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Abstract. Phosphorus dendrimers are highly branched, monodisperse macromolecules built around
a phosphorus core, and having phosphorus atoms at all branching points. Their modular architecture
allows for precise control over size, shape, and surface functionality. When functionalized at the
surface with heterocycles—organic rings containing one or more heteroatoms (e.g., nitrogen, oxygen,
sulfur)—these dendrimers gain catalytic activity, in the materials or biological fields. This review is
organized according to the type of heterocycles (including N, O, S, or combined heteroatoms) linked
to the surface of phosphorus dendrimers and emphasizes their properties.
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1. Introduction

Heterocycles of medium size (five- or six-membered
rings most generally) contain at least one het-
eroatom, most generally nitrogen, oxygen, or sul-
fur atoms, which are gaining widespread interest due
to their numerous properties, particularly for medic-
inal uses [1–4]. Among the different types of hete-
rocycles, nitrogen heterocycles are the most widely
represented both in Nature and in medicinal com-
pounds [5,6]. Recent reviews have emphasized the
role of nitrogen heterocycles in U.S. FDA-approved
pharmaceuticals (2013–2023) [7], in particular as
anticancer drugs [8–10] and anti-viral agents [11].
More specific reviews have gathered the properties
of pyridine [12,13], piperidine [14], quinoline [15],
pyrrole [16], pyrrolidine [17], and triazole [18,19]
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derivatives. A few other elements have been used for
the synthesis of heterocycles, in particular oxygen, as
emphasized in a review about recent FDA-approved
drugs containing oxygen heterocycles (including
carbohydrates) [20]. Sulfur heterocycles are less
common, but also display medicinal properties, as
they make up an important part of FDA-approved
drugs [21]. Despite the very large number of hete-
rocycles, their synthesis is still of current interest, in
particular for their functionalization [22].

Dendrimers are highly branched, monodisperse
macromolecules, synthesized stepwise, generally by
a divergent process from a multifunctional core [23].
Each time the number of terminal functions is mul-
tiplied, most frequently by two [24], a new gener-
ation is created. It should also be kept in mind
that their synthesis must be efficient and selec-
tive to obtain high generations. Among the dif-
ferent types of dendrimers [25], those based on
“inorganic” elements [26], in particular phosphorus,
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Figure 1. Full structures and corresponding abbreviated linear structures of different generations of PPH dendrimers built from
two different cores.

i.e., having phosphorus atoms both at the core and at
the branching points [27,28], display specific proper-
ties that have been recently emphasized [29]. Their
easy characterization by 31P NMR has to be under-
lined in particular [30]. In most cases, phospho-
rus dendrimers were built from a trifunctional core
(P(S)Cl3) up to generation 12 [31] or from a hexafunc-
tional core (N3P3Cl6) up to generation 8 [32]. Both
families of phosphorus dendrimers will be consid-
ered in this review, but with the emphasis of the most
widely used, based on N3P3Cl6 as core, which affords
twice the number of terminal functions at a given
generation, compared to the P(S)Cl3 core. Figure 1
displays both the full chemical structures and the ab-
breviated chemical structures (linear with parenthe-
ses after each branching point) of these dendrimers
based on poly(phosphorhydrazone) (PPH) linkages.
These PPH dendrimers have, as terminal functions,
either P(S)Cl2 or aldehyde groups both being highly
reactive and suitable for the grafting of new chemical
functions, depending on the desired properties.

This review will display the peripheral function-
alization of phosphorus dendrimers with different
types of heterocycles. It will be organized depending
on the element included in the heterocycle, begin-
ning with nitrogen, followed by oxygen, then by sul-
fur, and it will end with heterocycles containing two

types of heteroatoms, such as P and N, P and O, N and
O. Each part will begin with fundamental research
followed by applications, in catalysis, for materials,
and mainly for biological uses.

2. PPH dendrimers functionalized with
nitrogen heterocycles

2.1. Methods of synthesis and characterization

The very first examples of PPH dendrimers function-
alized with heterocycles concerned nitrogen hetero-
cycles, grafted on the aldehyde terminal functions.
Characterization was essentially carried out by NMR.
Simple condensations with various hydrazine deriva-
tives were first carried out on the fourth generation,
bearing 48 aldehyde terminal functions [33]. One
of them was 1-amino-4-(2-hydroxyethyl)piperazine,
which was reacted with generations 1 to 4 of PPH
dendrimers built from the trifunctional core, afford-
ing dendrimers 1-Gn (n = 0 to 4) (Scheme 1A) [34].
Another example of condensation concerned the
reaction of a third-generation PPH dendrimer with
2-hydrazinopyridine, affording dendrimer 2-G3. To
obtain a water-soluble dendrimer, the pyridines
were protonated with HCl (Scheme 1B). The thermal
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Scheme 1. First functionalization examples of aldehyde-decorated PPH dendrimers by nitrogen heterocycles. (A) Condensation.
(B) Other condensation followed by protonation. (C) Horner–Wadsworth–Emmons reaction.

behavior of both compounds and of many other dif-
ferently functionalized PPH dendrimers was studied.
The percentage of mass remaining at +1000 °C was
33.5% and 23.5% for the neutral (2-G3) and proto-
nated (2-G3,HCl) dendrimers, respectively. These
values are lower than those obtained for the den-
drimers with aldehyde terminal functions (47.0% for
G3-CHO48) [35]. Generation 1 PPH dendrimers were
used in Horner–Wadsworth–Emmons reactions [36]
with different stabilized phosphonate carbanions.
The same reaction was also applied to generation 4,
in particular with the phosphonate functionalized
with a piperidine (Scheme 1C). Such a reaction af-
forded both E- and Z -isomers of the C=C double
bond, in an E/Z ratio of 90:10 for both the first
(3-G1) and fourth (3-G4) generations [37].

The P(S)Cl2 terminal functions of PPH dendrimers
are also suitable for grafting heterocycles, using ei-
ther phenol- or amine-functionalized heterocycles.
The reaction of Boc-protected 4-(hydroxyphenyl)

piperazine, in the presence of cesium carbonate
as a base, afforded dendrimer 4-G2 (Scheme 2A).
Deprotection was carried out with trifluoroacetic
acid (TFA), then further functionalization was car-
ried out through a Michael addition of the depro-
tected piperazine to vinylidene tetraisopropyl bis-
phosphonate to afford dendrimer 5-G2. The same
process was applied to generations 1 and 3, afford-
ing dendrimers 5-G1 and 5-G3, respectively. These
dendrimers were used for complexing gadolinium
from Gd(SO3)3·6H2O. Measurements of magnetic
susceptibility for the three generations confirmed
the presence of one gadolinium per bisphospho-
nate group and the occurrence of antiferromagnetic
Gd–Gd interactions [38].

The first example of heterocycles grafted to
PPH dendrimers through an amine concerned N -
(trimethylsilyl)imidazole (Scheme 2B). The reac-
tion was applied to generations 1 and 4 affording
dendrimers 6-G1 and 6-G4, respectively [34]. A kind
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Scheme 2. Various examples of functionalization of PPH dendrimers P(S)Cl2 peripheral groups by nitrogen heterocycles. (A) Re-
action with phenols. (B) Reaction with amines. (C) Reaction with amines on a non-symmetrical dendrimer. (D) Two-step function-
alization with amines.

of Janus [39,40] dendrimer G1-Cl2-G2-Cl8, reacted
on both sides with 1-(2-aminoethyl)piperidine, in the
presence of diisopropylethylamine (DIPEA) as a base,
to afford compound 7-G1-G2 functionalized with a
piperidine on both sides (Scheme 2C). The same re-
action was applied to the next generation, affording
dendrimer 7-G2-G3. In both cases, protonation with
HCl led to water-soluble compounds [41]. In a third
example, the heterocycle was not grafted directly on
the P(S)Cl2 groups but in a second step. The first step
consisted in the substitution of the chlorines with
S-methyl-4-hydroxydithiobenzoate, affording den-
drimer G1-thio12 (Scheme 2D). The second step was
a thioacylation with various amines, in particular
piperazine, to afford dendrimer 8-G1 [42].

Some dendrimers were functionalized to allow
specific characterizations. For instance, generation
zero G0-CHO6 was condensed with the 4-amino-
TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl) radi-

cal, to afford compound 9-G0 (Scheme 3). Com-
pletion of the reaction was monitored by 31P NMR,
which was not too much affected by the presence
of the radicals. This compound was also charac-
terized by single-crystal X-ray diffraction and elec-
tron paramagnetic resonance (EPR). Both techniques
gave identical structures in the solid state and in
solution, with three arms above the cyclotriphosp-
hazene ring, and three below [43]. The same syn-
thetic method was applied to generations 1 to 4 of
PPH dendrimers. Proportionality between the EPR
signal intensity and the number of radicals of each
generation was observed. These dendrimers were
studied in diluted solution to detect intramolecular
interactions between branches. A |∆mS | = 2 transi-
tion at half-field was observed in all cases by EPR,
giving direct evidence of the intramolecular origin
of the dipolar interactions. The magnetic properties
of dendrimers 9-G0, 9-G1, and 9-G4 were also in-
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Scheme 3. PPH dendrimers functionalized with TEMPO radicals.

vestigated on a polycrystalline sample by supercon-
ducting quantum interference device (SQUID) mag-
netometry. The results indicated antiferromagnetic
interactions between the radicals [44].

Another specific analytical method is fluores-
cence, used for the characterization of dendrimers
functionalized with fluorophores, especially those
based on heterocycles. N -(4′-hydroxyphenylethyl)-
3,4-diphenylmaleimide, obtained by reaction of tyra-
mine with 3,4-diphenyl maleic anhydride, was re-
acted with the P(S)Cl2 terminal functions of PPH
dendrimers from generation 1 to generation 3, to
afford dendrimers 10-Gn (n = 1, 2, and 3) (Figure 2A).
A linear increase of the λmax values in UV–Vis spec-
troscopy with the number of chromophores con-
firmed the absence of large defects in the structure
of the dendrimers. The fluorescence of all these den-
drimers was measured in THF at 300 and 375 nm as
wavelengths for excitation, with emission at 499 nm.
The fluorescence quantum yields decreased from
generation 0 (78%) to generation 3 (39%). Analogous
experiments were carried out in CH2Cl2 at 302 or 320
and 375 nm as the wavelengths for excitation, with
emission at 506 nm. A decrease in the quantum yield
was also observed, from 72% for 10-G1 to 23% for
10-G3. Such a decrease might be due to interactions
between fluorophores in close proximity, or to inter-
actions of the fluorophores with the dendritic struc-
ture, leading in both cases to a nonradiative deacti-
vation process [45]. Rhodamine B was functionalized
with tyramine to be grafted to the first-generation
PPH dendrimer having P(S)Cl2 terminal functions, to
afford compound 11-G1, having both a nitrogen and
an oxygen heterocycle, associated in a spirolactam
structure (Figure 2B). Such a closed form is not fluo-
rescent, and it was not possible to open it to recover
fluorescence, even when adding HCl [46].

Two-photon absorption (TPA) processes are in-

volved in a wide range of applications, and differ-
ent types of dendrimers have been functionalized
with TPA fluorophores [47], in particular PPH den-
drimers [48]. A series of compounds functionalized
with push–pull stilbazole chromophores, including
dendrimers 12-G1 and 12-G2, were synthesized, to
study the magnitude of the potential cooperative
effects between fluorophores (Figure 2C). A reduc-
tion in the molar extinction coefficient per chro-
mophoric subunit was observed in dendrimers com-
pared to the monomer. The same molar extinction
per chromophoric subunit was also observed when
increasing the generation of the dendrimers, proba-
bly due to an increased proximity between the chro-
mophores. Interestingly, the TPA maximum cross
section σmax

2 per chromophoric subunit increased
from monomer to dendrimers on the contrary [49].

2.2. Catalytic properties of PPH dendrimers
functionalized with N-heterocycles

PPH dendrimers have many catalytic properties, as
shown in a recent review [50]. Most of them bear ni-
trogen heterocycles as ligands or organocatalysts, as
it will be shown in this part of the review. A series of
dendrimers (generations 1 to 3) and the correspond-
ing monomer functionalized with the pyridine-imine
ligand were used for the complexation of copper, af-
fording dendrimers 13-G1, 13-G2, and 13-G3, and
monomer 13-M (Scheme 4A). These compounds
were used as catalysts in several reactions. It should
be noted that in all catalytic experiments performed
with different generations of PPH dendrimers, the
same quantity in catalytic sites is used. It means
that the efficiency of one equivalent of 13-G3 is com-
pared with that of two equivalents of 13-G2, four
equivalents of 13-G1, and 48 equivalents of 13-M.
These catalysts were used in different reactions, in
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Figure 2. Fluorescent PPH dendrimers based on heterocycles. (A) 3,4-Diphenylmaleimide. (B) Spirolactam form of rhodamine B.
(C) Stilbazole chromophores for TPA.

particular for the arylation of pyrazole with iodoben-
zene and bromobenzene (Scheme 4B). A large dif-
ference in catalytic efficiency was observed between
the monomer (very low efficiency) and the den-
drimers. A difference between the different genera-
tions of the dendrimers was also observed in the case
of bromobenzene (Scheme 4C), displaying a nice
positive dendrimer (or dendritic) effect [51]. Other
catalyzed reactions with these dendritic complexes
comprised the coupling of 3,5-dimethylphenol with
iodobenzene (Scheme 4D) and the coupling of bro-
mostyrene with N- and O-nucleophiles, pyrazole and
3,5-dimethylphenol, respectively (Scheme 4E) [52].

A terpyridine complexing scandium at the surface
of a fourth-generation PPH dendrimer (compound
14-G4 in Scheme 5) was used as catalyst in Friedel–
Crafts acylations under microwave heating. A wide
range of aromatics were used, in twelve consecu-
tive runs, by recovering the dendritic catalyst through
precipitation with diethyl ether and reusing it in the
next run with different substrates. It can be noted
that runs 4 and 12 were carried out with the same
substrates and afforded identical yields [53].

A tripodal C-scorpionate ligand [tris-2,2,2-(1-
pyrazolyl)ethanol], was used both as monomer (15-
M) and grafted to a first-generation PPH dendrimer
(15-G1) for complexing Pd(OAc)2. These complexes
were used for catalyzing a Sonogashira reaction
between phenylacetylene and iodobenzene, and a
Heck reaction between styrene and iodobenzene

(Scheme 6). Monomer and dendrimer gave almost
the same yield in coupling product in the case of
the Sonogashira reaction, but the dendrimer was
much better (63%) than the monomer (24%) in Heck
couplings [54].

Cheaper and safer than organometallic catalysis,
organocatalysis is increasingly used. A review has
emphasized the early times of dendritic organocat-
alysts [55]. The Jørgensen–Hayashi catalyst ((S)-
α,α-diphenylprolinol trimethylsilyl ether [56,57])
was grafted to the surface of generations 1 to 3 of
PPH dendrimers (compounds 16-G1, 16-G2 and
16-G3), and to cobalt nanoparticles covered by
a few graphene layers (16-NP, Scheme 7). Both
types of compounds were applied as organocatalysts
(10 mol% of catalytic sites in all cases) in the addition
of propanal to β-nitrostyrene at 10 °C. Dendrimers
16-G2 and 16-G3, and the nanoparticles 16-NP gave
excellent yields at the first run. However, when try-
ing to recover the catalysts, only dendrimer 16-G3
still gave excellent results after four runs (graph in
Scheme 7). Compounds 16-G3 and 16-NP were then
used as organocatalysts for the coupling of a series
of nitroolefins with a series of aldehydes. Dendrimer
16-G3 gave yields over 99% in all cases, whereas
nanoparticles 16-NP gave yields between 42% and
99% [58].

Two other examples of organocatalysis in-
volved (+)-cinchonine, differently grafted to PPH
dendrimers. In the first case, the ethylenic function
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Scheme 4. Catalysis with copper complexes of dendritic pyridine-imine ligands.

of (+)-cinchonine was involved in a thiol-ene re-
action with 4-(2-mercaptoethyl) phenol, affording
monomer 17-M, which was grafted to a branch, to
afford 17-B and to generations 1 and 4 of PPH den-
drimers, to afford compounds 17-G1 and 17-G4, re-
spectively. All these compounds were applied as cat-
alysts in asymmetric amination of β-keto esters, us-
ing in particular ethyl 2-oxocyclopentanecarboxylate
and benzyl azodicarboxylate (Scheme 8). The re-
action was extremely rapid (2 min) except with the
fourth-generation 17-G4, which necessitated 30 min.
The branch 17-B and the first-generation 17-G1 gave
the best enantiomeric excesses, whereas 17-G4 af-
forded a racemic mixture. Recycling experiments
were carried out with 17-B and 17-G1. The branch

17-B could be recovered and reused five times,
whereas the dendrimer 17-G1 could be recovered at
least nine times, displaying still very good yield (90%)
and enantioselectivity (82%) at run 10. The scope of
this reaction was evaluated using cyclic and non-
cyclic esters, cyclic β-diketones, and opened-chain
esters. In practically all cases, the dendrimer 17-G1
was more efficient than the branch 17-B [59].

The second method for grafting various deriva-
tives of (+)-cinchonine necessitated first to modify
the surface of the first-generation PPH dendrimer, to
have iodine as terminal functions. In the last step,
the dendrimer was used to alkylate (+)-cinchonine,
affording dendrimers 18-G1a–d, functionalized with
twelve quaternary ammonium salts, and different
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Scheme 5. Generation 4 of dendritic terpyridine–scandium complex for catalyzing Friedel–Crafts acylations under microwaves
(MW), using a wide range of aromatics, by recovering and reusing the dendritic catalyst eleven times.

Scheme 6. Pd-complexing monomeric and dendritic C-scorpionate ligands used as catalysts in Sonogashira and Heck couplings.

types of R substituents (H, allyl, benzyl, TMS). This
family of dendrimers was used as organocatalyst
(0.1 mol%) in the reaction of glycinate with benzyl
bromide at 25, 0, and −25 °C (Scheme 9). The re-
sulting imines were derivatized to the correspond-
ing trifluoroacetamides, and deprotected with triflu-
oroacetic anhydride to get stable compounds, easier
to analyze. Dendrimer 18-G1b (R = allyl) afforded
the best enantioselectivities, and the enantiomeric
excess (ee) was better when the reactions were per-
formed at 0 °C. It was possible to recover and reuse
18-G1b at least four times with still good yield (77%)
and enantioselectivity (79%) [60].

2.3. Materials functionalized with PPH
dendrimers bearing N-heterocycles

Condensation between the aldehyde terminal func-
tions of PPH dendrimers and hydrazones of type
Girard P (pyridinium) afforded dendrimers function-
alized with pyridiniums, either built from a trifunc-
tional core (family 19-Gn) or an hexafunctional core
(family 20-Gn). All these dendrimers were soluble in
water, but when heated at 60–65 °C for 11–13 days,
the solutions became rigid hydrogels, as illustrated
by the reversed flask in Figure 3. Each terminal
pyridinium group was able to gel around 1200–1400
molecules of water, regardless of the dendrimer gen-
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Scheme 7. Organocatalysis with dendrimers and nanoparticles using 10 mol% of prolinol moieties in all cases, and recovery and
reuse experiments.

Scheme 8. Organocatalysis with (+)-cinchonine derivatives.

eration. Gelation time can be dramatically reduced
in the presence of water-soluble substances such as
acids (citric, ascorbic, lactic, L-tartaric acid, etc.),
buffer [TRIS (tris(hydroxymethyl)aminomethane)],
dithioerythritol (DTE), sodium salt of ethylenedi-
amine tetraacetate (EDTA), or even metallic salts (Ni,
Y, Er acetates). Freeze-drying of these hydrogels at
low temperature gave rise to aerogels that retained
the shape and size of the hydrogels, presumably in
relation to the supramolecular interactions shown
in Figure 3 [61]. These dendrimers were also used
for the production of fibers when depositing them

through a moving needle in a flocculating bath con-
taining 10 mol% La(NO3)3. These fibers displayed
an elastic behavior (reversible deformation) con-
trarily to fibers produced with polymers in the same
condition, which displayed a plastic behavior (ir-
reversible deformation), as shown by mechanical
measurements [62].

Later on, the hydrogels based on the 20-Gn family
were also prepared in the presence of biocompatible
additives such as glucose, glycine, or polyethylene
glycol. They were used to efficiently bind and slowly
release nucleic acids [63].



226 Zoia Voitenko et al.

Scheme 9. First generation of PPH dendrimer functionalized with twelve quaternary ammonium salts and used as organocatalyst.

Figure 3. Hydrogel obtained with dendrimers functionalized with the Girard P reagent.
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Figure 4. Dendrons functionalized with ethacrynic acid and grafted to graphene oxide.

Graphene oxide is generally produced by oxida-
tion of graphite [64], inducing the formation of var-
ious oxygenated functional groups, potentially suit-
able for grafting different entities, including dendritic
structures. Dendrons are dendritic wedges, having
one function at the core different from the func-
tions at the surface [65], which are in particular suit-
able for the grafting to materials. Different types of
PPH dendrons have been grafted to graphene oxide,
first modified to be suitable to react with the func-
tion located at the core of dendrons. Modification
of graphene oxide with SOCl2 produced acid chlo-
ride functions, suitable to react with primary-amine
functions in peptide-coupling-type reactions. Dif-
ferent dendrons equipped with Boc-protected tyra-
mine at the core and various types of functions at
the surface were deprotected, but the deprotection
was successful only in the case of ethacrynic acid
terminal functions. It was shown previously that
small derivatives [66] and PPH dendrimers function-
alized with ethacrynic acid [67,68] displayed mod-
erate anticancer properties. A first-generation den-
dron functionalized with ethacrynic acid linked to
the dendrimer through 4-hydroxy-phenylpiperazine
was grafted to modified graphene oxide, affording

21-G1@GO (Figure 4). Dendron 21-G1 alone dis-
played a moderate anticancer activity, which van-
ished when it was grafted to graphene oxide [69].

A series of dendrons having different types of
pyridine-imine peripheral functions, and either an
alkyne [series 22x-G1 (x = a,b,c)] (Figure 5A) or
an azide [series 23x-G1 (x = a,b,c)] (Figure 5B) at
the core, were grafted via “click” reactions [70] to
graphene oxide previously functionalized with azide
or alkyne, respectively. Materials 22x-G1@GO and
23x-G1@GO (x = a,b,c) were obtained in this way,
functionalized via a triazole ring for both families
(Figure 5). Only material 23a-G1@GO displayed
moderate anticancer properties against HCT116 cells
(human colon cancer), with a percentage of viability
of 60.5% at 10−5 M, but this material was by far less
efficient than the corresponding dendron alone 23a-
G1 (4.2% viability at 10−5 M) [71].

2.4. Biological properties of PPH dendrimers
functionalized with N-heterocycles

PPH dendrimers functionalized with nitrogen het-
erocycles can have either biological properties by
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Figure 5. Graphene oxide (GO) functionalized with two series of pyridine-imine dendrons, grafted by click chemistry.

themselves or can be used to bind and deliver bioac-
tive substances. The pyridine-imine functions shown
in Figure 5 were also grafted to the surface of PPH
dendrimers, from generation 1 to generation 3, and
they were used first for the complexation of copper
dichloride, affording dendrimers 24-G1a,b,c-Cu12,
24-G2a,b,c-Cu24, and 24-G3a,b,c-Cu48 (Figure 6).
Both the “free” dendrimers and those complexing
copper were tested for the growth inhibition of HL60
cells (leukemia). The third generation was in all cases
the most efficient, thus further experiments were car-
ried out only with the third generation dendrimers
against KB cells (epidermal carcinoma). Dendrimers
functionalized with ligands of type a were more effi-
cient than those functionalized with ligands of type b
or c, and the copper complexes were more efficient

than the free dendrimers. Thus, only dendrimers 24-
G3a and 24-G3a-Cu48 were tested against a panel of
cancerous and non-cancerous cells. The IC50 val-
ues (quantity of dendrimers necessary to kill 50% of
cells) were measured. The Cu-complex 24-G3a-Cu48

was more toxic against the cancerous cells KB, HL60,
HCT116 (human colon cancer), MCF-7 (hormone-
responsive breast cancer), OVCAR8 (ovarian carci-
noma), and U87 (human glioblastoma) than against
the non-cancerous cells MCR-5 (proliferative human
lung fibroblasts) and the quiescent EPC (endothelial
progenitor cells, Cyprinus carpio), contrarily to the
free dendrimer 24-G3a [72]. In order to understand
the large difference observed between the different
types of ligands (a, b, or c), comparative electron
paramagnetic resonance (EPR) studies were carried
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out, in the presence (or absence) of HCT116 can-
cer cells and MRC-5 normal cells. It was shown that
dendrimer 24-G3a-Cu48 bound copper more firmly
than 24-G3b-Cu48 and 24-G3c-Cu48, which may ex-
plain its better efficiency [73]. To gain insight in
the differences observed between 24-G3a and 24-
G3a-Cu48, their mode of action and cell death path-
ways were examined. Dendrimer 24-G3a moder-
ately activated caspase-3 activity, an apoptosis in-
ducer leading to DNA fragmentation. Dendrimer 24-
G3a-Cu48 induced a noticeable translocation of Bax
(pro-apoptotic protein) to the mitochondria, result-
ing in the release of apoptosis inducing factor (AIF
protein) into the cytosol, which led to a severe DNA
fragmentation without alteration of the cell cycle.
Such a mechanism is in line with the higher activity
of the Cu complex compared to the non-complexed
dendrimer [74].

Dendrimer 24-G3a-Cu48 was associated with dif-
ferent types of anticancer drugs, cisplatin (alkylat-
ing agent that binds to DNA), camptothecin (topoi-
somerase I inhibitor), paclitaxel (antimitotic agent),
doxorubicin (DNA intercalator, topoisomerase II in-
hibitor), and MG132 (proteasome inhibitor) (Fig-
ure 7). The combinations were tested at the active
dose of each compound on KB and HL60 cancer cell
lines. No effect was observed with the combination
of 24-G3a-Cu48 with camptothecin on either type of
cells. No effect was neither observed in the case of
24-G3a-Cu48 + cisplatin on KB cells, but an additive
effect was observed with this combination on HL60
cells, as well as in the case of the combinations of
paclitaxel or MG132 on both types of cells. A syn-
ergistic effect was observed for the combination 24-
G3a-Cu48 + doxorubicin, meaning that the effect of
this combination exceeds the sum of the inhibition
of each single active compound [75].

After copper, the complexation of gold by the
same dendritic ligands was attempted using AuCl3.
Interestingly, complexation occurred differently in
this case with [AuCl2]+ being complexed by the lig-
and, while [AuCl4]− was the counter ion (compound
24-G3a-Au48) (Figure 6). This gold complex 24-G3a-
Au48 was found active at the low nanomolar range
against KB (IC50 = 7.5 nM) and HL60 (IC50 = 3.3 nM)
cells, to be compared to the copper complex 24-G3a-
Cu48 against KB (IC50 = 470 nM) and HL60 (IC50 =
580 nM) cells. In view of this striking difference, a se-
ries of dendrimers stochastically functionalized with

copper, gold, free ligand a, or polyethylene glycol
(PEG) was synthesized (Figure 8) in order to evalu-
ate a potential synergistic effect. It was shown that
ten gold complexes per dendrimer were sufficient to
observe an activity in the low nanomolar range, re-
gardless of the other substituents [76]. In addition,
an iron complex (compound 24-G3a-Fe48) was syn-
thesized and tested, but it was found less active than
the corresponding Cu complex [75] (Figure 6).

A series of dendrons having an alkyl chain at the
core and the same ligands at the surface as the den-
drimers shown in Figures 6 and 8 was synthesized.
These dendrons were equipped with an alkyl chain
of variable length at the core (C11 for 25a-C11-G1, or
C17 for 25a-C17-G1), and complexed either with cop-
per or gold on the pyridine-imine ligands of type a
(Figure 9A). These dendrons were tested against ag-
gressive breast cancer cell lines (4T1, MCF-7). All
these dendrons displayed significant antiprolifera-
tive activities. The best results were obtained with
the shorter-chain dendron complexing gold (25a-
C11-G1-Au10). The mechanism of action involved the
translocation of Bax into the mitochondria as previ-
ously [77]. Another family of dendrons was equipped
with two alkyl chains at the core linked to a triazine
and having as peripheral functions a type-c ligand for
complexing either copper or gold (Figure 9B). These
dendrons formed micelles in water (mean diameter
∼9 nm for 26c-G0-Cu5) and multimicellar aggregates
(mean diameter ∼60 nm for 26c-G0-Au5). Both den-
dritic complexes were tested against several strains
of glioblastoma, a malignant brain tumor (BTSC233,
JHH520, NCH644, SF188 [pediatric], and U87 cell
lines). IC50 values were in the 3–6µM range with 26c-
G0-Cu5 and 11–15 µM with 26c-G0-Au5, to be com-
pared to IC50 > 100 µM with temozolomide, the clin-
ical standard used against glioblastoma [78].

Two series of first- and second-generation den-
drons having a fluorescent group or an azabisphos-
phonate group at the core and either pyrrolidinium
(27a-c-Gn, n = 1,2) or piperidinium (28a-c-Gn,
n = 1,2) peripheral functions were synthesized (Fig-
ure 10), and their critical micelle concentrations
(CMC) were measured. The lower CMC values
(1.42 to 3.56 µM) were obtained with the pyrene
series (dendrons 27a-Gn and 28a-Gn, n = 1,2),
whereas the higher values (45.5 to 153.7 µM) were
obtained in the case of the azabisphosphonate group
at the core (dendrons 27c-Gn and 28c-Gn, n = 1,2).
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Figure 6. Generations 1 to 3 of PPH dendrimers functionalized with different types of pyridine-imine fragments and complexing
Cu, Au, or Fe.

Figure 7. Association of different anticancer drugs with dendrimer 24-G3a-Cu48 and the effect of these combinations on the
viability of two cancer cell lines.

The antiproliferative activity of these dendrons were
tested against HL60, K562, and HCT116 tumor cell
lines. Best results were obtained with the piperi-
dinium family, in particular of generation 2 (den-
drons 28a-c-G2). Dendron 28c-G2 was tested against
a larger panel of cancerous and non-cancerous cells,
and it displayed lower toxicity toward normal mouse
fibroblast L929 cells (8.75 µM) than toward nine
tumor cell lines (0.27 to 4.1 µM) [79].

Besides the anticancer properties, a few PPH
dendrimers were tested against bacterial strains.

For instance, a few dendrimers shown in Figures 6
and 8 (24-G3a-Au48, 24-G3a-Au10Cu20NN10PEG8,
24-G3a-Au20NN20PEG8, 24-G3a-Cu44PEG4) were
also tested against Gram-positive (Staphylococcus
aureus) and Gram-negative (Escherichia coli, Pseu-
domonas aeruginosa) bacteria, as well as against
yeasts (Candida albicans). Dendrimer 24-G3a-Au48

had the highest antimicrobial activity, whereas 24-
G3a-Au10Cu20NN10PEG8 displayed a marked syner-
gistic effect between both metals, granting this com-
pound the highest anti-fungal activity [76]. A series
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Figure 8. Random functionalization at the surface of PPH generation 3 dendrimers.

Figure 9. Dendrons equipped with one (A) or two alkyl chains (B) at the core and having copper or gold complexes at the periphery.

of viologen-containing dendrimers was synthesized,
and the antibacterial properties were assessed. As
the viologens are inside the branches, and not at the
surface, they are out of the scope of this review, but
one of them is shown in Figure 11A (29-G1), as it

displayed the best antibacterial properties against
the Gram-positive strain S. aureus, and limited the
growth of Gram-negative strains E. coli and P. vul-
garis, due to the presence of a large number of
charges inside the structure [80]. Two series of small
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Figure 10. Different types of dendrons functionalized with N-heterocycles.

Figure 11. (A) Viologen dendrimer and (B) small dendrimers, both having antibacterial activities.

dendrimers (30a-g-G0 and 31a-c,e-g-G0) function-
alized with diverse acetohydrazides, most of them
bearing a nitrogen heterocycle, were synthesized
(Figure 11B). All of them displayed activities against
a panel of bacterial pathogens, the most active being
compound 30a-G0 [81].

Tuberculosis is an infectious disease caused by the
bacillus Mycobacterium tuberculosis (Mtb), which,
according to the World Health Organization (WHO),
has already infected more than one third of the
world’s population [82]. Three families of phos-
phorus dendrimers functionalized with nitrogen
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Figure 12. Three families of PPH dendrimers functionalized with cationic N-heterocycles against tuberculosis.

heterocycles were synthesized (compounds 32a-
e-G0, 33a-g-G1, 33a-b-G2,G3,G4, and 34a-i-G1)
(Figure 12). They were tested against three bacte-
rial strains: attenuated Mycobacterium tuberculo-
sis H37Ra, virulent M. tuberculosis H37Rv, and My-
cobacterium bovis BCG. The smallest compounds
were found to be the most active, in particular com-
pounds 32a-G0 (six pyrrolidinium groups) and 32b-
G0 (six piperidinium groups). In addition, 32b-G0
showed relevant efficiency against M. tuberculosis
strains resistant to widely used drugs such as ri-
fampicin, isoniazid, ethambutol, or streptomycin.
Thus, compound 32b-G0 was tested in vitro and in
vivo. It was administered orally once a day for two
weeks to mice infected by the attenuated H37Ra Mtb
strain. A superior efficiency of this compound com-
pared to ethambutol and rifampicin was observed in
vivo [83].

Beside the properties observed as drugs per
se, PPH dendrimers have been also used as drug

and DNA carriers. Dendrimers 33a,h,i,j-G1,G4
(Figure 12) were synthesized, but only the fourth
generations were tested, except compound 33j-G4
which was discarded as it was not soluble in water.
Cytotoxicity of dendrimers 33a,h,i-G4 was found
to be low against both cancerous and normal cells.
Their ability to interact with DNA was tested by
electrophoresis. Only the dendrimer bearing the
pyrrolidinium groups (33a-G4) was found to be suit-
able for transfection experiments, to deliver single-
stranded (labelled with FITC) and double-stranded
(GFP-coding plasmids) DNA into one healthy (HU-
VEC) and two cancerous (HEK 293 and HeLa) cell
lines [84]. The third generation of the same den-
drimer (33a-G3) was used to carry a small interfering
RNA, anti-Lyn, as a potent anticancer agent against
glioma. In addition to delivery, the dendrimer it-
self influenced various cell parameters, in particular
those suggested to be regulating glioblastoma cell in-
vasion [85]. Generations 1 to 3 of the same dendrimer
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Figure 13. Different types of dendrons functionalized with N-heterocycles and used as carriers of RNA.

(33a-G1,G2,G3) were used to condense plasmid DNA
(pDNA) encoding enhanced green fluorescent pro-
tein (EGFP), and to deliver it to HeLa cancer cells.
Compound 33a-G1 displayed the best gene-delivery
efficiency. This small dendrimer was then used to
deliver pDNA encoding both EGFP and p53 protein,
resulting in cell cycle arrest for cancer-gene-therapy
applications. Such properties were also validated
in vivo with mice bearing a xenografted tumor [86].
Dendrimers 33a-G3 and 20-G3 complexing Mcl-1
siRNA were used as dopants of hydrogels (agarose
gels). Combinations of both dendrimers in various
proportions permitted to adjust the speed of siRNA
release [87].

Different types of PPH dendrons functionalized
with nitrogen heterocycles were also used as carri-
ers. A third-generation dendron, having additional
phenyl groups inside the structure to increase the hy-
drophobicity, a C17 alkyl chain at the core, and 40
pyrrolidinium groups at the periphery (compound
35-G3) (Figure 13A) formed micelles that possessed
good intrinsic anticancer activity. These micelles
were suitable for encapsulation of the hydrophobic
anticancer drug doxorubicin (DOX) with high drug-
loading content (42.4%) and encapsulation efficiency
(96.7%). The micelles of dendrons loaded with dox-
orubicin acted collectively to take down breast can-
cer cells, both in vitro and in vivo, in a xenografted tu-
mor model. Furthermore, the micelles 35-G3@DOX
significantly decreased the intrinsic toxicity of free
doxorubicin [88]. A first-generation dendron bearing
also pyrrolidinium peripheral groups and a long alkyl
chain at the core (compound 36-G1) (Figure 13B)
also formed micelles suitable to encapsulate doxoru-
bicin with optimal loading content (80%) and encap-

sulation efficiency (98%). Compound 36-G1@DOX
was able to compress microRNA-21 inhibitor (miR-
21i), and to co-deliver it for combination therapy
of triple-negative breast cancer. This polyplex was
readily phagocytosed by cancer cells, which killed
them in vitro. It was also used to efficiently treat
an orthotopic triple-negative breast tumor model in
vivo, as demonstrated by a large decrease in tumor
size for the polyplex-treated mice [89]. Even a very
small dendron (37-G0) (Figure 13C) was able to com-
press microRNA-30d (miR-30d) and form polyplexes
that effectively transfected miR-30d to cancer cells.
miR-30d is known to significantly inhibit the mi-
gration and invasion of a murine breast cancer cell
line. This phenomenon was indeed observed with
37-G0@miR-30d both in vitro and in vivo in a sub-
cutaneous tumor mouse model [90].

Another way to deliver active substances consists
in grafting them to the surface of dendrimers through
a cleavable bond. Such a concept was illustrated with
PPH dendrimers for fipronil, an insecticide having a
poorly reactive NH2 group, which was nevertheless
reacted with the aldehyde terminal functions of gen-
eration 1 and 4 dendrimers to generate compounds
38-G1 and 38-G4 (Figure 14). The imine bonds were
very sensitive to water, which would release fipronil.
These dendrimers, kept as powders under air for 35
days, released 12% and 37% of fipronil from 38-G1
and 38-G4, respectively. As it was difficult to keep
these compounds pure and prevent the hydrolysis of
the imine bonds, another attempt was carried out to
have an amine instead of an imine for the grafting
to the dendrimers (compounds 39-Gn, n = 1,4) (Fig-
ure 14). These compounds were stable for months
as powders under air. Despite being much less sen-
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Figure 14. Dendrimers functionalized with fipronil.

sitive to hydrolysis than the 38-Gn family, the 39-Gn
family retained a certain persistence of the pesticide
activity, possibly through a different mechanism of
action [91].

3. PPH dendrimers functionalized with oxygen
heterocycles

Few oxygen heterocycles were grafted to the surface
of phosphorus dendrimers and dendrons, all of them
being of the carbohydrate type. Very small den-
drons bearing a phenyl, a ferrocene, or a phospho-
nate group at the core were functionalized with β-
D-glucoside groups (compounds 40a,b,c-G0) (Fig-
ure 15) [92,93]. Generations 1 and 4 of dendrimers
(41-G1 and 41-G4) were functionalized with the
same β-D-glucoside groups. Isomers of the hy-
drazone bonds were observed by 31P, 1H, and 13C
NMR [94].

Generations 1 to 3 of PPH dendrimers were func-
tionalized with para-hydroxyphenyl-2,3,4-tri-O-
acetyl-β-D-xylopyranoside, affording dendrimers
42a-Gn (n = 1,2,3), then deprotection of the alco-
hols by hydrolysis of the acetate groups produced
dendrimers 42b-Gn (n = 1,2,3) (Scheme 10) [95].

A series of dendrimers capped with mannose units
was synthesized with the aim of mimicking the bioac-
tive supramolecular structure of mannose-capped
lipoarabinomannan, one of the most abundant gly-
colipids in the M. tuberculosis cell wall, which de-
creases the immune response in favor of promoting

the infection. The series of dendrimers 43-Gn-X dif-
fers by the generation (n = 1 to 4) and the type of
mannose caps, being constituted of a single man-
nose (X = M), or two mannoses connected (α1 →
2) (X = D), or even three mannoses (X = T) (Fig-
ure 16). The binding avidity of all these dendrimers
for DC-SIGN (dendritic cell-specific intercellular ad-
hesion molecule-3-grabbing non-integrin) was mea-
sured. The best results (highest binding avidity)
were obtained with 43-G3-T (48 trimannosides) and
43-G4-D (96 dimannosides). These dendrimers in-
hibited proinflammatory cytokines. Furthermore,
per os administration of the 43-G3-T mannoden-
drimer to mice exposed to aerosolized lipopolysac-
charide (LPS), as a model of acute lung inflamma-
tion, induced a significantly reduced neutrophil in-
flux. It was thus found suitable for the potential treat-
ment of lung inflammatory diseases [96]. Later on,
dendrimers 43-G2-M and 43-G2-D were used in a
structure/function relationship study, which demon-
strated that dimannoside caps (as in 43-G2-D) and
multivalent interactions were required for efficient
ligand binding [97].

4. PPH dendrimers functionalized with sulfur
heterocycles

Very few S-heterocycles were used for the functional-
ization of PPH dendrimers, all of them were synthe-
sized for electrochemical experiments. In a first ex-
ample, generations 0 to 4 of phosphorus dendrimers
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Figure 15. Functionalization of dendrons and dendrimers with β-D-glucoside groups.

Scheme 10. Grafting protected D-xylose at the surface of dendrimers and its deprotection.

Figure 16. Dendrimers functionalized with 1, 2, or 3 mannose units on each terminal function.
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Figure 17. PPH dendrimers functionalized with S-heterocycles, thiophene, and TTF derivatives.

were functionalized with two thiophene groups, us-
ing Wittig reactions on the aldehydes (compounds
44-Gn, n = 0 to 4) (Figure 17A). Electropolymeriza-
tion of these dendrimers was obtained by applying
recurrent potential scans, which induced the grow-
ing of a polymer in the form of a dark blue film on
the anode surface. Polymers formed with 44-G0 and
44-G1 essentially contained inter-dendrimer link-
ages, whereas an increasing part of intra-dendrimer

linkages was observed for higher generations [98].
PPH dendrimers were also functionalized by Wittig
reactions with tetrathiafulvalene (TTF) derivatives
(45a-Gn, n = 1 to 5, from 6 to 96 TTF moieties) (Fig-
ure 17B), sometimes linked to a crown ether (45b-
G3). Electrodes modified with these dendrimers
were obtained by electrodeposition, with no signifi-
cant difference observed between the different den-
drimer generations. Electrodes modified with den-
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Scheme 11. Alternative methods of synthesis of phosphorus dendrimers.

drimer 45b-G3 were suitable for detecting and quan-
tifying Ba2+ cations, which could be coordinated
by the TTF–crown ether ligands [99]. Generation 1
of PPH dendrimers was functionalized with TTF
linked through different types of linkers (46a,b,c,d,-
G1) (Figure 17C). Thin-layer cyclic voltamperometry
results were in full agreement with twelve TTF units
per dendrimer in all cases. Chemical oxidation of
the TTF moieties with PhI(OAc)2/CF3SO3H induced
the formation of mixed-valence cation radical salts,
which were conductive. They were characterized by
measurement of optical density in the solid films and
by UV–Vis–NIR spectroscopy in solution [100].

5. PPH dendrimers functionalized with mixed
heterocycles

A few mixed heterocycles incorporating both nitro-
gen and oxygen have been already shown in Fig-
ure 12, as they were part of a series of nitrogen hete-
rocycles. However, other types of mixed heterocycles
incorporating other elements, in particular phospho-
rus, were used for the functionalization of PPH den-
drimers. In that case, either the P-heterocycles were
pre-synthesized before the grafting to dendrimers, or
they were obtained by reaction of the P(S)Cl2 termi-
nal functions with diamines.

Besides the classical two-step synthesis of PPH
dendrimers, several alternative methods for the syn-
thesis of phosphorus dendrimers have been pro-
posed. One of them consisted in the repetition of

three steps and involved the use of a chlorodiaza-
phospholane. As illustrated in Scheme 11A, this
diazaphospholane was reacted with N–H peripheral
functions to afford dendrimer 47-G0, which was re-
acted with a phosphorus azide in a Staudinger re-
action [101], then with methylhydrazine, and again
with the chlorodiazaphospholane to afford den-
drimer 47-G1 [102]. Another alternative method for
the synthesis of phosphorus dendrimers consisted in
using P=O instead of P=S derivatives. Condensation
of the aldehyde peripheral functions with a methyl-
hydrazine derivative of oxazaphospholidine afforded
dendrimer 48-G1 (Scheme 11B) [103].

Cage compounds based on phosphorus and
their complexes are mainly used in catalysis [104].
A trihydrazino phosphoadamantane functional-
ized with a pendant amine was reacted with the
P(S)Cl2 functions of a first-generation dendrimer,
and then the remaining free phosphine was com-
plexed with ruthenium para-cymene, to afford com-
plex 49-G1 (Scheme 12A), but this complex was not
used in catalysis experiments [105]. 1,3,5-Triaza-7-
phosphaadamantane (PTA) [106] was grafted to the
surface of PPH dendrimers from generation 1 to 3
and used for complexing ruthenium, affording den-
drimers 50-Gn (n = 1 to 3), and the corresponding
monomer 50-M was also synthesized (Scheme 12B).
These complexes were tested as catalysts in the
hydration of phenylacetylene, and also in the iso-
merization of 1-octan-3-ol (Scheme 12B). In that
case, biphasic water/heptane reaction conditions
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Scheme 12. PPH dendrimers functionalized with cage compounds, such as PTA, and used as catalysts.

were used, which enabled the easy recovery of the
product in the organic phase, and of the dendritic
catalysts in the aqueous phase. The efficiency of
the catalysts increased as the generation increased,
and recycling experiments with the first-generation
dendrimer 50-G1 were efficiently carried out three
times [107]. Another dendrimer having twice the
number of PTA at a given generation (51-G1) was
synthesized. The efficiency of dendrimer 51-G1 (24
PTA-Ru) was compared to that of 50-G1 (12 PTA-Ru)
and 50-G2 (24 PTA-Ru) in the hydration of alkynes
(Scheme 12C). The dense dendrimer 51-G1 was

the most efficient in this reaction [108]. As some
ruthenium derivatives were proposed as anticancer
agents, these dendrimers were also tested for their
ability to interact with DNA. Dendrimer 50-G3 was
discarded as insoluble in water, whereas dendrimers
50-G1 and 50-G2 were poorly soluble. Only the
monomer 50-M and the smallest dendrimer 50-G0
were soluble in water. Tests for unwinding super-
coiled DNA indicated that dendrimer 50-G0 was the
most efficient [109].

A chiral phosphoramidite ligand, suitable for the
complexation of rhodium, was grafted on a model
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Figure 18. Rh-complexing chiral phosphoramidite ligand linked to the surface of dendrimers used as enantioselective catalysts.

52-M, on a branch (52-B), and at the surface of den-
drimers from generation 1 (52-G1) to generation 3
(52-G3) (Figure 18). The resulting Rh-complexes
were used as catalysts in the [2+2+2]-cycloaddition
reaction of three alkynes, between N -tosyl-1,6-diyne
and 2-methoxynaphthalene alkynyl derivatives. A
strong positive dendritic effect was observed both in
yield and enantioselectivity of this reaction (deter-
mined by chiral HPLC), leading to axially chiral biaryl
compounds [110].

Besides the direct grafting of phosphorus-
containing heterocycles, the P(S)Cl2 termi-
nal functions are particularly suitable to re-
act with diamines to produce five- or six-
membered heterocycles involving a N–P–N link-
age. Such a reaction was first applied to gener-
ations 1 and 3, reacted with different tetraaza-
macrocycles (1,4,8,11-tetraazacyclotetradecane,
1,4,8,12-tetraazacyclopentadecane, and 1,4,8,11-
tetraazacyclotetradecane-5,7-dione) (Scheme 13).
Five-membered rings (diazaphospholanes) were
preferred when either five- or six-membered rings
could be produced (cases 53a-Gn and 53b-Gn). A
six-membered ring (diazaphosphorinane) was ob-
tained only in the case 53c-Gn, where there was no
possibility of creating a five-membered ring because
of the presence of the amide moieties [111].

The same process was applied for the grafting
of triazatriolefinic macrocycles functionalized with a
diamine linker. Generations 1, 2, and 4 were syn-
thesized by using the diamine to produce diazaphos-

pholane rings (compounds 54-Gn, n = 1,2,4) (Fig-
ure 19) [112]. The dendritic macrocycles reacted with
Pt2(dba)3 (dba = dibenzylideneacetone) and formed
platinum nanoparticles (Pt-NPs) in very mild condi-
tions. Interestingly, the dendrimers assembled these
Pt-NPs in branched networks, for which the degree of
branching and the length increased as the generation
of the dendrimers increased. A very unique organiza-
tion of organic dendritic structures interweaved with
inorganic dendritic structures was observed for the
first time with these dendrimers [113].

A few mixed heterocycles not involving phospho-
rus were grafted to the surface of PPH dendrimers,
essentially for catalytic experiments. Two families of
dendrimers functionalized with bis(oxazoline) lig-
ands, either linked through a phenol (dendrimers
55a-Gn, n = 1,2,3) or through a triazole issued from
a click reaction (dendrimers 55b-Gn, n = 1,2,3,
Scheme 14) were found suitable for complexing
CuCl2. The resulting Cu complexes were used as
catalysts in asymmetric benzoylation of linear (case
a in Scheme 14) and cyclic diols (case b). Best results
were obtained in the case of the acyclic diol. The 55b
family was more efficiently recovered than the 55a
family, and it could be reused twice with still good
yield and enantioselectivity [114].

Thiazoles have many biological properties [115],
but they were grafted to the surface of dendrimers
for their catalytic properties. Indeed, depending
on the substituents they bear, in particular phos-
phines, they can complex metals, to be used as
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Scheme 13. Reaction of macrocyclic tetraamine derivatives with P(S)Cl2 functions of dendrimers.

Figure 19. Triazatriolefinic macrocycles grafted to PPH dendrimers through diazaphospholane rings.

catalysts [116]. A thiazolyl phosphine was grafted
to the surface of generations 1 and 3 of PPH
dendrimers affording compounds 56-Gn (n = 1
and 3, Scheme 15), which were suitable for com-
plexing Pd(OAc)2. The dendritic Pd complexes and
the corresponding monomer were used as catalysts
in a panel of Suzuki couplings between diversely
functionalized phenyl bromide and phenyl boronic
acids. A negative dendritic effect was observed, as

the first generation 56-G1 and the monomer 56-M
were more efficient than the third generation 56-G3.
The first-generation 56-G1 could be recovered and
reused at least four times, with still the same effi-
ciency, whereas recovery was not possible with the
monomer 56-M. Leaching measured by inductively
coupled plasma mass spectrometry (ICP-MS) was
very high for the monomer, but undetectable with
the dendrimer, displaying an important advantage
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Scheme 14. Two families of dendrimers functionalized with bis(oxazoline) ligands and used in asymmetric catalysis.

when using dendrimers instead of monomers as
catalysts [117].

6. Conclusion

Phosphorus dendrimers functionalized with a panel
of heterocycles (N-, O-, S- and mixed-heterocycles)
represent versatile platforms for advanced catalysis,
materials, and biomedical applications. These
dendrimers with surface heterocycles can stabi-
lize metal complexes, forming catalytic systems for
organic transformations. These systems were used
in reactions such as Stille couplings, Knoevenagel
condensations, and Michael additions, with the ad-
vantage of catalyst recoverability and reusability. The
high reproducibility of the results is explained by
the fact that the proposed dendrimers containing
heterocyclic rings have a specific chemical formula
and a specific stereochemical structure, which can
be easily confirmed by spectroscopic methods.

The tunable properties of dendrimers functional-
ized with heterocycles and multivalency also make

them ideal candidates for gene delivery and can-
cer therapeutics. Such phosphorus dendrimers are
being actively explored as non-viral nanoplatforms
for gene delivery, showing promise in cancer ther-
apeutics. Their biocompatibility and multivalency
allow for efficient encapsulation and targeted deliv-
ery of therapeutic genes and drugs. It should be
noted that by programming the synthesis, grafting,
and enhancement of potentially biologically active
heterocycles using various methods, it is possible to
program the relative stability of target dendrimers
in the relevant biological environment. Thus, sta-
ble dendrimers can be tested for their diverse bio-
logical activities, while in dendrimers specially syn-
thesized for the delivery of future and already ex-
isting drugs, focus can be placed on hydrolysis or
another mechanism for releasing heterocyclic com-
pounds at the right time and in the required spatial
location.

In conclusion, recent advances in the synthesis
and applications of phosphorus dendrimers func-
tionalized with heterocycles highlight their versatil-
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Scheme 15. Dendrimers functionalized with thiazolyl phosphine and use of these Pd complexes as catalysts in Suzuki couplings.

ity and potential. Innovations in eco-friendly synthe-
sis, biomedical applications (especially in drug de-
livery against cancers), and catalysis are driving the
field forward. The integration of heterocycles not
only enhances the functionality of dendrimers but
also opens new avenues for targeted therapies, ad-
vanced materials, and sustainable catalysis.

Given the high potential of useful practical prop-
erties, it is important to emphasize that this branch
of chemistry makes a significant contribution to fun-
damental science, both in enriching the fields of
dendrimer chemistry and heterocyclic chemistry, if
only because the simultaneous or sequential exten-
sion of the branches of a phosphorus dendrimer
requires virtuosity and precision in practical meth-
ods of working with high-molecular weight com-
pounds, especially chemo-, regio-, and stereoselec-
tive modifications.

Declaration of interests

The authors do not work for, advise, own shares in, or
receive funds from any organization that could bene-
fit from this article, and have declared no affiliations
other than their research organizations.

References

[1] A. Rusu, I.-M. Moga, L. Uncu and G. Hancu, “The role of
five-membered heterocycles in the molecular structure
of antibacterial drugs used in therapy”, Pharmaceutics 15
(2023), article no. 2554.

[2] P. N. Kalaria, S. C. Karad and D. K. Raval, “A review on di-
verse heterocyclic compounds as the privileged scaffolds
in antimalarial drug discovery”, Eur. J. Med. Chem. 158
(2018), pp. 917–936.

[3] E. Kabir and M. A. Uzzaman, “A review on biological and
medicinal impact of heterocyclic compounds”, Results
Chem. 4 (2022), article no. 100606.

[4] R. Nishanth Rao, S. Jena, M. Mukherjee, B. Maiti and K.
Chanda, “Green synthesis of biologically active heterocy-
cles of medicinal importance: A review”, Environ. Chem.
Lett. 19 (2021), pp. 3315–3358.

[5] M. M. Heravi and V. Zadsirjan, “Prescribed drugs con-
taining nitrogen heterocycles: An overview”, RSC Adv. 10
(2020), pp. 44247–44311.

[6] N. Kerru, L. Gummidi, S. Maddila, K. K. Gangu and S. B.
Jonnalagadda, “A review on recent advances in nitrogen-
containing molecules and their biological applications”,
Molecules 25 (2020), article no. 1909.

[7] C. M. Marshall, J. G. Federice, C. N. Bell, P. B. Cox and
J. T. Njardarson, “An update on the nitrogen heterocy-
cle compositions and properties of US FDA-approved
pharmaceuticals (2013–2023)”, J. Med. Chem. 67 (2024),
pp. 11622–11655.

[8] J. Akhtar, A. A. Khan, Z. Ali, R. Haider and M. S. Yar,
“Structure-activity relationship (SAR) study and design
strategies of nitrogen-containing heterocyclic moieties
for their anticancer activities”, Eur. J. Med. Chem. 125
(2017), pp. 143–189.

[9] D. K. Lang, R. Kaur, R. Arora, B. Saini and S. Arora,
“Nitrogen-containing heterocycles as anticancer agents:
An overview”, Anti-Cancer Agents Med. Chem. 20 (2020),
pp. 2150–2168.

[10] A. Kumar, A. K. Singh, H. Singh, et al., “Nitrogen con-
taining heterocycles as anticancer agents: A medicinal
chemistry perspective”, Pharmaceuticals 16 (2023), arti-
cle no. 299.



244 Zoia Voitenko et al.

[11] A. Mermer, T. Keles and Y. Sirin, “Recent studies of ni-
trogen containing heterocyclic compounds as novel an-
tiviral agents: A review”, Bioorg. Chem. 114 (2021), article
no. 105076.

[12] Y. Ling, Z.-Y. Hao, D. Liang, C.-L. Zhang, Y.-F. Liu and Y.
Wang, “The expanding role of pyridine and dihydropy-
ridine scaffolds in drug design”, Drug Des. Dev. Ther. 15
(2021), pp. 4289–4338.

[13] S. De, A. S. K. Kumar, S. K. Shah, S. Kazi, N. Sarkar, S.
Banerjee and S. Dey, “Pyridine: The scaffolds with signif-
icant clinical diversity”, RSC Adv. 12 (2022), pp. 15385–
15406.

[14] D. Łowicki and P. Przybylski, “Piperidine-containing
drugs and recently studied analogs – biological activ-
ity, mechanism of action and synthetic cascade access
to their scaffolds”, Eur. J. Med. Chem. 302 (2026), article
no. 118213.

[15] B. S. Matada, R. Pattanashettar and N. G. Yernale, “A com-
prehensive review on the biological interest of quinoline
and its derivatives”, Bioorg. Med. Chem. 32 (2021), article
no. 115973.

[16] N. Jeelan Basha, S. M. Basavarajaiah and K. Shyamsun-
der, “Therapeutic potential of pyrrole and pyrrolidine
analogs: An update”, Mol. Divers. 26 (2022), pp. 2915–
2937.

[17] G. Li Petri, M. V. Raimondi, V. Spano, R. Holl, P. Barraja
and A. Montalbano, “Pyrrolidine in drug discovery: A ver-
satile scaffold for novel biologically active compounds”,
Top. Curr. Chem. 379 (2021), article no. 34.

[18] Q. Guan, Z. Gao, Y. Chen, C. Guo and H. Sun, “Struc-
tural modification strategies of triazoles in anticancer
drug development”, Eur. J. Med. Chem. 275 (2024), arti-
cle no. 116578.

[19] A. Sharma, A. K. Agrahari and S. Rajkhowa, “Emerging
impact of triazoles as anti-tubercular agent”, Eur. J. Med.
Chem. 238 (2022), article no. 114454.

[20] M. D. Delost, D. T. Smith, B. J. Anderson and J. T. Njar-
darson, “From oxiranes to oligomers: Architectures of US
FDA approved pharmaceuticals containing oxygen hete-
rocycles”, J. Med. Chem. 61 (2018), pp. 10996–11020.

[21] S. Pathania, R. K. Narang and R. K. Rawal, “Role of
sulphur-heterocycles in medicinal chemistry: An up-
date”, Eur. J. Med. Chem. 180 (2019), pp. 486–508.

[22] V. N. Charushin, E. V. Verbitskiy, O. N. Chupakhin, et al.,
“The chemistry of heterocycles in the 21st century”, Russ.
Chem. Rev. 93 (2024), article no. RCR5125.

[23] D. A. Tomalia, A. M. Naylor and W. A. Goddard, “Star-
burst dendrimers – Molecular level control of size, shape,
surface chemistry, topology, and flexibility from atoms
to macroscopic matter”, Angew. Chem. Int. Ed. Engl. 29
(1990), pp. 138–175.

[24] G. R. Newkome and C. D. Shreiner, “Poly(amidoamine),
polypropylenimine, and related dendrimers and den-
drons possessing different 1 → 2 branching motifs:
An overview of the divergent procedures”, Polymer 49
(2008), pp. 1–173.

[25] D. Astruc, E. Boisselier and C. Ornelas, “Dendrimers
designed for functions: From physical, photophysical,
and supramolecular properties to applications in sens-

ing, catalysis, molecular electronics, photonics, and
nanomedicine”, Chem. Rev. 110 (2010), pp. 1857–1959.

[26] A. M. Caminade, “Inorganic dendrimers: Recent ad-
vances for catalysis, nanomaterials, and nanomedicine”,
Chem. Soc. Rev. 45 (2016), pp. 5174–5186.

[27] J. P. Majoral and A. M. Caminade, “Dendrimers contain-
ing heteroatoms (Si, P, B, Ge, or Bi)”, Chem. Rev. 99 (1999),
pp. 845–880.

[28] N. Launay, A. M. Caminade, R. Lahana and J. P. Majo-
ral, “A general synthetic strategy for neutral phosphorus-
containing dendrimers”, Angew. Chem. Int. Ed. Engl. 33
(1994), pp. 1589–1592.

[29] C.-O. Turrin, R. Laurent, V. Maraval, A. Hameau, B.
Delavaux-Nicot and A. M. Caminade, “Phosphorus-
containing dendrimers: Another type of phosphorus
polymers, and their properties”, Eur. Polym. J. 239 (2025),
article no. 114296.

[30] A. M. Caminade, R. Laurent, C. O. Turrin, C. Rebout, B.
Delavaux-Nicot, A. Ouali, M. Zablocka and J. P. Majoral,
“Phosphorus dendrimers as viewed by P-31 NMR spec-
troscopy; synthesis and characterization”, C.R. Chim. 13
(2010), pp. 1006–1027.

[31] M. L. Lartigue, B. Donnadieu, C. Galliot, A. M. Cami-
nade, J. P. Majoral and J. P. Fayet, “Large dipole moments
of phosphorus-containing dendrimers”, Macromolecules
30 (1997), pp. 7335–7337.

[32] N. Launay, A. M. Caminade and J. P. Majoral, “Synthesis
of bowl-shaped dendrimers from generation 1 to genera-
tion 8”, J. Organomet. Chem. 529 (1997), pp. 51–58.

[33] N. Launay, A. M. Caminade and J. P. Majoral, “Synthe-
sis and reactivity of unusual phosphorus dendrimers - A
useful divergent growth approach up to the 7th genera-
tion”, J. Am. Chem. Soc. 117 (1995), pp. 3282–3283.

[34] N. Launay, M. Slany, A. M. Caminade and J. P. Majoral,
“Phosphorus-containing dendrimers. Easy access to new
multi-difunctionalized macromolecules”, J. Org. Chem.
61 (1996), pp. 3799–3805.

[35] C. O. Turrin, V. Maraval, J. Leclaire, E. Dantras, C. Laca-
banne, A. M. Caminade and J. P. Majoral, “Surface, core,
and structure modifications of phosphorus-containing
dendrimers. Influence on the thermal stability”, Tetrahe-
dron 59 (2003), pp. 3965–3973.

[36] D. Roman, M. Sauer and C. Beemelmanns, “Applica-
tions of the Horner–Wadsworth–Emmons olefination in
modern natural product synthesis”, Synthesis-Stuttgart
53 (2021), pp. 2713–2739.

[37] D. Prevote, S. LeRoy-Gourvennec, A. M. Caminade, S.
Masson and J. P. Majoral, “Application of the Horner-
Wadsworth-Emmons reaction to the functionalization of
dendrimers: Synthesis of amino acid terminated den-
drimers”, Synthesis-Stuttgart 1997 (1997), pp. 1199–1207.

[38] G. Franc, C. O. Turrin, E. Cavero, J. P. Costes, C. Duhayon,
A. M. Caminade and J. P. Majoral, “gem-Bisphosphonate-
ended group dendrimers: Design and gadolinium com-
plexing properties”, Eur. J. Org. Chem. 2009 (2009),
pp. 4290–4299.

[39] A. M. Caminade, R. Laurent, B. Delavaux-Nicot and J. P.
Majoral, ““Janus” dendrimers: syntheses and properties”,
New J. Chem. 36 (2012), pp. 217–226.



Zoia Voitenko et al. 245

[40] J. Cejas-Sanchez, A. Kajetanowicz, K. Grela, A.-M. Cam-
inade and R. M. Sebastian, “Strategies for the prepara-
tion of phosphorus Janus dendrimers and their proper-
ties”, Molecules 28 (2023), article no. 5570.

[41] E. K. Apartsin, A. G. Venyaminova, S. Mignani, A. M. Cam-
inade and J. P. Majoral, “Synthesis of dissymmetric phos-
phorus dendrimers using an unusual protecting group”,
New J. Chem. 42 (2018), pp. 8985–8991.

[42] P. Marchand, L. Griffe, A. M. Caminade, J. P. Majoral,
M. Destarac and F. Leising, “Thioacylation reactions for
the surface functionalization of phosphorus-containing
dendrimers”, Org. Lett. 6 (2004), pp. 1309–1312.

[43] E. Badetti, V. Lloveras, K. Wurst, R. M. Sebastian, A. M.
Caminade, J. P. Majoral, J. Veciana and J. Vidal-Gancedo,
“Synthesis and structural characterization of a den-
drimer model compound based on a cyclotriphosp-
hazene core with TEMPO radicals as substituents”, Org.
Lett. 15 (2013), pp. 3490–3493.

[44] E. Badetti, V. Lloveras, J. L. Munoz-Gomez, R. M. Sebas-
tian, A. M. Caminade, J. P. Majoral, J. Veciana and J. Vidal-
Gancedo, “Radical dendrimers: A family of five gener-
ations of phosphorus dendrimers functionalized with
TEMPO radicals”, Macromolecules 47 (2014), pp. 7717–
7724.

[45] G. Franc, S. Mazeres, C. O. Turrin, L. Vendier, C. Duhayon,
A. M. Caminade and J. P. Majoral, “Synthesis and proper-
ties of dendrimers possessing the same fluorophore(s) lo-
cated either peripherally or off-center”, J. Org. Chem. 72
(2007), pp. 8707–8715.

[46] Y. Q. Wei, R. Laurent, J. P. Majoral and A. M. Cami-
nade, “Synthesis and characterization of phosphorus-
containing dendrimers bearing rhodamine derivatives as
terminal groups”, Arkivoc 2010 (2010), pp. 318–327.

[47] V. Maraval and A.-M. Caminade, “Two-photon absorbing
dendrimers and their properties – An overview”, Int. J.
Mol. Sci. 25 (2024), article no. 3132.

[48] A.-M. Caminade, A. Zibarov, E. C. Diaz, et al., “Fluores-
cent phosphorus dendrimers excited by two photons:
synthesis, two-photon absorption properties and biolog-
ical uses”, Beilstein J. Org. Chem. 15 (2019), pp. 2287–
2303.

[49] F. Terenziani, V. Parthasarathy, A. Pla-Quintana, T.
Maishal, A. M. Caminade, J. P. Majoral and M. Blanchard-
Desce, “Cooperative two-photon absorption enhance-
ment by through-space interactions in multichro-
mophoric compounds”, Angew. Chem. Int. Ed. 48 (2009),
pp. 8691–8694.

[50] A.-M. Caminade and V. Maraval, “Selected properties of
phosphorus dendrimers: green approaches to catalysis”,
C. R. Chim. 27 (2024), pp. 39–55.

[51] A. M. Caminade, A. Ouali, R. Laurent, C. O. Turrin and
J. P. Majoral, “The dendritic effect illustrated with phos-
phorus dendrimers”, Chem. Soc. Rev. 44 (2015), pp. 3890–
3899.

[52] A. Ouali, R. Laurent, A. M. Caminade, J. P. Majoral and
M. Taillefer, “Enhanced catalytic properties of copper in
O- and N-arylation and vinylation reactions, using phos-
phorus dendrimers as ligands”, J. Am. Chem. Soc. 128
(2006), pp. 15990–15991.

[53] A. Perrier, M. Keller, A. M. Caminade, J. P. Majoral and
A. Ouali, “Efficient and recyclable rare earth-based cata-
lysts for Friedel–Crafts acylations under microwave heat-
ing: dendrimers show the way”, Green Chem. 15 (2013),
pp. 2075–2080.

[54] L. Martins, R. Wanke, T. F. S. Silva, A. J. L. Pombeiro, P.
Servin, R. Laurent and A. M. Caminade, “Novel methinic
functionalized and dendritic C-scorpionates”, Molecules
23 (2018), article no. 3066.

[55] A. M. Caminade, A. Ouali, M. Keller and J. P. Majoral,
“Organocatalysis with dendrimers”, Chem. Soc. Rev. 41
(2012), pp. 4113–4125.

[56] M. Marigo, T. C. Wabnitz, D. Fielenbach and K. A. Jør-
gensen, “Enantioselective organocatalyzed a sulfenyla-
tion of aldehydes”, Angew. Chem. Int. Ed. 44 (2005),
pp. 794–797.

[57] Y. Hayashi, H. Gotoh, T. Hayashi and M. Shoji, “Diphenyl-
prolinol silyl ethers as efficient organocatalysts for
the asymmetric Michael reaction of aldehydes and ni-
troalkenes”, Angew. Chem. Int. Ed. 44 (2005), pp. 4212–
4215.

[58] M. Keller, A. Perrier, R. Linhardt, et al., “Dendrimers
or nanoparticles as supports for the design of efficient
and recoverable organocatalysts?”, Adv. Synt. Catal. 355
(2013), pp. 1748–1754.

[59] J. Rull, M. Casals, R. M. Sebastian, A. Vallribera, J. P. Majo-
ral and A. M. Caminade, “(+)-Cinchonine-decorated den-
drimers as recoverable organocatalysts”, ChemCatChem
7 (2015), pp. 2698–2704.

[60] J. Rull, J. J. Jara, R. M. Sebastian, A. Vallribera, C.
Najera, J. P. Majoral and A. M. Caminade, “Recover-
able dendritic phase-transfer catalysts that contain (+)-
cinchonine-derived ammonium salts”, ChemCatChem 8
(2016), pp. 2049–2056.

[61] C. Marmillon, F. Gauffre, T. Gulik-Krzywicki, C. Loup,
A. M. Caminade, J. P. Majoral, J. P. Vors and E. Rump,
“Organophosphorus dendrimers as new gelators for hy-
drogels”, Angew. Chem. Int. Ed. 40 (2001), pp. 2626–2629.

[62] A. El Ghzaoui, F. Gauffre, A. M. Caminade, J. P. Majoral
and H. Lannibois-Drean, “Self-assembly of water-soluble
dendrimers into thermoreversible hydrogels and macro-
scopic fibers”, Langmuir 20 (2004), pp. 9348–9353.

[63] E. K. Apartsin, A. E. Grigoryeva, A. Malrin-Fournol, E. I.
Ryabchikova, A. G. Venyaminova, S. Mignani, A. M.
Caminade and J. P. Majoral, “Hydrogels of polycationic
acetohydrazone-modified phosphorus dendrimers for
biomedical applications: Gelation studies and nucleic
acid loading”, Pharmaceutics 10 (2018), article no. 120.

[64] J. Chen, B. Yao, C. Li and G. Shi, “An improved Hummers
method for eco-friendly synthesis of graphene oxide”,
Carbon 64 (2013), pp. 225–229.

[65] K. L. Wooley, C. J. Hawker and J. M. J. Frechet, “Poly-
mers with controlled molecular architecture – Control
of surface functionality in the synthesis of dendritic hy-
perbranched macromolecules using the convergent ap-
proach”, J. Chem. Soc. Perkin Trans. 1 (1991), pp. 1059–
1076.

[66] S. Mignani, N. El Brahmi, S. El Kazzouli, et al., “A novel
class of ethacrynic acid derivatives as promising drug-



246 Zoia Voitenko et al.

like potent generation of anticancer agents with estab-
lished mechanism of action”, Eur. J. Med. Chem. 122
(2016), pp. 656–673.

[67] N. El Brahmi, S. M. Mignani, J. Caron, S. El Kaz-
zouli, M. M. Bousmina, A. M. Caminade, T. Cresteil and
J. P. Majoral, “Investigations on dendrimer space re-
veal solid and liquid tumor growth-inhibition by origi-
nal phosphorus-based dendrimers and the correspond-
ing monomers and dendrons with ethacrynic acid mo-
tifs”, Nanoscale 7 (2015), pp. 3915–3922.

[68] N. El Brahmi, S. El Kazzouli, S. Mignani, R. Laurent, S.
Ladeira, A. M. Caminade, M. Bousmina and J. P. Majoral,
“Symmetrical and unsymmetrical incorporation of active
biological monomers on the surface of phosphorus den-
drimers”, Tetrahedron 73 (2017), pp. 1331–1341.

[69] O. Alami, R. Laurent, M. Tasse, et al., “Functionalization
of graphene oxide surfaces with phosphorus dendrimer
and dendron”, Flatchem 42 (2023), article no. 100564.

[70] H. C. Kolb, M. G. Finn and K. B. Sharpless, “Click chem-
istry: Diverse chemical function from a few good reac-
tions”, Angew. Chem. Int. Ed. 40 (2001), pp. 2004–2021.

[71] O. Alami, R. Laurent, M. Tasse, et al., ““Click” chemistry
for the functionalization of graphene oxide with phos-
phorus dendrons: Synthesis, characterization and pre-
liminary biological properties”, Chem. Eur. J. 29 (2023),
article no. e202302198.

[72] N. El Brahmi, S. El Kazzouli, S. M. Mignani, et al.,
“Original multivalent copper(II)-conjugated phosphorus
dendrimers and corresponding mononuclear copper(II)
complexes with antitumoral activities”, Mol. Pharm. 10
(2013), pp. 1459–1464.

[73] M. F. Ottaviani, N. El Brahmi, M. Cangiotti, et al., “Com-
parative EPR studies of Cu(II)-conjugated phosphorous-
dendrimers in the absence and presence of normal and
cancer cells”, RSC Adv. 4 (2014), pp. 36573–36583.

[74] S. Mignani, N. El Brahmi, L. Eloy, et al., “Anticancer cop-
per(II) phosphorus dendrimers are potent proapoptotic
Bax activators”, Eur. J. Med. Chem. 132 (2017), pp. 142–
156.

[75] L. Chen, S. Mignani, A.-M. Caminade and J.-P. Ma-
joral, “Metal-based phosphorus dendrimers as novel
nanotherapeutic strategies to tackle cancers: A concise
overview”, WIREs Nanomed. Nanobiotechnol. 11 (2019),
article no. e1577.

[76] S. M. Mignani, N. El Brahmi, S. El Kazzouli, et al., “Orig-
inal multivalent gold(III) and dual gold(III)-copper(II)
conjugated phosphorus dendrimers as potent antitu-
moral and antimicrobial agents”, Mol. Pharmaceutics 14
(2017), pp. 4087–4097.

[77] L. Chen, Y. Fan, J. Qiu, et al., “Potent anticancer efficacy of
first-in-class Cu-II and Au-III metaled phosphorus den-
drons with distinct cell death pathways”, Chem. Eur. J. 26
(2020), pp. 5903–5910.

[78] E. K. Apartsin, N. Knauer, U. D. Kahlert and A. M. Cam-
inade, “Amphiphilic triazine-phosphorus metalloden-
drons possessing anti-cancer stem cell activity”, Phar-
maceutics 14 (2022), article no. 393.

[79] J. Qiu, L. Chen, M. Zhan, et al., “Facile synthesis of
amphiphilic fluorescent phosphorus dendron-based mi-

celles as antiproliferative agents: First investigations”,
Bioconjugate Chem. 32 (2021), pp. 339–349.

[80] K. Ciepluch, N. Katir, A. El Kadib, et al., “Biological prop-
erties of new viologen-phosphorus dendrimers”, Mol.
Pharmaceutics 9 (2012), pp. 448–457.

[81] E. Apartsin, A. Akhir, G. Kaul, et al., “Low-generation
cationic phosphorus dendrimers: Novel approach to
tackle drug-resistant S. aureus in vitro and in vivo”,
Biomacromolecules 24 (2023), pp. 3215–3227.

[82] S. Mignani, R. P. Tripathi, L. Chen, A. M. Caminade,
X. Y. Shi and J. P. Majoral, “New ways to treat tuberculo-
sis using dendrimers as nanocarriers”, Pharmaceutics 10
(2018), article no. 0105.

[83] S. Mignani, V. D. Tripathi, D. Soam, et al., “Safe polyca-
tionic dendrimers as potent oral in vivo inhibitors of My-
cobacterium tuberculosis: A new therapy to take down
tuberculosis”, Biomacromolecules 22 (2021), pp. 2659–
2675.

[84] C. Padie, M. Maszewska, K. Majchrzak, B. Nawrot, A. M.
Caminade and J. P. Majoral, “Polycationic phosphorus
dendrimers: synthesis, characterization, study of cyto-
toxicity, complexation of DNA, and transfection experi-
ments”, New J. Chem. 33 (2009), pp. 318–326.

[85] N. Knauer, V. Arkhipova, G. Li, et al., “In vitro validation
of the therapeutic potential of dendrimer-based nanofor-
mulations against tumor stem cells”, Int. J. Mol. Sci. 23
(2022), article no. 5691.

[86] L. Chen, J. Li, Y. Fan, et al., “Revisiting cationic phospho-
rus dendrimers as a nonviral vector for optimized gene
delivery toward cancer therapy applications”, Biomacro-
molecules 21 (2020), pp. 2502–2511.

[87] E. Apartsin, A. Venyaminova, J. P. Majoral and A. M. Cam-
inade, “Dendriplex-impregnated hydrogels with pro-
grammed release rate”, Front. Chem. 9 (2022), article
no. 780608.

[88] L. Chen, L. Cao, M. Zhan, et al., “Engineered stable
bioactive per se amphiphilic phosphorus dendron na-
nomicelles as a highly efficient drug delivery system to
take down breast cancer in vivo”, Biomacromolecules 23
(2022), pp. 2827–2837.

[89] L. Chen, M. Zhan, J. Li, et al., “Amphiphilic phospho-
rous dendron micelles co-deliver microRNA inhibitor
and doxorubicin for augmented triple negative breast
cancer therapy”, J. Mater. Chem. B 11 (2023), pp. 5483–
5493.

[90] Y. Zou, S. Shen, A. Karpus, et al., “Unsymmetrical low-
generation cationic phosphorus dendrimers as a nonvi-
ral vector to deliver microRNA for breast cancer therapy”,
Biomacromolecules 25 (2024), pp. 1171–1179.

[91] R. Goller, J. P. Vors, A. M. Caminade and J. P. Majoral,
“Phosphorus dendrimers as new tools to deliver active
substances”, Tetrahedron Lett. 42 (2001), pp. 3587–3590.

[92] A. Maraval, G. Magro, V. Maraval, L. Vendier, A. M.
Caminade and J. P. Majoral, “Functionalized phospho-
rus derivatives of Salpen-like compounds: Synthesis and
preliminary complexation studies”, J. Organomet. Chem.
691 (2006), pp. 1333–1340.

[93] R. M. Sebastian, L. Griffe, C. O. Turrin, B. Donnadieu,
A. M. Caminade and J. P. Majoral, “Synthesis and core and



Zoia Voitenko et al. 247

surface reactivity of phosphorus-based dendrons”, Eur. J.
Inorg. Chem. 2004 (2004), pp. 2459–2466.

[94] R. M. Sebastian, G. Magro, A. M. Caminade and J. P. Ma-
joral, “Dendrimers with N,N-disubstituted hydrazines
as end groups, useful precursors for the synthesis of
water-soluble dendrimers capped with carbohydrate,
carboxylic or boronic acid derivatives”, Tetrahedron 56
(2000), pp. 6269–6277.

[95] C. Hadad, J. P. Majoral, J. Muzart, A. M. Caminade and S.
Bouquillon, “First phosphorous D-xylose-derived glyco-
dendrimers”, Tetrahedron Lett. 50 (2009), pp. 1902–1905.

[96] E. Blattes, A. Vercellone, H. Eutamene, et al., “Mannoden-
drimers prevent acute lung inflammation by inhibiting
neutrophil recruitment”, Proc. Natl. Acad. Sci. USA 110
(2013), pp. 8795–8800.

[97] A. Decout, S. Silva-Gomes, D. Drocourt, et al., “Decipher-
ing the molecular basis of mycobacteria and lipoglycan
recognition by the C-type lectin Dectin-2”, Sci. Rep. 8
(2018), article no. 16840.

[98] R. M. Sebastian, A. M. Caminade, J. P. Majoral, E.
Levillain, L. Huchet and J. Roncali, “Electrogen-
erated poly(dendrimers) containing conjugated
poly(thiophene) chains”, Chem. Commun. 2000
(2000), pp. 507–508.

[99] F. Le Derf, E. Levillain, G. Trippe, A. Gorgues, M. Salle,
R. M. Sebastian, A. M. Caminade and J. P. Majoral, “Im-
mobilization of redox-active ligands on an electrode:
The dendrimer route”, Angew. Chem. Int. Ed. 40 (2001),
pp. 224–227.

[100] A. Kanibolotsky, S. Roquet, M. Cariou, et al., “Does charge
carrier dimensionality increase in mixed-valence salts of
tetrathiafulvalene-terminated dendrimers?”, Org. Lett. 6
(2004), pp. 2109–2112.

[101] H. Staudinger and J. Meyer, “On new organic phosphorus
bonding III Phosphine methylene derivatives and phos-
phinimine”, Helv. Chim. Acta 2 (1919), pp. 635–646.

[102] C. Galliot, D. Prevote, A. M. Caminade and J. P. Majoral,
“Polyaminophosphines containing dendrimers – Synthe-
ses and characterizations”, J. Am. Chem. Soc. 117 (1995),
pp. 5470–5476.

[103] M. L. Lartigue, A. M. Caminade and J. P. Majoral, “Syn-
thesis and reactivity of dendrimers based on phosphoryl
(P=O) groups”, Phosphorus Sulfur Silicon Relat. Elem. 123
(1997), pp. 21–34.

[104] M. Zablocka, A. Hameau, A. M. Caminade and J. P. Majo-
ral, ““Cage-like” phosphines: Design and catalytic prop-
erties”, Adv. Synth. Catal. 352 (2010), pp. 2341–2358.

[105] L. I. Rodriguez, M. Zablocka, A. M. Caminade, M. Seco,
O. Rossell and J. P. Majoral, “Phosphorus dendrimers and
dendrons functionalized with the cage ligand tris(1,2-
dimethylhydrazino)diphosphane”, Heteroatom Chem. 21
(2010), pp. 290–297.

[106] A. D. Phillips, L. Gonsalvi, A. Romerosa, F. Vizza and
M. Peruzzini, “Coordination chemistry of 1,3,5-triaza-7-

phosphaadamantane (PTA) - Transition metal complexes
and related catalytic, medicinal and photoluminescent
applications”, Coord. Chem. Rev. 248 (2004), pp. 955–993.

[107] P. Servin, R. Laurent, L. Gonsalvi, M. Tristany, M. Pe-
ruzzini, J. P. Majoral and A. M. Caminade, “Grafting of

water-soluble phosphines to dendrimers and their use
in catalysis: positive dendritic effects in aqueous media”,
Dalton Trans. 2009 (2009), pp. 4432–4434.

[108] P. Servin, R. Laurent, H. Dib, L. Gonsalvi, M. Peruzzini,
J. P. Majoral and A. M. Caminade, “Number of terminal
groups versus generation of the dendrimer, which crite-
ria influence the catalytic properties?”, Tetrahedron Lett.
53 (2012), pp. 3876–3879.

[109] P. Servin, R. Laurent, M. Tristany, A. Romerosa, M. Pe-
ruzzini, F. Garcia-Maroto, J. P. Majoral and A. M. Cam-
inade, “Dual properties of water-soluble Ru-PTA com-
plexes of dendrimers: Catalysis and interaction with
DNA”, Inorg. Chim. Acta 470 (2018), pp. 106–112.

[110] L. Garcia, A. Roglans, R. Laurent, J. P. Majoral, A. Pla-
Quintana and A. M. Caminade, “Dendritic phospho-
ramidite ligands for Rh-catalyzed 2+2+2 cycloaddition
reactions: unprecedented enhancement of enantiodis-
crimination”, Chem. Commun. 48 (2012), pp. 9248–9250.

[111] D. Prevote, B. Donnadieu, M. Moreno-Manas, A. M. Cam-
inade and J. P. Majoral, “Grafting of tetraazamacrocycles
on the surface of phosphorus-containing dendrimers”,
Eur. J. Org. Chem. 1999 (1999), pp. 1701–1708.

[112] G. Franc, E. Badetti, C. Duhayon, Y. Coppel, C. O. Turrin,
J. P. Majoral, R. M. Sebastian and A. M. Caminade, “An ef-
ficient synthesis combining phosphorus dendrimers and
15-membered triolefinic azamacrocycles: towards the
stabilization of platinum nanoparticles”, New J. Chem. 34
(2010), pp. 547–555.

[113] G. Franc, E. Badetti, V. Colliere, J. P. Majoral, R. M. Sebas-
tian and A. M. Caminade, “Dendritic structures within
dendritic structures: dendrimer-induced formation and
self-assembly of nanoparticle networks”, Nanoscale 1
(2009), pp. 233–237.

[114] A. Gissibl, C. Padie, M. Hager, et al., “Synthesis and
application of phosphorus dendrimer immobilized az-
abis(oxazolines)”, Org. Lett. 9 (2007), pp. 2895–2898.

[115] J. P. Majoral, M. Zablocka, M. Koprowski, A. Hameau, X.
Shi, S. Mignani and A. M. Caminade, “Design, complex-
ing and catalytic properties of phosphorus thiazoles and
benzothiazoles: a concise overview”, New J. Chem. 43
(2019), pp. 16785–16795.

[116] M. Zablocka, G. Oshovsky, C. Duhayon, S. Ladeira, A. M.
Caminade, S. Mignani and J. P. Majoral, “Thiazoyl phos-
phines. Design, reactivity, and complexation”, Dalton
trans. 45 (2016), pp. 9695–9703.

[117] M. Keller, A. Hameau, G. Spataro, S. Ladeira, A. M. Cam-
inade, J. P. Majoral and A. Ouali, “An efficient and re-
cyclable dendritic catalyst able to dramatically decrease
palladium leaching in Suzuki couplings”, Green Chem. 14
(2012), pp. 2807–2815.


	1. Introduction
	2. PPH dendrimers functionalized withnitrogen heterocycles
	2.1. Methods of synthesis and characterization
	2.2. Catalytic properties of PPH dendrimers functionalized with N-heterocycles
	2.3. Materials functionalized with PPHdendrimers bearing N-heterocycles
	2.4. Biological properties of PPH dendrimers functionalized with N-heterocycles

	3. PPH dendrimers functionalized with oxygen heterocycles
	4. PPH dendrimers functionalized with sulfur heterocycles
	5. PPH dendrimers functionalized with mixed heterocycles
	6. Conclusion
	Declaration of interests
	References

