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BICYCLIC PHOSPHAZENES DERIVED FROM (AhAIN0)CYCLO- 
TETRAPHOSPHAZENES 

5.5. KRISHNAVURTHY 
Department of  Inorganic and Physical Chemistry 
Indian Inst i tu te  o f  Science, Banqalore 560 012, INDIA  

Abstract  Aminat ion reactions o f  2,6-bis(primary amino)cyclo- 
tetraphosphazenes yield not only the expected (amino)cyclotetra- 
Dhosphazenes but also novel trans-annular bridged b icyc l ic  
phosphazenes by an intramolecular subst i tut ion pathway. I n  
addition, resins are for r red in sc-x rear t ions by an intermolecular 
condensation. The e f fec t  o f  substituents attached t o  the phos- 
Dhazene rinq, the at tackinn nucleophile and solvent on the 
format ion o f  the trans-annular P-N-P bridge i s  considered i n  
deta i l  in re la t ion t o  Dlausible react ion mechanisms. Analy t ica l  
separation o f  b icycl ic phosphazenes by high performance l iquid 
chromatography (HPLC) on a reverse phase si l ica column i s  
demonstrated. Structural  features o f  b icyc l ic  Dhosphazenes and 
salient aspects o f  their  NVR spectroscopic data are discussed. 

INTRODUCTION 

The discovery o f  the P4N5 r ing system(1) derived f r o m  cyc lotet ra-  

phosphazenes i n  our laboratory by Saul was marked by serendipity. 

I 

The bis(ethylamino)cyclotetraphosphazene(II) was subjected t o  

exhaustive dimethylaminat ion in ch loroform w i t h  a v iew t o  preparing 

i t s  d imethylamino derivative(II1). The choice o f  solvent was uninten- 

t ional  and the major product isolated f r o m  the react ion was the 

bicycl ic derivative, N4P4(Nrv?e2)5(NHEt)(NEt)(IV). Subsequently, when 

the same react ion was carr ied out  in diethyl  ether, only the (amino)cy- 

clotetraphosphazene(II1) was obtained . Fur ther  studies have revealed 2 
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376 S.S. KRISHNAVURTHY 

that the aminat ion reactions o f  octachlorocyclotetraphosphazene 

(N4P4C18) or i t s  2,6-bis(primary amin0)derivatives can proceed 

i n  three ways : (i) stepwise replacement o f  chlorine atoms t o  

a i ve  chloro(amino) and octakis(amino)cyclotetraphosphazenes 

( i i )  intramolecular nucleophil ic a t tack that  yields novel trans- 

annular bridqed bicycl ic phosphazenes and ( i i i )  intermolecular 

condensation resul t ing i n  crosslinked resins. The compet i t ion 

among these three processes depends on the substituents at tached 

to  the phosphazene ring, the react ing nucleophile and ( to  a very 

sianificant extent)  on the nature o f  the react ion medium . 
I n  this paper, we shall be concerned w i t h  the synthesis o f  b icyc l ic  

phosphazenes, their  structural  and NMR spectroscopic features 

and mechanism o f  their  format ion w i t h  part icular emphasis on 

recent studies which have led t o  a directed synthetic strategy 
8 for  this class o f  compounds . 

3-1 0 

SYNTHESIS OF BICYCL.lC PHOSPHAZENES : SURSTITUENT A N D  
SOLVENT EFFECTS 

Symmetr ical ly substituted b icyc l ic  phosphazenes o f  type, 

N4P4(NHR)6(NR)(V), are formed when N4P4C18 reacts w i t h  an 

excess o f  pr imary amine i n  chloroform 39477.  The y ie ld  o f  b icyc l ic  

phosDhazene increases in the order R = Me < E t  < P*$ BC.  The 

format ion o f  the P-N-P bridge i s  inhibi ted considerably i f  the 

R group i s  branched at  the Q:-carbon atom. Thus I -buty lamine does 

not a f fo rd  a bicycl ic phosphazene; the y ie ld o f  b icyc l ic  phosphazene 

w i th  isopropylamine i s  low (C 10%). Cyclopropylamine i s  an exception 
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BICYCLIC PHOSPHAZENES 377 

V VI 

in that  a significant amount (38O/s) o f  the b icyc l ic  der ivat ive 

N4P4(NHC3H5)6(NC3H5) i s  isolated". Apparently, t he  re la t ive ly  

small size o f  the C3H5 group and the low propensity for  back 

donation t o  phosphorus f rom the NHT3H5 group are the contr ibut ing 

factors for  accommodating the cyclopropyl  group at  the br idging 

ni t rogen atom. However, when N4P4(NHEt)2C16 (11) i s  t reated 

w i t h  cyclopropylamine in chloroform, the resul t ing b icyc l ic  phos- 

phazene (y ie ld > 50%) has an ethy l  group and not  a cyclopropyl  

group at  the bridging ni t rogen atom 10 . 
Unsymmetr ical ly substituted b icyc l ic  phosphazenes o f  type 

N,P4(NR2)5(NHR'1)(NR1)(VI) are obtained f rom the reactions o f  

N,P,CI,(NHR')(NHR") w i th  an excess o f  a secondary arnine 

When dimethylamine i s  the react ing nucleophile, the re la t i ve  yields 
t o f  b icyc l ic  phosphazenes increases in the order - R '  = R" = CH2Bu- 

Bicyc l ic  phosphazenes are no t  

tormed when the R' and R "  groups are both Q-branched (e.g. Pr i ,  
5 But or  Ph) . 

3,5,10,13 

< R a  < Me < CH2Ph < E t  < Prc. 

We have recent ly shown that  the format ion o f  b icyc l ic  phos- 

phazenes f rom N4P Cl, occurs only a f te r  the te t rak is  stage o f  

chlorine replace m en t . 
(NHEt l2  (VII ,  R = Nhhe2 or NWePh) have been isolated and the i r  

u t i l i t y  for  the preparation o f  b icyc l ic  phosphazenes containing 

d i f ferent  amino substituents has been established. Treatment  

o f  VII ( R = NWe2 or NlvlePh) w i t h  one molar  equivalent o f  d imethy l -  

amine or ethylamine in CHCI3 /E t3N yields the (ch1oro)bicyclic 

derivatives, N4P4C12R2 NRIR1l(NHEt)(NEt)(VIII) 8,11 ,I 2 . Simi lar ly 

fA The t e t r a  k i s( am i no) der i vat i v e s, N4P4C14R 
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378 S.S. KRISHNAMURTHY 

Table I :  L f f e c t  of solvent and wbstituents 
tetraphospharenedXIi). 

on the relative yieldn of bicyclic (XI) and cyclo- 

React inq Relative yield(%# 
amine 

Phosphazene(X) 

Solvent? Ref 

R1,R2 R 3  Q 4  R5R6NH X I  XI1 

Et  

E t  

E t  

E t  

Me 

P$ 

B G  
B u l  

CH,B& 

Et,R& 

E t  

E t  

E t  

E t  

E t  

Et  

E t  

E t  

E t  

E t  

Et,B& 

E t  

Et  

E t  

E t  

E t  

NMe2 

NMe2 

NMe2 

NMe2 

NMe2 

NMe2 

NMe2 

NMe2 

NMe2 

NMe2 

N H t  

NHE t 

NMe2 

NMe2 

NlvlePh 

N(CH2Ph)2 

NHE t 

NHE t 

NHBJ 
NHBJ 
NHBJ 
N C H ~ B ~ ~  

NEtz 

NC,+H80 

NC5H10 
NHC,HS 

NMe2 

NMe2 

NMe2 

NMe2 

NMe2 

NMe2 

NMe2 

NMe2 

NMe2 

NMe2 

NHE t 

NHE t 

NMe2 

NMe2 

NMePh 

N(CH2Ph)2 

N(CH2Ph)2 

N(CH Ph)2 

NHBu- t 
NHBJ 
NHBJ 
N C H ~ &  

NEt2 

NC0H80 

NC5H10 
NHC,H5 

Me2NH 

Me2NH 

Me2NH 

Me2NH 

Me2NH 

Me2NH 

Me2NH 

Me2NH 

Me2NH 

Me2NH 

Me2NH 

Me2NH 

EtNH2 

EtNH2 

E tNH2 

E tNH2 

EtNH2 

E tNH2 

EtNH2 

EtNH2 

EtNH2 

E tNHZ 

Et2NH 

OC4H8NH 

5H1 ONH 

‘JHSNH2 

Et20 

MeCN 

CH2C12 

CHCI, 

CHCI, 

CHCI, 

CHCI, 

CHCI, 

CHCI, 

CHCI, 

E t 2 0  

CHCI, 

E t 2 0  

CHCI, 

CHCI, 

CHCI, 

MeCN 

CHCI, 

MeCN 

MeCN 

CHCI, 

CHCI 
M e C d }  

CHCI, 

CHCI, 

CHCI, 

E t 2 0  

0 
15 
00 

70 
40 

61 

2F 
0 

10 

61: 

5 
70 

0 

70 
3* 
4c 

2cE 

2+ 
rF 
4cE 

5 F  
2 s  
90 

15 
7& 
80 

100 2,5 
85 5 
60 5 

30 395 
60 5 

53 5 
75 5 

100 2 
90 11 

3, 5 

95 11 

30 1 1  
100 8 
50 8 
67 11 

55 11 

80 1 1  
75 11 

67 11 

60 11 

45 11 

8 s  1 1  
l& 10,13 

85 10 

30 10,lJ 

20 10 

- a Generally, reaction carried out a t  the boiling point of the solvent : for reactlons in CHC13, 

- b Estimated by ’lP NMR spectroscopy ( 5  :“a); absolute yields of  X I  and XI1 (based on the 

- c Pure Product not isolated ; morphollno ; e piperidino ; 1 cyclopropylamino 

E t  N was also invariably used. 3 

starting cyclophosphazene) together exceed 1 5 8  in most cases. 
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BICYCLIC PHOSPHAZENES 379 

R ,CI 

/' I. 

I X  
M c l N  'R 

R = NHEt 

t reatment  o f  2,4,6.8-N4P4C14(NHEt)2R2 (VII, R = N H E t )  w i t h  di-  

methylamine in C H C l j  af fords the b icyc l ic  phosphazene, N4P4(NHEt)j 
(NMe2)j(NEt)(IX) 11 

The reactions o f  2,6-N4P4C16(NHBu-) t 2,4-N4P4C16(NHBd2, t 2' 
N4P4C17"(CH2Ph)21, and 2,6-N4P4C16[r \ l (cH2Ph)2]~ w i t h  ethylamine 

in  ch loroform have also been studied and i n  a l l  cases b icyc l ic  

phosphazenes are formed in varying yields. A te t rak idamino)  

intermediate such as X may be envisaged i n  a l l  these react ions . 
The e f fec t  o f  various substituents at tached t o  the phospha- 

zene r ing and the at tack ing nucleophile on the re la t i ve  yields 

o f  b icyc l ic  phosphazenes(X1) and the corresponding (amino)cyclo- 

tetraphosphazenes(XI1) i s  brought out by the data shown i n  Table 1. 

11 

X X I  XI1 
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380 S.S. KRISHNAMURTHY 

The solvent used to  carry ou t  the aminat ion react ion exerts 

a marked influence on the re la t ive yields o f  b icyc l ic  phosphazenes 

and (amino)cyclotetraphosphazenes as shown in Table I f o r  the 

reactions o f  2,6-N4P4C16(NHEt), w i t h  dimethylamine. Whereas 

chloroform and dichloromethane promotes the format ion o f  b icyc l ic  

phosphazenes, the b icyc l ic  phosphazenes are not  formed a t  a l l  

in Me thy l  cyanide 

shows an intermediate behaviour . However, when the cyclo- 

phosphazene precursor or the at tacking nucleophile carr ies bulky 

substituents, b icycl ic phosphazenes can be formed t o  a s igni f icant 

extent even in diethyl  ether or methy l  cyanide (Table I )  . 
A unique b icyc l ic  compound, N4P4[N(CH,Ph),]6(NCH,Ph)(XIII) 

has been isolated i n  a t i ny  y ie ld ( < 5%) f r o m  the react ion of  

N4P4C18 wi th  an excess o f  dibenzylamine in me thy l  cyanide. There 

i s  no crystallographic conf i rmat ion o f  the structure o f  th i s  compound 

but i t  has been characterised by high-resolution mass spectrometry 

and IR and NMR spectroscopy. Arguments based on ster ic grounds 

have been adduced t o  account for the format ion o f  XI11 and the 

a b s e n c e N P &C 1 -11 
[N(CH,Ph),In ( n > 4)14. The ster ic hypothesis i s  supported by 

recent results on the reactions o f  N P C1 (NHEt)2(II) w i t h  dibenzyl- 

amine . The format ion o f  t he  b icyc l ic  compound XI11 must 

involve a dealkylation step pr ior  t o  or concomitant w i t h  an in t ra-  

diethyl  ether or the i r  yields are very low. 
5 

9,11 

o f c h 1 or o ( d i b e n z y I am i n 0) t e t r a  p h o s p ha z en e s , 

4 4  6 
10 

molecular attack. 

been explored and 

The generality o f  th is type of  react ion has not 

we shall not  discuss this further. 
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BICYCLIC PHOSPHAZENES 38 1 

VECHANISM OF FORMATION OF BICYCLIC PHOSPHAZENES(XII) 

The fol lowing observations are pert inent t o  an understanding 

o f  t he  mechanism o f  format ion o f  b icyc l ic  phosphazenes f r o m  

chloro(primary amino)cyclophosphazenes 

( i )  A bicycl ic phosphazene i s  not  formed when N4P4C1,(NHEt) 

is t reated w i t h  an excess o f  d imethylamine i n  C H C l j  nor in the 

react ion o f  2 - t r a n ~ - 6 - N ~ P ~ ( N t v I e ~ ) ~ C l ~  w i t h  an excess o f  ethylamine 

i n  the same solvent. 

( i i )  Addi t ion o f  a te r t i a ry  base (Et jN)  in moderate amounts 

enhances the y ie ld  o f  b icyc l ic  phosphzzenes. 

( i i i )  Whereas a bicycl ic phosphazene is formed in the react ion 

o f  2-trans-6-N P C I  (NMePh)215(structure known f r o m  X-ray 

analysis) w i th  ethylamine, in chloroform, an analogous react ion 

w i t h 2 - trans - 4 - N4 P4 C I ( N  1\/1 e P h ) know n f ro  m 

X-ray crystalloaraphy) yields only an octakis(amino)cyclotetraphos- 

phazene. Undoubtedly a tetrakis(arnino)intermediate, N4P4(NVePh)2 

(NHEt)2C14 i s  involved i n  these reactions but the disposition 

o f  the N H E t  groups for the t w o  isomers w i l l  be d i f f e ren t  (antipodal 

phosphorus centres for  the former and adjacent phosphorus centres 

for  the lat ter) .  

( iv)  The react ion o f  2,6-NqP4C16(NHB&)2 or 2,6-N4P4(NHPh)2C16 

w i t h  dimethylamine does not a f fo rd  a b icyc l ic  phosphazene; however, 

the react ion o f  the former w i t h  ethylamine or that  o f  the m ixed  

a m i no de r i v a t  i v e , 2,6 -N 4P4 C I ( NHB L&)( N HE t ) w i t h d i m e t h y 1 a m i ne 

gives a bicycl ic phosphazene in which the bridging ni t rogen carr ies 

an ethy l  group. 

5,9,10,11 

4 4  6 

( s t r u c t u r e a1 so 

It i s  thus clear that  the trans-annular P-N-P bridge is 

formed only when both the antipodal phosphorus centres carry a 

PCI(NHR) group and one or both o f  the R groups i s  capable o f  being 

accommodated a t  the bridging ni t rogen atom. Br idging o f  adjacent 

phosphorus atoms does not occur as i t  would enta i l  the format ion 

of  a strained four-membered ring. 
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382 S.S. KRISHNAMURTHY 

5,11 Turning t o  .more specific detai ls o f  t he  mechanism , 
the i n i t i a l  step from the te t rak idamino)  intermediate XIV (Figure 1) 

would be the base-assisted double proton abstract ion - chlor ide 

el iminat ion steps t o  give a three-coordinated Pv  intermediate 

B (pathway (i) in Figure 1). This species then readi ly adds a 

molecule o f  the react inq amine (R R NH) followed by the in t ra-  

m3lecular addition o f  the resul t ing NHR group on one phosphorus 

to  the exocyclic double bond a t  the antipodal phosphorus t o  give 

the bicycl ic phosphazene D which is s t i l l  l e f t  w i t h  P-CI bonds. 

3 4  

2 

G 
IHNR3R4 

D 

IHNR3R4 
C 

-. 
H E 

FIGURE 1 Mechanism o f  format ion o f  b icyc l ic  phosphazenes: 

(1) Pathway (I), SN1 c.b mechanism; ( i i )  Pathway(ii), SN2(P) 

phosphorus ; ( i i i )  Pathway(ii i), sNl(p) or s ~ ~ ( ~ )  attack; 

( i v )  sN1 

P atoms; r ing N atoms on the periphery not  shown). 

a t tack by R 3 4  R NH followed by SN1 c.b a t  the antipodel 

c.b mechanism (corners o f  the squares represent 
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BICYCLIC PHOSPHAZENES 383 

Fur ther  aminat ion leads t o  the f ina l  product E. Pathway ( i i )  

s l ight ly d i f fers  f r o m  pathway(;) in that  C would be formed by a 

d i rect  Sh!L(P) at tack by the react ing amino group at  one o f  the 

phosphorus centres. The rest  o f  the steps are the same as in 

pathway(i). Whether the two  steps B-C and C A D  are sequential 

or synchronous i s  a t  present uncertain. 

3 

Format ion o f  (amino)chlorocyclotetraphosphazenes by normal 

chlor ine atom replacement i s  shown i n  pathway(iii1. The in ter -  

mediate F can be converted ei ther in to  a b icyc l ic  der ivat ive 

v ia the sequence F-+G +H+E or octakis (amino)cyclotetraphos- 

phazenes (not shown in the Figure). Species C can also give 

octakis(amino)cyclotetraphosohazenes. The proposed structure 

for  D i s  tentat ive;  an al ternat ive structure w i t h  the chlorines 

at  P(6) and P(8) cannot be discounted” though unl ikely par t icu lar ly  

when Y q 2  i s  a secondary amino group in view o f  t he  ease o f  

amine at tack at  a PCI(NHR) centre and also because o f  the greater 
10 e lect rophi l ic i ty  o f  the junct ion phosphorus atoms [P(2) and P(6)] . 

The operation of a SN1 c.5. (proton abstract ion - chlor ide 

el iminat ion) mechanism in cyclophosphazene chemistry was f i r s t  

proposed by Shaw and coworkers and la ter  elaborated by 

Goldschmidt and coworkers . We have recent ly  provided k inet ic  
17 evidence for such a mechanism i n  cyclotriphosphazene chemistry . 

Furthermore, the intermediacy o f  a planar three-coordinated 

Pv  species has been established by trapping i t  w i t h  methanol 

and also by the isolation o f  the unusual products, [gem- 

h1 P C I (N H C  H4 R )( O)]-(N HE t )+ ’’ . We have a lsoshown that  

in the react ion o f  N3P3Cl6 w i t h  dimethylamine, there is a change- 

over f r o m  an associative S 2(P) to  a dissociative S 1(P) mechani- 

sm a f te r  three chlorine atoms are replaced in a nongeminal path- 

wayI8. It i s  l ike ly  that  the dissociative pathway gains ascendency 

i n  the reactions o f  h14P4C18 a f te r  one chlor ine f r o m  each P i s  

replaced by an amino group. 

16 

h! N 
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384 S.S. KRISHNAMURTHY 

The ef f icacy o f  ch loroform t o  promote the format ion o f  

b icycl ic phosphazenes can be rationalised by assuming that  i t  

stabilizes the t ransi t ion state in the intramolecular a t tack by 

hydrogen bonding t o  the incipient electron-r ich NR centre5” ’. 
Donor solvents such as E t 2 0  or WeCN can reduce the electrophi l i -  

c i t y  o f  the phosphorus centres for  the trans-annular a t tack by 

the weaker P-NHR nucleophile whi lst  the reac t i v i t y  towards 

a stronger nucleophile such as amines i s  no t  impaired t o  any 

significant extent. However, when the cyclotetraphosphazene 

precursor bears a bulky amino group (e.g. NHB& N(CH2Ph)2) 

or when the react ing nucleophile i s  ster ical ly demanding [e.g. 

HNEt2, HN(CH2Ph)2], an associative pathway would be accessible 

only w i th  d i f f i cu l t y  and the trans-annular bridge formation, i n  

as much as it entails a dissociate pathway, w i l l  be faci l i tated. 

Under these circumstances, b icyc l ic  phosphazenes are formed 

in  significant amounts in me thy l  cyanide or even i n  diethyl  

ether ’”,” (Table 1). 

0 

SEPARATION A N D  ANALYSIS OF B ICYCLIC  PHOSPHAZENES 

Bicyc l ic  phosphazenes are invariably formed as mixtures w i t h  

(amino)cyclotetraphosphazenes and the separation o f  the two  

types of  products poses considerable di f f icul t ies.  Separation 

can be achieved by repeated fract ional  crysta l l izat ion or preparative 

scale thin-layer chromatography over s i l ica gel . Even so, 

in several instances, a separation o f  the two  types of  compounds 

cannot be effected. Recent ly we have explored the u t i l i t y  o f  

High Performance L iqu id Chromatography (HPLC) fo r  th is purpose. 

An  ef f ic ient  separation can be achieved on an analyt ical  scale 

over a reverse-phase si l ica column by using a methanol-water 
12 mixture containing 0.1 O/n t r i f luoroacet ic  acid as the eluent . 

Typical  chromatoqrams are shown in Figure 2. The use o f  a reverse 

phase column enables the elut ion o f  the more elusive b icyc l ic  

compound first. 

10 
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BICYCLIC PHOSPHAZENES 385 

4 Column: p BONDAPAK C18 (3 .9mm x 30cm) 

Eluent : MeOH + H.$ (60 :40) + 0.1% CF3COOH 

Flow rate : 1.0 mllmin 

-- I I 

0 7  0 6 0 6 

Time (min 1 

FIGURE 2 H P L C  separation o f  b icyc l ic  phosphazenes and 

(amino)cyclotetraphosphazenes : (a) a m ix tu re  o f  N4P4(NHEt)6 

(NEt ) ( l )  and NqP4(NHEtl8(2); (b) a pure sample o f  2-trans-6- 

N4P,(Nh/lePh),(NHEt),(3); (c) a m ix tu re  o f  (3) - and b icyc l ic  

N,P4(NMePh)2(NHEt)4(NEt)(4) (x - solvent peaks; benzene). 

NWR SPECTRA OF BICYCLIC PHOSPHAZENES 

The 31P chemical  shi f ts for  b icyc l ic  phosphazenes l i e  in a range 

which is -10 ppm downf ie ld f r o m  that  character ist ic o f  the 

re la ted (amino)cyclotetraphosphazenes. Hence 31 P NVR spectro- 

scopy has proved a powerful  analyt ical  t oo l  f o r  the ident i f icat ion 

and est imat ion o f  the re la t ive yields o f  b icyc l ic  phosphazenes 

and (amino)cyclotetraphosphazenes, par t icu lar ly  in those instances 

where the two  cannot be readi ly separated f r o m  react ion 

mixtures 7 9 9 . The spectra o f  t w o  typ ica l  react ion mixtures 

are shown in Figure 3 .  

5 7 9 1 0  
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I I 1 I 

- 1  6 +4 12 8 18 

FIGURE 3 The 31P {’H} NMR spectra (32.4 MHz, CHCl3) 

o f  mixtures of (amino)cyclotetraphosphazenes and bicyclic 

phosphazenes (a) product o f  the reaction of  N4P4(NMePh)2C16 

wi th  an excess of  EtNH2, (b) reaction o f  N4P4(NMePh)2(NHEt)2C14 

wi th  1 molar equiv. o f  ETNH2 in  CHCI3/Et3N. 

18.5 - 21.5 1 9 a  N4P,,(WMe)6(NMa) - 4 

N 4 P g l W E  t ) 6 ( N t )  - 18.6 - 15.1 40.9 J 

N,l’41rJHC,H,)6(NC,H,) - 14.9 - 18.2 19.7 10 

N41’4(NMc2)51W€ t X N 0  19.7! 18.9 22.5 42.1 42.7 11.0 J 

N , I ~ 4 ( N M s z ) 5 ( ~ t X N t )  19.& 16.1 20.6 46.5 41.2 14.6 7 

N,l’,(We,),“tt),(Nt~ 18.6 - a 

N41’4(NC4HB)l(N€ tXN t) 11.# 18.9 14.7 50.0 j8.0 15.0 10 
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BICYCLIC PHOSPHAZENES 387 

Bicyc l ic  phosphazenes o f  type N4P4(NHR)&NR)(V) provide 

examples o f  an A2B2 spin (considering only the phos- 

phorus nuclei) although accidental coincidence o f  sh i f t s  may 

cause the A The spectra o f  the b icyc l ic  

phosphazenes 0: type VI are o f  the A2BC or A2BX type and 

require i terat ive computer analysis to  determine the spectral  para- 

meters 7,10,19. D a t a  for  a few  typ ica l  compounds are given 

in Table 11. A part icular ly noteworthy t rend i s  the lower value 

o f  P-P coupling across the trans-annular bridge compared t o  

the two-bond P-P coupling along the periphery o f  t he  ring. A 

s imi lar  reduct ion in the 3J(PNCC) coupling i s  observed for  the 

bridging ethy l  group of  N4P4(NHEt)6(NEt) compared t o  the values 

fo r  the other N H E t  groups2'. I n  b icyc l ic  phosphazenes, the bridging 

ni t rogen atom displays a pyramidal  geometry (see below). Presuma- 

bly the reduced - s-character o f  the P - N  bonds a t  the bridge and 

the consequent decrease in the Fermi-contact  contr ibut ions causes 

a reduct ion of  spin couplings across the brdige 

Consistent w i t h  the structures o f  the b icyc l ic  phosphazenes, 

their  'H Nrvlli spectra are qui te complex and measurements 

a t  h igh fields (>  5 Tesla) are required t o  make a complete analysis 

o f  the spectrum and assign the various resonances4y7. A dis t inct ive 

l imi t  t o  be reached7"'. 4 

19,21 . 

feature o f  the 'H NMR spectra o f  b icyc l ic  phosphazenes i s  the 

deshielding o f  the protons o f  the groups a t  the junct ion phos- 

phorus atoms. The 'H NMR data fo r  t w o  b icyc l ic  phosphazenes 

are shown in Figure 4 which also includes data fo r  a re la ted 

cyclophosphazene and an hydrochloride adduct o f  t he  b icyc l ic  

phosphazene, G., N4P4(NHrvle)6(r.!Me).HCI in which protonat ion 
occurs at  the bridging ni t rogen atoms 394. 

X-RAY CRYSTALLOGRAPHIC STUDIES 

The structures o f  four b icyc l ic  phosphazenes - N4P4(NMe2)5(NHR) 

(NR) and N4P4(NHR)6(NS) ( R = Me or E t  ) - have been determined 

by single crystal  X-ray analysis 20922024. The molecular shape o f  
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'- P 
1.121 

M_OC_HZ HN"'N&pl 
2.07 A 2.62 

M&N" 'NHMe 

C 

YeHN- 
2.67 

MeHN ' 'NHMe 

D 

-NHMe 

FIGURE 4 Proton NMR data fo r  b icyc l ic  phosphazenes and 

re la ted  octakis(amino)cyclotetraphosphazene [Weasurements 

a t  270 MHz  in CDC13 (A  and B) and D20 (C and D)]. 

the bicycl ic phosphazenes may be regarded as that  o f  a basket 

and bears resemblance t o  that  o f  adamantane and the P (NMe)6 

cage compound. The fragments on ei ther side of the bridge 

are approximately planar and the dihedral angle between the 

two planes i s  120'. Structural  parameters for  one compound 

i s  shown in Figure 5. Three types o f  P-N bonds are observed; the 

peripheral ones (1.57 - 1.61 8) re ta in  the i r  phosphazenic character; 

the exocyclic P - N  bonds (1.63 - 1.66 8) are s l ight ly longer; the 

P -N  bonds at  the bridgehead (1.71, 1.73 8) are close t o  the 

value associated w i t h  a P-N single bond. The bridging ni t rogen 

has a pronounced pyramidal  character (sum o f  interbond angles 

335') whi lst  the geometry around the exocyclic ni t rogen atoms is 
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BICYCLIC PHOSPHAZENES 389 

N Me2 
MeZN 

FIGURE 5 Bond distances (8) and bond angles ( O )  f o r  the 

b icyc l ic  phosphazene, N4P4(Nrvre,),(NtirY1e)(N~e); t w o  phospha- 

zene and two  water molecules are held together by hydrogen 

bonds in the crystal. The parameters for  both the  molecules 

are similar. 

d ist inct ly planar. The trans-annular P-N-P bridge in b icyc l ic  

phosphazenes thus partakes o f  the character ist ics o f  a phosphazane. 

CObICLUDINC, REMARKS 

Stemming f rom a chance observation, the study o f  b icyc l ic  phos- 

phazenes has bloosomed in to an interest ing area in cyclophosphazene 

chemistry. There are s t i l l  several i n t r i ca te  details o f  the mechanism 

o f  format ion o f  t he  trans-annular bridge tha t  requi re  fur ther  

study t o  assess the individual importance o f  factors such as the 

nature o f  the solvent, temperature o f  the react ion and the ster ic 

and electronic e f fec ts  o f  substituents at tached to  the phosphazene 

r ing in t i l t i nq  the balance between associative and dissociative 

pathways. The isolation o f  b icyc l ic  phosphazenes containing 

P-CI  bonds i n  a crystal l ine f o r m  and the i r  s t ructura l  e lucidat ion 
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390 S.S. KRISHNAMURTHY 

remains a considerable challenge. 

N V R  spectra, b icyc l ic  phosphazenes and the i r  cyclotetraphos- 

phazene precursors const i tute excel lent  examples o f  a var iety o f  

four spin systems including A2B2 systems wherein there is t rue 

magnetic equivalence o f  pairs o f  A and B nuclei19. The separation 

o f  b icycl ic phosphazenes by l iqu id  chromatography and high f i e ld  

'H and 31P NMR measurements on pure samples should prove 

rewarding. 

When we consider 31P {'H} 
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