
MICROREVIEW

DOI: 10.1002/ejic.200500893

Phosphorus-Containing Dendrons: Synthesis, Reactivity, Properties, and Use as
Building Blocks for Various Dendritic Architectures

Anne-Marie Caminade,*[a] Alexandrine Maraval,[a] and Jean-Pierre Majoral*[a]

Keywords: Dendrimers / Phosphorus / Dendrons / Building blocks

Dendrons, also called dendritic wedges, are a special variety
of dendrimers possessing one or two functional groups at the
core, in addition to the numerous functional end groups. This
review is focused on phosphorus-containing dendrons, which
are dendrons built with one phosphorus atom at each
branching point. Their synthesis, reactivity and properties
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are described, with emphasis on their use as building blocks
for the elaboration of very complex and original dendritic
architectures. Electrochemical and catalytic properties, as
well as examples in the field of materials are also given.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ago,[1–3] after the linear, cross-linked, and branched poly-
mers.[4] These hyperbranched architectures are expected to
produce new properties and behaviours, and arouse an ever-
increasing interest, with more than one thousand publica-
tions and more than one hundred patents per year over the
last four years. Most of the work concerning hyperbranched
architectures is focussed on the most structurally controlled
compounds, i.e. dendrimers and dendrons,[5,6] which are
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Scheme 1.

synthesised step-by-step (generation after generation) and
not with polymerisation reactions. Dendrons,[7] also called
dendritic wedges,[8] differ from dendrimers by the presence
of one (or a few) functional group(s) located at the core,
which are different from the other functional groups located
at the periphery; their structure is very reminiscent of that
of trees, the function at the core playing the role of the
trunk. They are synthesised either by a convergent or a di-
vergent process, generally using two types of monomers,
one linear and one branched. In a convergent process, the
periphery of the dendron never reacts, and only one reac-
tion occurs at the level of the core; each generation is cre-
ated by the association of two dendrons with a small mole-
cule. In the divergent process, the periphery reacts at each
step, whereas no reaction occurs at the core; each genera-
tion is created by the association of several small molecules
with one dendron (Scheme 1). In both cases, the main prob-
lem is to find five types of functional groups among which
one does not react with any of the other four, and four of
the functional groups react specifically two-by-two.

The chemical composition of dendrimers and dendrons
may be varied infinitely. We proposed about ten years ago
a method of synthesis,[9,10] based on the reactivity of phos-
phorus derivatives, which afforded the highest well-defined
generation described to date for any type of dendrimer
(generation 12).[11] This method consists of condensation
reactions of aldehydes with a phosphorhydrazide, and nu-
cleophilic substitutions of Cl by hydroxybenzaldehyde un-
der basic conditions. This method and its variants are so
powerful that we have already published more than 130 pa-
pers in this field,[12] and the same method and its variants
are also useful for the synthesis of dendrons. The aim of
this microreview is to focus on the synthesis, reactivity,
properties and use of complex architectures elaborated from
dendrons possessing phosphorus at each branching point.
Dendrons possessing phosphorus only at the core[13] are
considered to be out of the scope of this review.

Synthesis of Phosphorus-Containing Dendrons
The first phosphorus-containing dendrons 1-Gn (n =

0–2, corresponding to the generation) were synthesised in
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1993 by Engel et al.,[14] but they were not recognised as
dendrons but classed as dendrimers at that time. The func-
tion located at the core is a phosphane oxide, and the grow-
ing process consists of an iodination, followed by the quat-
ernarisation of a phosphane. The phosphane oxide can be
considered a masked phosphane, thus the dendrimer 1-aGn

can be transformed into the dendron 1-bGn by reduction
with a chlorosilane (Scheme 2). The phosphane located at
the core of 1-bGn is different from all the other functional
groups in the molecule, and is truly reactive, as shown by
the complexation of gold.

Scheme 2.

We described the second type of phosphorus-containing
dendron 2-Gn (n = 0–7), which were also called dendrimers,
but they possessed two functional groups at the core, which
was different from the others (Scheme 3).

[15] Indeed, the
P=S groups included in P=N–P=S linkages behave dif-
ferently from all the other P=S groups, and react easily with
electrophiles[16] as will be illustrated later. These linkages
are created by a Staudinger reaction between a phosphane
such as 2-G0 and a phosphorus azide such as 3. Then the
dendron is grown from the aldehydes with our classical
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method of synthesis of dendrimers, using the phosphorhy-
drazide 4 in condensation reactions and hydroxybenzalde-
hyde sodium salt 5 for nucleophilic substitutions.[9–11] It
must be emphasised that both reactions can easily be per-
formed at a multi-gram scale. The reiteration of both steps
has been carried out up to the obtaining of the seventh
generation.

Scheme 3.

The use of Staudinger reactions allowed us to synthesise
various types of dendrons possessing an R–PPh2=N–P=S
group at the core, starting from variously functionalised
phosphanes (Scheme 4). The most often used R substituent
is the vinyl group 6,[17] but an allyl 7,[18] a styryl 8,[18] a
methyl 9,[19] a protected benzaldehyde 10,[19] a triethoxysil-
ane 11,[20] and a diethoxyphosphonate 12[21] have also been
used as the core of these dendrons (Scheme 4 and Table 1).
In addition, dendrons were built by the same process with
the bis diphenylphosphanyl ferrocene 13 used as the core.[22]

In most cases, the synthesis of the corresponding dendrons
has been carried out up to generation 3, using the method
already shown in Scheme 3, with the phosphorhydrazide 4
and hydroxybenzaldehyde 5. Obviously, dendron growth
could have been pursued up to higher generations. How-
ever, the process was voluntarily stopped at the third gener-
ation so as to be able to detect changes that occur at core
level when some of these dendrons are used as building
blocks for the elaboration of more complex structures. The
31P NMR spectrum of the third generation dendron 6-aG3

shows that even the phosphorus atoms located at the core
are clearly distinguishable (Figure 1). The synthetic process
affords directly as end groups P(S)Cl2 (case a; see Scheme 4
and Table 1) and CHO (case b); various functionalised end
groups have also been grafted starting from these functions.
The most widely used method for the last step of the syn-
thetic process is the substitution reaction of Cl using phe-
nols (case e)[23] generally functionalised by nitrile (case
c),[17] dimethylamine (case d),[17] diphenylphosphane (case
f),[20,23] trifluoromethane (case g),[24] and free or complexed
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iminophosphane (cases l, m).[21] The reaction of a diamine
has also been used (case i).[19] In a few cases, condensation
reactions of hydrazines with the aldehyde end groups al-
lowed the grafting of other functional groups that were
either charged (case h)[25] or not (cases j, k).[19]

Scheme 4.

With aldehydes being one of the repetitively used units
in the classical synthesis of our dendrimers and dendrons,
any type of compound having at least one aldehyde and
another functional group can be used as the core of den-
drons, applying the same method. For instance, 4-acetoxy-
benzaldehyde,[26] pyridine-2,6-dicarboxaldehyde,[18] and fer-
rocene dicarboxaldehyde[27] have been used as cores of den-
drons built by the successive reactions of the phosphorhy-
drazide and hydroxybenzaldehyde, affording in the final
step dendrons 14-bG1, 15-bG2 and 16-bG4, respectively
(Scheme 5). However, this method of synthesis is not com-
patible with some kinds of functional groups; in particular
for those sensitive to water, the condensation step must be
avoided, thus we had to design alternative methods of syn-
thesis.

For instance, the Si(OEt)3 group is readily hydrolysed by
traces of moisture, and the dendron 11-aG1 cannot be
grown by our traditional method of synthesis. Thus, the
sodium salt 17 (NaOC6H4PPh2) is used instead of
NaOC6H4CHO (5), then the azide 18 is reacted in a Staudinger
reaction, affording directly the third generation 19-aG3 with
P(S)Cl2 end groups. Aldehydes were grafted in the last step
using the salt 5 (Scheme 6).[20] This method, based on the
Staudinger reaction, was also found to be useful for the
grafting of other functional groups, such as a pyrene deriva-
tive (see for instance dendron 20-G2 in Scheme 6).[20]
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Table 1. Functional groups located at the core (R) and on the periphery of the most external PS group (X) of dendrons shown in
Scheme 4.

Number R X Highest generation Ref.

6-a CH2=CH Cl 3 [17]

6-b CH2=CH O–C6H4–p-CHO 3 [17]

6-c CH2=CH O–C6H4–p-CN 3 [17]

6-d CH2=CH O–C6H4–m-NMe2 3 [17]

6-e CH2=CH O–C6H5 3 [23]

6-f CH2=CH O–C6H4–p-PPh2 3 [23]

6-g CH2=CH O–C6H4–p-CF3 1 [24]

6-h CH2=CH O–C6H4–p-CH=NNHC(O)CH2NMe3
+ 2 [25]

7-a CH2=CH–CH2 Cl 3 [18]

7-b CH2=CH–CH2 O–C6H4–p-CHO 3 [18]

7-e CH2=CH–CH2 O–C6H5 2 [18]

8-a CH2=CH–p-C6H4 Cl 1 [18]

8-b CH2=CH–p-C6H4 O–C6H4–p-CHO 1 [18]

9-a Me Cl 1 [19]

9-i Me NHCH2CH2NHEt2
+ 1 [19]

10-a [–CH2O–]2CH–p-C6H4 Cl 1 [19]

10-b [–CH2O–]2CH–p-C6H4 O–C6H4–p-CHO 1 [19]

10-j [–CH2O–]2CH–p-C6H4 O–C6H4–p-CH=NNH2 1 [19]

10-k [–CH2O–]2CH–p-C6H4 O–C6H4–p-CH=NN(CH2PPh2)2 1 [19]

11-a (EtO)3SiCH2CH2CH2 Cl 1 [20]

11-b (EtO)3SiCH2CH2CH2 O–C6H4–p-CHO 1 [20]

11-f (EtO)3SiCH2CH2CH2 O–C6H4–p-PPh2 1 [20]

12-a (EtO)2P(O)CH=CH–p-C6H4 Cl 1 [21]

12-b (EtO)2P(O)CH=CH–p-C6H4 O–C6H4–p-CHO 1 [21]

12-l (EtO)2P(O)CH=CH–p-C6H4 O–C6H4–p-N=CH–o-C6H4–PPh2 1 [21]

12-m (EtO)2P(O)CH=CH–p-C6H4 O–C6H4–p-N=CH–o-C6H4–PPh2PdCl2 1 [21]

13-a ½[(PPh2Cp)2Fe] Cl 4 [22]

13-b ½[(PPh2Cp)2Fe] O–C6H4–p-CHO 4 [22]

Figure 1. 31P NMR spectrum of the third generation dendron
6-aG3.

On the other hand, the presence of chlorine at the core
of dendrons is incompatible both with our traditional
method of synthesis, in particular with the use of the strong
nucleophile 5, and with the method shown in Scheme 6, be-
cause of the use of the salt 17. Thus, the dendron grown
from the chloromethyl phosphane oxide derivative 20-bG0

is built using the repetition of three steps. The first one is
the condensation reaction of methylhydrazine with alde-
hyde; the second is another condensation reaction, between
Ph2PCH2OH and the secondary hydrazone. The third and
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last step before the repetition of the three steps is the Staud-
inger reaction of the phosphane end groups with the azide
3, which again affords aldehyde end groups. This dendron
was grown to the fourth generation 21-bG4 (Scheme 7).[18]

Reactivity at the Core of Phosphorus-Containing
Dendrons

The reactivity at the core of most of the dendrons we
have synthesised is related to the presence of a P=N–P=S
group. In addition to its own reactivity this group may also
enhance the reactivity of other functional groups linked to
it. The mesomeric form of the P=N–P=S linkage has a high
electron density on sulfur (P+–N=P–S–) which allows the
regiospecific complexation of gold, whereas the other P=S
groups do not react in this way (Scheme 8).[30] The existence
of this mesomeric form also allows the reaction of the
P=N–P=S linkage with electrophiles such as methyl triflate.
The reaction was first applied to small molecules,[28] then
to dendrons.[15] Various functionalised triflates such as allyl
or propargyl triflate have also been used.[29] These reactions
are easily monitored by 31P NMR spectroscopy. Indeed, the
P=N–P=S linkages give two very characteristic doublets at
δ � 20 ppm (P=N) and δ � 52 ppm (P=S), which move
upon S-alkylation to δ � 28 ppm and δ � 33 ppm, respec-
tively. It should be noted that this reaction at the core oc-
curs even for the seventh generation, illustrating the high
porosity of these dendrimers, and the specificity of this re-
action.[15] Indeed, the numerous other P=S groups consti-
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Scheme 5.

Scheme 6.

Scheme 7.

tuting the points of divergence of these dendrons are not
alkylated, as shown for one example in Scheme 8, but this
type of reaction has been carried out with numerous den-
drons.
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The alkylation of sulfur is compatible with further modi-
fications of the periphery of the dendrons. In particular, we
tried to graft water-solubilising end groups to the cationic
dendron 22-aG1. In order to avoid the formation of triflic
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Scheme 8.

acid, which is potentially aggressive for the hydrazone link-
age, the triflic counterion of 22-aG1 was first replaced by
tetraphenylborane. Then the reaction of 4 equiv. of N,N-
diethylethylenediamine affords cleanly the pentacationic
dendron 23-iG1 (Scheme 9).[19]

Scheme 9.

Another illustration of the specificity of the reactivity of
the P=N–P=S linkages with alkyl triflates is given by the
small dendron 12-bG0 in which only the P=S bond is alkyl-
ated by methyl triflate, leading to 24-bG0. The conjugated
P=O bond does not react with methyl triflate, but it reacts
with trimethylsilyl triflate, because of the oxophilicity of
silicon to afford the dicationic compound 25-bG0

(Scheme 10).[21]

Scheme 10.
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The P=N–P=S linkage also induces an electron-with-
drawing effect on the functional group linked to the phos-
phazene, which we exploited particularly when a vinyl
group is linked to this phosphorus (series of dendrons 6-
Gn). We demonstrated the possibility of performing Diels–
Alder additions on this vinyl group,[26] but most of the reac-
tions we carried out were Michael type additions of pri-
mary and secondary amines. They were first tested with
small compounds possessing one CH2=CH–PPh2=N–
PR2=X (X = O, S) linkage,[31] then applied to dendrons. In
all cases, we used functionalised amines. The reaction works
nicely with primary amines (compounds 26–29) and gave at
the core a secondary amine together with an alkyne,[23] a
triethoxysilyl group,[20,31] or even a phenol[23] (Scheme 11
and Table 2). In the latter case, the reaction of the amine is
specific, no addition of the phenol is observed. Analogous
reactions are obtained with secondary amines, such as dial-
lylamine 30 and thiomorpholine 31.[23] The reactions are
carried out either at room temperature or by heating, de-
pending on the rate of the addition, and using either a stoi-
chiometric amount or a slight excess of reagent. The reac-
tions are easily monitored by 31P NMR, with a deshielding
effect on the signal of the P=N group from δ = 10–12 ppm
for 6-Gn to δ = 17–18 ppm after addition.

Scheme 11.
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Table 2. Functional groups linked to the CH2CH2 group located at the core (R�) and on the periphery of the most external PS groups
(X) of dendrons shown in Scheme 11.

Number R� X Highest generation Ref.

26-e NHCH2C�CH O–C6H5 3 [23]

27-c NH(CH2)3Si(OEt)3 O–C6H4–p-CN 3 [20]

27-d NH(CH2)3Si(OEt)3 O–C6H4–m-NMe2 3 [20]

27-e NH(CH2)3Si(OEt)3 O–C6H5 1 [31]

28 NH(CH2)3Si(OEt)3 pyrene[a] 2 [20]

29-d NH(CH2)2–p-C6H4–OH O–C6H4–m-NMe2 3 [23]

30-e N(CH2CH=CH2)2 O–C6H5 3 [23]

31-c N[–CH2–CH2–]2S O–C6H4–p-CN 3 [23]

32-d NH–CH2–CH2–NH2 O–C6H4–m-NMe2 3 [17]

32-e NH–CH2–CH2–NH2 O–C6H5 3 [23]

33-d NH–o-C6H10–NH2 O–C6H4–m-NMe2 2 [23]

34-c NMeNH2 O–C6H4–p-CN 3 [17]

34-d NMeNH2 O–C6H4–m-NMe2 3 [17]

34-e NMeNH2 O–C6H5 3 [23]

34-g NMeNH2 O–C6H4–p-CF3 1 [24]

35-e N[(CH2)3NH2]2 O–C6H5 1 [31]

36-c NMeN=CH–C6H3(OH)2 O–C6H4–p-CN 1 [31]

36-e NMeN=CH–C6H3(OH)2 O–C6H5 1 [31]

37-d NMeN(CH2PPh2)2 O–C6H4–m-NMe2 3 [17]

37-e NMeN(CH2PPh2)2 O–C6H5 1 [19]

[a] from 20-Gn.

A large excess of reagents must be used with diamines.
Two cases can be distinguished: either the diamine possesses
two identical primary amino groups, or it possesses one pri-
mary and one secondary amino group. In the former case,
the use of several hundreds of equivalents prevents the
coupling of two dendrons (cases 32 and 33 in Scheme 11
and Table 2), as shown by the loss of symmetry of the di-
amine, evidenced by 1H and 13C NMR spectroscopy.[17,23]

The reaction is expected to be more complicated when
using nonsymmetrical diamines that have two types of
amino groups (primary and secondary). Indeed, besides
avoiding the association of two dendrons as for symmetrical
diamines, a regiospecific reaction of only one type of amine
must be obtained. Such specificity was expected with meth-
ylhydrazine (considered to be a special nonsymmetrical di-
amine), in which the most substituted nitrogen is generally
more reactive. The reaction proceeds rapidly at room tem-
perature with an excess of methylhydrazine (30 equiv.) lead-
ing to a single product, 34-Gn, corresponding to the exclus-
ive addition of the NMeH group.[17,23,24] The same specific-
ity for the secondary amine is observed with the diamine
35.[31]

The series of compounds 34-Gn is particularly interest-
ing, due to the wide range of reactions available starting

Scheme 12.
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from a NH2 group, which may enlarge the scope of func-
tional groups located at the core of dendrons. It may afford
stable hydrazones by condensation reactions with alde-
hydes, as shown by the synthesis of 36-c,eG1

[31]

(Scheme 11). We have also grafted a diphosphane group by
reaction with Ph2PCH2OH (compounds 37-Gn),[17,19] a type
of condensation that we have already used on the periphery
of dendrimers.[32,33] A particular case of the reactions
shown in Scheme 11 is afforded by dendrons possessing as
end groups functions able to react with amines, because
both the core and the periphery will react. An example of
such a compound is provided by the dendrons 6-bGn, in
which the vinyl group at the core reacts in a Michael type
addition, whereas the aldehyde end groups react via con-
densation reactions. The use of a large excess of methylhy-
drazine, necessary to prevent a polymerisation reaction be-
tween the NH2 of the core and the aldehydes, affords the
dendrons 38-Gn. Their subsequent reaction with
Ph2PCH2OH affords the dendrons 39-Gn that possess a di-
phosphane at the core and monophosphanes as end groups
(Scheme 12).[17]

However, the presence of aldehydes as end groups does
not necessarily preclude a specific reaction at the core, as
shown by dendrons 14-bG1. The deprotection of the acetyl
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group by guanidine occurs cleanly and under very mild con-
ditions to afford the phenol group of 40-bG1. This phenol
is potentially useful for a number of subsequent reactions;
we tested the reactivity of diisocyanatohexane, whose ad-
dition gives the dendron 41-bG1, functionalised by an isocy-
anate and a carbamate at the core (Scheme 13).[26]

Scheme 13.

Use of Phosphorus-Containing Dendrons for the
Elaboration of Complex Dendritic Architectures

Most of the reactions at the core of dendrons described
above can be applied to the elaboration of special dendritic
architectures. We have been interested in this field for a long
time; an example of our work being the growth of dendritic
branches inside a pre-existing dendrimer.[34] In most cases,
the dendrons used for building special architectures are
those issued from the vinyl group at the core, but in one
case the alkylated P=N–P=S core of dendron 23-iG1 was
used for such a purpose. Indeed, the alkylation of sulfur
induces a weakening of the strength of the PS bond, which
can be easily cleaved using a nucleophilic phosphane such
as P(NMe2)3.[34,35] The dendron 42-iG1 is too sensitive to
oxidation to be fully isolated, but it can be directly reacted
with the azide 3 to afford the small diblock dendrimer 43-
iG1–bG0, which possesses two types of end groups. The al-
dehydes can be used to afford other end groups: their reac-
tion with methylhydrazine followed by Ph2PCH2OH affords
44-iG1–G0, whose phosphane can be used for complexation,
as illustrated by the reaction with iron, leading to the cat-
ionic complex 45-iG1–G0 (Scheme 14).[19]

Besides this example using the reactivity of the P=N–
P=S group, all the other examples of special dendritic archi-

Scheme 15.
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Scheme 14.

tectures that we have described develop from dendrons pos-
sessing an amine or phosphane at the core. The simplest
type of association consists of using 2 equiv. of dendrons
with 1 equiv. of a small molecule. If this molecule possesses
another functional group, the resulting bis dendron is itself
a dendron, as shown for instance by the condensation of
2 equiv. of the dendrons 32-c,dG3 with 1 equiv. of the azido-
dialdehyde 3. The azide remaining at the core of 46-c,d[G3]2
(Scheme 15 and Figure 2)[17] will be used later to afford
more elaborate structures. The same methodology was ap-
plied to the dendron 32-gG1, which reacts with the special
tetraphosphazene 47, which possesses four types of func-
tional groups. The reaction occurs as expected only with
the aldehydes, leading to the novel type of dendrimeric spe-
cies 48-g[G1]2. This compound possesses several types of
functional groups at the core constituted by the oligophos-
phazene linkage, as well as other functional groups within
the branches and on the periphery (Scheme 16 and Fig-
ure 2).[24]
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Figure 2. Various schematised special dendritic architectures elaborated from dendrons.

Scheme 16.

Such methodology has been extended to the synthesis in
only one step of high generation layered dendrimers. In-
deed, the hydrazine function located at the core of the third
generation dendron 34-eG3 reacts with the aldehyde end
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groups of the second generation dendrimer 49-bG2. The re-
action is slow despite the use of an excess of dendrons, and
went to completion only after 18 days, as shown with 1H
NMR data by the disappearance of the aldehydes. Despite
its length, this reaction is interesting because it affords the
sixth generation of the layered dendrimer 50-eG6 in only
one step from the second generation (Scheme 17 and Fig-
ure 2).[23] It should be noted that an analogous reaction car-
ried out with the third generation dendrimer 49-bG3 did
not continue to completion, even after 40 days. The steric
hindrance precludes the insertion of approximately 1 equiv.
of dendron among 24, despite the fact that the seventh gen-
eration dendrimer, and even higher generations, can be ob-
tained step-by-step using sequentially small molecules in-
stead of dendrons.[11]

However, the type of reaction used for connecting the
dendrons to the dendrimer also has an influence on the
highest generation of dendrimer usable. Indeed, the Staud-
inger reaction of the dendritic azide 46-b[G3]2 with the third
generation dendrimer 51-G3 affords the eighth generation
of the layered dendrimers 52-cG8 in one step. The P=N–
P=S linkages are present only at the level of the fourth and
fifth generation (Scheme 18 and Figure 2).[17]

Despite their original dendritic architectures, the com-
pounds shown in the previous schemes possess only one
type of end group. However, we have in hand all the tools
necessary for synthesising large “Janus” dendrimers that are
dendrimers possessing two types of end groups located in
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Scheme 17.

Scheme 18.

two different areas of the periphery, obtained in particular
by grafting two different dendrons by their core. The first
attempt involves the second generation dendrons 6-eG2 and
33-dG2, which react in a Michael type addition. The re-
sulting unsymmetrical compound 53-dG2–eG2 can also be
viewed as a dendron, because of the presence of two NH
groups at the centre of the molecule (Scheme 19 and Fig-
ure 2).[23]

Scheme 19.

Such methodology using Michael type additions can be
applied to larger generations. We decided to use compounds
no higher than the third generation, in order to be able to
detect the modification of the core with a sufficient inten-
sity by NMR spectroscopy. The reaction was carried out
with compounds 6-G3 and 32-G3, leading to compound 54-
G3-G3 (Scheme 20 and Figure 2).[17,23] This reaction is com-
patible with several types of end groups on the periphery
of the dendrons, and in particular with phosphanes. This
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compound (54-eG3–fG3) is the precursor of the very special
“fish-like” dendritic species 55. This compound is obtained
by the grafting, via a Staudinger reaction, of dendrons 46-
d[G2]2 on only half of the periphery of 54-eG3–fG3, i.e. the
face that possesses phosphanes (Scheme 20 and Fig-
ure 2).[23] This unsymmetrical compound has 16 phenoxy
groups as end groups on one side, two NH “central” func-
tions, 50 P=N–P=S linkages located at four different levels
in the ratio 32:16:1:1, and 512 NMe2 as end groups on the
other side.

As illustrated above the synthesis of complex dendritic
species from dendrons can necessitate several steps, in par-
ticular to extend the number of functional groups that are
usable. The reaction of the bisaldehyde azide 3 with the core
of a dendron such as 37-eG1 affords the possibility of grow-
ing new dendritic branches at the core of the dendron; this
also allows us to multiply the possible types of functionali-
sation on one side of this new “Janus” dendritic molecule.
Starting from the four aldehyde groups of 56-eG1–bG1, we
applied our classical method for the synthesis of dendri-
mers, using alternately the phosphorhydrazide 4 and the so-
dium salt of hydroxybenzaldehyde (5). This dendritic spe-
cies has been grown up to the third generation on one side
(compound 56-eG1–bG3), but it could have been continued
to higher generations (Scheme 21 and Figure 2).[19] This
compound possesses four end groups on one side and 16
on the other.

However, the shortest method to obtain a different ratio
of two types of end group obviously consists of using den-
drons that have a different number of end groups. For in-
stance, the reaction of 2 equiv. of 46-c[G3]2 with 37-dG3 af-
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Scheme 20.

Scheme 21.

fords the straightforward compound 57-dG3-c[G3]4, in
which the ratio of the end groups is 1:4, i.e. 16 NMe2 and
64 cyano groups (Scheme 22, Figure 2).[17] The same meth-
odology can be envisaged starting from dendron 39-G3 in-
stead of 37-dG3. The former possesses phosphanes both at
the level of the core (2 PIII) and on the periphery (16 PIII),
which will react in Staudinger reactions with the dendron
46-d[G3]2. The result is the complex dendritic structure 58,
which is relatively reminiscent of the structure of compound
55. However, despite its nonsymmetrical internal structure,
compound 58 possesses only one type of end group (576
dimethylamino groups). Compound 58 is a kind of layered
segment-block dendrimer (Scheme 23 and Figure 2).[17]
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A very original distribution of two types of end groups is
also obtainable from dendrons. It necessitates a dendrimer
possessing reactive internal functions such as 59-eG3–
bG0.[34] The NH2 group located at the core of dendron 34-
cG2 is used to react with the internal aldehydes of 59-eG3–
bG0. Obviously, the problem of steric hindrance evoked pre-
viously for the layered dendrimer 50-eG7 might be more
crucial here, where the reactions must occur inside the den-
drimer and not on its periphery. The condensation is rela-
tively slow and requires 10 days to go to completion, but
it finally affords compounds 60-eG3–c–G4 (Scheme 24 and
Figure 2),[23] confirming the high porosity of our phospho-
rus dendrimers, already demonstrated by NMR[15] and
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Scheme 22.

Scheme 23.

fluorescence.[36] However, 34-cG2 is the largest dendron that
can be accommodated inside 59-eG3–bG0; indeed, the reac-
tion of 34-cG3 failed to go to completion.

Other Properties and Uses of Phosphorus-
Containing Dendrons

Besides their usefulness for the synthesis of complex den-
dritic architectures, dendrons offer other possible uses such
as in characterising the special properties of the “dendritic
state”, for catalysis, or for elaborating new materials, de-
pending on the function located at the core. Dendrons pos-
sessing a ferrocene at the core were elaborated with the aim
of measuring the influence of the encapsulation of an elec-
troactive function on the electrochemical properties. Den-
drons 13-Gn were relatively deceptive, because the wave de-
tected in electrochemistry did not correspond to the oxi-
dation of the ferrocene but of the P=N–P=S linkages. This
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oxidation is not reversible and induces a polymerisation of
the dendron.[22] On the other hand, dendrons 16-Gn do not
possess any P=N–P=S linkage, and are usable, therefore,
for the detection of any influence on the electrochemical
properties, depending on the generation and thus the size
of the dendron. Compound 16-bG0 shows the characteristic
quasi reversible (Ipc/Ipa � 1) single electron oxidation pro-
cess, whereas 16-bG1 exhibits a slightly more irreversible
process (Ipc/Ipa = 0.88). This trend is confirmed by the
pronounced irreversibility observed for 16-bG2, which gives
a very weak and poorly resolved signal (Figure 3).[27] The
core is undetectable presumably because it cannot approach
the electrode closely enough because of the steric hindrance
induced by the dendritic branches.

The presence of a diphosphanyl group at the core of den-
dron 37-dG3 prompted us to use it as a ligand for transition
metal complexes, in particular for ruthenium. Most ruthe-
nium complexes possess catalytic properties, thus it was
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Scheme 24.

Figure 3. Cyclic voltammograms (scan rate 100 mV·s–1) obtained
for dendrimers 16-bG0 (a), 16-bG1 (b), 16-bG2 (c), and enlargement
for 16-bG2 (d).

tempting to use dendron 37-dG3[RuH2(PPh3)2] as a catalyst.
Indeed, the use of dendritic complexes in catalysis is an area
of intense activity, especially for those possessing phos-
phane complexes,[12b] mainly because of the possibility of
recovering the catalyst simply by precipitation or ultra-fil-
tration. Dendron 37-dG3[RuH2(PPh3)2] was tested in cata-
lysed diastereoselective Michael additions (Scheme 25). The
activity of this dendron was compared to that of a third
generation dendrimer possessing the same complex as end
groups, 49-kG3[RuH2(PPh3)2]24. It was shown that both
compounds have the same efficiency at the same mol-% in
ruthenium (1%), and that both can be recovered by precipi-
tation and reused twice. It was expected that the steric hin-
drance around the metallic centre induced by the dendrons
might modify the diastereoselectivity of such a reaction, but
no change was observed (Table 3).[37]

The triethoxysilyl group connected to the core of den-
drons 11-Gn, 27-Gn, and 28-Gn was used for the elaboration
of new hybrid organic–inorganic materials. Indeed, the co-
hydrolysis of these dendrons with Si(OEt)4 (TEOS) in a sol-
gel process generally affords the expected functionalised sil-
ica.[20] However, the nature of the material and its porosity
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Scheme 25.

is highly dependant on the initial ratio of dendron/TEOS,
the generation of the dendron, and the length of the linker
between the Si(OEt)3 group and the first branching point.
It appears that the higher the dendron generation, the
greater the required quantity of TEOS for the gelation.
Dendron 11-bG0 requires at least 10 equiv. of TEOS,
whereas dendron 19-bG3 requires 140 equiv. of TEOS. 29Si
MAS NMR shows that the dendrons are covalently linked
to the silica. The porosity of these materials was measured
by nitrogen adsorption. Some materials were found to be
mesoporous with a narrow or large pore size distribution,
others were found to be macroporous or microporous, de-
pending on the length of the linker, the generation of the
dendron, the nature of its end groups, and the initial ratio
of dendron/TEOS. Elemental and thermal analyses of the
materials show that the percentage representing the organic
part incorporated in the silica is always high, but inferior
to the theoretical percentage.

Another way to use dendrons in materials chemistry con-
sists of grafting them to the surface of a pre-existing mate-
rial, in order to modify its properties. We have used this
approach with dendrons 6-hGn, which has ammonium end
groups, to modify by Michael type additions the surface of
nanolatexes previously covered by cyclam (Scheme 26). A
full coverage of the nanolatexes by the dendrons is observed
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Table 3. Percentage of conversion and diastereoisomeric ratio for the reaction shown in Scheme 25, using two types of dendritic catalysts
(1 mol-% in Ru in all cases). This shows the influence of the recovery and reuse of the catalyst on the efficiency.

Catalyst Conversion Diastereomeric Catalyst Conversion Diastereomeric
[%] ratio [%] ratio

37-dG3[RuH2(PPh3)2] 100 72:28 49-kG3[RuH2(PPh3)2]24 100 73:27
first run first run
37-dG3[RuH2(PPh3)2] 100 72:28 49-kG3[RuH2(PPh3)2]24 100 73:27
second run second run
37-dG3[RuH2(PPh3)2] 89 72:28 49-kG3[RuH2(PPh3)2]24 90 73:27
third run third run

in all cases. The number of dendron per nanolatex depends
on the generation, but the total number of ammonium
groups is practically the same (approximately 600 to 800
ammonium end groups per nanolatex). Interestingly, the
suspensions of these modified nanolatexes are stable in
water without any surfactant, in contrast to the initial nano-
latex. Furthermore, the “dendrigrafted” nanoparticles can
be redispersed in water after drying, which is not the case
for the initial nanolatex. The dendritic shell also offers a
higher thermal stability, and induces the gelation of the
water solution after one week at room temperature; about
345000 water molecules were estimated to be gelled by each
grafted molecule of 6-hG2.[25]

Scheme 26.

Conclusion

This micro-review has demonstrated that phosphorus-
containing dendrons are important building blocks for the
elaboration of very complex and original dendritic macro-
molecules. Emphasis has so far been placed on fundamental
research, but these dendrons and peculiar dendritic archi-
tectures have the potential for development in more applied
research. Obviously, there is still considerable work to be
done to determine any practical uses of phosphorus-con-
taining dendrons, but some areas of application can be fore-
seen. For instance, one may consider the modification of
the surface of materials, the targeted delivery of drugs, and
other types of application in which the presence of two dif-
ferent types of function in a tailored ratio is important.

[1] E. Buhleier, W. Wehner, F. Vögtle, Synthesis 1978, 155–158.
[2] D. A. Tomalia, H. Baker, J. Dewald, M. Hall, G. Kallos, S.

Martin, J. Roeck, J. Ryder, P. Smith, Polym. J. 1985, 17, 117–
132.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 887–901900

[3] G. R. Newkome, Z. Yao, G. R. Baker, V. K. Gupta, J. Org.
Chem. 1985, 50, 2003–2004.

[4] D. A. Tomalia, Materials Today 2005, 34–46.
[5] G. R. Newkome, F. Vögtle, C. N. Moorefield, Dendrimers and

Dendrons, Wiley-VCH, Weinheim, Germany, 2001.
[6] J. M. J. Fréchet, D. A. Tomalia, Dendrimers and Other Den-

dritic Polymers, John Wiley & Sons, Chichester, UK, 2001.
[7] C. J. Hawker, J. M. J. Fréchet, J. Am. Chem. Soc. 1990, 112,

7638–7647.
[8] J. S. Moore, Z. Xu, Macromolecules 1991, 24, 5893–5894.
[9] N. Launay, A. M. Caminade, R. Lahana, J. P. Majoral, Angew.

Chem. Int. Ed. Engl. 1994, 33, 1589–1592.
[10] N. Launay, A. M. Caminade, J. P. Majoral, J. Am. Chem. Soc.

1995, 117, 3282–3283.
[11] M. L. Lartigue, B. Donnadieu, C. Galliot, A. M. Caminade,

J. P. Majoral, J. P. Fayet, Macromolecules 1997, 30, 7335–7337.
[12] For reviews, see in particular: a) J. P. Majoral, A. M. Camin-

ade, Chem. Rev. 1999, 99, 845–880; b) A. M. Caminade, V. Ma-
raval, R. Laurent, J. P. Majoral, Curr. Org. Chem. 2002, 6, 739–
774; c) J. P. Majoral, A. M. Caminade, V. Maraval, Chem.
Commun. 2002, 2929–2942; d) J. P. Majoral, A. M. Caminade,
Topics Curr. Chem. 2003, 223, 111–159; e) A. M. Caminade,
J. P. Majoral, Acc. Chem. Res. 2004, 37, 341–348.

[13] See for instance: a) V. J. Catalano, N. Parodi, Inorg. Chem.
1997, 36, 537–541; b) I. Jestin, E. Levillain, J. Roncali, Chem.
Commun. 1998, 2655–2656; c) G. E. Oosterom, R. J.
van Haaren, J. N. H. Reek, P. C. J. Kamer, P. W. N. M.
van Leeuwen, Chem. Commun. 1999, 1119–1120; d) Q. H. Fan,
Y. M. Chen, X. M. Chen, D. Z. Jiang, F. Xi, A. S. C. Chan,
Chem. Commun. 2000, 789–790; e) H. J. van Manen, R. H.
Fokkens, N. M. M. Nibbering, F. C. J. M. van Veggel, D. N.
Reinhoudt, J. Org. Chem. 2001, 66, 4643–4650; f) A. Friggeri,
H. J. van Manen, T. Auletta, X. M. Li, S. Zapotoczny, H.
Schönherr, G. J. Vancso, J. Huskens, F. C. J. M. van Veggel,
D. N. Reinhoudt, J. Am. Chem. Soc. 2001, 123, 6388–6395; g)
B. S. Balaji, Y. Obora, D. Ohara, S. Koide, Y. Tsuji, Organome-
tallics 2001, 20, 5342–5350; h) H. J. van Manen, R. H. Fok-
kens, N. M. M. Nibbering, F. C. J. M. van Veggel, D. N. Rein-
houdt, J. Org. Chem. 2001, 66, 4643–4650; i) R. Kreiter,
R. J. M. Klein Gebbink, G. van Koten, Tetrahedron 2003, 59,
3989–3997; j) J. Locklin, D. Patton, S. Deng, A. Baba, M. Mil-
lan, R. C. Advincula, Chem. Mater. 2004, 16, 5187–5193; B.
Yi, Q. H. Fan, G. J. Deng, Y. M. Li, L. Q. Qiu, A. S. C. Chan,
Org. Lett. 2004, 6, 1361–1364.

[14] R. Engel, K. Rengan, C. S. Chan, Heteroat. Chem. 1993, 4,
181–184.

[15] C. Larré, A. M. Caminade, J. P. Majoral, Angew. Chem. Int.
Ed. Engl. 1997, 36, 596–599.

[16] C. Larré, B. Donnadieu, A. M. Caminade, J. P. Majoral, Eur.
J. Inorg. Chem. 1999, 601–611.

[17] V. Maraval, R. Laurent, B. Donnadieu, M. Mauzac, A. M. Ca-
minade, J. P. Majoral, J. Am. Chem. Soc. 2000, 122, 2499–2511.

[18] V. Maraval, D. Prévôté-Pinet, R. Laurent, A. M. Caminade,
J. P. Majoral, New J. Chem. 2000, 24, 561–566.

[19] V. Maraval, R. M. Sebastian, F. Ben, R. Laurent, A. M. Cami-
nade, J. P. Majoral, Eur. J. Inorg. Chem. 2001, 1681–1691.



Phosphorus-Containing Dendrons: Synthesis, Reactivity, Properties, and Use MICROREVIEW
[20] C. O. Turrin, V. Maraval, A. M. Caminade, J. P. Majoral, A.

Mehdi, C. Reyé, Chem. Mater. 2000, 12, 3848–3856.
[21] R. M. Sebastian, L. Griffe, C. O. Turrin, B. Donnadieu, A. M.

Caminade, J. P. Majoral, Eur. J. Inorg. Chem. 2004, 2459–2466.
[22] C. O. Turrin, B. Donnadieu, A. M. Caminade, J. P. Majoral, Z.

Anorg. Allg. Chem. 2005, 631, 2881–2887.
[23] V. Maraval, R. Laurent, S. Merino, A. M. Caminade, J. P. Ma-

joral, Eur. J. Org. Chem. 2000, 3555–3568.
[24] G. Magro, B. Donnadieu, A. M. Caminade, J. P. Majoral,

Chem. Eur. J. 2003, 9, 2151–2159.
[25] C. Larpent, C. Geniès, A. P. De Sousa Delgado, A. M. Camin-

ade, J. P. Majoral, J. F. Sassi, F. Leising, Chem. Commun. 2004,
1816–1817.

[26] L. Brauge, V. Maraval, R. Laurent, A. M. Caminade, J. P. Ma-
joral, ARKIVOC (on line) 2002, V, 151–160.

[27] C. O. Turrin, J. Chiffre, D. de Montauzon, J. C. Daran, A. M.
Caminade, E. Manoury, G. Balavoine, J. P. Majoral, Macro-
molecules 2000, 33, 7328–7336.

[28] C. Larré, B. Donnadieu, A. M. Caminade, J. P. Majoral, Eur.
J. Inorg. Chem. 1999, 601–611.

[29] C. Larré, B. Donnadieu, A. M. Caminade, J. P. Majoral, J. Am.
Chem. Soc. 1998, 120, 4029–4030.

Eur. J. Inorg. Chem. 2006, 887–901 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 901

[30] C. Larré, B. Donnadieu, A. M. Caminade, J. P. Majoral, Chem.
Eur. J. 1998, 4, 2031–2036.

[31] V. Maraval, R. Laurent, B. Donnadieu, A. M. Caminade, J. P.
Majoral, Synthesis 2003, 389–396.

[32] M. Slany, M. Bardají, M. J. Casanove, A. M. Caminade, J. P.
Majoral, B. Chaudret, J. Am. Chem. Soc. 1995, 117, 9764–
9765.

[33] M. Bardají, M. Kustos, A. M. Caminade, J. P. Majoral, B.
Chaudret, Organometallics 1997, 16, 403–410.

[34] C. Galliot, C. Larré, A. M. Caminade, J. P. Majoral, Science
1997, 277, 1981–1984.

[35] J. Omelanczuk, J. Chem. Soc., Chem. Commun. 1992, 1718–
1719.

[36] L. Brauge, A. M. Caminade, J. P. Majoral, S. Slomkowski, M.
Wolszczak, Macromolecules 2001, 34, 5599–5606.

[37] V. Maraval, R. Laurent, A. M. Caminade, J. P. Majoral, Orga-
nometallics 2000, 19, 4025–4029.

Received: October 6, 2005
Published Online: February 2, 2006


