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Definition

1. Introduction
Hexachlorocyclotriphosphazene (N=PCl )  was synthesized a long time ago, in the first part of the 19
century , but correctly analyzed more than 30 years later . Since that time, a huge number of
reactions have been carried out, essentially of two types, either the thermal ring opening leading to
polyphosphazenes , or nucleophilic substitutions of all the chlorides, most generally with
alcohols/phenols or amines. An interesting feature of N P Cl  is the possibility to differentiate the
reactivity of one chlorine from the five others. Two different ways have been used to perform such
differentiation: either one Cl reacts with one reagent, then the remaining five Cl react with another
reagent, or 5 Cl react with one reagent, then the single remaining Cl reacts with another reagent
(Scheme 1). The desired compounds are generally obtained in good yield after column chromatography.

Scheme 1. Two ways for the synthesis of AB  derivatives of cyclotriphosphazene.

However, the number of references concerning several types of AB  (or A B) derivatives of
cyclotriphosphazene (searched on Scifinder®) demonstrates that the type of substitution reaction
influences the preferred way. In addition, oxygen and nitrogen derivatives are widely used, whereas
carbon derivatives are relatively rare. For reactions with amines or with carbon derivatives, it is largely
preferred to replace first one chloride instead of five (83.5% for one N and 79.8% for one C) on N P Cl .
The situation is more contrasted when using oxygen derivatives (frequently phenols) as the percentage of
publications displaying a single reaction is 61.4% .

The early experiences concerning the differentiation of the reactivity of the
hexachlorocyclotriphosphazene have explored the possibility to selectively react one to six chlorides, in
most cases using primary or, eventually, secondary amines. Such types of work were carried out, for
instance, with dimethylamine , ter-butylamine , or isopropylamine . The monosubstituted
derivatives were isolated and characterized in all cases, as well as several di-, tri-, tetra-substituted
derivatives, and the hexa-substituted derivatives, but not the penta-substituted ones. Other early
examples of reactivity concerned enolate anions of acetaldehyde, acetone, and acetophenone, using
lithium derivatives , methylsilane and methylsiloxane, using Grignard reagents , and phenols, using
the sodium salt .

AB5 compounds issued from the reactivity of hexachlorocyclotriphosphazene are relatively easy to
obtain using two ways: either first the reaction of one chloride with one reagent, followed by the
reaction of the five remaining Cl with another reagent, or first the reaction of five chlorides with one
reagent, followed by the reaction of the single remaining Cl with another reagent. This particular
property led to the use of such compounds as core for the synthesis of dendrons (dendritic wedges),
using the five functions for growing the dendritic branches. The single function can be used for the
synthesis of diverse types of dendrimers (onion peel, dumbbell-shape, Janus), for covalent or non-
covalent grafting to solid surfaces, providing nanomaterials, for grafting a fluorophore, especially for
studying biological mechanisms, or for self-associations to get micelles.
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More recent results display a few practical uses of AB  derivatives of cyclotriphosphazene, concerning in
particular complexation properties, and polymerizations. For instance, the penta-phenoxy derivative was
functionalized with a single 2-pyridylmethylamine ligand, then this compound was used for the
complexation of Cu(NO ) , PtCl , and Co(NO ) , affording a different type of complex in each case .
The reaction with FeX (X = ClO or BF ) afforded complexes bearing two ligands around iron. These
complexes are low spin below 300 K, but display spin crossover behavior above this temperature .

As indicated at the beginning of this introduction, cyclotriphosphazenes are widely used as precursors of
polyphosphazenes. A few AB  derivatives of cyclotriphosphazene have been used for such purpose. The
Cl of the polyphosphazene were then replaced by reaction with sodium trifluoroethoxide, to avoid the
hydrolytic instability of polydichlorophosphazenes . A recent example of polymerization involved a
substituent of the cyclotriphosphazene, thus it became a pendant group of the polymer .

Being interested since a long time in the field of dendritic structures  and their applications , hexa-
substituted cyclotriphosphazene have been widely used as core of dendrimers , but also in a few cases
AB  derivatives of cyclotriphosphazene have been used as building block for the construction of
dendrimers. Another family of dendritic molecules is called “dendrons” when one function at the level of
the core is different from the others, which are used for the growing of the branches. In the lower part of
Figure 1 is represented another way to draw dendrimers and dendrons, i.e., a linear form, with
parentheses after each layer of branching points, with a number indicating the multiplicity at the
considered layer. Multiplication of all these numbers gives the number of terminal functions (2 × 2 × 2 ×
6) = 48 for the dendrimer, 2 × 2 × 2 × 5 = 40 for the dendron, as shown in Figure 1.

Figure 1. Schematized drawing of third generation dendrimer and dendron, built from an hexafunctional
core such as N P . Full structure, and linear structure with parentheses.

The first part of this review will show AB  derivatives of N P , including small dendrons, used for the
synthesis of diverse types of dendrimers, including layered, dumbbell-shape and Janus dendrimers. The
second part will concern the covalent or non-covalent grafting to diverse surfaces of dendrons based on a
N P  core. The third part will concern the use in biology of fluorescent dendrons based on a N P  core.
The fourth part will display other biological uses of dendrons based on a N P  core.

2. AB  Derivatives of N P  as Core and Their Use for the Synthesis
of Various Types of Dendrimers
A few examples of dendrimers having AB  derivatives of N P  as branching points are known. In a first
case, the synthesis consisted in reacting N P Cl  used as core with a diamine. Then, the repetition of the
first step was the reaction of the diamine with the five theoretically-remaining Cl on the
cyclotriphosphazene . However, the use at each step of reagents having two (diamine) or six (N P Cl )
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identical functions precluded the obtaining of pure compounds.

For an accelerated synthesis of layered dendrimers having a precisely defined structure, two different
types of AB  derivatives of cyclotriphosphazene were synthesized, bearing five aldehydes and one azide
or five phosphines and one hydrazine. Starting from a hexaaldehyde core (generation 0), the hydrazine
derivative was condensed to afford a first-generation dendrimer functionalized with 30 phosphines. The
third and last step of the synthesis process concerned again the condensation of the hydrazine derivative
with the aldehyde terminal functions, to afford the third-generation dendrimer functionalized with 750
phosphines .

Another type of layered dendrimers was obtained by N-Boc-deprotection and subsequent N-
chloroacetylation with chloroacetyl chloride and Hunig’s base, providing a chloride function as substituent
of the core, which was further substituted by an azide group using NaN . The azide was then reacted with
monopropargylated tosyltetraethylene glycol under classical “click” reaction conditions, also named
Huisgen (3 + 2) cycloaddition, between an azide and an alkyne in the presence of a copper catalyst,
affording a triazole . Then, the tosyl group was substituted with an azide group using NaN . The
resulting dendrimer had 90 allyl terminal groups, which were finally reacted with 1-thioglycerol, to afford
a dendritic structure functionalized with 180 alcohol groups .

An extension of this work was carried out to get a series of dendritic molecules bearing lactoside terminal
functions, starting in particular from a dendron bearing lactoside moieties on the surface and an azide at
the core. Diverse examples of layered dendrimers were synthesized. The largest compound of this family
of onion peel dendrimers contained up to 90 lactose moieties. The biological activity of these compounds
was studied with a bacterial virulence factor, and human adhesion/growth-regulatory lectin, and showed
multivalent effects .

Dendrimers built from two AB  derivatives of N P , linked through a bifunctional fluorophore core, have
dumbbell-shape structures. The synthesis was carried out using two repetitive steps , up to the second
and third generations of dumbbell-shape dendrimers, and N,N-diethylethylenediamine was grafted as
terminal groups in the last step, to induce solubility in water (Scheme 2). The dendrimer built from the
fluorophore having alkene bonds (blue emitter) was used for imaging in vivo the vascular network of a rat
olfactory bulb . The dendrimer built from the fluorophore having alkyne bonds (green emitter) was
used for imaging the blood vessels of a Xenopus laevis tadpole .

Scheme 2. Synthesis of “dumbbell-shape” dendrimers having two AB  derivatives of N P  linked to a
fluorescent core.

Two equivalents of the dendron bearing lactoside terminal functions were associated with a tetraethylene
glycol core, functionalized with an alkyne on both sides. A double-click reaction in the presence of a
copper catalyst provided another type of dumbbell-shape dendrimer .

The presence of a functional group at the core of dendrons can be used for grafting to a different
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dendron, to afford Janus dendrimers that are dendrimers possessing two different terminal functions,
located in two areas (two faces) of the surface . A series of Janus dendrimers was synthesized, in
which one of the faces contained fluorescent groups, and the other face, water-solubilizing groups. Five
equivalents of dansyl phenol were reacted to afford small fluorescent dendrons . The second face of
the Janus dendrimers was constituted by other dendrons having either a carboxylic acid or a hydrazide at
the core and Boc-protected tyramine on the surface  (Scheme 3).

Scheme 3. Synthesis of fluorescent dendrons, and their association with other dendrons based on N P
for the synthesis of two types of Janus dendrimers.

Another example of Janus dendrimer was based on the dendron bearing lactoside terminal functions,
which was associated by click reaction with another small dendron bearing a propargyl group at the core
and five acetyl chloride functions. The presence of such functional groups on one side of this Janus
dendrimer potentially offers the possibility to continue the growing of dendritic branches on one side .

3. Dendrons Based on AB  Derivatives of N P  as Core and Their Use
for the Synthesis of Nanomaterials
Dendrons based on cyclotriphosphazene as core were used for the covalent modification of different hard
surfaces. Two small dendrons functionalized with five maleimide fluorophores, then with either two
azabisphosphonate or two α-hydroxyphosphonate groups, were used for the grafting to thin films. The
grafting was carried out on nanocrystalline mesoporous titania films, which became brightly fluorescent,
using the first dendron. The titania film functionalized with the dendron having two azabisphosphonate
groups was used as chemical sensor, which exhibited high sensitivity to phenolic OH moieties. A neat
decrease in the fluorescence intensity of the films in the presence of phenol solutions was observed,
especially with solutions containing either resorcinol or 2-nitroresorcinol .

Several dendritic structures possessing two types of functions were elaborated both to be grafted to silica
(triethoxysilane) and to be able to trap carbon dioxide (primary amines). Among these structures, a
dendron based on the cyclotriphosphazene functionalized with one triethoxysilane and ten primary
amines was synthesized . This dendron was grafted to a porous silica of type SBA15 (pore diameter 6
nm). Then the Boc-protected amines were deprotected with trifluoroacetic acid (10%) in dichloromethane,
followed by several washings. Measurements of CO  trapping showed that this compound was active, but
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not the most active of the series, probably because it penetrated too far inside the pores of silica due to
its small size .

Two different families of bifunctional water-soluble dendrons were synthesized. Both possess a single
thioctic acid at the core, suitable for grafting to a thin gold layer coated on a glass surface. Generations 1
and 2 were synthesized and functionalized by either ammoniums or carboxylates as terminal functions,
but only the first generations could be grafted to the gold layer. The surfaces modified by the positively or
negatively charged dendrons were then used for studying their interaction with cells, in particular for the
culture of human osteoblast cells (HOBC). It was shown that polycationic dendrons provoked cell
apoptosis, whereas negatively charged dendrons supported cell adhesion and proliferation .

A few examples concern the non-covalent (and thus reversible) π-stacking of dendrons functionalized with
a pyrene at the core on graphene surfaces encapsulating cobalt nanoparticles (Co-NPs). At room
temperature, in the presences of cobalt nanoparticles coated with a few graphene layers, the dendrons
were associated to Co-NPs by π-stacking. When heating, the dendrons were dissociated from the Co-NPs,
and performed catalysis in homogeneous conditions. Upon cooling, the dendrons associated back to the
Co-NPs. Co nanoparticles are magnetic, thus the Co-NPs covered by the dendrons could be easily
recovered using a magnet, and re-used. This concept was applied in particular to the synthesis of
Felbinac, which is a nonsteroidal anti-inflammatory drug. The catalytic Co-NPs covered by the dendrons
were recovered and reused 11 times, and afforded Felbinac with the same efficiency (quantitative yield)
at the 12  run than at the first run (Scheme 4) .

Scheme 4. Non-covalent grafting of catalytic dendrons onto cobalt nanoparticles covered by graphene
layers, and their use as catalysts in Suzuki couplings. Example of coupling for the synthesis of Felbinac.
Recovering and re-use were carried out eleven times, with a quantitative yield in Felbinac in all cases.

A small pyrene dendron equipped with the terpyridine ligand, suitable for the complexation of ruthenium
complexes was non-covalently grafted as previously on the surface of cobalt NPs covered with graphene,
and used in catalyzed nitroarene transfer hydrogenation from 2-propanol. Recycling and recovery of the
catalysts-Co-NP with a magnet could be carried out seven times with still 100% yield in the eighth
experiment with the dendritic catalyst .

Another pyrene-graphene association, was provided by a dendron functionalized with poly(vinylidene
fluoride) (PVDF) polymers, using a Huisgen [3 + 2] cycloaddition (“click chemistry”). PVDF is an
interesting fluoropolymer, constituted of CF -CH  units, which has remarkable properties  The dendron
interacting by π-stacking with the graphene surface of cobalt NPs covered by graphene layers displayed a
thermo-responsive behavior .

4. Fluorescent Dendrons Based on AB  Derivatives of N P  as Core,
Used in Biology
Diversely functionalized phosphorus dendrimers have many biological properties against cancers, chronic
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inflammations (rheumatoid arthritis, encephalomyelitis, psoriasis, etc.), tuberculosis, neurodegenerative
diseases, and as carriers of biomolecules or drugs . In order to decipher their mechanisms of action, it
is often necessary to follow their behavior inside cells and in the body. To do that, a fluorescent group has
been attached in many cases to the core of the dendrimer, thus providing a fluorescent dendron. The
following paragraphs will be organized depending on the nature of the fluorophore linked to the
cyclotriphosphazene core.

A single fluorescent maleimide fluorophore was linked at the core of a family of dendrons up to generation
2. The fluorescence quantum yield measured in dichloromethane decreased from 77 for the generation
zero (5 aldehydes), to 22 for the first generation, and 20 for the second generation . The same family
of dendrons was functionalized with ammonium terminal functions, instead of aldehydes, to afford water-
soluble compounds (Figure 2). The fluorescence of the second generation was largely decreased in water
compared to dichloromethane. This dendron was synthesized with the aim of monitoring transfection
experiments, thanks to the presence of ammonium groups . This dendron was able to interact with the
plasmid DNA (BACE-GFP) .

Figure 2. Dendrons functionalized with a single fluorescent maleimide at the core and with either 20
aldehyde or 20 ammonium terminal functions

The same family of dendrons, generations 1 and 2, was functionalized with cyclic ammoniums instead of
linear ammoniums. Whatever the generation and the type of cyclic ammoniums, the dendrons built from
the pyrene derivative at the core had a Critical Micelle Concentration (CMC) between 1 and 4 μM. The
maleimide series less easily formed micelles, and displayed large differences in the CMC, depending on
the generation of the dendron (Figure 3). These dendron-based micelles were tested against a panel of
tumor cell lines  .

Figure 3. Amphiphilic dendrons functionalized with either maleimide or pyrene at the core and 20 cyclic
ammoniums on the surface (2-(pyrrolidin-1-yl)ethan-1-amine (five-membered ring) or 2-(piperidin-1-
yl)ethan-1-amine (six-membered ring). Schematized association of these dendrons in micelle.

A first-generation dendrimer having as terminal functions 12 azabisphosphonate groups based on
tyramine was shown to be able to activate monocytes, which are a key cell population of the human
innate immunity. In order to try to decipher the mechanisms and consequences of this activation, an
analogous fluorescent dendron having the maleimide at the core and 10 azabisphosphonate terminal
functions (Figure 4) was synthesized. The maleimide derivative was grafted in the very first step of the
synthesis. It was used for FRET experiments (fluorescence resonance energy transfer) with phycoerythrin-
coupled antibodies associated to different receptors, to determine the eventual involvement of a specific
receptor .
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Figure 4. Full chemical structure of a first generation dendron having a maleimide at the core and 10
azabisphosphonate terminal functions

The same family of dendrimers/dendrons was shown to be able to multiply, frequently by several hundred
folds, the number of natural killer (NK) cells, which are another key cell population of the human innate
immunity, able to fight against viral and bacterial infections, and against many cancers. Indeed, it was
demonstrated that this family of dendritic compounds offers an alternative strategy to the treatment of
chronic inflammatory diseases such as rheumatoid arthritis and multiple sclerosis . Several generations of
dendrimers bearing diverse negatively charged terminal functions were also synthesized, but the most
active compound remained the first generation functionalized with azabisphosphonate functions. It was
shown later on that both the plain dendrimer (12 azabisphosphonate terminal functions) and the
fluorescent dendron shown in Figure 4 (10 azabisphosphonate terminal functions) added to ex vivo
cultures of peripheral blood mononuclear cells from healthy volunteers or from cancer patients with
multiple myeloma enabled the efficient proliferation of NK cells, which were proved to exhibit in vivo anti-
cancer activity .

In view of all the properties of the dendrimers ended by azabisphosphonate terminal functions, a
structure/activity relationship was carried out, together with the desire to decipher their complex
interactions with biological processes. Besides maleimide, other fluorescent groups were linked to the
core of the dendrons, in particular based on julolidine to help in deciphering the biological mechanism of
action. In this regard, having in hand several fluorescent analogs of a given compound with various
λem/λex is somehow convenient to design biological experiments.

This fluorescent julolidine dendron was used to investigate the immunomodulatory effects of these
dendritic azabisphosphonate derivatives. It was shown that they inhibited the activation, and therefore
the proliferation, of CD T cells in cultures with IL-2 (interleukine) without affecting their viability. The
presence of a larger quantity of IL-2 available induced the rapid enrichment of NK cells. This dendron was
also efficient for inducing the activation of monocytes  . The fluorescent dendron allowed to
demonstrate a direct interaction with the T cells .

Dendrimers functionalized with other negatively charged groups, such as trans-cinnamic acid, were first
used for the elaboration of nanostructured materials . The plain dendrimer and the corresponding
fluorescent (julolidine) dendron having cinnamic acid terminal functions (Figure 5) were tested on
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membrane models (monolayers and multi-lamellar vesicles), and on monocytes. It was shown that the
cinnamate dendrimer and dendron strongly disturb and alter the structure and the properties of model
membranes, and they were found toxic towards monocytes. A totally different behavior was observed
with the azabisphosphonate dendrimer and dendron, which had a low impact on the model membranes,
and no toxicity towards monocytes .

The exact equivalent of the azabisphosphonate terminal functions was also synthesized in the
carboxylate series, i.e., the azabiscarboxylate dendrimer (Figure 5) . Interaction of these
macromolecules with monocytes revealed that the fluorescent derivative having azabisphosphonate
terminal functions can bind both non-specifically and specifically to the membrane of human monocytes.
The specific binding led to the internalization of the phosphonate derivative by human monocytes. In
contrast, the corresponding carboxylate derivative interacted only non-specifically with human
monocytes, and was not internalized  .

Figure 5. Examples of dendrons functionalized by one julolidine derivative at the core and 10
carboxylate or azabiscarboxylate terminal functions.

A large number of dendrimers functionalized in all cases with azabisphosphonate terminal functions were
synthesized starting from different types of scaffolds, and tested for the activation of monocytes. Purely
organic dendrimers (PAMAM, PPI and p-Lys) had no activity, whereas partly inorganic dendrimers, i.e.,
dendrimers bearing phosphorus or silicon at the branching points, were all active. The key feature was
the “directionality” of the macromolecules, i.e., the repartition of the terminal functions as shown in the
3D modeling by molecular dynamics  . All-atom molecular dynamics simulations of all these dendritic
structures in explicit solvent demonstrated that the most directional compounds are the most active  .

On the way to clinical translation of this family of dendritic compounds, the biodistribution and the safety
have to be assessed. The biodistribution in mice was first assessed with the julolidine dendron, then with
the NIR dendron. The julolidine dendron injected in the mouse tail can be detected in draining lymph
nodes and in the liver, and in very little proportion in the kidneys at day one. The julolidine derivative is
brightly fluorescent in the green, but the autofluorescence of the tissues induces a green background
which precludes a good quantification of the presence of the dendron, that is why the dendron
functionalized with the NIR fluorophore was then used (Figure 6). It was mainly found in the lungs and in
the liver, whereas lower quantities were detected in the lung and in the kidney. Fluorescence could be
detected up to 56 days post injection  .

With the aim of broadening the scope of the anti-inflammatory properties of the azabisphosphonate
dendritic compounds, their therapeutic efficacy in a preclinical mouse model of psoriasis induced by
imiquimod was assessed. A moderate therapeutic effect was observed. The NIR dendron (Figure 6) was
used for determining the skin permeation capability .
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Figure 6. Dendron functionalized with a NIR fluorophore at the core and 10 azabisphosphonate
derivatives on the surface.

4. Other Dendrons Based on AB  Derivatives of N P  as Core, and
Used in Biology
The family of dendritic structures having azabisphosphonate terminal functions has been expanded by
decreasing the number of terminal active functions, in order to determine the influence of surface loading
on the biological properties. The case of five reactive functions and one non-active has been exemplified
in two previous Figures with a fluorophore being the non-reactive function (Figure 4 and Figure 6). The
number of active functions was decreased, in order to determine the influence of surface loading on the
biological properties. The growing of the dendritic branches was carried out starting from the remaining 5
to 1 chlorides, up to obtaining azabisphosphonate terminal functions (Figure 7) .

Screening the bioactivity of all these dendritic structures (Figure 7) towards human monocytes
demonstrated that the compound built from the cyclotriphosphazene first functionalized with one
equivalent of 2,2′-dihydroxybiphenyl, thus having eight azabisphosphonate terminal functions was still
very active . Recently the same series of dendritic structures was screened for the multiplication of NK
cells. It was shown that the activation of monocytes is necessary in the framework of a multistep cross-
talk between monocytes and NK cells. Thus, compounds that are not able to activate monocytes are not
able to multiply NK cells [45].

Figure 7. Chemical structure and schematization of dendritic structures having a decreased number of
azabisphosphonate terminal functions.

Besides the fluorescent dendrons shown in Figure 3, dendrons functionalized with the same cyclic
ammoniums on the surface and bearing one azabisphosphonate group at the core instead of the
fluorophore were also synthesized. The azabisphosphonate groups are less hydrophobic than the
fluorescent groups, thus the CMC values were higher, especially for the first generations (153.7 and 109
μM, for pyrrolidinium and piperidinium terminal groups, respectively), but also for the second generations
(60 and 45.5 μM). As already observed with the fluorescent derivatives, dendrons containing piperidinium
terminal groups displayed higher cytotoxicity than the corresponding dendrons containing pyrrolidinium
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terminal groups, and the second generation was more cytotoxic than the first. The second generation
bearing the six-member ring ammonium was found to be much safer than free DOX when it treated A549,
PC3, HCT116, and MDA-MB-231 tumor cell lines, as it displayed cell selectivity .

Dendrons having an alkyl chain (C H  or C H ) at the core, and pyridine-imine functions on the
surface, were found suitable for the complexation of metals such as copper or gold (Figure 8) . The
corresponding plain dendrimers were synthesized before, and complexed with either copper or gold, or
with a mixture of both metals , and an original mechanism of action was proposed . Later on, it was
shown that replacing copper by gold, i.e., CuCl  by [AuCl ][AuCl ] strongly increased the antiproliferative
activities against both KB and HL-60 tumoral cell lines, showing IC s in the low nanomolar range .
Furthermore, the replacement of copper by gold considerably increased the anti-proliferative activity ,
as was shown previously with the corresponding third generation dendrimers.

Figure 8. Dendrons having an alkyl chain at the core, and pyridine-imine functions complexing copper or
gold on the surface.

In conclusion, the numerous properties of the AB  derivatives of cyclotriphosphazene for the synthesis of
diverse dendritic structures, such as layered dendrimers, dumbbell shape dendrimers, or Janus
dendrimers has been shown in this review. Dendrons based on AB  derivatives of cyclotriphosphazene
have been already used in very different fields ranging from nanomaterials to catalysis or sensors, and to
different fields of biology, in particular, to fight against chronic or acute inflammations and against
different types of cancers. It should be emphasized that most properties were observed with small
dendritic structures of generations 0 or 1, to avoid the burying, and thus the inefficiency of the single
function at the core. Despite the numerous works already carried out, there is still plenty of room for the
synthesis of other dendritic structures based on AB  derivatives of cyclotriphosphazene. Furthermore, a
few examples concerning A B  derivatives of cyclotriphosphazene in which two functions at the core are
modified, while preserving most of the properties of dendritic structures have been published. One can
also envisage the synthesis of ABC  derivatives, having two different functions at the level of the core,
potentially interesting in the fields of biology and nanomedicine, to incorporate specifically both a
fluorophore and a targeting function, or whatever can be imagined.
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