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ABSTRACT: The new (1ithiophenoxy)phosphazene high polymers [NP(OC6H4Li-p),(OC6H4Br),]. and 
[NP(oc6H,Li-p),(0Ph),], have been prepared by a metal-halogen exchange reaction between n-butyllithium 
and [NP(OC6H4Br-p),], or [NP(OC,H,Br-p),(OPh),]n a t  -40 to -60 “C. The lithio derivatives were used as 
reactive intermediates for the synthesis of polymers of formula [NP(0C6H4X-p),(OCsH4Br-p),],, where X 
= PPhz or PPh2C4HS+Br-, or [NP(OC,H4X-p),(OPh),],, where X = PPh2, PPh2C4HSCBr-, SnPh3, AuPPh3, 
or COOH. Evidence was obtained that the replacement of bromine by lithium is rapid up to the point at 
which half of the phenoxy groups bear a lithium substituent. Beyond that stage lithiation is extremely slow. 
The replacement of lithium by the electrophiles ClPPh2, C1SnPh3, ClAuPPh3, or C02 was rapid and complete. 
Quaternization of pendent PPh2 groups by n-butyl bromide wm also a facile reaction. The differences between 
these high polymeric reactions and those of analogous small-molecule cyclic phosphazene model systems are 
discussed. Comparisons are also made with the lithiation reactions of poly@-bromostyrene). 

The synthesis of macromolecules that can function as 
carrier molecules for catalysts or chemotherapeutic agents 
or which can selectively bind ions in aqueous media is a 
subject of growing importance. So also is the preparation 
of polymers that may serve as templates and supports for 
the construction of one-dimensional, electrically conducting 
arrays of metal atoms. We describe here an initial ap- 
proach to possible solutions of these problems. This ap- 
proach makes use of the polyphosphazene chain I as a 
carrier species. 

L k -I, 
I 

The synthesis of a wide range of poly(organ0- 
phosphazenes) by the interaction of the high polymeric 
reactive intermediates (NPC12), (11) or (NPFJ, with nu- 
cleophiles has been discussed in earlier paper~ . l -~  In this 
paper we describe a new method for the attachment of 
organic or inorganic residues to polyphosphazene mole- 
cules. This synthetic pathway involves a two-step process 
with the initial attachment of an organic “spacer” side 
group to the inorganic skeleton, followed by subsequent 
construction reactions carried out on the organic unit. This 
route was developed for the following two reasons. First, 
it  was necessary to exclude from consideration any syn- 
thetic pathway that involved the reaction of a difunctional 
reagent with (NPClJ,, or (NPF2), because of the inevitable 
cross-linking that would ensue. The route developed in 
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this work avoids this complication. Second, advantages 
can be foreseen for the attachment of phosphines, alcohol 
functions, or carboxylic acid groups to the outer fringes 
of the side-group structure. Such reactive functionalities 
could be employed to bind transition metals or could serve 
as sites for further chemical modification without inter- 
ference from the polymer skeleton or from the side-group 
spacer units. 

The reaction sequence employed in this work is shown 
in Scheme I. Exploratory model reactions to test the 
feasibility of this approach have been carried out with the 
cyclic phosphazene (NPC12)3.5 In this paper we discuss the 
reactions shown in Scheme I, together with the unexpected 
anomalies not encountered with the small-molecule model 
system. The use of polymer I11 and its related derivative 
VI1 as substrates for lithiation reactions can be compared 
with the analogous reactions of poly(p-bromostyrene). 
Results and Discussion 

General Reaction Sequence. The reaction sequences 
shown in Scheme I involve three hitherto unexplored steps: 
(1) the preparation of high molecular weight poly- 
phosphazenes with the formulas [NP(OC6H,Br-p),], (111) 
or [NP(OC6H4Br-p)x(OC6H5) 1, (VII); (2) replacement of 
the bromine atoms in I11 or $11 by lithium with the use 
of a metal-halogen exchange reaction with n-butyllithium; 
(3) the reaction of (1ithiophenoxy)phosphazenes of type 
IV or VI11 with electrophiles such as diphenylchloro- 
phosphine, triphenyltin chloride, (tripheny1phosphine)- 
gold(1) chloride, or carbon dioxide to yield substituted 
derivatives such as V and IX-XII. These three aspects 
are discussed in turn. 
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Scheme I 
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Table I 
Properties of 

Poly[ (p-bromophenoxy )phosphazenes] 

GPC 
Droducta MWb T,. "C 

[NP(OC~H~B~-P)Z In 9 111 5~ 105 +44 
~ ~ ~ ~ ~ ~ 6 ~ , ~ ~ - ~ ~ l . l z ~ ~ ~ , ~ 5 ~ o . , , ~ n ,  VI1 5 X 10' t 2 1  

[NP(OC6H,Br-p)o.,(OC6H~)~.~]n, VI1 5 X 10' + 8 

[NP(oC,H,Br-p)o.,(oC,H,),.,]n, VI1 5 X 10' 

[NP(OC6H,Br-p)o.,(OC6H,),.,]n, VI1 5 X l o5  + 15 

[NP(oC6H5)ZI?3 5 x  10' t 1 4  

For the series of polymers represented by VII, the per- 
centages of bromophenoxy residues are given in parenthe- 
ses. b GPC molecular weights are relative to polystyrene 
standards. Glass transition measurements were obtained 
with the use of a torsional braid analyzer. 

Synthesis ,  S t ruc tu re ,  a n d  Proper t ies  of ( p -  
Bromophenoxy)-Substituted Polyphosphazenes.  

(56%) 

(35%) 

(20%) 

(5%) 

X I  XI1 

Polymers of type I11 were prepared by the interaction of 
poly(dich1orophosphaene) (11) with sodium p-bromo- 
phenoxide. Mixed-substituent species, containing both 
p-bromophenoxy and phenoxy groups, were synthesized 
by the initial interaction of I1 with a stoichiometric defi- 
ciency of sodium p-bromophenoxide, followed by treat- 
ment with an excess of sodium phenoxide. Four different 
polymers corresponding to species of type VI1 were pre- 
pared. In these, the ratio of p-bromophenoxy to phenoxy 
groups was 0.1:1.9, 0.4:1.6, 0.7:1.3, and 1.12:0.88. 

Evidence exists that the interaction of aryl oxide ion 
with I1 results in a nongeminal substitution p a t h ~ a y . ~ . ~  
Hence, the idealized nongeminal structure depicted in VI1 
probably has some validity. The molecular weights and 
Tg values for these polymers are listed in Table I. Com- 
parisons of these polymers with samples of [NP(0C6H5),],, 
prepared under identical reaction conditions, showed that 
the p-bromophenoxy substituent group had little effect on 
the average molecular weight or the glass transition tem- 
perature. This is perhaps not surprising because the p- 
bromo functionality can exert very little additional steric 
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Table I1 
Polymers Derived from Metal-Halogen Exchange 

Reactions Followed by Treatment of the Lithiated 
Derivatives with Water 

High Polymeric Phosphazenes 1327 

% bromophenoxy 
substituents after 

lithiation and 
reacn with water 

lithiation reacn times, h 
compn of starting polym 0.5 2 6 

[NP(OC~H~B~-P),.,(OC,H,),., In 0 
[NP(oCsH4Br-p)o.4(oC,H,), .,In 0 
[NP(OCsH,Br-p)o.,(OC,H, 1, .,In 2.44 2.14 
[Np(ocsH4Br-p)i.l2(0CsH~)o.~~In 9.29 3.74 
[ NP ( 0 c 6 H4 Br-p )2  I 3 49.1 45.3 30.9 

hindrance either during substitution or during chain tor- 
sional motion. However, the solubilities of the polymers 
were changed by the presence of the bromine atoms. 
When 0, 5, 20, or 35% of the side groups were p-bromo- 
phenoxy groups, the polymers were soluble in tetra- 
hydrofuran (THF) (warming of the THF was often nec- 
essary to accomplish solubilization of the polymers), but 
polymers with 56 or 100% p-bromophenoxy groups were 
insoluble in THF unless they had been dissolved previously 
in boiling dioxane. I t  is conceivable that the p-bromo- 
phenoxy groups can generate a high degree of microcrys- 
tallinity which influences the solubility behavior. 

Metal-Halogen Reactions. The metal-halogen ex- 
change reactions' were examined for the interaction at -40 
to -60 "C in tetrahydrofuran of n-butyllithium with species 
of type VI1 or I11 that contained 5, 20, 35,56, or 100% of 
the side groups as p-bromophenoxy units. The following 
features were found. 

First, the possibility of side reactions during the lithia- 
tion process was monitored by treatment of the lithio- 
phosphazene with water to yield products such as XIII. 
The composition of the products was then established by 
elemental microanalysis, 31P NMR spectroscopy, and gel 
permeation chromatography (GPC) molecular weight de- 
terminations. The use of these techniques showed that 
neither chain-scission reactions nor displacement of aryl 
oxide side groups occurred to a detectable degree a t  -40 
to -60 "C. 

r 1 r 1 

IV XI11 
Second, by the use of elemental microanalysis, it  was 

found that, although the complete lithiation reaction of 
the cyclic trimer [NP(OCGH,Br-p),], is rapid a t  -40 to -60 
"C, the reaction of the polymeric analogue (111) is slower 
and proceeds in two stages. For example, the metal- 
halogen exchange process was rapid and nearly complete 
within 0.5 h for polymers of type VI1 in which 5,20, or 35% 
of the side groups were bromophenoxy units. However, 
only partial lithiation took place in the same time period 
when the polymers contained 56 or 100% bromophenoxy 
groups. In fact, with these latter two polymers the met- 
al-halogen exchange was rapid up to the point a t  which 
50% of the total number of  side groups bore a lithium 
atom. Beyond that point, the lithiation reaction was 
markedly retarded. As shown in Figure 1 and Table 11, 
which illustrate the effect of increasing reaction time on 
the lithiation of I11 (followed by treatment with water to 

I 
a 

0 
2 4 6 

T i m e l h  I 

Figure 1. Plot of the percent remaining p-bromophenoxy pendent 
groups vs. reaction time following the reaction with excess n- 
butyllithium for polymers that possessed initially 100% p -  
bromophenoxy substituent groups (polymer 111, curve A) and 56% 
p-bromophenoxy, 44% phenoxy substituent groups (polymer VII, 
curve B). The percentages of residual p-bromophenoxy groups 
were obtained by elemental microanalytical determinations for 
bromine after deactivation of the lithiated derivatives with water 
and conversion of lithioaryl groups to aryl. The curves illustrate 
the dramatic decrease in lithiation rate after approximately 50% 
of the pendent groups have reacted. 
yield XI11 and subsequent elemental microanalyses), 
lithiation was rapid in the first 0.5 h, during which time 
51% of the bromine atoms had been replaced. Thereafter, 
the rate of lithiation was so slow that only 18% of the 
remaining bromine atoms were replaced in the next 5.5 h. 
The same behavior was shown by a polymer which initially 
contained 56% p-bromophenoxy groups. I t  appears likely 
that the presence of one lithiophenoxy unit inhibits the 
introduction of a second lithium atom at an aryloxy unit 
geminal to the first, perhaps by charge repulsion or pos- 
sibly by aggregation of the aryllithium units. Evidence in 
favor of this interpretation was provided by the following 
experiment. Polymer I11 was allowed to undergo a pro- 
longed reaction with n-butyllithium until 70% of the p- 
bromophenoxy groups had been converted to p-lithio- 
phenoxy groups. Reaction of this compound with water 
yielded a product similar to XIII. Subsequent lithiation 
of this product was rapid and virtually complete. Hence, 
removal of the bound lithium component apparently re- 
moved the inhibiting factor. 

A similar deactivation effect occurred during the met- 
al-halogen exchange reaction between n-butyllithium and 
poly@-bromostyrene). At -50 "C in THF solvent, only 
84% of bhe bromine atoms were replaced by lithium during 
6 h.* Presumably the effect is less marked than with I11 
because only one aryl group is attached to each skeletal 
linkage atom. 

Cross-Linking at 25 "C. The reactions discussed in 
this paper require that the lithiation of I11 or VI1 and the 
subsequent reactions of IV or VI11 must take place a t  low 
temperatures (-40 to -60 "C). At  higher temperatures, 
cross-linking reactions take place. For example, if poly- 
mers of type VI1 (35% p-bromophenoxy, 65% phenoxy 
groups) were treated with n-butyllithium a t  -40 and -60 
"C and the reaction mixture was treated with water at the 
same temperature, un-cross-linked species of type XI11 
were formed. However, if the reaction mixture was allowed 
to warm to 25 "C before treatment with water, the product 
was cross-linked and insoluble. I t  was shown that this 
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cross-linking reaction was associated with the presence of 
aryl-lithium bonds, because treatment of the polymer 
[NP(OC6H5)2]n with n-butyllithium at -50 "C, followed by 
warming to 25 "C and addition of water, did not yield a 
cross-linked polymer. 

(Lithiophen0xy)phosphazene polymers could cross-link 
by a number of different mechanisms. First, intermole- 
cular aryl coupling reactions could take place between 
p-lithiophenoxy and p-bromophenoxy substituent groups 
to form p-biphenylenedioxy cross-links. Second, benzyne 
formation from p-bromophenoxy groups is possible, fol- 
lowed by coupling to p-lithiophenoxy residues. Third, a 
lithioaryl unit could attack a phosphorus with displace- 
ment of a p-bromophenoxy residue and formation of a 
P-&C6H4-P linkage. We favor this third mechanism. It 
has been reported previouslyg that the phenoxide groups 
can be displaced from the cyclic trimer [NP(OC6H5)2]3 by 
organolithium reagents at normal temperatures. Moreover, 
it was shown here that the treatment of [NP(OC&!2]3 
with phenyllithium yielded a mixture of products which 
contained the compound [N3P3(C6H5) (OC&)5] (see Ex- 
perimental Section). 

Interaction of Poly[ (lithiophenoxy)phosphazenes] 
with Diphenylchlorophosphine. Polymers of type VI1 
or I11 with 5, 20, 35, 56, or 100% of the side groups as 
p-bromophenoxy units were subjected to lithium-halogen 
exchange reactions as described in the preceding sections. 
Treatment of the lithiophenoxy derivatives a t  -40 to -60 
"C with diphenylchlorophosphine resulted in a high-yield 
attachment of diphenylphosphorus residues to the phenoxy 
units to give products such as V or IX. The reaction 
conditions are summarized later. The coupling reactions 
with diphenylchlorophosphine appeared to be as efficient 
as those with water. The triarylphosphine unit is a valu- 
able ligand for coordination to transition-metal catalyst 
systems,1&12 and this aspect will be discussed in a later 
paper. 

The synthesis of V and IX was complicated by the 
concurrent formation of low percentages of butyl- 
phosphonium salts XIV. The degree of phosphonium salt 
r 1 
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decoupling experiments revealed that the resonance at  +24 
ppm was coupled to both aryl and alkyl protons. Finally, 
it was shown that the addition of an excess of butyl 
bromide to the polymer brought about a complete disap- 
pearance of the -8 ppm resonance and a concurrent growth 
in the size of the peak at  +24 ppm. Polymeric butyl- 
phosphonium salts are possible precursors for polymer- 
supported reactions14 or for use as phase-transfer cata- 
lysts.15 

It is not obvious why the analogous cyclic model com- 
pound [NP(OC6H4P(C6H5),-p),1, was less prone to phos- 
phonium salt formation during its synthesis. However, 
conversion of 50% of the phosphine groups to phospho- 
nium units could be effected in the trimeric system by 
treatment with an excess of butyl bromide during 48 h at  
80 "C. 

Interaction of (Lithiophenoxy)phosphazenes with 
Triphenyltin Chloride, (Triphenylphosphine)gold(I) 
Chloride, o r  Carbon Dioxide. As shown in Scheme I, 
lithio derivatives of type VI11 were used for the attachment 
of triphenyltin, (triphenylphosphine)gold(I), or carboxylic 
acid functions to the (ary1oxy)phosphazene structure, with 
the formation of X, XI, or XII. Specifically, polymers of 
formula [NP(OC6H4SnPh3-p)o.7(oc6H5)l,3]~, [NP- 
( O C G H ~ A ~ P P ~ ~ - P ) O . ~ Z ( O C G H ~ ) ~ , ? ~ I ~ ,  a n d  [NP-  
(OC6H5COOH-p)o.7(OC,J5)1.3]n were lsolated in high yields. 
The details of the synthetic procedures are summarized 
in the Experimental Section. The derivative [NP- 
(OC6H4COOH-p)1.42(OC6H4Br-p)o.~~] ,, was also prepared 
in high yield from the interactions of IV with carbon di- 
oxide. 
Experimental Section 

Equipment. 31P NMR spectra were obtained in the Fourier 
transform mode at 40.4 MHz with a JEOL PS-100 FT spec- 
trometer and processed with a Nicolet 1080 computer. 'H NMR 
spectra were obtained with the same spectrometer operated at 
100 MHz. Infrared spectra were recorded with a Perkin-Elmer 
Model PE 580 high-resolution infrared spectrophotometer. Ap- 
proximate polymer molecular weights were determined with a 
Waters Associates AIC/GPC 501 instrument fitted with a 120 
cm x 1 cm lo6 Styragel c01umn.'~ Glass transition temperatures 
(T,) were measured with a Chemical Instruments Cop. torsional 
braid analyzer kindly provided by NASA, Langley Field. 

Materials. All experimental manipulations were performed 
under an atmosphere of dry nitrogen (Matheson). Tetrahydro- 
furan (THF) (Fisher) and dioxane (Fisher) were freshly distilled 
under nitrogen from sodium benzophenone ketyl. Poly(di- 
chlorophosphazene), (NPC12),, was prepared by the melt polym- 
erization of (NPCl,), (Ethyl Corp.) by methods described pre- 
v i~us ly . '~  n-Butyllithium was used as received (Foote Mineral; 
1.6 M solution in hexane). Phenol, p-bromophenol (Aldrich), 
diphenylchlorophosphine (Orgmet), triphenyltin chloride (Strem), 
(triphenylphosphine)gold(I) chloride (Strem), and sodium hydride 
(Alfa) were used as received. 

Elemental Microanalyses. The accuracy of elemental mi- 
croanalyses, as determined by Galbraith Laboratories, was found 
to be dependent on the element that was analyzed and the com- 
position of the polymeric compounds. Elemental analyses for 
bromine proved to be the most reliable indicator of polymer 
compositions. Furthermore, the polymers that possessed exclu- 
sively p-bromophenoxy substituent groups and those that con- 
tained only phenoxy and p-bromophenoxy substituent groups 
yielded the most accurate microanalytical data. The compositions 
of polymers that possessed phosphine residues could be deter- 
mined by 31P NMR peak area integrations of the phosphazene 
and phosphine phosphorus resonances. The ratios of phosphazene 
to phosphine, as determined by 31P NMR methods, agreed to 
within 3% of the value determined by elemental microanalyses 
for bromine. 

General Procedure for the Synthesis of Polymers with 
the Formulas [NP(OC6H4Br-p),], (111) and [NP(OC6H4Br- 
p),(OC6H5)r]n (VII). The specific reaction conditions used for 

1 1 -  I 

r 1 

XIV 

formation in the conventional synthesis is listed in Table 
111. Presumably the quaternization reaction is a conse- 
quence of the liberation of n-butyl bromide during the 
metal-halogen exchange process. The phosphonium salts 
were detected by three techniques. 'H NMR spectroscopy 
was used to demonstrate the presence of butyl groups in 
the purified polymer. 31P NMR spectra of a polymer type 
IX, in which 35% of the aryloxy groups bore phospho- 
rus-containing pendent groups, possessed a resonance at  
+24 ppm which was compatible with the presence of a 
phosphonium salt unit. This corresponded to approxi- 
mately 3.1% of all the phosphine groups present (the 
backbone 31P resonance was at  -20 ppm and the phosphine 
resonance was a t  -8 ppm).I3 Moreover, partial proton- 



Vol. 13, No. 6, November-December 1980 High Polymeric Phosphazenes 1329 

Table I11 
Polymers Derived from the Metal-Halogen Exchange Reaction and Subsequent Treatment with Diphenylchlorophosphine 

phosphine-substituted product 
% OC,H.P- % OC,H.P- 

starting polym % OC6H,Br (C6Hs)? (C,H,),C;H'Br' 
0 5 
0 20 
2.5 31.3 
9.3 40.3 

49.1 47.3 

1.2 
6.2 
3.7 

The values for pendent phosphine groups are derived from elemental microanalyses for bromine and confirmed by 31P 
NMR peak area integrations (error in the 
polymers in THF. b The values for butylphosphonium salt formation are derived from elemental microanalyses for bro- 
mine and confirmed by 31P NMR peak area integrations. 

NMR technique is 13%).  The NMR spectra were obtained for solution of the 

Table IV 
Reaction Conditions for the  Preparation of Poly[ (p-bromophenoxy )phosphazenes] 

(NPCl,), , p-bromophenol, phenol, 
polym synthesized g (mol) g (mol) NaH, g g(mo1) NaH, g %yield 

these syntheses are listed in Table IV. The general experimental 
procedure was as follows. Sodium p-bromophenoxide was pre- 
pared by adding a solution of p-bromophenol in dioxane (100 mL 
of dioxane was usually employed) to a stirred suspension of a molar 
excess of sodium hydride and dioxane (100 mL). After 4 h, the 
reaction mixture was heated to reflux and filtered. The filtrate 
was added to a stirred solution of poly(dich1orophosphaene) in 
dioxane (150 mL). The reaction mixture was stirred for 4-8 h 
a t  25 "C and then added to a solution of sodium phenoxide, 
prepared in a similar manner to the preparation of sodium p- 
bromophenoxide, in boiling dioxane (250 mL). The reaction 
mixtures were refluxed for 168 h and concentrated by rotoeva- 
poration, and the concentrate was added to water. The precipitate 
was collected, washed with ethanol, redissolved in hot tetra- 
hydrofuran [polymer VI1 (with 56% p-bromophenoxy groups) 
was not soluble in THF and so hot dioxane was used as the solvent 
for this compound], and precipitated into water. The repreci- 
pitation procedure was carried out once from THF into water, 
from THF into ethanol, and from THF into pentane. The yields 
of the polymers represented by VI1 exceeded 50%. The micro- 
analytical data obtained for these polymers are listed in Table 
V. 

The preparation of polymer I11 was carried out in the following 
way. A solution of sodium p-bromophenoxide in dioxane, prepared 
by the method described in the preceding section, was heated to 
reflux and filtered into a reaction vessel (three-necked, 1-L ca- 
pacity). A solution of poly(dichlorophosphaene) in dioxane (150 
mL) was added dropwise to the sodium p-bromophenoxide so- 
lution at reflux. The reaction mixture was heated a t  reflux for 
168 h and concentrated by rotoevaporation, and the concentrate 
was added to water. The precipitate was washed with ethanol 
and an unsuccessful attempt was made to dissolve the polymer 
in tetrahydrofuran. The polymer was recovered from tetra- 
hydrofuran by filtration and then dissolved in boiling dioxane. 
The hot solution was filtered and reprecipitated into water. The 
recovered polymer was redissolved in boiling dioxane and re- 
precipitated once again into water. The polymer was further 
reprecipitated from dioxane into ethanol and then from dioxane 
into pentane. The yield of I11 was 30%. The microanalytical 
results obtained for I11 are listed in Table V. 

Preparation of [NP(OC6H5)2]n.18 A solution of phenol (33 
g, 0.35 mol) in dioxane (100 mL) was added dropwise to a stirred 
suspension of sodium hydride (17 g, as a dispersion in oil) and 
dioxane (100 mL). The reaction mixture was boiled a t  reflux to 
ensure complete reaction. The hot reaction mixture was filtered 
and the filtrate was added to a reaction vessel (three-necked, 1-L 
capacity). To this boiling solution was added dropwise a solution 
of poly(dich1orophosphazene) (4.0 g, 0.035 mol) in dioxane (200 

0.57 (0.0033)  5 SO(0.85) 31 > 50 
2.39 (0.014) 5 27 (0.71) 35 > 50 
6.41 (0.037) 10 39(0 .42)  22 > 50 
8.95 (0.053) 10 40 (0.43) 21 > 50 
9.0 (0.52) 25 > 50 

mL). The reaction mixture was then refluxed for 168 h, con- 
centrated by rotoevaporation, and added to water. The precipitate 
was collected, washed with ethanol, and redissolved in hot THF, 
and the polymer was reprecipitated into water once again. Re- 
precipitations were carried out from THF into water for a third 
time and from THF into ethanol. The yield of [NP(OC6H5)2]n 
was over 50%. The microanalytical data obtained for this polymer 
are listed in Table V. 

General Experimental Procedure for the  Preparation of 
Polymers wi th  p-Li thiophenoxy Subs t i tuent  Groups. 
Polymers with p-lithiophenoxy substituent groups were prepared 
by reacting I11 or VI1 with n-butyllithium. Specific experimental 
details are listed in Table V. A general procedure for the 
metal-halogen exchange reactions with VI1 or I11 is as follows. 
The polymers VI1 (with 5,20, and 35% p-bromophenoxy groups) 
were dissolved in T H F  (200 mL). Polymers I11 and VI1 (56% 
bromophenoxy groups) required a two-step procedure that in- 
volved the use of boiling dioxane, removal of the dioxane by means 
of a rotary evaporator, and treatment with THF (200 mL). When 
this procedure was employed, THF-soluble forms of I11 and VI1 
(56% bromophenoxy) could be obtained. The solutions of I11 or 
VI1 in T H F  were cooled to -40 to -60 "C by means of a dry 
ice-acetone bath (before this step, the reaction vessels were fitted 
with a rubber septum). n-Butyllithium ( 4 4  mL) was then added 
to the polymer solutions via syringe. This resulted in the im- 
mediate formation of yellow or green reaction mixtures. Reaction 
times with n-butyllithium were in the range of 0.54 h (the most 
commonly employed reaction time was 0.5 h). The lithiated 
derivatives were deactivated by treatment with water, di- 
phenylchlorophosphine, carbon dioxide, triphenyltin chloride, or 
(triphenylphosphine)gold(I) chloride. These reaction procedures 
are discussed in the following sections. 

General Experimental Procedure for the  Deactivation of 
p-Lithiophenoxy Substi tuent Groups wi th  Water. The 
lithiated derivatives that were prepared by metal-halogen ex- 
change reactions of n-butyllithium with polymers I11 or VI1 (5, 
20,35, and 56% p-bromophenoxy groups) were characterized after 
their deactivation with water. The specific experimental details 
involved in these reaction sequences are listed in Table VI. The 
deactivations of the lithiated intermediates were carried out by 
the addition of water (by syringe) to the reaction mixtures at -40 
to -60 "C. After the addition of water, the reaction mixtures were 
allowed to warm to 25 "C. The polymeric products were isolated 
by fdtration and purXed by reprecipitations from THF into water, 
from T H F  into ethanol, and from THF into pentane. The mi- 
croanalytical data obtained for the polymers following water 
deactivation of the lithiated intermediates IV or VI11 are listed 
in Table V. 
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Table V 
Table of Analytical Results 

polym structure % C  %H % Br 

P(C6H5 

calcd 
found 
calcd 
found 
calcd 
found 
calcd 
found 
calcd 
found 
calcd 
found 
calcd 
found 
calcd 
found 
calcd 
found 
calcd 
found 
calcd 
found 
calcd 
found 
calcd 
found 
calcd 
found 
calcd 
found 
calcd 
found 
calcd 
found 
calcd 
found 
calcd 
found 
calcd 
found 
calcd 
found 
calcd 
found 
calcd 
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62.34 
60.15 
60.47 
60.38 
54.84 
54.16 
50.33 
51.03 
45.09 
42.40 
37.04 
37.13 
62.34 
56.70 
62.34 
61.38 
61.32 
61.62 
57.87 
58.62 
46.69 
44.89 
47.61 
45.91 
60.73 
61.44 
60.79 
59.20 
51.47 
45.56 
63.52 
63.60 
66.08 
64.54 
66.73 
57.96 
65.50 
62.43 
58.16 
56.61 
58.17 
57.86 

62.14 
60.12 

4.33 
4.33 
4.16 
4.35 
3.66 
4.01 
3.25 
3.71 
2.78 
2.78 
2.06 
2.08 
4.33 
3.99 
4.33 
4.35 
4.24 
4.24 
3.97 
3.99 
2.92 
2.73 
3.01 
3.21 
4.39 
4.25 
4.19 
3.89 
3.35 
2.84 
4.37 
4.28 
4.47 
4.71 
4.06 
4.48 
4.45 
4.15 
3.73 
3.68 
3.83 
3.77 

4.17 
3.80 

3.04 
3.04 

12.18 
12.16 
19.50 
19.45 
28.02 
28.01 
41.10 
40.96 

0.00 
<0.15 

0.00 
<0.15 

1.66 
1.66 
6.04 
6.04 

26.42 
25.33 
23.92 
23.91 

1.46 
1.46 
2.52 
2.52 

17.65 
17.61 

0.00 
0.17 
0.19 
0.19 
1.62 
1.61 
5.66 
5.67 

16.64 
16.65 

0.2 
13.68 
13.86 

0.3 

a Percentage of chlorine in samples: [NP(OC6H5),],, 0.30%; VI1 (5%), 0.19%; VI1 (20%), 0.20%; VI1 (35%), 0.28; VI1 
(56%), 0.27%;111, 0.046%. Calcd: P, 12.73;N, 5.70. Found: P, 13.70;N, 5.88. Calcd: P, 7.97;N, 3.60. Found: 
P, 7.87; N, 3.46. 
water quench. f From lithiation of VI1 (35%) (0.5 h )  and water quench. P From lithiation of VI1 (56%) (0.5 h )  and water 
quench. From lithiation of I11 (2  h )  and water uench. j From lithia- 

(6  h )  and water quench. From lithiation of VI1 (5%) (0.5 h )  and diphenylchlorophosphine quench. PI From lithiation of 
VI1 (20%) (0.5 h )  and diphenylchlorophosphine quench. O From lithiation of VI1 (35%) (0.5 h )  and diphenylchlorophos- 
phine quench. P From lithiation of VI1 (56%) (0.5 h )  and diphenylchlorophosphine quench. Q From lithiation of I11 (0.5 
h )  and diphenylchlorophosphine quench. From lithiation of VI1 (35%) (0.5 h )  and CO, quench and then acid treatment. 
Oxygen analysis: calcd, 20.78; found, 22.34. From lithiation of I11 ( 6  h )  and CO, quench and then acid treatment. 
Oxygen analysis: calcd, 22.82; found, 22.76. From lithiation of VI1 (35%) (0.5 h )  and triphenyltin chloride. 

From lithiation of VI1 (5%) (0.5 h )  and water quench. e From lithiation of VI1 (20%) (0.5 h )  and 

From lithiation of I11 (0.5 h) and water quench. 
tion of VI1 (35%) ( 6  h )  and water quench. From lithiation of VI1 (56%) ( 6  h )  and water quench. ? From lithiation of I11 

General Experimental  Procedure for  the Reactions of 
p-Lithiophenoxy Subs t i tuent  Groups wi th  Diphenyl- 
chlorophosphine. Metal-halogen exchange reactions were 
carried out on polymers I11 or VI1 (5, 20, 35, and 56% p -  
bromophenoxy groups) and the resultant lithiated intermediates 
were deactivated with diphenylchlorophosphine (see Table VI1 
for specific details). Diphenylchlorophosphine was added via 
syringe to the reaction mixture at -40 to -60 "C. The low reaction 
temperatures were maintained for 3 h, and the reaction mixture 
was then allowed to warm to 25 "C. Ethanol (100 mL) was added 
to the reaction mixture which was then concentrated by rotoe- 
vaporation until the polymer precipitated from solution. The 
polymeric precipitate was collected by filtration, washed with 
ethanol, dissolved in THF, and precipitated into ethanol. Re- 
precipitation was carried out from THF into ethanol for a second 

time and then from THF into pentane. Microanalytical data and 
Tg data obtained for the series of polymers prepared by this 
general method are listed in Tables V and VII. The 31P NMR 
spectra of the polymers that possessed pendent phosphine residues 
consisted of a resonance at  -20 ppm (phosphazene phosphorus), 
a resonance at  -8 ppm (phosphine phosphorus), and a small 
resonance at  +22 to +24 (assigned to pendent butylphosphonium 
bromide residues). These spectra were referenced to an external 
H$04 sample and employed a D20 capillary lock. The integrated 
peak areas for these polymers were used as a method for the 
determination of polymer compositions. 

Synthesis of [NP(OCsH4Sn(CsH5),-P ) O . ~ O C B H & . ~ ] ~  (x). 
A sample of [NP(OCsH4Br-p),,,(OCBHS)1.31nt VI1 (35% bromo- 
phenoxy groups) (0.5 g, 0.0017 mol), was dissolved in THF (350 
mL). This solution was then cooled to -60 "C and n-butyllithium 
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Table V I  
Reaction Conditions for Water Deactivation of 

Poly [ (p4ithiophenoxy)phosphazenes ] 
starting polym,a n-BuLi, reacn water, 

g (mol) mL (mol) time, h mL (mol) 
VI1 (5%), 4 (0.0064) 0.5 4 (0.22) 

VI1 (20%), 4 (0.0064) 0.5 4 (0.22) 

VI1 (35%), 4 (0.0064) 0.5 4 (0.22) 

VI1 (35%), 4 (0.0064) 6 4 (0.22) 

VI1 (56%), 5 (0.008) 0.5 5 (0.28) 

VI1 (56%), 5 ( 0 . 0 0 8 )  6 5 (0.28) 

111, 6 (0.0096) 0.5 6 (0.33) 

111, 6(0.0096) 2 6(0.33) 

111, 6 (0.0096) 6 6 (0.33) 

a Percent bromophenoxy substituent groups in paren- 

0.50 (0.0021) 

0.50 (0.0019) 

0.58 (0.0020) 

0.58 (0.0020) 

0.58 (0.0018) 

0.54 (0.0017) 

0.55 (0.0014) 

0.62 (0.0016) 

0.54 (0.0014) 

theses. 

High Polymeric Phosphazenes 1331 

Synthesis of [NP(OC~H~AUP(CGH~)~-~)O,~~(OC~H~)~,~~~~ 
(XI). A sample of [NP(OCsH4Br-p)o.7(OC6H5)l,3]n, VI1 (35% 
bromophenoxy groups) (0.5 g, 0.0017 mol), was dissolved in THF 
(200 mL). This solution was then cooled to -60 "C and n-bu- 
tyllithium (0.6 mL, 0.0010 mol) was added. The reaction mixture 
was stirred for 1 h a t  -60 "C, and a solution of (triphenyl- 
phosphine)gold(I) chloride (0.50 g, 0.0010 mol) in 25 mL of THF 
was added. The reaction mixture was stirred for 3 h a t  -60 "C, 
allowed to warm to 25 OC, and stirred for 1 h. Water (0.5 g, 0.028 
mol) was added, the reaction mixture was concentrated by ro- 
toevaporation, and the mixture was filtered. The filtrate was 
added to n-pentane and the precipitate was collected. A 31P NMR 
spectrum of the product showed resonances at +33 and -20 ppm, 
assigned to phosphine and phosphazene phosphorus atoms, re- 
spectively. The integrated areas for these resonances were con- 
sistent with the formula [ N P ( O C ~ ~ A ~ ( C ~ H , ) ~ - ~ ) O ~ Z ~ O C ~ ~ ~ . , ~ ~ .  
Solutions of XI in THF showed signs of decomposition (purple 
color formation) after only 3 h in air. C 6 H ~ ~ P ( C 6 H j ) 3  and the 
cyclic phosphazene [NP(OC6H4AuP(CsH5)3-p)z]3 showed no de- 
composition in the solid state. (These compounds were only 
slightly soluble in THF. Hence, their solution stability could not 
be evaluated.) 

sample of [NP(OCsH4Br-p)o.7(0C6H5)l,3]n, VI1 (35% bromo- 
phenoxy groups) (0.5 g, 0.0017 mol), was dissolved in THF (300 
mL). This solution was cooled to -60 "C and n-butyllithium (5 
mL, 0.008 mol) was added. The reaction mixture was stirred for 
1 h a t  -60 "C and then added to a large excess of dry ice in a 
nitrogen-filled glovebag. The reaction mixture was allowed to 
warm to 25 "C (in a nitrogen atmosphere), and the white polymeric 
product was collected by filtration. This was then stirred in an 
aqueous solution of HC1 for 20 min and was once again collected 
by filtration. This compound proved to be insoluble in THF, 
boiling dioxane, ethanol, water (pH 7 or 12), or a T H F  solution 
that contained 20 or 50% (by volume) of triethylamine. The 
infrared spectrum of the polymeric product suggested the presence 
of carboxylic acid functions (OH stretch at 3300 cm-' and C=O 
stretch at 1750 cm-'). Microanalysis of this compound was 
consistent with the formula [NP(OC6H4COOH-p)o,,(oc6Hj)l,3] 
(see Table V). 

In a similar manner, the derivative [NP(OC6H4COOH-p)l,42- 
(OC6H4Br-p)o,58]n (Table V) was prepared by the interaction of 
[NP(OC6H4Br-p),], (111) (0.5 g, 0.0013 mol) with n-butyllithium 
(4 mL, 0.0064 mol) for 6 h, followed by treatment with carbon 
dioxide. 

Syn thes i s  of [ N P  (OC6H4Br-p  )o.oj(OC6H4P (C6H5) Z- 
(c~H~)+B~~-~)~,~~(oc~H~)~,~o]~. A sample of [NP(OCsH4Br- 

(OC6Hj)1.30],, (0.5 g, 0.0014 mol), prepared from the reaction of 
VI1 (35% bromophenoxy) with n-butyllithium, followed by 
treatment with diphenylchlorophosphine (see Table VII), was 
dissolved in THF (200 mL), and an excess of n-butyl bromide 
( 2  g, 0.015 mol) was added. The reaction mixture was stirred for 
1 h at 25 "C, and ethanol (300 mL) was added. The reaction 
mixture was evaporated to dryness in a rotary evaporator. The 
polymeric product was purified by reprecipitations from T H F  
into water and from THF into ethanol. The polymer showed only 
two 31P NMR resonances at +24 (phosphonium salt phosphorus) 
and -20 ppm (phosphazene phosphorus). No resonance at -8 ppm 
(phosphine phosphorus) could be detected from this sample. 31P 
NMR peak area integrations were consistent with the polymer 
structure [NP(OC~H4Br-p)O.jO(OC~H4(C~H~)~(C5H9)+Br~-p)0.65- 
(OCsHj)1.30]n. The results of this experiment support the con- 
tention that pendent phosphonium bromide salt formation is a 
consequence of the reaction of pendent phosphine residues with 
butyl bromide (generated in the exchange process) during the 
purification of the polymer reaction mixtures. 

Synthesis of [N3P3(OC6H4P(C~Hj)z-p)3(0CsH4P(CsH5)2- 
(C4H9)+Br--p),]. A sample of [ N P ( O C ~ H ~ P ( C ~ H ~ ) Z - ~ ) Z ] ~  (0.50 
g, 2.8 X mol) was dissolved in dry benzene (100 mL), and 
butyl bromide (2.0 g, 1.4 X mol) was added to this solution. 
The reaction mixture was refluxed for 12 h. The reaction mixture 
was then evaporated to dryness in a rotary evaporator. The 
product was isolated by recrystallization from benzene. A 31P 
NMR spectrum of product (in THF) consisted of three resonances 
a t  +24.3, +7.9, and -6.5 ppm. These were assigned to the 

Synthesis Of [NP(OC~H~COOH-~)O.~(OC~H~)~.~]~ (XII). A 

P ) ~ . O ~ ~ ( O C ~ H ~ P ( C ~ H ~ ) Z ~ P ) O . ~ Z ~ ( O C ~ H ~ P ( C ~ H ~ ) ~ ( C ~ H ~ )  'Br--P)o,oz4- 

Table VI1  
Conditions for the Reaction of 

Poly[ (p-lithiophenoxy )phosphazenes] with 
Diphen ylchlorophosphine 

reacn ClP- 
starting polym,'" n-C4H,Li, time, (C6H5)*, pro- 

mL (mol) mL (moll h mL (mol) ductb ~I . .  
VI1 4(0.0064) 0.5 4(0.018) c 

(5%), 0.50 
(0.0021) 

(0.001 9) 

(0.0020) 

(0.0001) 

VI1 4(0.0064) 0.5 6(0.027) d 
(20%), 0.50 

VI1 4(0.0064) 0.5 S(0.036) e 

VI1 5 (0.0080) 0.5 10 (0.045) f 

(35%), 0.57 

(56%), 0.61 

111, 6(0.0096) 0.5 12(0.054) g 
0.62 
(0.0016) 

a Percent bromophenoxy substituent groups in paren- 
theses. Product compositions were determined from 
elemental microanalytical data obtained for bromine. 
These calculations are based on the assumption that the 
metal-halogen exchange reaction proceeds to  the same 
point as determined for the proton-quenching experi- 
ments (see Table 11). 31P NMR data for this phosphine 
series implied that this assumption is accurate. 

[NP(oC6H4P(C6Hs)z~~)o.l(oC6HS)~.91fl~ - + 8 O C .  

[ NP ( OC 6 H4p( '6 5 ) Zp 0.4 ( OC 6 S 1 , 6  1 ?I' 'CNp ( OC g H  4'- 

( c 6 H S ) 2 - p  )0.63(°C6H4P(C6HS)2(c4HY](c4HY )+Br - -p )0 .02 (0c6 '  

( C 6 H S  1Z-p ) 0 . 8  1(°C6H4P(C4H9)Br-p 10.1 Z(°C6H4Br-p )O. lY(Oc6- 
' 5 ) 0 . 8 8 1 f l .  ' [NP(oC6H4P(C6HS)2~~]0.9S~oc6H4p~c6HS ) Z B r -  

H4Br-p)o~05(OC,H,)l,,]fl: Tg = + 17 C. [NP(OC6H4P- 

~)o.o,(OC~H~B~-~),.~,I,: Tg= +35 c. 

(5 mL, 0.008 mol) was added. The reaction mixture was stirred 
for 1 h a t  -60 "C, and a solution of triphenyltin chloride (6.5 g, 
0.017 mol) in T H F  (75 mL) was added. The reaction mixture 
was stirred a t  4 0  "C for 3 h, dowed to warm to 25 "C, and stirred 
for 14 h. The reaction mixture was concentrated by rotoevapo- 
ration and reprecipitated into a dilute aqueous HCl solution. The 
polymeric product was collected by filtration and then repreci- 
pitated from THF into water and from THF into n-pentane. The 
product showed a low solubility in THF. Microanalytical data 
were consistent with the formula [ N P ( O C ~ H ~ S ~ ( C ~ H ~ ) ~ - ~ ) O , ~ -  
(OCsHj)1.3]n (see Table V). 



1332 Macromolecules 

phosphonium salt, the phosphazene, and the phosphine phos- 
phorus atoms, respectively. The integrated areas of the resonances 
were in the ratio of 1:l:l. 

Reaction of ["F'(OC6H5)J3 with Phenyllithium. A sample 
of [NP(OC&5)2]3 (0.5 g, 7.0 X lo-' mol) was dissolved in THF 
(100 mL). Phenyllithium (1.2 mL, 7.2 X lo4 mol) was then added 
to this solution at 25 OC. The reaction mixture was stirred for 
3 h and 2-propanol (2 mL, 0.023 mol) was added to deactivate 
the organolithium reagent. The reaction solvent was removed 
by a rotary evaporator, and water (25 mL) was added. The 
water-insoluble material was then extracted with diethyl ether 
(25 mL) and the diethyl ether was removed by a rotary evaporator. 
The diethyl ether soluble product was subjected to mass spec- 
trometric examination. Two parent ions were detected. These 
were derived from [NP(OC6H5)2]3 (mle 693) and [NP(OC6- 
H5)5(CBH5)]3 (m/e 677). 31P NMR spectroscopic data of this 
reaction mixture indicated only one resonance at  +8.2 ppm (this 
is indicative of the presence of [NP(OC&)2]3. Thus, [N3P3- 
(C6H5)(OC6H5)5] was present in small quantities only in the re- 
action product mixture (probably less that 5%, because the 
presence of more than 5% would allow for its detection by 31P 
NMR spectroscopic methods). The presence of any amount of 
[N3P3(C6H5)(OC6H5)5] implies that the displacement of lithium 
phenoxide from [NP(OC6H,),], by phenyllithium is possible and 
that this displacement reaction is a prospective mechanism for 
the cross-linking of polymers that possess p-lithiophenoxy and 
p-phenoxy substituent groups. 

Comparison of the Metal-Halogen Exchange Reaction for 
Poly(p-bromostyrene). A sample of poly@-bromostyrene) (0.5 
g, 0.0060 mol) was dissolved in tetrahydrofuran (300 mL). This 
solution was cooled to -50 "C and n-butyllithium (9 mL, 0.0144 
mol) was added rapidly. The reaction mixture was stirred for 
6 h a t  -50 "C, and water (9 g, 0.5 mol) was added to deactivate 
the lithiated species. The reaction mixture was allowed to warm 
to 25 "C, the reaction mixture was concentrated by rotoevapo- 
ration, and the concentrate was added to water. The precipitated 
polymer was collected by filtration, dried and redissolved in 
tetrahydrofuran, filtered, and reprecipitated into ethanol. A 
reprecipitation from tetrahydrofuran into pentane was also carried 
out. Elemental microanalytical data implied that 15.7% p- 
bromostyrene units remained. Anal. Calcd for [-(CsH&- 
(CBH7Br)y-]n-100 ( x  = 15.7 and y = 84.3): C, 82.50; H, 6.74; Br, 
10.76. Found: C, 81.08; H, 7.22; Br, 10.77. By comparison, the 
metal-halogen exchange for [NP(OC6H4Br-p),], (111) resulted in 
the replacement of approximately 70% of the p-bromophenoxy 
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units after the same reaction time. The greater efficiency of the 
exchange process for poly@-bromostyrene) probably reflects the 
fact that only one bromine atom is present per repeat unit for 
this polymer. 
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ABSTRACT A new class of high molecular weight poly(organophosphazenes) of general formula [-(N= 
PC12)2-N=PC1R-In (VIII), where R = CH3, CzH5, n-C3H7, or n-C4H9, have been prepared by the thermal 
polymerization of monoalkylpentachlorocyclotriphosphazenes, N3P3C15R (VII). These are among the first 
high molecular weight polyphosphazenes with side groups linked directly to the skeleton through C-P bonds. 
Hydrolytically stable, elastomeric derivatives of formula [-N=P(OR')2)2-N=P(OR')R-],,, were obtained 
by a replacement of the chlorine atoms in VI11 with trifluoroethoxy or phenoxy groups. Bulky alkyl groups, 
such as i-C3H7 or t-C4H9, retard the polymerization process and sensitize the system to decomposition reactions 
during polymerization. The structures of the polymers were deduced by comparisons with cyclic trimeric 
phosphazene model compounds of formulas N3P3(OCH2CF3)5R and N3P3(OC6H5),R, where R is CH,, CzH5, 
n-C3H7, n-C4H9, i-C3H7, or t-C4H,. 

A broad range of high molecular weight poly(organ0- 
phosphazenes) can be prepared by the thermal polymer- 
ization of hexachlorocyclotriphosphazene (I) to poly(di- 
chlorophosphazene) (11), followed by nucleophilic re- 
placement of the chlorine atoms in I1 by alkoxy, aryloxy, 
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or amino substi tuents (Scheme I).3-7 The resultant or- 
ganophosphazene derivatives (111, IV, or V) are of funda- 
mental and technological interest."l0 

Nevertheless, mechanistic and theoretical arguments can 
be used t o  show that polyphosphazenes with organic side 

0 1980 American Chemical Society 


