diels—-Alder cyclization with 2,3,4,5-tetraphenylcyclo-
pentadienone 44 to generate dendrimers 45-47 shown
in Fig. 17, following a procedure first exploited by
Miillen and coworkers [65] for the synthesis of their
polyphenylene dendrimers.

The dendrimers were characterized via 'H and *C
NMR spectroscopy, indicating complete formation of
the desired structures; no terminal =C-H groups were
detected. In the case of the largest species 47, the room
temperature '"H NMR is broad and featureless, indicat-
ing restricted rotation of the sterically hindered aryl
groups. Heating the NMR sample to 115 °C allows for
free rotation and assignment of the spectra. Gel perme-
ation chromatography (GPC) showed that the dendrim-
ers were essentially monodisperse (M,,/M, = 1.02-1.07),
providing additional evidence for the lack of defects in
the structures. There was, however, a significant differ-
ence in the retention time of the meta and para isomers
in the GPC experiment, a somewhat unexpected result.
Analysis of space-filling models shows that para-isomer
45 adopts a much more extended structure than the meta
species 46. This results in a much larger hydrodynamic
volume for 45 and shorter retention time compared to
46.

As the cyclobutadienylCpCo centers at the core of the
dendrimers are electroactive, electrochemical experi-
ments were performed to determine if the encapsulation
of the metal center has an effect on its oxidation poten-
tial. For these systems, there were some small differences
noted in that the larger dendrimers were slightly more
difficult to oxidize. While this effect was quite small in
solution (oxidation potentials were 0.80, 0.82 and 0.83
V for 45, 46, and 47, respectively) they do suggest a
small effect caused by the dendritic periphery and re-
search is underway to construct thin films of these spe-
cies to determine if the small effects observed can be
amplified.

Kaifer and coworkers have installed a ferrocene in
the core of branched amido dendrimers. The dendrimer

structure is unsymmetrical in that only one side of the
ferrocene is substituted, as shown in Fig. 18, and this
has serious consequences on the electrochemical behav-
iour of the ferrocene unit. The zeroth, first, and second
generation species of type 48 and 49 were constructed
via a convergent approach by reaction of chlorocarbo-
nylferrocene with the pre-formed macromolecular amine
dendrons [66]. A single example of a symmetrical ver-
sion 50 was also reported. The ester functions in the
periphery of G,48 were hydrolyzed to carboxylic acids
to generated water-soluble dendrimers G,49. All species
were synthesized in good yield and thoroughly charac-
terized via NMR, UV-Vis, and IR spectroscopy and
MALDI-TOF mass spectrometry.

One of the well-known properties of ferrocenes is
their ability to bind to the inside cavity of B-cyclodex-
trins (B-CD). These investigations were undertaken with
these compounds but could only be performed on carb-
oxylic acid-substituted dendrimers 49, due to their solu-
bility in water. The binding interaction was monitored
by electrochemical means and clearly showed that the
B-CD and the dendrimer bound ferrocene were forming
inclusion complexes. There were, however, some differ-
ences when comparing the dendrimers of various gener-
ations. The accepted mechanism for electron transfer for
ferrocene/B-CD complexes involves initial dissociation
of the complex followed by the redox event. As such,
the binding constants play an integral role in determin-
ing the voltametric response. As expected, the binding
constants were found to rapidly decrease as the dend-
rimer generation increases. This result indicates that
while the ferrocene is only singly substituted, the larger
generation dendrimers have a significant impact on the
steric environment about the electroactive center, which
in turn blocks approach of the B-CD or significantly
destabilizes the ferrocene/B-CD complex.

The ability to control the steric impact and orienta-
tion of the dendrimer with respect to the functionalities
in the core is an important factor in potentially tuning
the properties of the core group. In terms of electro-
chemical factors, the dendrimer can shield the ferrocene
group and affect electron transfer process and therefore
the orientation of the dendrimer with respect to the elec-
trode surface can have important consequences. The
Kaifer group has investigated the use of the carboxylic
acid-adorned dendrimers G,49 in this sense [67]. As
the overall charge of the dendrimer can be completely
controlled via alteration of pH, the orientation of the
dendrimer towards an electrode surface may be influ-
enced. At pH > 7, all the acid functions are fully ionized,
imparting significant negative charge on the dendrimer.
The aim of this study is to determine the influence of pH,
and thus dendrimer charge, on the electrochemical para-
meters of the core-bound ferrocenes. Electrochemistry
using gold beads as electrodes exhibited some changes
of the Ej, values with various dendrimer generations
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Fig. 18. Structure of Kaifer’s off-center ferrocene dendrimers 48 and 49 and doubly substituted 50.

(vide supra) but exhibited no pH dependence. To in-
crease the overall charge of the electrode, gold nanopar-
ticles covered with a thiolate monolayer incorporating
cystamine residues were employed. The range of pH
studied (3.0-7.4) ensures that the amino groups of the
monolayer are positively charged during all experi-
ments. Using the modified electrodes, a large depend-
ence on the rate of electron transfer in the various
generation dendrimers with pH was observed. While
the zeroth generation dendrimer G(49 exhibited very lit-
tle change in the rate of electron transfer, the larger

compounds showed much slower kinetics with increas-
ing pH. Variations of three and four orders of magni-
tude in rate were apparent for G49 and G-49,
respectively. From this, it was postulated that at low
pH, the uncharged dendrimer can freely rotate in solu-
tion and exhibit fast electron transfer behavior, as
shown in Fig. 19. As the pH is increased, the developing
charges in the dendrimer are electrostatically attracted
to the modified electrode surface, restricting rotation
and shielding the ferrocene from the electrode and
impeding the electron transfer. While this behaviour is
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Fig. 19. Schematic representation of the interaction of Kaifer’s off-center ferrocenyl dendrimer G;49 with a cystamine-treated Au electrode at low

and high pH.

well known for biological redox active proteins, cyto-
chrome ¢ for example [68], this constitutes the first re-
port of controlled orientational effects affecting
electron transfer behavior in a completely synthetic
system.

In additional work by Kaifer and coworkers [69], the
electrochemical properties of the organic soluble dend-
rimers G,48 were investigated in CH,Cl, solutions. It
was observed that the Ej, values for the unsymmetric
dendrimers become less positive, i.e., the oxidation of
ferrocene to ferrocenium becomes more favoured, with
increasing dendrimer generation. This result was notable
as most of the systems reported to date show very small

variations in the Ej,, values. The main dendritic effect
was the decrease of electrochemical reversibility due to
slowing of the electron transfer rate. The Ej,, values ob-
tained were 0.63, 0.60 and 0.54 V (vs. Ag/AgCl) for
G48, G148 and G,48, respectively. It was rationalized
that inclusion within the dendrimer framework some-
how stabilizes the positive charge of the oxidized ferr-
ocenium species. This, however, does not hold for the
symmetrical dendrimer 50 as the E;,, value increases to
0.73 V. While this was ascribed primarily to the effect
of an additional electron withdrawing amido group,
some other effects may also be in operation (vide infra).
Also reported were quantitative values for the rate of
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electron transfer (k°), the first known rate values for
electron transfer in a dendritic system. As expected,
the smallest dendrimer G(48 exhibits the largest values
for k° (80 =20 x 10* cm/s), indicating the fastest rate
of electron transfer. Increasing generations significantly
slowed the electron transfer process, k=17 3 and
9 +2x10° cm/s for G,48 and G,48, respectively, indi-
cating that, even though the dendrimer is only attached
to one side of the ferrocene, it can partially shield the
core functionality. In the case of the symmetric system
50, k° is approximately half the value for G 48, again
showing that the unsymmetrical dendrimer only par-
tially protects the interior groups.

In terms of the effect of dendrimer generation and
structure on the electrochemical behaviour of a core
bound ferrocene, the group of Smith has studied the
dendrimers of Kaifer as well as some structurally re-
lated systems to help elucidate the factors which cause
the observed variations [70]. The main difference be-
tween the Smith dendrimers and those of Kaifer is
the symmetric substitution about the ferrocene and
the incorporation of an ether moiety in the branches.
The dendrimers of Smith G,51, depicted in Fig. 20,
were also synthesized in a convergent fashion by the
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reaction of 1,1’-bis(chlorocarbonyl)ferrocene with the
appropriate amino dendron using DMAP or NEt; as
a base. The synthesis of larger systems via a convergent
approach was impeded by the steric bulk of the den-
drons; the second generation dendrimer G,51 could
only be synthesized in relatively low yield (34%) and
there were significant quantities of the mono-substi-
tuted product apparent by gel permeation chromatog-
raphy. The products were analyzed by 'H and '*C
NMR and IR spectroscopies as well as ESI-MS and
CV experiments. For G,51, preparative gel permeation
chromatography was necessary to purify the disubsti-
tuted product from the mono.

Electrochemical investigations were performed in a
range of different solvents and electrolyte concentra-
tions. All three dendrimers studied show clearly reversi-
ble waves but, as with Kaifer, increasing dendrimer
generation had a significant effect on the redox poten-
tial. In contrast to Kaifer, however, the oxidation poten-
tial, employing equivalent solvent and electrolyte,
shifted to more positive values indicating a destabilizing
dendritic effect for the ferrocenium cation. The minor
differences in the composition of the dendrimer, incor-
poration of the ether linkages in the backbone for exam-
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Fig. 20. Structure of Smith’s polyamidoether ferrocenyl dendrimers 51.
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ple, should not account for such a dramatic reversal in
trends and thus symmetrical or unsymmetrical substitu-
tion pattern about the ferrocene is the likely source of
the observed effects. As illustrated by Kaifer, a symmet-
rical dendritic environment about the core results in
more effective shielding of the core from external influ-
ences. This encapsulation results in the formation of a
“micro environment’ [10,71] about the core functional-
ity that may be significantly different from the bulk
solution.

The proposal put forward by Smith was that the
dendritic microenvironment shields the core from stabi-
lizing ion-ion interactions with the electrolyte. The effect
of solvent polarity can also influence the redox poten-
tial. Experiments were performed to establish the polar-
ity of the electrolyte/solvent combinations; a CH,Cl,
solution of 0.2 M [BuyN][BF,4] has approximately the
same polarity as butanenitrile. The effect of varying
the concentration of electrolyte (0.125-1.0 M) clearly
shows a large difference in redox potential for the zeroth
generation dendrimer Gy51, with increasing electrolyte
concentration stabilizing the oxidized species, with an
AE;;; of 0.60 V over the studied range. The effect of var-
ying the electrolyte concentration is halved for G;51
(AE1;; =0.33 V). Encapsulation of the ferrocene is pro-
posed to disfavour ion pairing of the ferrocenium cation
with the electrolyte anions and thus increasing the redox
potential.

However, the unsymmetrical dendrimers of Kaifer
(48 and 49) exhibit a stabilizing influence for the oxida-
tion of the core bound ferrocene. While it is obvious that
the unsymmetric substitution does not shield the core as
effectively as symmetric, the reasons for the stabilizing
influence are somewhat unclear. Smith has proposed
that H-bonding interactions may provide a stabilizing
influence for the ferrocenium cation [70]. This interac-
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tion is not possible in the symmetrical systems due to
the enormous steric size of the individual dendrons.

Raymo and coworkers [72] have encapsulated a ferro-
cene fragment within a carbohydrate dendrimer. This is
expected to confer bio-stability and water solubility on
the metallocene. The ferrocene moiety has a B-p-glu-
copyranosyl residue incorporated on one or both of
the cyclopentadienyl rings. Both protected and depro-
tected carbohydrates have been synthesized. The dend-
rimer structures 52-59 are depicted in Fig. 21. All of
the protected dendrimers (52-55) were synthesized via
reaction of a pendent amine on the dendrons with a
mono- or bis(chlorocarbonyl)ferrocene in the presence
of EtzN and isolated in good to excellent yields (54—
92%). The deprotection reactions to generate the free
carbohydrate dendrimers 56-59 were quantitative. The
carbohydrate dendrimers were characterized via liquid
secondary-ion mass spectrometry (LSI-MS) and multi-
nuclear NMR spectroscopy; assignment of peaks was
accomplished via two-dimensional NMR experiments.
UV-Vis spectroscopy exhibited a low intensity absorp-
tion at A, = 440 nm, due to a d—d transition of the fer-
rocene fragment.

These dendrimers were also studied in the complexa-
tion of the cyclodextrin B-CD. In analogy to the results
of Kaifer, the B-CD does complex with the mono-func-
tionalized dendrimers, which was evident from NMR
spectra, CV and circular dichroism experiments. As ex-
pected, increasing the dendrimer generation lowers the
stability of the ferrocene B-CD complex. The doubly
substituted species 57 and 59, however, did not experi-
ence any complexation with B-CD as the substitution
of both rings precludes formation of the inclusion
complex.

The electrochemistry of the carbohydrate dendrimers
corroborate the results found by Smith [70]. Increasing
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Fig. 21. Structures of Raymo and Credi’s carbohydrate-substituted dendrimers 52-59.
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dendrimer generation destabilizes the ferrocenium cat-
ion and there is a larger difference between mono and
di-substitution of the core. Di-substitution results in a
more positive Ej,, value due to introduction of an addi-
tional electron withdrawing amido group and to more
effective isolation from solvent and electrolyte.

The unprotected derivative 59, with a triply branched
arm, exhibited a somewhat unusual differential pulse
voltamogram. Two separate oxidation waves were ob-
served at 0.54 and 0.64 V (vs. SCE) in water with a ratio
of approximately 1:2, respectively. This was attributed
to the presence of two distinct forms of the dendrimer

P.A. Chase et al. | Journal of Organometallic Chemistry 689 (2004) 4016-4054

in aqueous solution which impart different shielding
character to the ferrocene core. The explanation for this
is the presence of both cisoid and transoid configura-
tional isomers in solution, shown in Fig. 22. The lower
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Fig. 22. Cisoid and transoid conformations in doubly substituted
ferrocenyl dendrimers.
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Fig. 23. Structures of van Koten’s core-functionalized NCNPt (60) and NCNNIi (61) pincer Fréchet-type dendrimers.
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potential was attributed to the cisoid form, potentially
stabilized via H-bonding interactions between the two
dendrimer arms, as this will not as effectively shield
the ferrocene from the bulk solution as the transoid spe-
cies. The other species do not show this feature and a
minimum steric size of the arms may be necessary for
sufficient H-bonding interactions to stabilize the cisoid
conformation.

The NCNPt function has also been incorporated into
the core of a Fréchet-type dendritic wedge [73]. They
were synthesized by reaction of 4-hydroxy-NCNPt with
the appropriate benzylic bromide-substituted Fréchet-
type dendritic wedges; yields were greater than 77%
for dendrimers of type 60 to the third generation and
the structures are shown in Fig. 23. The retention of
the dendrimers in a nanofiltration experiment (mem-
brane: SeIRO-MPF-60) was monitored by colourimetric
observation of the aforementioned SO, adducts of the
NCNPt pincer functions in a CH,Cl, solution saturated
with SO,. The degree of dendrimer leaching across the
membrane barrier increased as a function of increasing
dendrimer generation; #;,, values of 108 h, 300 h and
>60 days for G;60, G,60, and G360, respectively, were
established via UV-Vis spectroscopy of the SO, ad-
ducts. These findings underscore the fact that excessively
large dendrimer generations need not be employed for
successful membrane retention. Substitution of the
NCNPt species with a related catalytically active
NCNNIi moiety in the third generation dendrimer 61
was employed to revisit the potential to separate prod-
ucts and the catalyst via nanofiltration in the Kharasch

addition of CCl; to methyl methacrylate (see Section
2.2). As the active organometallic unit is ensconced in
the core of the dendrimer, catalyst deactivation by the
previously described radical coupling mechanism was
not observed. Catalytic reactions using a membrane-
capped vial were complete (>99% conversion) in 48 h;
the somewhat longer reaction time compared to non-
compartmentalized systems (4 h) was ascribed to re-
stricted mass transfer. Catalyst removal was effected
by removal of the vial from the reaction solution. This
study showed that nanofiltration can be successfully em-
ployed with dendrimers-substituted NCN pincer sys-
tems and indicates that the use of vials loaded with
different dendritic organometallic catalysts allows the
execution of cascade-type synthesis in a single batch
reactor.

4. Organometallic fragments in the dendrimer backbone

By far, this type of substitution, in which the organo-
metallic species is incorporated within the dendrimer skel-
eton, is most rare. However, there are a multitude of
dendrimers containing metal centers in every generation
constructed by coordination chemistry. One of the best
examples are dendrimers in which Ru(bipy) functions
are present and act as antennae for the production of light
harvesting dendrimers [74]. Also, one of the first reported
dendrimers containing an organometallic functionality
was of this type. Puddephatt and coworkers used succes-
sive oxidative addition/pyridine complexation to build up

SiMes
Br =—SiPr3 =—SiMes //
(PhsP)oPdCly (PhaP)PdCl,
I ———  Prsi—=— PrsSi
Cul, HNEt, Cul, HNEt,
Br \\
[ SiMes
oMe 1 PEt KoCO3
Q CI—PtOOMe acetone H
reflux
EtsPs PEts /
"PEtg Cul, HNEt, _
/ IPrysi——
2) BugNF, THF
H— AN
H
AN
_PEtg
Et3P’Pt3
OMe

Scheme 13. Synthetic methodology of Takahashi for construction of Pt acetylide dendrimers.
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a dendritic structure 1 (see Section 1). This “proof of
principle” study, in which high yielding organometallic
reactions were used to construct a dendritic structure,
paved the way for the other successful investigations to
come. The incorporation of organometallic species in
each dendrimer generation may impart unique properties
or reactivity on the novel species.

Takahashi has employed a platinum-acetylide func-
tionality as the basis for the structure of numerous dend-
rimers [75,76]. Stang and coworkers concurrently
reported the synthesis of essentially identical Pt acetylide
dendrimers, employing a 1,3,5-substituted benzene core
instead of mesityl [77]. These dendrimers were con-
structed up to the third generation. Recently, the
Takahashi group has synthesized dendrons containing
aryl-linked Pt-acetylide fragments throughout the struc-
ture and a pyridine functionality at the focal point of the
wedge [78]. The general synthetic pathways and method-
ology for the Pt acetylide containing dendrons employs
successive Cu(I)-catalyzed coupling reactions with PtCl
groups and terminal acetylides. A typical synthesis of
a first generation dendron 62 is shown in Scheme 13.
Incorporation of a pyridine moiety, as in 63, can be
achieved by replacing the Si(i-Pr); functionality in the
scheme with a pyridine; the reaction methodology is tol-
erant of the pyridyl functionality. The isolated yield for

the third generation pyridine containing dendron G363
was 44%. These wedges were subsequently attached to
a tri-functional alkynyl metal core. Reaction of the core
with 3 equivalents of the dendron and NaB[m-
Ce¢H3(CF3),]4 was investigated. Attempts to use Pt as
the coordinating metal were unsuccessful; only partial
ligand exchange was observed with the first generation
dendron. Substitution to palladium allowed for rapid
and quantitative synthesis of the first and second gener-
ation dendrimers. The first generation dendrimer G64 is
shown in Scheme 14. However, no reaction was ob-
served with the third generation dendron, presumably
due to the steric size.

The most interesting feature of this class of dendrim-
ers is that assembly of the dendrimer can be selectively
switched on and off by the chemical conditions. This is
the first reported example of reversible morphological
control of the dendrimer structure by chemical stimuli.
The Pd-pyridine interaction can be effectively disrupted
by addition of excess BuyNCl, quantitatively re-generat-
ing the Pd—Cl core and three equivalents of the dendron
63; this reaction sequence is depicted in Scheme 14. Re-
complexation of the dendrimer is achieved via regenera-
tion of the cationic Pd centers by NaB[m-CsH3(CF3),]4
in the presence of the dendrons. This cycle of dendrimer
assembly/disassembly was repeated quantitatively three

-
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Scheme 14. Assembly/disassembly of Takahashi’s pyridine-substituted Pt acetylide dendrimers 64.
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times with no degradation of the dendrimer or constitu-
ent components.

The Takahashi group has also, using similar synthetic
methodology, coupled the Pt-acetylide dendrons to a Zn
containing porphyrin [79]. While the synthetic yield of
the peripherally Pt-decorated Zn porphyrin 65 is rela-
tively low (29%), the coupling of the core with the various
generation dendrons proceeds in quite good yields. For
first, second and third generations of 66, the yields of
the completed dendrimers are 73%, 67% and 41%, respec-
tively. A representative example of the porphyrin-
centered Pt-acetylide dendrimer G;66 is shown in
Scheme 15.

Electronic absorption and fluorescence spectra were
obtained for all the various generation dendrimers
G,,66. Of particular note is the observation that there
is energy transfer between the core porphyrin unit and
the Pt-acetylides. Excitation of the MCLT band of the
Pt-acetylide resulted in emission attributed to the por-
phyrin system. Also, excitation of the Soret band of
the porphyrin leads to emission at wavelengths charac-
teristic of the Pt-acetylide. While this effect was observed
for all three generations of dendrimers, no effect was

ol
EtsP-Pt-PEts

= FTt*CI

4 eq. 62

noted for a mixture of free dendron 62 and a porphyrin
core 65, strongly indicating that the charge transfer is
intramolecular in nature.

In terms of construction of nanoscale materials, the
Takahashi group has achieved the synthesis of very large
dendritic structures based on the Pt-acetylide unit [80]. In
contrast to the previous Pt-acetylide dendrimers, these
species were generated using a divergent synthetic strat-
egy; the synthesis of the zeroth and first generation dend-
rimers G¢68 and G,68, respectively, are shown in Scheme
16. Simple deprotection of the Si(i-Pr); group using
BuyuNF in THF to generate the terminal alkynes was fol-
lowed by Cul-catalyzed coupling of the Pt—Cl containing
dendron 67. The inclusion of the three methyl groups in
the core benzene was important for characterization of
the dendrimers. They provided a convenient handle in
the '"H NMR spectrum in an area where no peaks due
to other dendrimer fragments were present. Integration
of these signals with respect to the other peaks gave evi-
dence that the correct number of dendrons were success-
fully attached in each stage. Also, "H NMR spectroscopy
was employed to monitor reactions via disappearance of
the terminal acetylene CH signals.

f OMe
EtsP- ;
Pt'PEts
4
D=
REts \
_PEt
PEt, i:‘] Et3P,Pt 3
EtsP-Pt-PEts Q
| | OMe
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Scheme 15. Synthesis of Takahashi’s Pt acetylide porphyrin dendrimers 66.
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Structures up to and including the sixth generation
were reported; the largest dendrimer G468 contains
189 Pt units per molecule and has a molecular weight
of 139,750 g/mol. The nano-dimensional scale of G468
was established via small angle neutron scattering exper-
iments. Results indicate a molecular radius of
5,68 £0.02 nm, in good agreement with molecular
modeling studies (diameter = 12 nm). The photophysical
properties of these nanoscale molecules are currently un-
der investigation.
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Humphrey and coworkers [81,82] have reported the
synthesis of a number of ruthenium-acetylide contain-
ing dendrimers. Essential to the construction of the
dendrimers is the reaction of Ru(dppe),Cl, (dppe =
1,2-bis(diphenyl phosphino)ethane) with 1,3,5-tri(ethy-
nyl)benzene. Even with excess Ru reagent, there is
exclusive formation of the doubly Ru-substituted species
69; it proved impossible to form the ris product under
these conditions. This lack of reactivity of the third
alkyne has been attributed to steric crowding and this
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Scheme 16. Synthetic methodology of Takahashi for divergent construction of large Pt acetylide dendrimers 68.
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“steric control” has been effectively employed to gener-
ate a potential dendron. The synthesis of a dendrimer
containing six ruthenium centers 70 is presented in
Scheme 17.

To facilitate the incorporation of additional
Ru(dppe), fragments, a tri ruthenium core 71 was con-
structed by introduction of an arylethynyl spacer unit
to overcome the steric crowding issues that limited the
reaction described above [83]. This core was then suc-
cessfully reacted with 69, generating a new dendrimer
72. The structures of the extended Ru acetylide dend-
rimers are shown in Fig. 24.

Some interesting non-linear optical (NLO) properties
have been subsequently reported for these species.
Increasing the size of the complexes does not affect opti-
cal transparency but the larger systems exhibit very
high- and two-photon absorption cross-sections. These
properties for complexes 70 and 72 are some of the larg-
est reported to date.

The combination of these NLO properties and the
demonstrated reversible electrochemical behavior of
the Ru-acetylide functions [84] have also been investi-
gated in terms of a possible reversible modulation of
the optical properties of these species. The trimeric RuCl

Cl
[Ru]
N Z PPh N
PhoP_ | & NH4PFe
~RU_
Ph,P F"Phg"
R R R
[Ru] [Ru] [Ru]
X =z
| X
4

1) Pd(PPhy)s, Cul, NEts

= I

Me38i%©7l
2) BugNF ~ |
) Buy “

Pd(PPh,)3
NEts

species undergoes reversible metal-centered redox proc-
esses (Ru™™) in solution. Upon oxidation, there ap-
pears an absorption band in the near IR region (893
nm). Also, oxidation has resulted in changes in the
NLO properties as well.

Portnoy and coworkers [85] have reported the solid-
phase synthesis of novel polythioether dendrimers that
potentially form SCS type pincer coordination sites.
First to fourth generation dendrimers were assembled
via a three step iterative procedure to construct the
individual dendritic shells, as shown in Scheme 18.
The synthesis was performed using the Wang Bromo
resin to initially attach the dendrimer to the resin via
a thioether linkage by nucleophilic substitution. Reduc-
tion of the ester functions to alcohols, followed by
chlorodehydroxylation complete the reaction sequence
for a particular dendrimer generation. The synthesis
of G473 was accomplished in 10 steps with an overall
yield of 42% after detachment from the resin surface.
The resin bound dendrimers were analyzed by gel-
phase '>*C NMR spectroscopy in the bound state and
by conventional solution phase multinuclear NMR
spectroscopy and mass spectrometry after release from
the resin surface. The detachment of the dendrimers

cl R R
[Ru]/ [Ru] [Ru]

Z A =
NH4PFg, NEt3

=
| Ph, Ph,
X P, P
Rl = [ >Rul ]
Phy Pho
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R

Scheme 17. Synthesis of Humphrey’s Ru acetylide dendritic synthon 69 and dendrimer 70.
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of

X =H, NO,
Ph, Ph,
[Ru] = [ﬁ:Ru:gj
Phy Phjy

Fig. 24. Structure of Humphrey’s extended Ru acetylide dendrimers 71 and 72.

from the resin could be selectively achieved by acidoly-
sis using trifluoroacetic acid. However, the cleavage
reaction always occurred selectively within the resin
framework and not between the linker and the den-
dron. This generates a 4-hydroxybenzyl-capped dend-
rimer core, as shown in Scheme 18.

Dendritic resins of G,73 and G573 were tested for their
ability to incorporate Pd centers and for their ability to
perform as catalysts in the Heck reaction. Reaction of
the dendrimer coated resins with PA(PhCN),Cl, resulted

in formation of deep red products, presumed to be of type
74, see Fig. 25. The palladated dendrimers exhibited se-
verely broadened NMR spectra for both resin bound
and free dendrimers, which prevented full characteriza-
tion. However, model SCSPd species 75, shown in
Fig. 25, were incorporated onto the Wang resin via an
undecyl linker and these species were fully characterized
in both the resin bound and detached forms. Both resin-
attached species 74 and 75 were tested as recyclable cat-
alyst in the Heck reaction of iodobenzene and methyl
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Scheme 18. Synthesis of Portnoy’s resin bound SCS thioether dendrimers 73 and structure of resin-detached product.

acrylate. In preliminary catalytic testing with 2.5 mol%
Pd loading in the reaction, dendrimer G,74 exhibited
essentially quantitative conversion over two catalytic
cycles.

5. Conclusions and future outlook

As shown through these selected examples, the field of
dendrimer chemistry is still a rich and exciting area. The
incorporation of organometallic fragments into dend-
rimer structures has permitted intimate probing of the
properties and physical characteristics of the dendritic
species. In particular, the introduction of stable, inert,
but spectroscopically and chemically accessible ferrocene
moieties have allowed for in-depth analysis of these sys-
tems which allows for development of a deeper under-
standing of the features needed to control dendrimer
configuration and orientation, eminently important as-
pects for potential applications. The well-defined nature
of dendrimers has also been exploited effectively to
investigate the effect of site proximity on reactivity. Con-
versely, incorporation of organometallics within poly-
meric backbones can place the metal site in ill-defined
environments and may not allow for precise structure/
property relations to be developed [86] or may result in
poor diffusion of substrates to the polymer bound active
sites [87]. Also, dendrimers incorporating organometallic
species in each generation have shown interesting physi-

cal and spectroscopic properties distinct from monomeric
species. Finally, the robustness of the metal carbon bond
within the organometallic fragments prevents leaching of
the metal from the metallo-dendritic system.

There are some common trends that can be formu-
lated from analysis of the properties of the various types
of dendrimers. For peripherially substituted dendrimers,
the high concentration of metal centers may or may not
lead to distinct reactivity differences from monomeric
counterparts. In the case of ferrocenes substituted dend-
rimers, there is often assumed to be no interaction of the
electroactive centers as only one redox potential is gener-
ally observed, except in specially designed cases such as
14. However, these effects can exhibit cooperative proper-
ties with the adjacent metal centers acting to amplify
reactivity, as in CpWCO,Me functionalized dendrimers
32 for DNA scission experiments. Destructive interac-
tions, such as deactivation of catalysts by formation of
metal-metal bonds in NCNNi dendrimers 24-26, can
also be enhanced. In contrast, encapsulation of organo-
metallic fragments within dendrimer cores isolates the
metal center from association with other metal centers
or with solvents. For example, rates of electron transfer
for ferrocenes dendrimers 48 and 50 were found to pre-
cipitously decrease with increasing dendrimer generation.
These isolation effects can also lead to advantageous
reactivity or increased stability of the metal centers. This
increased stability allowed for the isolation and reuse of
dendritic catalysts 61 in the Kharasch addition.
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Fig. 25. Structure of Portnoy’s third generation resin bound dendritic SCSPd catalyst G374 and model species 75.

So where do we go from here? Dendrimers have
assuredly progressed from esthetically pleasing, syn-
thetic curiosities to a powerful tool in the chemist’s rep-
ertoire. The synthetic strategies for incorporation of
organometallic species into the core or periphery of
dendrimers are now well established. Commercially
available dendritic skeletons [88] or rapid, well-devel-
oped synthetic routes to dendrimers or potential den-
drons are readily available. The main challenge now is
the application of these species in the development of
practical uses that will impact the chemical community
or general population at large. In our view, dendrimers
can act as the proving ground for new types of immobi-
lized species. For example, fundamental research on the
properties and characteristics and the fine-tuning of a
catalyst or sensor can be performed using dendrimers
as their highly symmetrical structures allow for common
characterization techniques, such as NMR spectros-
copy, to be employed. The lessons learned from the
dendritic experiments can then be applied to the gener-
ation of economically or commercially more viable hy-
per-branched  polymer or traditional polymer
(polystyrene for example) systems. If differing reaction

modalities are observed between the dendrimer and pol-
ymer, then the uniformity of sites imparted by the dend-
ritic structure is necessary for a particular application.
However, the dendrimer system retains some of the
favourable characteristics of the polymer, such as
recyclibility.

One of the main thrusts of modern chemistry is to lim-
it the environmental impact of research and industry.
Dendrimers can be separated by nanofiltration tech-
niques and thus recycled or reused, an obvious benefit to-
wards the development of “green” chemical processes.
Catalyst compartmentalization and immobilization is
also an important area as this allows for the development
of continuous flow cascade reactions or formulation of
“lab on a chip” devices. Also, dendrimer-functionalized
electrodes or surfaces have seen some potential uses as
selective sensors. For dendrimers containing organome-
tallic species in each generation, new synthetic methodol-
ogies and selective high yielding reactions are needed to
expand this field. As shown, these highly metallated com-
pounds can have interesting properties, but research in
this area is not as developed as others. One practical con-
sequence of incorporation of a high degree of metallated



P.A. Chase et al. | Journal of Organometallic Chemistry 689 (2004) 4016-4054 4053

species throughout the dendrimer structure is that micro-
scopic techniques, such as TEM, no longer require the
addition of a staining agent. Further development of
these and other fields will continue to push the utility
and applicability of dendrimers and organometallic
dendrimer species.
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