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Abstract 

In this paper we review our findings on the thermal rearrangement of some methoxycyelophosphazenes ; 
the tautomerit behaviour of various monohydroxy compounds ; the synthesis of triphenylphosphazenyl 
and spirocyclic phosphazenes; the reactions of oetachlorocyclotetraphosphazene with primary and 
%Gondar)/ amines to give chloro(amino)cyclotetraphosphazenes and bicyclic phosphazenes ; and the 
IttParation and characteristion of chloro(phenoxy)eyelotetraphosphazenes and metal complexes 

(aminocyclophosphazenes). Structural elucidation of the products of these reactions by NMR 
gettospcopy is highlighted. Results of kinetic studies are also described. 

teY words: Rearrangement of methoxycyclophosphazenes, tautomerism, triphenylphosphazenyl, 
sPitocytlie and bic}clic phosphaz.enes, cyclotetraphosphazenes, metal complexes, kinetics, NMR 

. Vectroseopy. 

I, Introduction 

The themistrY of the inorganic heterocyclic compounds, hexachlorocyclotriphosphazene, 
NACIO, and n) „. . _ 	octachlorocyclotetraphosphazene, N 4P4 C18  01), has been the 

I  'orillaiecit or numerous in-depth studies in recent yeare -4 . The substitution reactions 
ty  s  (lencierdlophosphazenes and the elucidation of the structures of new derivatives 
shieem tmscoPY and crystallography continue to occupy a prominent place in these 
icos: a  There has also been a burgeoning interest in the technological aspects of ‘ds  
The  La  zene chemistry as indicated by the steady increase in patent application . ,,,, by, anssoaftd 

, ni_irep__ k. c e eyswriortkhe3  erssis and characterisation of many linear polyphosphazenes bs y 
has undoubtedly inspired the major developments in the 1e 

 

1' 4 lieu h illistrY of phosphazene polymets. 
143 Liese.,9 
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I I ) 

Our fundamental studies of the chemistry 
the binational project between the Indian 
University of London. In an earlier paper', 
gations during the first part of this project. 
during 1978-1981. 

of the cyclophosphazenes are the basis Ei 
nstitute of Science and Eirkbeck UNA 

we presented an account of our initsti. 
The current review summarises our work 

2. Thermal rearrangement reactions of methoxycyclophosphazenes 

Alkoxycyclophospbazenes are excellent flame retardants for viscose rayon and othei 
textiles'. The thermal properties of these pbosphazenes merit detailed investigations 
in order to gain an insight into the factors that contribute to their flame retardant 
behaviour. Our studies have included: (a) a reinvestigation of the thermal trans. 
formations undergone by the methoxy homologues, [NP(OMe) 2}„, n = 	and 
(b) the thermal rearrangement of amino(methoxy)cyclotriphosphazenes'. 

The fully substituted methoxy derivatives of chlorocyclophosphazenes are prePed 
in 60-80% yield by treating the appropriate homologue, [NICl 2] 1 , with sodium methoxide 
in dry benzene. The hexamethoxide, N 3P3(0Me)6(M), rearranges readilY at  
150.160° C (1-2 mm Hg) to give the oxocyclophosphazane, N3Me3P303(0M0 
in 70% yield (fig. 1). The 270 MHz proton NMR spectrums of compound (LV) 
indicates that both -0Me and -NMe protons are in two environments (each in _then  

ratio 1: 2). A corresponding non-equivalence is also seen for -0 13CH3  and Nuil! 
carbon nuclei. These observations suggest that the distorted boat structure founditisl°1 
the solid is retained in solution. A variable temperature proton NMR studY . d,. 
rearranged product (IV) indicates that the cyclotriphosphazane ring is highlY 

The octamethoxide, N4 P4(0Me)8, undergoes rearrangement at 160 °  C (
14 „ini

Thoi7 
to give a mixture of two isomeric oxocyclotetraphosphazanes, N 4 Me4P404P u; _ The products are sep 
geometric isomers 
isomer obtained in 
structure ; the other 

arated by fractional crystallisation. In principle, there 61 " dor  
for an oxocyclotetraphosphazane. 	The most 

the thermal rearrangement has the 2-trans-4-cis -6-frairners  
isomer has the 2-cis-4-trans-6-trana structurea. These  is° 
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Fs. I. The methoxyphosPhaZENE-N-methyloxophosphaZANE rearrangement. 

are also formed in the rearrangement of N4P 4(0Me)8  catalysed by methyl iodides. 
The higher homologues, N 5P5(0Me)10  and N6P6(0Me)12  also undergo complete 
rearrangement on heating (proton and carbon-13 NMR evidence) but a complex mixture 
of isomeric cyclophosphazanes is obtained in each case 7 . 

We have been unable to carry out similar rearrangement reactions using the esters 
NP(OR)6  (R = Et, Pe) 7 . These alkoxyphosphazenes appear to decompose when 
they are heated under vacuum ; the presence of N-alkylcyclotriphosphazanes could not 
Le detected in any experiment 

l 
The rearrangement of geminal-N 3P3R2(0Me) 4  could give rise to four products 

(excluding geometrical and conformational isomers). Three of these products are 
i  partially rearranged isomers (fig. 2). The presence of such intermediates in a re- 
!arrangement reaction has never been convincingly demonstrated by previous workers. 
The thermal rearrangement of geminal-N 3P3Ph 2(0Me) 4  and geminal-N3P3(NHBug)- 

lc9g04 have been investigated in the temperature range 150-200° C in vacuo. The 
ths  ermal transformations are conveniently monitored by 270 MHz proton NMR 
techscoPY 7. This technique shows conclusively that both oxocyclophosphazadienes 
TegilAI_R = Ph or NHBut ; fig. 2B, R = NHBut) and the fully rearranged pro- 
'is. 	(fig. 2D, 
ut fig.  3. 	R :--- Ph or NHBut) are obtained. A typical spectrum is shown 

The non 	• 
ram verleraulat derivative, trans-N3P3(NMe2)2(0Me)4  (V), undergoes rearrange- 

level ho' m"151 (fig.  4)* Even after heating a sample at 150° C 0-2 mm Hg) for 
T tin  the bulk of the starting material (V) can be recovered by distillation. he proton' .811 at c  N  MR spectrum of the oily hygroscopic residue (VI) consists of a broad 

:1. be  a ' 62.  6  (NMe) and a doublet at 5 3 .  48 (0Me) ; these signals are in the ratio 
a  Phtosphorus-31 NMR spectrum contains a doublet at 5 9 .  6 [P (NMe) (9)] 

. 
the N

tte1 

	

. Rat 	[p(0)0Me]. Only a fully rearranged compound is compatible 
noti.:_ arrange In contrast, the nongeminal trans-derivative, N3P3(NMe72)3(oo 3, 

rrange even when heated at 200 °  C under reduced pressure 7. 
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FIG. 2. Possible products from the thermal rearrangement of gem-N 3 P3112  (ON4.04 . 

Our results on the thermal rearrangement of methoxycyclophosphazenes suggesuba 
electronic effects and steno factors associated with ring nitrogen atoms contrcl thN 
reactions. The evidence clearly implies that an intermolecular pathway is molt 
in the transformation of cyclophosphazene to cyclophosphazane. A recent study 
Alleock and coworkers° using a mixture of N 3P3(OCH3)6  and N3P3(0CDA don 
strates unequivocally that an intermolecular migration of methoxy groups occurs 0i 
thermolysis. 

3. Tautomeric forms of (hydroxy) cyclotriphosphazenes 

The hydrolytic decomposition of the cyclic trimer, N 3P3C16  (I), was first rer,  
at the end of the nineteenth century 2 . 5. The initial step is the formation of a k droar"t  

cyclotriphosphazene which then undergoes a rapid tautomeric shift to give a (tly 
oxocyclotriphosphazane, viz. N3 113P303(OH)3 . 	In an acidic medium' fo to 
hydrolysis leads to ring cleavage and skeletal degradation ; the final products are 
phoric acid and ammonia. 

f 	as liliP  
We have studied some mono(hydroxy)cyclotriphosphazenes, N3  P3R3R12 niii  astr  

attention has been given previously to the structures of these compounds. Ffmisidati  
meric forms can be envisaged (fig. 5 ; 1-4) albeit structures 1 and 4 are 
unlikely10,11. Dynamic phosphorus-31 N MR spectroscopy is a very useful ptuub 
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fic. 3. The '14 NMR spectrum (270 Maz, CDC1 3-D 20) of a mixture of IsI 3NteP3  (NHBut)2 (0) (0Me)3  

(t" isomers) and IsiSe oP. (NHBur)z  (0) 2  (ONLe)z. The NNIte ` triplet ' and doublet of doublets marked 
U are assigned to the fully rearranged dioxolhospha—l—ene [Fig. 20; R NHBut]. [Adapted from 
Dhathatireyan et ar by permission of the Chemical Society, London]. 

stadying these tautomers. For example, the 3 ippl-11 NMR spectra of the alkoxy den- 
varalives t N3P3P112(0R)3(OH), vary considerably with temperature. At —40° C, exchange 
,vi ethe Proton between two nonequivalent alpha-sites is relatively slow, thus permitting 
%. observation  of two distinct tautomeric forms (two overlapping ABX spectra). 
Exchange becomes more rapid as the temperature is raised (only featureless signals at 
titeol ,ent temperature) and individual tautomers are not distinguished. At 100 C, a 

14b4S.  AB X pattern is observed (fast exchange). 
The S pee tr 

in fig . 6  ; urn of N3P3ph2k0E0 3 (OH) at _400  C and at room temperature is shor- 

rem ktaid ari valout; ud ei sotfoiPesas-n7d 
2./(P-N- 	 m 	

a 

P) for each tauto er are also shown. As nti 

of six-membered, cyclic phosphorus-nitrogen. compound 

is  
p  

4 

 

ore or Ettore P-N bonds with phosphazane character, the value of 

2p 
 - 
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FIG. 4. The thermal rearrangement of trans-N 3P3  (NMe2)2  (CoMe)4  (V), 

across the phosphazane segment [ P—NH P(0)=] is less than that across eitheri 
the formal phosphazene links. The considerable variation in the magnitude of fiv_p 
associated with phosphazene segments may reflect a difference in ring cation/
for each ethoxy tautomer (fig. 6)". 

Other types of prototropic behaviour have been observed for the monohydror 
derivatives, N3P3(NHB02(0Me)3(OH) (VII) and N3P3(0Me) 5(OH) (VIII). The tin. 
NMR spectrum of the t-butylamino compound (VII) consists of twelve lines (All 
pattern) and does not alter significantly with temperature". This evidence inciat 
the absence of the exchange phenomenon. The tautomeric form with a proton alli: 
to p(NHBut) z  and =P(0)(0Me) groups is clearly favoured by the NMR paramem 
This tautomeric form is also anticipated on electronic grounds : the base strengtheni:: 
effect of a t-butylamino group on an adjacent ring nitrogen atom is considerablYgez 
than that of a methoxy group". Exchange between two equivalent ring nitrogen IL 
is exhibited by the pentamethoxy derivative (VIII). 	Its 31 13  { 1 1-1} NMR spent 

at —40° C is of the ABX type as the exchange of the proton is ' frozen' thert:` 

conferring nonequivalence on the phosphorus nuclei of the two E - 13(0Nle)!giP 
At ambient temperature, exchange is fast and an AL-type spectrum is seen. 

O% ,e 0Me 
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FIG. 5. Tautomeric forms of N 3P3R3WOH. 

Our studies on these (hydroxy)cyclophosphazenes and on related comPoundsv
i  

show.  that they exist as oxocyclophosphazadienes both in the solid statelo and in 
solution. The hydrogen atom is always bonded to a ring nitrogen atom alpha to the 
phosphoryi group. There is no evidence yet for the existence of the gamma-tautomer 
(fig. 5; structure 4). Although the hydrolysis reactions, of cyclophosphazenes are 
complex, phosphorus-31 NMR spectroscopy provides a powerful analytical tool for 
their investigation. 

4. 
Triphenyiphosphazenylcyclophosphazenes 

SYmiletie and kinetic studies suggest that the course of the aminolysis reactions of chloro: 
cYeloPhosphazen es is influenced more by the nucleophile than by the substituent. (s) - . 
For example, 

secondary amines usually react with the hexachloride (1) to give &sub- stituie
the d  Products, N3P3C1 4R2 , which have nongeminal structures. Brief reports of 

reactio 	i ns 0- pentachloro(21,2',7-triphenylpbosph azenyl)cyclotripbosphazenei u° 	

ha4N ether 	P. P113) (IX),  with two equivalents of dimethylamine or piperidin i e n cliet.hy

,,, ve Indicated an apparent exception to the 'normal' ' behaviour : only gemin

i 

Plod 	
a 

tr trinksn N3P3C14R(N PP1h) R = NMe or NC H 0, 2 	. 5 1 	
were formed. In  contras t , 

s r'EPPhospb,inirnine p.j' 
7 lkil = NH, reacts with either the monodimethylartuno 
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temperature. NMR. iiarameters are indicated on the structural diavams.  

n„ernital 
derivative, N3P30 5(NMe2 ), or the phosphazenyl compound (IX) to give 
products"' (fig. 7). This intriguing behaviour of the triphenylphosphazenYi is:ar 
tuent led us to examine the aminolysis reactions of N3P3C15(NPPh3) (IX) i n  more al 

The phosphazenyl derivative (IX) is synthesised by a Kirsanov reaction' of' the g efiliD31  
bis(amido) compound, 1\13 133C14(NH2)2  (Eq. 1). 	. 

(I) 
NAC14(NF12)2  + Ph3PC12  .+ 	+ other productst 
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, 	
amines dimethylamine, diethylamine  and 

The secondary  

g
p3C15(NPPlas) methyl cyanide to give a mixture of 

mono(3nino) denvatives, N 3P3C1 4R(NPPh3) : 

151 

piperidine — react with 
geminal and nongeminal 

N3P3C15(N1)Ph3) + 2RH N 3P3C14R(NPPh3) + RH, HCI. 	 (2) 

songem
inal replacement is favoured". The geminal isomer of N 3P3C14 R (NPPh3) is 

fonn 	
a reaction with two mol equivalents of dimethylamine or piperi. 

-ed exclusively in 
dine  in  benzene or diethyl ether (Table I). 

(NI 
I in 
the 
the 

-the derivatives, N 3P3 C1 5, R,, 

n
7-- 2, have also been identifiel 

None of these products contain 
an observation which indicates 
roe 

Ph 3), R = NMe 2, ii = 2, 
reactions using higher 
----.---PC(NPP11 3) group OH 
strong geminal directing 

3,5 ; R = NEt 2, NC5H1o, 
stoichiometries of amine. 
and 31 13  NMR evidence), 
influence of the —NPPh 3  

methylamine reacts with N 3P305(NT'Ph3) (IX) in methylcyanide to give cis- and 

frans-nongeminal isomers of N 3P3C1 4(NHMe)(NPPh 3). Reaction of compound (IX) 
\kith t-butylamine is extremely slow even in boiling methyl cyanide : the geminal 

products, N 3P3C1 4(NHBut)(NPPh 3) (11% yield) and N3P3C12(NHB03(NPPh 3) (25%) are 
isolated only when a large excess of t-butylamine is used 14 . 

The geminal and nongeminal tiiphenylphosphazenyl derivatives, N 3P3C14(NEt 2) 
(NPPh3) are readily distinguished by 3 IP{ 1H} NMR spectroscopy. Three phosphorus 
environments are observed for the former structure (Opchl 6 - 0, (5 - NPPhe.", 12  ' 4,  °An Et2)(NPPII.) 
1 .05) in the ratio 2:1:1. The nongeminal isomer possesses four phosphorus nuclei 

diffcrent environments and an ABMX-type spectrum is observed 14 . An interesting 
feature of this spectru m  is the coupling of = PC1 2  and 	PCI(NEt2) to the no- 
cyclic-NPPh 3  [average 4J(P-P) = 4 - 9Hz]. This four-bond coupling is close to 
zero for the geminal isomerg. This difference in behavoiur may be related to different 

s  co.  aformations adopted by the —NPPh 3  group. Recently, Manohai and co-workers 
4:vpe,  reported the X-ray structure of N 3P3C1 5(NPPh3)168 , N4P4C17(NPPh3)16b, gem- 
V3C14(Npph3)2.7 n dau gem-N

33 4  
P Cl (NEts)(NPPh 3)18 / 

and discussed these conforma- 
tional aspects at length.  

Changes in the  

The carbon-13 NMR spectra of several chloro(triphenylphosphazenyOcyc lophospha- 

z:es and their amino derivatives have been recorded using a Broker WH 270 spectio-
ter  

. ,;.,.. operati ng  at 67 -89 MHz. The 
peTriittons with 	

13C parameters do not show any significant 

conformation of the —NPPh 3  substituelit or do they 
dirsni 	distineti 
rios'ct e  on of positional isGmejs 13 . On the other hand, if phenyl groups are 

Yattached to the  
derivPaativreus coupling 	

phosphazene ring (N 3P3 C1 6, Ph 	r.--  „, n 	, , 3  ) 2 3 4 6) the carbon 

constant, VW-P), can readily distinguish geminal and nongerniftcai 

Arts foi st' In addition, it is possible to differentiate geometric isomers. The 
1 	hese phenyl substituted 90clophosphazenes follow a regular trend and can 
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FIG. 7, Formation of geminal and nongeminal isomers of N 3P3C14(NMe2)(NPPh1). 

be largely explained on the basis of concomitant mesomeric electron release from tir: 
phenyl ring and inductive electron withdrawal by phosphorus". 

5. Spiroeyelic phosphazenes 

s Four types of products are possible when a chlorocyclophosphazene react with I  
bifunctional reagent20 : (i) replacement of two chlorine atoms from the same phosPlIn 
atom to give a spirocyclic derivative ; (ii) replacement of two chlorine atom s figt  
two  different phosphorus atoms to give an ansa-type compound ; 	rePlacenie  

of only one chlorine atom to give an open chain derivative ; and (iv) rePlacenlellt 

 

y, 
two (or more) chlorine atoms from different cyclophosphazene rings to give cycbp 

onstra .tse  and cyclomatrix polymers by intermolecular condensation. We have denl  
that the aliphatic diamines (1,2-diaminoethane, 1,3-diaminopropane and 1 /". i nescbc 
butane) react initially with N 3P3C1 6  (I) in diethyl ether to give the ino n°esP.111.7eth‘• 
derivatives, N3P3C 14 [HN(CH2)NHI, n = 2-4. 	Further reaction of the sr

(  oni, 
lenediamino) compound, N3P3C1 4(HNCH2CE0NH), with 1,2-d1am1n0eth ane . givoerspic'  

non-crystalline, resinous materials which harden and become insoluble H i  
solvents on exposure to atmospheric moisture 21 . In contrast, the bis-spirocY c. 

y  ild fret°  
diamtnopropane) derivative, N 3P3C19[HN(C1-1 2)3NHj„ is obtained in ca. 4/9 e le chlow 

11ing  the reaction of IsT 3P3C10  (I) with an excess of 1,3-d-iaminopropane in b° 
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Table I 

Relative yield of isomers of N3P3CI4R (NPPI23) 

r 

mine (RH) 

gel" 

NNW 

CsIlioNH 

Reaction 
solvent a  

Total  
yield (%) 

Relative yield (%) of 

gem.-isomer riongern, 
isomer 

EtO 66 100 0 

PhH b 100 0 

MeCN 41' 5 37 63°  

PhH 56- 5 66 34 

MeCN 66 36 64 

Et 20 61r5 100 0 

PhH 37 100 0 

MeCN 65 29 71 °  

a reflux temperature, b lit. 12expt. (25 °C), yield not stated, c cis and ;rain isomers, d no reac tion in 

foreo. It would seem that a spirocyclic 1,3-diaminopropane substituent is less able 
to participate in cross-linking reactions owing to steric inhibition. 

Reactions of the hexachloride (I) with ethanolamine i  and N-methylethanolamine 
have also  been studied 2 0, The monospirocyclic (ethanolamino) compound, N 3P304 
(HN.  CH2CH20), is obtained in 67% yield from a reaction of equimolar quantities 

.1-_,_ N, 31PaC1 6 (I) arid ethanolamine and two mol. equivalents of triethylamine in 
,.734cYdrofuran. Two crystalline isomers of the bis-spiro(ethanolamino) compound, 
:1:2 V IINCH2CH20)21  have been isolated in small amounts from a reaction 

gs twice the amount of ethanolamine ; the major product is a sticky resin. Two 
F tr

'Y
Anii . °cyclic structures are possible for these isomers depending on whether the 

e lie nitrogen of 	roge n atoms have a 4  cis ' or ` trans ' disposition (fig. 8). 
ives  tahe

a (b  
6 , with three 	

The reaction Nap  

mol. equivalents of N-methylethanolamine in tetrahydrofuran 

bis-spiroc

is

ran°-sPirocyclic derivative, NaP3C14(MeNCH2CH20), in 70% yield 7- 0 . A 
_fn.  ethyleth 

in boiling 	
anolamino) derivative is obtained in 60% yield from a 1: 6 rea

.  c-,  

structurez2lling tetrahydrofuran and an X-ray study shows that it has the 'Cis'  

(fig. 8; g  = Me). A mixture of the two tris-spirocyclic isomers of 
I eNCH cH 	. 

2 20)3  is obtained in boiling chloroform. cross-linking processes do 
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not occur in these reactions with Nemethylethanolamine and resinous products te 
not obtained'''. 

The geminal di phenyl compound, N3P3 Ph2C14 , reacts readily with 1,2-diamincietht  
or ethan.olamine to give the spirocyclic product, N 3P3Ph2C12(HNCH 2CH:X), X =NE 
or 0, in 65-70% yie1d2i . The analogous reaction with N-methylethanolamine isso 
what slower and a mixture of products is obtained'''. Two open chain derivatit 
N3P3Ph2C13(MeNCH2CF 2OH) and N3P3Ph2 C12(MeNCH2CH2OH)2, are formed t 
addition to the anticipated spirocyclic product, .N 3P3Ph2C12(MeNCH2CH20). 

The spirocyclic structuie of the cyclophosphazene derivatives prepared in these gat 
is readily apparent from a close scrutiny of their proton and phosphorus-3 1  Ma 
spectra. Some typical data ate given in Table H. In addition, the spirocyclicstno 
of N3P3(NMe2)4(HNCH2CH2N1-1), has been confirmed by X-ray crystallorge 

The cyclic tetramer, IN1 4 134C1 8  (II), is considerably more reactive to nucleophilic runt 
than its trimeric homologue' (see also section 9). Formation of highly unstable rk 
ducts is observed when it reacts with 1,2-diaminoethane and ethylene glyco13. MOL 

(spirocyclic)cyclotetraphosphazenes can be prepared from reactions of N 4 P4C1 s (a) wlEr  
1,3-diaminopropane, N-methylethanolamine and 1,3- 	

3 
propanediol. The prodlictsill; 

characterised as their dimethylamino or metboxy derivatives, e.g., N4P4(N Met 

i 
(0-12)3N1-11 and N4 P 4(0N4e) 6 [0(CH2)30]. Theii spirocyclic structure is c°P ti; 
n each case by the unsymmetrical appearance of their phopsphorus -3 1  NM II sPec  
(AB2C pattern). 

Our studies of the reactions of the cyclic trimer, N31\c1 6  (I), with bifunctional reagell..: 
in conjunction with related work reported by other groups 2, indicate that spir.socC 

a. 
products are the most common. Competition from cross- 
important in the reactions of N 3P3C1 6  (I) with small aliphatic reagents 	

7_ that con 0 0.  
or more .NR2  group. Open chain products arc rare and ansa-compounds cm 
elusive. 	

linking processes I  . 
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Table 11 
phosphorus-31 NNW data (36.43 MHz) for some spirocyclic derivatives of IN2P,C1e 

MP ( ° C) 	(5[P (spiro)] 6(PC1 4) 	2J (P-N-P) Hz. 
compound 

14,P,Cli(HNCI-1,CH,NH) 

N3P,C14 [FIN (Ci-12)3NH] 
NACI,[1-1N(CH:)4Niii 
N1P,C1,(HNCH.CH2O) 
N3P3C1,(NieNCI-1-2CH2O) 
Isi3P3C1: [FIN (C1-12),NHL 

N,P3C12 (HNC14:CH2Oh. 
N3P3C12NeNCHzC1440): 
Vs(NNie3)40-INCHICH2NH) 
N3P,(NNie,),(HNC1-12CHT0) 

198 22 - 0 720 b 

164 7 - 5 21-5 45 . 5 
187 12 - 8 21' 2 46* 0 
150 23 3b 23 . 3 

87 22' 4 25 . 6 53 - 9 
220 (d) 12 . 1 23 . 1 43 . 7 
200(d) 29 .  Ob 29. 00  

195-198 28'5 30 . 7 62 .  9 
138 35. 5 26 . 7 d  400 

8r 36 . 5 27 - 3 a 46 -  0 

a Data from refs. 20-22 ; upfieid shifts are negative and the external ref. (6 = 0) is 85% 1-1 3 1)04  

b Chemical shift separation < 0 . 5 pprn. 

c A% spectrum 
tt 	P (1■Thle,), 

6. Reactions of N 4P 4C18  (II) with primary and secondary amines 

(i) Chloro (amino) cyclotetraphospha ze nes , N 4P 4C18, (NRK),, 

The cyclic tetramer (II) reacts with amines in organic solvents to give complex mixtures 

of chloro(amino)cyciotetra ph os phazenes and amine hydroch1oride 2  3,25-2 7• 

N 4P4C18  + 2n RR'NH -3 N4P4C18_n  (NRR').n  + tz RR' NH,HC1 
	

(3) 

Pure compounds are usually obtained only after chromatography' although frac- 
tional crystallisation suffices in some cases. Replacement of chlorine atoms is mainly 
by the nongeminal pathway, i.e., attack at a.F. -= pc., site is preferred. Substantial 
a.mounts of both 2,6- and 2,4-disubstituted products are formed with sluggishly reac- 
ting 

amines such as dibenzylamine 28, Nemethylaniline29, mbutylamine", t-butylamme 1 , 

be uzylamine3D and andine ao ; more reactive amines give 2,6-products almost exc lu- si

,___ve

i Ya 

°132 1 33 . The proposed sturctures of the bis-, tris- and tetra-chloro(amino) deriva- 
tives obtamed in these studies are shown in fig. 9. 

Chlor _ ri  ,dmaryamino) 	
H cyclotetraphosphazenes containing both .==- PC1(N R) and 1,(,4  

derivative  )2  groups have not been identified3i,32. Attempts to synthesise such 
reactions  s  afford only resinous, cross-linked materials'. Competitive cross-linking 

%not, ci almot  occur with secondary amines. Thus, formation of chloro(secondary 
psYelotetra Puosphazenes, N4 P4C1 8_71, (NRR') n , n > 4, is governed largely by the 



R • NM. Rh N(CH2Ph )2 • 
NHBut  * 

94, 

R • NMe2 NMePtI, N(CH2Ph)2 

NH2 ,NHEI NHBu l  
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R NH2 
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TRIS 
7AN 

or-di 

R2 • NHEI NHBui 
	

R oNMe2 9  NMe Ph 
	

R m NMe2,NH2 

TETRA 1 
RI\ /R 

R e NMe z ,NMe Ph, 

NCH 2PN2 ;NHEI 

R • *4 2  , tateRI, 	R a NMerNMePh, 

IN(042Ph)2 ;NKE1 	N(CH2Ph )2 

R . NMePti R • NW 2  ,NMePh j', 
NH z 

FIG. 9. Proposed structures for N 1 P4 C120  R., n =--- 2 —4. Phosphorus atoms are represented by au 
ners of the squares ; full or broken lines represent orientations above or below the fin& plane. atria 
and nitrogen atoms are not shown. 

t Also R =-- NHMe, NHPri, NHBun, N1-ICH2 Ph, NHPh (Ref. 36). 
Also R = NHBus, NHCH2Ph, NHPh (Ref. 30). 

reactivity of the amine. Replacement beyond the tetra stage to give Such derivatits 

is only achieved with difficulty for N-methylaniline 29  and not at all for dibeiazylamin 0  

The octachloride (II) reacts with aqueous ammonia (0 - 88) in diethyl ether in tht 

presence of anhydrous sodium sulphate to give the geminal bis(amido) compolint, 
N4 P4C1 6(NH2)2 , in 15% yield. This new compound is sensitive to atmospheric DO 
ture ; it is conveniently characterised as its dimethylamino derivative, N4P4N iet.,/li  
(NH2)2. In a much earlier study, de Ficquelmont obtained a different his(aint, 
compound from the reaction of N 4 P4C1 8(II) with gaseous ammonia ; a 2,6-nongeniw al  

structure has been assigned to this isomer (fig. 9). 

deduced from °isle The structures of chloro(amino)cyclotetraphosphazenes can be 
analysis of their phosphorus-31 and proton NMR spectra. In many cases, addition's 

o the s . spectroscopic and chemical evidence must also be cons idered 
t 	

. Some 
uts shown in fig. 9 may require revision in the light of future X-ray evidenced) not  

2 f 

cularly with regard to their cis/trans stereochemistry. Phosphorus-31 NMR . aernis 
some amino derivatives of the octachloride (II) are given in Table 111. 
shifts (4) vary over a range of ca. 20 ppm. For compounds containing P rinlarY  
substituents, opci.R  is always upfield (more negative shift) from Opcf,• riL

lieouplid  

the range constant, 2 .1(P—N—P), has been deter 	
t 

mined for some compounds and it is ill '- 
38-47 Hz and positive in sign. 	

The dame 



— A. 
2' 3 
0 .  9 

A 3 . 4 

A 

ci 

— 3 - 9 
— 02  

2 .  2 
2' 0 
2 .  0 

— 61 

— 6-  7 
— 2'2 

—

 
12.r 

4.3 

A 

— 3 . 4 
• 4 - 0 
— 3 . 4 
— 5 -  8 
— 8' 7 
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— 7 .  4 
— 46  
—106  
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r .  3 

A 
A 
A 
A 
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- 5 . 3 
— 7- 2 
— 11 - 5 

— 5' 5 
— 08 
—iTO 
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5 . 2 
4 . 4 
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Table al  
phosphorus-3I NAIR data for some chioro(amino)eyelotetraphosphazenes° 

Comp 01,111d 
	 MP(°C) i(PC12) 	(PCI R) 	o(PRO 

	
Structure 

N4P4C18 	
123
144 Nxpe  (NHMe)3 

N4P4(NIThele)8 	
206 

 11 6 
1.141)406(1`alE02 
/44P4C14(NREt) 	

96 
 158 

VaC1  4 N11E°' 	 118 Nji4 NHE08 
115 

NaPias (NI1Pri)2  
N4P4C1e(NHPri)2 	 122 

114 N4p4o4  (NI1Bun)s 
171 N4P4C14( NHBut), 

NiP4C16(NliBut)2 	 128 
180-2 00 (d) NJ:04 (•11132)s 

N4P4C16  (NHC H2 P11)2 	 150 

NAC11 6 (NHCH2Phh 	 lig. 
14,P4C14  (NHPh) 2 	 166 

170 1.1,13,06 (NMe z), 
N4P4C14 (NMe 	 200  
1441)4C11  (N/vies)6 	 168 

:20-238 (d) NiPANMelis 
/444P4Cli (NNertePh) 3 	 145 

(NM.ePh) 4 	 105 
N4P4C14  (NMePh) 4 	 162 
N4P4C14 (siMePh) 4 	 128 
N4P,(71 4 (141viePh) 4 	 145 

(NMePh) 4 	 199 
NAG, (CH2Ph)ti 2 	 156-158 

N(CH2Ph)tb. 	 wax 
1.44P4C14[Nal2Ph)214 	114-115 
N4P4C14[N(CH zPh)j 	 wax 

lisT(CH2Ph)214 	 93-95 

a) Spectra measured at 24 3 or 36' 4 MHz; 
.6) A 2,4,J ,6,8,8 : 2-trans -6 

B 2,4,6,8 : 2-cis-4-trans-6-trans-8 
C 2,4,6,8 : 2-tratb-4-cis-6-trans-8 1) 2,4,6,6,8,8 : 2 -!rans-4 

2-trans-6 : 2,4,4,6,8,8 P 	: 4,4,8,8 
G 2,4,6,8 

Structures marked with an asterisk have 
For the nomenclature, see Ref. 2. 

CD2 C12  or CDCI3 solution 

been confirmed by X-ray crystallography (Refs. 2,29). 
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(ii) Bicyclic phosphatenes 

Arninolysis reactions of the cyclic tetramer (H) can be rendered even more cr, 
41/  phosphaze .  ‘ Pie z competitive formation of trans-annular-bridged bicyclic 	nes  

The chloride (1) reacts with an excess of primary amine 33,36  in chloroform t 0 g ive -1.  
7' ve 

y 	

nth:, 
ields of the bicyclic phosphazene, N4PANHR)6(NR), R = Me (Xa), E L  pet , p  

erctakis(amino)cyclotetraphosphazene, N 4 13,,(NHR)8 , is also obtained. The bit 
structure of compound (Xa) is established by N MR and IR spectroscopy
proton NMR spectrum (270 MHz) consists of a triplet and three doublets and is sh o . 
in fig. 10 along with the assignments. , The 3 '13  chemical shifts O p{ 	18  

216 5) lie in the region that is characteristic of bicyclic phosphaizert, gp(milde) 2 

An X-ray ana1ysis 37  of compound (Xa) confirms its bicyclic structure. The ID. 01  
contains three different types of p—N bond, viz., phosphazene ring P-N (mean I.594 .i 
exocyclic P-N(mean 1 .637A) and bridge P-N (mean I - 716A). 

The 	reactions 	of 	hexachloro-2-trans-6-bis(alk.ylamino)cyclotetraphosplia zzir  
N 4P4C16  (NHR) 2  (R = Me, Et, Prn, Bu", CH 2 Ph), with an excess of dimethylamintl 
chloroform or methyl cyan;de give the bicyclic phosphazenes, N 4P4 (NMez)5 (Nlik 

0 

14 re 4 	afINe 
0  

2.76 	I— 20Hz —I 	2 .5 

(1410 
FIG. 10. The 	NHR spectrum (2.70 MHz, CDC %) of the bicyclic phosphazene, NircitooH 
(NMe)(Xa) with assignments. In the structural diagram, corners of the s 
other four ring nitrogen atoms not shown. 

	square represent I- 



CHCl3  
CHC13 
CHC 15/Et3Ne  
CH2C1 2°  
CH3CN 
CHC13 
CH3CN 
CHC13  
CH3CN 
CHC13 
CH3CN 
CHC13  
CH3CN 

Me 

Et 
Et 
Et 
Pr' 

Bugg  

Bu
t  

Bug  
CH2Ph 
C112112 

30 
52 
74 
38 
14 
54 

10P  
22 
8 

ao 
lob 
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Table IV 
N4P4C1 0  (NILR)2 	dimethylamine (RIO 

Yields of products formed in reactions of 

solvent 
	

NAPARANFIR)(N R) N4P4R6 1(NHR)2 
	

N4P4R81 (NHR)2, xHC1 

46 
33 3 
18 
55 
30 35 
36 

68 
65 

	

9 
	

64 

	

13 
	

65 

	

46 
	

2' 
40 
700  

a Relax temperature 
b Estimated visually from TLC (+ 5 °A) 
c At ca. 25°C 

NR), and fully aminolysed cyclotetraphosphazenes, N 4P4  (NMe2)6  (NHR)2, and/or 
hydrochloride adducts of the latter 38. Yields of these products are given in Table IV. 

A unique bicyclic compound, N 4P4  [N (CH2Ph)2] 6  (NCH2Ph) (Xb) has been isolated 
in 3.5% yield from the reaction of the octachloride(H) with an excess of dibenzylamine 
In boiling methyl cyanide 28 1 39 . The mass spectrum of this product exhibits intense 
Peaks at 1460, 1370, 1278 and 639 . 5 which arise from the ions, [M 	HY, 
[M - CH2Ph], [M (CH2Pb.)23+ and IM (CH2 Ph)2 2- . Its proton NMR spectrum 
(270 MHz) consists of a triplet at 6 4 . 57 and three doublets at 6 4 . 38, 3 . 97, 3 . 92 in 
the ratio 1 2 : 2 : 2 ; the phosphorus-31 NMR spectrum is a symmetrical triplet 
centered at 6 21'3 (A2 B2  tending to A4). The infrared spectrum of this bicyclic den- 
vat.tve contains an intense band centered at 1180 cm -i which arises from a ring stret- 

g mode iv (P = N)] and a strong band at 790 cm -,  (bridging P - N P, the 

*re 	
of 

part of the bicyclic skeleton). Bands in these regions of the IR spectrum 
characteristic of all bicyclic phosphazenes 35,38,38  and some relevant data are 

Presented in Table V. 

Formation of bicyclic 
PrialarY amino 	

phosphazenes takes place when cyclotetraphosphazenes bearing 
With " 	

0  substituents in a trans relationship at the 2,6-phosphorus atoms react 
" long nueleophiles 35 , 36,38. Our proposed mechanism 26 0 38 

 for their formation is 

11Sc....10 
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(Phal 2 P4k /N (CH2 Ph)2 

9 
N 

(PhCH2)2N 2 --< #1.."...-  ci fi-- 62  ›.-- N (CH2Ph )2 
i Ph 

(PhCH2 )Nw  N(CH2  Ph)2  

Corners of the square represent P atoms ring nitrogen atoms not shown. 

an intramolecular trans-annular nucleophilic substitution which initially involves protta 
abstraction (fig. 11). Two limiting cases are considered : (1) reversible proton abstrk 
tion at P(2) followed by addition of P(6) NHR across P(2) = N and (ii) a double 
proton abstraction at P(2) and P(6) followed by an intramolecular attack. The ob t. 
vation that enhanced yields of bicyclic products are obtained in the presence of a tertiary 
base provides supporting evidence for a proton abstraction step 38 . The form
of the bicyclic dibenzylamino derivative must obviously involve a dealkylation stc 
prior to or concomitant with the intramolecular nucleophiLic attack 28 . 

Electronic and steric factors associated with the primary amino substituents emu 
considerable influence on the reaction. The yield of the bicyclic phosphazenes, N 4 17, 
(NMe 2)5 (NHR) (NR), increases in the order R = Bun < Me < CH 2Ph < Et <pe 

Bicyclic products are not formed in the dimethylaminolysis reaction when the cycia 
tetraphosphazene precursor, N 4P4 C1 6  (NHR)2, contains an a-branched substito 
(e.g. R = Pr', Bu', Ph). The choice of reaction solvent is also important. Chloro. 
form or dichloromethane promotes the formation of bicyclic products (Table IW 
The acidic protons of these chlorinated solvents may facilitate the heterolysis of tit 

P-C1 bond at a Er. Pa (NHR) site. Such solvents could also stabilise the specio 
formed after proton abstraction by hydrogen bonding to the electron-rich nitrogen awa 
involved in the intramolecular attack. 

Three major types of reaction can occur in the aminolysis of the octach16. 
N 4 P4 CI8  (II) : (a) intramolecular nucleophilic substitution leading to the forraatl: 
of bicyclic phosphazenes, (b) normal ' stepwise replacement of chlorine atoms to gya.  

nongeminal chloro(amino) cyclotetraph.osphazenes, and (c) intermolecular ona ip  
sation processes resulting in the formation of cross-linked products'. The c° 0:  
petition among these reactions depends on the substituents present on the phosP 11.321  
substrate, the nucleophile and the temperature and nature of the reaction India 

7. Reaction of N 4P4C1 8  (II) with phenol 
have'Detailed studies of the aminolysis reactions of the tetrameric chloride ( 10 

significant differences in the chlorine replacement patterns compared to those 9'14 



Table V 

Selected KR data for bicyclic phosplsatenes and related cyclotetraphosphazenes" 

Bicyclic phosphazene v P=N 
ring, cm-' 

P - N 	P 
bridge, cm" 

Cyclotetraphosphazene v P = N 
ring, cm' 

Ng P4 (NliNte)6 (NMe) 1180 vs 790m, 805s, 825 sh N4 P 4  t N—Me) 8  1210 vs 

Ny, (NHE0 0  (NEt) 1195 vs 825s, 840m, sh N4 P4 (NHEt) 8  1250 vs 

N4 P4 (NMe2)5(NHMe) (NMe) 1190 vs 790m, 828s, 840s, sh N4P4(Nivic2)43 (NFIMe)9 1265 vs 

N 4 P 4 (NMe 2)8 (NREt) (NEt) 1195 vs 790m, 836s, 838s, sh N4P4(NMe2) 8 INHEe2 1270 vs 

N4 P4  (NMe2)8  (N H Pr") kNPrn) 1190 vs 795m, 822s, 838m, sh N4 134  (NMe2)6 (NH Pr"), 1265 vs 

N 4 P 4 (NMe 8) 8 (NHCH,Ph) 1195 vs 800m, 830 s N4 P 4  (NMei). (NHCH 3Ph)8  1270 vs 
(NCH,Ph) 

N4P4  (isT(Cii 2 PI)21e (NCH2 Ph) 1180 vs 790s, 820 w N4P4C1 4  [N(CH a Ph)24 4 6  1300 vs 

a  Data from refs. 28, 35, 38 
b MP 114-115°C, Octakis (dibenzylamino) compound is unknown" 
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/ 19WRI 

/RN 
FeWN—RrenP—NAR 

./ 
Px  

Ri gNe NNR1 141  

FIG. 11. Possible reaction mechanism for the formation of bicyclic phosphazenes ; exacYcfr gritq 

are not shown in structures (iii) and (iv) as it is uncertain when the formation of tit P. 
bridge occurs. [Reproduced from Krishnamurthy et a/38  by permission of the American awl 
Society]. 

for analogous reactions of the hexachloride (01,2. These findings have prompted.: 
to explore the behaviour of N 4 P4 C18  (H) towards an oxygen-containing nucleO lL 
Our choice of phenol for this investigation was based on the optimistic anticipation; 

the products of the reaction would be solids and consequently that parific ati!mtn iri. 
fractional cystallisation (even after chromatography) would be relatively straigli tti,th:t  

!„.. and (b) precise structural assignments would often be simplified by synthesign 
derivatives, N 4P 4  (0Ph),---(NMe 2)8_„/ and then examining their proton NMR 

s
P"‘ 

at high field. These hopes were only partially realised. 
04 . We bill  The phenolysis reaction of N 4 P4 CI8  (II) is exceedingly complex 51  

obtained the chloro(phenoxy) derivatives, 
Na0Ph  or  N 4P 4CI8 PhOH/Et3 w N 4 P4 C1 8.... (0Ph)„ + NaC1 or Et 3N, HG  

N 4 P 4 C1 8_n  (0Ph)„, [n = 1, 2 (mixture of four nongeminal isome 	
(711iXttire 

rs), s ,I, ffi.e ofi'-  
nongeminal isomers), 4 (mixture of isomers), 5(mixture of isomers), 6 (nr oco$ 
nongeminal isomers) and 8] after extensive use of column  
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tric isomers could not be separated by this method. Structural elucidation is based 
on phosphcrus-31 NM R data for both chloro (phenoxy) compounds and their dimethyl 
amino derivatives ; the 270 MHz NMR spectra of the latter are also useful in favour- 
able cases. The replacement pattern is largely nongeminal. At the bis stage of replace- 
ment, products with a 2, 4-structure appear to be favoured (at least in diethyl ether 
or benzene) ; at the hexakis stage, there is a pronounced preference for the isomer 
2-trans-6 : 2, 4, 4, 6, 8, 8-N4 P 4 C12  (0Ph)6. 

8. Metal complexes of cyclophosphazenes 

Considerable interest has been shown in the structures of metal complexes of cyclophos- 
phazenes 2,41 . Coordination of a cyclophosphazene ring to a metal ion occurs in nume- 
rous ways : e.g. (a) through antipodal ring nitrogen atoms as in N 4 P4 Me8, PtC12 42  
and N6 P6  Mea, PtC1 243  ; (b) through antipodal ring nitrogen atoms, one of which is 
protonated, as in N 4 (H)P4Mee  CuC13 : (c) through a ring nitrogen atom and an 
exocyclic nitrogen atom, e.g., N 4P 4  (NMe 2)8, W (C0) 4  ; (d) through exocyclic nitro- 
gen atoms only as in 1-pyrazolylphosphazene complexes of PdC1 2  and PtC12 44; 

or (e) through a ring phosphorus atom 45, e.g., [N3  (H) P3 Ph4 Me] 2, PdCI 2• In 
some examples a protonated cyclophosphazene can function merely as a counter ion, e.g 
[145(H)2P 5Me jor+ 010 4  2  H20. One complex of the sixteen-membered phosphazene 
ring has a cobalt atom bonded to a bidentate nitrate group and four of the ring 
nitrogen atoms 46 , viz. [N 8P8 Me 16  CoNO3]+ NO c. 

Although metal complexes appear to form most readily with the larger phosphazene 
rings, we have been able to prepare nickel chloride and cobalt chloride complexes of 
the spiro-cyclotriphosphazene, N 3P3  (HNCH2CH2NH)(NMe 2) 4. These complexes are 
obtained by heating under reflux a solution of the metal chloride and the spirocyclic 
hgand in methanol (or methyl ethyl ketone) in the presence of dimethoxypropane 47 . 
The nickel chloride complex (XI) exhibits a low molar conductance in methyl cyanide. 
It is diamagnetic and a square planar coordination around nickel is indicated. Its IR 
spectrum contains two split bands [1215 and 1185 cm-  ; v(13 =-N)] as compared to 

a single band at 1195 cm-' for the free ligandn. The phosphorus-31 NMR spectra 
of complex(XI) and of the free ligand are both of the AB 2  type. The phosphoins 

chemical shifts for compounds (XI) are 5 p( „ ( ,0)  25 .  5 and Op(Nmeot 21 a  9 [2  J(P-P.) 
31 ..6 Hz]. These shifts are moved upfield compared to the ligand (Table H) ; The 
sprocyclic phosphorus is most affected. The proton NM R resonances move downfield 
on complex formation [complex(XM : O mar, 3 .  52, ONE! 4.7 ; ligand : 5,,H. 3.34, 6 li  

2.21. The results are consistent with the structure shown. 

The structure of the cobalt complex, [N3 p3  (FINCH2CH2NH) (NMe2)41 2 ,  CoC12 
iss  differen.  t from that of the related nickel complex (XI). It has a high molar conduce 
4 _12.11et In methyl cyanide (280 mhos) and a magnetic moment of 4. 6 	; its elec- 

"me spectnun is characteristic of a tetrahedral Co (II) complex pn,„ (MeCN) 692(895)/ 



164 	 S. S. KRISHNAMURTHY AND M. WOODS 

CH2--  CH2 	 CH2— C112 

I 	I 	CI 	I 	I 
HN„,.......%  ,,, NH -.............., i i e.........-- HN.,,NN. ..."0„..NH 

P I 	 P 
P4 
	 N 

 
N 	N 

Me2 N 	1 M  li 	Nt4e 	1%1  X 2  e2 ■ 1 	117"e2 
14.2N P 	V P

NMe2 1,4e2N
/ P 	Z f\* 

N 	 N 	NMe2 
(XI) 

635(sh), 590(358)]. It seems likely that one exocyclie and one ring nitrogen from tad .  
ligand participates in coordination. 

We have also obtained a nickel chloride complex (XII) of the octalcismetVas 
derivative of the cyclic tetramer (II) 47. Complex (XII) is paramagnetic (3 . 3 at 
and its phosphorus-31 NMR spectrum is a single line at 8.05. A tetrahedral structzt 
has been proposed in which the nickel atom is coordinated to two antipodal nitrost 
atoms. 

The following complexes with mercuric chloride have also been prepared : 
N3P3(NHMe)6, 2FIgC12  ; N4P4 (NliMe) 8 , 2HgC12  and N3P3(HNCH2CH2NH)(NM4 
2HgCl2. Their high melting points(> 200° C) and insolubility suggest that they ar: 
polymeric22. 

CI 	a 
t . 	\ i 	R 

• ,NI 
47' 

/ 

N
V 

N —R 
-•••■ 

--3/4
u.'.  p 

R I / si--r N R R ,VR 
■ ssi 	

P 
RZ  NZ - R 

IXII) R a NHMe 

Multiple bonding within the P-N ring not shown. 

9. Kinetic studies 
•th t-blitt 

The rates of the reactions of the hexachloride (I) and the octachloride On wh-  roc 
amine in methyl cyanide have been determined at three temperatures in thesoo 
0-350  C. Rigorous purification of the chlorocyclophosphazenes and the 
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is essential to obtain reproducible results. The data are summarised in Table VI. An 
s 2(p) mechanism involving the formation of a pentacoordinated intermediate is in 
accord with the kinetic data. The enhanced reactivity of N4P4C18 (11) compared to 
that of N3P3C16 (1) arises entirely as a result of the lower enthalpy of activation for 
the reaction of the octachlonde (m. The entropy of activation remains almost un- 
c 	 a hanged for both the systemst 49. This result can be explained on the basis of the greater 
skeletal flexibility of the eight-membered ring which facilitates the formation of the 
pentacoordinated intermediate —a tenet which is supported by the crystal structure 
analyses of a number of cyclotetraphosphazene derivatives 2. Table VI also includes 
kinetic data for the reactions of N 3P3C16  (I) with t-butylamine in tetrahydrofuran 
(THF) and with dimethylamine in methyl cyanide. 

In contrast to the above reactions, the reaction of penta(phenoxy) chlorocyclotris 
phosphazene, N3P3(0Ph)5 Cl, with methyla mine or dimethylamine in methylcyanide 
follows a first order rate law. The rate of the reaction is independent of the concen- 
tration of the nucleophile. The results can be interpreted in terms of an S.1 (P) 
mechanism which involves the dissociative formation of a phosph.azenium ion in 
the rate-determining step. Although an S. 1 (P) mechanism has been postulated by 
earlier works for the replacement of the last chlorine atom in the aminolysis react- 
ions of the bexachloride (0 2 , this is the first time that such a mechanism has been 
demonstrated experimentally". 

The above kinetic studies and those reported by Goldschmidt and coworkers 51  have 
been helpful in gaining a better understanding of the mechanism of this class of reacm 
tions than was possible purely from the synthetic studies. 

10. Concluding remarks 

In this paper, we have reviewed the results of our recent investigations of the synthesis 
and characterisation of new derivatives of the chlorocyclophosphazenes, N 3P3Cl6  (1) 
and N4 P4CI8  04 The pathways observed in the nucleophilic displacement reactions 
of chlorocyclophosphazenes with some mono- and bi-functional reagents are discussed. 
The discovery of a trans-annular intramolecular reaction that leads to the formation 
of novel bicyclic phosphazenes is highlighted. The availability of N MR spectrometers 
Operating at high magnetic fields (5-10 Testa) and access to X-ray diffractometers 
has greatly facilitated the elucidation of the structures of cyclophosphazene deriva- 
tives. Diffraction methods are essential to unravel the diverse bonding modes that are 
possible in metal complexes of cyclophosphazenes. 

The reactions of halogenocyclophosphazenes, particularly their mechanistic aspects, 
re/i continue to receive considerable attention as they may be viewed as models for 

ated studies of linear polyphosPhazenes52. These linear polymers have gained some 

:

porta:lee in that they combine several desirable properties for varied practical appli- 

lmis  3'54 	
in * Another active area of current research 	phosphazene chemistry is 

the synthesis of cyclic compounds and linear high polymers bonded to transition metals 



Table VI* 

Kinetic data for the reactions of chloroc3elophosphazenes with t-butylamine and dimethylatnine 

Cyclo-. 	Atine 	Solvent Sxond order rate constant 	k2/dm3 mo1-1  5-4 	A 1-116, 	AS$ 
Phosphas 	 Temp. Tit 	 kJ mo1-1 	J mot' K-1  

ON 

zene 
0 	10 	20 	30 	35 

I &MHz  WieCN ... ••• 9 . 7 X I0-3  12 - 5 x 10-3  151 x 10-3  

1 BLINN ). THE ... ••• 1'9 x 10-3  3 . 3 x 10-3  5 . 7 x 10-3  

I M.e2NH MeCNI 519 84 - 9 104.2 ••• ••. 

11 Bu1 1\1142  NfeCN 1.66 1.89 2 . 28 ••• ••• 

20.3 ± 1 

47.62 ± 	• 1 

2010 ± 4 . 6 

8 - 2 ± 240 

. 

—2051 ± 12.3 

—125'9± t•O 

—1261 ± 

20P6 ± 42 - 2 

C 

it< 

z 

0 
0 

* Data from Refs. 25 and 49. 



Synthetic and spectroscopic studies 
phosphazadienes and phosphazanes, 
tute of Science, Bangalore, 1981, 

of alkoxycyclophosphazenes, 
Ph.D. Thesis, Indian Insti- 
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or to organic groups of biological interest 55 . 
vity56 of some of these compounds will und 

these studies. 

The recent reports of anti-tumour acti- 
oubtedly provide an additional impetus to 
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