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Abstract  

 

This chapter will focus on the methods of synthesis of phosphorus-containing dendritic architectures, mainly 

of phosphorhydrazone type, coming from our group, but also on other types of phosphorus dendrimers 

coming from other laboratories. The different types of cores, branches, and surface functionalities of 

phosphorhydrazone dendrimers will be displayed. An overview of the field will be given, concerning not 

only regular dendrimers, but also dendrimers with layered architectures, dendrons, and various types of less 

symmetrical dendritic architectures, all based on phosphorus derivatives. The properties of these compounds 

will be briefly highlighted in the last part of this chapter, concerning in particular catalysis, nanomaterials, 

and biology/nanomedicine. 
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7.1 Introduction 

 

Phosphorus-containing dendrimers are defined as dendrimers including at least one phosphorus atom at all 

branching points, whatever the type of linkages used between two layers of phosphorus atoms. These 

dendrimers pertain to the large family of inorganic dendrimers, which includes also silicon-containing 

dendrimers. Inorganic dendrimers have some special properties,
1
 compared to classical organic dendrimers, 

built in particular with a nitrogen atom at each branching point, such as for instance the well-known 

PAMAM dendrimers. 

 

The first method of synthesis of any type of phosphorus-containing dendrimers was described by Rengan 

and Engel in 1991, using a divergent process.
2
 These dendrimers are constituted of a phosphonium at each 

branching point (4 carbon atoms around the positively charged phosphorus atoms), multiplying by 3 the 

number of terminal groups at each generation (instead of 2 in most cases, as will be seen later) and they have 

been synthesized up to the third generation (compound 1 in Figure 7.1). We have described shortly after, in 

1994, the first example of neutral phosphorus-containing dendrimers, based on phosphorhydrazone 

linkages.
3
 As this type of dendrimers will be the main topic of this chapter, we will not describe them here, 

but rather consider the types of phosphorus-containing dendrimers produced in other groups than mine, and 

ranked depending on the atoms linked to phosphorus (P-C, P-O, or P-N linkages).  

 

7.2 Phosphorus-containing dendrimers with a single type of atoms around phosphorus 

 

7.2.1 Dendrimers with only P-C linkages 

 

As indicated above, the very first type of phosphorus-containing dendrimers was based on P-C linkages. A 

few other types of dendrimers based on such linkages have been described. DuBois et al. obtained in 1994 a 

small dendrimer (generation 2, compound 2) constituted of phosphines at each branching points, by a radical 

addition of primary phosphines to the vinyl group of phosphonates, followed by reduction of the 

phosphonates by lithium aluminium hydride, to afford again primary phosphines.
4
 Larger phosphine 

dendrimers (generation 3, compound 3) were described in 1999 by Kakkar et al. The first step was the 

aminosilanization of alcohol end groups; the second step was a controlled acid-based hydrolysis of the 

aminosilanes by a single OH function of P[(CH2)3OH]3. Despite the possibility of multiple reactions, 

characterization indicated that these compounds were dendrimers and not hyperbranched compounds. The 

corresponding rhodium complexes were obtained either by complexation of the free phosphine dendrimers 

or using a complexed phosphine instead of the free phosphine during the synthesis of the dendrimer.
5
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(Figure 7.1) 

 

[Figure 7.1 near here] 

 

7.2.2 Dendrimers with only P-O linkages 

 

The first method of synthesis of dendrimers possessing phosphate groups as branching points was reported 

by Damha et al in 1993.
6
 These dendrimers were obtained by a convergent process in the solid phase, using 

an automated DNA synthesizer for chain extension. Adenosine phosphoramidate was added for creating the 

branching points by coupling two adjacent polymer-bound nucleotide chains. The dendrimers were isolated 

after cleavage from the solid phase. Various dendrimers based on thymidine and adenosine building blocks 

were synthesized by repetition of chain elongation and branching steps (compound 4 in Figure 7.1). The use 

of phosphoramidites as building blocks in solution was developed by Roy et al. in 1997, using a two-step 

divergent process.
7
 In a first step, a phosphoramidite bearing siloxane groups was coupled with alcohol end 

groups, followed by oxidation. The second step was the deprotection of the siloxane. Repeating twice both 

steps afforded the second generation, which was functionalized by N-acetylgalactosamine (compound 5 in 

Figure 7.1). A related method was proposed by Salamonczyk et al. in 2000-2001, for obtaining a family of 

thiophosphate dendrimers. The first step was the reaction of a triol with a phosphoramidite possessing 

acetate groups, followed by oxidation with elemental sulphur. The second step was the deprotection of the 

acetates. The repetition of both steps was carried out up to the fifth generation. The same type of method is 

also usable for the synthesis of dendrimers possessing selenium, oxygen or boron hydride instead of sulphur 

linked to phosphorus
8
 (compound 6 in Figure 7.1). It is even possible to build original dendrimers 

possessing a different type of phosphate at each generation, chosen between P=S, P=Se, and P=O, affording 

layered dendrimers (compound 7 in Figure 7.1). 

 

Recent examples of dendrimers with multiple P-O functions were based on cyclophosphazenes as core and 

branching points. S. Yesilot et al. published in 2014 the synthesis of a small (first generation) dendrimer 

based on the cyclotetraphosphazene. Despite being very small, this compound (8 in Figure 7.1), synthesized 

by a divergent process, possesses 56 terminal phenoxy groups.
9
 Using the cyclotriphosphazene, R. Roy et al. 

have proposed in 2015 the synthesis of a first generation dendrimer of type “onion peel” possessing long 

branches composed of different linkages, and carbohydrates terminal functions (compound 9 in Figure 7.1). 

One of the step during the synthesis was the so-called “click” reaction between azides and terminal alkyne, 

affording triazole rings.
10

 An early example using the cyclotriphosphazene both as core and branching points 

(compound 10 in Figure 7.1) was proposed by Labarre et al. in 1995,
11

 but in view of the use of only a 
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stoichiometric quantity of a diamine, and the absence of any characterization, these claims should be 

considered with caution.  

 

7.3 Phosphorhydrazone dendrimers and related compounds 

 

The most widely used method of synthesis of phosphorus-containing dendrimers is the one we described in 

1994.
3
 It consists in the repetition of a two-step process using successively 4-hydroxybenzaldehyde in basic 

conditions and the phosphorhydrazide H2NNMeP(S)Cl2 (Figure 7.2.a). Both steps generate only NaCl and 

H2O as by-products and are quantitative. Starting from P(S)Cl3 as core, this process was carried out first up 

to generation 4,
3
 then up to generation 7,

12
 to generation 10,

13
 and finally to generation 12,

14
 which was the 

highest generation well characterized obtained for any type of dendrimers up to 2013. These reactions can 

be applied starting from various cores, in particular from N3P3Cl6 instead of P(S)Cl3 (compounds 11-Gn, 

Figure 7.2.a). In this case, the reactions were first carried out up to generation 5,
13

 then up to generation 8,
15

 

which is presumably not the highest generation obtainable from this core.  

 

7.3.1 Different types of cores 

 

The method of synthesis shown in Figure 7.2.a is very robust, and can be easily modified, for instance by 

starting from different cores, which should have either P-Cl or aldehyde functions. Several of these different 

cores were obtained by the selective modification of the cyclotriphosphazene, to have at least one function 

among six different from the others. Many different examples have been already proposed, as shown in 

Figure 7.2.b, and these compounds have been recently reviewed.
16

 A few examples can be particularly 

emphasized, such as the grafting of a single pyrene for interacting with graphene, and used for catalysis,
17

 a 

fluorescent derivative of julolidine for detecting cellular events,
18

 or a two-photon absorption (TPA) 

fluorophore linked to two cyclotriphosphazenes, used for bioimaging in vivo.
19

 Two, three and even up to 

five chlorine atoms of N3P3Cl6 can be selectively replaced by different phenols.
20

  

 

However, many other types of cores can be used with such method of synthesis of dendrimers, provide they 

possess aldehyde functions, as shown in Figure 7.2.c. Among them, one can cite in particular an 

octaaldehyde phthalocyanine, for the detection of the internal behavior of the dendrimers,
21,22

 an ammonium 

trialdehyde for the delivery of carteolol (an anti-hypertensive ocular drug),
23

 and several compounds having 

two types of functions, such as an activated vinyl group and two aldehydes, for the synthesis of dendrons 

(dendritic wedges) and of diverse types of dendritic architectures.
24
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[Figure 7.2 near here] 

 

7.3.2 Different types of branches based on hydroxyaldehydes 

 

The easiest way to modify the types of branches consists in replacing 4-hydroxybenzaldehyde by other 

hydroxyaldehydes, in particular to have longer branches. The hydroxyaldehydes used include 4-hydroxy-3-

methoxycinnamaldehyde,
25

 azobenzene derivative, for which a trans-cis isomerization was observed upon 

irradiation,
26

 different ferrocene derivatives,
27-29

 and TPA fluorophores.
30,31

 The same process can be applied 

to compounds possessing two aldehydes, with the aim of multiplying more rapidly the number of terminal 

functions. The first example concerned the 5-hydroxyisophthaldehyde,
32

 and very recently a new 

hydroxydialdehyde based on trazine and piperazine was synthesized to build dendrimers up to the fourth 

generation in only four steps.
33

 (Figure 7.2.d) 

 

7.3.3 Different types of branches based on the Staudinger reaction 

 

Besides the condensation reaction between aldehydes and the phosphorhydrazide, another reaction has been 

found very useful for the synthesis of phosphorhydrazone dendrimers: the Staudinger reaction between 

phosphines and azides, in particular to create P=N-P=S linkages, when using a thiophosphorus azide. This 

reaction is quantitative and generates N2 as single by-product, thus it is particularly attractive for the 

synthesis of dendrimers. P=N functions are generally easily hydrolysed, but the presence of the P=S group 

induces a larger better stability. The first series of phosphorus dendrimers including these linkages 

necessitated three steps to build one generation, starting from aldehyde groups: i) condensation of 

methylhydrazine, ii) reaction with Ph2PCl
34

 in basic conditions or with Ph2PCH2OH,
35

 and iii) Staudinger 

reaction between the phosphine end groups and an azido dialdehyde, to have again aldehydes as terminal 

groups. In both cases, the synthesis was carried out up to the third generation (compound 12-G3, Figure 

7.3.a). It must be emphasized that the classical method shown in Figure 7.2.a can be applied from the 

aldehydes obtained in the third step of the method shown in Figure 7.3.a, thus both methods are fully 

compatible, and the P=N-P=S linkage can be introduced either at one, several or all layers. Figure 7.3.b 

displays the synthesis of dendrimers possessing P=N-P=S linkages at each generation, using a two-step 

process up to the fourth generation, 13-G4. The first step is a condensation between terminal NH2 issued 

from methylhydrazine, and a phosphino aldehyde, whereas the second step is a Staudinger reaction between 

the phosphine and a phosphorus azide functionalized by two methylhydrazine groups.
36

  

 

Taking profit of both quantitative reactions shown above, i.e. the condensation reaction of hydrazine (A) 
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with aldehyde (D), and the Staudinger reaction of phosphine (B) with azide (C), we have designed several 

branched monomers including two of these functions, to synthesize dendrimers more rapidly: one reaction, 

one generation. First, we designed compounds H2NNMeP(S)(OC6H4PPh2)2 (AB2) and N3P(S)(OC6H4CHO)2 

(CD2) (Figure 7.3.c). The synthesis was carried out step-wise up to the fourth generation of a layered 

dendrimer. The synthesis was also carried out in a one-pot but multi-step process, adding periodically 

strictly stoichiometric amounts of reagents. The purity of the fourth generation obtained in this one-pot 

process was found very close to that of the same generation 14-G4 obtained by the stepwise process.
37

 A real 

"Lego" chemistry was then developed using the same concept, from monomers CA2 and DB2. The reaction 

was carried out up to the fourth generation, affording another type of phosphorus dendrimers, 15-Gn 

functionalized by either NH2 or phosphines as terminal groups (Figure 7.3.d).
38

 The same concept was also 

extended to monomers having a larger number of functional groups, AB5 and CD5 monomers based on the 

specific reactivity of N3P3Cl6,
16

 to multiply more rapidly the number of terminal groups. These highly 

branched monomers may induce rapidly problems of steric hindrance, thus they were used first in 

combination with the AB2 and CD2 monomers. For instance, AB2 and CD5 monomers were used to 

synthesize dendrimers up to the fourth generation. Another attempt was made using AB5 and CD2, but an 

important steric hindrance was expected and observed at the first generation. Indeed the condensation 

reaction was abnormally slow and needed 4 days at 100°C to go to completion, but the next steps occurred 

without any problem, and the synthesis was also carried out up to the fourth generation, having 60 aldehyde 

terminal groups in both cases. Finally, the synthesis using both AB5 and CD5 monomers was attempted. 

Each step needed several days to go to completion, thus the synthesis was stopped at the third generation 16-

G3, which has 750 phosphine terminal functions after only three reactions (Figure 7.3.e).
39

 In view of the 

long time needed to get the third generation, no attempt was made to try to synthesize the next generation. 

 

All the previous examples concern dendrimers built using Staudinger reactions in combination with 

condensation reactions, but we have also synthesized dendrimers, using only the Staudinger reaction and a 

single monomer, an azido diphosphine complexed by BH3. The azide was reacted in the first step with a 

triphosphine core, then the terminal phosphine complexes were deprotected with DABCO (1,4-

diazabicyclo[2.2.2] octane). The next generation was obtained by using the same monomer, followed by its 

deprotection. These reactions were carried out up to generation 5 (17-G5 in Figure 7.3.f), for which the 

polydispersity was very low (1.029). Hyperbranched polymers were also synthesized in only one step by 

using the deprotection of the monomer, but the polydispersity was very high for these polymers, from 1.5 to 

8, depending on the samples, and the properties, in particular the intrinsic viscosity was very different 

compared to that of the corresponding dendrimers.
40
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[Figure 7.3 near here] 

 

7.3.4 Reactivity inside the structure and special dendritic architectures 

 

The presence of P=N-P=S linkages inside dendrimers is particularly useful for obtaining original types of 

dendritic structures. Indeed, these linkages are easily and specifically alkylated on sulphur with alkyl 

triflates,
35

 eventually functionalized,
41

 because they have a mesomeric form in which a negative charge is 

located on sulphur (
+
P-N=P-S

-
). Other P=S groups in the dendrimers (not included in P=N-P=S) are not 

alkylated. An example is shown in Figure 7.4.a, compound 18’-G3. The alkylation on sulphur induces a 

weakening of the phosphorus sulphur bond, which is easily cleaved using a nucleophilic phosphine such as 

P(NMe2)3, to generated tricoordinated phosphorus atoms (P
III

) inside the structure, such as compound 18’’-

G3. These P
III

 have been used to react with various functionalized azides, having primary amines, 

isothiocyanate,
42

 or pyrene derivatives,
43

 but also two aldehydes, affording compound 18-G0@G3. Obviously, 

many reactions were performed from these internal aldehydes, but the most interesting is the step-by-step 

growing of new branches inside the dendrimer, affording 18-G1@G3, 18-G2@G3, and finally 18-G3@G3, 

possessing 96 aldehydes and 48 phenoxy terminal groups.
44

 The three-step method shown in Figure 7.3.a was 

also applied to compound 18-G0@G3, to grow new branches including P=N-P=S linkages, which were 

complexed by gold.
45

 In an alternative way, starting from compound 18-G0@G3, dendrons bearing a primary 

hydrazine at the core were grafted, to afford new internal branches in one step, instead of the multistep 

procedure shown in Figure 7.4.a. These condensation reactions were slow and necessitated 10 days to go to 

completion. Only the 2
nd

 generation dendron could be grafted, not the 3
rd

 one,
46

 whereas the 3
rd

 generation 

was previously obtained step-by-step. 

 

Many different dendritic structures were built using phosphorus-containing dendrons, in particular those 

having a CH2=CH-P=N-P=S linkage at the core. Indeed, the presence of the P=N-P=S group induces an 

activation of the vinyl group, which is able to react in Michael-type additions with different amines, 

preferably diamines, and hydrazines, to afford a NH2 group at the core. Such function was mainly used for 

condensation reactions with an aldehyde, for peptide-type coupling,
47

 but also for the condensation with two 

equivalents of Ph2PCH2OH, followed by Staudinger reactions. These reactions were applied for the synthesis 

of a kind of layered segment-block dendritic compound having a non-symmetrical internal structure, despite 

the presence of 576 identical dimethylamino groups end groups, or another unsymmetrical dendritic species 

possessing 16 NMe2 and 64 nitrile terminal groups (Figure 7.4.b).
24

 The Michael-type addition was applied 

also to dendrons functionalized by tertiary amines as terminal groups together with dendrons having 

carboxylates as terminal groups. Such association was performed with dendrons of the same generation, but 
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also with dendrons of different generations, to synthesize unsymmetrical bis-dendrons, also called “Janus” 

dendrimers,
48

 as shown in Figure 7.4.c. The amino groups of the bis dendrons could be alkylated with MeI to 

afford ammoniums on one side and carboxylates on the other side.
49

  

 

[Figure 7.4 near here] 

 

Other types of reactions have been used for synthesizing phosphorus-containing dendrimers, but these 

reactions were carried out only up to low generations (G1 or G2). Such reactions include the “click” reaction 

between alkynes and azides, affording dendrimers incorporating triazole units at each generation,
50

 and also 

the alkylation of 4,4‘-bypyridine, to afford phosphorus dendrimers incorporating viologen units in their 

structure.
51

 The diversity of the reactions usable for synthesizing phosphorus dendrimers has been illustrated 

recently with the synthesis of “onion peel”
52

 dendritic structures, as illustrated in Figure 7.4.d, by a 

compound possessing 7 different layers of phosphorus atoms.
53

 

 

7.3.5 Non-exhaustive overview of the types of terminal functions 

 

During the course of the synthesis of the phosphorhydrazone dendrimers, the terminal functions are either 

aldehyde or P(S)Cl2 groups, depending on the step considered. Both display a versatile reactivity, which has 

led to the grafting of an enormous number of diversified terminal functions. In most cases, the aldehydes are 

used mainly for condensation reactions, but also for Wittig reactions, whereas the P(S)Cl2 groups are used 

for substitution reactions, generally with phenols, but also with amines. A large but not exhaustive list of 

terminal functions already grafted to phosphorhydrazone dendrimers is shown in Figure 7.5. The largest 

number of functions has been obtained by reaction of phenols on the P(S)Cl2 terminal groups. Some series 

can be emphasized, in particular the use of tyramine (HOC6H4CH2CH2NH2), through the functionalization 

of the NH2 group, generally before the grafting to the dendrimer. Various types of phosphines
54,55

 and 

pyridine-imine ligands,
31,56,57

 all of them used subsequently for the complexation of diverse metal 

derivatives, phosphonates
58-62

 and carboxylates,
63,64

 carbohydrates
65

 and fluorescent derivatives
47,66-69

 have 

been grafted in this way. Other series concern diverse ferrocene derivatives,
27,28,70-73

 triazole derivatives 

obtained by “click” reactions,
50,74,75

 piperazine derivatives,
76-78

 and long chains.
79,80

 Other phenol 

phosphines,
17,40,81,82

 phenol ligands,
83-85

 phenol fluorophores,
86,87

 and miscellaneous phenol derivatives 

24,50,88-94
 have been also reacted with the P(S)Cl2 terminal groups (Figure 7.5.a). Primary amines also react 

easily with the P(S)Cl2 terminal functions. The first example was with allylamine,
95

 but the most important 

one concerns N,N-diethylethylenediamine, in which the tertiary amine is easily protonated or alkylated,
96

 

inducing the solubility of the dendrimers in water.
97-98

 A series of other diamines has also been used,
99

 as 
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well as tetraazamacrocycles, providing either 5- or 6-membered rings including one phosphorus and two 

nitrogen atoms
100

 (Figure 7.5.b). 

 

The aldehyde terminal functions have been primarily used for condensation reactions with amines such as an 

amino crown ether,
95

 chiral methylbenzyl amine,
101

 a chiral aminophosphine,
102

 aminopyrene,
103

 fipronil,
104

 

TEMPO derivatives,
105,106

 or triazamacrocycles.
107-109

 As the imine functions are generally not stable 

towards water, in most cases they have been reduced, using either BH3 or NaBH4. Addition on the imine 

bond of compounds having a P-H bond has been also performed, to graft phosphonates.
59,110-112

 Different 

hydrazines have also been condensed with aldehydes. In these cases, the C=N function is stable and it is not 

necessary to reduce it. Fluorene,
95

 Girard P and T reagents,
113-115

 and pyridine
56,57

 derivatives have been 

grafted in this way. However the condensation of hydrazine (used in large excess) and of methylhydrazine 

are particularly interesting, as they afford a NH2 or NH terminal function,
13,116

 both suitable for other 

reactions, such as the grafting of phosphines from Ph2PCH2OH,
117-119

 the opening of γ-thiobutyrolactone 

affording thiols as terminal functions,
120,121

 or the condensation with aldehydes bearing a phosphine, a 

phosphate or even a phosphorus ylide.
110

 Another well-known reaction of aldehydes is the Wittig reaction 

with phosphorus ylides. It has been performed several times on the surface of dendrimers, first for the 

grafting of a nitrile or COMe,
95

 then of diverse esters, thioamides and phosphonates,
122

 and also of 

tetrathiafulvalene derivatives,
123

 and bithiophene.
124

 Addition reactions on aldehydes have been performed 

with phosphonates,
110,112

 and with a phosphino zirconaindene.
125

 An interesting reaction is the reduction of 

the aldehyde to benzyl alcohol.
126

 Indeed the alcohol can be used in couplings with carboxylic acids.
127

 It 

can be also modified to benzyl chloride,
50

 suitable for the alkylation of amines,
128

 and to benzyl azide.
50 

Another reaction from aldehydes concern a Doebner-like procedure for obtaining carboxylic acid terminal 

functions,
126,129,130

 (Figure 7.5.c). 

 

A very original property of dendrimers terminated with P(S)Cl2 functions is the possibility to react 

independently and specifically each Cl. This sequence of reactions has been carried out essentially with 

amines. The first example concerned the reaction of allyl or diallyl amine, followed by the reaction of 

propargylamine.
131

 The same concept has been applied recently for the synthesis of dendrimers having both 

a primary amine and a triethoxysilyl group on each P(S) terminal functions.
132

 Other possibilities to have 

two different amines on each P(S) group concern the use of a non-symmetrical diamine, for instance bearing 

a macrocycle on one side,
133

 or starting from a fully substituted dendrimer with allylamine, reaction of 

Ph2PCH2OH with only one allylamine.
134

 The same approach was attempted with phenols instead of amines. 

The selectivity was less good than with amines, but a selectivity of 95% could be obtained, leading to 

dendrimers bearing both ethacrynic acid derivatives and either aldehyde or phosphonate terminal functions 
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(Figure 7.5.d).
135

 

 

[Figure 7.5 near here] 

 

7.3.6 Selected properties and uses of phosphorus dendrimers 

 

Most of the large number of terminal functions displayed in Figure 7.5 have been linked to 

phosphorhydrazone dendrimers for specific purposes and uses, mainly for catalysis, for the elaboration or 

modification of materials at the nanometric scale, or for biology/nanomedicine. These three domains will be 

displayed below. 

 

7.3.6.1 Phosphorus dendrimers for catalysis 

 

The first attempt in catalysis with phosphorhydrazone dendrimers concerned diphosphine terminal functions 

complexing palladium for the catalysis of Stille couplings, or complexing ruthenium for the catalysis of 

Knoevenagel condensations and diastereoselective Michael additions.
119

 Since then, many other examples 

have been studied,
54,71,72,81,102,128,136,137

 and the field has been reviewed recently,
138

 thus only the most 

important and recent examples will be described here. One of the main reason for using dendrimers in 

catalysis is the expectation to observe a “dendritic effect”,
139

 i.e. an increase of the catalytic efficiency when 

the generation increases, of course considering the same number of catalytic sites in comparative 

experiments. A series of dendrimers ended by pyridine-imine ligands complexing copper (I) has been used 

for catalyzing N-arylations. When using bromobenzene as arylation agent, the monomeric complex is non 

active, whereas the dendrimers have an increased efficiency when the generation increases, demonstrating a 

true dendritic effect on the yield.
83

 The field of chiral dendritic catalysts has been reviewed.
140

 The most 

important contribution of phosphorhydrazone dendrimers to this field concerns dendritic phosphoramidite 

ligands applied to Rh-catalyzed [2+2+2] cycloaddition reactions. The monomeric complex induced no 

enantiomeric excess, whereas all the generations of the dendrimers, from G1 to G3 afforded very high ee, 

even after recovery and reuse (95 to 98 % ee), for the synthesis of axially chiral biaryl compounds.
82

 A 

recent original example concerns the possibility to switch ON-OFF-ON the efficiency of the dendritic 

catalysts. For this purpose, a phosphino ferrocene dendrimer has been complexed with ruthenium, for 

catalyzing the isomerization of an allylic alcohol to ketone. If the ferrocene is oxidized to ferrocenium, the 

catalytic efficiency drops dramatically, whereas the catalytic efficiency is recovered when reducing the 

ferrocenium to ferrocene. This is the very first example of a catalytic switch using a dendrimer.
73
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To contribute to the field of “green chemistry” benign metals have been used, and in particular copper, as 

illustrated above.
83

 Other examples concern azabisoxazoline ligands complexing copper on the surface of 

phosphorus dendrimers, and used for catalyzing asymmetric benzoylation reactions,
74

 and copper complexes 

of diketones, used for O-arylations of 3,5-dimethylphenol by arylbromides.
84

 An important property of 

dendritic catalysts is the possibility to recycle and reuse them several times, due to their large size, generally 

larger than that of the reagents and products. The recycling by precipitation with a poor solvent, in particular 

diethylether for phosphorhydrazone dendrimers, can be very efficient, as illustrated by dendritic terpyridine 

terminal functions complexing scandium triflate, used for catalyzing Friedel-Crafts acylations of aromatics. 

Indeed, this dendrimer could be recovered and reused 12 times, even by changing the substrates at each 

run.
85

 Another example of a very efficient recovery concerned a small unsymmetrical dendrimer having a 

pyrene linked to the core and phosphines complexing palladium acetate as terminal functions, which was 

used for catalyzing Suzuki couplings of boronic acids with arylbromides. The pyrene was used to interact at 

room temperature with the graphene layer covering cobalt nanoparticles. When heating, the dendrimers went 

in solution to perform catalysis, and came back to the surface of cobalt nanoparticles when cooling after the 

catalysis. As cobalt nanoparticles are magnetic, the combination of the dendrimers and the nanoparticles 

could be recovered and reused very easily and very cleanly. The dendrimer could be recovered and reused 

12 times for the synthesis of the anti-inflammatory drug felbinac, obtained in 100% yield, even at the twelfth 

run.
17

 The loss of metal (leaching) is a major problem of catalysis with metal derivatives, and dendrimers 

could afford a solution to this problem. Indeed, in another example of Suzuki coupling, the influence of 

triphenylphosphine and thiazolyldiphenyl phosphine ligands both complexing palladium on the surface of 

dendrimers and of the corresponding monomers, on the leaching of Pd, was measured. For both monomers 

the leaching was very high, whereas it was reduced with both first generation dendrimers. The leaching is 

173 ppm in the case of the dendritic triphenyl phosphine, whereas it is undetectable in the case of the 

dendritic thiazolyl phosphine.
55

 Another way to avoid metal leaching consists in using organocatalysts (no 

metal).
141

 (S)-α,α-diphenylprolinol trimethylsilyl ether (Jørgensen–Hayashi catalyst) grafted onto 

phosphorus dendrimers and on graphene coated magnetic cobalt nanoparticles was used for catalyzing 

Michael additions of a wide range of aldehydes to different nitroolefins. The dendrimer of third generation 

could be recovered and reused in 7 consecutive runs without loss of activity, contrarily to the nanoparticles, 

for which the activity significantly decreased from the 3
rd

 run.
75

 Dendrimers decorated on their surface with 

(+)-cinchonine moieties were used as organocatalysts for the α-amination of several β-dicarbonyl 

compounds. The first-generation dendrimer showed the highest activity and enantioselectivity, and it was 

recovered and reused over 10 cycles without loss of activity.
92

 (+)-Cinchoninium salts were obtained on the 

surface of phosphorhydrazone dendrimers by the quaternisation of the quinuclidinic N atom. These 

compounds were used as catalysts for the asymmetric alkylation of a glycinate Schiff base with benzyl 
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bromide. The catalysts were recovered and reused for five consecutive runs without loss of activity and with 

only a slight decrease in enantioselectivity.
93

  

 

7.3.6.2 Phosphorus dendrimers for nanomaterials 

 

The very first examples of phosphorus dendrimers in the field of materials concerned the synthesis of hybrid 

materials incorporating phosphorus dendrons in nanoporous silica through a sol-gel process,
142

 and first 

generation phosphorus dendrimers used as spacer of titanium oxo clusters.
126

 The early times of the field 

have been reviewed,
143,144

 thus only the recent important examples will be given here. Five different types of 

uses of phosphorus dendrimers in the field of materials can be distinguished: i) nano-objects and materials 

constituted exclusively of dendrimers; ii) nanoparticles elaborated thanks to dendrimers, or protected by 

dendrimers; iii) interaction of dendrimers with materials for trapping pollutants; iv) supports modified by 

dendrimers for cells culture; and v) sensors obtained by modifying solid surfaces by dendrimers. These five 

different uses will be presented in this order.  

 

The latest example of materials constituted exclusively of dendrimers concerns dendrimers functionalized by 

triaza macrocycles bearing long alkyl chains, which display liquid crystal properties, forming columnar 

phases, even with the fourth generation.
109

 However, the largest number of materials exclusively composed 

of dendrimers were elaborated by electrostatic templating strategies,
145

 using step-by-step positively and 

negatively charged dendrimers, bearing ammonium and carboxylate terminal functions, respectively. The 

first template used was a nanoporous alumina template. The possibility to deposit successively layer-by-

layer charged dendrimers depends on the size of the holes of the template. With holes of 400 nm, twenty 

bilayers of positively and negatively charged dendrimers of generation 4 could be deposited. Importantly, 

the alumina template could be destroyed using a strong base (KOH), a strong acid (H3PO4) and a strong 

oxidant (CrO3), without destroying the layers of dendrimers, thus generating original nanotubes
146

 

exclusively composed of dendrimers, with an external diameter of 400 nm (as the template), an inner 

diameter of 300 nm, and a length of 80 μm, corresponding to the depth of the holes of the template.
147

 In a 

similar approach, negatively charged quantum dots were used at some layers instead of the negatively 

charged dendrimers. Three different types of quantum dots, composed of different ratios of Zn, Cd and Se, 

with emission at 561, 594, and 614 nm, respectively, were introduced in order to induce a graded band 

gap,
148

 which has been used ultimately for the sensitive detection of DNA hybridization.
149

 When the 

diameter of the pore decreases, the penetration of the dendrimers inside the pore can be decreased and even 

forbidden, in particular if the ionic strength is increased, even if the diameter of the pores is by far larger 

than that of the dendrimers.
150

 The same layer-by-layer deposit has been carried out on the surface of 
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microspheres composed of melamine formaldehyde, using either poly(styrenesulfonate) and positively 

charged dendrimers, or poly(allylamine hydrochloride) and negatively charged dendrimers. Removal of the 

microsphere using HCl generates microcapsules, which are often opened when only 4 bilayers are used, but 

closed with five bilayers.
151

 Stiffening of these capsules has been observed in the presence of THF.
152

 DNA 

has been used in the same conditions, instead of the negatively charged polymer.
153

 It has been possible also 

to deposit single stranded DNA on the surface of the microsphere, which becomes the interior of the 

microcapsule after destruction of the microsphere. In the presence of a fluorescent single stranded DNA, a 

different behaviour was observed depending on the complementarity or not of the DNAs. The 

complementary oligonucleotides go inside the microcapsule, thus the fluorescence is observed inside the 

microcapsules, whereas the non-complementary oligonucleotides stay in the wall of the microcapsule, and 

thus the fluorescence is observed only in the wall.
154,155

 

 

Diverse types of metallic nanoparticles have been obtained thanks to diverse phosphorus dendrimers used as 

templates. The first example concerned dendrimers functionalized by thiols, used to interact with the gold 

cluster Au55(PPh3)12Cl6. This interaction induces the peeling of the ligands, to generate naked Au55, which 

associated in nanocrystals of Au55, wrapped and stabilized by the dendrimers.
120

 The same process was 

carried out with the same dendrimers deposited as a monolayer on a silicon wafer.
121

 Dendrimers decorated 

with triazatriolefinic macrocycles were also used to generate nanoparticles. Indeed, the reaction of these 

dendrimers with Pd
0
 (Pd(PPh3)4 or Pd2(dba)4, with dba = dibenzylidene acetone) led to the obtaining of Pd

0
 

nanoparticles, which were found efficient and recyclable for catalyzing Mizoroki-Heck couplings of 

iodobenzene with n-butylacrylate.
107

 Analogous dendrimers afforded a network of Pt
0
 nanoparticles, when 

using Pt2(dba)3. Interestingly, these Pt nanoparticles are organized in “dendritic” networks, for which the 

length of the branches increases when the generation of the dendrimer increases.
108,133

 Generation 4 of 

dendrimers ended with either phosphonates,
156

 ammoniums, or diketones have been used for the synthesis of 

discrete anatase nanocrystals (ordered TiO2) at low temperature, and prevent the classical anatase → rutile 

phase transformation up to 800°C.
157

 Silver nanoparticles have been generated with dendrimers that have 

been grafted first on silica nanoparticles, then the terminal functions have been modified to phosphonates 

with lateral poly(ethyleneglycol) (PEG) chains. Addition of silver acetate to these materials induced the 

formation of silver and silver oxide nanoparticles, which exhibit antibacterial activity.
158

 All the above-

mentioned syntheses of nanoparticles are carried out in solution, but an example has been recently obtained 

solventless, by milling under air RuCl3, NaBH4 and a polyphosphorhydrazone dendrons (generations 0 to 2) 

having an alkyl chain at the focal point and triarylphosphines on the surface. The resulting Ru nanoparticles 

have a diameter in the 2-3 nm range, they are stable upon storage in solution or as powders, and they can 

efficiently catalyze the hydrogenation of styrene.
137

 The surface of diverse types of nanoparticles has been 
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modified with dendrimers, for several purposes. In the first example, the grafting of cationic dendrons onto 

polystyrene nanoparticles prevent the aggregation of the nanoparticles, and induced the formation of stable, 

rigid and translucent hydrogels.
115

 The surface of magnetic cobalt nanoparticles covered by graphene was 

non-covalently modified with a dendron having a pyrene at the core, and palladium phosphine complexes as 

terminal functions. This system was successfully used for catalyzing the coupling of boronic acids with aryl 

bromide. The recovery of this system was easily carried out using a magnet, and it could be reused up to 12 

times with a similar efficiency.
17

  

 

Two recent examples concern the interaction of dendrimers with materials for trapping pollutants. Diverse 

types of bifunctional dendritic structures,
132

 bearing one or several triethoxysilane groups for the grafting to 

nanoporous silica, and primary amines have been tested for trapping CO2; the most efficient dendritic 

compound was a second generation dendron.
159

 The second example concerns a first generation dendrimer 

ended with ammonium groups, which was used for the intercalation inside different types of clays. The 

second generation induced an exfoliation of the clay, and not an intercalation. These modified clays have 

been used for trapping aqueous pollutants, in particular chromate
160

 and methylene blue.
161

 

 

Two examples with a different outcome concern the modification of surfaces by dendrimers, to be used for 

the culture of cells. The layer-by-layer process was applied to negatively charged (carboxylates) and 

positively charged (ammoniums) generation 4 dendrimers. It was shown that foetal cortical rat neurons 

attached preferentially and matured slightly faster on surfaces terminated with positively charged 

dendrimers.
162

 In a second example, a single layer of bifunctional dendrimers was covalently grafted to a 

gold surface. Contrarily to the previous case, it was shown that human osteoblast cells adhere and proliferate 

well on negatively charged dendrimers, whereas cell apoptosis was observed on positively charged 

dendrimers.
163

 

 

Sensor are the most important area concerning the use of phosphorus dendrimers in the field of materials.
164

 

The first example concerned the electrochemical detection of barium, using an electrode modified by a 

dendrimer functionalized by tetrahydrothiophene-crown ether derivatives as terminal functions.
123

 A 

dendron bearing both phosphonate (for the grafting to a mesoporous titania film) and maleimide fluorescent 

entities afforded a hybrid material which was brightly fluorescent. The fluorescence was quenched in the 

contact with phenols, thus affording in particular a sensitive sensor for hazardous nitrophenols.
67

 Thick 

layers of dendrimers with aldehyde terminal functions, from generations 1 to 9, deposited on a quartz crystal 

microbalance sensor, were used for the detection of 30 different vapors of solvents. The dendrimers have a 

different selectivity for different homologous series of guests, depending on the generation.
165

 The last 
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example of detection of chemical entities was afforded by a multilayer film constituted of anionic gold 

nanoparticles and cationic dendrimers, obtained by layer-by-layer deposit, from which the dendrimers were 

removed using deep UV irradiation. The resulting multilayer of gold nanoparticles was used for the 

detection of five solvents with different refractive indices.
166

 Different types of biosensors, based on the 

hybridization of complementary single stranded DNA, have been elaborated using phosphorus dendrimers. 

Gold coated glass surfaces, functionalized with mercaptopropionic acid, were then used for the layer-by-

layer deposit of positively and negatively charged dendrimers. On the last layer negatively charged, a high 

loading of probe DNA was covalently grafted. The hybridization with Cy5-labelled complementary target 

DNA was detected by surface plasmon field-enhanced fluorescence spectroscopy (SPFS), with a limit of 

detection at 5 10
-11

 M and 3 10
-11

 M on 1 bilayer and 4 bilayers of dendrimers, respectively.
167

 Another 

example of electrostatic interactions used for the sensitive detection of DNA hybridization was constituted 

by a layer of a positively charged phosphorus dendrimer, and a layer of perylene diimide star polymer 

negatively charged, to which probe DNA was covalently grafted. The hybridization with complementary 

target DNA was also detected by SPFS, with an ultra-sensitivity of 10
-18

 M.
168

 Aldehyde dendrimers were 

used for the functionalization of AFM tip, for the immobilization of the GST (glutathione S-transferase) 

antibody, and for probing single molecule force interaction with the GST.
169

 The covalent grafting of the 

same aldehyde dendrimers to glass slides functionalized by aminopropyl triethoxysilane, followed by the 

attachment of probe DNA afforded dendri-chips, which were able to detect the hybridization with Cy5-

labelled complementary target DNA with a limit of sensitivity at 10
-12

 M.
170

 These slides are very stable, can 

be re-used at least ten times, and are able to detect a mutation in the middle of the sequence of the 

complementary oligonucleotide.
171

 The same concept was developed on a piezoelectric membrane, for 

detecting streptavidin–gold nanoparticles interaction with biotinylated DNA,
172

 and for microstructured 

liposome arrays.
173

 Recent developments of these dendri-chips concern the creation of a start-up (Dendris), 

which created in particular chips for the diagnosis of respiratory diseases.
174

 

 

7.3.6.3 Phosphorus dendrimers for biology/nanomedicine 

 

This field becomes more and more important, and has been reviewed very recently.
175

 Three different types 

of phosphorus dendrimers can be considered: i) polycationic dendrimers with N,N-diethylethylene diamine 

salt as terminal functions, essentially of generation 4, used both for the delivery of biological entities and as 

drug per se; ii) neutral dendrimers, with different types of terminal functions (ligands, carbohydrates, PEGs, 

etc.), mainly tested as anti-cancer agents; and iii) polyanionic dendrimers, with either carboxylate terminal 

functions for drug delivery, or azabisphosphonate terminal functions as anti-inflammatory agent. The 

biological properties of phosphorus dendrimers will be described in this order, depending on the nature of 
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their terminal functions.  

 

The very first example of phosphorus dendrimers in the field of biology concerned polycationic dendrimers 

used as transfection agents for the delivery of the plasmid of luciferase into mammalian cells. The fourth 

generation was found the most efficient.
96

 It was used successfully later on for the delivery of the fluorescent 

probe 8-anilino-1-naphthalenesulfonate, of the anticancer drug cisplatin, and of the plasmid of the green 

fluorescent protein p-GFP.
176

 A fluorescent analogue of the second generation was used for studying its 

interaction with DNA,
177

 whereas the fluorescent octafunctional phthalocyanine cored-dendrimer was used 

for transfection experiments of a fluorescent oligonucleotide and of p-GFP.
178

 Transfection experiments 

were extended to the delivery of genes against HIV-1. In view of gene silencing, antisense phosphorothioate 

oligodeoxynucleotides and small interfering RNA (siRNA) were delivered into peripheral blood 

mononuclear cells (PBMC), and efficiently inhibited HIV-1 replication.
179

 The delivery of HIV-based 

peptides was also carried out, in view of HIV-1 vaccine development.
180

 The fourth generation of 

phosphorus dendrimers with NHEt2
+
 terminal groups and of PAMAM dendrimer with NH3

+
 terminal groups 

were used as carriers for transfecting Schwann cells with the aim of improving functional recovery of 

injured peripheral nerves of the hind limb of rats.
181 

The same positively charged dendrimer was also found 

to be a drug by it-self (drug per se). Indeed, it is able to interact with the scrapie form of different types of 

prions, responsible for several types of transmissible spongiform encephalopathy diseases, including the 

“mad cow” disease. This dendrimer prevents in vitro the transmission of the disease, and was also efficient 

in vivo with mice.
182

 It was shown that the same dendrimer is able to interfere with the aggregation process 

of peptides of prions by both slowing down the formation of aggregates, and by lowering the final amount of 

amyloid fibrils, a common hallmark of conformational diseases. The interaction of this dendrimer with 

heparin is directly responsible for the inhibition of fibril formation.
183

 The interaction of this dendrimer with 

peptide PrP 185-208,
184

 which has a domain structurally analogous to that of peptides involved in 

Alzheimer’s disease, and PrP 106-126 which is suspected to be preferentially involved in spongiform 

encephalopathies
185

 has been also assessed. Cationic phosphorus dendrimers of generations 3 and 4 are also 

able to affect β-amyloid (A β(1-28) peptide) and MAP-Tau aggregation processes, to inhibit 

acetylcholinesterase activity, to decrease the secretion of TNF-α, and they have weak antioxidant effects.
97,98

 

The same dendrimers were used for decreasing the fibrillation of α-synuclein, as a potential therapeutic 

strategy for neurodegenerative disorders such as Parkinson’s disease.
186

 Several positively charged 

dendrimers can prevent damage to embryonic mouse hippocampal cells (mHippoE-18) caused by rotenone, 

which is a pesticide.
187

 

 

Several types of phosphorus dendrimers bearing neutral terminal functions have shown anti-cancer 
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properties. Generations 0 of viologen dendrimers with either ethylphosphonate or short PEG terminal 

functions were found non-toxic towards a normal cell line (B14 fibroblasts), but toxic towards the cancer 

cell line N2a.
188

 Several generations of dendrimers bearing as terminal functions diverse types of ethacrynic 

acid derivatives, which is a weak inhibitor of glutathione-S-transferase P1-1, overexpressed in a variety of 

cancer cells, were synthesised. Several of these dendrimers display strong anti-proliferative activities 

towards solid and liquid tumours, illustrating the effectiveness of the dendritic effect.
77,78

 Various types of 

pyridine-imine dendritic copper complexes (and also their non-complexed analogues) have been synthesized 

and characterized,
57

 then screened for anti-proliferative activity against several human cancer cell lines, with 

IC50 values ranging 0.3-1.6 μM.
56

 Cell death pathways have been examined in human cancer cell lines, 

showing that early apoptosis was followed by secondary necrosis, and the detailed mechanism of action of 

these dendrimers has been elucidated.
31

 A family of neutral dendrimers (generations 1 to 4) capped with 1, 

2, or 3 mannose derivatives was synthesised with the aim of discovering new anti-inflammatory drugs 

against acute inflammatory diseases. After different biological tests, the third generation capped with 

trimannosides was selected, and administered per os to mice model of acute lung inflammation, inducing a 

significant reduction of lung inflammation.
65

 

 

Negatively charged dendrimers have been obtained by grafting as terminal functions either carboxylates, for 

drug delivery, or phosphonates as drugs per se. The interaction of phosphorus dendrimers ended by 

carboxylic acid functions with N-hexadecylamino-1-deoxylactitol affords “catanionic” (cationic and 

anionic) dendrimers,
129

 which are multivalent chimera of galactosylceramide (galcer), a cellular receptor 

involved in the early step of HIV infection. These dendrimers have HIV-1 inhibition activity in the sub-

micromolar range in vitro.
130

 Analogous experiments were carried out with dendrimers ended by phosphonic 

acids instead of carboxylic acid.
60,61

 The same concept was applied to another negatively charged 

(carboxylates) phosphorus dendrimer, for the delivery of carteolol, an ocular anti-hypertensive drug against 

glaucoma, and was successfully tested in the eyes of rabbits.
23

 A first generation dendrimer bearing 

negatively charged azabisphosphonate terminal functions was found able to multiply by up to 500 after 3 

weeks in culture the number of Natural Killer (NK) cells, a population of innate immunity, which plays a 

key role in anti-cancer immunity. These NK cells obtained in the presence of the dendrimer are fully 

functional, and able to kill their normal targets, in particular various leukaemia and carcinoma cell lines.
59,189

 

Multiplication of NK cells in the presence of the dendrimer was carried out not only from blood of healthy 

volunteers, but also from cancer patients with multiple myeloma.
190

 The NK cells are not the first targets of 

this dendrimer, but another key population of human innate immunity, the monocytes, in which this 

dendrimer penetrates in less than one minute, to activate them through an anti-inflammatory pathway.
58,191

 

In view of the multiple properties of this dendrimer, a structure/activity relationship has been developed, by 
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varying first the type and number of terminal functions,
18,20,64,111

 then the internal structure
62

 but the most 

efficient compound remained the first generation phosphorus dendrimer with azabisphosphonate terminal 

functions. This dendrimer induces an anti-osteoclastic activity on mouse and human cells, and inhibited the 

development of inflammatory arthritis in two mouse models, to which it was either injected (ip) or given 

orally (per os) with an almost analogous efficiency.
192

 This dendrimer was tested in other inflammatory 

diseases, such as Uveitis
193

 and neuroinflammation,
194

 and its preclinical safety was estimated by repeated 

injections to monkeys.
195

 A start-up (IMD-Pharma
196

) has been created recently with the hope of developing 

this dendrimer towards a Phase 1 clinical trial.   

 

7.4 Conclusion 

 

Phosphorus-containing dendrimers, especially phosphorhydrazone dendrimers offers a large number of 

facilities for modifying them at all levels (core, branches, and terminal functions), in particular to fulfil 

special requirements for different applications. We have shown different properties in catalysis, for 

increasing the efficiency (yield and rate), the recovery and re-use, the enantioselectivity, and for decreasing 

the leaching, the wastes, the temperature, and the quantity of toxic/expensive metals. Diverse uses in the 

field of nanomaterials have been also displayed, including the synthesis of nano-objects and materials 

constituted exclusively of dendrimers, the elaboration or protection of nanoparticles thanks to dendrimers, 

the combination of dendrimers with materials for trapping pollutants and for providing supports for cells 

culture, and diverse types of highly sensitive sensors obtained by modifying solid surfaces by dendrimers. 

This later field has led to the creation of a start-up dedicated to molecular diagnosis.
174

 

Biology/nanomedicine is certainly the field in which phosphorus dendrimers have displayed the largest 

number of properties. Indeed, several types of phosphorus dendrimers are able to fight against different 

diseases, including in vivo, such as the prion disease, with a cationic generation 4 dendrimer, the acute lung 

inflammation disease, with a third generation mannose-capped dendrimer, and the models of rheumatoid 

arthritis and of multiple sclerosis diseases, using an anionic first generation dendrimer, which has also led to 

the creation of a start-up.
196

 In view of all these properties, we hope that phosphorus dendrimers may 

overcome “the dendrimer paradox: high medical expectations but poor clinical translation”.
197
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Figure Captions 

 

Figure 7.1 Diverse types of phosphorus-containing dendrimers, based on P-C bonds (1 - 3), P-O bonds (4 - 

7), or cyclophosphazenes (8 - 10) as branching points. 

 

Figure 7.2 a) method of synthesis of phosphorhydrazone dendrimers; b) different types of cores based on 

the modification of N3P3Cl6, used for the synthesis of phosphorhydrazone dendrimers; c) other types of 

cores used for the synthesis of phosphorhydrazone dendrimers; d) several types of hydroxyl aldehydes used 

as branches, in replacement of 4-hydroxybenzaldehyde. 

 

Figure 7.3 Different methods of synthesis of phosphorus dendrimers based on the Staudinger reaction of 

phosphines with azides. 

 

Figure 7.4 Special types of dendritic structures. a) Reactivity inside dendrimers; b and c) examples of 

associations of dendrons to produce “Janus” dendrimers; d) example of an “onion peel” dendrimer. 

 

Figure 7.5 An almost exhaustive view of the different types of terminal functions encountered on the 

surface of phosphorhydrazone dendrimers. a) reaction of phenols on P(S)Cl2 terminal functions; b) reaction 

of amines on P(S)Cl2 terminal functions; c) reaction of aldehyde terminal functions; d) selective 

functionalization of one Cl of each P(S)Cl2 terminal function with amines and phenols. 
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