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bstract

This review deals with the recent developments in the design, assembly and utility of cyclophosphazene-based ligands. The reactive periphery of
he chlorocyclophosphazenes allows their ready elaboration into a variety of multi-site coordination ligands such as pyrazolylcyclophosphazenes,
yclophosphazene hydrazides, pyridyloxycyclophosphazenes, pyridylaminocyclophosphazenes, phosphine-containing cyclophosphazenes, etc.
he versatile coordination behavior of these diverse ligand systems is described. The extension of the small-molecule chemistry to the more

omplex polymer systems, which has been done in a few systems, is described. The utility of aminocyclophosphazenes for preparing multi-metallic
rchitectures is also discussed.

2006 Elsevier B.V. All rights reserved.

eywords: Cyclophosphazenes; Cyclophosphazene ligands; Multi-site coordination ligands; Polymeric ligands; Aminocyclophosphazenes; Metal complexes;

(

(

eterobimetallic complexes

. Introduction

Cyclophosphazenes are inorganic heterocyclic rings contain-
ng a [N = PX2] repeat unit. Among this family of compounds,
he chlorocyclophosphazenes N3P3Cl6 (1) and N4P4Cl8 (2)
Chart 1) have received maximum attention [1–10].
Traditionally the chemistry of cyclophosphazenes has
evolved around two main themes:
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ax: +91 512 2590007/2597436.
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1) Nucleophilic substitution reactions of halogenocyclophos-
phazenes;

2) Ring-opening polymerization of N3P3Cl6 (1) to the lin-
ear polydichlorophosphazene, [N = PCl2]n. The versatil-
ity of the latter lies in its ready elaboration to various
poly(organophosphazene)s by utilizing the nucleophilic
substitution of the reactive P–Cl bonds [11–14].

In addition to these two main areas of research, cyclophosp-

azenes have also been attracting interest as possible ligands in
oordination and organometallic chemistry [1,3,4,8–10,15–19].
he ring nitrogen atoms of cyclophosphazenes have suffi-
ient basicity and can interact with Lewis acids. Further, the

mailto:vc@iitk.ac.in
dx.doi.org/10.1016/j.ccr.2006.07.005
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Chart 1. Representative examples of chlorocyclophosphazenes.

ewis basicity of these ring nitrogen atoms can be modu-
ated by a proper choice of substituents on phosphorus atom
6,15,16,20–24]. Also, increasing the ring size of the cyclophos-
hazenes can enhance their versatility as ligands owing to
reater ring flexibility [15–17,19]. Many protonated cyclophos-
hazenes as well as metalated cyclophosphazenes have been
repared using this approach [6,15,16,20–24]. This aspect has
een recently reviewed [16]. More recently, Lewis acid adducts
f N3P3Cl6 (1) have been isolated and characterized. Thus, 1:1
dducts, N3P3Cl6·AlCl3 (3) and N3P3Cl6·GaCl3 (4) were iso-
ated (Scheme 1) [25]. Compounds 3 and 4 show dative N–Al
1.997(5) Å) and N–Ga (2.049(3) Å) bonds. Further, as a result
f coordination, the P–N bonds flanking the site of coordination
re lengthened considerably [average P–N distance: (1.658(2) Å
or 3 and 1.643(3) Å for 4)] in comparison to other P–N dis-
ances [average P–N distance: (1.565(4) Å for 3 and 1.570(4) Å
or 4)]. Such an increase in P–N bond lengths is consistent

ith the non-availability of the ring nitrogen lone pair for skele-

al bonding. The cyclophosphazene ring undergoes substantial
uckering upon the formation of 3 and 4 indicating the structural
nfluence of coordination on the cyclophosphazene ring.

Scheme 1. Lewis acid adducts of N3P3Cl6 with AlCl3 and GaCl3 [25].
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Relying on the ring nitrogen basicity of cyclophosphazenes as
he sole ingredient of ligand design severely restricts the utility
f these ring systems as ligands. If on the other hand, addi-
ional coordination sites are provided on the cyclophosphazene
latform, the versatility of such ligands enhances dramatically.
he facile substitution of P–Cl bonds allows ready construction
f cyclophosphazenes where suitable coordinating groups are
laced on the phosphorus centers. The beauty of this approach
ies in the ability to tailor the type, number and orientation of the
oordinating units. In principle a library of multi-site coordina-
ion ligands can be readily accessed using this approach. This
eview will focus on such sigma donating cyclophosphazene
igands and their coordination chemistry.

. Pyrazolylcyclophosphazenes

The pyrazole ligand is known for its versatile coordination
ehavior. The –NH unit of the pyrazole group allows it to be
inked to other atoms such as boron [26–42], carbon [35,43–52],
r phosphorus [53–62]. This strategy allows the synthesis of
igands containing multiple pyrazole units. Anionic and neutral
igands can be readily prepared. Thus, boron-based pyrazole
igands, viz., poly(pyrazolyl)borates (5) (Chart 2), first intro-
uced by Trofimenko, have become extremely popular as multi-
entate ligands and have carved a niche for themselves in several
reas of coordination, organometallic and bioinorganic chem-
stry [26–42].

More recently neutral analogues of poly(pyrazolyl)borates
re also being studied. Thus, carbon-based (such as 6)
35,43–52] and phosphorus-based pyrazole ligands (such as 7)
53–62] (Chart 2) have been receiving attention. The synthe-
is of 7, for example is readily carried out by the reaction of
,5-dimethylpyrazole with MeP(S)Cl2 in the presence of tri-
thylamine (Scheme 2) [55].

The reaction shown in Scheme 2 involves nucleophilic

ubstitution at phosphorus and proceeds by the replacement
f the chloride by the pyrazolyl group generating new P–N
onds. Triethylamine acts as a hydrogen chloride scavenger
n the reaction. Utilizing a similar approach several pyrazolyl-

hart 2. Boron-, carbon- and phosphorus-based polypyrazolyl ligands [26–62].
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Scheme 2. Synthesis of phosphorus-based pyrazole ligands [55].

yclophosphazenes have been synthesized. For example, the
eaction of N3P3Cl6 with 6 equiv. of 3,5-dimethylpyrazole in
he presence of triethylamine affords N3P3(3,5-Me2Pz)6 (8)
Scheme 3) [63,64]. Site-differentiated ligands can be prepared
y “blocking” some sites [65–78] and building the coordination
anifold on other sites. This is based on the known regio- and

tereo-selectivities involved in the nucleophilic substitution
eactions of chlorocyclophosphazenes. For example, the

eaction of N3P3Cl6 with benzene in presence of AlCl3 leads
o the formation of gem-N3P3Ph2Cl4 (9) [65].

In 9 two sites on a phosphorus center are blocked by the
henyl substituents. The other two phosphorus centers are

Scheme 3. Synthesis of pyrazolylcy
istry Reviews 251 (2007) 1045–1074 1047

vailable for elaboration. Accordingly the reaction of 9 with
equiv. of 3,5-dimethylpyrazole affords gem-N3P3Ph2(3,5-
e2Pz)4 [63,72] (10) (Scheme 3). Several approaches for

eneration of site-differentiated ligands are available [65–81].
or example the reaction of N3P3Cl6 with several difunc-

ional reagents such as N-methylethanolamine [66], N,N-
ialkylethylenediamine [67,73] or 2,2′-biphenol [68,69] leads to
pirocyclic products containing two or four geminal P–Cl bonds.
imilarly the reaction of N3P3Cl6 with 4 equiv. of ammonia

eads to a geminal product N3P3Cl4(NH2)2 (14) [70,71]. On the
ther hand stoichiometric reaction of N3P3Cl6 with phenols can
fford various products including N3P3Cl5(OPh) (18) [81], non-
em-cis N3P3(OPh)4Cl2 (19) [81], and N3P3(OPh)5Cl (20) [68].
epresentative examples of such site-differentiated cyclophos-
hazenes are shown in Charts 3 and 4. These compounds have
een utilized for preparing various pyrazolylcyclophosphazenes
Charts 5–9) [16,17,66,72,73,75,78–95]. Pyrazolylcyclophosp-
azenes show rich and varied coordination chemistry [16,17].
everal types of coordination modes have been observed for

his family of cyclophosphazene ligands. The participation of
yrazolyl moieties along with (or without) the cyclophosp-
azene ring nitrogen atoms leads to diverse coordination modes
16,17,64,72–74,78,79,82–95]. Representative types of com-
lexes formed and the coordination response of the pyrazolylcy-
lophosphazene ligands are shown in Chart 10. A brief summary
f this coordination behavior is as follows:

. N3P3(3,5-Me2Pz)6 forms 1:1 and 1:2 complexes such

as N3P3(3,5-Me2Pz)6·CuCl2 (42) [64], [{N3P3(3,5-
Me2Pz)5O}·2CuCl2]{3,5-Me2PzH} (42a) [82], N3P3(3,5-
Me2Pz)6·2CuI (42b) [87] and N3P3(3,5-Me2Pz)6·2ZnCl2
(42c) [87]. In 42, 42a, 42b and 42c the coordination

clophosphazenes [63–65,72].
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hart 3. Representative examples of site-differentiated cyclophosphazenes
66–71].

to the metal ion occurs in a non-gem-N3 mode. This is
illustrated for 42 in Chart 10. In this mode two non-geminal
pyrazolyl nitrogen atoms along with the cyclophosphazene
ring nitrogen atom act in a concerted coordination action
to bind the metal ion. This generates two five-membered
chelate rings. Maximum utilization of coordination sites
by N3P3(3,5-Me2Pz)6 occurs in the samarium complex
N3P3(3,5-Me2Pz)6·SmCl3 (43) [88] (Chart 10). Around the
SmCl3 unit five nitrogen atoms from the ligand (gem-N5)
are involved in coordination. N3P3(3,5-Me2Pz)6 can also
be used to form heterobimetallic complexes such as 44 [89]
(Chart 10). In 44 two types of coordination response are
exhibited by the ligand. While Cu(II) solicits a non-gem-N3
mode, Pd(II) is bound by a gem-N2 mode. A similar
coordination behavior is found for the homobimetallic
complex, N3P3(3,5-Me2Pz)6·2ZnCl2 [87]. Interestingly
1:3 complexes have not been isolated, thus far, with

pyrazolylcyclophosphazenes.

. In ligands where some sites are blocked, the coordina-
tion response varies depending on the metal ion in ques-
tion. Thus, tetrakis(pyrazolyl)cyclophosphazenes form 1:1

n
p
T
g

hart 4. Further examples of site-differentiated cyclophosphazenes [68,74,
7,78].

complexes of the type N3P3Ph2(3,5-Me2Pz)4·NiCl2 [72],
N3P3Ph2(3,5-Me2Pz)4·Cu(ClO4)2·2H2O [83], N3P3Ph2-
(3,5-Me2Pz)4·Cu(ClO4)2·2ImH [83], N3P3Ph2(3,5-Me2-
Pz)4·CuCl2 [90], N3P3Ph2(3,5-Me2Pz)4·CoCl2 [90] and
N3P3(NH2)2(3,5-Me2Pz)4·CoCl2 [84]. In all of these com-
pounds a non-gem-N3 coordination mode is observed. In con-
trast in N3P3Ph4(3,5-Me2Pz)2·Mo(CO)3 (45) [94] a gem-N3
mode is found (Chart 10). A rare non-gem-N2 coordination
action is seen in N3P3(OPh)4(3,5-Me2Pz)2·PdCl2 (46) [86]
(Chart 10).

Recent developments in the chemistry of pyrazolylcy-
lophosphazenes are as follows.

The reaction of N3P3(3,5-Me2Pz)6 with 3 equiv. of
eCl(CO)5 afforded a cationic mononuclear complex, fac-

Re(CO)3{N3P3(3,5-Me2Pz)6}]+[Re2Cl3(CO)6]− (47) [95]. In
he cationic unit of the complex, Re(I) is present in a distorted
ctahedral geometry with a fac-coordination sphere. Two pyra-
ole nitrogen atoms and one cyclophosphazene ring nitrogen
tom are involved in coordination to the Re center (non-gem-N3
oordination mode) (Chart 11).

The rhenium atom in 47 is displaced by 0.70 Å from the
ean plane of the cyclophosphazene ring. The coordinating
itrogen atom of the cyclophosphazene ring also suffers a dis-
lacement of 0.17 Å from the phosphazene ring mean plane.
he P–N ring bond lengths involving the coordinating nitro-
en atom are longer than other cyclophosphazene P–N bond
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s
tion numbers. Accordingly the reaction of N3P3(MeNCH2CH2-
NMe)2(Pypz)2 (36) [73] with La(NO3)3·6H2O affords a neutral
complex [N3P3(MeNCH2CH2NMe)2(Pypz)2·La(NO3)3] (50)
(Scheme 5) [73]. The La(III) ion in 50 is decacoordinate. Six
Chart 5. Cyclophosphazenes containin

engths. These trends are in keeping with the features observed
n other pyrazolylcyclophosphazene metal complexes. Site-
ifferentiated ligands N3P3(MeNCH2CH2NMe)2(Pz)2 (35)
r N3P3(O2C12H8)2Pz2 (32) afford 1:1 Re complexes
N3P3(MeNCH2CH2NMe)2(Pz)2·Re(CO)3]+[SbF6]− (48) and
3P3(O2C12H8)2Pz2·ReCl(CO)3 (49) (Scheme 4) [95].
Replacing the pyrazolyl group by pyridylpyrazole (Pypz)

ncreases the number of coordination sites. Such ligands are

Chart 6. Tetrakis(pyrazolyl)cyclophosphazenes [72,83,90,93].
and eight-pyrazolyl arms [63,64,93].

uitable for binding metal ions that prefer higher coordina-
Chart 7. Bis(pyrazolyl)cyclophosphazenes, 28–30 [86,94].
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hart 8. (a) Bis(pyrazolyl)cyclophosphazenes 31–33 [73,95], (b) bis(pyrazolyl
73,95].

f these coordinating atoms are the oxygen atoms from the
hree chelating nitrate ligands. The remaining four coordinat-

ng atoms are the pyridylpyrazole nitrogen atoms. Perhaps,
ecause of steric reasons, the cyclophosphazene ring nitro-
en atoms do not participate in coordination to the lanthanide
etal ion.

b
m
b
a

phosphazenes 34–36 [73,95] and (c) bis(pyrazolyl)cyclophosphazenes 37–39

One of the advantages of the cyclophosphazene-based ligands
s that they can be readily adapted to polymeric systems. This can

e done in two ways: (A) linear polydichlorophosphazene can be
odified so that suitable ligands can be anchored on the polymer

ackbone and (B) an intact cyclophosphazene can be anchored
s a pendant group on a conventional organic polymer back
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Chart 9. Pentakis(pyrazolyl)phosphazenes [78–80].

Chart 10. Different coordination modes of pyrazolylcyclophosphazenes [64,86,88,89,94].
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Scheme 4. Organometallic Re(I) complexes

one [78–80]. The latter is usually accomplished by polymeriz-
ng a cyclophosphazene monomer, N3P3R5P (P = polymerizable
unctional group). This approach has been utilized in preparing
olymeric compounds containing pyrazolylcyclophosphazenes
s pendant groups.

The pentachlorocyclophosphazene, N3P3Cl5(O–C6H4–p-
6H4–p-CH CH2) (22) reacts in a facile manner with
,5-dimethylpyrazole to afford N3P3(3,5-Me2Pz)5(O–C6H4–p-
6H4–p-CH CH2) (41) [78–80]. A model compound for this in

he form of N3P3(3,5-Me2Pz)5(O–C6H4–p-CHO) (40) was also
repared (Scheme 6) [79].

Both 40 and 41 can be readily metalated with CuCl2 to afford

:1 complexes 51 and 52 (Chart 12) [79].

Complex 51 was structurally characterized. It reveals a non-
em-N3 coordination mode to the CuCl2 group. The P–N bond

hart 11. Mononuclear Re(I) complex (47) [95]. Metric parameters in the
ationic portion of 47: Re–N1, 2.247(12) Å; Re–N4, 2.216(11) Å; Re–N5,
.183(11) Å; P1–N1, 1.596(11) Å; P2–N1, 1.634(12) Å; P1–N3, 1.573(12) Å;
2–N2, 1.555(12) Å; P3–N2, 1.592(11) Å; P3–N3, 1.583(12) Å.

(

p
p
h
W

nd 49) formed from ligands 35 and 32 [95].

istances flanking the site of coordination (N2) are slightly elon-
ated. Among the Cu–N distances, the bond distance Cu–N1
nvolving the cyclophosphazene ring nitrogen is longer in com-
arison to Cu–N4 or Cu–N5. The geometry around Cu(II) in
1 is distorted trigonal bipyramidal. The effect of metalation
n the cyclophosphazene ring is to distort the latter into a non-
lanar conformation, with N2 and P2 being displaced from the
ean plane of the cyclophosphazene ring by +0.15 and −0.13 Å,

espectively.
Polymerization of 41 in the presence of 1,4-divinylbenzene

ffords the cross-linked polymeric ligand 53 [79]. The latter
an be metalated to afford the Cu(II)-containing polymer 53a
Scheme 7) [79].

The polymeric complex 53a was utilized as a phos-

hoesterase involving the hydrolysis of p-nitrophenyl phos-
hate (pNPP), bis(p-nitrophenyl) phosphate (bNPP) and 2-
ydroxypropyl-p-nitrophenyl phosphate (hNPP) (Chart 13).
hile pNPP serves as a model for phosphomonoester, bNPP

Scheme 5. Synthesis of the La(III) complex 50 [73].
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Scheme 6. Synthesis of 40 and 41 [78,79].

Chart 12. Cu(II) complexes 51 and 52 [79]. Metric parameters in the complex 51: Cu–N1, 2.295(3) Å; Cu–N4, 2.010(3) Å; Cu–N5, 1.993(3) Å; P1–N1, 1.598(3) Å;
P1–N3, 1.569(3) Å; P2–N1, 1.594(3) Å; P2–N2, 1.572(3) Å; P3–N2, 1.580(3) Å; P3–N3, 1.590(3) Å.
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Scheme 7. Synthesis of cross-linked polymeric
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Chart 13. Activated phosphate esters [79].

erves as a model for a phosphodiester; hNPP is a phosphosdi-
ster model which is also a RNA model [79].

The kinetics of hydrolysis of all the three substrates by
3a reveals a Michaelis–Menten behavior. Substantial rate
nhancements, pNPP (8.98 × 102), bNPP (2.81 × 105) and
NPP (2.68 × 102) were observed. Remarkably 53a can be recy-
led several times, indicating that it is a robust catalyst.

. Cyclophosphazene hydrazides
Phosphohydrazides of the type P(E)[N(Me)NH2]3 (E = O,
), RP(E)[N(Me)NH2]2 and R2P(E)[N(Me)NH2] have gained

n importance in recent years as substrates for the construction

p
d
t
T

ligand and its metal complex (53a) [79].

f macrocycles, cryptands and dendrimers, as well as ligands in
oordination chemistry [96–105]. Analogues cyclophosphazene
ydrazides have been prepared and utilized for the assembly of
everal multiferrocene assemblies [106,107].

The terminal –NH2 groups of the cyclophosphazene
ydrazides can also be utilized for coordination to metal ions.
he cyclophosphazene hydrazide N3P3[O2C12H18][N(Me)-
H2]4 (Scheme 8) (54) [108] has been used in coordination to
o(III), Ni(II), Zn(II) and Cd(II). Interestingly in all cases two
yclophosphazene hydrazide molecules are involved in coor-
ination to a central metal ion (2:1, L:M). Homoleptic com-
lexes of the type [L2M]2+·2[NO3]− (M = Ni, Zn, Cd) and
L2M]3+·3[Cl]− are readily formed (Scheme 9) [108]. No com-
lex involving only one cyclophosphazene ligand is formed. In
ll cases the cyclophosphazene ligand interacts with the metal
on through one ring nitrogen atom and two –NH2 nitrogen
toms belonging to the non-geminal N-methylhydrazine groups
hat flank the coordinating cyclophosphazene nitrogen atom.
he coordination environment around the metal ion is distorted
ctahedral in a fac-stereochemistry. In comparison to the situa-
ion in metal complexes of pyrazolylcyclophosphazenes, where
he cyclophosphazene ring is severely distorted, in the com-

lexes formed with the hydrazides the cyclophosphazene ring
oes not deviate substantially from planarity. The summary of
he structural parameters of the complexes 55–58 is given in
able 1.
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Scheme 8. Synthesis of cyc

A structural comparison of the complexes 55–58 with that of
4 reveals the following:

. The average P–N distance in the segment P2–N1/P1–N1 in
all the complexes is longer than that found in the parent

cyclophosphazene hydrazide (54). The longest P–N distance
is found for the Co(III) complex (55).

. The three M–N bond distances in each complex are nearly
similar indicating the flexibility of the hydrazide arm. It may

Scheme 9. 2:1 (L:M) complexes formed with the ligand 54 [108].
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sphazene tetrahydrazides.

be noted that in the metal complexes formed from pyrazolyl-
cyclophosphazenes, in general, the M–N distances are not
equivalent (in the non-gem-N3 coordination mode).

. Pyridyloxycyclophosphazenes

Pyridyloxycyclophosphazenes are multi-site coordination
igands where the coordinating pyridine ligand is attached to the
hosphorus atom of the cyclophosphazene ring by means of a
spacer” oxygen atom. Representative examples of pyridyloxy-
yclophosphazenes are shown in Charts 14–16 [19,109–114].
hese also include compounds where bipyridyl groups are
ttached to cyclophosphazenes [113]. Typically the synthesis of
hese ligands involves the reaction of chlorocyclophosphazenes
ith hydroxypyridines in the presence of a base like K2CO3 (see
cheme 10, for example, for the synthesis of 70) [109]. How-
ver, the synthesis of 71 has been carried out by the reaction
f the corresponding chlorocyclophosphazenes with the sodium
alt of substituted hydroxypyridines (Scheme 11) [115].

Octakis(2-pyridyloxy)cyclophosphazenes 72 and 73 were
repared by the reaction of N4P4Cl8 with the corresponding
odium salts of the hydroxypyridines (Scheme 12) [116].

Compound 73 could be crystallized with dichloromethane
73·2CH2Cl2) or water (73·H2O) as the solvent of crystalliza-
ion. The crystal structures of 73·2CH2Cl2 and 73·H2O reveals
he presence of tunnels which entrap the solvent molecules
116].

Although the coordination chemistry of pyridyloxycy-
lophosphazenes was explored earlier, the versatile coordination
ehavior of these ligands became more evident in recent years.
inscough and Brodie have reported that the reaction of 2 equiv.
f CuCl2 with 70 afforded the complex 74 which contained a
rinuclear cationic part along with [Cu2Cl6]2− counter anion
Scheme 13) [117].

The trinuclear cation of 74 is a CuCl2-bridged dimer. Each
onomeric unit binds to a Cu(II) by a gem-N5 mode. The

ix-coordinate Cu(II) ions are present in an elongated rhombic
ctahedral geometry. Of the remaining two pyridyloxy groups
resent in the ligand, one each from the two monomers is
nvolved in linking the central CuCl2 unit.
Recently we have observed that the reaction of 70 with
equiv. of CuCl2 followed by a reaction with Co(NO3)2·6H2O

esults in the formation of the complex, [{N3P3(OC5H4N)5(O)·
uCl}2{CoNO3}][Cl] (75) (Scheme 14) [118].
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Table 1
Selected bond distances (Å) for 54–58

P1–N1/P2–N1 P1–N3/P2–N2 P3–N2/P3–N3 M–N1 M–N4 M–N5

54 1.572(6) 1.591(5) 1.550(6) – – –
55 1.649(12) 1.582(15) 1.569(14) 1.993(12) 1.940(12) 1.946(11)
56 1.622(4) 1.593(4) 1.566(4) 2.135(30) 2.100(40) 2.106(4)
5 (17) 2.189(15) 2.155(17) 2.159(17)
5 (4) 2.428(30) 2.309(4) 2.367(4)

s
c
a
P
u
i

C
1

7 1.617(16) 1.596(16) 1.572
8 1.612(3) 1.584(4) 1.576

The cationic part of compounds 74 and 75 have structural
imilarities. Thus, the molecular structure of 75 contains two
opper-metalated cyclophosphazene units which are bridged by
central Co(II). Remarkably the formation of 75 involves a
–O bond scission leading to the expulsion of one pyridyloxy
nit. The coordination environment around the two Cu(II) ions
s distorted rhombic octahedral and is similar to that found in

hart 14. Examples of pyridyloxy derivatives of cyclophosphazenes [19,109–
14].

7
c
l
t

C

Chart 15. Examples of mono pyridyloxycyclophosphazenes [19].
4. The bridging Co(II) is hexacoordinate and contains a 2N, 4O
oordination environment. This arises from a chelating nitrate
igand, two P–O groups (generated by the hydrolytic scission of
he P–O–C5H4N group) and two pyridyloxy nitrogen atoms.

hart 16. Spirocyclic phosphazenes containing bipyridyl ligands [114].



V. Chandrasekhar et al. / Coordination Chem

Scheme 10. Synthesis of 70 [109].
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Scheme 11. Synthesis of 71 [115].

Sequential metalation of hexakis(pyridyloxy)cyclophos-
hazenes affords homo- and hetero-bimetallic complexes
76–82) (Scheme 15) [118,119].

Complexes 76–82 exhibit two types of coordination environ-
ent. In each one of these, Ma is bound by a gem-N5 manner and
s six-coordinate. On the other hand Mb is tetracoordinate and is
ound by one pyridyloxy nitrogen atom. It has been reported that
1:1 reaction of 70 or 71 with CuCl2 or CoBr2 yielded neutral

omplexes 83 and 84 (Scheme 16) [118,119]. In these complexes

n
p
(
9

Scheme 12. Synthesis o
istry Reviews 251 (2007) 1045–1074 1057

he metal ion is five-coordinate (3N, 2Cl). The cyclophosp-
azene ligand binds to the metal ion in a non-gem-N3 mode.
nterestingly a 1:1 reaction of 70 with MX2 followed by treat-
ent with [Ag(MeCN)4]PF6 affords cationic complexes 85–88

Scheme 17) [115,119]. Here, the metal ion is six-coordinate
nd possesses a 5N, 1Cl coordination environment.

A neutral 1:2 complex (89) has been reported in the reaction
f 71 with CuCl2 (Scheme 18) [115]. Both the copper ions are
entacoordinate (3N, 2Cl; non-gem-N3). An interesting feature
f the structure of this complex is that two pyridyloxy groups
manating from a single phosphorus atom are involved in coor-
ination to two different copper centers.

On the other hand, reaction of 70 with 2 equiv. of ZnCl2
ffords the dinuclear complex 90 (Scheme 19) [118,119]. In
his case while one of the ZnCl2 units is bound by a non-gem-

3 mode the other ZnCl2 unit is bound by a gem-N2 mode.
In an interesting case of structural isomerism the reaction of

0 with NiCl2 afforded a hexacoordinate Ni(II) complex (green)
91) and a pentacoordinate Ni(II) complex (red) (92) (Chart
7) [119]. In the former three pyridyloxy nitrogen atoms and a
yclophosphazene ring nitrogen atom are coordinated to a NiCl2
roup. In the red complex two pyridyloxy nitrogen atoms and a
yclophosphazene ring nitrogen atom are involved in coordina-
ion to the NiCl2 unit.

Interestingly coordination polymers {[70·Ag]+[PF6]−}∞
93) and {[71·Ag]+[NO3]−} (94) are formed through the inter-
ction of Ag(I) with the ligands 70 and 71 [120]. The Ag(I)
ons assists in linking successive cyclophosphazenes through
oordinative interactions to generate a one-dimensional poly-
er. Each Ag(I) ion in 93 is pseudo-five-coordinate with a 5N

oordination environment. Essentially every Ag(I) ion is bound
y two cyclophosphazene ligands. One of the cyclophosphazene
igands binds through a ring nitrogen atom and a pyridyloxy

itrogen atom. The other ligand binds through two geminal
yridyloxy nitrogen atoms and an adjacent ring nitrogen atom
Chart 18) [120]. The structure of 94 is grossly similar to that of
3 except for minor variations.

f 72 and 73 [116].
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group from the cyclophosphazene ring and allows a strain-
free coordination to the metal ions.
cheme 13. Trinuclear Cu(II) complex 74 (only the cationic portion is shown)
117].

Attempts to prepare Cu(I) analogues of 93 resulted in an
xidized Cu(II) product 95. Compound 95 is a dicopper deriva-
ive, where the two Cu(II) ions are bridged a �-OH and

pyridyloxy ligand. The latter is speculated to arise from
n oxidation/hydrolysis reaction of the initial product, viz.,
[71·Cu][PF6]} (Scheme 20) [120].

The structural features of the metal complexes formed by
yridyloxycyclophosphazenes are summarized in Table 2. The
ummary of the coordination behavior of these ligands is as
ollows:

. Pyridyloxycyclophosphazenes enable the assembly of mono-
and di-nuclear complexes. In two instances trinuclear deriva-
tives were obtained. One of these also involves the assembly

of a heterobimetallic (2Cu, 1Co) derivative. Coordination
polymers have been reported with Ag(I) salts.

. Almost in all cases the cyclophosphazene ring remains pla-
nar. This is in contrast to the situation found for other
cheme 14. Assembly of the heterobimetallic trinuclear metal complex 75
118].

cyclophosphazene ligands such as pyrazolylcyclophosp-
hazenes, where the ring undergoes puckering upon coordi-
nation. The planar cyclophosphazene geometry found in the
metal complexes of pyridyloxycyclophosphazenes is proba-
bly due to the flexible oxygen spacer that separates the pyridyl
Chart 17. Structural isomerism in the Ni(II) complex of 70 [119].
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Scheme 15. Hetero- and homo-bimetalic complexes of 70 and 71 [118,119].

form
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[
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Scheme 16. Pentacoordinate mononuclear metal complexes 83 and 84

. The metal ions (in complexes involving only one ligand) are
bound by non-gem-N3, gem-N3 or N1 modes.

. In all cases the P–N bonds (in the cyclophosphazene ring)
flanking the coordinating nitrogen atom are elongated.

. Pyridylaminocyclophosphazenes
Pyridylaminocyclophosphazenes are ligands where the pyri-
ine groups are linked to the cyclophosphazene ring by a
pacer –NH unit. Charts 19–23 list a number of pyridy-
aminocylcophosphazene ligands that are known in literature

[
t
[

ed from hexakis(pyridyloxy)cyclophosphazenes 70 and 71 [115,119].

19,114,121–123]. Chart 24 lists a few illustrative examples of
etal complexes obtained from these ligands [19]. This subject

as been recently reviewed [19]. The developments that have
ccurred since are presented here.

Solvent-free synthetic methodology has been used for
he successful assembly of the bis(2-pyridyl)aminocyclophos-
hazenes 122 and 123 (Scheme 21) [73].
Reaction of N3P3(PyNH)2(MeNCH2CH2NMe)2 (123) with
ReCl(CH3CN)2(CO)3] resulted in the elimination of ace-
onitrile and the formation of a 1:2 (L:M) complex
{ReCl(CO)3}2{N3P3(PyNH)2(MeNCH2CH2NMe)2}] (124)
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Scheme 17. Hexacoordinate mononuclear metal complexes formed from 70 [115,119].

orme

(
i
1
i
d
c

F
d

Scheme 18. Dinuclear Cu(II) complex (89) f

Scheme 22) [73]. The 31P NMR spectrum of this compound
s of the AX2 type with chemical shifts, δA at 15.9 and δX at

7.6 ppm. While δX in the ligand also is seen at 29.1 ppm, δA
n the ligand appears at 6.3 ppm. Further the 2J(P–N–P) value
ecreases from 55.4 Hz (ligand) to 48.5 Hz (complex). Dinu-
lear metal complexes (125 and 126) were also obtained with

w
c
n
c

Scheme 19. Dinuclear zinc complex (90) f
d from the reaction of 71 with CuCl2 [115].

e(II) and Pd(II). An interesting aspect of the synthesis of the
inuclear Fe(II) complex (125) is the in situ generation of FeI2

hich is then allowed to react with the ligand. All the dinu-

lear complexes are bound by the cyclophosphazene ligand in a
early similar manner [73]. Each metal atom in a given dinuclear
omplex is bound by a pyridyl nitrogen and a cyclophosphazene

ormed from the ligand 70 [118,119].



V. Chandrasekhar et al. / Coordination Chemistry Reviews 251 (2007) 1045–1074 1061

Chart 18. Basic structural unit of the silver coordination polymer {[70·Ag]+-
[
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w

Chart 19. Hexakis(pyridylamino)cyclophosphazenes 96–99 [19].

PF6]−}∞ [120].

ing nitrogen affording a six-membered chelate ring. In the rhe-
ium(I) complex the rest of the coordination sites are taken up
y three facial CO and one chloride ligands. Interestingly the
ffect of coordination is minimal on the cyclophosphazene ring
n terms of its conformation. Presumably because the pyridyl
nits are linked to the cyclophosphazene by the “spacer –NH
roup”, their interaction with the metal ion does not demand
tructural deformation of the inorganic heterocyclic ring. The
tructural parameters of the complexes 124–126 are summarized
n Table 3.

The formation of the dinuclear complexes also affects the
hemical shift of the phosphorus atom bearing the coordinating

yridyl groups. Thus, the free ligand displays an AX2 spectrum
δA = 6.3 (t) and δc = 29.1 (d)]. In 124 δA moves to 15.9 ppm
hile in the palladium complex δA resonates at 1.9 ppm.

Scheme 20. �-OH-bridged dicopper complex 95 [120].

Chart 20. Tetrakis(pyridylamino)cyclophosphazenes 100–102 [19].

6

[
t
t
p

Chart 21. Tris(pyridylamino)cyclophosphazene 103 [19].

. Aminocyclophosphazenes

Aminocyclophosphazenes, of the type [NP(NHR)2]n and

NP(NR2)2]n were among the first cyclophosphazene ligands
o be investigated for their coordination properties (it is noted
hat pyrazolylcyclophosphazenes and pyridylaminocyclophos-
hazenes, discussed vide supra, are a special class of aminocy-
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Table 2
Summary of the structural features of the metal complexes obtained from pyridyloxycyclophosphazenesa

S. no. Complexes Geometry around metal ionsb Cyclophosphazene P–N bond
distance (Å)c

M–N ring nitrogen
distance (Å)c

Reference

1 [L2Cu3Cl4][Cu2Cl6] (74) (a) Hexacoordinate [Cu(II)] (5N, 1Cl) �5-gem-N5, elongated rhombic
octahedral. (b) Tetracoordinate [Cu(II)] (2N, 2Cl), compressed tetrahedral

1.600(2), 1.566(2), 1.584(2) 1.988(2) [117]

2 [{(L′′CuCl)2Co(NO3)}Cl−] (75) (a) Hexacoordinate [Cu(II)] (5N, 1Cl) �5-gem-N5, distorted rhombic
octahedral. (b) Hexacoordinate [Co(II)] (4O, 2N), distorted octahedral

1.601(3), 1.549(3), 1.606(3) 1.967(3) [118]

3 [LCuClCoCl3] (76) (a) Hexacoordinate [Cu(II)] (5N, 1Cl) �5-gem-N5, distorted rhombic
octahedral. (b) Tetracoordinate [Co(II)] (1N, 3Cl), tetrahedral

1.600(2), 1.563(2), 1.582(2) 1.988(2) [118]

4 [LCuClZnCl3] (77) (a) Hexacoordinate [Cu(II)] (5N, 1Cl) �5-gem-N5, distorted rhombic
octahedral. (b) Tetracoordinate [Zn(II)] (1N, 3Cl), tetrahedral

1.601(3), 1.564(3), 1.581(3) 1.982(3) [118]

5 [LCoClZnCl3] (78) (a) Hexacoordinate [Co(II)] (5N, 1Cl) �5-gem-N5, distorted rhombic
octahedral. (b) Tetracoordinate [Zn(II)] (1N, 3Cl), tetrahedral

1.591(3), 1.564(3), 1.581(3) 2.048(3) [118]

6 [LCoClCoCl3] (79) (a) Hexacoordinate (5N, 1Cl) �5-gem-N5, elongated rhombic octahedral.
(b) Tetracoordinate (1N, 3Cl), compresed tetrahedral

1.595(5), 1.555(5), 1.579(5) 2.032(5) [119]

7 [LCoBrCoBr3] (80) (a) Hexacoordinate (5N, 1Br) �5-gem-N5, elongated rhombic octahedral.
(b) Tetracoordinate (1N, 3Br), compresed tetrahedral

1.583(5), 1.555(5), 1.579(5) 2.034(5) [119]

8 [L′CoClCoCl3] (81) (a) Hexacoordinate (5N, 1Cl) �5-gem-N5, elongated rhombic octahedral.
(b) Tetracoordinate (1N, 3Cl), compresed tetrahedral

1.586(4), 1.560(4), 1.577(4) 2.035(4) [119]

9 [LCuCl2] (83) Pentacoordinate (3N, 2Cl) �3-non-gem-N3, distorted TBP 1.592(3), 1.579(3), 1.580(3) 2.264(3) [115]
10 [L′CoBr2] (84) Pentacoordinate (3N, 2Br) �3-non-gem-N3, distorted TBP 1.626(2), 1.575(2), 1.593(2) 2.089(2) [119]
11 [LCoBr]PF6 (86) Hexacoordinate (5N, 1Br) �5-gem-N5, elongated rhombic octahedral 1.590(3), 1.565(3), 1.586(3) 2.064(2) [119]
12 [LNiCl]PF6 (87) Hexacoordinate (5N, 1Cl) �5-gem-N5, elongated rhombic octahedral 1.590(3), 1.560(3), 1.591(3) 2.027(3) [119]
13 [LCuCl]PF6 (88) Hexacoordinate (5N, 1Cl) �5-gem-N5, elongated rhombic octahedral 1.599(3), 1.558(3), 1.585(3) 1.993(3) [115]
14 [L′(CuCl2)2] (89) Pentacoordinate (3N, 2Cl) �3-non-gem-N3, distorted TBP 1.596(3), 1.573(3), 1.568(3) 2.214(3) [115]
15 [L(ZnCl2)2] (90) (a) Pentacoordinate (3N, 2Cl) �3-non-gem-N3, distorted TBP.

(b) Tetracoordinate (2N, 2Cl) �2-gem-N3, tetrahedral
1.607(3), 1.564(3), 1.566(3) 2.089(3) [118,119]

16 [LNiCl2] (91) Hexacoordinate (4N, 2Cl) �4-gem-N4, distorted octahedral 1.600(2), 1.571(2), 1.587(2) 2.107(2) [119]
17 [LNiCl2] (92) Pentacoordinate (3N, 2Cl) �3-non-gem-N3, distorted TBP 1.608(3), 1.581(4), 1.549(5) 2.023(6) [119]
18 [LAg]PF6 (93) Pentacoordinate (5N) 1.581(1), 1.592(1), 1.571(1) 2.464(2), 2.798(1) [120]
19 [L′Ag]PF6 (94) Pentacoordinate (5N) 1.585(3), 1.586(3), 1.575(3) 2.296(3), 2.768(3) [120]
20 [L′

2Cu2(�-OH)–(�-4-MeOpy)][PF6]2 (95) (a) Pentacoordinate (4N, 1O) square-based pyramidal. (b) Hexacoordinate
(4N, 2O) distorted rhombic

(a) 1.613(7), 1.574(3),
1.572(7); (b) 1.610(4),
1.577(6), 1.574(6)

2.047(2), 2.067(7) [120]

The description of the geometry around the metal ions in the complexes is made according to the different types of metal ions present.
a L is N3P3(2-OC5H4N)6 (70) [115,117–120], L′ is N3P3(2-OC5H3N–4-Me)6 (71) [115,119,120] and L′′ is N3P3(2-OC5H4N)5(O) [118].
b The description of the geometry around the metal ions in the complexes is made according to the different types of metal ions present.
c Average bond distances.
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Chart 22. Bis(pyridylamino)cyclophosphazenes 104–108 [19].

Scheme 21. Synthesis of 122 and 123 [73].
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Table 3
Structural parameters of the complexes 124–126

S. no. MLn Geometry around metal Average P–N distances (Å)

1 Re(CO)3Cl Distorted octahedral
P1–N1/P1–N3 1.609(7)
P2–N1/P3–N3 1.658(7)
P3–N2/P2–N2 1.576(7)

2 FeI2 Pseudo tetrahedral
P1–N1/P1–N3 1.604(5)
P2–N1/P3–N3 1.653(5)
P3–N2/P2–N2 1.585(5)

3
P1–N1/P1–N3 1.611(6)

t
[
r

Chart 23. Monopyridylaminocyclophosphazenes 109–116 [19].
lophosphazenes in that they have other coordinating atoms
esides the amino nitrogen atom). For example N4P4(NHMe)8
s known to form a water soluble complex N4P4(NHMe)8·PtCl2
127) (Chart 25). In the latter the platinum atom is bound to

(
b
n
a

Scheme 22. Synthesis of the dinuclear metal complexes 124–
PdCl2
Distorted square
planar

P2–N1/P3–N3 1.652(6)
P3–N2/P2–N2 1.582(6)

wo antipodal nitrogen atoms of the cyclotetraphosphazene ring
23]. Octakis(dimethylamino)cyclophosphazene N4P4(NMe2)8
eacts with W(CO)6 to afford N4P4(NMe2)8·W(CO)4 (128)

Chart 25) [124]. In the latter the tungsten atom is coordinated
oth by an exocyclic (NMe2) nitrogen atom as well as a ring
itrogen atom. Spirocyclic phosphazenes have been used as lig-
nds, and interesting metalated products 129 and 130 (Chart

126 from the pyridylaminocyclophosphazene 123 [73].
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Scheme 23. Synthesis of mixed-metal derivatives from aminocyclophosp-
hazenes [131].

Scheme 24. Interaction of N3P3(NHCy)6
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5) have been isolated [125]. The formation of these complexes
nvolved a hydrolysis of the P–N bond.

Fully substituted (organoamino)cyclophosphazenes have
ecome available recently. These show a rich supramolecu-
ar chemistry in their solid state [126]. These (organoamino)-
yclophosphazenes can be readily deprotonated by strong
ases such as n-BuLi. Recently such deprotonation chem-
stry of aminocyclophosphazenes has been utilized to gen-
rated multi-anionic phosphazenates [127–132]. Compounds
uch as [N3P3(NR)6]6−[Li+]6 (R = cyclohexyl), non-gem-cis-
N3P3(NHR)3(NR)3]3−[Li+]3 (R = cyclohexyl, phenyl) have
een prepared [127–129].

The Li+ ions are bound to the anionic cyclophosphazene
igands in a variety of ways. Deprotonation reactions have
lso been utilized to prepare metal-amido complexes involving
yclophosphazenes. For example, the reaction of a primary
mino derivative such as N3P3(NHR)6 (R = cyclohexyl) with
rimethylaluminum or diethylzinc has been shown to proceed by
he elimination of methane to afford multi-nuclear derivatives
{N3P3(NR)6}(thf·MeAl)(Me2Al)4] or [{N3P3(NR)6}(EtZn)6]
130]. Similarly N4P4(NHR)8 affords a hexazinc derivative
{N4P4(NHR)2(NR)6}(EtZn)6] [130]. Recently, sequen-
ial deprotonation reactions have been carried out on

3P3(NHPh)6 (131), first with n-BuLi to afford cis-non-gem-
(133) with PCl3 and SbCl3 [133].

N3P3(NHR)3(NR)3][Li(THF)2]3. The latter upon reaction with
e3Al leads to further deprotonation to afford the mixed-metal

erivative, [N3P3(NHPh)2(NPh)4][{Li(THF)2}3(AlMe2)]
132) (Scheme 23) [131].
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d from
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Chart 24. Examples of metal complexes obtaine

The structural features of the mixed-metal compound 132 can

e summarized as follows:

. it contains a planar PN2Al ring as a result of the chelating
action of the exocyclic N–P–N segment;

c
d

Scheme 25. Synthesis of N3P3(OC
pyridylaminocyclophosphazene ligands [19].

. two four-membered rings PN2Li are formed as a result of the

coordination of exo/endo-cyclic N–P–N segments;

. one lithium ion is bound solely by a ring nitrogen atom;

. the cyclophosphazene ring adopts a half-chair confor-
mation;

6H4–p-PPh2)6 (144) [136].



V. Chandrasekhar et al. / Coordination Chemistry Reviews 251 (2007) 1045–1074 1067

Table 4
Description of the supramolecular networks formed in the silver complexes of aminocyclophosphazenes

S. no. Compound Description of the structure Basic unit of the supramolecular

1 [{N3P3(NHPrn)6}2{AgClO4}3]
(137)

(1) Graphite type (6,3) network.
(2) Each phosphazene binds
through three ring nitrogen atoms.
(3) Linear N–Ag–N linkages
perpetuate the network. (4) The
counter anions do not coordinate
to Ag(I), but are found do H-bond
with the NH groups of the amino
substituent

2 [{N3P3(NHPrn)6}{AgNO3}2] (138) (1) Two-dimensional sheet. (2) All
three ring nitrogen atoms are
involved in coordination. Two of
these are involved to form
intermolecular N–Ag–N linkages.
The third is involved in forming
N–Ag(�-NO3)–Ag–N links. (3)
Nitrate counter anion binds in a
chelating mode to Ag(I)

3 [{N3P3(NHCy)6}{AgClO4}] (139) (1) One-dimensional coordination
polymer. (2) Two ring nitrogen
atoms coordinate to Ag(I) ions to
form intermolecular N–Ag–N
linkages. One ring nitrogen atom
remains non-coordinating. (3) The
perchlorate counter anions are
non-coordinating, but form
NH· · ·O linkages

4 [{N3P3(NHCH2Ph)6}{AgClO4}2]
(140)

(1) Zig-zag chain arrangement. (2)
Ag(I) ions in both bridging and
terminal. Two nitrogen atoms of
cyclophosphazenes form N–Ag–N
links. (3) Aryl-Ag(I) terminal
contacts present in supramolecular
structure

5 [{N3P3(NHCH2Ph)6}{AgNO3}2]
(141)

Supramolecular structure similar to
[{N3P3(NHCH2Ph)6}{AgClO4}2]

6 [{N3P3(NHCH2Ph)6}(AgNO3)
(AgClO4)] (142)

(1) Supramolecular structure
similar to above. (2) Two distinct
anion binding sites. While NO3

binds to the metal ion, ClO4
− is

found hydrogen bonded to the NH
groups
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Table 4 (Continued )

S. no. Compound Description of the structure Basic unit of the supramolecular

7 [N3P3(C4H8N)6·AgClO4] (143) Supramolecular structure similar to
[{N3P3(NHCy)6}{AgClO4}]

C12H

e

i
t
[

p
r
t

Scheme 26. Synthesis of N3P3(O2

. the ring P–N bond lengths are consistently longer than that
found in aminocyclophosphazenes with the average distance
being 1.615(3) Å.
Interestingly the 31P NMR spectrum of 132 shows a flux-
onal behavior. A concerted oscillation of lithium ions around
he coordination sphere of the ligand has been reported
131].

p
t
s
w

Chart 25. Examples of metal complexes formed fr
8)2(OC6H4–p-PPh2)2 (145) [136].

Recently it has been shown that the hydrates of aminophos-
hazenes N3P3(NHPrn)6·1.5H2O and N3P3(NHCy)6·8H2O
eact with 4.5 and 8 equiv. of diethylzinc, respectively,
o afford molecular complexes. In the first instance a

lanar Zn3O3 six-membered ring is sandwiched between
wo N3P3(NHPrn)3(NPrn)3(EtZn)3 segments [132]. In the
econd compound a hexagonal (ZnO)6 prism is sand-
iched between two N3P3(NHCy)3(NCy)3(EtZn)3 segments

om aminocyclophosphazenes [23,124,125].
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cheme 27. Preparation of Pd(0) complexes of phosphine-linked cyclophosp-
azenes [138].

132]. In these compounds, it has been shown that
ris(ethylzinc)phosphazenates, owing to their bowl-shaped coor-
ination surface as well as due to the presence of both Lewis
cidic and Lewis basic sites are able to act as templates for trap-
ing molecular zinc oxides [132].

Hexakis(cyclohexylamino)cyclophosphazene
3P3(NHCy)6 (133) reacts with PCl3 in the presence of
t3N to give the compound 135 (Scheme 29) [133]. Reaction of
35 with t-BuNH2 affords 136 (Scheme 24). Both 135 and 136
re trispirocyclic systems and contain a central six-membered
hosphazene core which supports three four-membered phos-

hazene rings. The presence of lone pairs on the phosphorus
enters of the phosphazane periphery renders these molecules to
xist as C3h and Cs isomers. The coordination chemistry of these
igands should be interesting. In contrast to the reactions with

w
c
N
s

cheme 28. Synthesis of cross-linked polymers containing Pd-metalated
yclophosphazene pendant groups [138].

Cl3, those of N3P3(NHCy)6 (133) with SbCl3 affords a dinu-
lear complex, non-gem-trans-N3P3(NHCy)4(NCy)2(SbCl2)2
134) (Scheme 24) [133]. In this case each SbCl2 is bound
n a covalent manner by a deprotonated NCy unit. Further
oordinative interaction with an adjacent ring nitrogen atom
ffords a four-membered ring.

It was mentioned vide supra that pyridyloxycyclotriphos-
hazenes functioned as multi-site coordinating bridging lig-
nds to form one-dimensional coordination polymers of Ag(I).
ore complex supramolecular coordination network formations

ere realized in the Ag(I) complexes of various aminocy-

lophosphazenes, N3P3(NHR)6 (R = n-Pr, Cy. benzyl) and
3P3(C4H8N)6 [134]. Primarily the driving force for these

upramolecular networks is the formation of linear N–Ag–N
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Chart 26. Metal carbonyl derivatives of cyclophosphazenes [136].

Scheme 29. Synthesis of a cyclophosphazene containing chelating phosphine
groups 154 [139].

C
p

b
g
d
e
f
t
c
i
t
t
t

7

e
a
t

hart 27. Half-sandwich organometallic complexes prepared from cyclophos-
hazene ligands [137].

onds which occur through the cyclophosphazene ring nitro-
en atoms. Both two-dimensional networks as well as one-
imensional zig-zag chain arrangements are realized. Thus, for
xample, the complex [{N3P3(NHPrn)6}2·{AgClO4}3] (137)
orms a graphite-like (6,3) network. The supramolecular struc-
ural description of the Ag(I)-coordination networks of aminocy-
lophosphazenes is summarized in Table 4. In addition to their
nteresting coordination chemistry, recently it has been shown
hat aminocyclophosphazenes can be converted into various
ypes of phosphazene cations with potential utility in polyelec-
rolytes, membranes and drug delivery systems [135].

. Miscellaneous ligands
Phosphine-linked cyclophosphazenes have been of inter-
st as ligands towards metals in low oxidation states as well
s towards metals belonging to the second and third transi-
ion series. Carriedo and co-workers have reacted N3P3Cl6
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cheme 30. Pt(II) and Au(I) complexes prepared from N3P3(O2C12H8)2

O–C6H4–o-PPh2)2 [139].

1) or N3P3(O2C12H8)2Cl2 (15) with OH–C6H4–p-PPh2 in
resence of Cs2CO3 to afford N3P3(OC6H4–p-PPh2)6 (144)
136] and N3P3(O2C12H8)2(OC6H4–p-PPh2)2 (145) [136]
Schemes 25 and 26).

Similarly the reaction of the tungsten carbonyl com-
lex OH–C6H4–p-PPh2·W(CO)5 with N3P3Cl6 or N3P3-
O2C12H8)2Cl2 afforded the hexanuclear (146) and dinu-
lear (147) metal carbonyl derivatives, respectively (Chart 26)
136]. The reaction of N3P3Cl6 or N3P3(O2C12H8)2Cl2 with
HO–C6H4–p-PPh2·Mn(CO)(�5-C5H4Me)] afforded the corre-

ponding hexanuclear (148) and dinuclear (149) derivatives,
espectively (Chart 27) [137]. The synthetic approaches used
n these small-molecule preparation could be extended to the
inear polyphosphazenes as well.

p
t
a
w

Scheme 31. LiCl complexes of aminocyclophosphazenes [140].

The reaction of N3P3Cl5[O–C6H4–p-CH CH2] with OH–C6

4–p-PPh2 afforded N3P3(OH–C6H4–p-PPh2)5(O–C6H4–p-
H CH2) (150). The latter has been found to metalate Pd(0)

o afford 151 (Scheme 27) [138]. Compound 150 has been
olymerized in presence of 1,4-divinylbenzene to afford a
ross-linked polymer 152 which contains phosphine-linked
yclophosphazene units as pendant groups. Metalation of 152
ith Pd(0) afforded 153 (Scheme 28) [138]. Both 151 and
53 could be used as catalysts in the Heck arylation reac-
ion. The advantage of 153 is that it could be recycled up
o at least four cycles without significant loss of activity
138].

Recently the reactions of phosphine-linked phenols have been
xtended to prepare a chelating ligand system. Accordingly, the
eaction of N3P3(O2C12H8)2Cl2 (15) with NaOC6H4–O–PPh2
fforded the ligand 154 (Scheme 29) [139]. The ligand 154
eacts with AuBF4 to give a mononuclear Au(I) complex 156
Scheme 30) [139]. In 156 the formally dicoordinate Au(I) is
n a near linear geometry being bound by the two phosphino
roups. Short Au· · ·O contacts (∼3.00–3.12 Å) are also present.
he phosphine-linked ligand 154 affords a dinuclear Au(I) com-
lex 157 (Scheme 30) upon reaction with Au(tht)Cl where

he two AuCl units are coordinated by each of the phosphine
rms of the cyclophosphazene ring. The ligand 154 also reacts
ith Pt(COD)Cl2 to afford a square planar Pt(II) complex 155
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Scheme 30) [139]. In this complex the two geminal phosphine
roups act in a concerted chelating coordination to the Pt(II)
enter.

Among other cyclophosphazene ligands to have been
nvestigated recently include N3P3[CH3O(CH2)3NH]6
158). The latter has been shown to form complexes
ith LiCl by a clever synthetic method involving an ini-

ial deprotonation followed by treatment of Et3N·HCl
o afford N3P3[CH3O(CH2)3NH]6·2LiCl (159). The
atter can also be obtained by initial protonation of
58 followed by deprotonation by n-BuLi (Scheme 31)
140].

The crystal structure of 159 shows that each phosphazene
olecule binds two lithium ions through two ring nitrogen

toms. Compounds such as 159 lend credence to the belief that
n polymer electrolytes involving polyphosphazene–LiX com-
lexes it is reasonable to assume that the back bone nitrogen
toms play an important role in binding to lithium ions [140].

. Conclusion

Cyclophosphazenes continue to attract interest and remain
he most important family of inorganic ring systems. These
norganic heterocyclic rings are particularly well-suited, as
escribed vide supra, for being used as scaffolds or platforms
or the construction of multi-site coordination ligands. This fea-
ure stems from the fact that chlorocyclophosphazenes, impor-
ant starting materials for this group of compounds, have a
airly robust skeleton and a reactive periphery. The latter com-
rised of P–Cl bonds is susceptible for nucleophilic substi-
ution reactions. Utilizing this reactive behavior a library of
ulti-site coordination ligands have been designed and assem-

led in recent years. The coordination chemistry of these lig-
nds is quite exciting and several structurally diverse metal
omplexes have been synthesized and structurally character-
zed. Metal ions ranging from first row transition ion metal
ons to lanthanide metal ions have been involved in com-
lex formation utilizing cyclophosphazene-based ligands. The
oordination behavior of cyclophosphazene ligands can be
odulated by the type, number and orientation of the coor-

inating groups that are attached to the cyclophosphazene
keleton.

Recent paradigms in cyclophosphazene-based ligands
nclude their use in a deliberate design to generate robust metal-

ediated supramolecular networks as well as in the assembly of
eterometallic derivatives. Site-differentiation is readily accom-
lished in cyclophosphazenes and serves as an important tool for
igand modification.

In spite of the large number of cyclophosphazene-based metal
omplexes that have been synthesized and structurally charac-
erized, their utility in catalytic reactions has remained largely
nexplored. Recently there have been a few efforts in this regard
nd it is anticipated that future research will prove rewarding in

his area. The symbiosis that exists between cyclophosphazenes
nd the corresponding polymeric systems will ensure that small-
olecule developments will be readily translated to the more

omplex macromolecules.
istry Reviews 251 (2007) 1045–1074
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