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ABSTRACT In this paper we report the synthesis of 4-hydroxyphenol (hydroquinone)-substituted phos- 
phazene materials, i.e., hexakis(4-hydroxyphenoxy)cyclophosphazene and poly[bis(4-hydroxyphenoxy)phos- 
phazene] , by reaction of 4-methoxyphenoxy-substituted cyclo- and polyphosphazenes with an excess of BBr3. 
An alternative method is based on a Pd-catalyzed hydrogenation under pressure of other phosphazene substrates 
bearing4-(benzyloxy)phenoxysubstituents. In the case of cyclic phosphazene derivatives, both these reactions 
take place very smoothly, while a dramatic decrease of the molecular weight is observed for the phosphazene 
high polymers during the reaction of poly[bis(4-methoxyphenoxy)phosphazene] with boron tribromide and 
during the hydrogenation process of the poly[bis(4-(benzyloxy)phenoxy)phosphazene]. In the case of poly- 
[bis(4-methoxyphenoxy)phosphazenel, the deblocking reaction of the methoxy group can be modulated to 
introduce in the phosphazene substrate a predictable amount of OH groups. The successive functionalization 
of the produced free hydroxyl functions in the phosphazene oligomers and polymers is also discussed by 
considering the acetylation of these groups as a prototype process for the phosphazene substrates. 

Introduction 
The introduction of chemical functionalities in pre- 

formed polymeric materials to synthesize new macromol- 
ecules showing different physical and chemical properties 
is a process of paramount importance in polymer chem- 
istry.’ Many technologically important functionalizations, 
such as sulfonation,2 n i t r a t i ~ n , ~  chloromethylation,4 etc., 
are currently exploited, for example, on styrene-divinyl- 
benzene resins, to produce polymeric matrices of industrial 
interest. 

In the case of poly(organophosphazenes) (POP), the 
chemical modification to produce new phosphazene mac- 
romolecules is very a t t ra~t ive .~  However, the synthetic 
method used for the preparation of these materials (based 
on the nucleophilic replacement of the reactive chlorines 
in the poly (dichlorophosphazene) [ (NPClz),] with suitable 
 substituent^^^^), although very flexible and enabling the 
synthesis of a large number of different macromolecules,s 
is not very effective when groups of low basicity andfor 
high steric hindrance are used in the process.9 

The preparation of functionalized POP containing free 
“X” functionalities can be, in prirciple, achieved in three 
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ways according to Scheme I: (a) reaction of (NPClz), with 
the nucleophile “Y” to prepare [NP(Y)2]n, followed by 
modification of this preformed polymer by introduction 
of “X” functions on the side “Y” substituent using 
convenient chemical methods (pathway A) (this strategy 
is completely analogous to that already described to modify 
organic polymers,1° and it can be demonstrated that most 
of the functionalization reactions commonly used for these 
materials work quite satisfactorily also when applied to 
P0P1lJ2); (b) direct nucleophilic substitution of the 
reactive chlorines in (NPCl2), with bi- or multifunctional 
reagents “Y-X” that have only the “Y” group able to react 
with (NPCl&, the other function “X” remaining unaf- 
fected during this process (pathway B);13 (c) reaction of 
poly(dichloroph0sphazene) with a nucleophilic reagent “Y- 
X-P” (in which a second nucleophilic functionality “X” 
is masked by a suitable protecting group “P”) to obtain 
the polymer [NP(Y-X-P).J,, followed by a convenient 
deprotection reaction to [NP(Y-X)21n (pathway C).14 

The last two methods have been applied successfully in 
the past; it seems, however, that the preparative strategy 
reported in pathway C of Scheme I has a tremendous 
potential which has not been entirely explored so far. We 
decided, therefore, to adopt this technique to produce new, 
very interesting, phosphazene materials, taking into con- 
sideration, as a possible substituent on the phosphazene 
backbone, 4-hydroxyphenol (hydroquinone). 

1992 American Chemical Society 
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tylammonium bromide in 200 mL of THF was treated with 115.1 
g (0.57 mol) of 4-(benzyloxy)phenolin25OmLof thesamesolvent. 
The addition was carried out dropwise, waiting each time for 
hydrogen evolution. The reaction mixture was successively re- 
fluxed for 48 h, cooled to room temperature, and ultracentri- 
fuged at 8000 rpm to separate the liquid from the solid. The 
liquor was finally evaporated to dryness with a rotovap. The 
solid brown paste obtained in this way was treated successively 
with methanol to obtain a white powder which was isolated by 
filtration, thoroughly washed with water and methanol, and dried. 
The trimer was purified by multiple crystallizations from 50% 
THF/CH30H mixtures: yield 55.00 g (72.00% ); analytical data 
are given in Table I. 

Synthesis of Poly[bis(4-(benzyloxy)phenoxy)phospha- 
zene] (PBBOPP, [NP(OC~H~OCHZC~HS)~] .  (4)). A suspen- 
sion of 19.15 g (0.48 mol) of NaH 60% oil dispersion and 2 g of 
tetrabutylammonium bromide in 150 mL of dioxane was treated 
dropwise with 4-(benzyloxy)phenol (103.60 g (0.51 mol)) in 300 
mL of the same solvent. After hydrogen evolution ceased, the 
mixture was refluxed overnight. 

The suspension was successively filtered under nitrogen, via 
a Schlenk technique, directly into a solution of poly(dich1oro- 
phosphazene) (15 g (0.13 mol)) in 200 mL of dioxane and was 
refluxed for 48 h. The reaction mixture was cooled to room tem- 
perature and poured into a large excess of water. The recovered 
white polymer was successively purified by multiple dissolutions 
in THF and reprecipitations in water (three times), methanol 
(twice), and n-heptane (once): yield 39.00 g (69.00%) of polymer; 
M, = 2 500 000; Tg = +31 "C; analytical data are given in Table 
I. 

Synthesis of Hexakis(4-hydroxyphenoxy )cyclophospha- 
zene (OHT, [NP(OC6H4OH)2]3 (5)) from Hexakis(4-meth- 
oxyphenoxy)cyclophosphazene ( [ N P ( O C G H ~ O C H ~ ) ~ ] ~  ( 1 ) ) .  
A solution of 1.74 mL (1.8 X mol) of boron tribromide in 
anhydrous CHzClz (30 mL) was treated dropwise with a solution 
of 2.18 g (3 X mol) of hexakis(4-methoxyphenoxy)cyclo- 
phosphazene in anhydrous CHzClz (50 mL). The reaction mixture 
was stirred at room temperature for 3 h and successively poured 
into 50 mL of water. A white solid was collected by filtration, 
washed several times with water, and dried: yield 1.86 g (96%)); 
analytical data ace given in Table I. 

Synthesis of Hexakis(4-hydroxyphenoxy)cyclophospha- 
zene (OHT, [ N P ( O C ~ H ~ O H ) ~ ] J  (5)) from Hexakis(4-(benz- 
y loxy ) phenoxy )c y clophosphazene ( [ NP (OCd&OCH&,&)2]3 
(2)). A 500-mL Parr hydrogenator was charged with 2.7 g (2 X 

mol) of hexakis(4-(benzyloxy)phenoxy)cyclophosphazene in 
100 mL of l /l  THF/CH30H and 0.5 g of carbon supporting 10% 
Pd. This solution was stirred 16 h under 2 atm of hydrogen 
pressure, filtered successively through Celite, and evaporated 
under reduced pressure. The obtained white solid was washed 
with 70 mL of CHC13, filtered again, and dried: yield 1.5 g (95%) 
of a trimer which presents the same characterization data 
described in the previous example. 

Synthesis of Hexakis(4-(acetyloxy)phenoxy)cyclophos- 
phazene ([NP(OC6H4OCOCH3)2]3 (6)). A solution of 0.790 g 
(1 X 10-3 mol) of hexakis(4-hydroxyphenoxy)cyclophosphazene 
in 2 mL of dry pyridine was treated with 1.2 mL (1.3 X mol) 
of acetic anhydride. After 2 h of stirring, the reaction mixture 
was diluted with 50 mL of dichloromethane and extracted with 
5% aqueous HCl(2 x 20 mL) and with a saturated solution of 
NaHC03(2 x 20mL). Theorganiclayerwasdriedoveranhydrous 
Na2S04, filtered, and evaporated under reduced pressure: yield 
1.03 g (99%). analytical data are given in Table I. 

Synthesis of Poly[ bis(4-hydroxyphenoxy)phosphazene] 
(OHPOP, [NP(OC6H40H)2]n (7)) from Poly[bis(4-methox- 
yphenoxy)phosphazene] ([NP(OCsH4OCH3)2], (3)). The 
procedure adopted for the preparation of this polymer is similar 
to that described for the synthesis of the corresponding trimer 
[NP(OC6H40H)2]3, starting from 1.8 g (18.6 mmol) of BBr3 in 30 
mL of anhydrous CHzClz and 2.1 g (7.2 mmol) of poly[bis- 
(4-methoxyphenoxy)phosphazenel: yield 1.68 g (84.2 % ) of poly- 
[bis(4-hydroxyphenoxy)phosphazenel, which shows the charac- 
terization data reported in Table I; M ,  = 190 000; Tg = +90 "C. 

Synthesis of Poly[ bis( 4-hydroxyphenoxy)phosphazene] 
(OHPOP, [NP(OCsH40H)2]. (7)) from Poly[bis(l-(benz- 
yloxy)phenoxy)phosphazene] ( [NP(OCeH40CH2- 

In this  paper,  we report  the synthesis of poly[bis(4- 
hydroxyphenoxy)phosphazenel (OHPOP), obtained from 

poly[bis(4-methoxyphenoxy)phosphazenel [ (PBMPP) ,  
[ NP (OCsH4OCH3)2] n] or from poly[bis(4-(benzyloxy)phe- 
noxy)phosphazene l  [ ( P B B O P P ) ,  [NP(OC6H40CH2-  
C6H5)2]n] through deprotection of the OH groups present  
in  these polymers by standard organic reactions.l5J6 We 
also mention some synthetic exploratory work on the low 
molecular weight cyclic compound hexakis(4-hydroxyphe- 
noxy)cyclophosphazene [(OHT), [NP(OC6H40H)2331 .17 

A series of chemical modifications carried out on the 
hydroxyl groups of these phosphazenes are  reported 
e l~ewhere.~*J~ 

Experimental Section 
Equipment. 31P, 'H, and I3C NMR spectra were obtained 

with a Varian FT 80 NMR spectrometer and a Varian Gemini 
300 spectrometer, respectively. 

Infrared spectra were recorded with a Perkin-Elmer Model 
297 spectrophotometer. 

The weight-average molecular weights (M,) of the polymers 
werr measured by light scattering using a Sophica spectrogo- 
niodiffusimeter.20 

Hydrogenation reactions were performed using a Parr hydro- 
genator apparatus a t  2 atm of hydrogen pressure in the presence 
of 10% palladium supported on carbon as a catalyst. 
Tg values of the polymers were measured with a Mettler DSC 

30 differential scanning calorimeter. 
Materials. Tetrahydrofuran (THF), dioxane, dichloro- 

methane, and pyridine were C. Erba analytical solvents and were 
anhydrified when necessary according to standard procedures.Z1 
Sodium hydride 60% oil dispersion and acetic anhydride (Al- 
drich) were used as received. 4-Methoxyphenol and 4-(benz- 
y1oxy)phenol (Aldrich) were anhydrified prior to use by distil- 
lation of the toluene/water azeotrope. Hexachlorocyclophos- 
phazene [(NPC12)31 was purchased from Shin Nisso Kako (Japan) 
and purified by vacuum sublimation until a constant melting 
point (113 oC)22 was obtained. Poly(dich1orophosphazene) 
[(NPCl2)J was obtained by ring-opening polymerization of 
hexachlorocyclophosphazene at  250 "C under vacuum8s7 and was 
freed from the unpolymerized trimer by vacuum sublimation at  
60-70 "C. 

Synthesis of Cyclo- and Polyphosphazenes. All reported 
syntheses were carried out under a flow of dry nitrogen and with 
anhydrous solvents. 

Hexakis(4-methoxyphenoxy)cyclophosphazene23 (MPT, [ NP- 
(OCeH40CH3)2]3 (1)) and poly[bis(4-methoxyphenoxy)phos- 
phazene]24~25 (PBMPP, [NP(OC6H40CH&],, (3)) were prepared 
as reported. The weight-average molecular weight obtained for 
PBMPP was 2 500 000. 

Synthesis of Hexakis(4-(benzyloxy)phenoxy)cyclophos- 
phazene (BOP", [NP(OC6H4OCH&.H&]3 (2)). A suspension 
of 20.00 g (5.74 X mol) of hexachlorocyclophosphazene, 22.99 
g (0.57 mol) of NaH 60% oil dispersion, and 1.5 g of tetrabu- 
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C&)& (4)). The preparation of the polymer 7 was carried out 
as above starting from 3.18 g (7.2 X mol) of poly[bis(4-(ben- 
zyloxy)phenoxy)phosphazene] and 1.8 mL (1.86 X mol) of 
BBr3: yield 1.65 g (87%) of [NP(OC6H40H)21n showing the 
characterization data reported in the previous example; M ,  = 
120 OOO. 

Synthesis of Poly[bis(4-acetyloxy)phenoxy)phospha- 
zene] ([NP(OC6H4OCOCH3)2], (8)) by Acetylation of Poly- 
[ bis( 4-hydroxyphenoxy)phosphazene] ([NP( OC~&OH)Z], 
(7)). A solution of 1.12 g (4 X mol) of [NP(OC6H4OH)2ln 
dissolved in 5 mL of dry pyridine was treated with 1.44 mL (1.5 
X 10-2 mol) of acetic anhydride. After 2 h of stirring, the reaction 
mixture was poured into 50 mL of a 5 % aqueous HC1 solution. 
A white solid was collected, washed with water, filtered, and 
dried: yield 1.28 g (quantitative yield); analytical data are given 
in Table I. 

Synthesis of Poly[ bis(4-hydroxyphenoxy)0.72(4-(benzyl- 
oxy)phenoxy)l2sphosphazene] ( [NP(OC~HIOH)~.~Z(OC~HI- 
O C H & ~ H ~ ) ~ . H ] ~  (9)) from Poly[ bis(4-(benzyloxy)phenoxy)- 
phosphazene] ( [ N P ( O C ~ H ~ O C H ~ C ~ H ~ ) Z ] ~  (4)). The procedure 
for the synthesis of the copolymer 9 was similar to that reported 
above for the synthesis of hexakis(4-hydroxyphenoxy)cyclophos- 
phazene from hexakis(4-benzyloxy)phenoxy)cyclophosphazene. 
In the present example, however, the following amounts of 
reagents were used: 0.5 g of carbon supporting 10% Pd; 2 g (4.5 
X mol) of [NP(OC6H40CH*C6H5)2]. in 200 mL of THF and 
20 mL of methanol; 2 atm of hydrogen pressure. The copolymer 
obtained was characterized by formation of the acetate derivative, 
as described in the following example. 

Synthesis  of Poly[bis(4-(acetyloxy)phenoxy)0.~~(4- 
(benzy1oxy)p henoxy)  1.2sphosphazeneI ([ N P (  OC6Ha- 
O C O C H ~ ) O . ~ Z ( ~ C ~ H ~ O C H Z C ~ ~ H K ) I ~ ~ ] .  (10) from 9. The hy- 
droxy phosphazene copolymer is acetylated by treatment with 
acetic anhydride according to the procedure described above for 
6 and 8 starting from 0.3 g of [NP(OC6H40H)o.,2(0C6H4- 
OCHzC6H5)l,2s]n in 2 mL of dry pyridine and 0.36 g of acetic 
anhydride. Yield 0.32 g (quantitative yield) of aproduct showing 
the following characterization data: Elemental anal.: C, 65.27; 
H, 4.93; N, 3.40 (corresponding to a phosphazene copolymer 
having the composition mentioned in the title); M ,  = 450 000. 

Results and Discussion 
The synthetic strategy developed for introducing hy- 

droxyl functions into phosphazene substrates involves 
preliminary exploratory work on low molecular weight 
cyclic trimers followed by extension of established syn- 
thetic procedures to the corresponding high molecular 
weight polymeric ana10gues.l~ 

Model Reactions with Cyclic Trimers. In our work 
on cyclophosphazene model compounds we synthesized 
two different phosphonitrilic materials, Le., hexakis(4- 
methoxyphenoxy)cyclophosphazene (MPT, [NP(OC&- 
OCHd2I3 (1)) and hexakis(4-(benzyloxy)phenoxy)cyclo- 
phosphazene (BOPT) [ N P ( O C ~ H ~ ~ C H ~ C ~ H ~ ) Z ~ ~  (2)) by 
reaction of hexachlorocyclophosphazene with 4-methoxy- 
or 4- (benzyloxy)phenoxide, respectively, in boiling THF. 

Both trimers were characterized by IR and NMR ('H, 
13C, and 31P) spectroscopy, and the corresponding data 
are reported in Table I. 

31P NMR spectra of these compounds show only sharp 
singlets around 6 = +lo, indicating a complete and 
equivalent substitution of the chlorines in the parent 
hexachlorocyclophosphazene. 

The different functional groups in the trimers are 
unequivocally identified by 'H and 13C NMR spectra. The 
methoxy group in the trimer 1 shows a singlet a t  6 = 2.10 
('HI and at 6 = 55.80 ( W ) ,  while the CHZ moiety of the 
benzyloxy substituent in the trimer 2 gives a singlet a t  6 
= 4.73 ('H) and at  6 = 70.70 (13C). 

In the synthesized trimers 1 and 2 the hydroxyl functions 
are blocked by methyl and by benzyl residues, respectively. 
These groups can be removed by suitable deprotecting 
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reactions according to Scheme 11. As can be seen in Scheme 
11, methyl groups present in 1 are released by reaction 
with an excess of boron tribromide, while benzyl substit- 
uents in 2 are removed by a hydrogenation reaction under 
pressure in the presence of 10% palladium on carbon as 
a catalyst. According to McOmie,'5 the proposed reaction 
mechanism implies first the formation of a complex 
between BBr3 and the oxygen of the methoxy group of 1, 
followed by the elimination of CH3Br and the hydrolysis 
of the cyclophosphazene boron derivative. In the hydro- 
genation reaction of 2, on the contrary, the process of OH 
group formation takes place by release of the benzyl residue 
of the trimer as free toluene.16 

In both cases a new trimer, i.e., hexakis(4-hydroxyphe- 
noxy)cyclophosphazene (OHT, [NP(OCsH40H)213), is 
formed which shows the analytical and characterization 
data reported in Table I for compound 5. 

During these reactions, the phosphonitrilic ring system 
is preserved, as demonstrated by the presence in 5 of a 
sharp singlet a t  6 = +9.6 in the 31P NMR, by the 
permanence in the IR spectrum of the band located around 
1250 cm-' attributed to the asymmetric stretching of the 
-P=N- group, and by the presence of peaks at  1170 and 
945 cm-' ascribed to the P-O-C& vibrations. 

It should be pointed out that a previous attempt to 
synthesize hexakis(4-hydroxyphenoxy)cyclophosphazene 
starting from hexakis(4-methoxyphenoxy)cyclophospha- 
zene and HBr as deprotecting reagent gave only "a dark 
brown viscous oil", with no reported characterization 
data.26 

High-Polymer Reactions. Following the above- 
described synthetic work on the cyclophosphazenes, the 
corresponding high molecular weight polymers, Le., poly- 
[bis(4-methoxyphenoxy)phosphazenel (3) and poly[bis- 
(4-(benzyloxy)phenoxy)phosphazenel (4) were prepared 
by reaction of poly(dich1orophosphazene) [(NPCl2),I with 
4-methoxy- and 4-(benzyloxy)phenoxide, respectively, in 
boiling dioxane and in the presence of tetrabutylammo- 
nium bromide as phase-transfer catalyst.27 

The obtained products are white, fibrous, film-forming 
polymers whose analytical characterization data are re- 
ported in Table I. 

As in the case of the corresponding trimers, polymers 
3 and 4 show sharp singlets located around 6 = -17 in the 
3lP NMR spectra, indicating an almost complete substi- 
tution of the chlorines in the parent poly(dich1orophos- 
phazene). Moreover, in the 'H and 13C NMR spectra of 
polymer 3 singlets are found at  6 = 3.50 ('H) and 6 = 55.40 
(W), which are attributed to the methoxy groups present 
in the side phenoxy substituents. In polymer 4, singlets 
are present a t  6 = 4.48 ('H) and 6 = 70.01 ( W ) ,  assigned 
to the methylene moiety of the (benzy1oxy)phenoxide. 

The latent hydroxyl functions hidden in these POP are 
freed from the protective groups to produce poly[bis(4- 
hydroxyphenoxy)phosphazenel (OHPOP, [NP(OCeHd- 
OH)& (711, following the same reaction sequence men- 
tioned above for the corresponding trimers (Scheme 11). 

It should be pointed out, however, that both deprotec- 
tion reactions, so satisfactorily used for the trimers, do 
not work equally well a t  polymeric level. 

Let us examine these processes in more details. 
(I) Reaction of Poly[bis(4-methoxyphenoxy)phos- 

phazene] (3) orPoly[bis(4-(benzyloxy)phenoxy)phos- 
phazene] (4) with BBr3. As in the case of the above- 
reported trimer 1, reaction of BBr3 with polymer 3 leads 
to the formation of 4-hydroxyphenoxy moieties on the 
phosphazene polymer, according to Scheme 11. In the case 
of 3, however, a dramatic decrease of the weight-average 
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Table I 
Characterization Data for Trimers and High Polymers 

elem anal. 31D I T X K D  --I L.i.LLb, 

compd % C  % H  % N  %C1 ppm lH NMR, ppm 13C NMR, ppm IR, cm-1 mp, "C 
calcd 57.73 4.81 4.81 +10.03 2.10 (5, 3 H, CH3) 55.8 (q, CH3) 1500 107-108 

1170 found 57.45 4.90 4.70 
6.75 (4 H, aromatic AA'BB' system) 114.9 (d, aromatic) 955 

122.5 (d. aromatic) 

calcd 70.43 4.93 3.16 
found 70.49 5.00 2.67 

calcd 57.73 4.81 4.81 0 
found 56.49 4.72 4.35 0.5 

calcd 70.43 4.96 3.16 0 
found 69.12 4.88 3.06 0.3 

calcd 54.76 3.80 5.32 
found 54.60 3.90 5.20 

calcd 55.35 4.03 4.03 
found 54.79 4.02 3.80 

calcd 54.76 3.80 5.32 
found 50.73 3.72 5.09 

calcd 55.35 4.03 4.03 
found 54.50 4.18 4.07 

+IO.O9 4.73 (5, 2 H, CHz) 
157.4 (s, aromatic) 
70.70 (t, CH2) 

6.81 (4 H, aromatic AA'BB' system) 115.90 (d, aromatic) 
122.60 (d, aromatic) 

7.35 (m, 5 H, aromatic) 128.10 (d, aromatic) 
128.70 (d, aromatic) 
129.20 (d, aromatic) 
137.50 (8, aromatic) 
145.20 (s, aromatic) 
156.60 (8 ,  aromatic) 

-17.56 3.50 (9, 3 H, CH3) 55.40 (q, CH3) 

6.35 (m, 2 H, aromatic) 

6.80 (m, 2 H, aromatic) 

114.40 (d, aromatic) 
122.80 (d, aromatic) 
146.10 (s, aromatic) 
156.00 (s, aromatic) 

-17.02 4.48 (5, 2 H, CH2) 70.01 (t, CH2) 

6.60 (4 H, AABB' system) 

7.09 (s, 5 H, aromatic) 

115.30 (d, aromatic) 
123.00 (d, aromatic) 
128.20 (d, aromatic) 
128.30 (d, aromatic) 
129.00 (d, aromatic) 
137.80 (s, aromatic) 
146.40 (5, aromatic) 
156.00 (s, aromatic) 

+9.63 6.63 (s, CH, aromatic) 117.20 (d, CH, aromatic) 
123.40 (d, CH, aromatic) 
145.10 (s, aromatic) 
156.40 (s, aromatic) 

+9.01 2.30 (5, 3 H, CH3) 21.20 (4, CH3) 
6.95 ( 8 ,  4 H, aromatic) 122.50 (d, aromatic) 

123.30 (d, aromatic) 
148.50 (8 ,  aromatic) 
170.20 (5, c=o) 

-17.45 6.60 (4 H, aromatic AA'BB' system) 116.80 (d, aromatic) 
123.90 (d, aromatic) 
146.50 (s, aromatic) 
154.90 (s, aromatic) 

-18.90 2.20 (9, 3 H, CH3) 
6.65 (m, 4 H) 

21.10 (4, CH3) 
122.3 (d, aromatic) 

1500 136 
1170 
955 

1500 
1190 
950 
870 

1500 
1190 
950 
830 

3250 241-243 
1600 
1500 
1250 
1170 
945 

1755 179 
1495 
1160 
955 

3250 
1510 
1190 
940 
820 

1730 
1495 

122.8 (d, aromatic) 1370 
147.70 (s, aromatic) 1180 
149.40 (e, aromatic) 950 
170.00 (a, C=O) 

190 OOO for 7) was observed when 100% of the hydroxyl 
groups were formed. The same behavior was noted when 
poly[bis(4-(benzyloxy)phenoxy)phosphazenel (4) was 
treated with BBr3 under comparable experimental con- 
ditions (final measured weight-average molecular weight 
was 120 OOO starting from 2 500 000). 

A possible explanation for this strong degradation can 
be put forward on the basis of the formation, together 
with the complex OCH3/BBr3, of a second acid-base ad- 
duct between BBr3 and the nitrogen of the polyphos- 
phazene skeleton (see Figure l), which can induce chain 
scission of the polymer and degradation concurrently with 
a hydroxyl group deprotection reaction. 

The existence of similar adducts between Lewis acids 
and cyclophosphazenes has been proved in the case of 
AlBr3/(NPc1~)3,~* BC~~/[NP(OCH~CF~)ZI~,~~~~~ BC13/ 
(NPC12)3,3l and SOa/ [NP(OC6H&1332 couples, while a t  
the polymeric level they were found to be operative in the 
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zyloxy)phenoxy)phosphazenel(4) to synthesize the 100 % 
OH group containing polymer 7, in contrast to what was 
reported above for the formation of the hydroxylated tri- 
mer 5 from 2. 

Two main difficulties arose in this process. First, the 
deblocking of benzyl residues is a reaction which could 
never be driven to completeness, and only 5096, at  the 
maximum, of the original (benzy1oxy)phenoxy moieties 
could be successfully removed to form free hydroxyl 
functions. This occurred in spite of the numerous attempts 
carried out on polymer 4 using different experimental 
conditions (temperature, hydrogen pressure, percent cat- 
alyst, etc.). Second, the hydrogenation process was found 
to be highly irreproducible, and unpredictable percentages 
of OH groups were obtained in different experiments run 
under similar conditions. These facts seem to be related 
to poisoning phenomena in the Pd catalyst, probably due 
to the action of partially hydroxylated phosphazene 
copolymers formed in the process. 

It may be pointed out, moreover, that also during the 
hydrogenation process of 4, to produce partially hydrox- 
ylated phosphazene copolymers, chain breaking and 
degradation of the polyphosphazene substrate were ob- 
served; this is demonstrated by the measured value of the 
weight-average molecular weight (450 000) for acetylated 
copolymer (lo), as compared to the initial value of 2 500 O00 
for polymer 4. 

Functionalization Reactions of 5 and 7. Hydroxyl 
group containing phosphazene materials 5 and 7 promise 
to be very versatile substrates due to the high reactivity 
of OH functions in a large variety of conditions. 

Among the possible functionalizations which can be 
carried out to check the versatility of these substrates, the 
acetylation process seems to be very feasible, in view of 
the possible application of the acetylate trimer and 
polymers in photoresist technology.33 

Toward this aim hexakis(4-hydroxyphenoxy)cyclophos- 
phazene (5) and poly[bis(4-hydroxyphenoxy)phospha- 
zenel (7) were dissolved in dry pyridine and treated with 
an excess of acetic anhydride, according to the reaction 
sequence described in Scheme 11. 

The obtained products 6 and 8 show sharp singlets at 
6 = +9.01 and-18.90 in the 3lP NMR spectra, respectively, 
proving that both the inorganic ring and the chain are 
homogeneously substituted in this reaction. Moreover, 
the methyl group of the acetyl function in trimer 6 is 
identified by the singlets located at  6 = 2.30 (lH) and 6 = 
21.20 (13C). Analogous evidence can be provided for 
polymer 8, with singlets at 6 = 2.20 (‘H) and 6 = 21.20 
(‘3C). 

Other chemical modifications of phosphazenes 5 and 7 
carried out in our Institute are reported elsewhere.18Jg 

/ 

Figure 1. Acid-base adduct between BBr3 and the polyphos- 
phazene skeleton. 
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Figure 2. Percentage of free hydroxyl groups formed on the 
phosphazene polymer vs the [OCH31/[BBr31 ratio. 

case of the sulfonation of poly(diphenoxyphoephazene) 
(PPP) with sulfur trioxide.1’ In the last case, moreover, 
an excess of so3 is needed to sulfonate the aromatic ring 
of the phenoxy moiety in the PPP, in close analogy to 
what was observed with the hydroxyl group deprotection 
process using BBr3. 

(11) Partial Deblocking of [NP(OCsH40CH3)2In (3) 
by Reaction with BBr3. An attractive feature of the 
synthetic approach used to prepare free OH group 
containing polyphosphazenes is that the reaction of 3 with 
BBr3 can be modulated to produce phosphazene copol- 
ymers containing variable percentages of hydroxyl func- 
tions. This can be achieved, for instance, by reacting the 
(methoxyphenoxy)phosphazene polymer with different 
amounts of BBr3. 

Figure 2 reports [polymerl/[BBr3] vs percentage of 
formed OH functions in the phosphazene material and 
shows that a t  [OCH3]/ [Brl = 7.5 only 7 5% of the methoxy 
functions are transformed into free hydroxyl groups, while 
a large excess of [Brl equivalents (100%) is needed to 
remove all the CH3 protective groups of 3. 

The obtained phosphazene copolymers show, as ex- 
pected, an increasing hydrophilic character a t  higher 
degrees of deblocking, and the 100% OH-containing poly- 
phosphazene 7 was found to be soluble in dilute alkaline 
solutions. 

It may be observed, moreover, that the demolition of 
the polyphosphazene skeleton is parallel to the depro- 
tection process: the initial weight-average molecular 
weight (M,  = 2 500 000) of 3 decreases to 1 400 000 for the 
reaction in which only 7 %  of the methoxy protective 
functions are freed. 

The above-mentioned possibility of introducing “a pri- 
ori” controlled percentages of hydroxyl groups into selected 
phosphazene materials is an important fact in view of 
possible further functionalization reactions which may be 
carried out on these substrates. 

(111) Hydrogenation Reaction of Poly[bis(4-(ben- 
zyloxy)phenoxy)phosphazene] (4). Preparative com- 
plications were also found when we tried to extend Pd- 
catalyzed hydrogenation reactions to poly[bis(4- (ben- 
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