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Summary: In this paper we highlighted the general situation of metal containing
poly(organophosphazenes) and we presented the status of the art in this area in
terms of interactions between phosphazene materials and different types of metals.
Possible practical utilization of the polymers obtained is also envisaged.
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Introduction

In recent times, the need of new materials
showing outstanding properties in different
applicative domains stimulated consider-
able research efforts in the field of inor-
ganic!'l and organometallic® polymers,
with particular concern in the case of
poly(organophosphazenes)>*! (POPs).

Starting from the original synthesis of

these materials disclosed by H.R. All-
cockl®®! in the middle of the sixties, the
interest on POPs is rapidly increased
over the time. Both their scientific and
industrial applications are of importance.

Thus,

poly(organophosphazenes) rouse

interest as flame-retardant!’! and thermally
stable!®! macromolecules, low-temperature

elastomers!®], biomaterials

1011 bhotosen-

sitive and/or photoinert substrates!'?], solid
state electrolytes'’], variable types of
hybrids[m’ls], membranes!'®), solid state
fuel cells!'”), optical- and electrooptical-
polymers[ls], etc.
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This is the result of the impressive series
of valuable features showed by poly(orga-
nophosphazenes) that are not common in
the scientific scenery of polymeric materi-
alst™ je. very high synthetic Versatility[zo],
elevate skeletal flexibility?!l, controlled
degradation of the phosphazene polymer
chain[m], remarkable thermal!® and/or fire
stabilityl’], optical transparency of the
polymeric backbone!'?!, that allowed the
preparation and the characterization of
more than 700 different phosphazene
macromolecules!®?! suitable to find practi-
cal exploitation in different industrial and
technological domains.

Among the different types of poly(or-
ganophosphazenes)[w], in this paper we will
focus our attention on a specific class of
polymers that deserves particular consid-
eration in view of the interesting series of
possible practical applications, i.e. polypho-
sphazenes containing metals or ions. The
intrinsic interest of these substrates will
be accounted for in terms of property/
structure relationships.

Property/Structure Relationships
in Metal-containing
Poly(organophosphazenes)

Two main categories of phosphazene
features will be examined in order to
account for the reason why these materials
have been used as chemical support for
metallic species, i. e
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1) synthetic versatility'”), including chemi-

cal functionalization!®®!, and the possi-
bility of forming of P-Metal chemical
bondsm]; and

2) skeletal peculiarities, such as backbone
mobility!?!), chain degradability!’! and
metal coordination to skeletal nitro-
gens!2+28],

These two points will be examined in
detail.

Synthetic Versatility

With the expression “‘synthetic versatility”
is intended the possibility of synthesizing a
great deal of poly(organophosphazenes)
having different chemical structures by
exploiting simple experimental proce-
dures!". This can be seen easily by
considering the basic structure of polypho-
sphazenes, as reported in Figure 1:

As formed by almost linear sequences of
—P=N- monomeric units and substituent
groups on the phosphorus, mostly (but not
exclusively) formed by organic residues.

The versatility of the synthesis of these
materials stands on the substitutive strategy
used for their preparation'!. This
approach is described in Figure 2.

The Figure illustrates the general syn-
thetic procedure adopted for the prepara-
tion of poly(organophosphazenes), based
on the initial synthesis of poly(dichloropho-
sphazene) (NPCl,),, by thermally-induced
ring-opening polymerization process of
hexachlorocyclophosphazene (H.R. All-
cock, 1965 and/or polycondensation
reactions of dichlorophosphinoyliminotri-
chlorophosphorane (R.De Jaeger 19826%))
or of trichlorotrimethylsilylphosphorani-
mine (I.Manners and H.R. Allcock,
1995 [31]). Starting from this polymer, almost
all the known poly(organophosphazenes)

i
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Figure 1.
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are prepared by nucleophilic substitution of
the chlorine atoms with suitable nucleophiles,
eg. alliphatic[5 32331 and aromatic>323* alco-
hols, aliphatic[6’35] and aromatic amines[36],
alkylor aryl groups>’**] arylthiols®®’!, and di-
hydroxylated aromatic compounds!*’], thus
obtainingeightclasses of phosphazene homo-
polymers!**.

Looking at Figure 2, it appears quite
clearly that the variation of the nucleophilic
substituent to be reacted with poly(dichlor-
ophosphazene) would automatically imply
the property modification of the resulting
macromolecules. This fact allows the pre-
paration of POPs bearing substituent
groups of different chemical structure, thus
accounting for the high number®! of
polyphosphazenes known and the large
diversity of their chemical and physical
features.

Metal-containing phosphazene macro-
molecules could be obtained when the
substituent groups attached to the phos-
phorus atoms of the polyphosphazene
skeleton contain suitable coordination sites
or functional groups that are able to
interact with transition metals or ions. In
fact, a series of coordinating substituents
have been attached to poly(organopho-
sphazenes), such as metallocenes*! ™,
phosphines!*81 arenes®!, pyridines>*
2] allyl derivatives®, crown ethers®*>7),
porphyrines[ss‘s‘)], phthalocyanines[(’o], di-
carboxylate ions[61'64], thio ethers[65],
methylene carboranyl groups[45], 4-bromo-
phenoxy groups!® etc. which permit
the synthesis of metal-containing phospha-
zene macromolecules, suitable to be used
as electroconductive!®! and electrorespon-
sive polymers! #3671 biomaterials/>*>8%61-
646891 " catalytic  substrates!2725446.70.71]
nonlinear optics materials[47], etc.. Further-
more, other types of substituents could be
attached to the phosphazene skeleton able to
interfere with ionic species in a weak way or
to induce crosslinking processes in the
presence of bi-valent salts, giving rise to
polymeric electrolytes!™!! or to biocompa-
tible materials adapt to act as drug delivery
systems[72‘74] or as immunoadjuvants[75‘77],
respectively.
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Figure 2.

Up to now, the formation of direct P-
Metal bonds on poly(organophosphazenes)
could not be achieved and is limited only to

the level of cyclophosphazenes[zz].

Skeletal Characteristics of POPs.

Phosphazene skeleton is an interesting
constituent of poly(organophosphazene)
substrates that plays a very important role

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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in determining the final properties of these
materials.

—P=N- backbone, in fact, is very flex-
ible®! with reduced torsional energy bar-
riersl’®] in a way that polyphosphazenes
show fairly low glass transition tempera-
tures!””! (Ty values below —50°C up to
—105°C are relatively common) and pro-
nounced elastomeric properties[gl. As a

www.ms-journal.de
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consequence, polymers of this class bearing
very flexible and mobile phosphorus sub-
stituents are expected to be amorphous
materials, particularly suitable to be used
for solid state ionic electric conductivity!*!.
Furthermore, polyphosphazene chain
exhibits an extraordinary versatile behavior
in dependence of the nature of the
substituent groups attached to the phos-
phorus atoms®®. Functional substituents
such as aryloxy->4, fluoroalkoxy-"!, poly-
ethyleneoxide-*"), aliphatic/®*! or aro-
maticP®! amino- derivatives, etc, provide
considerable chemical and hydrolytic sta-
bility to the polyphosphazene substrates,
while nucleophiles such as simple aminoa-
cids (e.g. glycine®#?! alanine!®'3 etc.) or
imidazole® are able to induce skeletal
instability in the presence of water which
brings about controlled polymer degrada-
tion and the delivery of phosphate and
ammonia species as degradative products
of the skeleton®l. This makes polypho-
sphazenes very attractive, biocompatible,
and bioerodible materials suitable to be
used for the controlled delivery of drugs
and of molecules of biological interest'%].
Finally, another important feature of the
polyphosphazene skeleton is the unusual
high basicity of the skeletal nitrogens, as
measured by R.A.Shaw®! for cyclopho-
sphazene substrates between 1960 and
1980, that could be used successively for
chain protonation reactions!?>**%7 coordi-
nation of metals®! or reaction with Lewis
acid molecules!®°!. These aspects of the
polyphosphazene chain behavior have
important implications as far as the possi-
bility of depositing Ru, Pd, Rh, and Pt metal
nanoparticles on poly(organophospha-
zenes) for catalysislzs] is concerned.

Metal-Poly(organophosphazene)
Interactions

Interactions between poly(organophospha-
zenes) and metals or ions have been
investigated over the time for several
different phosphazene polymers and a
variety of metals. For the sake of clarity

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

in this paper we will classify different topics
according to the metal sequence of the
Periodic Table of Elements. Only the most
important research concerning phos-
phazene and metals will be highlighted in
this article, without pretending to be
exhaustive.

Group-1. Lithium

Lithium salts have been investigated in
combination with poly(organophospha-
zenes) especially for the preparation of
ionic conductive polymeric materials!'!.

This topic was originated by a paper
published by H.R.Allcock in 1984 concern-
ing the synthesis of poly[bis(methoxy-ethoxy-
ethoxy)phosphazene], MEEP, (Figure 3) by
reaction of poly(dichlorophosphazene) with
the sodium salt of methoxy-ethoxy-ethanol.
MEEP is an amorphous macromoleculel®!),
with a very low T, (—83.5°C), which bears
Lewis Base sites in the side ethyleneoxide
phosphorus substituents. Furthermore, this
polymer is able to weakly coordinate Li*
(and Ag") salts giving rise to homogeneous
polymer salt complexes able to conduct
electricity in an ionic way!”?l. This electric
conductivity®!! was found to be about 107>
Scm ™!, i.e. a value that is two-three orders of
magnitude higher than that measured for
poly(ethylene oxide)-Li* complexes!').

A variety of synthetic and functionaliza-
tion strategies have been put forward over
the time to improve mechanical and
conductive performances of this polymer.
Thus, the crosslinking of MEEP3-1
together with its implication in blend-
ing!%%191 and in sol-gel™! processes have
been explored to enhance the dimensional
stability of the macromolecule without
depressing ionic conductivity. Moreover,
different ethyleneoxide-containing alco-
hols of linear'?! or branched!'*! structure

N
Il
— P— 00— CH,CH,OCH,CH,OCHj3

Figure 3.
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(see Figure 4) and free hydroxyl group-
containing crown ethersP*>7! of different
dimensions (Figure 5), have been exploited
for the same purpose.

The products obtained showed an en-
hanced dimensional stability in the case of
branched ethyleneoxide derivatives!!93-10%]
without the need of reticulating the poly-
mers, together with a conductivity which is
one order of magnitude higher than that of
MEEP!* At the same time, polypho-
sphazenes containing crown-ether residues
exhibited a very poor conductivity, possibly
due to the capture and immobilization of
the alkaline ions inside the crown struc-
turel®’!,

The mechanism of the ionic conductivity
of these polyphosphazenes with lithium
ions (and in same cases also of Ag" ions)
was assigned to the weak coordination of
the ionic species onto the Lewis Base sites
of these materials!"*'~17] with the con-
tribution of ion coordination on the nitro-
gen atoms!”31%8191 of the polyphosphazene
skeleton.

Group-2. Calcium

The interaction between Ca®" ijons and
poly(organophosphazenes) was explored in
detail in the case of poly[bis(4-carboxyla-
tophenoxy)phosphazenes], PBCPP, with
the aim of preparing biocompatible hydro-
gelsm] suitable for trapping and succes-
sively delivering molecules of biomedical
interest. PBCPP is a phosphazene polymer
insoluble in acid or in neutral water but
soluble in alkaline solutions’>”3. When
treated with bi- or tri- valent ions, such as
Ca**, Cu®" or AP, the alkaline solutions
of this macromolecule are able to reticulate

Y CH,OH

(0] 0]
X
wherex=1,2,3. ...

Figure 5.

gels72741101 according to the reaction

mechanism reported in Figure 6.

Interestingly, the crosslinking process
could be very easily reversed by simple
contact with physiological solutions of
NaCl, thus bringing back the polymer to
its original form. This very simple reaction
sequence stimulated a great deal of research
on the utilization of PBCPP to microencap-
sulate!”>"117113] gubstrates of biological inter-
est (e.g proteins[73’74‘“0’l'2’“4], cells™ or
antigens[75’115]), under very mild experimen-
tal conditions that are able to preserve the
biological activity of the trapped species. At
the same time, these species could be
released”+7>11OU215] 45 so0n as the gel is
in the presence of NaCl solution. Additional
attractive characteristics of phosphazene
materials of this class are as immunoadju-
vants!”>7®l for antigens.

Group-6. Chromium, Tungstenum

Chromium
Chromium carbonyl complexes were coor-
dinated to poly(organophosphazenes)
using three different ligands, i.e. 2-phenox-
yethoxy!*), pyridine®™!, and cyano!''®
groups.
Poly[bis(2-phenoxyethoxy-chromium-
tricarbony)phosphazene| was prepared by

N
O\/\O/\/O

forming soft, highly swollen hydro-
CH3(OCH,CH3),,,OH
where | <m <12
Figure 4.
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Figure 6.

reacting poly(dichlorophosphazene) with
(n°-2-phenoxyethoxy)-chromium tricarbonyl
substrates!®! according to the reaction
scheme reported in Figure 7:

The polymer obtained is a yellow macro-
molecule that turned to a green product
upon standing, possibly due to the oxidation
of the chromium (0) to chromium(IIT)
derivatives. It was a sparingly soluble
material, with a solubility which turned into
insolubility, probably due to side group
stacking phenomena in solid state with
generation of microcrystalline domains of
reduced solubility. It showed a T, of +-43 °C,
which is much higher compared to that of
the analogous polymer without chromium
complexes (—8 °C), due to the chain rigidity
introduced in the polymer skeleton by the
chromium tricarbonyl complexes. Upon
heating, it produces 40% of solid residue
at 800 °C (by thermogravimetry) due to the
incorporation in the solid material of
chromium-containing species.

The second approach to coordinate
chromium onto poly(organophosphazenes)
was based on the exploitation of grafting
reactions of bifunctional unsaturated
monomers onto selected poly(organopho-
sphazenes). Thus, the light-induced grafting
reaction of 4-vinylpyridine onto poly[bis(4-

Il
— P—Cl + HO— CH,CH,— 70N

CrH{CO),

Figure 7.
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methylphenoxy)phosphazene] in solid film
could be achieved by irradiating benzophe-
none photoinitiator™ in the presence of
the monomer to produce poly[bis(4-
methylphenoxy)phosphazene]-g-poly(4-
vinylpyridine), PBMPP-g-P4VP copoly-
mer. Chromium could be linked to these
materials as Cr(CO)s complexes on the py-
ridine ligands, possibly for catalytic purpo-
ses. For the polymer obtained a T, increase
could be observed due to the enhanced
stiffness of the phosphazene chain.

Finally, the incorporation of chromium
pentacarbonyl complexes in phosphazene
copolymers substituted with 2,2'-dihydrox-
ybiphenyl (80%) and with 4-hydroxyben-
zylcyanide (20%) was achieved by
C.Diaz!"'®! who succeeded in the prepara-
tion of an insoluble, green-colored
poly (metalla phosphazene) having the
structure reported in Figure 8 containing
a loading of 14% in chromium complex.

The polymer showed an electric con-
ductivity 0 of 1.2 x 107" Sem™!, a T, value
of 140 °C and almost 50% of solid residual
material when heated at 800 °C.

Tungsten
Tungsten  pentacarbonyl  compounds
W(CO)s attached to a phosphazene poly-

Il
——» —P—0—CH,CH,—

<z

Cr(CO);
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CN—Cr(CO)s
CH,

N/
N=P \

=

Figure 8.

mer were obtained by reacting a partially
substituted polydichlorophosphazene with
2,2'-dihydroxybiphenyl (65%) with 4-
hydroxytriphenylphosphine already com-
plexed with the tungsten carbonyl complex
{W(CO)s[PPh,(CsH,~OH)]}*"!. The phos-
phazene copolymer obtained has the struc-
ture shown in Figure 9:

The polymer obtained was fully char-
acterized by conventional techniques.

Moreover, tungsten pentacarbonyl
W(CO)s complexes with pyridine-functio-
nalized polyphosphazenes could be ob-
tained by CarriedoP®'! by preparing a
spirophosphazene copolymer containing
70% of 2,2'-dihydroxybiphenyl substituents
and 30% of 4-hydroxy-pyridine ligands, and
reacting it with [W(OHMe)(CO)s]. The
final material has the following structure
(see Figure 10):

For this polymer no T, could be detected
in the range of —50 up to 250 °C. In addition
the materials showed low thermal stability,
starting decomposition at 75 °C, with a very
high (70.8%) solid residue above 800 °C. A
certain instability of the complex ligand was

(COsW,

Jo-

also measured with decrease in the metal
content in the polymer over the time.

Group-7. Manganese

Manganese complexes were attached to
polyphosphazene materials using three
different types of ligands, ie. phosphi-
nes**81 4-cyanophenoxy!'!”! and 4-methy-
lenecyanophenoxy' *! groups.

Thus, H.R. Allcock** succeeded in com-
plexing  Mn(CO),(’-CsHs)THF  with a
phosphazene copolymer containing free
pending phosphine groups, followed by
G.A.Carriedo!*® who reacted {Mn(CO),-
(n°-CsH4Me)[PPhy(C¢H,~OH)]} with poly
(dichlorophosphazene) partially substi-
tuted with 2,2'-dihydroxy-biphenyl substi-
tuents. The structures of the final polymers
obtained are reported in Figure 11.

Polymer “A” showed tendency to cross-
link* at room temperature, while polymer
“B” exhibited a high T, (+128°C), mod-
erate thermal stability*®! and the formation
of 41% of solid residue at 800 °C.

Successive work in the area was carried
out by G.A.Carriedo!"'” and by C.Diaz!!*®!

W(CO)s

0O O
‘é W \
N=P
/0~55

Figure 9.
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(CO)SW W(CO) 5

ﬂQ@

who experienced the utilization of different
cyano ligands to attach manganese com-
plexes to polyphosphazenes. In fact, the
reaction of frans-[BrMn(CO,)(dppm)-
{P(OPhs}] in the presence of TI[PFgs] or
of [(O3ClO)Mn(CO);(dppe)] with a phos-
phazene copolymer containing variable
amount of 4-cyanophenoxy moieties leads
to the preparation of macromolecules

Figure 10.

having the structure shown in Figure 12
while the utilization of methylene cyano-
phenoxy phosphazene copolymers in
combination  with HOCgH4CH,CN-
Mn(CO),(°-CsH4CH3) produces the poly-
mer of Figure 13

The materials have been characterized
by usual techniques and their conductivity
and thermal characteristics investigated.

Group-8. Iron, Ruthenium

Iron

The first class of iron-containing phospha-
zene materials developed deals with poly-
mers of biological interest bearing imidazolyl
groups as carrier molecules for Iron(Il) and
Iron(III) porphyrins®™° and with the
investigation of the behavior of these
materials in the presence of molecular

P P
o Jof
a [ NS
N=P N=P
J0.85 or \ J0.15 or
0.70 0.30
A
co
(fo COo co_ |
%

Ml

Figure 11.
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oxygen and carbon monoxide both in
solution and in solid state. The polymers
have the structure shown in Figure 14 where
the ellipse represents heme or hemine units.
The principal aim of this research was to
provide insight in the transport mechanism
of molecular oxygen in living systems and to
find possible hemoglobin substitutes.

This research was followed by the
preparation of iron-containing polymers
through functionalization of polyphospha-
zenes containing 4-bromophenoxy moi-
eties®®]) both in solution and in solid
state. The covalent attachment through
iron-carbon o bonds of organo-iron com-
pounds to aryloxy-substituted polypho-
sphazenes occurs according to the
mechanism described in Figure 15 which
implies the preliminary lithiation of the 4-

| CHs

I
—T—O@CH2CN—M?....,CO

Co

Figure 13.

N

b NH— (CHy— N N
— P—NH—(CHy)—

| =
Figure 14.

Tllll n-BuLi/THF Tllll
_T_O@Br LT R o

bromophenoxy moieties of the polypho-
sphazenes to form lithiophenoxy deriva-
tives, followed by reaction with
cyclopentadienyliron dicarbonyl group.
The resulting polymers were found to be
paramagnetic in solid state, with a T, of
41°C (the pristine poly[bis(4-bromophen-
oxy)phosphazene] has a T, of 10°C), and
able to form a higher solid residue at 900°
(43% vs 10% of the original macromole-
cule) by TGA. Potential interest for these
materials are in catalysis, electroresponsiv-
ity, and magnetism.

Additional advances in the preparation
of iron-containing poly(organophospha-
zenes) deal with the synthesis of polymers
functionalized with ferrocenyl groups. The
materials could be prepared principally by
two different strategies, i.e. by thermally-
induced ring-opening polymerization of
cyclophosphazenes already containing fer-
rocenyl derivatives (H.R.Allcock[20122],
polymers “C” and “D”) or by chemical
modification of pre-synthesized poly-
(methyl/phenyl)phosphazene  (P.Wisain-
Neilson!*142], polymer “E’’). The resulting
structures are reported in Figure 16:

The polymers prepared showed electro-
responsivity due to the presence in their
chemical structure of the ferrocenyl sub-
stituents, enhanced T, values and dramatic
changed in solubility.

Research on iron-containing poly(orga-
nophosphazenes) has been carried out also
involving phosphazene polymers functio-
nalized with phosphine ligands. Thus,

CpFe(CO),l Tﬂl

Li—— > _I\)_O@ FeCp(CO),

where: Cp stands for cyclopentadienyl

Figure 15.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 16.

N 1) n-BuLi, THF

-401t0 - 60°C I Q
_p_o@gr—> _p_o@p
| 2) PhyPCl | @

Figure 17.

phosphine-functionalized polyphosphazenes
could be obtained by lithiation of 4-brom-
ophenoxy substituted polyphosphazenes fol-
lowed by the reaction of the lithium
derivative with chlorodiphenylphoshine!''”)
(Figure 17)

The successive reaction of these materi-
als with Fe(CO);[PhCH=CHC(O)CH,]**
formed polymers that are initially soluble,
but immediately evolved to the crosslinked
species. The interest on these iron com-
plexes supported on polyphosphazenes is
basically in catalysis.

More recent research on iron-containing
poly(organophosphazenes) concerns phos-
phazene polymers functionalized with two
different ligands both of them containing
cyano groups!!?*24 According to Car-
riedo!'?*!, in fact, the reaction of phospha-

111 T PFg

” @
—l|°—O CN—F\e\P
P\)

Figure 18.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

zene copolymers substituted with phenoxy
and 4-cyanophenoxy groups with iron
cyclopentadienyl diphosphine complex
[Fe(CH;CN)(dppe)Cp][PFs] formed the
phosphazene material of Figure 18

On the contrary, the reaction between
4-methylenecyanophenoxy polyphospha-
zenes (Figure 19) with cyclopentadienyl-
bis(diphenylphosphino)ethane-iron
plex led to the formation of reticulated
materials possibly due to the deprotonation
reaction of the methylene group of the
bis(diphenylphosphino)ethane ligand!?4],

com-

Ruthenium

Ruthenium complexes have been exploited
by H.R.Allcock in the middle of eigh-
ties!**12%] a5 ruthenocenyl compounds sup-
ported on cyclophosphazene derivatives,

Figure 19.
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Figure 20.

O\ 4 O\ /o
P P
NS
Figure 21.

that have been successively polymerized by
thermally-induced ring-opening polymeri-
zation processes. This argument has been
already treated in the case of ferrocenyl
complexes reported above (vide supra).
Moreover, the coordination of Ru(II)
(n°-p-cymene) complexes have been inves-
tigated by Carriedo!™ for the coordination
on pyridine-functionalized spirophospha-
zene copolymers, to obtain a material

[RU]

PPh2
PPh,

ﬂ@@

having the chemical structure described in
Figure 20

In this material the Ru(IT)(n°-p-cymene)
is inserted in an achiral polymer. Following
the same strategy, however, it could be
possible to insert the same Ru(II) complex
in a chiral phosphazene copolymer bearing
(R)-2,2'-dioxy-1,1’-binaphthyl units. The
structure of the resulting materials is
reported in Figure 21

When this reaction is carried out in
acetone the crosslinking reaction of the
polymer takes place with formation of a
reticulated material in which a chlorine
atom in the coordinative sphere of the
ruthenium complex is replaced by the
pyridine ligand belonging to another phos-
phazene chain. The potential interest of this
new substrate stands on the observation
that the Ru(II) complex is inserted in a
rigid, crosslinked and chiral structure, thus
showing potential application for enantio-
meric catalysis.

Extending this approach to phosphine
ligands, G.A. Carriedo!”! recently reported
the synthesis of triphenylphosphine-con-
taining  spirophosphazene copolymers
partially substituted with 2,2’-dihydroxybi-
phenyl and with (R)-2,2’-dioxy-binaphthyl
residues, respectively, having the following
structure (Figure 22) bearing Ru(II) com-
plexes. A crosslinked form of the chiral
polymer was also prepared.

These materials were tested for catalytic
activity and enantioselectivity by investi-
gating the reduction reaction of acetophe-
none by isopropanol, because of the

[Ru
[Ru]

PPh2
PPh,

sl

T NS

where [Ru] stands for RuCl2(n -p-cymene)

Figure 22.
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possibility of orienting the steric selectivity
of this reaction by inserting the catalyzing
complexes inside ‘‘chiral pockets” along
the polyphosphazene chain. Unfortunately,
no enantiomeric excess of the reaction
products could be detected in spite of the
high conversion reached of acetophenone
to the corresponding alcohol.

Finally it was recently reported by Pertici
and Vitulli®”?*! that ruthenium nanoparti-
cles homogeneously distributed on the sur-
face of poly(dimethylphosphazene) and of a
variety of other aryloxy-substituted polypho-
sphazenes (see Figure 23), have been
exploited as hydrogenation catalysts for
unsaturated compounds, such as olefins,
carbonyls and aromatic compounds. The
nanoparticles have been prepared by hydro-
gen-induced decomposition of the Ru(z°-
cycloocta-1,3,5-triene)(n*-cycloocta-1,5-
diene) complex in the presence of poly-
(dimethylphosphazene) (PDMP) and of
other different aryloxy-substituted phospha-
zene homopolymers.

Group-9: Rhodium

Similarly to the procedure already illu-
strated in the case of ruthenium catalysts
(vide supra), rhodium nanoaggregates have
been deposited on polyphosphazene mate-
rials in an homogeneous way through Metal
Vapor Synthesis (MVS) technique, to form
catalysts that are valuable for the selective
hydrogenation of «,B-unsaturated alde-
hydes and ketones to the corresponding
saturated carbonyl derivatives®!>, Thus
the catalyzed hydrogenation of cinnamal-

@—CH:CH—CHO

Figure 24.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

dehyde as test reagent for this kind of
reactions was investigated, as reported in
Figure 24 The reaction proceeds efficiently
with a chemoselectivity toward the reduc-
tion of the cinnamaldehyde insaturation of
the 91%. Interestingly, it is possible to
operate in heterogeneous phase (toluene,
THF) as well as in homogeneous phase
(alcohol) depending on the solubility of
polyphosphazene in the dispersing liquid.
In the case of homogeneous catalysis, the
reaction is fast and the catalytic system can
be recovered by precipitation with a non-
solvent (pentane, diethylether) and reused
without loss of activity.

Group-10. Palladium, Platinum

Palladium
This research has been carried out with the
aim of modifying the physical properties of
a phosphazene elastomer of the following
structure (Figure 25) through palladium-
induced intermolecular complexation at
the allyl residue present in the phenoxy
phosphazene substituents®. These spe-
cies, although present in very low percen-
tage (5% mol), are sufficient to induce the
crosslinking of the phosphazene copoly-
mers in the presence of bis(acetonitrile)di-
chloropalladium(ii), forming complexes
whose structure is represented in Figure 26.
The resulting polymers show elastic
modulus and T, that increase with the
increase in the content of Pd(IT) complex in
the phosphazene matrix, as proved by
stress-stain and DSC tests, respectively.
As expected, the solubility of the materials
obtained was also drastically changed.
Palladium nanoparticles[z&lzs] dispersed
on polydimethylphosphazene, obtained as
described above in the case of rhodium
derivatives  (vide supra), have been
exploited in the vinylation reaction of aryl
halides (Heck Reaction). Thus iodoben-
zene has been reacted with methylacrylate

— >

H
Z Q—CHZ—CHZ—CHO
T

1 Atm
R
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O 1.

H2C— CH= CH2

N=P

Figure 25.

in N-methylpyrrolidone (NMP) to obtain
trans-methylcinnamate, according to the
following reaction sequence (see Figure 27)

The conversion obtained for this reac-
tion is quantitative in 5 hours. As the
poly(dimethylphosphazene) dissolves in
the solvent used for the catalytic process,
palladium nanoparticles substantially oper-
ate in homogeneous solution. The catalyst
can be recovered by precipitation with a
non-solvent (diethylether, THF) and
reused with the same catalytic activity.
No leaching of palladium was observed.
This catalyst was found to be considerably
more active than homogeneous and hetero-
geneous commercially available palladium
catalysts.

Platinum
The first attempt of synthesizing platinum-
containing anticancer agents based on

OPh
NN N S
|

0
CH,=CH—CH,

Pd
CH,—CH=CH,

O
SN }L_/\/

Oph
Figure 26.

i
OI + CHy=CH—C—OCH; —/=>

Figure 27.
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e [0

0-08 = —0-05

polyphosphazenes was carried out by
H.R.Allcock in the middle of seven-
ties!**%8! by supporting PtCl, units onto
poly[bis(methylamino)phosphazene]. For
these species, the coordination of the
platinum salt at the skeletal nitrogens could
be demonstrated. For the product obtained
the structure proposed is reported in
Figure 28.

For this compound a noticeable antic-
ancer activity was detected in initial screen-
ing tests.

Additional platinum-containing poly-
phosphazene anticancers were prepared
in more recent time by Korean scientists,
using dicarboxylate side groups attached to
the polyphosphazene skeleton[61763:69:126]

For the synthesis of these materials was
used a low molecular weight poly(dichlor-
ophosphazene) (M, =10* dalton) substi-
tuted with hydrolyzed ethylglycinate or

OPh
WN:I"J\/
i 0
/C\
H,C" 7~ CH,

Cat.
Et3N
75°C

@CH CH— C—OCH3
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\P/N | N=
- >n -
\ /N/ \P\ /N: /

_p N=PZ_ |\

U] |\
I\{ Cl—l|°t-—Cl
—
a N
. P N—F
P \—N \ N—
Figure 28.

glycinemethylamido derivatives, in combi-
nation with diamine platinum(II) iodide
complex!®. The resulting materials are
showed in Figure 29 This research has been
successively extended to polyphosphazenes
having the general structure of Figure 30,
containing one Pt(I) anticancer com-
plex(®>® a new anticancer substrate (i.c.
doxorubicin!??!), or both of them coupled
in the same polymeric structurel®!. OH,
OCHj;, NHCH;, N(CHj3),%?! or poly(ethy-
lene oxide)[64] residues have been used as
solubilizing groups. Dicarboxylate spacers
based on glutamate and/or aspartate!®*

641261 qubstituents could be exploited. S-

Galactosyl liver targeting groups!®!%°!
have been also inserted in the phosphazene
anticancer materials.

As far as the catalytic activity of
platinum is concerned, the activity of Pt
nanoparticles dispersed on PDMP has been
exploited in the catalytic reduction of
cinnamaldehyde®!'?°! as reported above
in the case of rhodium catalysts (vide supra).
Differently from Rh/PDMP catalyst, how-
ever, which reduces cinnamaldehyde
mostly to the corresponding 3-phenylpro-
panal (vide supra), the Pt/PDMP system
hydrogenates prevalently the carbonyl
group, leading to the unsaturated trans-
cinnamyl  alcohol in  high yield
(chemoselectivity =96%), according to
the reaction of Figure 31,

with an activity and a selectivity much
higher than that of commercial catalysts.

As observed for Rh/PDMP catalyst, also
in this case it is possible to operate in
heterogeneous (toluene, THF) as well as in
homogeneous phase (alcohol). In this last

where R can be:

1) NH—CH,— COOH; or

2) NH—CH,— CONHCH; or
3) NHCH;

where: SG stands for a Solubilizing Group

| DAA stands for Di-Carboxylic Amino

Acid Groups

Am stands fo Diamines

H
CH=CH—CHO —Z2» CH=CH—CH,0OH
1 Atm
T

| )
=)
IFH Il\IH 1/2n
g
0=C C=0
N /
O\ /O
. Pt\
HiN NH;
Figure 29.
?G
N=P
ll)AA
PtAm,
n
Figure 30.
R
Figure 31.
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case, the reaction is very fast and the
catalytic system can be easily recuperated
by precipitation in pentane or diethylether
and reused. No loss of activity was observed
after this treatment.

Conclusions

In this paper we highlighted the interac-
tions that can take place between phos-
phazene polymers and copolymers and
metallic atoms. Thus the formation of
direct phosphorus-metal linkages could
not be achieved at polymeric level, this
kind of interaction being demonstrated
only for cyclophosphazene substrates. The
formation of transition metal complexes
between side phosphorus substituents in
polyphosphazenes and suitable metals
could be obtained using a variety of
different coordinating sites on the polypho-
sphazene substituent groups and exploiting
different metals. Furthermore, interactions
between ionic species and side phosphorus
substituents in polyphosphazenes have also
been explored. Eventually, it could be
demonstrated the possibility of direct
coordination of transition metal complexes
to the skeletal nitrogens of the polypho-
sphazene skeleton. A series of examples of
polyphosphazene/metal complexes have
been described, together with their poten-
tial utilization as catalysts, electrorespon-
sive substrates, biomaterials, etc., without
pretending to be exhaustive.
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