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HE reaction of ammonium chiorde and phos-
phoius peniachlotide i, complex! and gives
rise to oligomanic chlotocyrophasphazenes {phos-
phonitrilic chlorides), (WNPCL,) , and also several
linear sprcies containing (NPCl,) units end-stopped

n NH,Cl + #PCl; —— (NPCl), + 4nHCL (1)

by the elements of HCl and/or PCl.. "Although
the first member of the homologous series, hexa-
chlorocyclotriphosphazatriene, N,P,Cl;, was isolated
by Liebig? in 1834, characterisation of higher
homologues, (# = 4 to 7) was only achieved in the
latter part of the nineteenth century3, The funda-

mental studies of Stokes on chlorocyclophos-
phazenes and their ammonolysis and hydrolysis
reactionst provided the basis for the modern

development of the subject.

In the last two decades, there has bezen conside-
rable progress In many aspecis of phosphazene
chemistry. In particular, a great deal of attention
has been paid to the chemical reactions of the hexa-
chloride, NyP,Cl, to spectroscopic studies and
molecular structure, to the nature of bonding in
cyclic  phosphazenes and to the technological
developmont of cyclic oligomers and open-chain
polyphosphazenes. There are several excellent
reviews on these and other aspects of phosphazene
chemistry?-12, In this article, a brief introduction
to some of the significant features of the subject
1s given as well as an account of developments in
Bangalote and other Ilaboratories in the last few
years. Actual and potential applications of c¢yclo-
phosphazenes and phosphazene polymers are noted.

Basic CHEMISTRY

(e} Aminolysty Reactions

The reaction of the hexaachloride N, P,Cl, with
primary, secondary and tertiary amunes has received
a preat deal of attention?®¥,  Replucement of the
chloring wtoms of N, P.Cly by amino groups may
proceed by two different routes—geminal and non-
eeminal (Fig. 1), The nongeminal mode of roplace-
ment parm’s the pussibility of  ¢iv-frans 1sometism
ot the bis, tris  and tetrakis stages of replacement.
This type of isomerism depends on the disposition

of groups with respect to the plane of the ring. 1In
most reactions, both geminal and nongeminal
replacement patterns are found although wuvsually
one of them predominates. Table 1 summarises
the results obtained for a numbsar of amiines,
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Fic. 1. The geminal and nongeminal pathways

1 the replacement of chlorine atoms from N.P.Cl,
(R oroups are attached to P atomis ; chlovine and
1ing n.irogen aloms are not shown).

Sccondary amines rzact predominantly by the non-
gaminal mode of replacemeant although significant
guantities of peminal tris-componnds can b isofated
in aromatic reaction media'®.  The re¢lative propor-
tion of cis- and #ans- nongeminal  jsomets varies.
The major bis- and ris-aminocyclophosphazencs
formed usually have srass-structures whereas he
stucture of the tetrakhisaming detivalives  appoars
fo be dominated by steric comsiderations {N,P,ClL,
(NMe,), and N,P,Cl, (NI, ), have civ' b= and
frans!i-  structures rew;wctivu[y amd  only  miaor
quantities of their stereo-isamers are oblabed], A
vere” effect’d was proposed (o accaunt for the pro-
duct distiibution observed for the aeact’ons of the
hasachtoride with dimethylamndtt and pipsridined®,
Recenl hineliv data? suegest that o sulstrwool
wolvating effect may alo contribite to the prepons
derunee of frpis- pongeminal by lsomciy Hip sccons

dary umine teactions,
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Tapre [

Chiorine atom replacement patterns in the regcttons
of NyP Clg with annnes

Amine Replacement pattern

—

Ammonia Gemina!

Methylamine Mamiy nongeminal 4 geminal

Ethylamine Mawnly nongemina, -+ geminal

Isopropylamine MNongeminal + geminal
—zerr-But}uamine Geminal
Benzylamine Nongeminal + geminal
Anibne Mainly geminal 4+ nongeminal
Dimethylamine Mainly nongeminal + geminal

Diethylamine Mainly nongeminal + geminal

Pyrrolidine Mainjy nongeminai + geminal
Piperidine Main]y nongeminal -+ geminal
Aziridine Geminal

N-Mcthylanilire

[ J—

Nongeminal + geminal

Whereas r.octions of N,P,Cl;, with secondary
amines can be rationalised by the assumption of an
S.2 (P) mechanism, analogous reactions with
primary amines are more complex and additional
mechanistic features assume importance. Ammonial®
and /-butylaminel® react with the hexachloride,
N,P,Cl, to give only pioducts with geminal struc-
tures. A proton abstraction mechanism has bez
suggestad to account for this observation (Fig 2).
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Fig. 2. Proton abstraction mechanism

Such a mechanism is rendered plausible by the
secent isolation®? of a threc-coordinate phospheous (V)
compound, (Mz,Si), NP (= N3iMe,).. Ethyl-
amin22! and isopopylamine22 react imitially by the
nongeminal mode of replpacement and then by the
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gem nal one (Equation 2). The geminal fris and
nongeminal tetrakis derivaties have not been isolated

INH,R
Nr-]PJCIﬁ — — — ﬂDngem"NﬂPgC:'l (NH R]_n:

4NH,R
— ~> gem-NyP;Cl, (NHR), {2}

although substantial amounts of the former would
be expected as intermediates in the formation of
geminal tetrakis compounds. In addition to the
praton abstraction mechanism, the geminal mode
of replacement 1s probably promoted by the forma-
ton of six-memberzd, cyclic hydrogen-bonded com-
plexes-1 (Fig. 3),.
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Fic. 3. Possible hydrogen bonded complexes in

the reactions of N,P.,Cl. with

primary amines.
Considerable difficulty is encountered in the isola-

tionl ©  of pentakisaminochlorocyclotriphosphaza-
triecnes, N,P,Cl (NRR’);. The strong electron
supply from amino substituents may cause a

changsover to a relatively facile heterolysis of the

P-Cl bond in an S 1 typs process. Clare and
Sowerby23 have isolated the monochloropentakis-
dimethylaminocyclotriphosphazatriene, N,P.Cl

(NMe, )., and noted its ready hydrolysis by atmos-
phenc moisture. A stable monochicropentakisamino
compound, N P,Cl (NMe,), [N (CH,Ph),}, has
been reported recently ; its stability may be due to
steric shielding by the bulky dibenzylamino group®?.

The aminolysis reactions of fluoro- and bromo-
cyclotriphosphazatrienes have not been studied
systematically. Some reactions of NP,F, with
ammonia2s and primray and “secondary amines have
been reported2627.  Fluorodimethylaminocyclo-
triphosphazatrienes can be prepared by fluorination

~f the coriesponding chloro derivatives282? or by

the reaction of the hexakisdimethylamino compound,
N.P, {NMe,), with antimony trifluoride2s, The
reaction of N,P,Br, with dimethylamine3? gives the
mono, three bis and two #ris derivatives (gem and
nongem {rans). The cis-isomer, N P,Bry (NMe,),,
has been obtained only from the reaction of
N,P. (NMe,), and hydrogen bromide in boiling
xylene3l, Formation of a tertrakis derivative was
detected (tic)3®31 but pure compounds could not
be obtained. A preliminary investigation of the
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reaction of N3P Br, with ethylamme shows that the
general features of the system are similar to those
found in the analogous reactions?! of hexachloro-
cyclotriphosphazatriene, N,P,Cl, (M. N. Sudheendra
Rao, Unpublished results).

Aminolysis reactions of the octachloride, N,P Cl,
and the higher homologuss (NPCl,) have received
little attention ; the experimental problems associated
with the separation of complex mixtures of
products and the subsequent difficulties in
assigning structures to  pure 1Somers are  con-
siderable (there are 33 possible dirivatives of the
tetramer). Millington and Sowerby have isolated
thirteen products from the reaction32 of N, P,Cl,
with dimethlamine in diethyl ether at — 78° C, The
reaction proceeds vig the non-geminal path;
geminal products were obtained only im poor
yields. These workers have also prepared many
nongeminal fluorodimethylamino compounds,
N,P,Fo_ (NMe,) | by the reaction of
NP, (NMe,); with antimony filuoride33 and by
similar reactions using ¢ris- and tetrakis-chloro-
dimethylamino precursors34,

We have recently investigatad ihe reactions of
N,P,Cl, with ethylamine33, -butylamine3® and
N-methylaniline®6, The reactions of the primary
amines have similar features; mono, bis, tris,
tetrakis (ethylamine only) and octakis derivatives
can be obtained. Reactions involving higher
stoichiometries (particularly 1:10 and 1: 12,
N,P,Cl, : amine) give only copious quantities of
sticky, resinous materials and chloroaminocyclo-
tetraphosphazatetraenes could not be detected3s. The
resins appear to contain tetrameric umts and
probably arise by cross-linking reactions. The
chloroethylamino derivatives isolated have mnon-
geminal structures (Fig. 4). N-Methylaniline reacts

R

:
R

R R
!
R

R R
R = NHE}

Fio. 4, Souctures of NP, Oy, (RHIEY,
(n = 2, 3, 4).

with N,P,Cl, to give the derivatives, N JL4CL
(NMePh)_ ~ {n = 1, 2 (two isomers, 3, 4 (five
1Isomers), 6} (S. S. Krishnamurthy, R. A. Shaw,
M. N. Sudheendra Rao, A. R. Vasudeva Murthy and
M. Woods, unpublished results), In  contrast to
the dimethylamine reaction where only one major
bis-isomer (2-frans-6) is found32, reaction of
N,P,Cl; with N-methylaniline (a much less reactive
amine) gives two bis-isomers in roughly equal
amounts. Crystallographic evidence confirms that
one isomer has a 2-trans-6 structure and 3'P NMR
spectroscopy sugg:sts that th2 othsr has a 2, 4-struc-
turedb,

The role of the reaction solvent in cyclophosphazen:
chemistry is not entirely clear at the moment.
Recent work shows that solvents can exert a con-
siderable influence on cyclophosphazene reactions.
One of the highlights of a current study has been
the 1solation of bicyclic phosphazenes from the
aminolysis reactions of N,P,Clg in chloroform.
These compounds are probably formed by an
intramolecular frans-annular nucleophilic replacement
reaction (Fig. 5). The crystal structure of

RAN NRR'
EtNH RR'NH
e
; CHCly EMHN NRR'
NHEt
RRN” “NRR'

(o) R=R'=Me , {b) R=E1, R'=H

Fi1G. 5. Formation of bicyclic phosphazenes.

NP, (NMe,), (NHFEt) (NEt) shows that the
original P-N heterocycle retains its phosphazene
character but that the P-N bonds at the bridgehead
are longer and more phosphazane-like37. Jf these
reactions are carried out in diethyl ether3s the fully
substituted cyclophosphazatetraene derivatives,
NP, (NHE1}, (NRR’), are isolated in good yields
(~ 80%).

Chlorocyclophosphazenes contaiming two dutferent
aming substituents have also been prepared in
order (0 evaluate the role of sebstituent and nucleo
phile in determining the structures of the products!?,
Thz reactions of NP, CI. (NHFt) and N,P,Cl,
{ NHBu?) with two cquivalents of ~butylamine and
¢thylamine are shown in Schemie 1. The structures

INHLH ‘
/,,_,.,,.___.__...,*a. ne -N,P,Cl, (NHID,

NJPJC!L: (N{HL O \ :NIhBllt
e e = NG PLCH (N But)
(INHE 1)
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INH,E?
- ng-N,P,Cl, (NI{Bu')
(NHELO

L\J 3?3‘(.‘!& ‘,N H Bur}_—_\l N}‘l _:_But
——— g-N;P,CI{NHBU'),

g—geminal ne-nongemainal

of the praducts oblained from the reactions indicate
thal the attachire nucleophile dominates the course
of these aminolysis reactions?s. 1t appears that
reachons of the octachloride, N,P Clg, with primary
asvnoy M, are wimifarly influenced by the nucleophile.
The important role of the nucleophile 1n  many
cyclophosphazene reactions has also been confirmed
by the rocent Rinetic studies of Goldschoudt and
L cinti7. - Chlorocyclophosplizenes containing both
primary and sccondary amino substituents have also
been prepared and similar conclusions can  be
drawn?® 24,

It appears that in some reactions the substituent
ageady present in the cyclophosphazene ring can
counteract the influznce of the incoming nucleophile.
At preseni. the only example of this type 13 provided
by the triphenylphosphazenyl (NPPh,) subst.tuent.
Dimethylamine!? and piperidinel¢ react with mono-
substituted derivatives, W P,CI-R, to give non-
geminal products NJP,CILR, (R == NMe,, pip)
but with N,P.Cl. (NPPh,) to give the geminal pro-
duact, N,P.CI,R (NPPh,) 14",

(h) Alcoholvsis and Thioalcoholvsis

The reactions of chlorocyclophosphazenes with
alcohols, phenols and thiols have also been studied
in some detail>?. Alcohols and phenols react mainly
by nongeminal replacement of chlorine atoms. The
segaration of pure chlarcalaoxy (aryloxy) isomers
is not easy, particularly when small, straight-chain
alcohols are employed. Recently, Schmutz and
Allcock?2 have prepared and separated nine friflnoro-
ethoxy derivatives, N,P.Cl._  (OCH,CFy), (n =
1-6) by gas hauid chromatography. Se¢veral n-butoxy
derivatives, N,P.Cl.__ (OBu) (n=12,3,6)
have alvo been reported+3.

Thiols react exclusively by a geminal mechanism
which has been rationalis~d in terms of ‘hard’ and
coft’ acid/base interactions¢* 5,  Chlorothioalkoxy-
cyclophosphazenes are obtained by using a large
excess of a sodium thiolate and wsually only an
even number of chlorine atoms is replaced (Equa-
tion 3).

organic solvent
— N3P3Cl G—n {SR)H

H == 21456 (3)

> N,P,F 6-n (SFI)H
n=1-3 (4)

N,P,Cls - NaSR

N_jpith + Nath -
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Thne hexafluoride reacts with sodium ethanpethiolate
to give mono, ais, tris, tetrakis and pentakis ethyl-
thio derivatives but again only .ompounds with
geminal  struciires  are  obtained (Equation 4).
D:iivatives containing -SAr groups in nongeminal
dispositions can be obtained by an alternative routet?
{Equatwon 5.
cis — NP,CL (NMge,), -+ NaSR —

cis — N, (SR);(NME;)[ (3)

R = p*CﬂHLME, Ph

Although fully substituted thio-esters, N,P. (SR),,
can be preparcd?!, the analogous ¢ompounds in the
feframer sgiies werz nat ohtained - the only reaction
products wzre gepnnal tetra-substituted denvatives,
N,P,Cly (SR)_, and organic disulphides, R,S..
Cleavage of the teiramaziic ring ocrurred under more
forcing reaction conditions4?,

An interestmg feature of the chemistry of
alkoxycyclophosphezenes [NP (OR),};,, is their
ability to rearrange when heated alone48 (Fig. 6) or
in the presence of an alkyl halide4®. Thio-analogues
do not undergo this reaction.

"
RO
\\P#N\p#/(}ﬁ O p!q 0
RO~ “OR NN A
’ i RO P ~or
N - ( l
“\\\P,ﬂ" ~170° R—"‘N\ N—R
VRN Pm
RO OR RO \“1‘0
Fic. 6. Alkoxyphosphazene-oxophosphazene  re-
Arrangement.

(¢} React.ons with Organometaliic Reagents

The hexachloride, Nap:;C]u: reacts with phenyl
magn.s:um bromide in diethyl ether to give small
quantittes of the c¢yclic hexaphenyl derivative,
N,P,Ph, and acyclic phenylated phosphazenyl
magnesium c¢<mplexces from which hydrogen halide
derivauives, ¢.g, Phy,P =N — PPh, =— NH-HX,
(X = Cl, Br) can be isolated’®, Similar reaction
with the ociachlotide, N,P Cly, gives two cyche
productsi'e, N, P,CI,Ph,, which have the struc-
tures shown in Fig. 7. The ring contraction can

| (1
‘\ e F’hx /NPPhj
T PR EEEPY AN 2P
3 [I Ci N/E\
h[ll 5 !"jl l ! Eiiii
Cl Cl
Cl_‘--.__‘ B 7 G ,,.#Ph ‘\"PE ‘P’f
P N P RS
Cl"/ Npy, Ci N~ _ "Cl
Fio. 7. Products of the reacton of N,P.Clg

with PhMgRBr,

be explained by a mechanism involving cleavage
of thz tetrameric ring followed by cyclisation of
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the phenylated acyclic species, Ph, P =N — P
(Fh Cl) {= N -— PPh,}, = N-Mg-Br.

Phenyl lithiom reacts with the Thexachloride,
N,P,Cl, in diethyl ether to give soluble acyclic
polymers of low molecular weightbl¢  The
latter possess unreacted phosphorus chlorine bonds
and chain branching is evident. The analogous
reaction™? with the hexafluoride, N,P,F,, gives the
cyclic  products, N,P,F, .. Ph ,n = 1,2 (three
1somers) ; nongeminal structures are predominani,
The reaction of the octafluoride, N, P,Fg, with
methyl lithijum gives methyl, dimethyl, trimethyl,
tetramethyl and octamethyl derivatives. The replace-
ment pattern observed is predominantly geminal and
has been interpreted in terms of a w-inductive
effects3,

Non-geminal phenylated chlorocyclophosphazenes
can be prepared by a cyclisation reaction* (Equa-
tion 6). Stereoisomers have been obtained for both
trimer and tetramer in this reaction,

HC(i
Bromophenyl derivatives can be prepared similarly55,

The Friedel Crafts reaction®® of the hexachloride,
N,P.Cl.,, with boiling benzene in the presence of
aluminium chloride gives the geminal diphenyl

derivative, N P,CI,Ph,. The tetra- and hexa-phenyl
forcing
Similar reactions with aminochloro-

derivatives can be obtained under more

conditions.

cyclophosphazenes, N,P,Cl._ R~ (R = NMe,57,

n

Pip+8) indicate that phenylation proceeds most
readily at a = PCIR group (Fig. 8).
€l ¢t Cl
Cl>_ | < PRH/ ALCLy C[\ Vi
a ] el a’ T Npp
of] |
Me,N  NMep Me,N 2 ¢
> ] U ehmsarcl, N R L
Men N l <:L ¥ MeoN I Nl
o e Ph
=16, & Friedel Crafts reactions of chloro-

cyclotriphosphazatrienes.

(dY Complex and Adduct Formation

Cyclophosphazenes form many coordination com-
plexes, Lewis acid-base adducts and  crystalbine

inclusion compounds.

the subsequent work.

PiIysIcAL Mi11I0ns oF STRUCTURFE D11 RMINATION

() Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic  1¢sonance <peclroseopy

H:B: 4 (5]

Allcockt® has reviewed these
aspects in detail and two recent papers®® summarise

has
emerged as the most powerful tool for elncidating
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IE'IE: molecular structures of cyclophosphazene deriya-
tweﬂs m solution. The H nmr spectra of some
anunochlorocyclophosphazenes illustrate this aspect
very clearly.” Keat, Ray and Shaw found that cis-,
itans- and geminal-N,P,Cl, (NMe,)}, isomers can
be qistinguished by the observation of one, two and
thiee dimethylamino doublets (coupling to phos-
priorus) respectively in their proton nmr spectrato,
In addition, the magnitude of the apparent proton-
prosphorus coupling constant 38J & (P-H) helps to
gistinguish a geminally substituted group (= PR,)
Irom a nongeminal one (= PCIR} (R = NHMe,
NHEt, NME, NM¢zPh). In genzral, the magnitude of
the geminal coupling constant is 3-5 Hz smaller
iban that of the non g:minal on:.

In many of the proton sp=ctra of cyclophosphazene
derivatives, additional linss or broad humps appear
amongst the signals expected from first-order con-
siderations.  This phenomenon has usually been
termed Iong range “virtual coupling” and Its origin
has been discussed elsewhereb!, Although “virtual
coupling” can create problems in the interpretation
of many spzctra, the extent of “virinal coupling” (or
its absence) can somztimes yield struciural informa-
tion (viz., geminal-N,P,Ph, (NMe,), isomers)62,

The spectra of three chloro-N-methylanilinocyclo-
tetraphosphazatetraecnes are shown In Fig 9
(N-methyl signals only) and illustrate the general
pomts noted above.

The development of sophisticated instrumental
factlities and the application of Dbroad band IH
decoupling have greatly improved the quality and
usefulness of the 3TP NMR spectra of cyclo-
phosphazenes. The spectra of the three Isomars
(I, II and TID) (Fig. 10) would be of the types
AB,C, AA’BB’ and A,B. respectively and are
zadily identifizd although if J/Ar bocomes
relatively small, it may not be easy to diflcrentiate
AA’' BB’ and A,B., spin systems,  The two bis-
r-butylaminohexachlorozvcloteiraphosphazatetraenes,
N,P, (NHBu'}, Cl,, mp 171° and 128° give rise
to symmetrical A,B, and AA’ BB 3P speetra indi-
cating that these jsomers have a 2, 6- and 2, 4-
disposition of r-butylamino groups?®. The S1P spretra
of many amino-derivatives of N.,P.Cl; and some
sclected  tetrameric derivatives have been analysed
recently and <ome treads in 2P chemical <hifts and
P-N-P coupling constants have been discerned®t,

(DY Inftared Spectroscopy

Infrared studivs of evelophosphuzene  derivatives
have not proved fo be as useful as NMR speetro-
scopy 10 defermining the dispanition of spbn et
ooups, althoueh in some cases i s possible to
distineoish penvinal and non-pemingl somes i fha‘
can  provale

trimerie system® RO spectioscopy



438

some information on the nature of sheleta] bonding.
The spectra of cyclophosphazene derivatives exhibit
a broad absorption band in the range 1150-14350 ¢cm™1
which has been attributed® 1o a  degenerate ring
stretching  vibraiton, # (P = N). Typical wvalues
are shown in Table II and illustrate the importance
of ning size, electronegativity, steric effects, ete,

sequcnt to  protonation).

pounds, it

is
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It is believedi? that in
Type 1 compounds, the N-P bond of the triphenyl-
phosphazenyl group is more or less paralle] to the
local NPN ring segment whereas in Type Il com-

approximately  perpendicular,

Two

recent crystallographic studies$? 8% provide examples

of Type I and Type II conformations.

{ai f (DY

AN

A, g

e

FiG. 9.

6, 8,-N,P,Cl, (NMePh),. (c) 2, 2, 4, 6, 8-N P;Cls (NMePh), (Frequency separations on the

scale) ; (NMe signals only).

I _ I1 IT]
Fic. 10. Isomeric configurations of N, P,Cl.A,.

(¢) Basicity Measurements

The technique of basicity measurements?13
developed by Feakins, Shaw and coworkers can be
uvsed 1o distinguish geminal and nongeminal tris-
and tetrakis-amino isomers. There is now con-
siderable evidence (including X-ray structures of
two protonated compounds)®é for protonation at
a ring nitrogen atom in most cyclophosphazenes.
Basicity measurements of  cyclophosphazenes con-
taining a triphenylphosphazenyl substituent4l indi-
cate that profonation can take place either at a
ring Ritrogen atom (Type 1) or at the nitrogen
atom of the phosphazenyl substituent (Type II),
probably because of a difference in conformation
¢f the triphenylphosphazenyl group (prior/or sub-

iV

—

hoqed

-____._‘_"_.__..-._#.--—

f 1:’?%

s

1H NMR spectra (CDCl,, 100 MHz) of (a) 2, 2, 6, 6,-N,P,Cl, (NMePh),. (b) 2, 4,

Same
TasLe II
Ring P = N vibrational frequencies in cyclophosrhazene
{cm1)e
R N.P;R, NP R,
F 1297 1435
Ci 1218 1315
Br 1175 1275
Me 1180 122Q0
Ph 1160 1213
NH, 1170 1240
NHEt 11800 12500
NHBu” 1195 1260
NHCH, # 1190 1265
NMe. 1195 1265

——r—_rt e e oy B m

a Reference 6: p: 197,
b Reference 39,

e e —— " — ——

¢ Referance 110,
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(d) X-ray Crystallography

The structures of a large aumber of cyclophos-
phazene derivatives have been determined by X-ray

diffraction. Corbridge has reviwed this work
recently®s,  The equality of ring P-N bond lengths
In  homogeneously substituted  cyclophosphazene

denivatives apd the shortness of these bonds com-
pared with the accepted value (1-77 A) for P-N
single bond have provided good evidence for some
kind of w—interaction involving nitrogen and phos-
phorous atoms. The X-ray crystallographic data
have also provided strong evidence for the presence
of m-bonding between phosphorus and exocyclic
groups such as ~-NMe, or ~OR. It has been pointed
out that the ring P-N bond lengths 1n a derivative
N;P,X, decrease with increasing electronegativity
of X. This is also accompamed by a decrease in the
angle subtended by the exocyclic substituents at
phosphorus, an increase in the ring NPN angle
and a decrecase 1 the ring PNP angle, In a hetero-
geneously substituted compound, the ring P-N bonds.
are of different lengths. Thus in the geminal dipheny!
compound, N3P Cl,Ph,, there are three different
P-N bond lengths?0 with mean values 1:555, 1-578
and 1-615 A, The analogous fluoro compound?!
and the  geminal tetraphenyl™  compound,
N.P.Cl,Ph,, also show three types of ring P-N
bonds. These differences can be attributed to greater
d-orbital contractions at the phosphorus atom
bearing the most electronegative substituents lead-
ing to a strrengthening of the skeletal m--bonding.
The X-ray crystal structures of cyclotetraphospha-
zatetraenes show that the eight membered P-N

ring can adopt one of several different conforma-
tions {Table III).

(e) Other Techniques

Nuclear Quardrupole Resonance spectra (83Cl)
of some chlorocyclophosphazene derivatives have
been reported. A linear relationship has been
observed between NQR frequency and P—Cl bond
length73.  Positional ijsomers may be distinguished
by this techniqgue but unambiguous structural
assignments to geometrical isomers are not generally
possible”4,

It should be possible, in principle, to distinguish
geometrical isomers from dipolée moment measure-
men’s as demonstrated for the ¢iy and frans isomers
of NyP,Ph,Br,", NyP,Cl; (NMe,), and N,P,Cl,
(NMe,),7%  Such measurements are unsuitable for
the identification of chloro {trifluroethoxy)  eyclo-
triphosphazene isomers. This diufficulty is presum-
ably due to the neglect of the atom polarizability
term and the possible deviations of the ring from
planarityd2,
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Bonding in Cyclophosphazenes

Bonding in cyclophosphazenes (characterised by a
formally unsaturated system) has iatrigued a number
of investigators. Craig and Paddock have proposed
a dr — pv model m whick extensive delocalization
of = electrons occurs over the entire ring?. The
same authors also postulated?™ a =»-bonding inter-
action in the ring plane involving the lone pair of
electrons on the skeletal nitrogen atom (#'-bonding).
Dewar er al. have put forward an alternative model
in which w-electron interaction is confined to three-
centre P-N-P islands?®, Detailed quantum mechani-
cal calculations’? and Faraday effect studies3® on
cyclophosphazenes tend to support the latter model.
Doggett®l has suggested that the two models do not
differ fundamentally but only in the choice of
parameters. Labarre, Perkins and their respictive
coworkers have pointed out that trgns-annular
phosphorus—phosphorus bonding may contribute
significantly to the stability of the six-membered
P-N ring system$82,

PHOSPHAZENE HIGH-POLYMERS
(@) Cyclolinear and Cyclomarrix Polyniers

There are three basic approaches to the synthesis
of phosphazene based polymers leading to the
formation of cyclolinear, cross-linked cyclomatrix
and linear type polyphosphazenes!-8:11,1283  The
first two types utilize the high thermal stability of
cyclotri- and cyclotetraphosphazene rings by linking
them through bifunctional organic groups. The

formation of cyclolinear polymers s illustrated
in Fig. 11,
Hh“p"ﬁ
tf., “n ]
' a + EH1ﬁ1TH —
CIR"F‘ PJ"'EI'
RN S TR .
R
R R ~
5. R 4 ANy
;Pi H;ﬂ"\“ N N .
HIE* ;“F{—I—“R"_? ”'"_':'P\HFP“:;I . HTH “{}“‘Hf Y
FI/ Xy “r
X.X =0 of NA"
I'a. 11. The formation of cyclolinear polymers,

Cyclophosphazene substrates with more than two
active groups (usually halogen) may also react with
diols or diamines o give  oyclomatris polymerns
(Fig. 12), ‘The estensive gross-hnking usuadly found
i such polymers is responsible for their insolubility
and high melting points,

(b)Y linear Polyvmers
Chlorocyclophosphazenes, (NPCLY o haats

ing in the bolk state under non-rigorous ezprtawntal
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Tance T
X-rav structwal data for cyclotetraphosphazaretraenes
Mean ring Mean ring Mean ring
Compound Ring shape P-IN bond P-N-P N-P-N Ref
length (A) angle (°) angle (%)

N,P,Fq Planar 151 120-3 119-4 91
N;P,Cl (K) Intermediate

Boat-saddic 1-57 1313 121-2 92
N PCl (T} Chair 1-56 135-6 120-5 93
N, P,Br, Intermediate

Boat-saddlie 1-575 131 0 120 ] 94
N,P,FeMc. Saddle 1-525 145-0 121-5 95
(2.2,4.4.6,6: 8, 98)
N, P F M, Saddlc 1-56 134:6 1217 06
(2,2,4,4: 6, 6,8, %)
N,PF, (NMe,), Chair 1-53 139 5 121-3 97
2-cis-d-trans-6-trans-8
N,P,F; (NMe,), Saddle 1557 134-7 122 0 98
2-trans-4-cis-6-trans-8
N,P,CI,Ph, Saddle -553, 128 8- 120 O 99
(2,2,4,4: 6,06, 8,8 1591 135:-4
N, P.Cl,Ph; Irregular crown 157 137 5 121 0 100
2-Ci5-4-Cis-b-ci3-3
NP ClPh, Chair 1-57 135 4 120 0 101
2-cis-4-trans-0-trans-
N,P,Cle (NMe ), Chair 1-569 134-2 120 6 102
2-trans-6
N, P,Cl, (NMe,), Hybrid ¢rown-saddle 1-556 136 8 1211 103
2-cis-4-trans-6-fruns-8
N, P, Cl, (NMe,)s Chair 1-57 135 4 120 7 104
2-traats-6
N, P, Mecq Hybrid beat-saddle 1-60 1319 119 8 105
N,P,Ph, Hybrid boat-saddle 1-59 127-8 119-8 106
N,P, (OMe), Saddle 1-37 132 0 121-0 107
N, P, (NMe,); Hybrid boat-saddle 1-58 133-0 120-0 108
N,P, (NCS Chair 1-543 140 O 120-2 109

conditions give an elastomeric polymer called

T
SN
N0
t@n\pwx :
“|

“inorganic rubber” which is highly cross-linked and

insoluble

organic

solvents,

This

polymer

1§ hydrolytically unstable and becomes brittle on

prolonged exposure to moist air
come this problem by

replacement

Efforts to over-
of chlorine

atoms with hydrolytically stable organic groups
have been unsuccessful

very slow and complete
atoms nside

because
replacement
the cross-linked matrix

the reactions are
of chlorine
1s virtually
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impossible,  Allcock and c¢oworkers3t have shown
that “poly (dichlorophosphazene)” free from cross-
links can be obtained by carrying out the polymeriza-
tion of N;P4Cl, under carefully controlled con-
ditions and by limiting the conversion to ~ 70%.
They have recently established that traces of water,
function as a powerful catalyst whereas PCly is
a powerful inhibitor for the polymerization reac-
tion®s, The mechanism of the polymerization
reaction is not yet fully understood,

Poly (dichlorophosphazene)}, {ree {from  cCross-
hinking!l-83  js soluble in organic solvents and reacts
readily and completely with a wide variety of nucleo-
philic reagents {(Fig. 13). Copolymers and terpolymers

X Ci

b f 0} Crosd-Jink d"
25 e _ rosd-linke
, 'x_‘ ‘m o {NHP—} "."GDQ INOF QoM fubbar
.;,__J u o vas 350
f \Nf =l
RONG HNRR H‘E.NEI
R JNg
'
NRR

OR
41
™ i .

OR

The

by e

NRR'

Fic. 13.
phazene).

reactions of poly (dichlorophos-

containing different substituents can be prepared!i,
Generally the homopolymers are  flexible film-
forming thermoplastics whereas the copolymers are
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properties of some selected linear polyphospha-
zenes. Onz of the most attractive features of the
phosphazene linear polymeric  system is the
prospect of designing polymers for spzcific applica-

tions by the judicious choice of suitable sub-
stituent groups.

Potential Applications

Hexa-ammonocyclotriphosphazatriens, NP, (NH.,), ,
is found to be a good fertilizer fcr certain crops as
it- can supply both nitrogen and phosphorus in a
concentrated forms8%. The aziridinocycicphospha-
zenes have been used as chemosterilant insecticides
(under the ftrade wname “apholate”)®?, The
alkoxycyclophosphazenes, in particular the n-propoxy
derivatives, are excellent flam= retardants mr
viscose rayon®3. Phosphazene cyclﬂmdtrlx p"*lymers
are amenable to conventional “curing” pooce $528.
In has been suggested that they may find use qn
high tempzrature azrospace applications and as
heat-resistant coatings for electrical componentss?,
Linear polyphcsphazenes containing fluoroalkoxy
groups are resistant to acids, alkales, and hydro-
carbon fuesls and retain their flexibility over a wide
temperature range. They are being developed for
fabricating lip seals, gaskets and fuel hoses
serviceable at low temperatures (— 40° C)11, Poly
(alkoxyphosphazene) derivatives have good flama
retarding properties and may find extensive use as

clastomeric in nature. Polymers with different textile impregnating agents and fire resistant foams.
physical characteristics can be obtained by vary~- Polyphosphazenes also show promise as body
ing the substituents, Table TV summarises the implantation plastics®0,
Tasir IV
Properties of some linear polyphosphazenes’s!
i ) Intrinsic T
Compound Molecular weight viscostty dlfg T, (° C¥ Solubility?

(NPCL), 1-2x10% %° 2-40 —63  Benzene
[NP (OMe):], 6,40,000¢ 1-22 —76  Methanol
{NP (OCH.CF3)l, 1,700,000 2:70 — 66 Ketones
[NP (OCH.CF;) (OCH.C.F.)], >6 x 1080 2. 40 _17  Freons
[NP (OPh).}, 3,700,000 2.70 55 THF
[NP (OCH, Cl-m], 3-89 « 108 ~ 24 Chlaroform
(NP (NHPh)., 1,650,000 1 44 91  Benzene
[NP (NEt.) (NHMe)l, 230,000% t-41 8 THEF

a Light scattering.
b UllrﬂcentnlUgauon

¢ By differential thermal analysis or differertial scanning calorimetry,

d At room temperature.,

¢ Not very accurate owing to slow cross-linking in solution,
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