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Preface

Dendrimers stand within the focus of quite an interdisciplinary area of research:
Metallodendrimers bring inorganic chemistry into play. Organic synthesis con-
tributes much to the preparation of dendrimers, which are then studied by
various physicochemical methods such as small angle neutron scattering,
photochemistry, and many others. The relation to macromolecules is straight-
forward, but their routine use in biochemistry, e.g., as gene transfection vectors
may be less obvious. All these different aspects have been combined in the Topics
tetralogy in order to provide an overview as broad as possible in this fascinating
field of chemistry.

The fourth and final issue in the series starts with a chapter by Chow on
the synthesis of dendritic oligoethers, which represent polypodands soluble
in many solvents. Two contributions deal with dendrimers based on the “less-
than-covalent” bond. While metal coordination as described in the review by
Reinhoudt still employs rather strong bonds with bond energies close to cova-
lent bonds, Zimmerman’s overview comprises dendrimers that self-assemble
via weak forces such as hydrogen bonding. Biologic activity is one of the major
topics in Lindhorst’s overview of glycodendrimers, which have become a useful
tool for the study of carbohydrate-protein interactions and multivalency. The
article by Hirsch on fullerenes containing dendrimers provides extensive infor-
mation on their properties as new materials. Finally, function again is a major
topic, when catalysis (van Koten) is achieved using dendrimers.

With this volume of Topics in Current Chemistry, the tetralogy ends, but defi-
nitely not the development in dendrimer chemistry. Let us therefore make a few
concluding remarks. The history of dendrimers teaches us again a well-known
lesson: It is sometimes quite a long way from fundamental science to applica-
tions. When the research on regular multi-branched molecules started in 1978
with what was originally coined “cascade” molecules, the analysis was difficult
and hampered development for several years, until modern mass spectrometric
methods provided a more solid basis for detection of defects and impurities. In
the mid 1980s, dendrimer research started to flourish. By now, many synthetic
and analytical problems have been solved and the properties of the new com-
pounds are studied with respect to their many potential functions putting den-
drimers on the verge of commercial applications. Some of the advantages of
multibranched molecules result from their monodispersity which is a valuable
feature also for a more profound analysis and understanding of the features of
dendritic molecules. However, once fully understood, polydispersity might no
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longer be considered a problem, but used deliberately to fine tune the desired
properties by generating tailor-made blends of dendrimers.

With respect to the future, we see several prospects for further research in
dendrimer chemistry: (i) Efficient methods for the controlled high-yield func-
tionalization of only several branches still have to be devised. This would open
the door towards more complex structures that are also capable of fulfilling
more complicated functions. (ii) Although much work has been devoted to the
host-guest chemistry of dendrimers (which has been under dispute for quite a
lengthy while), it is not fully understood. (iii) We expect further improvement in
the synthetic protocols leading to structurally almost perfect dendrimers with
even higher generations and larger numbers of branches than available hitherto.
(iv) Chirality in such highly mobile and dynamic multicenter molecules will
provoke new questions and answers and might also have an important impact
on our knowledge of chirality. These few examples should suffice to make clear
it that dendrimer chemistry still is a lively field of challenging research from
which we can expect a whole bunch of intriguing new results and additional
distinct applications.

Bonn, July 2001 Fritz Vogtle, Christoph A. Schalley
Kekulé-Institut fiir Organische Chemie und Biochemie
Universitdt Bonn
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This manuscript summarizes the recent research progress on the synthesis of oligoether-
based dendrons. Methods for preparing the individual dendrons and branching agents are
outlined, along with a survey of their uses in the preparation of functional and structural den-
drimers that possess a wide range of chiroptical, physical, photochemical, electrochemical, or
catalytic properties.
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Introduction

Dendrimer chemistry has begun to merge with different research avenues due to
the recent surge of interest in its applications in biological and medicinal chem-
istry, catalysis and material sciences. This is partly due to the availability of vari-
ous synthetic armories that greatly facilitate the construction of a wide variety of
dendritic structures with pre-defined architecture. Another reason is attributed
to the fact that dendritic macromolecules do sometimes possess unusual struc-
tural features and properties that are not often seen in the study of conventional
polymer molecules. A number of review articles have already been devoted to the
synthesis and property investigations of dendrimer molecules [1]. The purpose
of this chapter is not to provide an exhaustive account of the latest development
in this vast area of chemistry. Instead we wish to focus our attention on a partic-
ularly small subclass of dendritic molecules, namely oligoether dendrimers, and
to show how complex supramolecular systems can be built from this simple class
of dendritic fragments. In the next section, we will begin to review the chemistry
of the most commonly encountered dendritic oligoethers in the literature.
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@»(f)s (s £

dendrimer [Gn]-(f), dendron [Gn]-f

Fig. 1. Schematic diagram of a divergently synthesized dendrimer and a convergently synthe-
sized dendron

Strictly speaking, most dendrimers reported in the literature are copolymers and
may contain non-ether-based functional groups in part of their structure. We be-
lieve it is necessary to include these compounds in our discussions and therefore
our attention will be focused on those dendritic fragments having repeating
units made up solely of aryl ether or alkyl ether functionalities, disregarding the
nature of their core and surface functionalities. Particular emphasis will be paid
to their synthetic efficiency (i.e., % yield), molecular properties (i.e., molecular
weight and diameter), and structural purities (i.e., polydispersity index), which
are of crucial importance for choosing the appropriate dendritic fragments as
‘Lego’ sets towards the construction of complex dendritic structures. We will also
provide a brief survey on the use of various subclasses of oligoether dendritic
fragments towards the construction of functional dendrimers. However, elabo-
rated discussions will be concentrated on those derived from the 3,5-dihydroxy-
benzyl ether repeating unit, which is by far the most popular and commonly used
dendritic oligoether building block in the literature.

In this manuscript, dendrimers synthesized by a divergent approach are des-
ignated as [Gn]-(f),, where n is the generation number, i.e., the number of lay-
ers of repeating branching units, (f), is the functional group on the dendrimer
surface. For the structural diagrams, this type of dendrimer will be represented
by a circle with the surface functionality drawn inside a small bracket (Fig. 1).
On the other hand, the notation [Gn]-f (without the small brackets and the sub-
script ‘s’) originally proposed by Fréchet is adopted to represent dendrons syn-
thesized by the convergent approach [2], where f denotes the reactive functional
group located at the local point. The corresponding structural diagram is shown
as a pie with the focal functional group labeled at the focal point.

2
Synthesis and Properties of Dendritic Oligoethers

2.1
Dendritic Oligoethers Based on a 2,2,2-Tris(hydroxymethyl)-1-ethoxy Repeating Unit

This series was probably the earliest example of dendritic oligoethers reported
in the literature. In 1987, Hall and coworkers described the use of pentaerythri-
tol as a repeating unit for the construction of a series of alkyl ether dendrimers
(e.g., 1) [3]. The synthesis was based on a four-step divergent iterative cycle
(Scheme 1) [4]. A dendritic oligoalcohol 2 [Gn]-(OH), was converted into the
corresponding bromide 3 [Gn]-(Br), via the oligo-tosylate in two steps. The oli-
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(o)

HOJZS?) 0o HO.
i 3 iv OH
ii iii du
2 [Gn]-(OH), 3 [Gn]-(Br), 1 [G(n+1)]-(orthoester) 5 [G(n+1)]-(OH),

Scheme 1. i) pyridine, TsCl; ii) dimethylacetamide, NaBr, 150°C; iii) KH, diglyme or diethylene
glycol, 162°C; iv) MeOH, HCl

goether 1 [G(n + 1)]-(orthoester), was prepared by the Williamson reaction be-
tween the bromide 3 and the potassium salt of a branching agent 4. Subsequent
acid-catalyzed hydrolysis of the orthoester then afforded the oligo-alcohol 5
[G(n+1)]-(OH), of the next generation. Starting from pentaerythritol as the
core, the [G2]- and [G3]-dendrimers were prepared (Table 1). However, sub-
stantial structural defect was detected for the [G3]-series of compounds as re-
vealed by size exclusion chromatography (SEC).

This series of oligoether dendrimers was used by Ford to construct catalyti-
cally active dendrimers 6 bearing multiple quaternary ammonium surface
groups (Fig. 2) [5]. The higher generation catalyst was shown to exhibit higher
reactivity than the lower generation ones on a per catalyst center basis.

Table 1. Selected data for 2,2,2-tris-(hydroxymethyl)-1-ethyl ether-based dendrimers®

n Yield (%) [Gn]-(OH); Calcd MW Molecular diameter
—[G(n+1)]-(0H), of [Gn]-(orthoester), of [Gn]-(OH) (A)®

0 38 - -

1 33 649 9.8

2 12 2146 18.6

3 - 6639 25.0

2 Core = [G0]-(OH), = pentaerythritol.

b Determined by SEC, see [3].
+ -
@(OCH2CH2WC3I)S

6(n=1,2)

Fig. 2. Functional dendrimers constructed from the 2,2,2-tris(hydroxymethyl)-1-ethyl ether-
based dendritic skeleton

2.2
Dendritic Oligoethers Based on a 1,3-Dihydroxy-2-propoxy Repeating Unit

Yamamoto reported the convergent preparation of oligoether dendrons using
glycerol as the branching unit [6]. The key reaction was the Williamson ether
synthesis between a dendritic alcohol [Gn]-OH 7 (2 mol equiv) and epichlo-
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2 ( :‘o
A/\Cl
OH —— }—OH
7 [Gn]-OH 8 [G(n+1)]-OH
Scheme 2. i) Bu,NI, KOH, H,0

rohydrin in the presence of an aqueous base to produce [G(n+1)]-OH 8
(Scheme 2). One advantage of this method was that no protecting group was
needed. However, the reaction scheme had not been applied towards the syn-
thesis of dendrons higher than [G3] (Table 2). This series of oligoether dendrons
had been used to ligate to a carborane unit, followed by cleavage of the benzyl
surface groups to produce water soluble carborane bound dendrimers 9 for use
in boron neutron capture therapy (Fig. 3) [6].

Table 2. Selected data for 1,3-dihydroxy-2-propyl ether-based dendrons?

n Yield (%) [Gn]-OH— [G(n+1)]-OH Calcd MW of [Gn]-OH
0 88 -
1 88 272
2 - 601

2 [GO]-OH = benzyl alcohol.

(HO), o’\@'H

BioHio

9(n=1,2)
Fig. 3. Functional dendrimers based on the 1,3-dihydroxy-2-propyl ether dendritic skeleton

2.3
Dendritic Oligoethers Based on a 2,3-Dihydroxy-1-propoxy Repeating Unit

Recently Haag reported a new series of oligoether dendrimers that was isomeric
to the series reported in Sect. 2.2 (Scheme 3) [7]. The branching unit used was
still glycerol but the C-2 and C-3 hydroxyl groups, instead of the ones at C-1 and
C-3 positions, were used to create further branching. The divergent iterative cy-
cle involved an exhaustive allylation of an oligoalcohol [Gn]-(OH), 10 with allyl
chloride in the presence of aqueous NaOH. The resulting dendritic olefin [Gn]-
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i ii QH
(OH)y, —— (O s (OA_OH),

10 [Gn]-(OH), 11 [Gn]-(ene), 12 [G(n+1)]-(OH),
Scheme 3. i) NaOH, allyl chloride, Bu,NBr, H,0, 45°C; ii) NMO, acetone, H,0, t~-BuOH, OsO,

(ene), 11 was then subjected to catalytic dihydroxylation in the presence of
osmium tetraoxide and N-methyl morpholine oxide (NMO) to furnish the
dendritic alcohol [G(n +1)]-(OH), 12. Starting from 2,2-bis(hydroxymethyl)-1-
butanol as the core, the oligoalcohol [G3]-(OH), with 24 hydroxyl end groups
was prepared (Table 3).

Table 3. Selected data for 2,3-dihydroxy-1-propyl ether-based dendrimers?

n Yield (%) [Gn]-(OH),— [G(n + 1)]-(OH), Calcd MW of [Gn]-(OH),
1 - 356

75b 801
3 - 1690

* Core=[G0]-(OH),=EtC(CH,OH);.
b Qverall yield from [GO]-(OH).

24
Dendritic Oligoethers Based on a 2,2-Bis(hydroxymethyl)-1-ethoxy Repeating Unit

A two-step, iterative synthetic route for the preparation of dendritic analogs
of poly(ethylene glycol)s was recently disclosed by Fréchet and coworkers
(Scheme 4) [8]. First, a base promoted O-alkylation of an oligoalcohol dendron
[Gn]-OH 13 with methallyl dichloride produced the dendritic olefin [G(n +1)]-
ene 14. Subsequently, the olefin was subjected to a hydroboration-oxidation
reaction to give [G(n+ 1)]-OH 15. Applying the chemistry with two different
surface groups, two series of oligoether dendrons up to [G4] were prepared in
multigram quantities having polydispersity index (PDI) close to 1.0 (Table 4).

@

Cl

o ..
> 11
—_— _—
OH i @o iii @/0

13 [Gn]-OH 14 [G(n+1)]-ene 15 [G(n+1)]-OH
Scheme 4. i) NaH, THF, KI, 18-crown-6; ii) 9-BBN or BH;, THF; iii) H,0,, NaOH
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HO
(Bu 0%0)5@ <Ho%0>s
b

HO (6]
(Bu 0%0):@/ (Ho:>L\0)s

16 [G(n+1)]-ene 17
Scheme 5. i) H* resin, MeOH

Upon treatment with an aqueous acid, the oligoether dendrons [G(n+1)]-
ene 16 having acetal surface groups were converted into the corresponding hy-
droxy-terminated dendrons 17 in nearly quantitative yield (Scheme 5). Among
them, the [G4]-dendron possesses the desired water solubility that is useful in a
number of biological and medicinal applications.

25
Dendritic Oligoethers Based on a 2,3-Dihydroxybenzyloxy Repeating Unit

In a recent publication, Weintraub and Parquette described the preparation of
a series of oligoether dendrons based on a 2,3-dihydroxybenzyl ether as the re-
peating unit [9]. Due to the relatively congested 2,3-branching pattern, such
dendrimers may exhibit restricted flexibility and will possess a more defined
internal architecture that could be useful in molecular recognition and cataly-
sis. There are three synthetic operations in the convergent iterative cycle
(Scheme 6). First, bis-O-alkylation of the brancher 2,3-dihydroxybenzaldehyde
with [Gn]-Br 18 produces the higher generation dendron [G(n+ 1)]-CHO 19.
The focal aldehyde group is then converted to the corresponding bromide 20
[G(n+ 1)]-Br by reduction with NaBH, or BH;, followed by treatment with PBr;
or PPh,/CBr,. Starting from 4-carbomethoxybenzyl bromide, oligoether den-
drons up to [G4] were prepared (Table 5). However, this family of dendrons is
acid-labile due to the presence of electron donating alkoxy group at the 2-posi-
tion, which greatly facilitates the cleavage of the benzyl ether linkage. A com-

CHO
HO@ @\ CHO @\ Br
W Y L KN
Br i 0 iii o
18 [Gn]-Br 19 [G(n+1)]-CHO 20 [G(n+1)]-Br

Scheme 6. i) K,CO;, 18-crown-6, DME, THE, 70°C; i) NaBH,, MeOH or BH,, CH,Cl,; iii) PBrs,
CH,Cl, or PPh;, CBr,, THF
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Table 5. Selected data for 2,3-dihydroxybenzyl ether-based dendrimers®

n Yield (%) [Gn]-Br—[G(n+1)]-Br  Calcd MW of [Gn]-OH PDI of [Gn]-OH

0 70 - -

1 61 436 1.09
2 50 977 1.03
3 o8P 2058 1.04

2 [GO]-Br = 4-carbomethoxybenzyl bromide.
b Yield from [G3]-Br to [G4]-CHO.

parative SEC analysis of this series of dendrons and the analogous 3,5-
branched series (Sect. 2.6) confirmed the more compact nature of the 2,3-
branched series.

2.6
Dendritic Oligoethers Based on a 3,5-Dihydroxybenzyloxy Repeating Unit

Oligoether dendrimers based on a 3,5-dihydroxybenzyl ether repeating unit re-
ported by Hawker and Fréchet are the most widely used dendritic fragments in
the literature [2, 10]. This is due to the better reaction yields, the higher product
purities, and the higher generation of dendritic products that can be realized
from the efficient synthetic cycle. The synthesis is based on a two-step conver-
gent strategy starting from a selective bis-O-alkylation of the phenol groups of
3,5-dihydroxybenzyl alcohol 21 with an alkyl bromide 22 [Gn]-Br (Scheme 7).
The resulting dendritic oligoether fragment having a focal point hydroxyl
group 23 [G(n+1)]-OH is then activated to give the corresponding bromide 24
[G(n+ 1)]-Br. Repetition of this reaction cycle allowed the preparation of den-
dritic oligoether fragments up to [G6] (Table 6).

An accelerated convergent synthesis of the Fréchet’s dendrons was recently
developed by L’abbé and coworkers using hyperbranched AB, 25 or ABg 26 as
the monomer units [12]. Thus, treatment of benzyl alcohol 27, prepared
from methyl 3,5-dihydrobenzoate via sequential silylation and reduction, with
methyl 3,5-dihydroxybenzoate under Mitsunobu conditions afforded ester 28
(Scheme 8). The ester was then reduced to the hyperbranched AB, 25 monomer.

Hi

—_— =

Br i

ol <;
- 21 o
& O
OH
[¢]

Oy
®,

22 [Gn]-Br 23 [G(n+1)]-OH 24 [G(n+1)]-Br
Scheme 7. i) K,CO;, 18-crown-6, acetone, 56 °C; ii) PPh;, CBr,, THF
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Table 6. Selected data for 3,5-dihydroxybenzyl ether-based dendrons®

n Yield (%) [Gn]-Br Calcd MW RyP of PDI¢ of
—[G(n+1)]-Br of [Gn]-OH [Gn]-OH (&) [Gn]-OH

1 84 - - -

2 79 745 8 -

3 87 1594 10 -

4 71 3292 14 -

5 56 6689 18 1.02

6 - 13480 22 1.02

2 [GO]-Br = benzyl bromide.
b Hydrodynamic radius determined by SEC, see [11].
¢ Polydispersity index determined by SEC, see [2].

+-BuPh,SiQ

o8

HO t-BuPh,Si-Q +-BuPh,Si0 0

I Ta -com
1

HO t-BuPh,Si-O t-BuPh,SiO, o

+-BuPh,SiO
27 28
t-BuPh,SiO

t-BuPhZSiO’Q

o

+-BuPh,SiQ +-BuPh,Si0 f
Q\ ,©\,0

+-BuPh,Si0 o} t-BuPh,SiO

O,
ii O iii O
—_— —_—
OH i t-BuPh,SiO, d OH

. i o}
t-BuPh,SiO O/\O
+-BuPh,SiO
+-BuPh,SiO o
r-BuPhZSioQ)
+-BuPh,SiO
25 26

Scheme 8. i) t-BuPh,SiCl, imidazole, DMF; ii) LiAlH,, THF; iii) methyl 3,5-dihydroxybenzoate,
DEAD, PPh;, THF

Repetition of the Mitsunobu-reduction sequence on the AB, 25 monomer then
furnished the ABg 26.

The two monomers were used to prepare Fréchet’s dendrons by a one-pot re-
action (Scheme 9). Hence, treatment of the silylated AB, 25 monomer with
potassium fluoride in the presence of an oligoether dendron 22 [Gn]-Br afforded
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@0
Br

{BuPh,Si0
BuPhSI0” . Q 22 [Gn)-Br <G>ﬁo
OOH o QOH

i
{BuPh,Si0 o @_/
fBuPh,SiO @Jo

25 29 [G(n+2)]-OH

5

<.

22 [Gn]-Br

26 30 [G(n+3)]-OH

i

Scheme 9. i) KF, 18-crown-6, acetone, 56°C

[G(n+2)]-OH 29, thus increasing the generation number by two in one step.
Likewise, dendrimer growth could be increased by three generation by using the
ABg 26 monomer (Table 7).

A recent report by Dehaen suggested the use of a mesylate [Gn]-OMs 31 in-
stead of the bromide [Gn]-Br 22 in the iterative synthetic cycle (Scheme 10) [13].
By this modification, the Williamson ether products could be obtained in com-
parable yield in a shorter reaction time (Table 8). Furthermore, HBr-induced
cleavage of the oligoether dendron during the conversion of [Gn]-OH to [Gn]-
Br by PBr; could be avoided by adapting the mesylate route. Alternatively, den-
dron growth could be effected by reacting methyl 3,5-dihydroxybenzoate with a
dendritic alcohol [Gn]-OH 32 under Mitsunobu conditions to furnish the higher
generation dendron [G(n+ 1)]-CO,Me 33. Subsequent reduction of the ester
with LiAlH, then provided the oligoalcohol of the next generation [G(n+1)]-
OH 23. Although the yields of this approach were inferior to those of Fréchet’s
original procedure, the formation of C-alkylation products could be avoided un-
der the new reaction conditions.

Table 7. Accelerated synthesis of 3,5-dihydroxybenzyl ether-based dendrons®

n Yield (%) [Gn]-Br— Yield (%) [Gn]-Br—
[G(n+2)]-OH using AB, 25 [G(n+3)]-OH using AB; 26
1 92 82
90 83
3 82 -

2 [GO]-Br = benzyl bromide.
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HO,

21
D OH O

i HO . Q
OH OMs ii d OH

32 [Gn]-OH 31 [Gn]-OMs 23 [G(n+1)]-OH

(0}

1 v
{D-copme
HQ
O
CO,Me

HO
33 [G(n+1)]-CO,Me

Scheme 10. i) MsCl, NEt;, CH,Cl,, -10°C; ii) K,CO;, 18-crown-6, acetone, 56°C; iii) DEAD,
PPh.; iv) LiAlH,, THF

Table 8. Alternative syntheses of 3,5-dihydroxybenzyl ether-based dendrons?®

n Yield (%) [Gn]-OH— [G(n+1)]-OH Yield (%) [Gn]-OH—[G(n+1)]-OH
using the mesylate approach using the Mitsunobu approach

1 70 79

2 73 82

3 71 78

4 - 59

2 [GO0]-OH = benzyl alcohol.

3,5-Dihydroxybenzyl ether-based oligoether dendrons with unsymmetrical
surface character could be prepared by the convergent synthetic strategy [14].
For example, sequential mono-0O-alkylation of 3,5-dihydroxybenzaldehyde with
benzyl bromide and then with 4-cyanobenzyl bromide gave the unsymmetrical
[G1]-CHO 34 (Scheme 11). The aldehyde was then converted to the correspond-
ing bromide [G1]-Br 35 in two steps. Meanwhile, the symmetrical [G1]-Br 36
could be converted into the phenolic alcohol 37 by reacting with one equivalent
of the branching agent 21. Coupling of compound 37 with the [G1]-Br 35 then
produced a [G2]-OH 38 with one cyano group at the periphery. Repetition of the
process led to the formation of oligoether dendrons up to [G4] having one cyano
group at the periphery.

3,5-Dihydroxybenzyl oligoether dendrons containing reactive surface func-
tional groups could also be served as nanoscopic building blocks to form den-
dritic species with different surface properties. For examples, the ester-termi-
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Scheme 11. i) BnBr, K,COj;, 18-crown-6, dioxane, 100°C; ii) ArCH,Br, K,COs, 18-crown-6, dio-
xane, 100°C; iii) BuyNBH,, CH,Cl,; iv) CBr,, PPh;; v) 3,5-dihydroxybenzyl alcohol 21, K,CO;,
18-crown-6, acetone, 56 °C; vi) K,CO3, 18-crown-6, acetone, 56°C

nated oligoether dendrimer 39 could be subjected to a variety of surface modifi-
cation reactions to give the corresponding carboxylic acid 40 or amide 41 den-
drimers in good yields (Scheme 12) [15]. Oligoether dendrons 42 having aryl bro-
mide surface groups could also be functionalized into dendrons having different
surface properties by the Suzuki and Stille coupling reactions (Scheme 13) [16].

Instead of making use of the surface functional groups, the core functionality
could also be used to prepare dendritic macromolecules of high complexity on
a 3,5-dihydroxybenzyl ether-based dendritic skeleton. Hence, oligoether den-
drimers 43 with an alkyne core underwent cyclotrimerization to produce a se-
ries of benzene-cored oligoether dendrimers 44 upon treatment with Co,(CO);
(Scheme 14) [17]. As expected, the product yield decreased with increasing gen-
eration number due to increasing steric congestion of the interior core.
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(HO,C), (CO,H),
i G3
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Scheme 12. i) KOH/H,0/THF/MeOH; ii) BaNH,, 140°C

(Q)S@CHZOH 1 (Br)r@—cmoﬂ 1. (@-)s CH,0H

42 (n=1to03)
ii
4 S)—‘ s CH,0H

Scheme 13. i) PhB(OH),, Pd(PPh;),, Na,CO;3, toluene, 110°C; ii) 2-trimethylstannylthiophene,
Pd(PPh;),, Na,COs, toluene, 110°C; iii) 2-trimethylstannylpyridine, Pd(PPh;),, Na,COj3, toluene,

110°C
0 (0]
o 0 — @»o O\@
Gn
&y &>
43 (n=1to 3) 44 (n=1to3)
Scheme 14. i) Co,(CO)s, toluene, 110°C
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Fig. 4. Dendritic particles prepared from 3,5-dihydrobenzyl ether-based dendrons

Oligoether dendrons based on the 3,5-dihydroxybenzyl repeating units are
the most commonly used dendritic fragments towards the preparation of
nanoscopic materials with novel architecture. For examples, macromolecular
dipoles 45 having electron donating PhCH,0 groups and electron withdrawing
CN groups at the opposed ends of the dendrimers were synthesized (Fig. 4) [18].
The dipole moments of the dendrimers were found to increase in a non-linear
relationship with increasing molecular weight, suggesting a conformation tran-
sition from an extended to a globular shape. Novel linear-dendritic block
copolymers consisting of a linear polystyrene 46 [19] or poly(ethylene glycol)
chain 47 [20] end-capped with oligoether dendrons were also prepared. While
the former copolymer 46 exhibited a shape transition from an extended globu-
lar structure to a statistical coil as the molecular weight of polystyrene in-
creased, the latter 47 showed conformation switching in a solvent dependent
fashion.

Oligoether dendritic fragments 48-50 with a polymerizable functionality
at the focal point can be used as macromonomers to prepare linear polymers
having dendritic side chains. Hence, dendritic oligoethers 48 having a focal
point styrene functionality underwent free radical copolymerization with
styrene to afford polystyrene 51 with oligoether dendritic appendages (Sche-
me 15) [21]. Similarly, the lower generation dendritic oligoethers 49 containing
the same focal point styrene functionality could also be polymerized to pro-
duce polystyrene derivatives 52 with a highly congested environment [22].
Alternatively, an acrylate focal point functionality could also be used to pro-
duce polyacrylate derivatives 53 from oligoether macromonomeric dendrons
50 [23].

Recently Wendland and Zimmerman reported the synthesis of a novel type of
dendrimer that had a covalently linked crusty shell structure (Scheme 16) [24].
An oligoether-based dendrimer with multiple olefin surface groups 54 under-
went ring-closing metathesis reaction to give the intramolecular product 55. The
triester-based core was subsequently removed to produce a conceptually hollow
dendritic architecture 56 with the carboxylic acid or alcohol functional groups
left inside the interior. This novel synthetic strategy may be used to prepare
endo-receptors with a higher degree of selectivity.
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Scheme 15. i) styrene, AIBN, toluene, 70°C; ii) t-butyl perbenzoate or dibenzoyl peroxide, 70°C;
iii) dibenzoyl peroxide, toluene, 60°C

The introduction of chirality into dendritic structures represents another topic
of interest with the aim to prepare dendrimers with potential applications in chi-
ral recognition and asymmetric catalysis [25]. Kremers and Meijer reported the
synthesis and characterization of a chiral dendrimer 57 having four different oli-
goether dendrons attached to a pentaerythritol core [26] (Fig. 5). Unfortunately,
compound 57 could not be resolved which hampered any detailed chiroptical
study. Subsequently another chiral dendrimer 58 based on a glycerol core was pre-
pared in optically pure form [27]. However, the compound did not show any de-
tectable optical activity in both CD and optical polarimetry measurements, possi-
bly due to a lack of conformational rigidity in a dendrimer made up solely of lower
generation dendrons. To force the dendrimer into a sterically more congested en-
vironment, chiral dendrimer 59 with a 2,6-branching pattern was synthesized.
This compound did indeed possess a small, yet measurable specific rotation [28].

Chiral dendrimers 60-62 possessing Fréchet’s achiral oligoether dendrons
emanating from a chiral core were also prepared by Seebach and coworkers [29].
An optical dilution effect, i.e., a gradual decrease of specific rotation, was noted
on going from [GO]- to [G2]-dendrimers, although their molar rotations re-
mained constant. However, recent reports by Parquette on the chiroptical study
of structurally related chiral dendrimers revealed alternative findings. Three
generations of oligoether dendrimers having a (1R,2S)-2-amino-1-phenyl-1,3-
propanediol chiral core 63 [30] or 2,5-anhydro-p-mannitol core 64 [31] were
prepared. In both cases, a gradual decrease of absolute magnitude of the molar
rotation was observed with increasing generation. Hence it appeared that the
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55 56
Scheme 16. i) Ru(PCys;),Cl,(= CHPh), benzene; ii) KOH, EtOH, THE, H,0

higher generation dendrimers were less chiral than the lower generation ones.
Such findings were rationalized by a twisting of the conformation of the chiral
core unit induced by the increasing steric crowding with increasing dendrimer
generation. The dependence of molar rotation on the conformation of the chiral
core had also been observed by Meijer in his study of oligoether-based den-
drimers 65 containing an axially chiral binaphthol core [32].

Oligoether dendrons had also been attached to fullerenes such as Cg, to pro-
duce soluble Cg, derivatives 66, 67 with better processibility [33] (Fig. 6). Fur-
thermore, the reduction potentials of the Cg, unit in compound 67 were shifted
to lower values, reflecting the insulating influence of the dendritic envelope
[33b]. Alternatively, by using nucleophilic cyclopropanation, up to six Fréchet’s
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Fig. 5. Chiral dendrimers derived from 3,5-dihydroxybenzyl ether-based dendrons

dendrons could be added to a Cg, core to form achiral and chiral fullerene den-
drimers with different substitution patterns and functionalities [34].

Fréchet’s dendrons had been employed as stoppers for the preparation of
[n]rotaxanes. For example, reaction of bipyridine with Fréchet’s [G3]-Br wedge
in the presence of bis-p-phenylene-34-crown-10 under high pressure afforded a
dendritic [2]rotaxane 68 (Fig.7) [35].[3]- and [4]-Rotaxanes 69 and 70 were also
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Fig. 7. Dendritic rotaxanes and pseudorotaxanes bearing 3,5-dihydroxybenzyl ether-based
dendrons
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Scheme 17. i) K,CO;, 18-crown-6, acetone, 25°C

produced from bipyridine derivatives containing internal bipyridinium moi-
eties. Interestingly, the presence of the dendritic stoppers resulted in a change of
the reduction potential of the bipyridinium unit. Similarly, reaction of modified
Fréchet’s dendrons 71 containing a focal point phenol functionality with den-
dritic bromides 72 in the presence of a macrocyclic isophthalamide 73 produced
[2]-rotaxanes 74 having dendritic stoppers of different sizes (Scheme 17) [36].
The spatial sizes of the various dendritic fragments were also determined by
means of a deslipping experiment. Pseudorotaxanes 75 formed between den-
dritic dibenzo-24-crown-8 derivatives and a triply charged ammonium host was
also reported [37].

Due to the flexibility and therefore poor crystallinity of Fréchet’s dendritic
fragments, they can be used to modify the solubility properties of structurally
rigid polymers. The oligoether dendrons may be anchored as side chains along
the polymer backbone [38], or as chain end stoppers to create dumbbell-shaped
molecules.

Schliiter and coworkers reported the preparation of poly(p-phenylene) 76
having Fréchet’s [G1]-oligoether dendrons as side chains [39]. It was envisaged
that the dendritic fragments would wrap around the conjugated backbone to
form a cylindrical structure. The polymer was prepared from a dendritic diaryl
dibromide 77 and a diboronic acid 78 under the Suzuki coupling conditions
(Scheme 18). Poly(p-phenylene)s having larger oligoether side chains but with a

% <

Q

CeH 3 Cet3
B S )Br + (HO)ZB—O—B(OH)z e O e
4 CeHy3 o CeHiz

77 78 76
Scheme 18. i) Pd(PPh;),, Na,CO;, H,0, toluene, 80°C
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slightly different backbone structure were also synthesized [40]. Scanning force
microscopy study on a [G3]-dendronized poly(p-phenylene) 79 adsorbed on
graphite indicated the formation of multilayer films made up of cylindrical rods
packed parallel to each other [40b]. Such dendronized poly(p-phenylene) poly-
mers 79 were prepared from a direct alkylation reaction between a poly(p-
phenylene) backbone 80 having alkyl iodide side chains with Fréchet’s dendritic
alcohols [40a] (Scheme 19). Poly(p-phenyleneethynylene)s 81 [41], polyure-
thanes 82 [42], and oligo(triacetylene)s 83 [43] with oligoether dendritic side
chains had also been reported (Fig. 8). The conjugated polymers 81 possessing
Fréchet’s dendrons are blue-luminescent compounds with a quantum yield de-
pending on the generation of the dendritic side chains. Upon excitation of the
oligoether dendritic wedges, the fluorescence produced by the polymer 81 with
[G4]-dendrons has a quantum yield of 100%, but the value drops significantly
for those with the lower generation dendrons. Hence the larger [G4]-dendrimer
framework functions as a light-harvesting envelope that encapsulates the con-
jugated backbone and also prevents the photoexcited state from collisional
quenching.

Highly insoluble conjugated oligomers could be made soluble in common or-
ganic solvents by attaching dendritic fragments onto the chain ends. For exam-
ple, the dumbell-shaped oligothiophene undecamer 84 having two oligoether
[G3]-dendrons was highly soluble in CH,Cl, and THF [44]. Soluble oligoth-
ienylenevinylenes 85 [45] and oligoimides 86 [46] end-capped with oligoether
dendrons of different generation both exhibited generation independent redox
processes having high reversibilities.

Amphiphilic dendrimer represents another new class of nanoscopic particle
possessing novel conformational and physical properties. Amphiphilic den-
drimer 87 containing a hydrophobic oligoether northern hemisphere and a
hydrophilic polycarboxylate southern hemisphere can be used to stabilize a
dichloromethane/water interface (Fig. 9) [47]. Linear-dendritic AB block co-
polymers 88 consisting of a hydrophobic oligoether dendritic wedge linked to a
long hydrophilic poly(ethylene oxide) (PEO) chain form unimolecular micelles
having the dendritic core tightly surrounded by the PEO chain in aqueous
methanol solutions [48]. Multimolecular micelles, on the other hand, are formed
at high concentration. Similar behavior is also noted for the linear-dendritic
ABA block copolymers 89 having a hydrophilic poly(ethylene glycol) chain
(PEG) end-capped with two hydrophobic oligoether dendritic fragments. More
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interestingly, amphiphilic star copolymers 90 having four hydrophobic oli-
goether dendritic groups at the periphery and four internal hydrophilic PEG
chains show conformational switching from one solvent system to another [49].
Surfactant-like amphiphilic oligoether-based dendrimers 91 bearing long alkyl
chains on the surface and a polar focal point functional group can form stable
monolayer at water surface [50]. The structurally “inverted” dendrimers 92, hav-
ing multi-hydrophilic head groups on the surface and a non-polar focal point
functional group, also behave in a similar manner [51].

It is also possible to prepare polymers whose repeating unit is equipped with
both hydrophobic and hydrophilic regions. In this context, Schliiter and cowork-
ers reported the preparation of amphiphilic cylinders 93,94 decorated with oli-
goethyleneoxy-terminated Fréchet’s dendrons and hydrophobic side chains
along the polymer main chain [52]. As expected, these dendrimers form a stable
monolayer in water, having the water soluble oligoethyleneoxy moieties segre-
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Fig. 9. Amphiphilic dendrimers based on 3,5-dihydrobenzyl-ether dendrons

gated from the hydrophobic functionalities to form nanoscopic cylindrical poly-
mers with two distinct functional domains.

Dendrimers can also be used as macromolecular host systems to mimic the
binding property of proteins and enzymes. Aida reported the synthesis of a se-
ries of dendritic porphyrins 95, 96 wherein the porphyrin nucleus was cova-
lently encapsulated into a Fréchet’s oligoether-based dendritic cage (Fig. 10).
The Zn-containing porphyrin hosts 95 showed different binding affinity that
was determined by the dendron generation and the size of the guest molecule
[53]. Hence, the sterically less demanding [G1]-Zn-porphyrin can interact with
both large and small guest molecules, whereas the sterically congested [G4]-Zn-
porphyrin can only interact with smaller guest molecules. In the presence of
excess 1-methylimidazole and O,, the [G1]-Fe-porphyrin 96 is immediately and
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Fig. 10. Dendritic hosts constructed from 3,5-dihydroxybenzyl ether-based dendrons

irreversibly oxidized. On the other hand, the corresponding [G3]- to [G5]-Fe-
porphyrins do not show any sign of p-oxo dimer formation, and exhibit re-
versible O, binding profile [54]. The effect of dendrimerization on the reactivity
of a series of dendritic Cu(I)-1,4,7-triazacyclononanes 97 towards the formation
of unstable bis(pu-oxo)dicopper species 98 in the presence of O, had also been
demonstrated (Scheme 20) [55]. The higher generation dendrons were shown to
impede the formation of the bis(p-oxo)dicopper species. At the same time, they
also prolonged the lifetime of the unstable bis(p-oxo)dicopper species against
oxidative self-decomposition.

In addition to the examples described above, oligoether-based dendritic
hosts with an anthyridine 99 [56] or naphthyridine 100 group [57] capable of
binding to benzamidinium ions were reported. Oligoether-based dendrimers
101, 102 acting as hosts for Cy, had also been described [58]. A number of cal-
ixarene-based 103 [59] or crown-ether-based [60] dendrimers 104 containing
Fréchet’s dendrons with potentially interesting binding affinity towards metal
ions was also disclosed.

The use of dendritic fragments as basic building blocks towards the con-
struction of well defined supramolecular architectures by self-assembly also at-
tracts a lot of attention [61]. Zimmerman and coworkers reported the prepara-
tion and self-assembling properties of a series of bis(isophthalic acid)-based
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dendrimers 105 substituted with Fréchet’s dendrons. In weakly donating sol-
vents such as chloroform, the sterically less hindered [G1]-dendrimer exists as
an equilibrium mixture of a cyclic hexamer 106 and linear aggregates 107
(Scheme 21) [62]. On the other hand, only the cyclic hexamer 106 is formed from
the [G2]- to [G4]-dendrimers, due to unfavorable steric repulsion of the larger
oligoether dendrons in the linear aggregates.

Dendrimers can also form non-specific, heterogeneous aggregates or liquid
crystalline (LC) materials via hydrophobic or m,m-stacking interactions.
Phthalocyanines (PC) 108 substituted with one Fréchet’s dendritic wedge self-
organized into a hexagonal columnar mesophase (Fig. 11) [63]. It is interesting
to note that the presence of the sterically bulky G3-dendron does not prohibit
columnar mesophase formation. However, only the lowest generation PC 109
(n = 1) substituted with four [G1]-Fréchet’s wedges displays similar optical
textures. Polyether dendritic fragments 110 containing 3,4-bis-(n-dodecany-
loxy)benzyloxy surface groups self-assemble into different supramolecular
structures depending on the dendrimer generation [64]. The [G1]- and [G2]-ta-
pered and the [G3]-disc-liked dendrons form supramolecular cylinders that in
turn self-organize into a hexagonal columnar LC lattice. On the other hand, the
much larger conical shaped [G4]-dendron self-organizes into a supramolecular
spherical dendrimer and subsequently forms a cubic LC lattice.

Oligoether dendrimers 111 containing a dipeptide core undergo gelation in
non-polar aprotic solvents [65]. Under scanning electron microscopy, the self-
organized gelled sample was showed to have a fibrous structure with a diameter
of 1-2 um and each fiber consisted of a bundle of much thinner fibrils with a di-
ameter of about 20 nm.

The conical shaped amphiphilic dendrons 112 containing a disaccharide core
also self-assemble into large particles [66]. Interestingly, the average particle size
decreases and the size distribution becomes narrower with increasing den-
drimer generation. Such soft, fluid-liked particles could be immobilized into a
rigid dendrimer by cross-linking of the sugar units with 1,3-phenylene diiso-
cyanate [67].
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The preparation of catalytically active dendrimers with superior catalytic re-
activity and better selectivity is one of the important contributions of den-
drimer chemistry. Fréchet’s [G4]-dendron 113 having an alkoxide focal point
group has been used as macromolecular initiators for the anionic ring opening
polymerization of e-caprolactone (Fig. 12) [68]. The resulting hybrid copolymer
has a narrow dispersity and a high degree of polymerization. In contrast, the
corresponding [G1]-alkoxide species is a less effective initiator. The aluminum
alkoxide derivatives 114 generated from the same series of polyether dendrons
have also been used in the ring opening polymerization of lactones and lactides
[69]. Dendritic polyether-based macro-initiators containing a tetramethyl-
piperidinyl-1-oxy subunit such as 115 and 116 have also been employed in living
radical polymerization of vinyl monomers [70].

Dendrimeric ligands 117 having multiple chiral tetraaryl-1,3-dioxolane-4,5-
dimethanol (TADDOL) units on the surface of a Fréchet’s dendrimer were pre-
pared [71]. Upon activation with the metal ions, the resulting dendritic catalysts
can be used in the nucleophilic additions to carbonyl compounds and cycload-
dition reactions, with enantioselectivities comparable to those promoted by
non-dendritic analogs. The oligoether-based dendrimeric catalysts 118 having
multiple phenylseleno surface groups can catalyze the oxidation of bromine by
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Fig. 11. 3,5-Dihydroxybenzyl ether-based dendrons or dendrimers capable of forming self-as-
sembled aggregates

hydrogen peroxide [72]. Most interestingly, positive cooperativity of the cat-
alytic centers was noted for the higher generation dendritic catalysts.

Catalytically active dendrimers having the catalytic site(s) located at the fo-
cal point or near the internal core of Fréchet’s dendrons were also known. For
example, the previously mentioned TADDOL unit had been incorporated into
the central core of oligoether dendrimers to produce ligands 119 of various gen-
eration [73]. Their corresponding dendritic titanium complexes were used to
catalyze the addition of Et,Zn to benzaldehyde. While there was little difference
in terms of reactivity and enantioselectivity for the [GO]- to [G3]-dendrimers, a
significant drop of reactivity was noted for the [G4]-species. When the surface
groups of the these ligands were replaced by polymerizable styrene groups, the
resulting dendritic TADDOL 120 ligands could be further polymerized into
polymer beads which upon activation with titanium tetrapropoxide could again
catalyze the enantioselective addition of Et,Zn to aldehydes [74]. Such insoluble,
dendrimer bound catalysts possess higher durability and also higher catalytic
activities than those of conventional polymer bound catalysts. Similarly,
Fréchet’s dendrons 121 with a chiral pyridinol focal functionality can also be
used to promote the enantioselective addition of Et,Zn to benzaldehyde [75].
Other dendritic ligands having the catalytic groups located at the focal point or
near the central core included chiral binaphthol derived oligoether dendrons
122 [76] and tertiary amine-based oligoether dendrimers 123 [77], which were
employed to effect the enantioselective addition of allyl stanane to benzalde-
hyde in the presence of titanium tetrapropoxide and the nitroaldol reaction, re-
spectively.
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Fig. 12. Catalytically active dendrimers based on 3,5-dihydroxybenzyl ether-based dendrons

Redox active dendrimers can be prepared by attaching organometallic or
electrochemically active units onto Fréchet’s dendritic fragments. Ru(II)-con-
taining dendrimers 124 were synthesized by Moss in which the dendrimer sur-
face was covered with CpRu(CO), residues (Fig. 13) [78]. Metallodendrimers
containing an electroactive core or focal point unit surrounded by oligoether
dendrons such as compounds 125 [79] and 126 [80] have also been reported. In
general, the redox potentials of the redox active units were not perturbed by the
oligoether dendrons; however the observed processes were not fully reversible
in the presence of higher generation dendritic fragments. Similar observation
was also noted for the Zn-porphyrin dendrimers 127 [81].

The photophysical properties of dendrimers can also be moderated by the
presence of oligoether dendrons. In general, the dendrons can exert both steric
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Fig. 13. Electrochemically active dendrimers constructed from 3,5-dihydroxybenzyl ether-
based dendrons

and electronic influences that may affect the lifetime of the photochemically ex-
cited state of the dendritic molecule. Hence, the lifetime of the luminescent ex-
cited state of Ru(II)-tris(bipyridine) dendrimers 128 increased gradually from
the lower to the higher generation, due to a better protection of the core by the
larger dendritic branches from O, quenching (Fig. 14) [80]. A photophysical
study on the Zn-porphyrin dendrimers 129 having negatively charged carboxy-
late surface groups also showed that fluorescence quenching of the excited state
by methyl viologen (MV?**) was better protected by the [G4]-dendron and, in
contrast to the lower generation dendrimers, followed a saturated profile [82].
The results suggested that the positively charged MV?* molecules assembled via
electrostatic force on the negatively charged dendrimer surface and the fluores-
cence quenching was a long-range photoinduced electron transfer process
through the dendrimer framework. Surprisingly, quenching of the fluorescence
of the analogous electrically neutral Zn-porphyrins 127 by benzyl viologen was
slightly more effective in the presence of the larger size [G4]-dendron [81].

The layered dendritic framework also allows the controlled placement of the
appropriate chromophores and quenchers inside a dendrimer and to establish a
gradient for sequential photoinduced electron transfers that is essential for mol-
ecular light harvesting systems. The light harvesting antennas 130 bearing
pyrene electron acceptors at the periphery and an electron donating 3-(di-
methylamino)phenoxy focal point group constructed on a polyether dendritic
network were reported [83]. It was found that the fluorescence of the pyrene sur-
face groups was effectively quenched by the aminophenoxy group via an in-
tramolecular mechanism, although quenching was less efficient for the [G2]-
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Fig. 14. Photoresponsive dendrimers constructed from 3,5-dihydroxybenzyl ether-based den-
drons

wedge than for the [G1]-homologue. Quenching studies on dendritic por-
phyrins 131-135 having different number of oligoether dendrons showed a
morphological dependence of the energy transduction process [84]. Upon exci-
tation of the dendron subunits, all dendritic porphyrins showed an intramolec-
ular energy transfer from the dendron subunits to the porphyrin core. Notably,
the partially substituted porphyrins 131-134 had a low energy transfer quan-
tum yield, whereas the fully substituted porphyrin 135 with a spherical archi-
tecture had a much higher value. The higher efficiency of the energy transduc-
tion process in compound 135 was attributed to the rigid shell structure that en-



Dendritic Oligoethers 31

abled the excitation energy to migrate over the dendritic network to the energy
trap. In contrast, part of the excitation energy was lost by radiation due to inter-
dendron collision of the relatively loose framework in the partially substituted
porphyrins. Similarly, the Fréchet’s [G5]-dendron was found to be the most ef-
fective infrared energy harvesting dendron to promote the cis-trans isomeriza-
tion of azobenzene-cored dendrimers 136 [85]. Azobenzenes having lower gen-
eration dendritic sectors, however, are less effective in channeling the energy.

Junge and McGrath also reported the preparation of oligoether-based den-
drimers 137 having an azobenzene central core and photoresponsive den-
drimers 138 containing multiple azobenzene moieties [86]. The azobenzene
units in such systems undergo facile UV-induced cis-trans isomerization inde-
pendent of the steric size of the oligoether dendrons. Photolabile dendrimers
139 having three Fréchet’s dendrons connected to a central core via o-nitroben-
zyl ether linkages were also reported [87]. Upon irradiation of the sample by UV
light, the oligoether dendrons were detached from the central core due to cleav-
age of the o-nitrobenzyl ether linkages (Scheme 22).

OZN
02N
No2 OMe *@*
o
OM OMe
02N
139 (n=1to 3)
Scheme 22. i) UV (350 nm) light

2.7
Dendritic Oligoethers Based on a 3-(3,5-Dihydroxybenzyloxy)-1-propoxy
Repeating Unit

This family of oligoether dendrons may be considered as an ‘elongated’ Fréchet’s
series with an additional propoxy spacer. The convergent, iterative synthetic
cycle consists of four steps (Scheme 23) [88]. Functional group conversion of a
dendritic alcohol [Gn]-OH 140 produces the corresponding bromide [Gn]-Br
which can then react with Fréchet’s brancher - 3,5-dihydroxybenzyl alcohol
21 - to afford the dendritic alcohol of the next generation [G’(n+ 1)]-OH 141.
Base-promoted allylation of the resulting alcohol then gives the [G(n +1)]-allyl
ether 142. Finally, hydroboration of the olefin with 9-BBN followed by oxidative
workup furnishes the ‘elongated” alcohol [G(n + 1)]-OH 143. Only the [G1]- and
[G2]-series of compounds were synthesized (Table 9). Using this family of
oligoether dendrons, multi-functional dendritic C4, derivatives could be pre-
pared in better yields due to a relief of steric hindrance around the fullerene
core [88].
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Table 9. Selected data for 3-(3,5-dihydroxybenzyloxy)-1-propyl ether-based dendrons®

n Yield (%) [Gn]-OH— [G(n +1)]-OH Calcd MW of [Gn]-OH
1 77 378
- 919
Bn
* [G1]-OH = b\/o\/\,OH :
BnO
2.8

Dendritic Oligoethers Based on a 3,5-Bis-(4-hydroxyphenoxy)-benzyloxy
Repeating Unit

This series of oligoether dendrons can also be considered as an extension of
Fréchet’s 3,5-dihydroxybenzyl ether series with the phenol functionalities re-
placed by an elongated 4-hydroxyphenoxy branch [89]. The iterative synthetic
cycle is similar to that reported by Fréchet’s except the branching agent is now
3,5-bis-(4-hydroxyphenoxy)-benzyl alcohol 144 (Scheme 24). Only the [G1]-se-
ries of dendrons was prepared.
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29
Dendritic Oligoethers Based on a 3,5-Bis(hydroxymethyl)-phenoxy Repeating Unit

Two different routes had been developed for the preparation of this ‘reversed’
Fréchet series of dendrons. The first method, reported by Hoger, involved the use
of a protected 3,5-bis(hydroxymethyl)phenol brancher 145 that was prepared
from dimethyl 3-hydroxy-isophthalate [90]. The convergent, iterative cycle for
the growth of dendrons is relatively straightforward (Scheme 25). The first step is
the Mitsunobu coupling of a phenol [Gn]-OH 146 with the brancher 145 to pro-
duce the silyl ether [G(n + 1)]-OSiR; 147. In the second step, the silyl group is dis-
mantled by treatment with tetrabutylammonium fluoride to generate the phenol
[G(n +1)]-OH 148 of the next generation. Using dimethyl 3-hydroxyisophthalate
as the surface group, dendrons up to [G2] were synthesized (Table 10).

The second synthetic method was reported by Fréchet and coworkers [91],
and employed a protected 3,5-di(bromomethyl)phenol 149 as the brancher that
was prepared from dimethyl 3-hydroxyisophthalate (Scheme 26). The growth of
the dendrons involves two synthetic steps. The first reaction is the base pro-
moted alkylation of a phenol [Gn]-OH 150 with the brancher to afford the sul-
fonate [G(n+1)]-OSO,R 151. The second step is the cleavage of the sulfonate
protecting group under alkaline conditions to give the phenol of the next gen-
eration 152. To facilitate the synthesis of higher generation dendrons, a hyper-
branched monomer AB, 153 was also prepared which allowed the growth of two
generation in one cycle. Using coumarin 2 as a non-ether-based surface group,

dendrons up to [G4] were prepared (Table 11).
bOSﬁBuMeZ C é
Lo o
:%D'OH
Sl
Gn

145
146 [Gn]-OH 147 [G(n+1)]-OSiR; 148 [G(n+1)]-OH

Scheme 25. i) PPh;, DEAD, THF; ii) TBAF, THF
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Table 10. Selected data for 3,5-bis(hydroxymethyl)phenyl ether-based dendrons synthesized
by Hoger’s method?

n Yield (%) [Gn]-OH— [G(n+1)]-OH Calcd MW of [Gn]-OH
0 68 -
1 42 539
2 - 1195
MeO,C
a [G0]-OH= OH.
MeO,C

Gn
~0
_0
Gn

Br
b’OSOZCwHaa GnJ_
(0]
Br 149 ii
OH - 0S0,Cytz; ——
i
_O
Gn

150 [Gn]-OH 151 [G(n+1)]-OSO,R 152 [G(n+1)]-OH
Br Br.

/CEL o\gob\

Br Br
0S0,C 6H33

OH 153 ! [G(n+2)]-OH
1
150 [Gn]-OH

Scheme 26. i) K,COj;, 18-crown-6, acetone, 56°C; ii) NaOH, EtOH, 78°C

Table 11. Selected data for 3,5-bis(hydroxymethyl)phenyl ether-based dendrons synthesized
by Fréchet’s methods?

n Yield (%) [Gn]-OH— Yield (%) [Gn]-OH— Calcd MW
[G(n+1)]-OH using AB, 149 [G(n+2)]-OH using AB, 153 of [Gn]-OH

0 84° 69¢ -

1 78 61 553

2 - 23 1224

3 - - 2565

4 - - 5248

* [GO]-NHR= m :
(OdNe) NHEt

b From [GO]-NHR to [G1]-OH.
¢ From [GO]-NHR to [G2]-OH.
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Fig. 15. Functional dendrimers constructed from 3,5-bis(hydroxymethyl)phenyl ether-based
dendrons

Water soluble Zn-phthalocyanine (PC) derivatives 154 containing anionic
surface groups built on such ‘reversed’ Fréchet dendrons were reported (Fig. 15)
[92]. Due to larger steric inhibition, Zn-PC dendrimer decorated with [G2]-den-
drons exists mainly as monomeric species in aqueous solutions. This com-
pound, due to a lack of intermolecular aggregation and hence an absence of an
efficient nonradiative energy relaxation pathway, is potentially useful for photo-
dynamic therapy. The aggregation behavior of such species was also shown to be
dependent on the presence of charged surfactant molecules [92b]. Light har-
vesting dendrimers 155 containing coumarin 2 surface groups and a focal point
coumarin 343 functionality constructed on a ‘reversed’ Fréchet skeleton were
also reported [93]. Energy transfer is extremely efficient (close to 100 %) for the
[G1]- to [G3]-dendrimers.

2.10
Dendritic Oligoethers Based on a 3,5-Dihydroxy-4-carbo-methoxybenzyloxy
Repeating Unit

The synthetic route for this family of oligoether dendrons is essentially the same
as that for the 3,5-dihydroxybenzyl ether-based dendrons reported by Fréchet
and coworkers, except that a new brancher 156 having an extra ester group is
used (Scheme 27) [94]. However, the experimental yields were not disclosed in

HO
Meozc@—\
othp 1
HO

MeOZC — MeOzC

Br i : OTHP @)

Scheme 27. i) K,CO;, 18-crown-6, acetone, 56 °C; ii) PPh;, CBr,, THF
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Fig. 16. Catalytically active dendrimers based on 3,5-dihydroxy-4-carbomethoxybenzyl ether-
based dendrons

the original paper. The oligoether dendrons were used to produce two different
series of oligoether dendrimers 157 and 158 having a polar internal environ-
ment encapsulated within a hydrophobic dendritic envelope (Fig. 16) [94]. Both
dendrimers were used to catalyze the El elimination of tertiary iodides in
the presence of sodium bicarbonate with catalytic turnover numbers approach-
ing 10%

2.11
Dendritic Oligoethers Based on a 3,4,5-Trihydroxybenzyloxy Repeating Unit

This series of oligoether dendrons was reported by Percec and coworkers [95].
There are three synthetic steps in the convergent synthetic cycle (Scheme 28). An
oligoether-based ester [Gn]-CO,Me 159 is first reduced to the corresponding
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Scheme 28. i) LiAlH,, Et,0; ii) SOCl,, 2,6-di-t-butylpyridine, DMF, CH,Cl,; iii) K,05,NMP, 80 °C

benzyl alcohol [Gn]-OH 160 by LiAlH,. The alcohol is then converted into the
benzyl chloride [Gn]-Cl 161 in the presence of SOCIL,. The chloride is further re-
acted with methyl gallate 162 to provide the methyl ester [G(n + 1)]-CO,Me 163
under Williamson synthesis conditions. Using this iterative procedure, oli-
goether dendrons up to [G4] were prepared (Table 12).

Using a long dodecyl hydrocarbon chain as the surface group, Percec’s den-
drons 164 can form supramolecular assemblies whose structures are dependent
on the dendrimer generation (Fig. 17) [95, 96]. Hence, the lower generation den-
drons having a flat tapered architecture self-assemble into a cylindrical struc-
ture that subsequently form a columnar hexagonal liquid crystalline assembly.
On the other hand, the higher generation conical shaped dendrons self organize
into spherical structures, which finally form a cubic liquid crystalline supramo-
lecular assembly. More recently, it was shown that the sterically more congested,
spherical oligoether [G4]-dendron 165 also self organized into a cubic lattice
[97]. Similarly, polystyrenes 166 and polymethacrylate derivatives 167 having
Percec’s dendrons as side chains also self-assemble into different supramolecu-
lar architectures depending on the degree of polymerization [98]. PPV polymers
168 containing oligoether dendritic side chains were found to exhibit ther-
motropic nematic liquid crystalline behavior [99]. Finally, a dendrimer with an
octahedral cluster [ResSeg]** core surrounded by six Percec’s oligoether den-
drons was also reported [100].

Table 12. Selected data for 3,4,5-trihydroxybenzyl ether-based dendrons?®

n Yield (%) [Gn]-CO,Me — [G(n+1)]- CO,Me Calcd MW
of [Gn]-CO,Me
1 74 689
2 63 2113
3 39 6386
4 - 19205

2 [G1]-CO,Me = methyl 3,4,5-tris(n-dodecyloxy)benzoate.
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Fig. 17. Functional dendrimers derived from 3,4,5-trihydroxybenzyl ether-based dendrons

2.12
Dendritic Oligoethers Based on a 3-(3,5-Dihydroxyphenoxy)-1-propoxy
Repeating Unit

The oligoether dendritic fragments based on a 3-(3,5-dihydroxyphenoxy)propyl
ether repeating unit were reported by Chow and coworkers [101]. The synthesis
was based on a two-step iterative cycle involving first a functional group con-
version of a dendritic alcohol [Gn]-OH 169 to the corresponding bromide 170.
In the next step, the bromide was treated with a branching juncture 3-(3,5-dihy-
droxyphenoxy)-propan-1-ol 171 to give the dendritic alcohol of the next gener-
ation [G(n+1)]-OH 172 (Scheme 29). Using 4-t-butylphenol or 3,5-dimethyl-
phenol as the surface groups, oligoether dendrons up to [G5] were prepared
(Table 13).

This family of oligoether dendrons had been used to construct metalloden-
drimers 173 having an Fe(II)-bis(terpy) unit encapsulated inside the dendritic

HO
O(CH,);0H o
HO _\_\o
i 171
O0™"0H —/> o™~"Br ——m———— 0"™"0H
11
0
ad
169 [Gn]-OH 170 [Gn]-Br 172 [G(n+1)]-OH

Scheme 29. i) PPh;, CBr,, THF; ii) K,CO;, 18-crown-6, THF, 66°C
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Table 13. Selected data for 3-(3,5-dihydroxyphenoxy)-1-propyl ether-based dendrons®

n Yield (%) [Gn]-OH— [G(n+1)]-OH Calcd MW of [Gn]-OH
Series a Series b Series a Series b

0 91° 70° - -

1 83 48 565 509

2 88 43 1278 1166

3 65 - 2704 2479

4 58 - 5555 -

5 _ - 11259 -

2 Series a: [GO]-OH = 4-¢-butylphenol; series b: [G0]-OH = 3,5-dimethylphenol.
b From [GO]-Br to [G1]-OH.

173 (M =Fe,m=n=0to 3)
174 M =Ru,m=0to2,n=0t02)

) v B
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Fig. 18. Functional dendrimers constructed from 3-(3,5-dihydrophenoxy)-1-propylether-
based dendrons

envelope (Fig. 18) [102]. The redox processes of this redox active unit became in-
creasingly irreversible with increasing dendrimer generation, indicating that
the oligoether dendrons retarded the electron transfer processes between the re-
dox center and the electrode. Similar electrochemical behavior was also noted
for the heteroleptic Ru(II)-bis(terpy) dendrimers 174 [103]. Chiral oligoether-
based dendrimers 175 having multiple tartrate-derived chiral surface groups
were also reported [104]. The chiroptical property of these sterically non-con-
gested dendrons was shown to have a direct relationship with the number of chi-
ral tartrate units. Catalytically active dendrimers 176 with a focal point Cu(II)-
bis(oxazoline) active site were also prepared [105]. Slightly better substrate se-
lectivity was noted for the [G3]-dendritic species.
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2.13
Dendritic Oligoethers Based on a 4,4-Bis-(4-hydroxyphenyl)-4-methyl-1-butoxy
Repeating Unit

This series of oligoether dendrons was originally reported by Fréchet and
coworkers [106]. There are two steps in the iterative synthetic cycle. First, the
dendritic alcohol [Gn]-OH 177 is converted into the corresponding bromide
[Gn]-Br 178 by treatment with CBr, and PPh; (Scheme 30). The bromide is then
reacted with a branching agent 179 to provide the higher generation dendritic
alcohol [G(n+1)]-OH 180. Using benzyl as the surface groups, dendrons up to
[G3] were prepared (Table 14). Chen and Gorman later reported a modified pro-
cedure in which a dendritic mesylate [Gn]-OMs 181 was used in place of the bro-
mide 178 [107]. After such a modification, the reactions can be conducted on a
larger scale (10 g scale) and the products can be isolated in better yields.

This family of dendrons could be converted into another series of oligoether
dendrons 182 containing a focal point organothiol functionality [107], which in
turn was used to construct electrochemically active dendrimers 183 having an
iron sulfur [Fe,S,]** cluster core encapsulated within the dendritic envelope
(Fig. 19) [108]. Hybrid organic-inorganic dendrimers containing a Mo¢Clg core
surrounded by oligoether dendrons were also reported [109].

OH
1 Br _ Q (0]
HO
O Mo
OH 178 [Gn]-Br 179 OH 3
i 0
177 [Gn]-0oH 2 OMs | 180 [G(n+1)]-OH

181 [Gn]-OMs
Scheme 30. i) PPh;, CBr,, THF;ii) K,CO3, 18-crown-6, THE, 66 °C; iii) MsCl, DMAP, NEt;, CH,Cl,

Table 14. Selected data for 4,4-Bis-(4-hydroxyphenyl)-4-methyl-1-butyl ether-based dendrons®

n Yield (%) [Gn]-OH— Yield (%) [Gn]-OH— Calcd MW of [Gn]-OH
[G(n+1)]-OH via [Gn]-Br [G(n+1)]-OH via [Gn]-OMs

0 95° - -

1 82 86 453

2 79 85 1142

3 - 89 2519

4 - - 5275

2 [GO]-OH = benzyl alcohol.
b From [GO]-Br to [G1]-OH.
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182 (n=1to4) 183 (n=1to4)

Fig. 19. Functional dendrimers constructed from 4,4-bis-(4-hydroxyphenyl)-4-methyl-1-butyl
ether-based dendrons

2.14
Dendritic Oligoethers Based on a 4-[1,1,1-Tris-(3-hydroxy-propyl)methyl]phenoxy
Repeating Unit

Recently Astruc reported the synthesis of oligoether dendrons having a branch-
ing multiplicity of four using either the divergent or convergent strategy
(Scheme 31) [110]. The divergent route began with a functional group conver-
sion of a polyene 184 [Gn]-(ene), to the corresponding polymesylate 185 [Gn]-
(OMs), via sequential hydroboration-oxidation-mesylation reactions, followed
by excessive O-alkylation with a branching phenol 186 to give a polyene 187
[G(n+1)]-(ene), of the next generation. Repetition of this method afforded

/
HO 7
i, i 186 /
— OMs)y, ———2  » NS s
@('\=)s i @(\—/ Y iv @ -~ O_é\/
184 [Gn]-(ene); 185 [Gn]-(OMs), 187 [G(n+1)]-(ene);

188 [Gn]-OH 190 [G(n+1)]-OH

Scheme 31. i) disiamylborane, THF, 0°C; ii) H,0,, NaOH, 50 °C; iii) MsCl, py, 0°C; iv) CsF, DMF;
v) K,CO;, DMF; vi) K,CO;, H,0
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Table 15. Selected data for 4-[1,1,1-tris-(3-hydroxypropyl)methyl]phenyl ether-based dendri-
mers® and dendrons®

n Yield (%) [Gn]-(ene) Calcd MW of Yield (%) [Gn]-OH Calcd MW

—[G(n+1)]-(ene), [Gn]-(ene), —[G(n+1)]-OH of [Gn]-OH
0 - - 30 -
1 5(26)¢ 2536 - 913
2 5 8701 - -
3 - 27196 - -

@ Core = 1,3,5-tris-[1,1,1-tris-(3-hydroxypropyl)methyl]|benzene.
b [G0]-OH = 4-[1,1,1-tris-(prop-2-enyl)methyl]phenol.
¢ Via the corresponding [G1]-iodide.

symmetrically substituted dendrimers having a maximum of 243 olefin groups
(Table 15). Alternatively, oligoether dendrons of a similar structural skeleton
could be assembled using a convergent method. Hence, an oligoether phenol
[Gn]-OH 188 was reacted with a triiodo branching derivative 189 to give an in-
termediate [G(n + 1)]-ester which was then hydrolyzed to afford the phenol den-
dron [G(n +1)]-OH 190. However, further growth of the dendrons beyond [G1]
was prohibited due to eliminative side reactions. Based on this dendritic skele-
ton, a family of electrochemically active dendrimers bearing ferrocenyl groups
on the dendrimer surface was reported [111]. As expected, all the ferrocenyl
groups are oxidized at the same potential.

2.15
Dendritic Oligoethers Based on a 13-(4-Hydroxyphenyl)-12-(4-hydroxy-4"-p-
terphenylyl)-1-tridecoxy Repeating Unit

Percec and coworkers reported the preparation of liquid crystalline dendrimers
based on a mesogenic 13-(4-hydroxyphenyl)-12-(4-hydroxy-4"-p-terphenylyl)-
1-tridecanol 191 branching unit (Scheme 32) [112]. An oligoether dendritic al-
cohol [Gn]-OH 192 was converted into the corresponding dendritic bromide

(CH,);,0H
192 [Gn]-OH (CHy);,0H
, HO{ ) )Y
l i O (CH)1y
191 Ho
(CHyp)y Br "
ii
193 [Gn]-Br 194 [G(n+1)]-OH

Scheme 32. i) PPh;, CBr,, THF; ii) NaOH, 1,2-dichlorobenzene, H,0, Bu,NOH, 80°C
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Table 16. Selected data for 13-(4-hydroxyphenyl)-12-(4-hydroxy-4”-p-terphenylyl)-1-tridecyl
ether-based dendrons®

n Yield (%) [Gn]-OH — [G(n+1)]-OH Calcd MW of [Gn]-OH
0 80° -
1 61 841
2 48 2183
3 42 4867
4 - 10236

2 [GO0]-Br = H,C=CH(CH,),Br.
b From [GO]-Br.

[Gn]-Br 193 by treatment with CBr, and PPh;. The bromide was then reacted
with the brancher 191 in the presence of NaOH to provide [G(n+1)]-OH 194. Us-
ing 10-undecenol as the surface group, liquid crystalline oligoether dendrons
with a focal point hydroxy functionality up to [G4] were prepared (Table 16).
Finally, all the various dendrons were anchored to a trimesic acid core to give
nonspherical dendrimers that displayed calamitic nematic and smectic thermo-
tropic liquid crystalline phases [112].

2.16
Chiral Dendritic Oligoethers Based on an Optically Active (2S,3R)-4-[(3-Hydroxy-2-
hydroxymethyl)butyl]benzyloxy Repeating Unit

Optically active (25,3R)-4-[(3-hydroxy-2-hydroxymethyl)butyl]benzyl trialkyl-
silyl ether 195, available in several steps from (R)-3-hydroxy-butanoic acid, had
been used as a chiral branching unit in Seebach’s synthesis of chiral oligoether
dendrons [113]. There are three steps in the iterative synthetic cycle (Scheme 33).
A dendritic alcohol [Gn]-OH 196 is first converted to the corresponding bro-
mide [Gn]-Br 197. The product is then reacted with the branching agent 195 to
give a dendritic silyl ether [G(n + 1)]-OSiR; in which the silyl protecting group
is subsequently removed to give the dendritic alcohol [G(n + 1)]-OH 198. Chiral
oligoether dendrons up to [G4] were synthesized by this method (Table 17). Us-
ing an elongated branching unit 199 or elongated chiral core 200, layer-block oli-
goether dendrons and dendrimers up to [G5] could be obtained (Fig.20) [113b].

OSiPhyt-Bu
HO, C OH
q

HO 195 iii

ii §0

196 [Gn]-OH 197 [Gn]-Br 198 [G(n+1)]-OH

i
CH,0H —> CH,Br

Scheme 33. i) PPh;, CBr,, THF; ii) NaH, THF 70°C; iii) Bu,NF, THF
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Table 17. Selected data for (25,3R)-4-[(3-hydroxy-2-hydroxymethyl)butyl]benzyl ether-based
dendrons®

n Yield (%) [Gn]-OH —[G(n+1)]-OH Calcd MW of [Gn]-OH
0 100° -

1 88 238

2 76 651

3 - 1476

2 [GO]-I = Mel

b From [GO]-I

S
O\

A
199

200

OH

HOy 0SiPh,#-Bu HOy OSiPh,t-Bu
HOA, HOA

OH

201

202
Fig. 20. Chiral branching units and chiral core reported by Seebach

2.17
Chiral Dendritic Oligoethers Based on an Optically Active (1R,2S,3R)- or (15,25,3R)-
4-[(1,3-Dihydroxy-2-hydroxymethyl)butyllbenzyloxy Repeating Unit

Chiral oligoether dendrons based on an AB; branching pattern had also been re-
ported by Seebach and coworkers [113a, 114]. The iterative sequence for their
synthesis was essentially the same as that described in Scheme 33, except that the
branching agent used was either (1R,25,3R)-4-[(1,3-dihydroxy-2-hydroxyme-
thyl)butyl]benzyl trialkylsilyl ether 201 or its C-1 epimer 202. Using these
branching units, several diastereomeric series of layer-block oligoether den-
drons were prepared. Due to the relatively congested structure of the branching
pattern, only dendrons up to [G2] could be synthesized. Rather unexpectedly,
these diastereomeric dendrons exhibited significantly different reactivity to-
wards the alkylation of a chiral core [114].

2.18
Chiral Dendritic Oligoethers Based on an Optically Active (2R,3R)- or (25,35)-2,3-
Dihydroxy-2,3-0-isopropylidene-4-(3,5-dihydroxyphenoxy)-1-butoxy Repeating Unit

These two series of chiral oligoether dendrons have a chiral branch derived from
optically active tartrate acid. A convergent iterative synthetic approach was used
for the construction of these dendrons (Scheme 34) [115]. An oligoether dendritic
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HO
TsO OT: OB y
s ~\_\ —OTs n

o=\
7& 204 o .(.)6 i @_OH
1 o) ::—O

203 [Gn]-OH 205 [Gn]-OTs 207 [G(n+1)]-OH
Scheme 34. i) K,CO,, DMF, 110°G; ii) K,CO,, DMF, 115°C; iii) H,, 10% Pd-C, EtOH, EtOAc

phenol [Gn]-OH 203 was subject to mono-O-alkylation with optically active
(25,3S)-1,4-di-O-tosyl-2,3-O-isoproylidene-L-threitol 204 to give the tosylate
[Gn]-OTs 205. Subsequently the tosylate was reacted with 5-benzyloxyresorcinol
206 to give a [G(n+1)]-OBn which was subsequently hydrogenolyzed to produce
[G(n+1)]-OH 207. The dendrons were than finally anchored to a phloroglucinol
central core to provide homochiral [GO]- and [G1]-dendrimers of C;-symmetry.
Layer-block dendrimers containing both p- and L-threitol derived chiral branches
were also prepared [116]. The chiroptical property of these dendrimers was shown
to be the sum of the contribution originated from each chiral component.

2.19

Chiral Dendritic Oligoethers Based on an Optically Active (1R,2R)-4-[(1,2-Dihydroxy-
2-phenyl)ethyllbenzyloxy, (R)-4-(1,2-Dihydroxyethyl)benzyloxy or (1R,2R)-3-[(1,2-
Dihydroxy-2-cyclohexyl)ethyllbenzyloxy Repeating Unit

The chiral repeating branching units of these oligoether dendrons were all pre-
pared from an asymmetric dihydroxylation of prochiral styrenes. A divergent
approach was adopted for their synthesis. Hence, alkylation of a dendritic polyol
[Gn]-(OH), 208 with a benzyl bromide branching agent 209 gives a dendritic
acetonide [G(n + 1)]-(acetonide), 210 which can then be converted into the cor-
responding dendritic polyol of the next generation [G(n+1)]-(OH), 211 upon
acid treatment (Scheme 35) [117]. Alternatively, alkylation of the dendritic
polyol [Gn]-(OH), 208 with a hyperbranched benzyl bromide monomer 212 af-
forded a dendritic acetonide [G(n +2)]-(acetonide), 213. Chiral oligoether den-
drons up to [G4] were prepared conveniently using this method.

2.20

Chiral Dendritic Oligoethers Based on an Optically Active (2R,3R)-[2,3-Dihydroxy-
2,3-0-isopropylidene-3-(3,n-dihydroxy-phenyl)]-1-propoxy Repeating Unit
(n=4orb5)

The branching units 214 for these chiral oligoether dendrons were also prepared
by the asymmetric dihydroxylation of prochiral styrene derivatives followed by
protection of the resulting 1,2-diols as the acetonide derivatives [118]. The iter-
ative synthetic cycle consists of two steps (Scheme 36). First, functional group
conversion of a dendritic alcohol [G(n+1)]-OH 215 gives either the corre-
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e o) \/_
o} OH
Br\@_s O/'\‘O / (OH
L& i
—

|
@ o @ fagy = Oy
—S OH)s 1 -s O\_\ ?’“0@7
(A\-0H
>< R”“"OH

R7"O
208 [Gn]-(OH), 210 [G(n+1)]-(acetonide), 211 [G(n+1)]-(OH);
para, R=H, Ph 0’%
meta, R = cyclohexyl Z ] *
_ o ®
Brils / "
K 0\+\
O,
[, <
212 RO )

208 [Gn]-(OH), 213 [G(n+2)]-(acetonide)g

Scheme 35. i) KOH, toluene, 110°C; ii) HCI, CH;CN

HO = o)
T
Qy?f
HO O= ,0
i 214 OH \ 7/ ‘,Z)'L
CHon I CH2X N o]
n @ "

215 [Gn]-OH 216 [Gn]-Br 218 [G(n+1)]-OH
217 [Gn]-OMs

s\ig
220 @\ 5
CH,OH — CH,X -_———_> o

OH
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Scheme 36. i) CBr,, PPh; or MsCl, NEt;, CH,Cl,; ii) K,COs3, 18-crown-6, acetone, 56°C

sponding bromide 216 [G(n+1)]-Br or mesylate 217 [G(n+1)]-OMs. Second,
alkylation of 216 or 217 with the branching agent 214 provides dendritic alcohol
of the next generation 218. Using benzyl alcohol as the surface group, optically
active oligoether dendrons up to [G3] were prepared. These chiral dendrons
were then attached to a trimesic acid core to produce homochiral, symmetrical
dendrimers [119]. The acetonide groups in these dendrimers could then be
taken off by acid treatment to produce chiral polyhydroxylated dendrimers [120].
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2.21

Chiral Dendritic Oligoethers Based on an Optically Active (1R,2R)-4-{[1,2-Dihydroxy-
1,2-0-isopropylidene-2-(3,n-dihydroxyphenyl)lethyl}benzyloxy Repeating Unit
(n=4orb5)

The preparation of these two series of chiral oligoether dendrons 219 is similar
to the one described in Sect. 2.20, except that the chiral branching units 220 were
prepared from the asymmetric dihydroxylation of the prochiral stilbenes fol-
lowed by protection of the resulting 1,2-diols as their acetonide derivatives
(Scheme 36) [118,121].

3
Perspectives

The field of dendrimer chemistry has undergone a rapid change in the past
decade and will continue to grow at even greater pace in the future. New and ex-
citing dendritic molecules with unusual properties will emerge and will find po-
tential applications in material and biomedical chemistry.
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the realization of the formation of perfect spherical dendrimers and of variable addition pat-
terns. The dendronization of fullerenes improves their solubility and provides the carbon
sphere with additional chemical and physical properties. Medium-chain oligoynes are used as
one-dimensional core tectons, decorated with dendritically branched end-caps. Single-walled
carbon nanotubes represent tubular templates for cylindrical dendrimeric nanostructures.

Keywords: Dendrimer, Carbon rich-cores, Fullerenes, Oligoynes, Carbon nanotubes

1 Introduction . . .. ... ... ... .. ... 51
2 CarbonRich-Cores . . ... ... ... ... .............. 53
3 Dendrimers with Cg-Based Cores . . . . ... ............ 54
3.1 Dendrimers with C;; MonoadductCores . . . .. ........... 54
3.2 Dendrimers with C¢, Multiple Adduct Cores . . . .. ... ...... 65
3.2.1 Dendrimers with C¢, Multiple Adduct Cores with One Type

of Addend . .. ... ... . .. ... 65
3.2.2 Dendrimers with Cg, Multiple Adduct Cores with Two Different

Typesof Addends . . .. ....... ... ... ... ... . ... .. 72
4 Oligoynes as Dendrimers Cores . . . . ... ............. 87
5 Carbon Nanotube Cores . . . .. .. ... ............... 89
6 References . . . . . . . . i i i i e e 91
1
Introduction

A dendrimer’s core can be considered as the “origin” of the dendritic structure,
representing the center of attachment of a number of molecular branches. Prac-
tically all dendrimers known have cores with a few functional anchors as focal
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points to which the corresponding number of dendrons (dendritic wedges) are
attached. An oligovalent atom or a multifunctional molecule may be considered
as such a core. A tetravalent carbon atom is the central core of the 36-cascade
compound micellanoic acid C[(CH,);C[(CH,)sC[CH,CH,CO,H];];]; and its de-
rivatives [1]. Similarly, silicon has been used as atomic core for the synthesis of
a number of four-armed tetraalkylsilane-based dendrimers, mixed Si/P-based
dendrimers, carbosilane dendrimers, polysiloxane and poly(siloxysilane) den-
drimers. Applying a trivalent nitrogen atom as central core, three-armed den-
dritic structures of polyamide type and PAMAM (polyamidoamine) starburst
polymers are obtained. A corresponding tetrahedral ammonium moiety as cen-
ter leads to four-armed dendrimers. A series of three-armed neutral pentavalent
P-based dendrimers with PV-atoms as cores is known [1].

Bifunctional a,@-diaminoalkanes represent the central cores of poly(pro-
pylene imine) dendrimers [1]. Polyols and polyethereal compounds like 1,1,1-
tris(hydroxymethyl)alkanes and 1,1,1,1-tetrakis(hydroxymethyl)methane de-
rivatives were used as trifunctional and tetrafunctional molecular core com-
pounds in the synthesis of a number of three-armed branched architectures of
the “tree-like” polyamide arborol-type with fractal geometry and of the four-
armed polyamide and polyether type dendrimers [1]. Frequently applied as
oligofunctional aromatic cores in dendrimers construction are 1,3,5-substituted
benzene derivatives like, e.g., 1,3,5-triarylbenzenes, 1,3,5-trialkylbenzenes,
1,3,5-trihydroxybenzene, 3,5-dihydroxybenzyl alcohol, 1,3,5-benzenetricar-
boxylic acid,and 1,1,1-tri(4-hydroxyphenyl)ethane [1]. Rigid core structures are
represented by 1,3,5-trialkynylsubstituted benzenes and the tetravalent core
1,3,5,7-adamantane tetracarboxylic acid. Zn-porphyrins provide unique cores
for the study of electron transport through dendritic superstructures [1].

At the other end of this core-scale, very large and multiatomic molecules,
nanostructures, and polymers may be considered as cores as well. Using, e.g.,
a polymeric filament core with a repetitive number of anchor sites along its
extension, macromolecules of the kind of “rod-like dendrimers” are obtained
by attachment of branched side chains and may lead to nanocylinders [2,3]. Ma-
terials like this may be considered as either dendrimers with a polymeric core
or alternatively as dendronized polymers.

Somewhere between a dot-like core consisting of a small molecule and the
polymeric core mentioned above, a number of intermediate structures are con-
ceivable as cores, which can bear a defined amount of focal points in a geomet-
rically well-defined arrangement. With the fixed number of attached dendrons
(equal to the number of focal points) and their branching multiplicity, the mol-
ecular shape of such cores can serve as an architectural template, forcing the at-
tached dendrons into canonical arrangements.

However, the central core does not just act as the structure-determining tec-
ton. A change of the core’s shape also causes a change of the dendron-filled vol-
ume of the target dendrimer. As a consequence, the inner core also determines
the outer surface structure. This brings about a change of chemical and physical
properties with respect to surface characteristics, increasing the importance of
the core with respect to function and properties of dendrimers. For example,
chirality of such a core or an inherently chiral addition pattern will induce chi-



Dendrimers with Carbon Rich-Cores 53

rality into the spatial arrangement of branching units and consequently into the
molecule in its entirety. In particular, rigid molecules with minute thermal mo-
bility and flexibility can therefore offer advantages as building core templates for
the design of dendrimers with a predefined shape.

2
Carbon Rich-Cores

Typical members of the class of compounds mentioned above are found in the
field of carbon-rich compounds and include all-carbon compounds such as
fullerenes, carbon nanotubes, and polyynes. Since all these compounds exhibit a
rigid architecture, the potential of fullerenes, carbon nanostructures and,
polyynes as central cores for dendrimers is obvious. The football-like Cg,
fullerene represents a perfect spherical template, a tubular single-walled carbon
nanotube can be considered as a template for a hollow cylindrical dendrimeric
structure,and a polyyne can serve as a rod-like tecton. All these carbon-rich core
compounds have in common a highly symmetrical, aesthetically-pleasing struc-
ture (Fig. 1), and all of them lack the flexibility, associated with common ali-
phatic and/or aromatic core compounds.

The spherical framework of Cg, is an ideal core tecton for dendrimers [4-12],
leading to perfect globular systems even with low-generation dendrons. Since its
regiochemistry is well established [4, 5,13 -19], C¢, can easily be multiply-func-
tionalized with anchor points in topologically-defined positions, opening syn-
thetic routes to tailor-made designed functional dendrimers [20]. Realizing
variable attachment patterns with a given degree of addition and the addition of
both similar and dissimilar addends in a stereochemically-controlled way per-
mits the combination of different dendrons and of dendrons with selected func-
tionalities. The functionalization of Cy, with a controlled number of dendrons
dramatically improves the solubility of the fullerenes and provides a compact
insulating layer around the carbon sphere. Incorporation of fullerenes into well-
ordered structures can be easily achieved. Cavities and clefts within the den-
dritic structure can be utilized for the insertion of functional groups or to form
host-guest-complexes with other molecules. At present, interest is growing
in fullerene-functionalized dendrimers, or fullerenodendrimers [12]. Such

a) b) c)
section of an section of a
Cgo- fullerene oligoyne/polyyne 10,10-carbon nanotube

ann
ann

Fig. 1. a The I -symmetrical Cg, fullerene sphere. b A rod-like oligoyne chain. ¢ A tubular
single-walled (10,10)-carbon nanotube, carbon-rich compounds to be used as central cores
for dendrimer synthesis
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fullerenodendrimer structures represent versatile building blocks for further
functional supramolecular architectures such as artificial enzymes, catalysts,
etc. and appear to be promising candidates for a variety of interesting applica-
tions in supramolecular chemistry and materials science.

Dendrimers resulting from the attachment of dendrons to the terminal an-
chor groups of a rod-like oligoyne core will have rather a double arborol-like
propagation, in contrast to the 3D-structures with Cg,. Large dendritic wedges
prevent a close approach between the polyunsaturated carbon rods and thus ad-
ditionally act as protecting groups for polyynes, preventing polymerization. The
use of a single-walled carbon nanotube as core, the dendrons attached termi-
nally or along the cylindrical wall of carbon hexagons, will give rise to the for-
mation of hollow tubular dendrimer structures. With such functionalization the
solubility of the previously insoluble nanotube can be dramatically enhanced
and specifically tuned to the specific solvents by varying the nature of the den-
drons.

3
Dendrimers with C;,-Based Cores

I-symmetrical Cg4, represents a kinetically-stable carbon cluster and is consid-
ered to be a versatile building block and a topologically well-defined three-di-
mensional tecton in organic synthesis [21]. It consists of 12 fused pentagons and
20 hexagons. Cy reacts as a polyolefin and is susceptible to many useful prepar-
ative addition reactions [22-24]. Many principles of fullerene reactivity are now
well-established [16]. Monoadducts and stereochemically-defined multiple
adducts having two to six addends have been synthesized. Among the multiple
addition products, hexakisadducts with a T,-symmetrical octahedral addition
pattern are of special interest [25]. With six malonate addends as anchors for the
dendritic wedges, the exceptionally high multiplicity of 12 for the initiator core
Cg is found. Only a small number of generations of the dendrimer are necessary
to reach sterically overburdened, compact structures.

3.1
Dendrimers with C;, Monoadduct Cores

In 1993, Wooley et al. [26] synthesized the first dendrimer containing a C, core
by coupling 3,5-dihydroxybenzyl bromide dendrons of the Frechet-type [27]
with a bisphenol prefunctionalized Cg,. Ether cleavage of the 6,6-methano-
bridged fullerene 1 and treatment with 2.7 equivalents of fourth-generation
poly(aryl ether) dendron 2 according to a Williamson synthesis afforded the
highly soluble C4-monoadduct dendrimer 3 with (1 — 2) phenyl-branching and
ether connectivity, possessing two dendritic branches (Scheme 1) [26]. Size-ex-
clusion chromatography (SEC) appeared to be ideally suited for monitoring the
coupling and separating the target molecule from the monocoupling product
and higher molecular weight impurities. Similarly, by treatment of C; in reflux-
ing dry chlorobenzene with the terminally perdeuterated D,,,-dendron 4 pos-
sessing an azide focal point, the azafulleroid 5 (68 % after flash chromatography)
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Scheme 1. Synthesis of two-armed Frechet-type poly(benzyl ether) dendrimer 3 and one-
armed poly(benzyl ether) dendrimer 5 with a Cg, fullerene as core: i) (a) BBr;; (b) 2.7 equiv.
2,K,CO0s3; ii) terminally deuterated D,;,-4, 24 h reflux in dry chlorobenzene
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with one fourth-generation dendritic arm was obtained (Scheme 1) [28]. Both
dendrimers were fully characterized and the authors reported on the encapsu-
lation and coverage of the Cg4, core by the dendrimer shell.

The fullerodendrimer 3 is a light brown-colored glass and the dendritic ad-
dend dramatically improves the solubility of the fullerene subunit [26]. Simi-
larly, the dendritic fullerene 5 proved to be extremely soluble in a variety of or-
ganic solvents and to have a glass transition temperature of 325 K, 13 K higher
than the starting dendrimer. Investigations of the redox properties of 5 revealed
low reduction potentials for the first three reduction waves in the cyclic voltam-
mograms which may reflect the insulating influence of the globular dendritic
macromolecule [28].

The nucleophilic cyclopropanation of C4 with a-bromomalonates in the
presence of a base according to Bingel [29] is one of the most efficient reactions
in fullerene chemistry, providing [6,6]-addition products in fairly good yields.
The reaction of malonyl dichloride with benzyl-protected Frechet-type [27]
dendritic benzylic alcohols [G1]-OH (first) to [G3]-OH (third) generation and
subsequent bromination [30] gave rise to the formation of dendritic bromoma-
lonates [5]. The treatment of Cy, with these bromomalonates in the presence of
sodium hydride afforded three C4, monoadducts 6, 7, and 8 with two dendritic
arms of first- (6), second- (7), and third-generation (8) in 52%, 20%, and 43 %
yield, respectively (Fig.2) [5]. Nucleophilic cyclopropanation of C4, in compara-
ble or even better yields can also be achieved by allowing dendritic malonates to
react directly with Cg; in the presence of CBr, and DBU, as demonstrated with
the synthesis of 7 [6].

The isolation of the products from unreacted Cy, and of undesired bisadducts
was achieved by flash chromatography on silica gel. The dendrimers were com-
pletely characterized by 'H- and *C-NMR, IR, UV/Vis, and FAB mass spectrom-
etry. Due to their C,,-symmetry, the dendrimers 6-8 show 15 ?*C-NMR signals
between 6 = 139 and 145 and one signal at 6 = 71 corresponding to 15 different
types of sp?-carbon atoms and the two equivalent sp*>-carbons of the fullerene
core, respectively [5]. Molecular mechanics and molecular dynamics calcula-
tions were performed to explore the geometries and energetics of these den-
drimers [31].

In order to avoid steric hindrance among the dendritic branches, the classical
Frechet-type dendrons mentioned above have been modified by introduction of
a C; spacer unit between the aryl-benzyl bond [8]. Thus, the typical aryl-benzyl
cadence of Frechet-dendrons [27] changes to an aryl-alkyl-benzyl motif and as
a result the dendrons become more flexible and less bulky. These new dendra
were prepared according to Scheme 2 in a convergent synthesis starting from
benzyl-protected 3,5-dihydroxybenzyl alcohol 9. Allylation, hydroboration to
C;-elongated benzylic ether 11, and bromination gave protected 3-benzyl-
oxypropyl bromide 12, which was grafted twice onto 3,5-dihydroxybenzyl alco-
hol 13. Using the same reaction sequence again afforded the second generation
chain elongated dendron 16. Transforming the alcohols 11 and 16 with NaH/
THF into the corresponding alkoxides 17 and 19 and reacting them with malonyl
dichloride afforded the two-armed C;-elongated malonate dendrons 18 and 20
(Scheme 2) [8].
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Fig. 2. Monoadduct fullerenodendrimers 6, 7, and 8 with first-, second-, and third-generation
Frechet-type [27] benzylether dendrons attached to a Cg, core

Using the classical Bingel conditions [29], we achieved the synthesis of the
dendritic first-generation monoadduct 22 [8]. The product was isolated by flash
chromatography in 42% yield and separated from unreacted Cq, (23%) and a
regiomeric mixture of bisadducts (15%). The second-generation (1 — 2) aryl-
branched adduct 23 with ether connectivity was obtained under modified cy-
clopropanation conditions [6] using C¢,, equimolar amounts of the correspond-
ing malonate, CBr,, and a small excess of DBU. The dendrimeric product 23 was
also isolated by flash chromatography in 42 % yield (Scheme 3) [8].

To use fullerene derivatives in screenings for biological activity and in phar-
maceutical investigations it is necessary to make them accessible to an organism
through enhanced solubility in water. This is possible via covalent attachment of
hydrophilic addends, especially through accumulation of carboxylic functions.
For this reason, we decided to decorate Cg, with dendritic addends containing a
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i)

Scheme 2. Synthesis of the first- and second-generation dendritic malonates 18 and 20: i) allyl
bromide, NaH/THEF; ii) (a) 9-BBN/THF; (b) EtOH, H,0,, NaOH; iii) CBr,, PPh,/THF; iv) 13,
K,CO3, [18]crown-6/acetone; v) allyl bromide, NaH/THF
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18 —

20 i)

23

Scheme 3. Synthesis of first- and second-generation (1 — 2) aryl-branched monoadduct ful-
lerenodendrimers 22 and 23 under “classical” (22) and “modified” (23) Bingel reaction con-
ditions: i) CBr, DBU/THF; ii) Cgy, NaH/toluene; iii) Cqy, CBr,, DBU/toluene; Bz = benzyl

sufficient number of carboxylic acids in their periphery [7, 32]. Such water-
soluble dendro[60]fullerenes were obtained by the synthesis of a bis[3-(tert-
butoxycarbonyl)propyllmalonate 25 from (tert-butyl) 4-hydroxybutyrate 24
and malonyl dichloride, and subsequent cyclopropanation of Cq,. Compound 26
was deprotected and the fullerodicarboxylic acid 27 condensed with the first-
(28 “Behera’s amine”) [33, 34] and second-generation Newkome-type dendrons
(31) [33, 34] to yield the polyamide dendrimers 29 and 32 (branching multiplic-
ity of 3). The six and eighteen terminal ester functions of 29 and 32 were cleaved
by hydrolysis and the water-soluble dendritic hexaacid 30 and octadecaacid 33
with (1 — 3) C-branching and amide connectivity were isolated (Scheme 4) [32].

In another pathway leading to 33, the second-generation Newkome poly-
amide [G2]-NH, 31 [34] was subjected to coupling with the adapter di(3-
carboxypropyl) malonate 34 affording the didendro malonate 35 which is suit-
able for direct nucleophilic cyclopropanation [6] of Cy,(Scheme 5) [7]. The tert-
butyl protected fullerodendrimer 32 was isolated in 29% yield after repeatedly
purifying with flash chromatography as a red-brown amorphous solid, soluble
in most organic solvents. The deprotection was achieved by stirring in formic
acid and the red-brown powder 33 spectroscopically completely characterized [7].

Due to the presence of 18 carboxy groups, the polycarboxylate 33 is soluble in
water and methanol (red solution) and insoluble in most organic solvents. In a
buffer-solution at pH 7.4 at least 34 mg/ml of the acid 33 is soluble. This corre-
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Scheme 4. Convergent synthesis of water-soluble hydrophilic fullerenodendrimers 30 and 33
with (1 — 3) C-branching and amide connectivity: i) malonyl dichloride, pyridine; ii) Cg,
CBr,, DBU/toluene; iii) TFA, toluene; iv) 28, DCC, 1-HOBT, DMF; v) 31, DCC, 1-HOBT, DMF;
vi) HCOOH, 12 h, rt

sponds to an amount of 8.7 mg/ml Cy,. In basic solution the solubility is much
higher. An amount of at least 254 mg/ml of 33 is soluble at pH 10 which cor-
responds to an equivalent of 64.7 mg of Cy, per milliliter [7]. From small angle
neutron scattering (SANS) we could deduce that 33 up to pH 5 and in a con-
centration range from 10~2 to 10-> M forms tetrameric micellary aggregates of a
diameter of ~60 A [32]. With higher pH values most of the aggregates dissociate
to a monomeric solution state [32].

The highly water-soluble 33 appeared to be one of the most active antiviral
fullerene derivative studied to date [32,35]. An aqueous solution showed an ECs,
of 0.22 pmol/l against HIV-infected human lymphocytes, and also several infec-
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Scheme 5. Synthesis of the water-soluble (1 — 3) C-branched and amide connected den-
dro[60]fullerene 33: i) 34, DCC, 1-HOBT/DMF; ii) Cg, CBry, DBU, toluene, 29% yield;
iii) HCOOH, 12 h, rt

tious clones of HIV-1 are susceptible to compound 33. The dendrimer had no
apparent toxicity in human cells [32, 35] and showed rather weak toxicity in in-
vivo studies with mice [32, 36] when applied by intra-peritoneal injections.

To increase the photovoltaic effect in single layer poly(p-phenylenevinylene)
(PPV) cells, effective charge separation is necessary and the recombination of
photogenerated charge carriers has to be suppressed. This was achieved using
blends of the conjugated polymer with buckminsterfullerene Cq, [37]. For this
purpose we have built blend systems with various mixtures of solutions of the
methanol soluble fullerodendrimer 32 and a PPV precursor solution [38]. An
aluminum top electrode was used and the samples were illuminated through the
ITO-electrode by a W-Xenon lamp and monochromator. Short-circuit pho-
tocurrent spectra were measured, and a scanning electron microscope (SEM)
used to obtain details of the surface structures of the samples. Although an elec-
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tron transfer from PPV to the second-generation fullerenodendrimer 32 occurred
in the blend systems, as indicated by photoluminescence quenching and pho-
tocurrent spectra, the efficiencies in the PPV/fullerodendrimer blends were
about one order of magnitude lower than in PPV/Cg, heterostructures. The
charge carrier transport was lower than in pure PPV and Cy, layers [36]. Inves-
tigation of the morphology of the PPV blends films by SEM revealed a structure
like a cratered landscape, the crater structures being apparently responsible for
the bad electrical transport properties of the blend system [38].

Methanofullerene acid 34 was used by Diederich et al. as the initiator core for
the synthesis of first- and second-generation (1 — 3) C-branched monoadduct
fullerodendrimers 36 and 38 [39]. The coupling reactions of the first- and sec-
ond-generation amine dendrons 35 and 37 with 34 under peptide coupling
conditions yielded the expected dendrimers 36 and 38 in 40 % and 19 % yield, re-
spectively (Scheme 6) [39]. The synthesis of the dendrons followed the branch-
ing methodology of Newkome et al. [40, 41]. The reaction to the corresponding
third-generation (1 — 3) C-branched dendrimer applying similar synthetic
routes failed.

The steric bulk of substituents at the N-adjacent quaternary C-atom of the
dendrons apparently caused the inaccessibility of this focal point in the third-
generation dendron. Therefore, the authors extended the distance between the
poly(ether-amide) wedge and the primary amine by introducing a short spacer
[39]. By coupling the third-generation amine dendron 41 with Z-protected (N-
benzyloxycarbonyl)-glycine as a spacer under forcing conditions, the Z-pro-
tected elongated dendron 40 was obtained in 67 % yield. Deprotection gave the
new third-generation dendron 41 which was coupled to methanofullerene acid
34 to give the third-generation fullerodendrimer 44 in 42% yield (Scheme 7)
[39]. The remarkably improved yield compared to the 19% for the second-gen-
eration dendrimer 38 obviously demonstrated the advantage of introducing
short spacers into bulky and sterically-crowded dendritic branches.

Hydrophilic dendrimers with a fullerene core and peripheral O-acetylated
glucose units have been prepared by Diederich et al. [42] and subjected to Lang-
muir film experiments. The fullerene amphiphiles 43 and 44 with their glyco-
dendron headgroups were shown to form layers at the air-water interface that
were monomolecular, stable, and reversibly formed as proven by the lack of
hysteresis in compression/expansion cycles (Fig. 3) [42]. The dendritic wedges
seemed to limit the packing and prevent the fullerenes from aggregating irre-
versibly.

Chuard and Deschenaux have shown that the functionalization of C4, with a
malonate bearing two mesogenic cholesterol subunits resulted in a fullerene de-
rivative with liquid crystalline properties [43]. Recently, the same group demon-
strated that the fullerene-functionalized dendrimer 45 exhibited mesogenic
properties similar to those of the corresponding dendritic addend only (Fig. 4)
[44]. Similarly, as in the examples above, the Cy, core of 45 is buried in the cen-
ter of the dendritic structure. Thus, unfavorable effects of the Cy, unit such as ag-
gregation or steric hindrance are prevented.

Nierengarten et al. recently succeeded in the convergent synthesis of a den-
drimer 46 with a Cg, core and with Cy, spheres at each branching unit, using
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43

Fig. 3. Amphiphilic fullerodendrimers 43 and 44 with one and two glycodendron headgroups,
respectively: R = OAc

DCC-mediated esterifications, followed by the cleavage of a tert-butyl ester moi-
ety under acidic conditions (Fig. 5) [45]. These fullerodendrons/dendrimers are
interesting building blocks for the preparation of monodisperse fullerene-rich
macromolecules and capable of forming Langmuir-films at the air-water inter-
face [45].

3.2
Dendrimers with Cg, Multiple Adduct Cores

3.2.1
Dendrimers with C;, Multiple Adduct Cores with One Type of Addend

Apart from one-armed and two-armed dendritic C¢, monoaddition products,
higher adducts of C4, up to Tj-symmetrical hexakisadducts can also be achieved
by nucleophilic cyclopropanation [25]. Examples of fullerene bisadducts with
dendritic structure include the first- and second-generation fullerodendrimers
50 (Scheme 8) and 52 and the spacer-elongated amine dendron 51 (Fig. 6) [39].
Diederich et al. obtained the C,-symmetrical cis-2-bisadduct 48 from the bis-
malonate derivative 47 in 22 % yield by macrocyclization of C4, [39]. Subsequent
selective cleavage of the tert-butyl ester functions (71 % yield) provided the di-
carboxylic acid core 49. The coupling of the diacid core 49 to the dendritic amine
branch 35 afforded the two-armed first-generation dendrimer 50 in 66 % yield
(Scheme 8). The corresponding two-armed second-generation dendrimer 52
was obtained in 76 % yield by condensation of 49 with the “glycine-elongated”
amine dendron 51 (Fig. 6) [39].

A related four-armed second-generation dendrimer 58 was synthesized by
Diederich and coworkers, starting with bisadduct 57 with four carboxylic acid
residues (Scheme 9) [39]. Diacid 53, obtained from m-benzenedimethanol and
Meldrum’s acid, with DCC-mediated esterification with benzylic alcohol deriv-
ative 54, gave the bismalonate derivative 55. Reaction with Cgy, DBU, and I, in
toluene led to the macrocyclic cis-2-bisadduct 56. The free tetraacid 57 was sub-
sequently generated by hydrolysis of 56 with TFA. Finally, the four-armed sec-
ond-generation fullerodendrimer 58 with (1 — 3) C-branching was obtained as
a dark-orange glassy compound by DCC-coupling with the “glycine elongated”
amine dendron 51 in 34 % yield (Scheme 9) [39].
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Fig. 5. Fullerenodendron/dendrimer 46 containing a Cg, core as well as Cq, spheres at each
branching unit: R = CgH,,
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Scheme 8. Synthesis of dicarboxylic acid 49 and the two-armed first-generation bisadduct ful-

lerenodendrimer 50 with (1 — 3) C-branching and ether connectivity: i) C4y, DBU, I, toluene,
rt, 22 % yield; ii) TosOH, toluene, heating, 71 % yield; iii) DCC, 1-HOBT, THF, 0°C, 66 % yield

The UV/Vis spectra of the three (1 — 3) C-branched fullerodendrimers 50,
52, and 58 displayed the characteristic absorptions of cis-2-bisadducts [39].
Their NMR spectra revealed clearly the C; symmetry of the compounds. The
MALDI-TOF MS-spectrum displaying the sodium complex of 58 as base peak at
m/z = 7368 (*C,12C;,4H,50N,00,,5Na) provides clear evidence for the monodis-
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Fig. 6. The second-generation “glycine-elongated” amine dendron 51, derived from 35, den-
dritic wedge for the second-generation dendrimer 52 (cis-2, C;)

persity of 58. Cyclic voltammetric studies revealed that the dendritic cis-2-
bisadducts undergo multiple reductions. In CH,Cl, the redox potential of the
fullerene core is not affected by size and density of the surrounding dendritic
shell. Interestingly, the first reduction step is irreversible in the case of 50 and
52, whereas it is reversible in 58 even though the fullerene core is more encap-
sulated [39].

Since the regiochemistry of bromomalonate addition is well established [13,
14, 16, 17], spherical dendrimers with high symmetries and a core branching
multiplicity of 12 can be envisaged, even if low-generation dendra are employed.
As examples for this new dendrimer prototype we synthesized the twelve-armed
benzylether-based dendrimers 59 (Fig. 7), 60 and 61 [5, 8] (Fig. 8) in one step
starting with the corresponding dendritic malonates and using the template-
mediation technique [4, 46]. Since the dendrons within 60 and 61 give rise to
less steric hindrance due to an additional C;-spacer unit, much higher yields
were obtained [8] upon the convergent malonate addition by comparison with
59 [5].

The high symmetry of the dendrimers 59-61 becomes obvious by the ex-
treme simplicity of the 'H- and *C-NMR spectra of these macromolecules with
molecular weights of 4956, 5652, and 12,132, respectively. For example, only
three signals due to the C-atoms of the fullerene core are found at about § = 146,
141, and 69, nicely reflecting the T}-symmetry [5, 8].
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a)

b) QQQ

59

Fig. 7. a Two different views of octahedral positions relative to the first addend A! in a C,, sym-
metrical hexaadduct of Cy. b Ty,-symmetrical (1 — 2) aryl-branched hexakisadduct fulleren-
odendrimer 59 with original Frechet-type [27] first-generation dendritic wedges

As the diameter of a dendrimer grows linearly with the number of repetition
steps while the volume of the outer sphere grows exponentially, a “self-limiting-
generation” may appear [47]. This self-limiting-generation is determined by the
core and branching multiplicity as well as by the dimensions of the building
blocks and should be characterized by a rapidly increasing energy due to close
atom contacts within the molecule. In order to determine the self-limiting gen-
eration for such dendrimers, the PM3-heat of formation of Cg, (527.88 kcal
mol-!) was subtracted from the energy of the entire structure and the resulting
energy of the dendrimeric shell was divided by the number of its atoms. For the
dendrimeric series starting with the first generation system 59 the third gener-
ation was estimated to be the self-limiting-generation [31]. Practically, however,
using the short Frechet benzyl ether dendrons, with the successive cyclopro-
panation with bromomalonates it was not possible to prepare even the second-
generation dendrimer.
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nd-generation (1 — 2) aryl-branched twelve-armed fullerenodendrimer 61 with C;-spacer elongated dendrons

Fig. 8. First- 60 and seco
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3.2.2
Dendrimers with C;, Multiple Adduct Cores with Two Different Types of Addends

By a defined sequence of regioselective cyclopropanations multiple adducts
with two different types of addends are available. For example, the easily-acces-
sible addition products of diethoxymalonate to Cyy, namely the monoadduct 62,
the e-bisadduct 63, the C;-symmetrical e,e,e-trisadduct 64, the Cs-symmetrical
tetrakisadduct 65, and the C,,-symmetrical pentakisadduct 66, represent C, tec-
tons with an incomplete octahedral addition pattern and serve as starting ma-
terials for mixed adducts with a complete octahedral addition pattern (Fig.9) [9,
13,14,46,48]. These fullerene derivatives still possess five, four, three, two, or one
intact [6,6]-double bonds in octahedral positions, ready to undergo subsequent
nucleophilic additions of dendritic substituted malonates.

By fivefold nucleophilic cyclopropanation of the monoadduct precursor 62
with the first generation Frechet-type bromomalonate dendron BrCH(COO-
[G1]), we obtained the first-generation [1:5]-mixed hexaadduct 67 with a com-
plete octahedral hexaaddition pattern (Scheme 10) [5]. Similar cyclopropana-
tions of bis-63 to pentakisadduct precursors 66 with the first, second, and third
generation bromomalonates BrCH(COO-[Gx]), (x = 1-3), respectively, afforded
second-generation [2:4]-hexakisadduct 68 (Scheme 11) [10], second-generation
[3:3]-hexakisadduct 69 (Scheme 12) [10], third-generation [3:3]-hexakisadduct
70 (Scheme 13) [10], third-generation [4:2]-hexakisadduct 71 (Scheme 14) [10],
tirst-generation [5:1]-hexakisadduct 72 (Scheme 15) [10], second-generation
[5:1]-hexakisadduct 73 (Scheme 16) [10], and third-generation [5:1]-hexa-

Fig. 9. C¢, monoadduct 62, e-bisadduct 63, C;-symmetrical e,e,e-trisadduct 64, C,-symmetri-
cal tetrakisadduct 65, and C,,-symmetrical pentakisadduct 66 with an incomplete octahedral
addition pattern, to be used as core tectons for the preparation of mixed hexakisadduct fulle-
renodendrimers
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Scheme 10. Synthesis of [1:5]-mixed hexakisadduct 67 by template-mediated cyclopropana-
tion of 62: i) DMA, BrCH(COO-[G1]),, DBU, toluene

Scheme 11. Synthesis of [2:4] 68 by template-mediated cyclopropanation of 63: i) DMA,
BrCH(COO-[G2]),, DBU, toluene/CH,Cl,, 3d, rt

kisadduct 74 (Scheme 17) [10] with a mixed octahedral addition pattern [5, 10].
The two mixed [3:3]-dendrimers Cgx(CO,-Et)s(CO,-[G2])s 69 and Cgx(CO,-
Et)s(CO,-[G3])s 70 have C; symmetry and are inherently chiral due to the nature
of their addition pattern. Both of them were obtained as racemic mixtures from
the racemic starting trisadduct 64 [10].

The success of this concept is based on the regioselectivity of attacks on the
[6,6]-double bonds located in equatorial positions relative to the addends already
bound [16]. The spectroscopic characterization of the dendrimers was facilitated
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Scheme 12. Synthesis of [3:3] second-generation hexakisadduct dendrimer 69 by template-
mediated cyclopropanation of 64: i) DMA, BrCH(COO-[G2]),, DBU, toluene/CH,Cl,, 3d, rt

Scheme 13. Preparation of the racemate of inherently chiral third-generation Frechet-type
fullerenodendrimer 70 with (1 — 2) aryl-branching: i) DMA, BrCH(COO-[G3]),, DBU, tolu-
ene/CH,CL,, 3d, rt
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Scheme 14. Preparation of four-armed [4:2]-mixed hexakisadduct fullerenodendrimer 71 by
cyclopropanation of tetrakisadduct 66: i) DMA, BrCH(COO-[G3]),, DBU, toluene/CH,Cl,, 3d, rt

Scheme 15. Preparation of first-generation [5:1]-mixed hexakisadduct fullerenodendrimer
72 by further cyclopropanation of pentakisadduct 66: i) DMA, BrCH(COO-[G1]),, DBU, to-
luene/CH,Cl,, 3d, rt

66 73

Scheme 16. Preparation of second-generation [5:1]-mixed hexakisadduct fullerenodendrimer
73 by further cyclopropanation of pentakisadduct 66: i) DMA, BrCH(COO-[G2]),, DBU, tolu-
ene/CH,Cl,, 3d, rt
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Scheme 17. Preparation of third-generation [5:1]-mixed hexakisadduct fullerenodendrimer
74 by further cyclopropanation of pentakisadduct 66: i) DMA, BrCH(COO-[G3]),, DBU, tolu-
ene/CH,Cl,, 3d, rt

by the high symmetry of the addition pattern leading to characteristic finger-
prints in their NMR and electronic spectra. The UV/Vis spectra revealed the
characteristics of fullerene hexakisadducts, i.e., two doublet absorption bands at
271 nm and 281 nm, and at 315 nm and 335 nm, respectively [4-6, 8,13, 14]. Go-
ing from lower to higher generations causes the short wavelength doublet band
to broaden until the twin peak maximum collapses to a single, broad absorption
peak. In the *C-NMR spectra of 72-74, the expected lines of the sp? carbons of
these C,,-symmetrical hexakisadducts are positioned in two groups at 6 = 141
and 146. The *C-NMR spectra of 70, 71, and 74 impressively demonstrate the
strong influence of the local high symmetry. In each spectrum three groups of
signals appear for the fullerene C-atoms reminiscent of those of the three mag-
netically inequivalent C-atoms of the hexakisadducts carrying just one type of
addend (overall T}-symmetry). No influence of the overall symmetry of the three
third-generation dendrimers 70, 71, and 74, which is C;, C, and C,,, respectively,
is apparent. With increasing dendron density (G3-74 — G3-71 — G3-70), the
three signal groups of the fullerene sp? and sp* C-atoms at & = 146, 141, and 69
become less intense relative to those of the C-atoms of the dendrons [10].

The synthesis of enantiomerically pure mixed [3:3]-hexakisadduct den-
drimers with an inherently chiral C;-symmetrical core pattern was achieved
with the four diastereomeric and enantiomeric all-R-{C-(+)-, all-S-fA-(-)-, all-
R-fA-(+)-, and all-S-C-(-)-tris[bis(4-phenyl-2-oxazolinemethano)]-fullerene
precursor adducts 75 (fC = fullerene Clockwise, A = fullerene Anticlockwise)
[49], with known absolute configurations [18, 48] (Fig. 10). Dendritic second
generation 3,5-dihydroxybenzyl bromomalonate [5] was used to complete the
octahedral addition pattern to give the mixed hexakisadducts 76 [11]. The ab-
solute configuration of the precursor trisadducts is retained within the inher-
ently chiral C; symmetric hexakisadducts. Isomeric purity was unambiguously
established using a combination of NMR spectroscopy and other techniques.
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Ph f
all-Sc-(-)- 75

Fig. 10. The four diastereomeric and enantiomeric all-R-{C-(+)-, all-S-fA-(-)-, all-R-fA-(+)-
and all-S-fC-(-)-tris[bis(4-phenyl-2-oxazolinemethano)]-fullerene precursor adducts 75 (fC
= fullerene Clockwise, A = fullerene Anticlockwise) [47] with known absolute configurations

Examples for the corresponding products are the enantiomeric dendrimers all-
R-fC-76 and all-S’A-76 (Fig. 11) [11], which because of their enantiomeric rela-
tionship revealed identical spectroscopic data.

While the chiral precursor trisadducts show very large Cotton effects and
[a]p values, the chiral hexakisadducts 76 exhibit weak chiroptical properties
only. In the CD spectra, almost flat lines are observed between 300 nm and
800 nm and the small [a]}, values of 76 are difficult to determine [11].

These functionalized fullerenes lead to a new class of “chemzymes™ [48], arti-
ficial enzymes consisting of inherently chiral mixed hexakisadducts functional-
ized with catalytically active sites. The C,-symmetrical bisoxazoline unit as a
bidentate ligand is known to form complexes with metals such as Fe,Mg,and Cu.
These complexes can be used as catalysts for stereoselective syntheses, e.g., the
cyclopropanation of styrene with ethyldiazoacetate in the presence of the Cu-
bisoxazoline catalyst [50]. Preliminary experiments with the chiral fullerenoden-
drimers indeed showed that the globular macromolecular ligands exhibited cat-
alytic properties. However, the observed stereoselectivities due to these first
prototypes of fullerene-based dendrizymes were very low compared to those ob-
tained with other bisoxazoline catalysts [11].

In 1999 we proposed a new concept of functional dendrimers (Fig. 12), which
is based on fullerene-porphyrin dyads and the regioselective formation of
mixed hexakisadducts [8]. Highly compact globular porphyrinodendrimers can
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Fig. 12. Schematic presentation of functional dendrimers involving the Cq, core as a structure-
determining building block and a tetraphenyl porphyrin as a functional unit. D!, D%, D3,... D®
denote identical or dissimilar dendrons. The A moieties are additional addends which may
also be attached to the core. They may have another function or they may be just positional
blockers, which enable the easy construction of a given addition pattern within the fullerene
core

be obtained by completing Cq, monoadducts to hexakisadducts with a complete
octahedral T,-symmetrical addition pattern using dendritic malonate addends.
The dendrons provide a specific and widely-adjustable microenvironment
around the porphyrin; the dendritic coverage will influence the redox potentials
of the fullerene and porphyrin moieties and modulate their electrochemical and
coordination properties. Accessibility to these functional dendrimers may be
useful when designing catalysts to mimic heme proteins such as cytochrome
P450.

Exhaustive cyclopropanation of Zn-porphyrin-fullerene dyad 77 with the
Frechet-type dendritic bromomalonate BrCH(COO-[G1]), via template activa-
tion with DMA in the presence of DBU afforded the first-generation dendrimer-
encapsulated Zn-porphyrin fullerene dyad 78 in 2% yield (Scheme 18) [8]. Den-
drimer 78 with (1 — 2) aryl-branching and ether connectivity was completely
characterized.

To avoid the steric hindrance and to increase the yield of the convergently
synthesized functional dendrimers, the new type of “elongated” dendrons with
Cs;-spacers was taken for exhaustive cyclopropanation of the dyad 77 [8]. The
first-generation dendrimer 79 was prepared by using bromomalonate 21 by
means of template activation and was obtained in 13 % yield after HPLC isola-
tion. Second-generation porphyrin dendrimer 80 was obtained directly from
dendritic malonate 20 taking advantage of the modified Bingel reaction in 2%
yield after repeated HPLC purification and isolation (Fig. 13) [8].

In order to get an idea about the size and conformation of such macromolec-
ular hexakisadducts and to explore the availability of empty space, cavities and
clefts, a series of molecular modeling studies with the dendrimers 79 and 80 was



80 A. Hirsch - O. Vostrowsky

78

Scheme 18. Synthesis of the mixed hexakisadduct Zn-porphyrin-functionalized fullerenoden-
drimer 78 by fivefold cyclopropanation of dyad 77 with first-generation Frechet-type bromo-
malonate dendrons: i) 10 equiv. DMA, 8 equiv. BrCH(COO-[G1]),, DBU, toluene

carried out [8,31]. The conformers obtained exhibited a globular structure, even
for the first-generation adduct 79. However, while the porphyrin chromophore
still largely penetrates through the dendritic branches in 79, in the second-gen-
eration representative 80 it is partly covered (Fig. 14). The calculated diameter of
80 is in the range of 5-6 nm [8, 31].

We investigated the interactions between the porphyrin group and the
fullerene core and the influence of the dendritic coverage on the redox potentials
of the porphyrin and fullerene moieties in the dyad 77 and the porphyrin func-
tionalized fullerodendrimers 79 and 80 by cyclic voltammetric (CV) studies [8].
As a result, the first reductions observed for 79 and 80 and assigned to fullerene-
based processes revealed a pronounced cathodic shift with increasing generation
number. The second reduction step, assigned to a porphyrin process, is also
cathodically shifted with increasing generation and demonstrates the influence
of the dendritic cover on the electronic properties of these dyad dendrimers [8].

At the interface between biology and material sciences, the development of
artificial nanostructures as mimics of natural systems or as prototypes of novel
functional aggregates is playing an important role. With our concept of regiose-
lective mono- or multiple-funtionalization of Cg, to yield an incomplete octahe-
dral substitution pattern followed by completion of the addition pattern we
were able to synthesize a new class of artificial dendrimeric lipids [9]. These
membrane and vesicle forming amphiphiles have a globular structure with the
spherical Cy, being used to define the molecular geometry. Five pairs of dodecyl
chains and one pair of polyamide dendrons are bound to Cy in an octahedral
[1:5]-addition pattern by methylene bridges. The five pairs of lipophilic chains,
all attached to octahedral positions relative to the primary addend, were in-
serted in one step by cyclopropanation of 26 with didodecylmalonate, using re-
versible template activation with DMA (Scheme 19) [4, 46]. Chromatographic
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purification yielded 23 % of the mixed hexaadduct 81 as a viscous liquid, which
was deprotected to 82 with trifluoroacetic acid (TFA). Amide dendron 31 [7, 34],
which was generated convergently, was coupled using N,N’-dicyclohexylcar-
bodiimide (DCC) and 1-hydroxybenzotriazol (1-HOBT) to give dendrimer 83 in
a 30% yield. The fert-butyl groups were removed in 96 % yield using TFA and
the target molecule 84 obtained as a yellow powder [9], with a melting point of
186°C (Scheme 19). The corresponding first-generation tert-butyl-protected
dendrimer 85 and the deprotected hexaacid 86 were obtained using the same re-
action sequence in 47 % and 96 % yield, respectively, by amide formation using
amide dendron 28 [32].

83R='Bu
iv)
Scheme 19. Synthesis of the tert-butyl protected [1:5]-mixed second-generation fullerenoden-
drimer 83 and the deprotected globular dendritic amphiphile 84: i) (a) DMA, (b) CBr,, DBU,

didodecyl malonate, toluene; ii) TFA, toluene; iii) “elongated” second-generation Newkome-
type [G2]-NH, dendron, DCC, 1-HOBT, THF; iv) TFA, toluene
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In order to visualize the structure of the globular amphiphile 84, we per-
formed molecular dynamics simulations [51]. Figure 15 shows the result of
this computation. The two types of addends are located in two areas which are,
to a large extent, separated from each other. The densely packed hydrophilic
and hydrophobic regions almost completely enclose the Cg, core. The average
dimension of about 3.5 nm along the main polar axis is similar to that of
naturally occurring phospho- or glycolipids. In contrast, the typical diameters of
1.4-2.3 nm found in directions perpendicular to this axis are considerable
larger than those found for natural double-chain lipids (diameters of about
0.7 nm) [9].

Fullerenodendrimer 84 is easily dissolved in neutral water (pH 7.4, phosphate
buffer) forming a turbid opalescent solution. With higher concentrations a gel-
phase precipitates. The amphiphile is also soluble in most organic solvents, ex-
cept hexane. In aqueous solutions stable rod-like aggregates were observed by
laser light scattering experiments and the corresponding CMC determined with
3.6 x 1077 M [32]. Furthermore, the aggregation behavior of amphiphile 84
was investigated by freeze-fracture electron and by cryo-electron microscopy
(Fig. 16) [9]. Freeze-fracture electron microscopy revealed distinctly vesicular
structures. The diameters of the vesicles range from 100 nm to 400 nm. No mul-
tilamellar structures were observed, which indicated a preference for the for-
mation of single-layer (unilamellar) vesicles. The propensity to form unilamel-
lar structures seems to be assisted by the high density of negative charges (at
pH 7.4) in the hydrophilic part of 84. Cryo-electron microscopy (cryo-TEM) also
revealed the vesicular structures, and this method provided an even more
precise picture. Thin layers (100 nm to 200 nm) of the amorphously-vitrified
aqueous samples can be directly imaged, giving high-resolution projection im-
ages of the uncontrasted sample in the native environment of the solvent. We
could observe a wide variety of aggregates, the fine structure of which were in-
variably based upon the formation of double-layer membranes. The dominant
structures were vesicles of dimensions ranging between 50 nm and 400 nm. The

Fig. 15. Molecular dynamics simulation of 84 (orthogonal views). Conditions: heating time
5 ps,run time 15 ps, cooling time 50 ps, step size 0.001 ps, starting temperature 0 K, simulation
temperature 1000 K, final temperature 0 K, vacuum [42]
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Fig. 16. a Cryo-TEM image of a vesicle of 84 (diameter 80 nm). The bilayer structure (ap-
proximately 7 nm) of the membrane is clearly resolved, and the outer dark (electron-dense)
regions, with a thickness of approximately 2 nm, conform well to the predicted dimensions of
the hydrophilic head. The brighter inner seam with a width of approximately 3 nm is, there-
fore, considered to be the hydrophobic alkyl chain. b Cryo-TEM image of a deformed vesicle
of 83 (diameter 400 nm). Several regions point to a multilayered growth of the membrane [9]

density profile of the membrane was clearly resolved and the overall thickness
determined as about 7 nm (Fig. 16) [9].

Monolayers of the new amphiphilic molecule 84 at the air/water interface
were studied at different lateral pressures by a combination of film balance tech-
niques, neutron reflection, and infrared reflection-absorption spectroscopy
[52]. The monolayers could be compressed and expanded without significant
hysteresis and the alkyl chains remained fluid at all pressures. The pK value was
determined as 7.5 and pH-dependent measurements allowed a variation of the
negative carboxylic headgroup charge by about 18 charges. The thickness of the
amphiphile’s monolayer at high lateral pressure was 30 A, similar to that of phos-
pholipids in the condensed state. In contrast, the molecular area of 84 was about
sixfold higher than that of phospholipids at high pressure. The negatively-
charged monolayer showed strong coupling to water-soluble cytochrom c
from the subphase, leading to the formation of a 30 A thick protein layer under-
neath the amphiphile layer. The protein content varied drastically with the pH
value [52].

When the methanofullerene monoadduct 26 is subjected to a second cyclo-
propanation, the Cgy-e-bisadduct 87 is obtained, which is also a minor byprod-
uct of the synthesis of 26 itself [53]. Reaction with didodecylmalonate leads
to the [2:4]-mixed hexakisadduct 88 [53]. Deprotection with TFA to 89 and
coupling with the first generation dendron 28 under DCC conditions gives
the tert-butyl protected fullerenodendrimer 90 in 25% yield (Scheme 20).
Deprotection proceeded almost quantitatively to yield the amphiphilic dode-
cacarboxylic acid 91 (Scheme 20) [53]. Compound 91 is very soluble in chloro-
form, whilst its solubility in water at pH 7 (phosphate buffer) and 25 °C is
<2 mg/ml.

Coupling of 89 with the second-generation dendron 31 (45% yield) and sub-
sequent deprotection with TFA afforded the dendrimeric hexatriacontacar-
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i)

Scheme 20. Synthesis of the tert-butyl protected [2:4]-mixed first-generation fullerenodendri-
mer 90 and the globular dendritic amphiphile 91: i) (a) DMA, (b) CBr,, DBU, didodecyl malo-
nate, toluene; ii) TFA, toluene; iii) “elongated” first-generation Newkome-type [G1]-NH, den-
dron, DCC, 1-HOBT, THF; iv) TFA, toluene

boxylic acid 92 (Fig. 17) [32]. The polyacid 92 is not soluble in CHCl;, but read-
ily soluble in THE. The solubility in water at 25 °C is >5 mg/ml, resulting in a so-
lution that scatters light strongly.

With this novel concept we are able to produce brand new monolayer- and
bilayer-forming amphiphiles that form vesicles and membrane mimics with
novel physical properties [52]. These amphiphilic molecules exhibit surface
properties such as high hydration and protein-binding capacity, a potentially
high surface charge density, and electrostatic potential modulation over a
wide pH range, which can be useful in advanced biomimetic surface applica-
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Fig. 17. Water soluble four-armed amphiphilic fullerenodendrimer 92, representing a dendri-
tic hexatriacontacarboxylic acid with a C4, core decorated with a [2:4]-mixed addition pattern

tions. The amphiphiles can be specifically functionalized and tuned with respect
to spherical topology, solubility, functionality, reactivity, electronic and spectro-
scopic properties, etc. An interesting aspect of these amphiphiles for biologi-
cal surface functionalization is the potentially high number of negative charges
per molecule. Slight pH variations should result in drastic changes of the sur-
face charge and make the assembly and disassembly of the molecules pH-switch-
able [52].

4
Oligoynes as Dendrimers Cores

End-capped polyynes, consisting of conjugated triple bonds, are one-dimen-
sional rod-shaped molecules and may be considered as model compounds for
the hypothetical sp-carbon allotrope carbyne sp-C.. (Fig. 1b) [54]. Their stabil-
ity should be substantially affected by polymerization, decreasing as the chain
length increases [55]. The distance between two sp-carbon chains is the critical
factor for bringing about the polymerization process [55, 56]. Bulky and steri-
cally demanding end-caps keep the carbon chains apart from one another [57],
preventing translational approach and facile polymerization.

Recently we prepared oligoynes with dendritic end-caps on both ends of the
sp-carbon rods [58]. Terminal dendritic branches can be adjusted specifically
with respect to their size and may be considered as covalently-bound solvate
coverage. Since the dendrimeric ends will not significantly interfere with



88 A. Hirsch - O. Vostrowsky

the electronic properties of the polyyne, dendritic termini can be used as pro-
tective groups to avoid polymerization of the polyunsaturated axis [58]. The
polyyne chain was built up starting from the dendritic terminus. First-, second-,
and third-generation Frechet-type [27] benzyl ether dendrons were used
to build dendronized acetylenes. From chain elongation by heterocoupling
with short-chained oligoynes and final homocoupling according to established
acetylene coupling techniques [59] we obtained several series of den-
drimers such as 93-95 (see Fig. 18) with (1 — 2) aryl-branching and ether con-
nectivity [58].

In solution the dendritic oligoynes 93 -95 are stable but they still decompose
in the solid state [58]. This indicates that even the third-generation dendritic
protective groups are unable to separate sufficiently the alkyne chains from one
another to prevent polymerization. One explanation is that, because of the “flat”
dendritic protective groups, the molecules favor a stacking of the unsaturated
chains resulting in enhanced polymerization.

o, i o

95

Fig. 18. Series of “dendron-protected” hexaynes 93, 94, and 95 decorated with first-, second-,
and third-generation Frechet-dendrons, (1 — 2) aryl-branching and ether connectivity
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Fig. 19. Oligoyne-core dendrimers 96, 97, and 98 with flexible aliphatic dendrons

To address the problem of stability, we decided to modify the dendrons by ex-
changing the “flat” (planar) aromatic termini to more bulky aliphatic dendritic
end-caps [58], introduced by Frechet et al. into dendrimer chemistry [60]. 3,5-
Dihydroxybenzyl acetylene derivatives were decorated with these sterically-de-
manding alkyl branches. Chain elongation from heterocoupling with short
oligoynes and subsequent homocoupling afforded the symmetrically end-
capped dodecahexayne 96, hexadecaoctayne 97, and eicosadecayne 98 (Fig. 19).
The oligoynes were completely characterized and appeared to be sufficiently
stable in solution and in the solid state [58].

5
Carbon Nanotube Cores

Since their discovery in 1991 [61], interest in carbon nanotubes (Fig. 1c¢)
has been steadily increasing. Nanotubes can be considered as a new carbon
allotrope and exhibit an enormous range of potential technical and material
sciences applications. Being formed by graphite vaporization, however, the
as prepared carbon nanostructures consist of inhomogeneous bundles and
ropes of insoluble single-walled (SWNTs) and multi-walled nanotubes
(MWNTs), varying in structure, diameter, and length. Successful end-group
functionalization of short nanotubes will allow the preparation of stable or-
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ganic solutions of these materials [62], permitting the study of their chemical
and physical properties and making them accessible for subsequent chemical
modifications.

We developed a simple and effective purification method which allows us to
use nanotubes as a starting material for chemical modification. The process in-
volves three steps: (i) shortening by oxidation with nitric acid, (ii) ultrasonica-
tion to reduce the size of the nanoparticles, and (iii) size exclusion chromatog-
raphy [63]. By Raman spectroscopy and AFM microscopy on surface-modified
silicon wafers, the carbon nanotube fraction appeared to consist mainly of mul-
tiply carboxylated single walled tube bundles and a very small quantity of amor-
phous carbon impurities [63].

The purification process terminates the open ends of the SWNTs with car-
boxylic acid groups [63, 64], susceptible to reactions with amines to give car-
boxylic amides. This is illustrated in Scheme 21 with a (10,10)-SWNT-COOH 99.
The treatment of this “nanotube acid” mixture with tert-butyl protected second-
generation Newkome dendrons [G2]-NH, under peptide synthesis conditions
afforded a crude mixture of polyamides [64]. After a series of washings, ultra-
sonication, and centrifugation steps we finally obtained a supernatant solution
containing ethanol-soluble nanotube polyamide dendrimers 100 (Scheme 21)
[64]. In the course of the amide formation a simultaneous deprotection was ob-
served, which led to a partial cross-linkage of tubes and polymerization of the
dendrons.

Despite the exhaustive and tedious purification and chromatographic
processes, the dendronized nanotubes still represent a mixture with respect
to structure, dimension, and extent of functionalization. Considering, that a
SWNT of 1 pmlength comprises about 170,000 carbon atoms in more than 80,000
benzenoid rings and has a molecular weight of more than 2,000,000 D, it is ob-
vious that a detailed spectroscopic characterization is not likely. With these at-
tributes, however, the ethanol-soluble dendronized carbon nanotubes are big
enough to be resolved by atomic force microscopy (AFM). From these AMF im-
ages which, of course, represent a “snapshot” of one single molecule only out of
an oligodisperse mixture, we could learn that, in addition to terminal carboxy-
lation, to some extent the tube-walls have also been oxidized and subsequently
dendronized. Furthermore, indications of multiple amide formation and cross-
linking between different nanotubes were found, which can be attributed to the
waste amount of dendritic reagent.

6
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This review will focus on recent progress in supramolecular dendrimer chemistry. We have
chosen to present several representative examples that illustrate the diverse ways in which
dendrimers can be used to create supramolecular systems. The early focus is on host-guest
chemistry where molecular recognition may occur within the dendrimer interior or at its sur-
face. Interior binding may be directed, for example, by a specific group at the dendrimer core,
or it may be a nonspecific hydrophobic effect (e.g., dendrimer as unimolecular micelle). Mo-
lecular recognition at the “surface”is distinguished by the large number of end-groups and the
potential for multivalent interactions.

The nanoscopic size and recognition abilities of dendrimers make them ideal building
blocks for self-assembly and self-organization systems. The review will focus on ways in which
dendrimers may be formed by self-assembly and ways in which preformed dendrimers may
interact with one another. Two types of self-organizing systems will be illustrated: liquid crys-
talline dendrimers and dendrimers organized at interfaces.
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1

Introduction

1.1

Definitions and Scope

The field of dendrimer chemistry is rapidly advancing, and there continues to
be a need for literature reviews. Our laboratory published two reviews on the
supramolecular chemistry of dendrimers just four years ago [1, 2]. In the in-
terim, numerous important reports have appeared, and therefore this is an
appropriate time to update our earlier review. Thus, this chapter will focus
primarily on work reported in 1999 and the first half of 2000. Because several
specialized reviews on the topic of supramolecular dendrimer chemistry have
appeared recently (see below), this review will present a broad overview of
the field. The concepts will occasionally be illustrated with selected examples
from earlier literature. This chapter will not cover the history of the field,
methods of synthesis, or the structure and properties of dendrimers except as it
is relevant to their supramolecular chemistry. Readers who are interested in
these or more general aspects of dendrimer chemistry are directed to the out-
standing book by Newkome et al. [3]. General reviews and those dealing with
specific aspects of supramolecular dendrimer chemistry also have been pub-
lished recently by Astruc et al. [4], Smith and Diederich [5], Emrick and Fréchet
[6], Frey and Schlenk [7], Hawker [8], Inoue [9], Majoral and Caminade [10],
Baars and Meijer [11], Moore [12], Miillen et al. [13], Newkome et al. [14],
Schliiter and Rabe [15], Stoddart et al. [16], Tomalia et al. [17], Vogtle et al. [18],
and many others.

Many of the terms that are used in this review are not well defined in the lit-
erature and their usage varies among authors. We use the term “self-assembly”
to denote the process by which collections of molecules are formed [19]. These
collections may contain a very small or very large number of molecules, but or-
der should exist due to a “pre-programmed” atomic level recognition process.
Thus, the chemist determines the ultimate structure. Self-organization refers to
an identical process but where order arises spontaneously due to the inherent
desire for molecules to order themselves into the lowest thermodynamic state,
for example in the formation of liquid or molecular crystals and the formation
of micelles and liposomes.
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There continues to be debate about the exact structure of dendrimers, in par-
ticular whether they are fully extended with maximum density at the surface or
whether the end-groups fold back into a densely packed interior [1,2]. Recently,
experimental evidence has been obtained in support of both compact folded
and extended structures. For example, Amis et al. has reported [20] the synthe-
sis of seventh generation poly(amidoamine) (PAMAM) dendrimers with par-
tial deuteration of the peripheral layer (CD,CDHCONHCH,CH,NH,). Contrast
matching experiments (in CD;0D) using small angle neutron scattering allowed
the radius of gyration to be determined which was similar to that of the whole
dendrimer. This finding is consistent with localization of the terminal groups
near the surface of the dendrimer. Wooley et al. have synthesized two fifth-
generation Fréchet-type dendrimers with '°F at the core, one with a '*C label in
the third generation layer, the other in the fifth generation (peripheral) layer
[21]. Solid state rotational-echo double-resonance (REDOR) NMR experiments
indicate a similar distance between the core and the third- and fifth-generation
labels consistent with a fold-back of peripheral groups.

As seen in Fig. 1, the structure of some dendrimer repeat units, for example,
the 1,3-diphenylacetylene unit developed by Moore [22], must by their very na-
ture fold back on themselves. Parquette and coworkers [23, 24] have designed
and synthesized a new class of dendrimers, which are designed to fold back via
hydrogen bonding and adopt defined chiral ordered structures. With many den-
drimers it is likely that no single structure is adopted but rather different struc-
tures depending on the nature of branching units and its environment. Thus, in
referring to surface and internal recognition events, we note that the “surface”
refers to the end-groups and the interaction being discussed might actually oc-
cur on the inside of the dendrimer. Likewise, “internal” refers to the core or the
subunits that interconnect the core and end-groups, and this recognition could
occur at a solvent exposed surface if the end-groups fold back.

Fig. 1. a Moore-type dendrimers consist of phenyl acetylene subunits. At the third generation
different arms may occupy the same space and the fourth generation layer potential overlaps
with the second generation layer. b Parquette-type dendrons are chiral, non-racemic, with in-
tramolecular folding driven by hydrogen bonding
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2
Host-Guest Chemistry Involving Dendrimers

2.1
Unique Structures for Surface and Internal Complexation

The unique structure of dendrimers provides special opportunities for host-
guest chemistry (Fig. 2). The multiple end-groups allow multiple complexation
events to occur simultaneously at these sites, which can lead to special types of
interfacial molecular recognition. For example, dendrimers are especially well
equipped to engage in multivalent interactions. At the same time, one of the ear-
liest proposed applications of dendrimers was as container compounds wherein
small substrates are bound within the internal voids of the dendrimer [25]. Ex-
perimental evidence for unimolecular micelle properties was established many
years ago both in hyperbranched polymers [26] and dendrimers [27, 28].

Internal Voids (potential sites of complexation)

4— Peripheral/End Groups

(polyvalent recognition sites)
Core |

Fig. 2. Schematic showing the three main parts of a dendrimer, the core, end-groups, and sub-
units linking the two

2.2
Nonspecific Internal Binding

This nonspecific approach to binding is nicely illustrated by the coating of
poly(propylene imine) (PPI) dendrimers with a hydrophilic outer layer by Mei-
jer and coworkers (see dendrimer 1) [29]. With basic amines and a somewhat
hydrophobic interior, dendrimer 1 dissolves in water and binds rose Bengal (2)
and 4,5,6,7-tetrachlorofluorescein (3), with association constants (K,s..) of
5% 10° M~!and 3 x 10* M~!, respectively. The importance of the acid-base asso-
ciation was supported by the pH effect on binding. Finally, SAX measurements
showed localization of the guest molecules on the dendrimer interior.

A dendrimer-like inverted unimolecular micelle was recently described by
Sun and coworkers [30]. Using the Bingel-Hirsch type addition reaction to C60
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PPI 64
Dendrimer

1

(sixfold), the straightforward synthesis of 4a-c was achieved. Sonicating this
compound in dodecane with an aqueous lithium chloride solution led to incor-
poration of a portion of both water and metal ions on the inside of 4. As would
be expected, the amount of aqueous ion incorporated was dependent on the
length of the hydrophilic block (i.e., 4a — b — c¢). The authors also showed
that the micellar structures could be used as “nanoreactors” to produce silver
nanoparticles of relatively uniform sizes.

O(CHg)yCHa
(0]
-
x O(CHg)yCHa
4a:x=2,y=6
b:x=2,y=15
c:x=4,y=15

In a related study, Crooks and coworkers [31] showed that inverted micelles
could be produced by a self-assembly process. Thus, a fourth generation
PAMAM dendrimer was shown to readily dissolve in 1% dodecanoic acid-toluene
to a degree that suggested nearly complete formation of surface ion pairs (i.e.,
ammonium ion-carboxylate pairings; see 5 in Fig. 3). The IR was consistent with
this suggestion. Similar structures have been prepared by covalent modification
and shown to encapsulate guest molecules. Beyond avoiding the need for cova-
lent chemistry and its attendant purification difficulties, the self-assembly ap-
proach is reversible. Thus, addition of acid leads to protonation of the PAMAM
dendrimer, which in turn causes it to migrate to an aqueous layer. The authors
not only demonstrate the reversible transport and encapsulation of methyl
orange (6) into the self-assembled inverted micelles - they also show that cat-
alytically active Pd nanoparticles can be prepared within the micelles.

There is considerable interest in the use of dendrimers as unimolecular mi-
cellar carriers of water insoluble drugs or for targeted delivery of drugs using
the peripheral groups for tissue or cellular specificity. The simple binding ex-
periments that have been reported to date strongly support the utility of den-
drimers as unimolecular micelles. Little effort has focused on the capacity of
dendrimers. It is likely that the capacity will be considerably lower than that of
liposomes. Wendland and Zimmerman have shown that dendrimers may be
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Fig. 3. Ionic assembly of PAMAM dendrimer and decanoic acid (5) studied by Crooks and co-
workers. In water the assembly is capable of complexing methyl orange (6)
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Scheme 1. Wendland and Zimmerman process for “coring” dendrimers. Cross-linking with the
ring closing metathesis reaction is followed by basic hydrolysis/alcoholysis which removes the
core unit
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“cored,” which may open the way to increasing their carrying capacity [32]. As
shown in Scheme 1, the ring closing metathesis (RCM) reaction of dendrimers 7
and 8 occurs with the commercially available Grubbs’ catalyst 9, giving nearly
full cross-linking of the peripheral homoallyl groups. The core is then removed
under basic conditions to give “cored” dendrimers 10 and 11. The coring process
can leave different functional groups behind.

An interesting example of metal ion sensing by a multi-chromophoric den-
drimer was reported by Balzani et al. [33]. The dendrimer studied, 12, contains
a trimesic acid core, a bis(ethylamino) spacer, then two lysine layers, and 24 dan-
syl units as the end groups. In 5:1 acetonitrile-dichloromethane solution con-
taining tributylamine, 12 showed strong fluorescence quenching upon addition
of Co?* and Ni** whereas no change was seen when a control compound (N-
butyl 5-dimethylamino-1-naphthalene sulfonamide) was subjected to the same
conditions. This result, combined with the results of other experiments, suggests
that two or more sulfamide anions cooperate in the metal ion binding. Signifi-
cantly, at stoichiometric metal ion concentrations, a single ion is found to
quench the fluorescence of nine chromophores. This type of signal amplification
is particularly useful for sensing applications.

NH - NMe;
0,8 w o H
HN O SOz S
éoz O 02 O NMe;,
O TN o
0
Me,N 0,8
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2.3
Directed Internal Binding

The incorporation of host or guest molecules at the core of a dendrimer allows
the binding to be directed specifically at the core. Early examples showed that
hosts that use either hydrogen bonding interactions or hydrophobic complexa-
tion led to specific guest binding. Of course the host-guest designation is arbi-
trary, but compounds traditionally considered guests have recently been at-
tached to dendrimer cores.

2.3.1
Hydrogen Bonding

Remarkably few reports have appeared wherein specific recognition sites on the
interior of dendrimers are used to direct internalization of guest molecules. Early
work by Newkome et al. [34] on glutarimide complexation and studies by Zim-
merman et al. [35] on amidinium binding showed that hydrogen bonding could
occur on dendrimer interiors with similar binding constants to those observed in
free solution. In the latter case, the dendrimer type and generation number did not
affect the ability to complex a small guest, and the K. values were fully respon-
sive to the solvent polarity. The results suggest that even large dendrimers can be
filled with solvent and this controls the microenvironment at the core. Diederich
has reported chiral, non-racemic “dendroclefts” where the dendrimer diminishes
the degree of enantioselective binding of a-glucosides but increases the diastere-
oselective binding [36]. In this example, the dendrimer plays an integral role likely
due to additional hydrogen bonding interactions possible between host and guest.

Newkome and coworkers have synthesized a series of dendritic monomers,
13, 14, and 15 containing one, three, and six 2,6-diamidopyridine units, respec-
tively [37]. These were subsequently covalently linked to epichlorohydrin-acti-
vated agarose and the surface-modified gel’s ability to bind amital (16) deter-
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mined. In this case, the dendritic structure diminished the extent of amital up-
take. Indeed, a 13-fold increase in uptake was observed for dendron (13) and a
linear analog relative to the gel derivatized with 15. Although two proximal arms
of 15 (and 14) might simultaneously complex amital, thereby increasing its bind-
ing efficiency, the authors propose that two adjacent arms in 14 and 15 self-com-
plex. Thus, an energy price must be paid prior to binding.

2.3.2
Apolar Binding

Kaifer and coworkers have extensively studied ferrocene-based dendrimers as
macromolecular redox agents [38a]. Recently, these workers have synthesized
Newkome-type dendrimers (e.g., 17 and 18) containing a single ferrocene unit
at the focal point (Fig. 4) [38b]. Because ferrocene is known to be an excellent
guest for B-cyclodextrin (19), the electrochemical potentials were determined in
water with and without -cyclodextrin present, and K, values for cyclodex-
trin binding were measured as a function of generation number of the den-
drimer. It was found that both the dendrimer and its binding to cyclodextrin af-
fected the electrochemical properties of the ferrocene. Also, the affinity of the
cyclodextrin for the ferrocene was reduced with the third generation dendrimer
18 showing the largest effect (K, = 50 M!) and the first generation ferrocene,
17, (Kygs0c = 950 M) at the low end of the normal range for ferrocene-cy-
clodextrin complexes. The electrochemical redox potentials of the ferrocene are
clearly affected by both the dendrimer and its complexation to cyclodextrin.
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Fig. 4. Kaifer’s third-generation Newkome-type dendrimer with a ferrocene core (18). Equa-
tion showing ferrocene complexation (first generation, 17) into the secondary side of B-cy-
clodextrin (19)
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Fig. 5. Shinkai’s dendritic hosts for C60. Three generations of Fréchet-type dendrons (a-c)
attached to phloroglucinol (20), porphyrin (21), and cyclotriveratylene (22 - lacking OMe
groups) core units

Shinkai and coworkers found [39] that Fréchet-type dendrimers with phloro-
glucinol (20), porphyrin (21),and cyclotriveratrylene (22) cores (Fig. 5) all bound
C60 in apolar organic solvents. In each case, the K, values increased with gen-
eration number. For example, in toluene with hosts 20a- ¢, the K, values were
5(20a),12 (20b),and 68 M~! (20c), respectively. Spectroscopic evidence was pre-
sented indicating complexation at the core. For the cyclotriveratylene-based
hosts 22a-c, the K, values in methylene chloride were 130, 190, and 300 M},
respectively. A Job plot indicates 1:1 stoichiometry. The results indicate that the
electron-rich dendrons increase the binding to the core element, presumably by
classical electron donor-acceptor interactions (i.e., electrostatic, polarization,
and dispersion forces).

24
Topological Complexation

There are several ways in which one could imagine topological complexation of
molecules by dendrimers. One of the earliest proposals was that dendrimers
with extremely densely packed end-groups might permanently encapsulate
guests. Meijer et al. realized this process [40] in work that was previously re-
viewed [1]. Mechanical complexation could also occur by catenane or rotaxane
formation (see below). Pseudorotaxane formation has been used to self-assem-
ble dendrimers and this work is discussed in Sect. 3.3.

Vogtle et al. have described two types of chiral dendrimeric assemblies based
on rotaxane and catenane topologies (Fig. 6) [41]. Both types of structures were
made by chemoselective alkylation of the preexisting rotaxane (23, R = H) or
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Fig. 6. Rotaxane 23 with dendritic stoppers developed by Vogtle and coworkers

catenane core sulfonamide with Fréchet-type dendrimers. The zero-generation
and first generation chiral rotaxanes (23a and 23b) could be resolved by chiral
HPLC (baseline resolution), but the second-generation compound (23 ¢) eluted
as a single peak. The first through third generation catenanes (structures not
shown) could also be resolved with baseline resolution using chiral HPLC. All of
the resolved compounds exhibited distinct CD spectra with a larger peak ampli-
tude observed for 23a and 23b relative to the unalkylated rotaxane (23,R = H).

2.5
Surface Binding

Quite a number of examples have appeared recently where multiple and simul-
taneous complexation events occur on the surface (peripheral groups) of a den-
drimer. An excellent example of this approach is the interaction of adamantyl
dendrimers 24a-e with f-cyclodextrin (19), reported by Reinhoudt and
coworkers (Fig. 7) [42]. These polypropylene imine based dendrimers containing
between 4 and 64 adamantyl end-groups are insoluble in water but readily dis-
solve in the presence of B-cyclodextrin. The number of cyclodextrin molecules
bound per dendrimer was determined by NMR. Each generation (24a-d) was
fully occupied except for the last (24 e) wherein about 40 out of 64 possible sites
were complexed, presumably due to steric effects. The supramolecular assemblies
were all shown to bind 8-anilinonaphthalene-1-sulfonate (ANS) on their inte-
rior. A related surface complexation study was also reported by Kaifer using
cobaltocenyl-terminated PPI dendrimers [43].

Newkome and Hill have reported the reaction of Newkome-type polyol den-
drimers with polyoxometalates (POMs, e.g., (H(CH;0);P,V;W,5050)~%) to pro-
duce dendritic tetra(POM) structures [44]. Because of the chelate effect, these
compounds were significantly more stable than the methanol adducts. The com-
pounds were shown to catalyze the oxidation of tetrahydrothiophene in the
presence of tert-butylperoxide and an acid catalyst, and to be easily precipitated
following the reaction. The stability of these compounds in the presence of wa-
ter makes them appealing as “green” oxidation catalysts.
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Fig. 7. Adamantane-tipped PPI dendrimers developed by Meijer and Reinhoudt, complex
multiple B-cyclodextrin units in water

3
Self-Assembly of Dendrimers

3.1
Concept and Definitions

Because dendrimers contain three distinct structural parts - the core, end-groups,
and branched units connecting core and periphery - there are three strategies for
self-assembling dendrimers. The first is to create dendrons with a core unit that is
capable of recognizing itself or a ditopic or polytopic core structure, thus leading
to spontaneous formation of a dendrimer [45-48]. The second approach is to add
layers or generations to the end-groups non-covalently [49-51]. These two strate-
gies are analogous to the convergent and divergent approaches to dendrimer syn-
thesis. Finally, dendrimers can be self-assembled by adding layers or generations
via recognition units on the branched monomers inside the dendrimer. This
would be equivalent to grafting dendrons onto reactive sites within a dendrimer.

3.2
Hydrogen Bond Mediated Self-Assembly

Second-, third-, and fourth-generation Fréchet-type dendrimers have been as-
sembled into stable hexameric aggregates using bis(isophthalic acid) units at the
core [45]. The largest such aggregate has a molecular weight of 34 kD and is the
size of a small protein. More stable hexamers with a first-generation substituent
were obtained with a heterocycle containing two self-complementary hydrogen
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bonding sites [47]. A dendritic trimeric assembly was also reported as a discrete
constituent of a self-assembling discotic liquid crystal [52].

3.3
Self-Assembly Using Pseudorotaxane Formation

A self-assembling dendrimer using pseudorotaxane formation as the organizing

force was reported by Gibson and coworkers (Fig. 8) [53]. Triammonium salt
25 was found to be insoluble in chloroform-d but became soluble upon addition
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Fig. 8A-C. Gibson’s self-assembling dendrimers using pseudorotaxanes formation: A crown-
ethers with dendritic substituents; B triammonium ion core; C schematic of tridendron formed
by triple pseudorotaxane self-assembly
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of dendron 26 containing a crown at the focal point. Stoddart has extensively
investigated related catenanes, rotaxanes, and pseudorotaxanes and showed
that such crowns will complex ammonium ions [54]. In the case of 26, complex-
ation was evidenced by the NMR spectrum indicating a 3:1 complex (Fig. 8¢).
The assembled dendritic structure was estimated by molecular modeling to
have an 8-12 nm “diameter” The smaller generation crowns 26a and 26b
similarly formed self-assembled dendrimers, with the time to reach equilibrium
being generation-dependent: 26a (ca. 36 h), 26b (ca. 48 h),and 26 ¢ (ca. 72 h).

3.4
Metal Mediated Self-Assembly

There continues to be considerable activity in the area of metal-mediated self-
assembled dendrimers. Newkome has continued an extensive investigation of
self-assembled dendrimers based on the Ru(II)-terpyridine system [14]. These
elegant systems allow various subunits to be rapidly connected into dendritic
“networks.” The latest system involved the synthesis and study of two isomeric
“methane”-type dendritic metallo-macromolecules (27 and 28, Fig. 9) [55]. Both
compounds were made with metal ligation as the final assembly step. Both com-
pounds were characterized both spectrophotometrically and electrochemically,
as well as by MALDI-TOEF A related set of compounds was synthesized contain-
ing eight internal carboxylate groups, which provided intramolecular counter
ions. These compounds gave clean MALDI-TOF spectra at lower laser power
than their ester counterparts containing Cl~ ions.

Gorman and Smith have extended the study of iron-sulfur core dendrimers
(29a-c, Fig. 10) to films and compared their electrochemical properties to those
previously obtained in solution [56]. The observation that the dendrimer gener-
ation number affects the redox potential in films but not in solution is attributed
to a dilution effect of the metal centers. Thus, from the second to fourth genera-
tion iron-sulfur core dendrimer, a 500 mV drop in the E,, is seen. Despite the
significant change in thermodynamics, the redox kinetics in the film reveal no
effect of dendrimer size. In solution the generation two to four comparison
showed a two order of magnitude change in rate.

Van Veggel and coworkers reported the attachment of their previously de-
scribed palladium-based dendrimer to a gold decane thiol monolayer (Fig. 11)
[57]. The first and second-generation dendrimers were synthesized with a long
chain dialkyl sulfide at the focal point. The time dependence of the attachment
to the gold surface was followed by AFM. An increase in absorption over time
was observed with a surface coverage of about 1% reached after 20 h. The AFM
imaging indicated heights for 30a and 30b that are consistent with the dimen-
sions determined from CPK models. The widths for 30a and 30b were measured
to be 20 + 4 nm and 23 + 4 nm, respectively.

Aida has continued his extensive studies of biomimetic self-assembled den-
drimers with a timely report on the “dendrimer effect” in a non-heme metallo-
protein mimic [58]. The work is based on the report by Tolman et al. [59] that cop-
per complexes such as 31a react with molecular oxygen to form complex 32a
(Fig. 12) which may serve as mimics of the bis(p-oxo)bridged bimetallic found in
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Fig. 12. A Tolman’s synthesis of bis(p-oxo)bridged copper complex and, B Aida’s dendritic
analog. A dendritic effect results in stabilization of the complex which is a protein mimetic

the active site of methane monooxygenase and ribonucleotide reductase. Whereas
Tolman’s complex had a very short half-life of 7 s at - 10°C, Aida and coworkers re-
port a dramatic stabilizing effect by replacement of the benzyl groups in 31a with
Fréchet type dendrons. The greatest stabilizing effect was found for 31 ¢ where the
half-life increased to 3075 s. The (Cu,(p-0),)*" core even showed significant sta-
bility at room temperature. Kinetics of decomposition indicated that the increased
stability was entropic in origin, and the authors suggested that the tightly packed
dendrons prevent the benzylic methylene groups attached to the triazaundecane
core from orienting toward the oxygenated core. The largest dendrimer, 31d,
failed to undergo conversion to 32d presumably due to steric hindrance.

-
<

Fig. 11. Two generations of palladium-containing self-assembled dendrons reported by van
Veggel and Reinhoudt. The long-chain sulfide group at the core is used to anchor the dendron
to a gold monolayer for imaging
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4
Self-Organization of Dendrimers

4.1
Concept and Definitions

As previously indicated, self-organizing dendritic systems for the purpose of
this review are those where long range ordering occurs due to forces that are less
specific and directional than those in self-assembly and where the organization
is guided more by nature than the investigator. As will be seen, Percec has shown
remarkable control over the structure of mesophases by changes in molecular
structure, thus blurring the distinction between self-assembly and self-organi-
zation. Perhaps somewhat remarkable is the fact that very large dendrimers are
capable of forming liquid crystalline phases at all. The other main type of den-
dritic self-organization studied recently occurs at interfaces, and dendrimers
have proven to be excellent building blocks for constructing mono- and multi-
layers.

4.2
Liquid Crystalline Phases

Over the past several years, Percec and coworkers have shown that a diverse
array of dendrimers can exhibit liquid crystalline (LC) phases [60-64]. In an
extensive series of structure-property investigations, the nature of the LC phases
were characterized and it was shown how the molecular structure of the
dendrons relates to self-assembled structures that ultimately organize into the
specific LC phase (Scheme 2). For example, the smaller generation dendrons,
or those less substituted, are proposed to adopt fan-shaped structures that as-
semble into washers and then into 2-D hexagonal columns. The larger genera-
tion and more highly functionalized dendrons either form larger fans, in
which case fewer molecules are required to form the washer, or they adopt
conical shapes, in which case a spherical assembly is produced leading to a 3-D
cubic thermotropic liquid crystalline phase. The repeat units in the dendrimers
are Fréchet-type (3,5-benzyloxybenzyl) and one main structural variant (the
3,4,5-benzyloxybenzyl motif). Strictly speaking, the dendrimers are dendrons
because they have a functional group at the focal point (core). The focal
groups are generally simple groups such as carboxylic acids, alcohols, and ester
groups.

In a first, Percec and coworkers show [62] that a spherical dendrimer alone
can form a cubic phase, thus bypassing the need for self-assembly by smaller
conical or pie-shaped subunits. Building upon the earlier results with gallic acid-
derived phenyl-benzyl ether dendrons the authors examined a related series
containing the same internal repeat unit but 3,4-alkyloxyphenyl units on the
surface. The rationale for this small change is that the fifth generation den-
drimer could not be prepared due to steric hindrance at the surface. With the
surface 3,4-alkyloxyphenyl units, dendrimers of the first generation (G1) to the
fifth generation (G5) were prepared and studied by differential scanning
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4

p6mm hexagonal columnar Pma3 cubic liquid
liquid crystalline phase crystalline phase

Scheme 2

calorimetry (DSC), thermal optical polarized microscopy (TOPM), X-ray dif-
fraction (XRD), and scanning force microscopy (SFM). Each dendrimer G2-G5
formed a Pm 3 n cubic lattice with the XRD analysis of the fifth generation den-
drimer (MW 42,731) indicating a single isolated spherical structure (lattice di-
mensions 57 A) repeated within the cubic lattice. The lattice dimensions are sim-
ilar to the molecular dimensions measured in a SFM experiment performed on
a monolayer prepared on mica.

4.3
Interfacial Organization

Miillen and coworkers have reported the synthesis of a series of relatively rigid
polyphenylene dendrimers with nanoscopic sizes based on a clever divergent,
Diels-Alder strategy [13]. With two members of this class, 33 and 34 (Fig. 13),
whose diameters are 5.5 and 3.8 nm, respectively, they have examined their
ability to form self-assembled monolayers on highly oriented pyrolytic
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Fig. 13. Miillen and coworkers synthesized polyphenylene dendrimers 33 and 34 and examined
their self-organization in monolayers on highly oriented pyrolytic graphite (HOPG)
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Fig. 14. Schliiter and coworkers synthesized dendritic rods (e.g., 35) and reported the self-or-
ganization of amphiphilic structures with a dendritic PEG half (hydrophilic) and a Féchet-
type dendritic segment (hydrophobic)
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graphite (HOPG) [65]. Dendrimer 33 was found to form regions (50-100 nm X
70-800 nm) consisting of parallel rows with a 5.9 * 0.7-nm spacing. In most
cases, only a few percent of the surface was covered, but in 2 out of 11 tries the
entire surface was covered by a rod-like structure. With dendrimer 34, 2-D crys-
tals were obtained with each unit cell containing at least two dendrimers. The
rod-like structures formed from 33 are the first such structures formed by self-
assembly of non-rod-shaped dendrimers. With both 33 and 34, the underlying
graphite controlled the array orientation of the monolayer.

Schliiter and coworkers have continued their extensive investigations of
polyphenylene polymers with dendritic substituents that adopt cylindrical
structures (Fig. 14) [15]. By analogy to amphiphilic helical peptides, they have
synthesized a new class of cylinders in which roughly half the surface contains
hydrophobic Fréchet-type dendrons and the other hydrophilic oligoethylene
glycol arms [66]. Some of these compounds (e.g., 35) form stable monolayers in
Langmuir troughs. In the case of 35, it could be efficiently transferred to mica,
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Fig. 15. Abruiia and coworkers self-assembled a dendritic network on highly oriented pyrolyt-
ic graphite (HOPG) surfaces by treating 36 with Fe(II), with and without the linking unit 37

forming a monolayer that is stable for at least a week. SFM on the transferred
films from 35 indicated linear features with a 3.7-nm repeat consistent with
alignment of the cylinders and orientation of the hydrophilic arms toward the
polar phase, and the hydrophobic dendrons toward the air.

Abruifia and coworkers reported [67] a very interesting system wherein self-
assembly is mediated by metal ions at an interface leading to ordered arrays of
dendrimers. The assembly of three dendrimers with peripheral terpyridine
groups (den-n-tpy; n = 4, 8, 32) were examined on highly oriented pyrolytic
graphite (HOPG) surfaces. The majority of the studies were performed on 36
(n = 8) with Fe(II) (Fig. 15). Films prepared on HOPG were characterized using
STM, which revealed patterns consistent with a 2-D packing of 1-D arrays whose
structure was proposed to be (tpy-dend-(tpy’)s-tpy-Fe(II)), where tpy is a co-
ordinatively bridged terpyridine linking dendrimers and tpy”is uncoordinated.
When the assembly is carried out in the presence of 37, similar arrays are ob-
served but with larger spacings. This result suggests that 37 is incorporated into
the assembly most likely as a group linking the dendrimers. This approach gives
especially stable arrays of dendrimers, and the authors note that the result is
some of the highest resolution images of dendrimers obtained to date.

Dendrimers containing one or more azobenzene units as photoresponsive
units have been synthesized and studied by Jiang and Aida [68], Junge and
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Fig. 16. Weener and Meijer’s PPI-based dendrimers 38 containing a variable number of sur-
face azobenzene units

McGrath [69],and Viogtle et al. [70]. These compounds are each prepared via step-
wise syntheses, which place the azobenzene units in precise locations within the
dendrimers. An alternative approach was reported by Weener and Meijer [71] in
which a fifth-generation polypropylene imine (PPI) dendrimer reacts with an
equal amount of the pentafluoro-phenyl esters of palmitoic acid and 11-(4-(4-
hexyloxyphenylazo)-phenyloxy)undecanoic acid. The result is a random shell-
functionalized copolymer with an average of 32 azobenzene and 32 palmitoyl
units per dendrimer (see 38a, m, n = 32) (Fig. 16). A second dendrimer was anal-
ogously prepared with 64 azobenzene units (38b, m = 64,n = 0). Both dendrimers
formed stable Langmuir monolayers at an air-water interface, and these could be
transferred with good efficiency to glass. Alternating UV and IR irradiation of
the two Langmuir-Blodgett films at constant pressure showed only 38a to un-
dergo a reversible change in area. The authors conclude that the area change is
due to cis-trans isomerization, which is possible because the surrounding alkyl
chains prevent dye aggregation, known to inhibit the isomerization.

A number of investigators have examined dendrimer monolayers on gold.
Early examples feature dendrimers with a single thiol group at the focal point
[72,73]. To increase the packing efficiency, Chechik and Crooks converted [74]
a fourth-generation PAMAM dendrimer into thiol-coated dendrimers by reac-
tion with the bis(N-hydroxysuccinimide ester) of 3,3"-dithiodipropionic acid
followed by reduction with zinc metal. Three different dendrimers were pre-
pared, one with nearly full surface reaction, and two others with an average 10%
and 20% coverage (presumably random). X-ray photoelectron spectroscopy
studies on gold monolayers prepared from the latter dendrimer indicate essen-
tially complete reaction of the thiol groups with the gold surface. This finding is
consistent with the dendrimer rearranging itself for maximum surface-den-
drimer reaction. Gold nanoclusters were also shown to react with the thiol den-
drimers leading to a stable nanocomposite.

5
Summary and Outlook

Dendrimers have captured the interest of an extraordinarily broad range of sci-
entists. No doubt much of the fascination arises from their unique architecture
wherein internal voids and multiple end-groups are displayed on a nano-sized



118 S.C. Zimmermann - L.J. Lawless

macromolecule. Organic chemists are equally attracted to the fact that den-
drimers synthesized by the convergent approach are homogeneous (i.e., ultra-
pure) and in many respects have properties similar to those shown by com-
pounds with low molecular weights. Thus, they are compounds that are rela-
tively easy to prepare, characterize, and manipulate.

As noted at the outset, the goal of this review was a selective presentation of
some of the supramolecular dendrimer chemistry that has appeared in the past
year or two. The examples presented herein certainly show that the dendrimer
shell can create a microenvironment that is capable of directed or nonspecific
internal complexation. The dendritic shell is also capable of affecting the prop-
erties of internal organic metallic complexes, with obvious implications for
catalysis. Notably, dendrimers serve as outstanding building blocks for self-as-
sembly and self-organization. The richness of the past research in supramolec-
ular dendrimer chemistry only reinforces the view that remarkable new discov-
eries and useful application will emerge in the next several years.
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Non-Covalent Synthesis of Metallodendrimers
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The field of dendrimers has undergone an explosive growth since the first dendritic structures
were reported two decades ago. These three-dimensional, highly branched macromolecules
have attracted interest from such diverse areas as polymeric, organic, inorganic, biomedical,
theoretical, and physical chemistry. Future applications were already hypothesized from the
early days of dendrimer research. From an application point of view, the incorporation of a
range of metals into the dendritic framework is of particular interest. The resulting metallo-
dendrimers might be applied in fields such as catalysis, sensors, medical diagnosis, light-har-
vesting devices, and nanoparticles. In this chapter, metallodendrimers are discussed in which
the metals are essential for maintaining the dendritic structure. This means that all the
dendrimers described have been assembled non-covalently using coordination chemistry.
Although this restriction narrows the metallodendrimer field significantly, there is still an
enormous variety in the architecture of reported non-covalent metallodendrimers. Where
possible, emphasis is placed on the characterization methods and specific behavior of the
dendrimers, because characterization is of utmost importance in establishing their often com-
plicated three-dimensional structure. Finally, we have emphasized properties that may lead to
future applications.
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Introduction

After the early theoretical and experimental work by Flory in the 1940s on three-
dimensional branched macromolecules [1], Vogtle et al. [2] described in 1978
the first example of an iterative synthetic methodology towards well-defined
branched architectures, now commonly referred to as dendrimers. In the mid-
1980s, research on these fascinating fractal-like polymers was initiated by the
groups of Tomalia [3] and Newkome [4].

A common definition of dendrimers is that they are globular, monodisperse,
highly branched macromolecules of well-defined size and shape that are con-
structed via an iterative sequence of reaction steps. Two main approaches are
usually distinguished in their synthesis, i.e., the divergent (from the core to the
outside) and convergent (from the periphery inwards) dendritic growth [5].

The combination of dendrimer chemistry with the specific properties of
(transition) metals is very interesting from the point of view of possible appli-
cations. Materials with new catalytic, optical, magnetic, electro- and photo-
chemical, and biomedical properties might be created from the combination of
dendritic structures and metals. This combines the fields of organic, inorganic,
supramolecular, and polymer chemistry into a highly interdisciplinary field of
research.

Virtually all positions in the dendritic framework are amenable to metal in-
corporation. This review will focus on metallodendrimers in which the metals
are essential for creating the dendritic structure, i.e., the metals serve as the
structural units “gluing” the organic building blocks together. This narrows
down the metallodendrimer field to three different classes:

- Dendrimers containing metals as cores
- Dendrimers containing metals as branching units
- Dendrimers containing metals as building block connectors

A consequence of this restriction is that metallodendrimers in which the metals
have been positioned at the periphery (e.g., ferrocenes [6], catalytic sites [7],
etc.) or have been incorporated as structural auxiliaries (site-specific [8] or ran-
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dom [9] inclusion) will not be covered. The reader is referred to some excellent
reviews and monographs about (metallo)dendrimers for in-depth information
about these and other topics [5, 6, 10]. There are also review articles devoted to
other specific classes of dendrimers, e.g., heteroatom-containing (Si, P, B, Ge, or
Bi) dendrimers [11], chiral dendrimers [12], carbohydrate-containing den-
drimers [13], dendronized polymers [14], and dendrimers in diagnostics [15].

In this review, most dendritic structures are depicted with one dendron arm
fully drawn, whereas the other arms, identical to the one drawn, are represented
by cones.

2
Metals as Cores

2.1
Introduction

The incorporation of metals at the core of dendrimers may serve a number of
purposes. In general, research in this area is aimed at tailoring the properties of
the core metal as a function of the type and generation (size) of the organic den-
drons folded around it. The shielding of the dendritic core from the environ-
ment is a well-known phenomenon and has been under investigation since the
first report of core isolation by Fréchet et al. in 1993 [16].

2.2
Encapsulated Metal Clusters

The encapsulation of electroactive moieties is important in understanding elec-
tron transfer found in biological systems [17] (e.g., cytochromes) and also in the
construction of molecular electronic devices [18]. By attaching dendrons to a
porphyrin core, enzyme mimics have been prepared in which electron transfer
to or from the porphyrin is affected by the bulkiness of the dendrons and the
microenvironment they create around the porphyrin [19].

Iron-sulfur clusters serve in nature as electron transfer and storage sites, and
as structure-enforcing units in enzymes [17]. Gorman and coworkers have
placed dendritic wedges (G1-G4) around electroactive iron-sulfur clusters of
the form [Fe,S,(SR),]*", resulting in new hybrid inorganic/organic dendritic ar-
chitectures [20]. The dendrimers were prepared by a ligand exchange reaction
of aromatic thiol-substituted dendrons on (n-Bu,N),[Fe,S,(S-tert-Bu),]. The
second generation dendrimer is shown in Fig. 1.

In the 'H NMR spectrum, a substantial broadening and change in chemical
shifts of the thiolate aromatic ring protons close to the paramagnetic iron-sul-
tur cluster was observed. The small longitudinal relaxation time constants (T})
of these protons confirmed their fast relaxation, which is expected for protons in
close proximity to a paramagnetic group. In a subsequent study [21], a dramatic
shortening of T, values for the protons in the dendrimers containing a para-
magnetic iron-sulfur core was found in comparison with similar dendrimers
that contained a diamagnetic tetraphenylmethane core. This observation led the
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Fig. 1. Second generation dendrimer containing an iron-sulfur cluster as a core

authors to conclude that protons in each generation of the dendrimers must ap-
proach the core of the molecule closely in order to experience the attenuation of
T, values. This conclusion is consistent with radial density distributions of
different dendritic generations, as calculated from molecular dynamics simula-
tions.

The insulating effects of increasing steric bulk of the dendritic ligands on the
electrochemical properties of the iron-sulfur core were demonstrated by cyclic
voltammetry. Going from GO to G4, increasingly more negative reduction po-
tentials E,,, were observed. Moreover, GO-G3 displayed increasingly larger volt-
age differences between the current maxima of the reduction and return oxida-
tion waves (AE), which indicates an increasing kinetic difficulty of reduction/ox-
idation. In the dendritic zinc porphyrins reported by Diederich et al. [19a] the
increasingly electron-rich microenvironment created by the dendritic branches
around the core hinders reduction and facilitates oxidation of the porphyrin
ring, which is reflected in more negative reduction potentials and less positive
oxidation potentials, respectively, with increasing generation. Apparently, elec-
tronic effects rather than steric effects primarily determine the redox potentials
of the core. Clearly, the type of dendrimer positioned around the core has a pro-
found influence on its electrochemical properties. This was recently confirmed
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by Gorman et al. [22], who compared iron-sulfur dendrimers containing rigid
phenylacetylene-type dendrons with the flexible iron-sulfur dendrimers de-
scribed above. Diffusion coefficients and corresponding hydrodynamic radii of
the dendrimers in dilute solution were determined by pulsed field gradient spin-
echo NMR and chronoamperometry. For both the flexible and rigid series, both
techniques showed that increasing the dendrimer generation results in a de-
crease in diffusion coefficient and thus an increase in hydrodynamic radius.
Whereas the flexible series of dendrimers displayed a large dependence of the
hydrodynamic radius on the solvent, the rigid dendrimers showed little change
in radius as a function of solvent. This observation is consistent with the rigid
and “shape persistent” [23] nature of these dendrimers. Heterogeneous electron-
transfer rate constants indicate that the rigid dendrimers attenuated more effec-
tively the electron transfer rate than the flexible ones. These results were ratio-
nalized using computational conformational searching which indicated an off-
center “mobile” iron-sulfur core in the flexible series and a central and relatively
immobile core in the rigid series.

Recently, other metal clusters have also served as inorganic dendritic cores.
Dendrimers Mog(p;-Cl)g(OR)s (R = dendrons, GO-G2) were constructed by
Gorman et al. from triflate- or methoxy-capped pseudo-octahedral clusters
([Mo4Clg(X)s]*, X = OTf or OMe) by ligand exchange reactions with dendrons
containing focal phenoxide groups [24]. Similarly, exchange of labile acetonitrile
ligands in the hexanuclear [ReSes(MeCN)¢](SbFy), cluster for pyridine-func-
tionalized dendrons (G1) produced the corresponding dendrimers in high yields
after chromatography [25]. Both these hybrid organic/inorganic dendrimers
were characterized by electrospray mass spectrometry, which clearly showed the
molecular ion peaks.

23
Dendrimers Containing Ru(ll)-Bipyridine Units as Cores

Since the complexes of the [Ru(bpy);]?** family (bpy = 2,2’-bipyridine) show a
unique combination of photophysical and redox properties [26], incorporation
of these moieties as cores into dendritic frameworks offers the possibility of
modifying their properties as a function of dendritic generation. This was in-
vestigated by Vogtle et al. [27], who synthesized dendritic ligands by a divergent
strategy, starting from 4,4’-functionalized 2,2’-bipyridines. Following proce-
dures reported by Newkome et al. [28], 4,4’-bis(bromomethyl)-2,2"-bipyridine 1
was alkylated with triethyl methanetricarboxylate to obtain the dendritic hexa-
ester 2 shown in Fig. 2. Three of these ligands were subsequently coordinated to
Ru(II) to give complex 3, which was finally converted into the hydrophilic hy-
droxyl-containing Ru(II)-dendrimer 4 by amidation with tris(hydroxymethyl)
aminomethane.

Unfortunately, dendritic growth beyond generation one was not possible by
this synthetic method. Therefore, a slightly different methodology was pursued
based on dendrimer chemistry developed by Diederich et al. [29]. The second
generation Ru(II) dendrimer 5 (containing 54 peripheral esters) prepared in this
manner is depicted in Fig. 3.
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Fig. 3. Second generation Ru(II)-containing metallodendrimer

The absorption and emission spectra of complexes 4 and 5 are similar to
those of the unsubstituted parent Ru(II)-bipyridine complexes. However, the
large dendritic complexes exhibited a more intense emission and a longer ex-
cited-state lifetime than [Ru(bpy);]** in aerated solutions. This is due to the
shielding effect of the dendritic branches on the Ru(II)-bipyridine core, thereby
limiting the quenching effect of dioxygen (for 5 the rate constant of dioxygen
quenching is twelve times smaller than for [Ru(bpy);]**). The authors empha-
sized the importance of long-lived luminescent excited states in immunoassay
applications, since the label signal can be read after the decay of the sample
background fluorescence.

Combining the [Ru(bpy);]** core with peripheral naphthyl units, Vogtle et al.
[30] also reported that very efficient energy-transfer takes place from the poten-
tially fluorescent excited states of the aromatic moieties of the dendritic wedges
(naphthyl-functionalized Fréchet-type aryl ether dendrons were used in this case)
to the Ru(II) dendritic core. This antenna effect, potentially useful in harvesting
sunlight [31], was again accompanied by reduced dioxygen quenching of the core
luminescence, although the effect was smaller than reported for complex 5 (Fig. 3).



128 H.-J. van Manen et al.

Recently, Vogtle, De Cola, Balzani, and their coworkers extended the work on
Ru(II)-dendrimers by decorating the periphery of Ru(II)-bipyridine aryl ether
dendrimers with either benzyl or 4’-tert-butylphenyloxy groups [32]. All den-
drimers showed the characteristic luminescence of the [Ru(bpy);]**-type core,
and a similar protection of the luminescent excited state of the core from dioxy-
gen quenching was observed as discussed above. For the compounds containing
the 4’-tert-butylphenyloxy peripheral units, the electrochemical behavior and
the excited-state electron-transfer quenching by cationic (methyl viologen di-
cation, MV?*), neutral (tetrathiafulvalene, TTF), and anionic (anthraquinone-
2,6-disulfonate anion) quenchers, which quench [33] the *MLCT excited state of
[Ru(bpy);]**, were investigated. The core of the largest dendrimer (24 peripheral
4’-tert-butylphenyloxy groups) showed an electrochemical behavior typical of
encapsulated electroactive units. The quenching rate constants, obtained by
Stern-Volmer kinetic analysis, decreased with increasing number and size
(= generation) of the dendritic branches for each quencher. The magnitude of
this effect depends on the quencher and is largest for MV?* and smallest for TTFE.

24
Dendrimers Containing Metal-Terpyridine Units as Cores

Whereas dendritic growth based on metal terpyridines is well-developed
(see Sect. 4.3), the encapsulation of terpyridine complexes has received less
attention, particularly in comparison with metal bipyridine complexes (see
above). This might be due to the absence of room temperature luminescence of
[Ru(terpy),]**, which renders terpyridine-based assemblies less suitable for
practical applications involving light-induced processes. However, there are a
few exceptions. In a first attempt to mimic redox proteins, Chow et al. synthe-
sized aryl ether dendrons (G1-G3) containing a focal terpyridine and they stud-
ied the redox properties of the corresponding iron (II) complexes [34]. The
encapsulation was indicated by a decreasing reversibility of the metal redox
centers with increasing dendritic generation. These cyclic voltammetry results
were rationalized by the steric hindrance caused by the bulky dendritic shell,
hindering the metal complexes from approaching the electrode surface. Similar
effects due to shielding of the redox center are well known for cytochrome c [35]
and other electron-transfer proteins [36]. The dendritic iron(II) complexes were
further characterized by X-ray photoelectron spectroscopy (XPS), which showed
that the solid-state coordinating environments of the iron(II) of different gener-
ations were very similar.

A methodology for preparing bis-dendrimers, developed by Newkome and
coworkers [37], also utilized the metal complexation ability of terpyridines.
Starting from a carboxylic acid-functionalized terpyridine, divergent dendritic
growth (G1-G4) followed by complexation of the terpyridine with RuCl; led to
the first half of the bis-dendrimer (Fig. 4a). Subsequent connection of the sec-
ond terpyridine dendrimer (using 4-ethylmorpholine as the reducing agent)
provided the Ru(II) bis-dendrimers (Fig. 4b) in yields around 60 %.

Cyclic voltammetry showed that for the low generation bis-dendrimers both
the cationic and anionic scans display electrochemically and chemically re-
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b

Fig. 4. a Half bis-dendrimers containing Ru(II)-terpyridine units. b Complete bis-dendrimers
containing Ru(II)-terpyridine units

versible processes. However, for the sterically congested bis-dendrimers irre-
versible behavior (both electrochemically and chemically) was found, similar to
the results of Chow et al. (see above). Moreover, hardly any potential shifts were
found. Interestingly, the sequential growth of the bis-dendrimer allows the two
halves to differ in size, structure, and properties. In the reported examples the
two halves only differ in generation (Fig. 4 b).

2.5
Coordination of Dendrons to Metalloporphyrins

There are a few porphyrin-containing dendrimers in which coordination of
dendritic ligands to the porphyrin metal is exploited in the growth of larger den-
dritic structures. Aida et al. used zinc porphyrins decorated with four aryl ether
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Fig. 5. Dendritic zinc porphyrin used for the interaction with imidazole-functionalized dendrons

dendrons (Fig. 5) to study the interpenetrating interaction of imidazole-func-
tionalized dendrons with the zinc center [38].

The singlet excited state of the zinc porphyrin is not affected by the encapsu-
lation within the dendritic framework. This was evidenced by 'H NMR pulse re-
laxation time (T;) measurements, which indicated that the conformational flex-
ibility of the porphyrin skeleton is retained upon increasing the dendrimer gen-
erations. Spectrophotometric titration of dendritic imidazoles (G1, G2, and G4)
to the porphyrin dendrimers (a one-to-one complexation in all cases) showed a
decrease in binding constant upon increasing either the dendritic imidazoles or
porphyrins, especially in going from the third to the fourth generation dendritic
porphyrin. It is noteworthy that the G4-imidazole binds to the G5-porphyrin at
all (K =2.4 x 10> M! in CH,Cl, at 20°C), suggesting significant flexibility of the
aryl ether dendritic parts.

Coordination of pyridyl-functionalized porphyrins to ruthenium (II) por-
phyrins was exploited recently by Sanders et al. in the construction of dendritic
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Fig. 6. Dendritic porphyrin heptamer synthesized by Sanders and coworkers

multiporphyrin arrays [39]. These are of considerable interest [40, 41] due
to their excellent photophysical and redox properties which make them suit-
able candidates for light-harvesting devices, molecular wires, photosensitizers,
and (semiconducting) liquid crystalline materials. Sanders and coworkers
synthesized a porphyrin trimer dendritic wedge containing a pyridyl group
at the focal point. Two of these dendrons were subsequently attached to a
Ru(II) porphyrin by sequential axial displacement of the solvent and CO ligands
coordinated to Ru(II) in the starting porphyrin, to give the heptamer shown in
Fig. 6. The multiporphyrin arrays were characterized by NMR and UV spec-
troscopy.

2.6
Other “Metals as Cores” Dendrimers

Recently, Enomoto and Aida have attached three aryl ether dendrons (G2-G4)
to 1,4,7-triazacyclononane and studied the oxygen-induced dimerization of the
corresponding Cu(I) complexes, as a non-heme metalloprotein mimic [42]. Both
the rate of formation of the bis(u-oxo)dicopper(III) moiety and its stability to-
wards oxidative self-decomposition are affected by the size of the attached den-
drons (a “dendritic effect”).
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The binding of organic dendritic wedges to core (transition) metals has been
undertaken in order to change the properties of the metal or to impart new func-
tions on the resulting dendrimer-metal combination. An example of the latter
has been reported by Catalano and coworkers [43,44]. Dendritic Fréchet wedges
(G1-G2) were functionalized with focal phosphines and these dendrons were
coordinated to Ir(I) to produce the dendritic analogs of Vaska’s compound. IR
and 3P NMR spectroscopy showed that Cy, reacted reversibly with the Ir(I)
dendrimers via an oxidative addition. The reversible binding was probed by ex-
amining the 3'P NMR line widths as a function of temperature. This gave the
thermodynamic data and equilibrium constants (K =388 M at 257 Kand 5 M}
at 293 K in chlorobenzene for the G2 Ir(I)-C4, complex). The dendritic arms do
not play a major role in fullerene binding.

Fréchet and Kawa coordinated three aryl ether dendritic wedges functional-
ized at the focal point with carboxylates around trivalent lanthanide ions (Er, Eu,
and Tb, Fig. 7) in order to shield the lanthanides from one another for possible
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Fig. 7. Fourth generation dendrimer containing lanthanide ions in the core
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use in fiber optics amplification [45]. Site isolation is important in photolumi-
nescence as it decreases the rate of self-quenching between metal atoms.

Higher generation dendrimers indeed exhibited enhanced luminescence. The
authors observed a non-conjugated “antenna effect” with energy transfer from
the dendritic ligands to the lanthanide core.

2.7
Conclusions

From this section it can be concluded that positioning metals at the core of
dendrimers can significantly alter their properties. More specifically, metals
can be shielded from each other and from the environment by incorporation
into a dendritic framework. These features might be exploited in applications
such as protein mimics, catalysis, immunoassays, and energy-harvesting de-
vices.

3
Metals as Branching Units

3.1
Introduction

A second alternative for metallodendrimer synthesis involves the coordination
of more than one ligand to a (transition) metal that serves to introduce the nec-
essary branching into the dendritic framework. Here, branching occurs at the
metal and not in the dendritic building blocks. The majority of metalloden-
drimers of this class originates from the combined efforts of the groups of
Balzani, Campagna, and Denti [46].

3.2
Metallodendrimers Based on Ru(ll)- and Os(ll)-Polypyridine Complexes

Dendrimers containing Ru(II)- and Os(II)-polypyridine complexes arose from
precursors such as the hetero-tetrametallic complex reported in 1989 by Balzani
and coworkers (Fig. 8) [47].

Due to their outstanding photophysical and electrochemical properties, such
Ru(II)- and Os(II)-complexes had been extensively used as luminescent species
and as reactants or mediators in light-induced and light-generating electron
transfer processes [26]. Replacing the peripheral bipyridine units (Fig. 8) with
2,3-bis(2-pyridyl)pyrazine ligands (2,3-dpp, which in Fig. 8 are coordinated to
the Os(II) core) opened the way to higher, luminescent oligomers. The synthesis,
photophysical, and electrochemical properties of decanuclear homo- and het-
erometallic polypyridine complexes were reported in 1992 [48]. A “complexes as
metals” and “complexes as ligands” strategy was followed in the assembly of the
dendritic structures. This strategy relies on a protection/deprotection proce-
dure in which one metal complex is used as a ligand equivalent (6 in Fig.9) and
another as a metal equivalent (7 in Fig. 9).
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Fig. 8. Heterometallic tetrameric complex reported by Balzani and coworkers

After deprotection of the chlorides with six equivalents of Ag™, three equiva-
lents of the “complex metal” species were added to the “complex ligand” core to
produce the decanuclear dendrimer in good yields. With this procedure, equiv-
alent sites can only be occupied by the same type of metal ion. As reported later,
protection of one of the chelating sites in the bridging ligands (2,3-dpp) allows
the coordination of different metals to the same bridging ligand, leading to less
symmetric dendrimers (see below). In principle, each decanuclear compound
can exist as different geometrical isomers depending on the arrangement of the
ligands around the metal ions. Each complex can also be a mixture of several di-
astereomeric species, owing to the chiral nature of each metal center. This ren-
ders structural characterization of these systems difficult. However, the chirality
of similar decanuclear Ru(II) dendrimers can be controlled using substitution-
ally inert Ru(II) trisdiimine complexes as chiral synthons (see below) [49]. The
decanuclear complexes exhibit extraordinary large molar absorption coeffi-
cients in the UV and visible spectral region. Furthermore, the excitation energy
could be channeled in the desired direction by a tailored choice of the compo-
nents (schematically depicted in Fig. 10).

The electrochemical data of the decanuclear complexes revealed a selectivity
in the metal oxidation behavior based on its nature and location in the array, of-
fering a fingerprint of the topological structure of the complexes. The near-in-
frared luminescence of several polynuclear Os(II) and Ru(II) complexes, in-
cluding two decanuclear dendrimers of the type described above, was reported
by Juris et al. in 1994 [50]. Furthermore, light scattering and conductivity exper-
iments showed that the decanuclear complexes aggregate at room temperature
in solution at very low concentrations. This was attributed to attractive forces
between the hydrophobic assemblies [51].
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Fig. 10. Directional energy transfer (represented by the arrows) in Ru(II)- and Os(II)-contai-
ning metallodendrimers. Empty and full circles indicate Ru(II) and Os(II), respectively. In the
peripheral positions, circles and squares indicate M (bpy), and M(biq), (biq = biquinoline)
components, respectively

While the above discussed construction of decanuclear complexes could be
regarded as convergent dendritic growth (although no dendritic growth was re-
quired in the preparation of the “wedges”), iterative divergent dendritic growth
can only be performed using potentially bifunctional building blocks, where one
of the two functional groups is temporarily blocked or present as a masked func-
tionality. Such a bifunctional complex was exploited by Serroni et al. in the
divergent construction of docosanuclear (22 metals) Ru(II) dendrimers [52].
Monomethylation of 2,3-dpp followed by complexation of the free chelating
sites to Ru(II) resulted in the dendritic building block 8 (Fig. 11).
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Fig. 11. Bifunctional Ru(II)-complex used in the divergent construction of metallodendrimers
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After removal of the chloride ligands with AgNO;, three of these building
blocks were coupled to the core (6 with M = Ru(II) in Fig. 9) to produce the corre-
sponding tetranuclear complex in 70% yield. Demethylation of the six chelating
sites with DABCO followed by complexation of either the mononuclear building
block 8 or the trinuclear capping complex 7 (M = Ru(II), Fig. 9) provided a second
generation protected decanuclear complex [53] or a docosanuclear dendrimer, re-
spectively (both homonuclear complexes). The iterative divergent dendritic
growth has so far not been extended beyond the decanuclear second generation
complexes. The synthesis, luminescence, and redox properties of a heteronuclear
analog of the docosanuclear dendrimer have also been reported [54].

A number of studies on the properties of similar polynuclear complexes with
different metals and/or ligands has been reported [55]. However, the number of
dendrimers of the “metals as branching units” type is quite limited. A dendritic
heptanuclear Ru(II) complex containing 1,10-phenanthroline as peripheral li-
gands and 1,4,5,8,9,12-hexaazatriphenylene (HAT) as bridging ligands was syn-
thesized in a divergent manner by Kirsch-De Mesmaeker and coworkers [56].
This dendritic coordination complex was characterized by electrospray mass
spectrometry (ES-MS). This technique has proven its usefulness in the charac-
terization of metallodendrimers ever since (including in our group, see below).
All peaks observed in the ES spectrum correspond to a single heptametallic
Ru(II) complex associated with different types of counteranions (resulting from
the hydrolysis of PF, anions). The excited state of the heptanuclear dendritic
Ru(II) complex was studied by femtosecond transient absorption spectroscopy
[57]. Scanning tunneling microscopy (STM) showed ordered patterns on
graphite indicating packing of the metallodendrimer molecules on the surface
[58]. A distance of 27 + 2 A between adjacent lamellae suggest that these are rows
of dendritic molecules.

As mentioned before, unequivocal characterization (e.g., by NMR) of the
dendrimers reported by Balzani and coworkers has been hampered by the pres-
ence of numerous diastereoisomers in such polynuclear complexes. This prob-
lem originates from the synthetic strategy, in which the complexes are usually
assembled via ligand displacement reactions with little or no direct control for
the product stereochemistry. Additional stereochemical complications arise
when asymmetrically substituted bidentate ligands are being used. An elegant
strategy that allows the assembly of enantiomerically pure oligonuclear and
dendrimeric Ru(II) complexes from chiral synthons has been developed by
MacDonnell and coworkers. An irreversible covalent reaction which does not in-
volve ligand displacement at the chiral centers is used to couple the metal cen-
ters, thereby avoiding disturbance of the metal-complex stereochemistry. The
first generation dendritic D;-symmetric tetranuclear complexes were described
in 1997 [59, 60]. A representative example (Fig. 12) shows that the condensation
reaction between the o-dione moiety of the enantiopure A-[Ru(1,10-phenan-
throline-5,6-dione);]?* complex and the o-diamine function of enantiopure A-
[Ru(1,10-phenanthroline),(1,10-phenanthroline-5,6-diamine)]?* yields the rigid
D;-symmetric trigonal-propeller-shaped complex AA;-9 containing tetrapy-
rido[3,2-a:2",3"-c:3",2”"-h:2",3”-j]phenazine bridges between stereocenters.
The three other D, isomers were prepared similarly.



138 H.-J. van Manen et al.

MeCN / H,0
—

reflux

Fig. 12. Synthesis of enantiomerically pure, first generation dendritic D;-symmetric tetra-
nuclear Ru(II)-complexes

The high symmetry of the complexes greatly facilitated their character-
ization by 'H, ¥C, COSY and HMQC NMR spectroscopy. MALDI-TOF mass
spectrometry, a well-established technique for characterizing (metallo)den-
drimers nowadays, gave the parent molecular ion signals corresponding to
the species [9 - nPF¢]* (n = 3-8). Finally, the absolute stereochemistry and
optical purity of each of the stereoisomers was established by circular dichro-
ism (CD) spectroscopy. Recently [61], further divergent dendritic growth was
achieved from the isomers of 9 by oxidation of the terminal phenanthrolines
to quinones (which proceeds with retention of the stereochemistry despite
the harsh reaction conditions, H,SO,/JHNO,/NaBr at 100°C), followed by
condensation with A-[Ru(1,10-phenanthroline),(1,10-phenanthroline-5,6-
diamine)]**. The decameric Ru(II) complexes were isolated in =20% yield as
robust metallodendrimers (stable to heat, concentrated acids and bases, and
racemization) and were characterized by ES-MS and 'H and COSY NMR
spectroscopy. Interestingly, the two diastereomeric decamers AgA;A-Ru;, and
AgA;A-Ruyg, which differ in their stereochemistry at three dendritic sites, dis-
play remarkably different overall topologies, as suggested by molecular model-
ing. The global stereochemical descriptors T (achiral) and P (clockwise) were
introduced to describe the flat disk-like structure of A¢A;A-Ru,, (Fig. 13 left)
and the right-handed propeller structure of AcA;A-Ruy, (Fig. 13 right), respec-
tively.
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(T)-(AsA3A-Ruyg) (P)-(AA3A-Ru,y)

Fig. 13. Space-filling models of decanuclear (T)-(AgA;A-Ruy,) (left) and (P)-(AgAsA-Ruyg)
(right) showing the respective disk-like and propeller structure of these complexes

Although these differences in the global structure do not influence the CD
spectra (which was attributed to weak electronic coupling between the chro-
mophores), the colloidal properties (dynamic light scattering revealed poly-
disperse aggregation in acetonitrile) as measured by electric birefringence are
significantly different.

3.3
Conclusions

Metallodendrimers belonging to the “metals as branching units” class were
among the first metallodendrimers to be reported. Since then, various synthetic
strategies have allowed the type of both the incorporated metals and ligands to
be varied, thereby tailoring, e.g., the chiral, electrochemical, and photochemical
properties of these metallodendrimers for future applications such as multi-
electron catalysis, solar energy conversion, and chiral recognition.

4
Metals as Building Block Connectors

4.1
Introduction

In this class of metallodendrimers the necessary branching is incorporated into
the dendritic building blocks instead of being located at the metal centers. As a
consequence the variation is much larger for this type. The unrestricted freedom
in building block design for the “metals as building block connectors” den-
drimers has also led to higher dendritic generations than in the “metals as
branching units” type, where a third generation metallodendrimer is yet to be
reported (probably due to the compact and rigid structure of these dendrimers).
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In our group, we have been concerned with metallodendrimer assembly of
the “metals as building block connectors” type since 1994. First, however, the
elegant studies of the groups of Puddephatt, Newkome, Constable, Takahashi
and others will be discussed in some depth [10].

4.2
Organometallic Pt(l1)/Pt(IV)-Containing Dendrimers

Puddephatt and Achar were the first to report the synthesis of organometallic den-
drimers [62]. Their synthetic methodology is based on two well-known reactions
in organometallic chemistry, namely the displacement of SMe, ligands from
[Pt,Me,(¢-SMe,),] by 2,2’-bipyridines and the oxidative addition of benzylic bro-
mides to [PtMe,(bipy)]-type complexes. As depicted in Fig. 14, a selective trans ox-
idative addition of the C-Br bonds of 4,4-bis(bromomethyl)-2,2’-bipyridine to
[PtMe,{4,4’-di-tert-butyl-2,2"-bipyridine] 10 gave the binuclear Pt(IV) complex 11,
which was subsequently reacted with [Pt,Me,(y-SMe,),] to the trinuclear complex
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Fig. 14. Convergent dendritic growth strategy developed by Puddephatt and Achar
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12. Further convergent dendritic growth occurs from the reactive Pt(II) center in
12 by a repetition of oxidative addition of 4,4’-bis(bromomethyl)-2,2"-bipyridine
and conversion of the resulting bipyridine to the dimethylplatinum(II) complex.

After the third growth cycle (which yielded a Pt,, dendron), reaction at the fo-
cal bipyridine did not proceed well, and this was attributed to steric hindrance
at the focal point,a common problem in dendritic chemistry. The dendrons were
characterized by UV-VIS spectroscopy (useful for distinguishing between Pt(II)
and Pt(IV)), 'H and Pt NMR spectroscopy; and gel permeation chromatog-
raphy (GPC), which provided a rough estimate for the molecular weight.

Fourfold coupling of first and second generation Pt(II)/Pt(IV) complexes such as
12 (a first generation dendron) to 1,2,4,5-tetrakis(bromomethyl)benzene provided
large (up to Pt,s) dendrimeric organoplatinum complexes, as reported in subse-
quent papers from the same group [63]. Moreover, by following the same method-
ology but employing the monofunctional 4-(bromomethyl)-4’-methyl-2,2’-bipyri-
dine instead of 4,4’-bis(bromomethyl)-2,2"-bipyridine as the reagent in oxidative
additions to Pt(II), oligomeric linear chains were obtained instead of dendrons,
demonstrating the versatility of the synthetic approach [64]. Starting from bipy-
ridines carrying redox-active ferrocene functions and using the same synthetic
methodology, heterometallic dendrimers were synthesized (see, e. g., the example in
Fig. 15) and electrochemically characterized by Achar and Catalano [65].

Finally, a divergent route to first generation organoplatinum and platinum-
palladium dendrimers based on slightly modified building blocks has been re-

Fig. 15. Organometallic dendrimers containing peripheral ferrocene units
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Fig. 16. Building blocks (13 and 14) in the synthesis of a first generation organometallic plati-
num-palladium metallodendrimer (15)

ported [66]. With the bis- and tris(2,2’-bipyridyl) reagents 13 and 14 as the den-
dritic building block and core, respectively, first generation complexes such as
15 were synthesized (Fig. 16). Unfortunately, solubility problems prevented fur-
ther dendritic growth. The low stability of the Pd(IV) centers also restricted
their position to the periphery of the dendrimer.

4.3
Dendrimers Based on Metal-Terpyridine Complexes

Transition metal-terpyridine moieties are not readily suitable for construction
of dendrimers of the “metals as branching units” type since only two building
blocks can be linked via terpyridines. Particularly the groups of Newkome [10a]
and Constable [67] have investigated dendrimers containing Ru(II)-terpyridine
units, both with the aim of exploiting the unusual and interesting (electrochem-
ical, photochemical and photophysical) properties [68] that these new multi-
nuclear species might exhibit. In one of the first reports [69], Newkome et al. de-
scribed the synthesis of a dodecaruthenium(II) metallodendrimer by complex-
ing small Ru(II)-terpyridine dendrons to a divergently synthesized dendrimer
containing 12 terpyridines at the periphery (Fig. 17).



Fig. 17. Dodecaruthenium(II) metallodendrimer reported by Newkome, Constable and coworkers

SI3WIIPUIPO][LIB JO SISBYIUAS Juajeno)-uoN

(34!



144 H.-J. van Manen et al.

This strategy of linking dendritic fragments via Ru(II)-terpyridines was later
also applied in order to construct the Ru(II) bis-dendrimers discussed in Sect. 2.
Expanding the stepwise assembly has resulted in double terpyridine-Ru(II) con-
nectivity in each arm of a tetrahedral metallodendrimer [70]. The versatility of
this synthetic methodology was demonstrated by the synthesis of isomeric met-
allodendrimers in which different dendrons (G1 and G2), attached to the core
and peripheral terpyridine building blocks, were interchanged with respect to
each other [71]. The two constitutional isomers depicted in Fig. 18 possess very
different internal densities and void regions.

The cyclic voltammograms show a single, quasi-reversible pattern for the
Ru(II) centers of isomer 16, indicating that all Ru atoms are electrochemically
equivalent. However, the two waves for the metal centers of isomer 17 led the
authors to suggest that the interior of this dendrimer might be rigid enough to
allow electrochemical communication between the metals [72]. Recently, New-
kome and coworkers also reported dendrimers containing four internal bipyri-
dine units which complex Ru(II) centers by reaction of the dendritic bipyridines
with [Ru(bpy),Cl,] [73]. However, here the metals are not essential for the den-
dritic structure.

Constable and coworkers have predominantly focused on grafting linear
oligonuclear complexes onto cores of different constitution and multiplicity [67].
Di- and trinuclear linear Ru(II)-terpyridine arms, incorporating nucleophilic
HOtpy ligands on one side as the terminal terpyridine, were coupled to 1,4-
bis(bromomethyl)benzene and 1,3,5-tris(bromomethyl)-2,4,6-trimethylben-
zene to give the corresponding tetra-, hexa- and nonanuclear complexes, re-
spectively [74]. The nonanuclear complex is depicted in Fig. 19. All polynuclear
complexes could be purified by silica chromatography and were characterized
by MALDI-TOF mass spectrometry. Their solubility is dictated by the counte-
rion, the chloride salts are soluble in methanol and even water, and the corre-
sponding PF; salts are soluble in acetonitrile and acetone.

The trinuclear linear complex was also reacted with hexakis(bromome-
thyl)benzene to provide an octadecanuclear species [75]. These architectures are
of the “star” type rather than the dendritic type, since branching only originates
from the core. Using optical waveguide lightmode spectroscopy, it was shown
that the adsorption of the nonanuclear star to silica-titania surfaces heavily de-
pended on the bulk concentration [76].

Branched Ru(II)-terpyridine dendrimers (instead of stars) were synthesized
by Constable et al. by twofold coupling of a Ru(II)-bisterpyridine complex
monofunctionalized with a benzyl bromide to 4,4’-dihydroxy-2,2’-bipyridine,
followed by coordination of three of these dendrons to either Fe(II) or Co(II)
[77]. Recently Constable and coworkers have described pentaerythritol-based
Ru(II)-terpyridine metallodendrimers [78]. The reaction of pentaerythritol
with 4’-chloro-2,2":6",2”-terpyridine could be controlled to provide either a
dendritic core containing four terpyridine metal-binding moieties or a building
block containing one terpyridine and three pendant CH,0OH groups. These two
structures were linked together by Ru(II) to give the tetranuclear 18 (Fig. 20),
which remarkably could be reacted completely with [(tpy)Ru(Cltpy)]** (19) to
provide the hexadecanuclear complex 20. The coordination of 4-halopyridines



Fig. 18. Constitutionally isomeric metallodendrimer having different internal densities and void regions
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Fig. 19. Nonanuclear Ru(II)-terpyridine assembly reported by Constable and coworkers

to transition metals activates the 4-position for nucleophilic attack [79],and this
is probably the reason why the fully functionalized complex 20 is formed.

The fourfold terpyridine-functionalized pentaerythritol unit was earlier de-
scribed by Constable et al. in the synthesis of tetranuclear complexes bearing
pendant carborane moieties [80]. Water-soluble boron-rich systems are of inter-
est in the field of boron neutron capture therapy [81].

4.4
Dendrimers Based on Metal-Acetylide Complexes

Novel dendritic architectures based on Pt(II)-acetylide units have been reported by
Takahashi and coworkers. The authors extended their previously developed strategy
for transition metal poly-yne polymers [82] to the synthesis of metallodendrimers
containing triynes as bridging ligands between metal centers. In the first example
[83],1,3,5-triethynyl-2,4,6-trimethylbenzene was treated with dichlorobis(tri-n-bu-
tylphosphine)platinum under CuCl catalysis to give the trinuclear complex 21 (Fig.
21), the molecular structure of which was determined by X-ray crystallography.
An excess of this complex could be reacted with 1,3,5-triethynyl-2,4,6-tri-
methylbenzene (under similar conditions,i.e., CuCl in Et,NH) in order to prepare
a metallodendrimer of higher generation, e.g., the nonanuclear 22. The terminal
chlorides were subsequently substituted by monofunctional phenylacetylene ter-
minal groups. The resulting neutral second generation dendrimer was purified by
column chromatography. Stang and coworkers also reported the divergent syn-
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Fig. 20. Pentaerythritol-based Ru(II)-terpyridine metallodendrimers
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Fig. 21. Divergently synthesized tri- and nonanuclear Pt(II)-acetylide metallodendrimers

thesis of second generation organoplatinum dendrimers based on 1,3,5-tri-
ethynylbenzene building blocks [84]. Platinum iodide complexes were used in-
stead of chloride complexes, because of the more labile halogen-metal bond in io-
dide complexes, facilitating their condensation with acetylenic compounds.

A convergent route to third generation Pt(II)-acetylide dendrimers was re-
cently developed by Takahashi and coworkers [85]. Their convergent methodol-
ogy relies on the use of two different trialkylsilyl protecting groups for the acety-
lene units of triethynylbenzene. Selective desilylation of the trimethylsilyl moi-
ety in 23 (Fig. 22), followed by conversion of the terminal acetylenes to the
corresponding P-methoxyphenylethynylplatinum(II) complexes, and final de-
protection of the tri(isopropyl)silyl group gave the first generation dendritic
wedge 24. Second and third generation dendrons were similarly synthesized.
Coupling of these wedges to the trifunctional complex 21 (Fig. 21, R = Et) gave
the corresponding metallodendrimers, bearing up to 45 platinum centers
(M =+ 26 kDa), in good yields (51 % for the third generation). Due to symmetry,
the dendrimers were characterized by very simple 'H and *'P NMR spectra.

An alkynylruthenium dendrimer containing a large m-delocalized system was
recently synthesized by Humphrey et al. as a new organometallic complex for
nonlinear optics [86]. Bisacetylide Ru(II) units were incorporated into a dendritic
wedge bearing a focal acetylene, which was subsequently coupled to a previously
reported [87] trifunctional core to provide a rigid nonanuclear complex (Fig. 23).
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Fig. 22. Building block (23) and dendritic wedge (24) used in the convergent construction of
Pt(II)-acetylide metallodendrimers

Fig. 23. Nonanuclear alkynylruthenium metallodendrimer used in nonlinear optics
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Third-order NLO measurements for this organometallic dendrimer showed a
significant enhancement of two-photon absorption (TPA) upon proceeding
from the constituent building blocks to the nonanuclear complex. TPA materi-
als are of interest for applications such as optical data storage and optical limit-
ing [88].

Rigid dendrimers were synthesized by Osawa et al. [89] by grafting Ru(II)-
terpyridine metallodendrons to a functionalized core Ni(II)-tris(bipyridine)
unit. Metal-terpyridine and -bipyridine connectivities were combined before in
the metallodendrimers reported by Constable and coworkers (see above) [77],
with coordination of the bipyridine dendrons to Ru(II) as the final step. The fi-
nal construction step used by Osawa and Wakatsuki is a covalent palladium-me-
diated coupling between aryl iodides connected to the core Ni(II)-tris(bipyri-
dine) moiety and the focal acetylene of the Ru(II)-terpyridine dendrons. The
largest (ca.90 A) dendrimer, containing 18 Ru(II) centers and 1 Ni(II) center, was
characterized by transmission electron microscopy (TEM), which revealed indi-
vidual molecules of nanosize dimensions.

4.5
Metallodendrimers Based on SCS Pd(ll) Pincer Moieties

Pincer ligands are meta-xylene derivatives in which the two methylene moieties
carry suitable donor atoms (e.g., N, P, or S) [90] for the complexation of transi-
tion metals. Cyclometallation (Fig. 24),in which a obond is formed between the
metal and the aryl carbon, gives rise to a variety of systems displaying rich co-
ordination chemistry [91].

The SCS Pd(II) pincer moiety, known since 1980 [92], has recently been ex-
ploited in molecular recognition [93], catalysis [94], and self-assembly [95]. Our
group has been involved in the non-covalent construction of metallodendrimers
based on this versatile motif since 1994. We first studied genuine self-assembly
of molecules that have two pincers and a suitable ligand (e.g.,RCN) in one build-
ing block. Compound 25a (Fig. 25) was synthesized and its self-assembly upon
removal of the labile acetonitrile ligands was investigated [96].

Intermolecular coordination of the nitrile groups to Pd(II) was evidenced by
IR spectroscopy, in which a diagnostic shift of the C=N stretch vibration from
2250 cm™! (monomeric building block) to 2290 cm~! was observed upon coordi-
nation. Further proof of the self-assembled structure was obtained from quasi-

H@\ cyclometallation
—_—
X H X

X=N,P, S

X—I\III—X
Y,

M = Ru, Rh, Ir, Pd, Pt, etc.
Y, = ancillary ligands (n = 1-3)
Fig. 24. Cyclometallation of pincer ligands
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Fig. 25. Uncontrolled growth of self-assembled hyperbranched spheres from building blocks
25a-d

elastic light scattering (QELS), which showed particles having a hydrodynamic
diameter of 200 nm, and from both atomic force microscopy (AFM) and
TEM, which revealed large globular-shaped assemblies having diameters in the
150-200 nm range. The reversible nature of the self-assembling process was
proven by the addition of small amounts of acetonitrile to a nitromethane solu-
tion of the assembly, upon which sharp signals appeared in the '"H NMR spec-
trum, indicating the presence of monomeric species.

Structural variations in both the building blocks (25b-d in Fig. 25) and the
non-coordinating anions (X~ in Fig. 25) allowed the size of the self-assembled
spheres to be controlled [97]. In general, larger anions and/or thioether groups
gave smaller assemblies, as shown by QELS, AFM, and TEM. Presumably, in the
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dendritic model the anions will occupy the voids created by the branching of the
monomers. When these cavities become too small the anions are forced out of
the growing sphere and block further assembly by occupying the surface. The
size at which this occurs is apparently also dependent on the bulkiness of the
building blocks. The dense shell of the spheres was indicated by the slow disas-
sembly upon the addition of benzonitrile, which even at higher temperature
(70°C) caused little degradation of the aggregates.

In contrast to the uncontrolled growth of the self-assembled spheres, a con-
trolled assembly strategy would allow the synthesis of smaller metalloden-
drimers. Such a growth scheme requires a suitable dendritic core and a protec-
tion/deprotection strategy in order to control precisely the coordination of
building blocks at the desired positions. We developed the building blocks de-
picted in Fig. 26.

In all the building blocks, the Pd(II) centers are protected by strongly coordi-
nating chloride ligands. These chlorides can be removed, however, by precipita-
tion with Ag(I) salts, thereby allowing the resulting vacant coordination site to
be occupied by other ligands. Therefore, starting from the nucleus G, the as-
sembly of metallodendrimers can be controlled by the repetitive addition of
Ag(I) salts and building blocks. At first, we investigated the divergent dendritic
growth using G, and BB¢y-Cl [98]. As shown in Fig. 27, deprotection of G, with
3 eq. of AgBF, followed by the addition of 3 eq. of BBc\-Cl resulted in the first-
generation metallodendrimer Gy, containing 6 terminal sites for further growth.

Repetition of the deprotection and building block addition procedure yielded
the corresponding higher generation dendrimers (G2 -G5). This synthesis is ac-
tually a one-pot procedure since intermediate generations need not be isolated.
All metallodendrimers were characterized by 'H NMR and FT-IR spectroscopy,

Cl

| N
PhS —Pd —SPh CN cd

° Phs; e i ,SF'h
PhS 9 o %
\ Phs SFh PhS; Ph
C'/F:l}s PfF‘h \ A
£ "ol < pns o

sbh SPh
G, BB,,-Cl BB,,-Cl

A=cr t& A=cr & 6=c

Fig. 26. Building blocks used in the controlled assembly of Pd(II)-containing metalloden-
drimers
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i} 3 eq. AgBF, i) 6 eq. AgBF,
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— —
G, G,
e
Fig. 27. Metallodendrimers of generation one to five assembled via a controlled divergent
growth strategy

elemental analysis, electrospray mass spectrometry (except G5), and tapping
mode AFM (TM-AFM) on graphite and mica (G5 only). A representative decon-
voluted ES-MS spectrum of G4 is shown in Fig. 28 [99]. The higher generation
dendrimers lack a large numbers of anions in the ES-MS spectra, which has also
been observed for other metallodendrimers (Sect.3.2) and for non-dendritic as-
semblies held together by coordination bonds [100].

Molecularly thin films of spincasted G5 were studied by TM-AFM measure-
ments [99]. At low concentrations separate spheres were identified, having di-
mensions of approximately 15 nm in diameter, most likely corresponding to in-
dividual metallodendrimers.

In order to be able to construct metallodendrimers in a convergent fashion
based on our strategy outlined above, additional requirements must be met. For
example, if scrambling of building blocks is to be avoided in the convergent
strategy, the coordination strength of the ligands bound to the Pd(II) pincers
should decrease from the periphery towards the core. This necessitates the use
of building blocks containing ligands other than the cyano moieties discussed
earlier. Therefore we developed building blocks containing pyridine [101]

49878
100
[M-39BF,]*
%
0

42 46 50 54 KkDa
m/z

Fig. 28. Deconvoluted electrospray mass spectrum of a G4 metallodendrimer
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Fig. 29. Convergent growth of metallodendrimers using building blocks that differ in their
ligand coordination strength

groups (BB,,,-Cl in Fig. 26) and, recently, phosphines. Divergent growth using
only the pyridine building blocks produced more stable but less soluble den-
drimers than those based on the cyano building blocks. Convergent growth was
carried out by coordinating two molecules of BB,,,-Cl to deprotected BBcy-Cl,
producing a dendritic wedge containing a focal cyano ligand for further coordi-
nation, as schematically shown in Fig. 29. In this step the stronger pyridine li-
gand excludes the cyano group from coordination, as evidenced by '"H NMR spec-
troscopy. In the final step three of the wedges were coordinated to activated G,
deprived of its chlorides. Both the dendritic wedge and the convergently assem-
bled metallodendrimer were characterized by MALDI-TOF mass spectrometry,
which revealed a signal corresponding to [M-BF,]" in both cases.

Our convergent growth, based on coordination chemistry, allows the intro-
duction of core and/or peripheral functionalities such as redox- or photoactive
groups, provided that such moieties can be functionalized with either Pd(II)
pincers or suitable ligands. For example, we have convergently constructed den-
dritic assemblies containing up to 12 peripheral porphyrins starting from 5-
pyridyl-10,15,20-triphenylporphyrin [41g]. Also, metallodendrimers tailored
with core and peripheral porphyrins have been synthesized, which might pro-
vide interesting energy- and electron-transfer behavior [41a]. Furthermore, we
have recently begun to explore the photophysical properties of individual den-
dritic molecules containing a fluorescent rhodamine B core [102]. The rho-
damine B core (1 eq.), functionalized with two Pd(II) pincer moieties, was added
to 14 eq. of deprotected BBcy-Cl (25a in Fig. 25) and the acetonitrile was evapo-
rated (Fig. 30). In this way an uncontrolled self-assembly leads to a statistical
mixture in which both metallodendrimers with and without rhodamine B core
are present (the rhodamine B bis pincer, having no ligands, can only serve as a
dendritic core).

The fluorescence of individual dendritic molecules was investigated by near-
field scanning optical microscopy (NSOM). This technique has recently proven
to be very useful in the visualization of single molecules [103]. Height and opti-
cal images of individual metallodendrimer molecules were obtained simultane-
ously, allowing co-localization of single-molecule fluorescence with dendritic
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Fig. 30. Uncontrolled self-assembly of Rhodamine B-containing metallodendrimers
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molecules. No differences were found in the height distribution of the den-
drimers obtained with dynamic mode AFM and shear-force NSOM, emphasiz-
ing the non-destructiveness of both techniques. Moreover, the three-dimen-
sional orientation of the individual fluorescent cores within the dendritic matrix
could be determined, and these measurements indicated orientational mobility
of the core. In combination with scanning probe techniques such as AFM, STM,
and NSOM, the study of self-assembled monolayers [104] (SAMs) on surfaces
(usually gold) also offers the possibility of investigating and, ultimately, manip-
ulating the properties of single molecules. On gold, for example, functional mol-
ecules can be “isolated” by embedding them into a preformed self-assembled
monolayer of (w-functionalized) alkanethiols [105]. This can be achieved by an
exchange mechanism in which some thiol adsorbates desorb from the surface
upon exposure to solvent [106], and the created “defects” are subsequently filled
by the adsorbates to be studied. To this end, the adsorbates must be functional-
ized with moieties having a significant affinity for gold, such as thiols, sulfides,
and disulfides. Because of their large size, dendrimers are exquisite candidates
for single molecule studies using scanning probe techniques [107].In our group,
we have been utilizing (metallo)dendrimers functionalized with long chain
sulfides in order to visualize them on a gold surface by AFM [108]. Metalloden-
drimers (G1-G2) based on pyridine ligands were exposed to SAMs of decan-
ethiol. Depending on the quality of the starting monolayer, the concentration of
the dendrimer solution and the time of exposure of this solution to the gold sur-
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face, varying quantities of isolated features of nanosize dimensions could be dis-
tinguished by AFM (Fig. 31 bottom). In contrast, control experiments in which
either the sulfide chain on the dendrimer was absent or the sulfur atom in the
chain was replaced by a methylene group did not reveal such features (Fig. 31
top). This clearly demonstrates the necessity for an anchoring point for the gold
surface.

As a final example, we have combined the coordination chemistry used to
construct metallodendrimers with hydrogen bonding in the formation of den-
dritic rosettes [109]. The self-assembly of covalent dendrons containing focal
bis(isophthalic acid) units into hydrogen-bonded hexameric cyclic arrays was
reported earlier by Zimmerman and coworkers [110].In our strategy [111] three
metallodendrons, divergently synthesized using BBy-Cl and a barbituric acid-
functionalized Pd(II) pincer, were bound via their focal barbituric acid groups
to N-octadecanyl-N’-(2-N-tert-Boc-amino)phenylmelamine through 18 hydro-
gen bonds in a cyclic [3 + 3] fashion to form the hexameric rosette (Fig. 32),
which was characterized using a variety of NMR techniques (low temperature
'H, 2D-NOESY and TOCSY). NOE build-up curves were used to determine the
rotation correlation times 7., and as expected these values increased with in-
creasing size of the rosette dendrimers.

4.6
Conclusions

The class of metallodendrimers belonging to the “metals as building block con-
nectors” type is the most diverse one of the three types discussed in this review.
This is because coordination chemistry has provided this field with a large array
of transition metals and corresponding ligand coordination geometries, thereby
hardly posing any restrictions on the design of dendritic building blocks. This
allows the resulting metallodendrimers to be tailored with specific functions,
arising from the metals themselves (redox or catalytic activity, luminescence,
etc.), the organic spacers bridging the metals (e.g., conducting acetylenes), or
from their interplay.

5
Concluding Remarks

As evident from this review, metallodendrimers have grown from curiosities
one decade ago towards common macromolecules nowadays. The exploitation
of coordination chemistry has proven to be very useful in the non-covalent syn-
thesis of metallodendrimers. At present, dendritic construction via metal-ligand
coordination is straightforward in most cases. Moreover, and crucially, the num-
ber of techniques being used for (metallo)dendrimer characterization is ever in-
creasing. NMR (from simple 'H spectra to pulsed field gradient spin-echo mea-
surements), IR, UV-VIS, and luminescence spectroscopy, mass spectrometry (in
particular ES- and MALDI-TOF MS), size exclusion chromatography, cyclic
voltammetry, and transmission electron, atomic force, and scanning tunneling
microscopy are among the most useful characterization methods for these fas-
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Fig. 32. Metallodendrimers held together by a combination of coordination and hydrogen
bonds. The core contains the hydrogen-bonded rosette motif

cinating architectures. With respect to applications, their enormous foreseen
potential has yet to be fully explored. However, promising utilitarian aspects
have already been reported for metallodendrimers in the fields of catalysis (e.g.,
recyclable homogeneous catalysts) [7] and medical diagnostics (e.g., MRI con-
trast reagents) [15]. No doubt these initial successes will stimulate metalloden-
drimer research to be intensified for years to come.
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1
Introduction

Dendrimers have a particular position within the broad spectrum of macro-
molecules. One of the most striking features of dendrimers is surely their well-
defined structure, in contrast to many other types of macromolecules. The ele-
gance often expressed in the fractal-like dendrimer structure has inspired many
research groups over the years [1]. Many of the dendrimer properties are intro-
duced by the applied iterative synthesis, and the use of either convergent or
divergent strategies allows for the fine-tuning thereof. Among these are mono-
dispersity, often pseudo spherical structure, and amplification of functional
groups. The wide range of possibilities offered by dendritic molecular systems
has led to the description of many applications in several fields of science [2].
Potential (bio)chemical applications include host-guest chemistry, drug deli-
very, self-assembly, and usage as sensor materials. One of the most promising
applications of dendrimers is found in homogeneous catalysis, in which the
usage of a wide variety of dendritic catalysts and catalyst supports is currently
being pursued. Some of these systems are based mainly on the amplification
of functional groups at the periphery of the structure. This amplification could
lead to dendritic catalysts that are large enough to be recovered from a reaction
mixture by ultrafiltration or size-exclusion techniques, thereby solving one of
the classical separation problems in homogeneous catalysis. It is also possible
that the amplification of functional groups enables cooperative effects between
peripheral catalytic sites. Other systems make use of a (single) catalytic group at
the interior of a dendrimer. In this way, interactions of the catalyst with the reac-
tion medium or with other catalytic sites can be diminished, possibly resulting
in substrate selective catalysis. Dendritic catalysts can then become selective
and/or tailor-made catalysts, with properties reminiscent of those often encoun-
tered for enzymes. Whereas the high degree of perfection of enzymes might
be an unreachable goal, the idea of designing catalytic systems with tunable
properties, is a true challenge. A last class of dendritic systems combines the
properties of a larger structure with the amplification of functional groups
within the structure. In these systems the dendrimer backbone functions not
only as a “support”, but also holds ligating groups in a highly repetitive and uni-
form manner. This can result in a high catalyst-to-dendrimer ratio, thereby pre-
venting extensive dilution of active material.

Here, we present an overview of the more recent and important earlier
achievements in the field of dendritic catalysis, with an emphasis on homoge-
neous (organo)metallic catalysis. Dendrimers that are functionalized with metal
complexes at their periphery (Sect.2) as well as a their core (Sect. 3) are discuss-
ed. Subsequently, dendrimers that contain metal complexes throughout their
structure (Sect. 4) and dendritic catalysts that operate without metals (Sect. 5)
will be discussed. At the end, a graphical summary of the catalyzed reactions
involved is provided (Sect. 6).



Dendritic Catalysts 165

2
Metal Functionalities at the Periphery of a Dendrimer

Starting from the concept of attaching metal complexes to the periphery of a
dendrimer, many new dendritic catalysts have been developed. Numerous
examples involve the attachment of earlier-developed complexes to a dendrimer
“support”. These dendritic species exhibit new properties including catalyst
deactivation due to proximity effects, catalyst stabilization, and even site co-
operativity. Dendrimers with non-chiral and chiral peripheral catalytic sites are
described below.

2.1
Non-Chiral Metal Complexes at the Periphery of a Dendrimer

The first example of a catalytically active metallo-dendrimer, having catalytic
groups at the periphery, was prepared in the group of Van Koten [3],in a collabo-
ration with the group of Van Leeuwen. The synthesis of this metallo-dendrimer
started from carbosilane molecules [4] containing silicon-chlorine bonds at their
periphery to which (NCN)-type terdendate ligands {NCN=[C,H;(CH,NMe,),-2,61}
were connected. To prevent possible interactions between the different metal
sites 1,4-butanediol linkers were placed between the carbosilane backbone and
the ligating site. Nickel was introduced in the activated position of the ligands by
oxidative addition to a zero-valent nickel source [e.g., Ni(PPh;),]. The resulting
dendritic aryl-nickel(II)-species 1 (Fig. 1) was applied as a homogeneous cata-
lyst in the atom transfer radical addition reaction (ATRA or Kharasch addition
reaction) of CCl, to methyl methacrylate (MMA). Compared to the mononuclear
catalyst, having a similar para-functional group, this polynuclear system shows
similar behavior, indicating that each NCN-NiX-site (X=Cl, Br) acts indepen-
dently. The activity per Ni-site is only slightly lower than that of the mononuclear
system, which has been ascribed to the non-perfect composition of the metallo-
dendrimer. Furthermore, the reaction catalyzed by the polynuclear system in-
volves a clean, regioselective 1:1 addition without telomerization/polymerization
or the formation of side products. Due to the dimensions of this metallo-den-
drimer (2.5 nm) it was the first example of a metallo-dendritic catalyst that was,
in principle, suitable for recovery by membrane filtration techniques.
Stimulated by these results, other periphery-functionalized metallo-dendrimer
catalysts based on similar carbosilane backbones were prepared, having
NCN-metal units connected directly to the carbosilane backbone [5]. Metal intro-
duction in these systems was possible via lithiation followed by a transmetallation
of the polylithiated species using an appropriate d® metal salt. This new procedure
yielded different generations of polynuclear nickelated carbosilane dendrimers
(2, Fig. 2) [6], which were again tested as homogeneous catalysts in the Kharasch
addition reaction [7]. For this series of dendrimers an interesting dependency of
the activity on the generation number was found. The G,-(NCN-NiX), dendrimer
showed an activity comparable to that of the mononuclear catalyst. However, for
the G;-(NCN-NiX);, and G,-(NCN-NiX);; dendrimers a dramatic decrease in
activity was observed. A nearly complete loss of activity was found for these
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Fig. 1. Van Koten’s dendritic polynickel complex

higher generation dendrimers with the conversions of MMA being only 18
and 1.5%, respectively. The loss of activity was ascribed to a proximity effect
between different Ni(II)-sites, i.e., a (negative) dendritic effect. During the cata-
lytic process a Ni(III) center can interact with a neighboring site (forming a
mixed valence complex) rather than with the transient radicals in solution. This
effect is very pronounced in the ATRA catalytic process, which involves a
Ni(II)/Ni(III) redox couple. In order to test this hypothesis, modifications of the
carbosilane backbone were carried out to yield modified dendrimers 3 and 4
(Fig. 2), which have less congested dendrimer peripheries. These species were
successfully applied as homogeneous catalysts in the ATRA reaction and indeed
showed activities that were again comparable to the mononuclear catalyst. The
dendritic G,-(NCN-NiX), and G,-(NCN-NiX),, (2) complexes were also tested in
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a continuous membrane reactor equipped with a SelRO MPF-50 nanofiltration
membrane [8]. These species showed retentions of 97.4% and 99.8 %, respec-
tively, which should be sufficient for many applications. In conclusion, it was
shown that the dendritic NCN-NiX complex can very well be applied as a recycl-
able homogeneous catalyst in the ATRA reaction if proximity effects are taken
into account.

Organometallic NCN-NiX catalysts were also connected to the periphery of a
dendritic framework built up from amino acids (5, Fig. 3),in order to investigate
systems that are suitable supports for other functionalized materials. A series
of these highly polar compounds was prepared and tested as catalysts in the
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ATRA reaction of CCl, with MMA [9]. The catalytic activities of these com-
pounds were in the same order of magnitude as the activity of the mononuclear
complex. This indicates that the catalytic reaction is not influenced by the pres-
ence of polar groups in the dendrimer backbone.

Recently, a general procedure towards periphery-functionalized carbosilane
dendrimers (Scheme 1) was reported [10]. Polylithiated carbosilane dendrimers
of different generations were prepared as precursors for various ligand systems
including phosphines. One of these dendritic ligands, the 2-pyridyl alcohol-
functionalized dendrimer, was reacted with a suitable ruthenium source to form
complexes (6, Fig. 4) that were a suitable catalysts for the ring closing metathesis
(RCM) reaction of bifunctional olefins. In this reaction, the described dendri-
mer catalysts showed activities that were comparable to that of a unimolecular

e
‘ \ kg
SiMe:Clhn =T vigar @Fg

Si[(SiCHy)3SiMe,Cl]4 Fg = 4-OSiMe,t -Bu, n = 4, 2
Si{(CH,)3Si[(CH2)3SiMe,Cl]3}4 Fg = N( )SlMezt Bu n=
Fg=4-Br,n=4,12
Fg=H,n=4
Fg =PR,

@ = dendrimer backbone

Scheme 1. General route towards periphery functionalized carbosilane dendrimers
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Fig. 4. Dendritic carbosilane ruthenium complex suitable as catalyst for the RCM reaction of
bifunctional olefins reported by Van Koten et al.

catalyst (based on the amount of ruthenium). Furthermore, these catalysts were
tested in a commercially available nanofiltration membrane (SelRO MPS-60)
in order to separate the catalyst from products and reactants. Although it was
shown that leaching of the catalyst through the membrane did not occur under
these conditions, the conversion stopped at 20%. Extensive decomposition of
the catalyst was observed, which was ascribed to a reaction on the membrane
surface.

Similar monomeric and dendrimer-bound ruthenium complexes based on
styrenyl ether and 1,3,5-dimesityl-4,5-dihydroimidazol-2-ylidene ligands were
reported by Hoveyda et al. [11]. These complexes were applied as metathesis
catalysts and the dendritic species could be recovered by silica gel chromato-
graphy.

An elegant demonstration of the use of membrane technology for the effec-
tive recovery of metallo-dendritic catalysts and for selective product formation
was presented by the Van Koten group in collaboration with the group of Vogt



170 R. Kreiter et al.

[12].In this work, carbosilane dendrimers were functionalized at the periphery
with various w-diphenylphosphinocarboxylic acid ester end groups, which can
act as hemi-labile bidentate ligands to d® metal fragments. The Pd-complexes
of these systems were prepared in situ by addition of [(r*-C,H;)Pd(cod)]BF,
(7, Fig. 5) and were subsequently tested in the Pd(II)-catalyzed hydrovinylation
of styrene. One of the major problems generally encountered in this reaction
was solved using this approach. Since at higher conversions subsequent iso-
merization of the product (i.e., 3-phenyl-1-butene) to internal olefins (both
E- and Z-isomers) occurs, this reaction has to be run at low conversion with
continuous removal of the 3-phenyl-1-butene, or otherwise carried out at high
styrene concentrations. A strategy was developed to selectively produce the
desired 3-phenyl-1-butene at low conversions under membrane reactor condi-
tions. Under these specific conditions using the G,-Pd, catalyst, a highly selec-
tive conversion of styrene to 3-phenyl-1-butene was achieved with no signifi-
cant isomerization or generation of side products, albeit in very low yield per
time unit. A modest retention of this small dendritic species in a nanofiltration
membrane system (MPF-60 NF) (= 85%) was found, which is far from ideal for
continuous operations. Although palladium black was formed inside the reactor,
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Fig. 5. Hemilabile dendrimer palladium catalyst applied in a membrane reactor, prepared by
Van Koten, Vogt et al.
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the Gy-Pd, catalyst did produce 3-phenyl-1-butene during a period of 80 h. The
authors expect that a G,-Pd,, catalyst derived from the next generation of den-
dritic ligands will show sufficient retention in a nanomembrane reactor to give
effective catalyst immobilization. The decomposition of the Pd-catalyst is ascribed
to the intrinsic properties of this type of palladium catalysis and has also
been observed in experiments carried out by Reetz et al., as described below
[13]. It should be noted that, in the latter palladium catalytic species, the metal
is exclusively bonded via heteroatom donor coordination. This leads to a higher
degree of leaching compared to the NCN-metal containing dendrimers in which
the metal is bonded via a covalent M-C o-bond.

An example of phosphine-containing dendrimers (see also Scheme 1) was
reported by Reetz et al. [13]. These authors described a DAB-based poly(propy-
lene imine) dendrimer (DAB = 1,4-diaminobutane) which is functionalized
at the periphery with diphenylphosphine groups (8a, Fig. 6). The phosphine
groups together with the nitrogen branching point form a potentially terdentate
PN,P-ligand. A [PdMe,] complex of such a dendrimer was tested as a catalyst in
the Heck reaction of bromobenzene and styrene with formation of stilbene. The
activity of the dendrimer catalyst is, surprisingly, higher than that of the corre-
sponding monomeric catalyst. Furthermore, unlike their monomeric analogues
the dendritic catalysts do not decompose to elemental Pd. This is an interesting
example of a positive dendritic effect on catalyst stability in homogeneous cata-
lysis. These dendrimers also showed good activities as precatalysts in the allylic
substitution of methyl (3-phenyl-2-propenyl)acetate with morpholine. More
recently, the use of these metallo-dendrimers in a continuously operated mem-
brane reactor was demonstrated [14]. The authors also prepared Rh and Ir com-
plexes of these dendrimers. Preliminary results indicate that the Rh-complexes
are effective hydroformylation catalysts.

Recently, Reetz and co-workers have shown that sulfonylated DAB-based
poly(propylene imine) dendrimers can be cross-linked using scandium triflate
[15]. This yields a material that can serve as a heterogeneous catalyst in several
reactions, such as the reaction of benzaldehyde, aniline, and an enolsilane to
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8a, Go-(PNP.PdMey)g
8b, Gy-(PNP.PdCly)1g

Fig. 6. Phosphine dendrimer catalyst prepared by Reetz et al.
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yield f-amino ketones, Mukaiyama aldol additions, and the Diels-Alder reaction
of methyl vinyl ketone with cyclopentadiene. The authors showed that the cross-
linked dendrimer material could be recycled without loss of activity.

Kaneda and co-workers applied a ligand system comparable to that of
Reetz et al. [16]. These ligands were used to introduce [PdCL,] units to form den-
dritic Pd(II) complexes (8b, Fig. 6) that were applied in the hydrogenation of
conjugated and non-conjugated olefins. In the case of the conjugated olefins
the dendrimer complex proved to be a highly effective hydrogenation catalyst.
Remarkably as observed for 8a, the activity of this polynuclear complex was
higher compared to that of the corresponding mononuclear complex. The au-
thors also performed the same hydrogenation reaction under heterogeneous
conditions and recovered the dendritic catalyst. They showed that the activity as
well as the XPS and IR spectra of the spent catalyst were comparable to those of
the fresh catalyst.

The research group of Van Leeuwen reported on carbosilane dendrimers
appended with peripheral diphenylphosphino end groups [17]. After in situ
complexation with allylpalladium chloride, the resultant metallo-dendrimer
(9, Fig. 7) was used as catalyst in the allylic alkylation of sodium diethyl malo-
nate with allyl trifluoroacetate in a continuous flow reactor. Unlike in the batch
reaction, in which a very high activity of the dendrimer catalyst and quantitative
conversion of the substrate was observed, a rapid decrease in space-time yield of
the product was noted inside the membrane reactor. The authors concluded that
this can most probably be ascribed to catalyst decomposition. The product flow
(i.e., outside the membrane reactor) was also investigated and it was shown that
no active catalyst had leached through the membrane.

Me__—PPh,
Si
Gy “—PPh, |

9

For9:x=1andn=12
Fig. 7. Carbosilane dendrimer-based phosphine ligand prepared by Van Leeuwen et al.

Recently, the same authors reported on rhodium complexes of these phos-
phine dendrimers that were applied as catalysts in the hydroformylation of
1-octene[18]. They describe monodentate and bidentate phosphine ligands
attached to carbosilane dendrimers containing 2 and 3 carbon atoms between
the branching points. The ratio of linear to branched product is about the same
for all catalysts reported. However, the monodentate phophines showed higher
activities than their bidentate counterparts. Furthermore, for the monodentate
phosphines the C;-spacer dendrimers showed higher activities than the more
compact C,-spacer dendrimers, in contrast to the bidentate phosphines where
no effect of the spacer was observed. Higher generation dendrimers generally
gave slower rates. The authors suggested that the change in activity for the mon-
odentate phophines is due to the distance between the individual phosphines
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and thus the (dendrimer)-P-Rh-P ring size. Preliminary results on membrane
ultrafiltration using a commercially available membrane (SelRO MPF-60) showed
that this membrane was not compatible with the applied hydroformylation
conditions, due to solvent and temperature restrictions.

Other phosphorus-based dendrimers have been described by Majoral,
Chaudret and co-workers (10, Fig. 8). The authors describe the incorporation of
Pd, Pt, and Rh in the diphosphine moieties of these dendrimers [19]. Further-
more, they describe organometallic experiments on the surfaces of these com-
plexes, which indicate that such complexes can serve as homogeneous catalysts.
More recently, the authors showed that palladium(II) and ruthenium(II) com-
plexes of these phosphorus-based dendrimers can indeed be applied as homo-
geneous catalysts in organic transformations such as Stille couplings, Knoeve-
nagel condensations, and Michael additions [20].

H
C-PPh,
C=N-N,
H C-PPh,
Hp
10
@ = dendrimer surface of generations 1 to 4

Fig. 8. Phosphine dendrimers prepared by Majoral, Chaudret and co-workers

2.2
Chiral Metal Complexes at the Periphery of a Dendrimer

Meijer et al. prepared different generations of DAB-based poly(propylene
imine) dendrimers, which were substituted at the periphery with chiral amino
alcohols (see, e.g., 11, Fig. 9) [21]. The latter functionalities act as chiral ligand
sites from which chiral alkylzinc aminoalcoholate catalyst sites can be generated
in situ. The dendritic ligands were tested as catalyst precursors in the reductive
allylation of benzaldehyde, a reaction that was successfully studied by Seebach
et al. (vide infra). The 5th generation dendrimer showed almost no enantio-
selectivity in this particular reaction and almost no measurable optical rotation
for these chiral dendrimers was observed. The decrease in conversion as well as
product selectivity was explained in terms of multiple interactions between the
terminal groupings at the periphery as a result of increased steric congestion.
Polyamidoamine (PAMAM) dendrimers were applied by Soai et al. as a sup-
port for chiral ephedrine groups (12, Fig. 10) [22]. These dendritic ligands were
applied as catalysts in the chiral addition of diethylzinc to N-diphenylphos-
phinylimines. The dendritic species exhibited only a moderate effect on the
product ees, whereas a high chiral induction was found for the non-dendritic
model species. Furthermore, quite large amounts of dendrimer catalyst (up to
50 mol %) were needed to obtain these moderate ees. Recently, the same authors
applied dendrimers based on rigid hydrocarbon backbones using the same
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11, Gg-(CH,-CH(OH)Ph)
Fig. 9. Chiral periphery-functionalized dendrimer reported by Meijer et al.

ephedrine groups (13, Fig. 10) [23]. With these systems ees up to 86 % were ob-
tained with a catalyst concentration of only 3.3 mol %. The authors explain the
different results of the flexible and rigid systems by suggesting that due to the
flexibility of the PAMAM dendrimer arms, different ephedrine groups can inter-
act with each other. This may prevent the effective transfer of chiral information
during the C-C coupling reaction. In contrast, the hydrocarbon backbone in 13
is much more rigid, thereby diminishing interaction between the chiral groups
and resulting in a stereoselective process.

A further example of the application of chiral dendrimers is provided by the
group of Togni that has developed dendrimers with asymmetric diphosphine
ferrocenyl groups [so-called (R)-(S)-Josiphos] attached to the surface [24].
The dendrimer backbone is constructed from benzene-1,3,5-tricarboxylic acid
(14a) or adamantane-1,3,5,7-tetracarboxylic acid (14b) as core.In a more recent
paper Togni et al. describe the same type of dendrons, attached to a cyclophos-
phazene core (14, Fig. 11) [25]. These dendrimer ligands were converted in situ
into the Rh(I) complexes, by a complexation reaction of the dendritic ligand
with [Rh(COD)]BF,. The adamantane core-based dendrimer complexes were
tested as hydrogenation catalysts in the asymmetric hydrogenation of dimethyl
itaconate in methanol. In all cases, the measured enantioselectivity was high
(98.0-98.7%), and only slightly lower than the ees found for the monomeric
rhodium complex of Josiphos. Likewise, for the cyclophosphazene-core based
dendrimers preliminary catalysis experiments indicated that comparable ees
were obtained. The authors concluded that in both cases the catalytic units act as
independent units (compare polynickel complexes 1-4) and that the dendritic
structure was not influencing the stereoselection process. Furthermore, prelimi-
nary experiments for the adamantane core-based dendrimer indicate that it is
completely retained by a commercially available nanofiltration membrane.
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Fig. 10. Flexible and rigid chiral dendrimers prepared by Soai et al.
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Fe PPHA®

(R)-(S)-JOSIPHOS

Fig. 11. Ferrocenyl-based dendrimers described by Togni et al.

Another approach was followed by Bolm et al., who prepared dendron ligands
consisting of a chiral pyridyl alcohol connected to the focal point of Fréchet-
type dendrons (15, Fig. 12) [26]. The dendritic chiral ligands were used for the
in situ generation of ethylzinc dendritic complexes, to catalyze the addition of
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15, Gp-(CgH4-py-CH,(OH)t-Bu)

Fig. 12. Monofunctional dendritic catalyst described by Bolm et al.
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diethylzinc to benzaldehyde. Although reasonably high ees were obtained, the
size of the dendron appeared to have practically no influence on the enantio-
selectivity of this reaction.

Van Koten and co-workers reported a stoichiometric approach towards chiral
dendrimer catalysis. They used enantiopure carbosilane dendrimers (16, Fig. 13)
as substrates in the ester enolate-imine condensation leading to S-lactams [27].
Different dendrimers were applied, which in all cases gave high trans-selectivi-
ty. Moreover, it was demonstrated that, before the condensation reaction, func-
tionalization reactions can be carried out (e.g., Suzuki couplings). The level of
stereo-induction that was obtained was similar to that found earlier for systems
without dendritic supports. The use of enantiopure dendritic supports did not
affect the enantioselectivity of C-C bond formation significantly. An interesting
detail of this work is that the dendrimer backbone could be separated from the
product by GPC techniques, which opened the way to recyclable soluble sup-
ports in organic synthesis.
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Fig. 13. Chiral dendrimers applied as stoichiometric reagents by Van Koten et al.
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2.3
Miscellaneous Periphery-Functionalized Dendritic Metal Complexes

As a model for the O,-transport copper protein hemocyanin, multicopper den-
drimers were prepared by Nolte and co-workers [28]. The dendrimers employ-
ed consist of a DAB-based poly(propylene imine) backbone, which is functiona-
lized with pyridylethyl moieties (17, Fig. 14). These terdentate ligands are able to
form copper(II) and zinc(II) complexes upon addition of the metal ion per-
chlorates. The authors also succeeded in the preparation of the corresponding

N
(JJ n=1,234 &d}

17

Fig. 14. Dendritic ligand for the synthesis of a potential oxidation catalyst described by
Nolte et al.
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Fig. 15. Simple dendritic structures with polyoxometalate functionalities described by New-
kome et al.




Dendritic Catalysts 179

copper(I) complexes and showed for the Cu(I);, complex that, upon treatment
of this complex with O,, 65-709% of the copper centers are involved in dioxygen
binding. These complexed dioxygen molecules may be regarded as highly
activated, which would make this dendritic complex a good candidate for an oxi-
dation catalyst.

The attachment of inorganic polyoxometalates (POM) to simple dendrimer
surfaces was reported by Newkome and Hill [29]. The authors describe the
attachment of four [H,P,V;W 50,]°" units to simple dendrimer backbones by
ester bonds (18, Fig. 15). These POM derivatives were applied as homogeneous
catalysts in the oxidation of tetrahydrothiophene (THT) by both ~-BuOOH and
H,0,. Although this reaction is catalyzed by strong acids, catalysis by the (less
acidic) POM derivatives is more efficient than catalysis by p-toluenesulfonic
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Fig. 16. Heterogeneous dendrimer catalysts prepared by Alper et al.
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acid. Furthermore, these systems can be recovered by precipitation followed by
filtration, and used again without loss of activity.

Heterogeneous periphery-functionalized dendrimer catalysts were described
by the group of Alper, who made use of dendritic wedges grafted on silica beads
[30]. For this purpose PAMAM and branched phenyl propionaldehyde dendritic
wedges were used to which diphosphine ligands were connected. Rhodium(I)
complexes of these dendrimers were applied as hydroformylation catalysts (19,
20, Fig. 16). The rhodium content of these compounds was estimated using ICP
analysis. In catalysis, both kinds of complexes are highly active and show excel-
lent selectivities towards branched aldehydes using a variety of olefins. However,
higher generation dendrimers of these systems showed lower activities. The
authors ascribe this to steric congestion of the dendrimer surface and tested this
hypothesis by introducing a spacer arm. Although slow leaching of rhodium was
observed, the dendrimers containing a spacer showed higher activities, even
after 4 cycles, than the ones without spacer [31]. Compared to polymer-support-
ed catalysts these systems on silica beads show very high activities. The authors
propose that this is caused by the well-exposed ligands on the outer-core of these
systems. They suggest that cooperativity is another factor leading to high reac-
tivity [32]. In conclusion, this is a successful example of the use of a dendrimer-
based heterogeneous catalyst system with an activity comparable to that of
homogeneous systems. At the same time catalyst recovery might be possible via
size exclusion techniques.

3
Metal Complexes at the Core of a Dendrimer

Several examples of dendrimers consisting of a metal complex as core and a sur-
rounding shell of dendritic wedges have been reported. These dendrimers were
applied as shape-, size-, or enantio-selective catalysts. With this kind of dendri-
tic complexes it is possible to isolate the catalytic site in order to create a chiral
environment, or to isolate catalytic sites from each other or from the reaction
medium.

3.1
Shape-Selective or Regioselective Catalysis in the Core of a Metallo-Dendrimer

A first example of shape-selective catalysis by metallo-dendrimers was reported
by the groups of Moore and Suslick [33, 34]. Using manganese porphyrins to
which phenylpolyester dendrons were attached (21, Fig. 17) and iodosylbenzene
as the oxygen source, the authors investigated the effect of dendron size on the
rate of epoxidation for different non-conjugated dienes and for 1:1 mixtures of
linear and cyclic alkenes. When compared to the non-substituted manganese
porphyrin complex, the dendritic species showed a clear increase in selectivity
for conversion of the alkenes with external, i.e., less hindered double bonds and
a higher affinity toward electron-rich olefins. Furthermore, an increased stability
of the metalloporphyrin core towards oxidation was observed for the dendritic
species.
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21, Mn{T(3',5'-G,Ph)P}(Cl)

Fig. 17. Shape-selective manganese porphyrins prepared by Moore and Suslick et al.

Another example of the use of dendritic catalysts in shape-selective catalysis
was provided by the work of Chow and Mak [35, 36]. These authors described
the synthesis of dendritic bisoxazoline ligands, which were used for the in situ
preparation of Cu(II) complexes (22, Fig. 18). These complexes were employed
as homogeneous catalysts in the Diels-Alder reaction of cyclopentadiene with a
crotonylimide. The Gy, G;, and G, dendrimer catalysts all catalyzed the cyclo-
addition reactions with similar rates, whereas a significant drop in activity was
encountered for the G; catalyst. The authors rationalized these observations by
assuming that the G; catalyst has structural features that differ from that of the
Gy, G, and G, ones. They suggest that backfolding of the wedges, due to steric
constraints, occurs in the G; dendritic species, which results in steric blocking of
the metal center. Although less apparent than in the work of Moore and Suslick
[33, 34], a slight increase in substrate selectivity for the smaller crotonylimides
was found for this G; generation copper catalyst.
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Fig. 18. Dendritic bisoxazoline ligand prepared by Chow and Mak
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Fig. 19. Ferrocenyldiphosphine core dendrimer prepared by Van Leeuwen et al.

Stereo-selective catalysis at the core of a metallo-dendrimer was pursued by
the group of Van Leeuwen, who prepared a ferrocenyldiphosphine (DPPF) core
functionalized with different generations of carbosilane dendrons (23, Fig. 19)
[37]. The resulting dendritic ligands were used for the in situ complexation of
PdCl, from a suitable Pd(II) precursor to yield PdCl,-dendrimer complexes.
These complexes were used as catalysts for the allylic alkylation of 3-phenyl-
acetate with diethyl 2-sodio-2-methylmalonate. For this reaction, a decrease in
catalyst activity with increasing generation number of the carbosilane dendrons
was found. In addition, the selectivity for the trans-product slightly decreased
from 90% for a DPPF model compound to 76% for a G; carbosilane dendron
ligand.

Dendritic phthalocyanines were prepared and studied by Kimura et al. [38].
Cobalt complexes of these phthalocyanines (24, Fig. 20) were applied as catalysts
for the oxidation of 2-mercaptoethanol. The catalytic activity of the dendrimer
catalyst was 20% less than that of a non-dendritic phthalocyanine. However,
the stability of the dendritic catalyst was higher than that of the non-dendritic
species, most likely due to encapsulation of the metallo-phthalocyanine in the
dendritic structure. The dendritic structure also prevented molecular aggegra-
tion of the phthalocyanines in polar solvents and thin films. The authors suggest
that these dendritic phthalocyanines can be used as shape-selective catalysts.

Recently the same authors reported a poly(propylene imine) dendrimer that
was functionalized with poly(N-isopropylacrylamide) (PIPAAm) (25, Fig. 20)
[39]. This dendrimer was applied as a dendritic host for modified, anionic
cobalt(II) phthalocyanine complexes (26, 27, Fig. 20), which bind via electro-
static and hydrophobic interactions. These dendritic complexes were applied as
homogeneous catalysts in the thiol oxidation described above and showed an
interesting temperature dependency; above 34°C the reaction rate increases
sharply. The authors propose that above the lower critical solubility tempera-
ture (LCST) the PIPAAm arms phase-separate and contract. At that point, the
phthalocyanine complexes are better accessible for substrates and the reaction
rate increases.
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Fig. 20. Dendritic phthalocyanine and host-guest system reported by Kimura et al.

3.2
Enantioselective Catalysis in the Core of a Metallo-Dendrimer

Brunner et al. synthesized and applied metal complexes with a shell of dendrons,
which he called dendrizymes, in enantioselective catalysis [40]. These catalysts
are based on core phosphine donor atoms, which are complexed to transition
metal salts. The phosphines carry dendrons that are functionalized with chiral
groups like menthol or borneol ligands (see 28, Fig. 21). The core phosphine
donor-atoms can be complexed to (transition) metals salts, like rhodium, re-
sulting in a dendron-enlarged 1,2-bis(diphosphino)ethane Rh(I) complex that
was used as catalyst in the hydrogenation of acetamidocinnamic acid to yield
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29

Fig. 21. Dendron-enlarged 1,2-bis(diphospino)ethane and 2,6-pyridinediimine derivatives
reported by Brunner et al.

N-acetylphenylalanine. A small retardation of the hydrogenation of the substrate
was encountered, which was ascribed to the meta-positioned dendron substitu-
ents. No products that were significantly enantiomerically enriched were isola-
ted. However, using different dendritic species based on a 2,6-pyridinediimine
CuOT{ complex as the core (see, e.g., 29, Fig. 21), a low enantioselectivity, up to
10-11% ee, was observed in the cyclopropanation of styrene with ethyl diazo-
acetate [41].

An elegant example of dendrimer catalysts having a chiral metal complex as
core is found in the work of Seebach et al., who applied a,a, o', -tetraaryl-
1,3-dioxolane-4,5-dimethanols (TADDOLS) as core for dendritic ligands [42,43].
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Different dendrons were attached to these core complexes: classical Fréchet
dendrons (e.g., 30, Fig. 22), chiral dendrons (derived from 3-hydroxybutanoic
acid), and Fréchet dendrons with peripheral octyl groups. TitaniumTADDOL
dendritic complexes with either non-chiral or chiral dendrons were applied as
homogeneous catalysts in the asymmetric reductive alkylation of benzaldehyde
with diethylzinc, yielding the secondary alcohol with ees up to 96%. These
results are almost identical to the results obtained for model TADDOL com-
plexes in this type of catalysis. The dendritic TADDOLates show high catalytic
activities that slightly decrease from G; upwards. The authors assume that this
effect is due to the accessibility of the catalytic site. Furthermore, the enantio-
selectivity was not influenced by the presence or absence of chirality in the den-
drons, due to the distance between the metal center and the additional chiral
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Fig. 22. Enantioselective dendritic TADDOL ligand prepared by Seebach et al.

Binaphthol (BINOL) ligands modified with Fréchet-type dendrons of differ-
ent generations (31, Fig. 23) were applied as homogeneous catalysts in the
allylation of benzaldehyde with allylstannane by Yoshida et al. [44]. Compared to
a parent binaphthol ligand, these ligands show similar activities and ees, indicat-
ing that comparable titanium complexes are formed in situ.

Similar dendritic ligands, BINAP ligands equipped with Fréchet-type den-
drons of different generations (32, Fig. 23), were applied by Chan et al. [45]. In
situ prepared ruthenium(II) complexes were tested for their activity in the
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Fig. 23. Dendritic binaphthol ligands described by Yoshida et al. and dendritic BINAP ligands
reported by Chan et al.

asymmetric hydrogenation of 2-[p-(2-methylpropyl)phenyl]acrylic acid. The
authors report slightly higher activities and ees (91.8-92.6 %) for the G, and G,
dendron complexes, than obtained with the parent BINAP-ruthenium complex.
However, for the catalyst derived from the G, dendron ligand a much higher con-
version was observed with a comparable ee (91.6%). This was ascribed to the
presence of increased steric bulk on the BINAP ligand, which affects the ligand’s
bite-angle. The latter ligand could be recovered by precipitation and filtration,
and reused three times with similar activity and enantioselectivity.

4
Metal Complexes Throughout the Dendritic Structure

Besides metallo-dendrimers having metal complexes at either the periphery or
at the core, some examples exist of dendrimers with ligating sites in the back-
bone itself to which metal ions can be complexed. Apart from the striking fact
that for this kind of dendrimers the backbone is at the same time the “ligating
site”,an advantage is found in the fact that the ratio of metal-to-support (i.e., the
dendrimer) is much higher than for periphery- or core-functionalized dendri-
mers. Examples of this kind of metallo-dendrimers are described below: den-
drimer-stabilized, zero-valent metal-nanoparticles and dendrimer backbone-
complexed metal-ions.
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o=a OH, NH,, NHCO(CHj3)3
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Fig. 24. PAMAM dendrimer-stabilized, zero-valent metal clusters described by Tomalia et al.
and further applied by Crooks et al.

A very elegant route towards metallo-dendrimers was described by Tomalia,
who used G, and G; PAMAM dendrimers as hosts for complexation of Cu(II) ion
guests. The cavities of these dendrimers can act as a template for metal ion com-
plexation and, interestingly, also as a stabilizer for zero-valent metal clusters
obtained after reduction of complexed ions [46] (33 a, Fig. 24). This concept was
further elaborated by Crooks and co-workers who prepared G, and higher gene-
ration PAMAM dendrimer stabilized Pt(0) and Pd(0) nanoparticles and used
these as catalysts for hydrogenation [47] and O, reduction [48]. They also
reported the exchange of Cu(0) nanoparticles by other more noble metal ions to
form Pt(0), Pd(0), Ag(0), and Au(0) nanoparticles [49]. Interestingly, these reac-
tions go to completion and the resulting particles are stable. These noble metal
dendrimer catalysts have proven to be suitable for the reduction of O,. The Cu?*
ions resulting from the exchange reaction can be retained inside the dendrimer,
depending on the pH at which the displacement is carried out. A very recent
application of such dendrimer-encapsulated metal nanoparticles is their use in
fluorous biphasic catalysis (33b, Fig. 24) [50]. Crooks et al. reported the non-
covalent modification of a PAMAM-Pd nanoparticle complex with perfluoro-
polyethers by complexation of the carboxylic end groups of these polyethers
with the terminal amine groups of the dendrimer. This modification afforded
dendrimers that dissolved exclusively in the fluorous phase of a THF/FC-75
(fluorous solvent) mixture. A biphasic Pd(0)-dendrimer system was successfully
applied in the reduction of alkenes and the catalyst could be recycled for
12 times without appreciable loss of activity.

Homogeneous organophosphine dendrimers containing metal sites through-
out the structure were reported by Dubois et al. [51]. The authors prepared dif-
ferent small dendritic structures with phosphorus branching points, which can
serve as binding sites for metals. The resulting terdentate (P,P,P)-ligating sites
were palladated using a Pd(II) salt in the presence of PEt;. The resultant cationic
complexes (e.g., 34, 35, Fig. 25) were successfully applied as homogeneous cata-
lysts for the electrochemical reduction of CO, to CO. The observed reaction rates



188 R. Kreiter et al.

PEty ] e+ ] 10+

Et,P—Pd—PEt, L L
| RyP—Pd—PR, R,P—Pd—PR,

R NN %

Et,P PEL, RoP ‘,— ,) /—TRZ
EtP-Pd—P~ 5 ~"~p—Pd—PEt, L-Pd—P" > PC'I"j‘/P\/\ P—Pd-L
2 U ) I
E'(zP P PEtg R2P Fl>h PR2
Eto,P—Pd—PEt, 35
PEts R=Et, Ph
L= CHyCN

34

Fig. 25. Phosphorus-based dendrimer-Pd complexes having ligating sites throughout the
structure reported by Dubois et al.

and selectivities were comparable to those found for an analogous monomeric
palladium complex, indicating that no cooperative effects between the different
metal sites are present.

Another phosphorus-based example of dendrimers containing ligating sites
throughout the structure was prepared by Kakkar et al. [52]. They succeeded in
the synthesis of various generations of metallophosphino dendrimers by acid-
base hydrolysis of aminosilanes with molecules possessing terminal OH-groups.
Each phosphorus branching point could serve as a ligating site for Rh(I) centers.
These Rh-complexes (e.g., 36, Fig. 26) were successfully applied as homoge-

OH
HO ;
\/\//P
(COD)CIRH W\
Q
Me-$i-Me
o
(COD)CIRh\é
P
Me\S_’O_/\/
ol
0" Me M (cop)CIRn OH
Si., l_/_/
HO, Mg O~ P
\/\/P\HhCI(COD) i
OH
OH 36

Fig. 26. Phosphorus-based dendrimers containing P-Rh sites throughout the structure as
reported by Kakkar et al.
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neous hydrogenation catalysts. 1-Decene was hydrogenated with activities simi-
lar to that of the monomeric Rh(I) model complex. Furthermore, the authors
demonstrated that the catalyst could be recovered by a simple precipitation in a
batch process and reused without significant loss of activity.

5
Dendrimer Catalysts Without Metals

Although the emphasis in the field of dendrimer catalysis lies on metallo-
dendritic catalysts, an important class is formed by dendritic catalysts without
metals. A few examples of this type are described, which can act as stabilizer for
ions, as shape-selective catalysts, or as chiral auxiliaries.

The first example of the use of a non-metal containing dendrimer for catalysis
was provided by the work of Ford et al. [53], who made use of polyether dendri-
mers that were functionalized at the periphery with quaternary ammonium ions
(37,Fig.27). These dendrimers were used in the unimolecular decarboxylation of
6-nitrobenzisoxazole-3-carboxylate and the bimolecular hydrolysis of p-nitro-
phenyl diphenyl phosphate catalyzed by o-iodobenzoate. In aqueous media,
these reactions are accelerated by the polycationic dendrimer through stabiliza-
tion of the organic anions, which presumably bind in high concentration to the
polycationic periphery of the dendrimer. The pseudo micellar environment of
the dendrimer promotes the formation of organic anions. In the same group
poly(propylene imine) dendrimer complexes with Cu(II), Zn(II), and Co(III)
ions were investigated as catalysts in the reaction described above [54]. Reaction
rates were found to be 1.3-6.3 times faster than in the absence of metal ions.

Recently, the same authors reported DAB-based dendrimers fuctionalized
with triethyleneoxy methyl ether (TEO) and octyl chains at each amine [55].
These dendrimers could be quaternarized using methyl iodide (38, Fig. 28) after
which chloride ions were introduced via ion exchange. The resulting quaternary

Fig. 27. Polyether dendrimer functionalized with peripheral quaternary ammonium groups
reported by Ford et al.



190 R. Kreiter et al.

+ - N 4
o’\’O\/\O’\,I\Il I.\\\r | ‘\-ftl | Nf ! I'r¥ I-ll\j\/‘ONOfo
-0 +\N 4 S N+ O~
(019 \¥e) + \\ / & s \ / \+N0fo
s~ N= L, NSNS PN—~"N* | AN~~~
I N 7 | MON A+ |
/ J
N N_+
N +/ \t .
0O ~ON~ I ) I ~N_~o~O~"0
P 7 AN T M A ~Nx T
/\/\/\/\N:/\/ \ ‘H}l\/\:N\ ’N:/\//N-}. /\/\N/W\/\
0~0 ¥ / AI l'% / “+7 00
o I Y S Nl “o-

o e X, N T \
v NN N AN
- fo oj os Zo IO O\L O‘\\
-0 o) g 2 S \ 0\ O~
o J o ° 1 0
© 9 ¢ ! o &
Q o

38

Fig. 28. DAB-based dendrimer containing internal quarternary ammonium groups reported
by Ford et al.

ammonium chloride dendrimers were applied in the decarboxylation reaction
described above. These dendrimers show much higher rates than the external
ammonium ion dendrimers 37. The authors explain this difference by stating
that hydrogen bonding of the solvent (water) to the carboxylate anion reduces
the rate, whereas dipolar aprotic solvents increase the rate of decarboxylation.
Use of the modified dendrimers (38) would lead to a less hydrated substrate,
which then would react faster. A fourth generation dendrimer resulted in a
higher rate than a second generation dendrimer, indicating that the substrate is
less hydrated in the higher generation dendrimer.

Another example of a non-metal containing dendrimer in catalysis is the
use of a single amine core, functionalized with Fréchet-type polyether dendrons
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R R
or other generation dendron

39

Fig. 29. Dendron-enlarged single amine core reported by Morao and Cossio

(39, Fig. 29) [56]. These amines can catalyze the nitroaldol or Henry reaction
between aromatic aldehydes and nitroalkanes. Molecular modeling studies indi-
cate that the cavities around the amine core should be able to accommodate the
reactants, although in the higher generation dendrimers the core is more shielded
by the dendrons. Catalyst activity is found to decrease with increasing genera-
tion number, suggesting that shielding of the center by the dendrons indeed
takes place.

Chiral amphiphilic dendrimers were applied by Rico-Lattes and co-workers
[57]. These water-soluble, but-THF insoluble, dendrimers consist of amine-
based dendrimers functionalized with glucose derivatives (e.g., 40, Fig. 30)
and can be used in the homogeneously (water) and heterogeneously (THF)
catalyzed reduction of prochiral aromatic ketones by sodium borohydride to
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Fig. 30. Chiral water-soluble dendritic catalysts reported by Rico-Lattes et al.
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Fig. 31. Dendrophane structure reported by Diederich et al.

yield the corresponding alcohol derivatives in high optical purity. Interestingly,
the reactions take place at the pseudomicellar chiral interface in an aqueous
medium.

As a functional mimic of the enzyme pyruvate oxidase, catalytic dendro-
phanes were prepared by Diederich et al. [58]. The authors prepared thiazolium
cyclophanes modified with dendrons to yield the so-called dendrophanes (41,
Fig. 31). These dendrophanes were applied as oxidation catalysts, but showed
low activities compared to a model cyclophane. The authors propose that the
unfavorable steric hindrance of the dendrons causes this low activity, and
suggest that the interior of densely packed dendrimers might not be a good
environment for catalysis.

Dendrimers containing potential cation stabilizer sites were reported by
Fréchet and co-workers, who prepared dendritic inverse micelles (42, Fig. 32)
[59]. These dendrimers contain internal hydrogen bonding sites and an external
apolar shell, and can be applied as a stabilizer for cationic intermediates in ana-
logy with enzymes. The authors tested these systems in E, elimination reactions
in an apolar solvent (cyclohexane). Conversions were high for these systems.
The authors claim that the polar interior of the dendrimer provides an ideal
nanoenvironment for reactions that involve polar transition states.
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Fig. 32. Dendritic inverse micelles described by Fréchet et al.

Recently, polycationic dendrimers, that consist of tetra(NCN)-silane mole-
cules quaternarized with G, and G, Fréchet-type dendrons (43, Fig. 33), were
prepared by Van Koten and co-workers [60]. These dendrimers were tested as
phase-transfer catalysts in the Sy2 reaction between (excess) potassium cyanide
and benzyl bromide to afford benzyl cyanide in an H,0/CH,Cl, biphasic system.
In the absence of catalyst only minor amounts of benzyl cyanide (= 6% after
20 h) were formed, whereas in the presence of 43 (0.01 mol % catalytic ammo-
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Fig. 33. Polycationic dendrimer reported by Van Koten et al.

nium groups) a clear increase in conversion was found (59% after 20 h). These
results indicate that these polycationic dendrimers can act as microreactor
systems in substitution reactions.

6
Summary of Reactions

Reactions catalyzed by dendritic catalysts are summarized in Table 1.

7
Summary and Perspectives

Although many different dendrimer catalysts have now been described in the
literature, it is clear that the field of dendritic catalysis is still rapidly evolving.
The amount of publications that appears each year follows an exponential curve
upward [1b] and many new applications are still being described. One of the
latest developments in dendrimer catalysis is the recovery of the catalyst by
means of nanomembrane filtration techniques. After pioneering work by Kragl
and co-workers [61, 62], using polymer-enlarged oxazaborolidines, some in-
teresting dendritic examples were reported as described above [3,10,12,13,17].
However, we are still quite far from a stable dendrimer catalyst system that can
be applied in a continuous membrane reactor system, without loss of activity.
We believe that a great challenge lies in this field, in particular when more suit-
able membrane systems are developed. The stability of metal complexes
depends very much on the way of metal binding. From the results presented
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Table 1. Summary of reactions catalyzed by dendritic catalysts.
Cat.? Catalyzed reaction M-complex®  Recovery®
- Cl isol.
1-5 )\?O + CC|4i> C|3C\><(O yes
OMe CHoCly OMe
6 7 C.H.CI isol. yes
Et020><:\/ 2M4Lln EtOQ%@ /
EtOoC N\ 80°C EtOC
7 “ [(n®-CaHy)Pd(COD)JBF 4 insitu yes
*
SRV |
CHoClp, RT
Ph h isol. es
Sa @—Br + =/ — /=/D y
Ph
8a isol. yes
M/ CHyCI D
PNOEOMG + HU 2 2 PK\/\ NK//\O
8b . 1barH; . isol. yes
R R R R .
33b \=/ EtOH > isol. yes
9 R in situ yes
(allylPdCl), / 7 in situ no
23 ji (crotylPdCl),
AN~ + | EO OEt|Na ———— > EtO. OEt
FsC" "0 R THF
O O
10 isol. es
O " O y
DMF A
10 O‘=0 CHa(CN) _CN isol. yes
MR oN
10 M O,Et N COEt isol. yes
CH(CN)COEt 4 2
2(CN)COZ F\_éoza THF  EtO.C% ;Ae
11 H in situ no
15 ©/RH ©/it/ 1n situ no
+ EtZ in si
30 2 nt ol/hox in situ no
12 Ph H pp in situ no
RWN\ 4 + Rwe N. .
X EttZn —
13 g Ph 22N T oluene, AT \Et g‘Ph In situ no
14 P _ [Rh(COD)JBF4 . _ n situ sugg.
O CH2 CHzclg, H2, 1 bar le) CH3
16 . ProNLi 1. PhCH=NSiMe; in situ yes
@2 ZnCl, 2. H,0 (@)-R- Ph
—
C o 3 zncl . PfL]:r
THF, -78°C ~MesSio-@ I Ny
18 S t-BuOOH - isol. yes
C MeCN CS °©
9 in situ yes
cl R .
19 R\= + HyCO He 2, Ro~0 + )\¢O isol. sugg.
20 1000 psi isol. sugg.
21 iodosylb isol. no
N iodosylbenzene ,<?
R' CH,Clp R'
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Table 1 (Continued)

Cat.? Catalyzed reaction M-complex®  Recovery*
22 /\/ﬁ i CuoT) . in situ no
u o AL
@ + NN S WO
LP O; X
24 isol. no
25 4RSH+ 0, —> 2RS-SR +2H0 isol. no

28 (e} in situ no
Xy “OH [RhCI(COD)]2 WOH
HNTI/ H
’ e

3 bar Hp, 25°C, MeOH X

29 Cu(l)oTt A A in situ no
P + NoCHCO,Et > Ph COzEt EtO,C Ph
_N2

EtOgC COzEt

31 ©j _~SnBug Ti(OiPr), ©i/\ in situ 1o
TMS4R/CHCl,
32 — C ? [Ru(Cymene)Clal, —<_©_< in situ yes
CoH W COpH

33a H* e isol. no
02 —P 2H20

34 CO, + H* e~ co !sol. no
35 -H,0 isol. no
36 _ [Rh(COD)Cl]> isol. yes
ANNNANNFE > AN
Ho, 20 bar, RT

37 Oz~ ON none no
38 N m Q + COp none no
OoN o O2N

39 OH - none no
/©/\ 0+ RUNO; e
R’ Oz R1

40 /R _NaBH, /?H none no

41 none no
“H MeOH OMe

none no
42 /\/\/)\ NaHCO3 POUUPSY §

70°C, cyclohexane
43 ©/\Br excess KCN ©/\CN none no
CH2012/H20

Catalysts are numbered as they appear in the text.

Preparation of a metal complex in situ, as an isolated compound (isol.), or the absence of
metal (none).

Recovery of the dendritic catalyst that was successful (yes), suggested as possible (sugg.),
and not performed (no).

[

o



Dendritic Catalysts 197

above it can also be concluded that binding of the metal via a metal-carbon
o-bond results in metallo-dendritic catalysts with more stable metal sites. Con-
sequently, these catalyst systems do not suffer from the leaching problems
encountered in the case of the metallo-dendritic catalysts with peripheral co-
ordination complexes as active sites. Another unsolved problem in dendrimer
catalysis is the non-random distribution of active sites, in contrast to the homo-
geneous distribution of sites in solution encountered for monomeric catalysts.

Even though very interesting and appealing from an academic point of view,
perfect structures, such as dendrimers ideally are, are not a prerequisite for
many applications. Alternatively, polymers with very narrow weight distribu-
tions, such as hyperbranched polymers [63], could be applied. These polymers
can, in contrast to dendrimers, often be prepared in one step. One of the chal-
lenges in future research will be the transformation of principles designed for
dendrimers to hyperbranched polymers. In our group an example of such a
system was prepared using polyallylsilane molecules [64].

Furthermore, the preparation of dendritic systems that are more versatile
than the current, often very specialized, catalysts could be of interest. One could
think of a dendritic host as a support for catalytically active guest molecules,
such as prepared by Kimura et al. [39]. Developments of this type of host systems
would widen the scope of the dendritic systems developed so far, and allow more
versatile applications in catalysis.

In the near future many research efforts will continue to be devoted to the field
of dendrimer catalysis. The latest developments in this area show very attractive
concepts that need further exploration. Although we are still far from using the
level of molecular recognition and substrate selectivity exemplified by enzymes,
usage of dendritic structures in catalyst design and biomimicry continues to be
highly promising. As described above, one of the greatest challenges for the
future would be the transformation of our present systems into more versatile
and flexible, and therefore more economically attractive, and applicable systems.
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1
Introduction

In molecules called “glycodendrimers”, saccharide portions are conjugated
according to the principles of dendritic growth or they are ligated to dendrimers,
respectively. The idea of supplementing carbohydrate chemistry by the concepts,
which have made dendrimer chemistry the intriguing field it is, has essentially
been triggered by questions addressed in glycobiology [1-4]. During recent
years, it has become clear that in carbohydrate-protein interactions, which are
essential molecular recognition events in cell biology [5,6], multivalency plays an
important role [7, 8]. Therefore, chemists and biochemists have sought carbohy-
drates and glycoconjugates which can be used as molecular tools for the investi-
gation and possibly manipulation of carbohydrate-protein interactions [9], espe-
cially with regard to the multivalency effect which has been observed [10].

To obtain the required carbohydrate molecules, one possibility is to isolate
them from natural sources. This, however, is difficult, especially because homo-
geneous material can hardly be harvested in sufficient quantities. This is due to
the fact that the carbohydrate moieties of a particular glycoconjugate, which is
expressed by a cell, comprises significant structural diversity. This phenomenon
can be understood from the biosynthesis of these molecules and is known
as “microheterogeniety”[11]. An alternative approach includes the chemical
[12-14], enzymatic [15-17] or chemoenzymatic synthesis [18, 19] of the
required molecules according to the natural example structures. Even though
enormous progress has been made in this area during recent years [20, 21], the
synthesis of complex carbohydrates and glycoconjugates is still a major adven-
ture and extremely time-consuming work for every single example. Another
approach for getting access to the wide structural variety of branched and
hyperbranched oligosaccharides found in nature includes combinatorial tech-
niques, which are currently being evaluated in carbohydrate chemistry [22-25].

Quite different from everything mentioned so far, is the idea of providing the
structural requirements needed in molecular recognition of carbohydrates by
artificial design. This strategy would furnish saccharide-containing molecules,
which are more or less dramatically different from their natural counterparts.
The variety of structures thus obtained may be gathered under the term “gly-
comimetics” [26, 27]. This is not a strictly defined class of molecules, however, it
is implied that its representatives have the capability to mimic the biological
properties of their natural saccharide counterparts or even surpass their activi-
ties in a given system [28]. Concurrently, the synthesis of designed glycomimet-
ics is easier compared to classical oligosaccharide synthesis, normally larger
amounts are accessible and the variation of structural characteristics is also eas-
ier. Glycomimetic design may, e.g., include the substitution of glycosidic link-
ages by other chemistries such as peptide coupling [29] or thiourea-bridging
[30,31],e.g.

As the oligosaccharides found in glycoconjugates resemble fractal molecules,
similar to the typical structures of dendrimers [32, 33], synthesis of “glyco-den-
drimers” [34, 35] became an important approach in glycosciences to mimic the
hyperbranched character of oligoantennary carbohydrates. Since the first exam-
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ple of a glycodendrimer less than ten years ago [36], many different examples
have followed. Also a large variety of carbohydrate-containing molecules, which
can be used as molecular wedges, have been synthesized with regard to the
design of multivalent glycoconjugates or oligosaccharide mimetics, respectively
[37-41]. These molecules have been named “glycoclusters” or “cluster glyco-
sides”. While a number of glycoclusters have the size of small oligosaccharides,
others are rather complex and multiply branched and, therefore, remind one of
dendrimers or dendrons, respectively. It can be observed in the literature, that
this structural relationship has often tempted chemists to rather apply the des-
ignation glycodendrimer and glycodendron laxly. In this paper the discussion of
glycodendrimers is mainly restricted to those carbohydrate-containing mo-
lecules which allow a generationwise growth. The various branched glycoclusters
which do not obey the principles of dendrimer chemistry are largely omitted in
this chapter. Nevertheless, they can be of great value for glycobiological studies.
Furthermore, branched or hyperbranched carbohydrate-containing polymers,
called “glycopolymers” or “neo-glycopolymers” [42-53], respectively, have not
been included into the discussion, even though they can help a great deal in the
unraveling of the secrets of multivalency [54, 55]. Also carbohydrate-containing
dendrimers in which glycoproteins have been multiplied on dendritic scaffolds
in order to prepare multiple glycopeptide antigens [56] are not topic of this con-
tribution.

Four major architectures of dendrimers containing carbohydrate derivatives
will be distinguished here and introduced in the following section.

2
Architectures of Glycodendrimers

Four different classes of glycodendrimers can be distinguished according to the
principal design of their molecular architectures.

(i) The first examples of glycodendrimers were molecules in which a non-car-
bohydrate dendritic core, e.g., a hyperbranched oligolysine dendrimer, a
polypropyleneamine (POPAM) or a polyamidoamine (PAMAM) den-
drimer, was built up first and was then functionalized with a coat of carbo-
hydrate moieties in the periphery (Fig. 1, type A, cf. Sect. 3).

(ii) Alternatively the convergent approach is followed, in which glyco-coated
dendrons are synthesized first and eventually assembled on an oligofunc-
tional core molecule. The glycodendrons can either be synthesized in a
divergent mode and functionalized with carbohydrates in the last step; or,
vice versa, a glycocluster is synthesized first and then multiplied by a con-
vergent approach, also leading to a glyco-coated dendron (Fig. 1, type B, cf.
Sect. 4).

(iii) The complexity of natural glycoconjugates is most closely resembled by
glycodendrimers which are built from carbohydrate-derived building
blocks as the only “ingredient”. By such an approach, so far only glycoden-
drons have been synthesized, which is possible by using either a divergent
or a convergent strategy (Fig. 1, type C, cf. Sect. 5).
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type C type D

Fig.1. Classification of glycodendimers according to their molecular architectures

(iv) Finally, by reversing the architecture of glyco-coated dendrimers, carbohy-
drates can be used as the dendrimer core and this has been realized by
the synthesis of carbohydrate-centered glycodendrimers (Fig. 1, type D,
cf. Sect. 6).

This classification of course does not intend to be the only possible one, yet it
provides a useful subdivision and has been the basis for the content of this con-
tribution. Many excellent reviews have been published surveying the chemistry
and biology of glycodendrimers and glycoclusters and are recommended for
reading [34, 58-63].
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3
Sugar-Coated Non-Carbohydrate Dendrimers

Sugar-coated non-carbohydrate dendrimers comprise the first examples of this
class of molecules at all. The basic idea, which prompted carbohydrate chemists
to use this approach, was to substitute the complex carbohydrate interior of
an oligoantennary glycoconjugate by a branched non-carbohydrate molecule
which would basically only serve as a scaffold for the multiple presentation of
sugar moieties, which are known as the principal carbohydrate epitopes in par-
ticular glycobiological system under investigation (Fig. 2). Based on their typi-
cal structural characteristics, dendrimers appeared as ideal candidates for scaf-
folding in this regard.

This relatively radical abbreviation of the natural example structures is affil-
iated with many practical advantages but also with a number of uncertainties
which are traded in at the same time. As a prerequisite for this concept, it has
been assumed that rather simple saccharides can serve as ligands for the carbo-
hydrate-recognition domains (CRDs) of lectins. Lectins are a class of more or
less specific proteins, specialized for the molecular recognition of carbohy-
drates [5, 64]. Indeed, monosaccharides are often sufficient to form the non-
covalent carbohydrate-lectin complexes which are necessary to trigger the next
event in a cascade of biological processes [65]. For other lectins, disaccharides
are required for binding, and for a special class of “selective” lectins, the
“selectins” [66], a complex tetrasaccharide, called sialyl-Lewis-x (sLe*) [27] has
been identified as the minimum carbohydrate structure for recognition. From
this knowledge, it appears reasonable to test small oligosaccharides and even
monosaccharides as lectin ligands in order to compete for their CRDs with the
natural ligands and thus to assist in probing the biological role of carbohy-
drate-protein interactions. However, such interactions between simple sugars
and lectin CRDs are characterized by weak affinities with typical binding con-
stants in the millimolar or high micromolar range [67]. Apparently, the phe-
nomenon of multivalency adds to the strength of carbohydrate-protein inter-
actions that is needed for a significant biological effect [8]. Thus, the weak affin-
ity of singular interactions is multiplied to an overall avidity, e.g., with binding
constants in the nanomolar range. At first glance, understanding of this phe-
nomenon is easy, as multiple interactions can obviously be reasoned on the
basis of the branched, so-to-say multiple oligosaccharide structures found in
nature on one hand, and on the other hand on the basis of multiple CRDs. Mul-
tiple CRDs (CRD clusters) are provided on one peptide strain of a lectin [64] or
by membrane clustering of monovalent lectins, such as in the case of the
selectins. Multivalency of carbohydrate-protein interactions implies a number
of advantages such as an option for fine-tuning of biological response as well as
an increase in specificity.

Multivalency of carbohydrate-protein interactions was proved impressively
more than two decades ago, showing that binding affinity of the asialo glyco-
protein receptor to a carbohydrate ligand is logarithmically improved with
linear increase of the carbohydrate lectin ligand. This was demonstrated with a
simple TRIS-derived synthetic glycoconjugate (Fig. 3). Molecules of this type
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Fig.3. Example of the first class of cluster glycosides, here a trivalent cluster galactoside

have been named cluster glycosides. For the observed binding effect, the term
“cluster effect” or “glycoside cluster effect”, respectively, has been coined [10].

Thus, the intriguing idea was born to interfere with carbohydrate-protein
interactions effectively with the help of glycomimetics, which are designed as
multivalent molecules, neo-glycopolymers or monodisperse neo-glycoconju-
gates, such as the glycodendrimers (Fig. 2). As protein-carbohydrate complexa-
tion is important in a wide range of medically significant interactions including
signal transduction, inflammation and microbiological pathogenesis, this ap-
proach may also contribute to the development of a new class of carbohydrate-
based therapeutics [68]. Furthermore, molecules are needed which help us to
unravel the secrets of multivalent recognition. The physical chemistry of the
effects observed are far from being fully understood and even many of the
results which have been obtained in various biological assays may have to be
interpreted with caution [69]. The queries asked about the role of multivalency
in carbohydrate-protein interactions are being continually dealt with in current
research and are being discussed elsewhere. Herein, the biology of the discussed
glycodendrimers is only touched on.

Dendrimers offer some excellent options for addressing the role of multiva-
lency in carbohydrate-protein interactions. As with smaller glycoclusters [70],
the valency of the carbohydrate epitopes exposed can be exactly adjusted and
even the distance and density, respectively, can be tuned. This promises a rela-
tively systematic investigation of carbohydrate-protein interactions with regard
to the issue of multivalency. Nevertheless, it remains mostly uncertain as to what
extent the dendritic core of a sugar-coated dendrimer contributes to binding
and how the molecular dynamics of a glycodendrimer can be designed so that it
adds favorably to lectin binding. These problems are largely unsolved at present,
whereas the synthesis of the desired molecules can be well controlled nowadays.

For the first glycodendrimer synthesis [36],a multibranched L-lysine core was
utilized as a dendritic scaffold. This was elaborated in a solid phase peptide syn-
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Scheme 1. Solid phase synthesis of L-lysine dendrimers

thesis on a p-benzyloxybenzyl alcohol (Wang) resin. Coupling of L-lysine was
performed via an f-alanyl spacer which was anchored to the resin first, using the
N*-N*-di-Fmoc-L-lysine-HOBT ester (Scheme 1). Chloroacetyl-terminated di-
glycinyl spacers were used in the periphery of the hyperbranched molecules and
thus, up to 16 N-chloroacetylated amino groups became available for sugar coat-
ing by thioether ligation in a nucleophilic displacement reaction (Scheme 2).
After sequential hydrolysis and deprotection of the sugar hydroxyl groups, e.g.,
a-thiosialoside-bearing polylysine dendrimers were obtained [71].
Thiosialoside glycodendrimers were tested as inhibitors of influenza A virus.
Influenza virus carries two proteins on its surface which are conserved in all phe-
notypes. The first protein is hemagglutinin, a lectin which binds to neuraminic
acid residues, whereas the second protein is an enzyme which cleaves the glyco-
sidic linkages of neuraminic acid. For the synthesis of the glycodendrimers, to
probe influenza virus adhesion to host cells, thioglycosidic linkages were chosen
in order to provide combined hemagglutinin and sialidase inhibition properties.
Various thioaldosides and thioketosides as well as a large number of glyco-
sides bearing an w-thiol as the aglycon have been used with polylysine scaffolds
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(Fig. 4) [72,73]. Even complex oligosaccharides, such as the biologically impor-
tant T-antigen (GalpB1,3GalNAc) [74], the tetrasaccharide sLe* and its trisaccha-
ride analog 3 -sulfo-sLe* [75] (Fig. 5) have been used for glyco-coating of den-
drimers. Interestingly, sLe*-coated oligolysine dendrimers could be prepared by
a chemoenzymatic approach using a sialyl and a fucosyl transferase [76]. A
chemoenzymatic approach was also employed when N-acetyllactosamine(Lac-
NAc)-coated glycodendrimers were the target molecules [77]. First, N-acetyl-
glucosamine(GlcNAc)-functionalized dendrimers with valencies of up to eight
were prepared on the basis of L-lysine dendrons. These dendrimers were then
further transformed enzymatically into dendritic N-acetyllactosamine (Lac-
NAc) derivatives using a mix of UDP-glucose, UDP-glucose-4’-epimerase to turn
UDP-glucose into the respective galactose derivative and GIcNAc--1,4-galacto-
syltransferase to catalyze the glycosyl transfer reaction.
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The effect of multivalency in the inhibition of binding of yeast mannan to the
lectin concanavalin A and pea lectins has been evaluated by mannosylated
lysine-based dendrimers [78]. A p-(3-thioacetyl)-propionamidophenyl a-b-
mannopyranoside was employed in the nucleophilic displacement reaction with
N-chloroacetylated oligolysine scaffolds to give glycodendrimers up to a valen-
cy of 16 (Fig. 6). A series of six such glycodendrimers differing in their sugar
valencies were tested in the inhibition of binding of yeast mannan to con-
canavalin A and pea lectins in solid-phase enzyme linked lectin essays (ELLA)
using p-nitrophenyl a-p-mannopyranoside as standard. The 16-mer was found
to be 66- and 1383-fold more potent than p-nitrophenyl a-p-mannopyranoside,
with con A and pea lectin respectively.

Oligolysine dendrimers were also favorable for selective functionalization
[79]. Thus, fluorescein-labelled N-chloroacetylated L-lysine dendrons were pre-
pared, followed by a chemoselective thioether ligation with fully deprotected
glycoside derivatives. This approach was eventually used to synthesize antigen-
bearing cluster mannosides [80], which are of biological relevance as highly
mannosylated antigens lead to effective targeting to dendritic cells which may
improve the efficacy of vaccines. With a N-chloroacetylated L-oligolysine core,
which had been modified with a glyoxylyl function, two orthogonal chemose-
lective ligation reactions were applied, introducing 2-thioethyl a-p-mannopyra-
noside moieties by thioetherification and a hydrazine-modified peptide antigen
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by hydrazone ligation (Scheme 3). Scope and limitations of the orthogonal
chemoselective ligation strategy have just recently been reported [81].

Shortly after the first glycodendrimer had entered the market, polyami-
doamine (PAMAM) and polypropyleneimine (POPAM) dendrimers were also
introduced as core molecules for the synthesis of glycodendrimers (Fig. 7).

A large variety of carbohydrate derivatives (Fig. 4) have been employed in
order to form dendrimers with 12,24, 48 or 64 terminal glycan residues. For the
first glycocoating of a PAMAM dendrimer, disaccharide lactones, O-f-p-glu-
copyranosyl-(1— 4)-p-glucono-1,5-lactone and O-a-p-galactopyranosyl-(1— 4)-
D-glucono-1,5-lactone, were used as the acid components in a peptide coupling
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reaction, during which the terminal sugar ring is forced into the open-chain
form (Scheme 4) [82].

Also the reaction of isothiocyanato-functionalized carbohydrate derivatives
(Fig. 4) with branched oligoamines such as PAMAM dendrimers proved to be a
successful ligation technique for the synthesis of glycodendrimers [30]. Many
similar avenues to thiourea-bridged glycodendrimers have been elaborated dur-
ing recent years [70] and extensively reviewed [42, 44, 58, 60, 61]. Thiourea-
bridging has even been possible reacting PAMAM dendrimers with unprotect-
ed p-isothiocyanatophenyl a-p-mannopyranoside in water (Scheme 5) [83].

Thiourea-ligated glycodendrimers have also been used to investigate bacte-
rial adhesion which is often dependent on carbohydrate-protein interactions.
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Scheme 4. Glycocoating of PAMAM dendrimers by peptide coupling with sugar lactones
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Scheme 5. Thiourea-bridging in water
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Table 1. Inhibition of the hemagglutination of guinea pig erythrocytes by type 1 fimbriated
E. coli

Inhibitor 1 2 3 4 5 6 7

Relative inhibitory potency 35 10 10 10 18 14 1

Bacteria use own lectins, which are expressed on protein appendages on their
surfaces, called fimbriae or pili, to adhere to the glycocalyx of their potential host
cells [84]. Mannose-specific bacterial adhesion, which is mediated by so-called
type 1 fimbriae, can be inhibited by a-mannosyl-functionalized PAMAM den-
drimers to a different extent. This has been tested in hemagglutination inhibi-
tion assays using a type 1 fimbriated Escherichia coli strain [85]. The inhibitory
potencies obtained in this system with a series of systematically varied glyco-
clusters and glycodendrimers (1-7, Fig. 8) gave some interesting hints about the
structural preferences required for effective inhibition of bacterial adhesion in
this system. The measured values were valency-corrected and based on man-
nose derivative 7 as the monovalent reference compound (Table 1).

Thiourea-bridged phenyl B-p-lactoside-coated starburst dendrimers were
used to investigate different types of galactoside binding proteins and to evalu-
ate their potential to serve as high-affinity ligands for clinically relevant sugar
receptors [86]. PAMAM dendrimers were also used for scaffolding of more com-
plex oligosaccharides. Glycodendrimers bearing tumor related T-antigen were
shown to strongly bind to mouse monoclonal IgG antibodies and to be suitable
coating antigens in microtiter plates [87]. Other PAMAM-based oligosaccharide
dendrimers were evaluated as ligands for cholera toxin [88].

Carbohydrate-coated glycodendrimers were also realized using preformed
polypropyleneimine cores. Spacer-modified p-galactose and p-lactose derivatives
were converted into their active N-hydroxysuccinimidyl esters, which could be cou-
pled to the terminal amino groups of POPAM dendrimers. In addition, the attach-
ment of trivalent cluster galactosides to dendritic cores with up to eight primary
amino groups was demonstrated [89, 90]. The hydrodynamic properties of such
POPAM glycodendrimers up to the fifth generation were investigated by velocity
sedimentation, translation diffusion and viscosity measurements in 0.195% NaCl
aqueous solution [91]. Thus, the complete functionalization of the initial den-
drimers with sugar residues could be shown. The glycodendrimers were found to
resemble spherical molecules with an inhomogeneous distribution of density.

In order to get access to symmetrical dendrimers which can readily be char-
acterized by standard NMR techniques, new dendritic scaffolds were employed
in glycodendrimer synthesis using dendrimers based on a 3,3-iminobis (propy-
lamin) core [92-94]. Dendrimers with 2, 4, 8, 16 valencies in the first, second,
third and fourth generation were transformed into the N-chloroacetylated
analogs, followed by reaction with 2-thiosialic acid derivatives to give the
respective sialodendrimers in 47-58% yield. These compounds are of interest
as inhibitors of in human erythrocyte hemagglutination by influenza viruses
and regarding their inhibition-properties in binding of human «a;-acid glyco-
protein to slug lectin from Limax flavus.
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Furthermore, more unusual hyperbranched molecules have been designed to
serve as core molecules for the synthesis of glycodendrimers (Fig.7). Based on a
gallic acid core, dendritic scaffolds were obtained in combination with oligoeth-
ylene glycol spacers for the synthesis of glycodendrimers to aid further under-
standing of the multivalency effect. Lactosyl [95] and sialic acid residues [96]
were scaffolded using the gallic acid-derived hyperbranched cores. The core
units were synthesized starting from gallic acid methyl ester, which was
equipped with tetraethylene glycol spacers having terminal azide groups. In the
resulting molecule either the methyl ester was saponified or the azide function
was reduced to the amine, to be ready for further branching.

Phosphotriester building blocks were also used as dendritic scaffolds (Scheme
6) [35, 60] which could be sugar-coated by nucleophilic displacement reactions.
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In conclusion, glyco-coated non-carbohydrate dendrimers have been synthe-
sized in large variety since the first example has been published in 1993 [36].
Standard dendrimers, as well as more tailor-made, unusual dendritic cores were
used and combined with a variety of carbohydrate epitopes of differing com-
plexity, employing a number of high-yielding ligation chemistries. It has been
the intention of this section to give a flavor of the principal approaches which
are being pursued rather than to provide a comprehensive survey of all exam-
ples published so far.

4
Convergent Multiplication of Carbohydrate Wedges

The convergent alternative for the synthesis of dendrimers is favorable over the
divergent preparation, regarding the ease with which the desired monodisperse
target molecules can be separated from structurally imperfect impurities. The
convergent methodology is, therefore, also an attractive approach for the syn-
thesis of monodisperse glyco-coated dendrimers. Thus, relatively small non-car-
bohydrate dendrons have been built up and were in turn functionalized with
carbohydrate epitopes in the periphery [97]. The resulting glyco-coated molec-
ular wedges were then clustered on, mostly, trifunctional benzeneoid core mol-
ecules such as trimesic acid derivatives. The first example, which paved the way
for the takeoff of this kind of chemistry was realized with a literature-known [cf.
Fig. 3] TRIS-based cluster glucoside 8 which was peptide-coupled with the
trimesic acid derivative 9 under standard conditions to yield the respective
9-mer (Scheme 7) [98]. To reduce sterical hindrance in the coupling step, a
glycinyl-modified core molecule had been applied. Glycocluster 10 could be
obtained in unprotected form after removal of the sugar protective groups.
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Scheme 7. Starting of with the convergent synthesis of glycodendrlmers

By extension of this concept, using a 3,3-iminodipropionic acid derivative 11
as a molecular interface, the hexavalent glycodendron 12 was able to be synthe-
sized (Scheme 8) and eventually be grown to the respective glycodendrimer
with eighteen peripheral saccharide units in a DCC/HOBT-assisted peptide-

o
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coupling reaction. The characterization of the products as monodisperse mole-
cules by high-sophisticated NMR and MALDI-TOF-MS analysis is documented
in the literature [98].

Intriguingly, the same chemistry can be utilized employing other, glycobio-
logically more interesting sugar residues than glucose. Thus, a-mannoside clus-
ters were chosen to investigate analogous glycodendrimers as inhibitors of
binding of the lectin concanavalin A to yeast mannan. Cluster 13 (Scheme 9)
served as analog of 8 and furnished 9-mer 14 in a peptide coupling reaction, fol-
lowed by deprotection of the hydroxyl protective groups [99]. In an analogous
reaction sequence, glycodendrimer 16 was obtained from 9 and the glycoden-
dron 15.

The same chemistry, starting from the tetravalent core molecule 17 (Scheme
10), gave the glycodendron 18 [100], which was convergently assembled to gly-
codendrimer 19, carrying 16 trivalent cluster mannoside units such as 13.

When the 3-mer wedge 13 together with the glycodendrimers, 14, 16, and 19
were tested in an ELLA (enzyme linked lectin assay) setup, the 9-mer glycoden-
drimer proved to be the most active inhibitor with an ICs, value of 0.65 mM on
a molar basis, compared to an inhibitory potency of 2.5 mM for methyl a-D-
mannoside. How the, -relatively poor-, clustering effect, which was observed in
this system, has to be interpreted has not yet been conclusively discussed.

Obviously, carbohydrate-functionalized dendritic wedges carrying one extra
(potentially) reactive group can be used for the functionalization of molecules
of many other classes such as the fullerenes [101]. Furthermore, spacer-
equipped hexaalkoxytriphenylene core molecules were functionalized with
clustered carbohydrate residues to yield discotic liquid crystals (Fig. 9) [102].
The presence of the flat aromatic core and the flexible alkyl side chains are cru-
cial for the formation of the observed columnar mesophases. As glycolipids are
naturally occurring examples of mesogenic systems, carbohydrate wedges have
been used here as the hydrophilic terminal substructures.

The glycodendrons shown, may also be further employed as hyperbranched
building blocks in a context beyond dendrimer chemistry. They have been
attached to carrier molecules which offer a cavity, such as calixarenes (Fig. 10)
and cyclodextrins (Fig. 11), respectively [103, 104]. These molecules are current-
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ly being investigated as ligands for various lectins and for their potential as drug
carriers.

Finally, the molecular wedge approach can also be combined with classical
oligosaccharide synthesis. Oligosacharides themselves, as mentioned earlier,
provide the structural requirements for branching and hyper-branching,
respectively, and this is utilized by nature for the multiple presentation of car-
bohydrate epitopes. A careful investigation of the differences which arises from
the variation of glycosidic connectivities in oligosaccharides regarding the
structural presentation of carbohydrate epitopes in space as well as the resulting
differences of biological properties has been carried out with cluster sialosides
as inhibitors of influenza virus [105].

When the reducing end of an oligosaccharide is equipped with a functional-
ized spacer, the resulting molecules can once again be treated as molecular
wedges and be clustered on an oligofunctional core molecule. In keeping with
this idea, an aglycon-functionalized heptasaccharide has been synthesized
according to classical carbohydrate chemistry, in which glucosyl units are
branching out from glucosyl units [106]. The spacer-modified tetrasaccharide
22 was synthesized by glycosylation of 21 with 20 (Scheme 11). Acidic cleavage
of the 4,6-O-benzylidene protecting group in 22 furnished 23, which could be
regioselectively glycosylated, once again using the trisaccharide donor 20. Thus,
the hyperbranched oligosaccharide wedge 24 was obtained. Deprotection at the
“focal point” gave amine 25 which was employed in a peptide coupling reaction
with a trimesic acid-derived core (Scheme 12) to yield the oligosaccharide gly-
codendrimer 24.
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5
Dendrimers from Carbohydrate Building Blocks

What one might call the ultimate combination of carbohydrate and dendrimer
chemistry is the generationwise construction of glycodendrimers or glycoden-
drons, respectively, from carbohydrate-derived building blocks only. This may
lead to very complex carbohydrate-containing molecules with a strong struc-
tural relation to cell-surface carbohydrates. Earlier generations of such glyco-
dendrimers can apparently be designed as monodisperse molecules, whereas
higher glycodendrimer generations will rather consist of a mixture of more or
less structurally imperfect molecules, due to increase of sterical hindrance. This,
however, should not hamper their use in glycobiology as potential nano-scale
neoglycoconjugates, which might mimic substructures of the glycocalyx. Also
from the point of view of material sciences the issue of dendritic purity does not
have to be a critical one in this case. Moreover, the use of carbohydrate building
blocks for dendrimer synthesis, is advantageous because it starts from renew-
able resources and offers possible advantages which can less easily be achieved
with other dendrimers, such as biocompatibility, tuning of hydrophobicity and
design of hydrophilic cavities, for example.

Growing dendrimers with carbohydrate derivatives is possible using AB,-
type building blocks (Fig. 12). Starting from one and the same AB, molecule in
which functional groups A and B are orthogonally protected, respective depro-
tection steps lead to building blocks of type I and of type II. Functions A and B
have been chosen so, that in the next step a high-yielding chemical reaction can
lead to the protected glycodendrimer of the first generation (G-1, Fig. 12).In an
iterative reaction sequence, higher generations will emerge by either a divergent
or a convergent approach.

Two quite different AB,-type saccharides have been designed to meet the
requirements of such a methodology (Fig. 13). The first molecules which was
used, has been designed for enlargement by peptide coupling. It carries a Boc-
protected amino function at the aglycon terminus and two methyl ester groups
branching out from the 6-position of the sugar ring. This AB, building block was
synthesized by exhaustive Michael-type addition of a 6-amino-6-deoxy gluco-
side to methyl acrylate [107]. Starting from this building block, a saponification

o} 0 '
/ divergent
i growth

orthogonal coupling 1. deprotect B
deprotection reaction 2. couplewithI _* [ioform
\ B B 0] G-2
1. deprotect A A

\ﬁ 2. couple with I Scr,:\:\,:r:gent
G-1
-

Fig.12. Dendritic growth with carbohydrate-derived AB, building blocks
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Fig.13. Two different AB,-type saccharides for the synthesis of glycodendrimers

step furnished the diacid 27, while acid-catalyzed deprotection of the amino
function led to 28 (Scheme 13). These two components could then be peptide-
coupled to give the G-1 glycopeptide dendron 29 after deprotection [108]. Gly-
codendron 29 may also be regarded as glycopeptide mimetic. It resembles struc-
tural elements of naturally occurring glycopeptides and may be an interesting
ligand for carbohydrate-binding proteins such as lectins. Within the concepts of
dendrimer chemistry it can be grown generationwise to form higher dendron
generations, in a convergent or divergent manner. Here, convergent growth
proved to be advantageous over a divergent approach and led to the G-2 gly-
copeptide dendron 30 after removal of the Boc-protective group in 29 and reac-
tion with 27. Repetition of the reaction sequence consisting of NHBoc-depro-
tection and peptide coupling led to the G-3 glycodendron 31, which was able to
be obtained without structural defects.

This approach to glycopeptide dendrons implies a number of additional pos-
sibilities which have not yet been evaluated. Thus, the synthesis may be carried
out on solid phase, possibly even in an automated fashion. Furthermore, the
Boc-protected amino group at the focal point of the glycodendron might cer-
tainly be employed in a final convergent step leading to more spherical glyco-
dendrimers. Finally this concept also offers the option to employ carbohydrate
wedges such as 34 (Scheme 14) in which the peripheral carboxyl groups have
been functionalized with carbohydrates [109]. This strategy allows to adjust
the glycopeptide dendrons to the chemical nature of specific glycoconjugate
oligosaccharides by choice of the respective terminal glycosyl units, e.g. N-
acetyl-glycosamine, galactose, lactosamine, or sialic acid residues, to name but a
few relevant ones.

A different approach to dendrimers from carbohydrate building blocks has
utilized a trisaccharide AB,-type building block (Fig. 13) which was designed for
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reductive amination as the connecting chemistry [110]. Here, secondary amine
functions at the 6’- and 6”-postions resemble the two reactive sites A, whereas
the non-reducing end of the trisaccharide with its carbonyl reactivity formed
function B. The reactivity of the anomeric functionality in this system was
blocked by a 1,3-dioxolane ring resulting from isopropylidenation of the 1- and
2-positions of the terminal sugar ring.

The required trisaccharide building block was obtained from a glycosylation
reaction of diisopropylidene galactose (36) and the maltosyl trichloroacetimi-
date 35,leading to trisaccharide derivative 37, in which the 6’- and 6”-positions
had to be converted into 6-amino-6-deoxy functions regioselectively (Scheme
15). This was possible via a series of standard reactions, giving rise to the di-
bromide 38 as the key intermediate of the synthesis. It formed the starting
material for both the complementary trisaccharide building blocks 39 and 40,
allowing the synthesis of G-1 glycodendron 41 by reductive amination. The
trisaccharide diamine 39 was synthesized as bis-secondary amine to avoid
overalkylation which was observed with the respective primary amines [111].
The carbonyl component 40, required for reductive amination, was obtained
after acid-catalysed removal of the isopropylidene protective groups of the
trisaccharide’s galactose moiety. Thereby, the reducing trisaccharide is ob-
tained, which is in equilibrium with its open-chain form (Scheme 15). The
open-chain trisaccharide is removed from the equilibrium in the reductive
amination reaction with 39, leading to G-1 glycodendron 41. This complex mol-
ecule now awaits further conjugation and enlargement by either convergent or
divergent strategies.

6
Carbohydrate-Centered Dendrimers

The structural and chemical features of the core molecule from which the den-
dritic shells are emerging, is of importance for the overall shape of a dendrimer.
Obviously the multiplicity of the chosen initiator core is a relevant feature in this
regard. The most widely used cores for dendrimer synthesis are di- or trifunc-
tional molecules. Core molecules with much higher multiplicity are rarely
described or have only been recently introduced. Also the stereochemical prop-
erties of a dendrimer initiator core, besides those of the branching units, are
important for the properties of the dendrimer. Asymmetric building blocks, e.g.
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from the chiral pool, have been employed to prepare chiral dendrimers [112]
and to use dendrimers in stereoselective catalysis [113].

Carbohydrates are among the most commonly used chiral pool compounds
and have just recently received attention as core molecules in dendrimer syn-
thesis. Due to their large structural variety they offer a great potential for the
manipulation of the three-dimensional shape of dendrimers. Thus, monosac-
charides have been functionalized as pentavalent initiator cores, as shown with
D-glucose (Fig. 14), which has been converted into a series of derivatives, which
have been named “octopus glycosides” [114]. Variable functional groups in the
“outer shell” of these molecules allow to utilize different connectivities for the
construction of the first dendrimer generation.

The first carbohydrate-centered glycodendrimer has initiated from the octo-
pus glucoside 2-aminoethyl 2,3,4,6-tetra-O-(2-aminoethyl)-a-Dp-glucoside (42),
as PAMAM (polyamidoamine) dendrimer (Scheme 16) [115]. Carbohydrate-
centered PAMAM (half)generations, 43, 44, and 45, up to G-2 were synthesized
in excellent yields and could be analyzed as monodisperse molecules. Interest-
ingly, the specific rotation values of the carbohydrate-centered dendrimers
obtained decreased dramatically with increasing molecular weight, according to
the “dilution effect” which is known for chiral dendrimers [116]. The molar rota-
tion values, however, remained in the same range around 400 (Table 2).

It will be of interest to investigate, if alteration of the sugar core configuration,
e.g. when D-glucose is substituted by p-galactose or b-mannose. Furthermore,
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Table 2. Specific and molar rotation values of glucose-centered PAMAM dendrimers

Compound 42 43 44 45

Specific rotation values  [a]2=+76.8° [a]¥ =+34.6° [a]F =+32.9° [a]¥=+13.1°
(c=0.60, (c=0.96, (c=0.26, (c=0.38,
MeOH) MeOH) MeOH) MeOH)

Molar rotation values +304 +434 +505 +427

instead of monosaccharides, the use of di- or other oligosaccharides, according
to the same synthetic strategies might be highly attractive. This allows to easily
raise the multiplicity of a dendrimer core, and this will result in a given number
of peripheral functions in much earlier generations as when the same den-
drimer is constructed from classical, e.g. difunctional initiator cores. New
PAMAM dendrimers may be obtained this way which may be better suited for
transfection, e.g., as the “activated” PAMAM dendrimers used so far [117]. Tox-
icity and biocompatibility problems might be concurrently improved.

When the non-reducing disaccharide trehalose was used as core molecule
instead of glucose in the same sequence as mentioned above (Scheme 16), struc-
tural defects were observed in the first PAMAM half-generation (47, Scheme 17)
[118]. This problem may be solved by using longer spacers to reduce steric hin-
drance or, in the contrary, utilized when structurally imperfect PAMAM den-
drimers are required [117].

NH7 MeO MeO, N °
o N
A OMe
6
OMe

N
MeOH MeO. \\\ o 0,
o\\g\/ To) o > ) OS /_>'
H,u\ﬁo o T e
MeO " 2 _/_
N o\_\ \_t}/’
NHZ ¢ o
46 MeO’CM" 0y \\\( N

MeO 47 OMe
Scheme 17. Structurally defect trehalose-centered PAMAM

Most of the possibilities of carbohydrate-centered dendrimers still await
exploration. This is a promising field as carbohydrate chemistry offers much
more than synthesis of octopus glycosides. The special reactivity of the anomeric
center, e.g., can be used to provide selectively functionalized core molecules for
dendrimer synthesis, leading to the respective selectively functionalized carbo-
hydrate-centered dendrimers which are otherwise difficult to obtain (Fig. 15).

A first entry into this kind of chemistry has been made with carbohydrate-
centered carbosilane dendrimers in which the aglycon moiety of the core (48) is
not involved in the iterative reaction sequence leading to dendritic inflation
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Fig.15. Carbohydrate cores can also be employed for the construction of selectively function-
alized dendrimers

(Scheme 18) [119]. It will be also interesting to see, how this kind of carbohy-
drate-centered dendrimer compares with the much more polar carbohydrate-
based PAMAM dendrimers, introduced earlier. Especially in carbohydrate-pro-
tein interaction studies, the effects should be different, due to the variable chem-
ical character of the dendrimer generations used.

Furthermore, carbohydrate moieties have been used at the focal point of
Fréchet dendrons in order to allow self-assembly of the so-obtained dendrons

Scheme 18. Selectively functionalized carbohydrate-centered hyperbranched carbosilanes
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Fig.16. Glyco-centered dendrons for supramolecular chemistry

(Fig. 16) in organic solvents due to hydrogen-bonding interactions [120]. It has
been observed in this system that the size of the formed supramolecular parti-
cles decreased with the increase of dendron generations. As these aggregates
were rather labile entities, attempts to cross-link them in situ were made to
obtain spherical dendritic structures [121].

7
Perspectives

Combining carbohydrate with dendrimer chemistry has provided multivalent
neo-glycoconjugates resembling attractive structures, which are useful molecu-
lar tools in glycobiology by mimicking the complexity of the naturally occurring
multibranched glycoconjugate oligosaccharides. The valency and shape of such
molecules can be favorably controlled in order to tackle the questions connect-
ed with multivalency in carbohydrate-protein interactions. Moreover, it can be
assumed that the potential of carbohydrate-containing dendrimers has by far
not been fully exploited as with regard to their possible usefulness as selective-
ly functionalized carrier molecules and their value in supramolecular chemistry
and in material sciences. From the point of view of molecular design, many
options for glycodendrimer architectures are still awaiting “materialization”. It
is not difficult to predict that the glycodendrimers will further expand and con-
quer new areas of natural sciences beyond those which are occupied so far.
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