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Thermal Polymerization of Spiroacyloxyphosphoranes and the 
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Compounds and a-Hydroxy Acids 
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ABSTRACT This paper is concerned with the ring-opening polymerization of spiroacyloxyphosphoranes 
1 which were prepared by the condensation between cyclic phosphorus(II1) compounds and a-hydroxy acids 
in the presence of diphenyl disulfide as a dehydrogenating agent (oxidant). On heating, 1 was polymerized. 
The product polymers consisted of phosphate or phosphonate unik in the main chain. In addition, two “in 
situ” oligomerizations were observed. When a reaction mixture producing 1 was allowed to stand a t  room 
temperature without isolation of 1 for a long time, e.g., 3 days, oligomers of 3 were produced along with 
benzenethiol. The second in situ oligomerization was observed with benzilic acid as the a-hydroxy acid 
component. The corresponding spirophosphorane could not be isolated in the second case because of a lack 
of stability, and only an oligomer was obtained. A reaction scheme involving a zwitterion intermediate is 
suggested for the thermal polymerization and for the in situ oligomerization. 

we reported the preparation and polym- 
erization of several spiroacyloxyphosphoranes having 
general formulas 1 and 2.14 Thermal polymerization of 

1,x= 0 
2, X = CH, 

3 , X = O  
4, X =  CH, 

1 and 2 has been interpreted by the intermediacy of 
zwitterions which are formed by the heterolytic cleavage 
of the carboxy-phosphorus b ~ n d . ~ ? ~  On the other hand, 
we have established recentlf another facile method (eq 
2) for obtaining spiroacyloxyphosphoranes, involving a 
condensation of an a-hydroxy acid with cyclic phosphorus 
compounds 5 in the presence of diphenyl disulfide as a 
dehydrogenating agent (oxidant). This method allowed 

R’-$ P + 

5a, R’ = Ph 
b, R1 = OMe 

R2 

1 ( 2 )  
+(PhS12 
-2PhSH 

I 
I 

W-C-CO2H 

l a .  R’ = Ph: R’ = R’ = H R3 

the syntheses of various homologues which were not ac- 
cessible before. In the present paper we report (a) the 
thermal polymerizations of these new phosphoranes 1 and 
(b) the “in situ” oligomerization which occurred in the 
reaction mixture of three components producing 1 (eq 3). 
When the reaction mixture of the three components was 
allowed to stand at  room temperature, the corresponding 
oligomer was formed together with benzenethiol. Some- 
times the spiroacyloxyphosphorane was not stable enough 
and it was polymerized in the reaction cited above or as 
soon as it was formed. Thus, the cooligomer of 5 and 6 
was produced directly by the aid of diphenyl disulfide. It 
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1 0 

PhSSPh 1 . 
3a, R’ = Ph; R2 = R’ = H 
b, R’ = Ph; R’ = H; R3 = Me 
c, R’ = Ph; R2 = H; R3 = Ph 
d, R’ = Ph; R2 = R’ = Me 
e, R’ = OMe; RZ = R’ = H 
f, R’ = R2 = R’ = Ph 

is a new type of cooligomerization. 

Experimental Section 
Materials. The P(II1) compounds [2-phenyl- and 2- 

methoxy-1,3,2-dioxaphospholanes (Sb)”] were prepared as pre- 
viously reported. a-Hydroxy acids [glycolic (6a), lactic (6b), 
mandelic (6c), 2-hydroxy-2-methylpropionic (sa), and benzilic 
acids (6e)l were commercial reagents. 

Preparation of 1. A typical preparation of 1, which was carried 
out with complete exclusion of moisture, follows. Three millimoles 
of 5a was allowed to react with a mixture of equimolar amounts 
of 6a and diphenyl disulfide in diethyl ether (6 mL) at  room 
temperature. After 2 h, both the solvent and benzenethiol (by- 
product) were removed to dryness by evaporation under reduced 
pressure. The residue obtained was then recrystallized from a 
mixture of dichloromethane and diethyl ether to give white crystals 
of la. The results and the characterizations of 1 are summarized 
in Table I. 

Thermal Polymerization of la, Id, and le. The following 
general procedure was performed and is similar to that already 
reported by Acyloxyphosphorane (1.0 mmol) with or 
without solvent (1 mL) was placed, under nitrogen, in a sealed 
tube. After the sealed tube was kept at the desired temperature, 
2 mL of chloroform was added to the system. Then the solution 
was poured into a large excess of a diethyl ether-n-hexane (1:l) 
mixed solvent to isolate the polymeric product. The polymer 
obtained was purified by repeated reprecipitation by the com- 
bination of chloroform (solvent) and diethyl ether-hexane (pre- 
cipitant). 

Cooligomerization of 5a with Benzilic Acid (6e). Com- 
pounds 5a and 6e (3 mmol of each) were added to diethyl ether 
(5 mL) containing an equimolar amount of diphenyl disulfide. 
At 0 OC and after 2 h, the reaction mixture deposited an oil 
polymeric material, which was isolated and purified as described 
above. 

Results and Discussion 
Thermal Polymerization of Spiroacyloxy- 

phosphoranes. We have already reportede the polym- 
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Table I 
Syntheses of Various Acyloxyphosphoranes (Eq 2 ) 

DhosDholane 5a a-hvdroxv acid 6 =  1 mp. "C % yieldb 

spirophosphorane 

Macromolecules 

5a 6a l a  128  77 
5a 6b l b  56 66  
5a 6c IC 108 66  
5a 6d I d  1 6 1  76  
5bC 6a l e  liquid 8 3  

a [5 ]  = [6 ]  = [PhSSPh] = 3 mmol in 6 mL of diethyl 
After recrystallization from the solvent system 

The reaction was carried out  in 
ether. 
diethyl ether/CH,Cl,. 
acetonitrile ( 4  mL) at  80 "C. The product l e  was isolated 
on  evaporation of both the solvent and the benzenethiol, 
which was not further purified: 'H  NMR (CDC1,) 6 3.90 

H); 31P NMR (CHCl,) 6 -33.3. Anal. Calcd for 
C,H,O,P: C, 30.63; H, 4.63; P, 15.80. Found (very 
hygroscopic): C, 30.18; H, 4.98; P, 15.47. 

erization of lb and IC; these two compounds were prepared 
by a different method and involved the reaction of 5a with 
pyruvic and phenylglyoxylic acids, re~pectively.~ By the 
new synthetic method, la,d,e could be prepared for the 
first time. Some typical results of the thermal polymer- 
ization of them are shown in Table 11, where the data for 
lb and IC are also given for reference. 

In all runs, the polymerization took place without added 
initiator to produce colorless waxy polymer. The bulk 
polymerizations of la and Id gave higher yields and higher 
molecular weights in comparison with those of the solution 
polymerizations. Indeed, le was polymerized under milder 
conditions in CHCl,, since it gave an unknown insoluble 
substance when it was heated in bulk at  80 OC. The 
structures of these polymers, consisting of phosphonate 
or phosphate groups, were established by the following 
analytical data. 3a (from la): 'H NMR (CDC13) 6 3.9-4.8 
(m, OCH2CH20, 4 H), 4.68 (d, JP-H = 7.5 Hz, OCH2C02, 
2 H), 6.9-8.1 (m, aromatic H, 5 H); IR (neat) 1740 ( u c d  
of ester), 1220 (urn), 1070 (up=) cm-', etc. Anal. Calcd 
for [CloH1105P~(H20)o.l]p: C, 49.23; H, 4.63; P,  12.70. 
Found (hygroscopic): C, 49.00, H, 4.92; P, 12.43. 3d (from 

(m, OCH,CH20, 4 H), 7.0-7.8 (m, aromatic H, 5 H); IR 
(KBr) 1743 ( U C ~  of ester), 1248 (up+), 1110 (uc-o), 1030 

cm-l, etc. Anal. Calcd for [ClzH,505P.(HzO)o.slp: 
C, 51.29; H, 5.81; P, 11.02. Found (hygroscopic): C, 51.16; 
H, 5.72; P, 11.29. 3e" (From le): lH NMR (CDC13) 6 
3.5-4.0 (broad, OCH3, 3 H), 4.0-4.5 (broad, OCH2CH20, 
4 H), 4.5-4.9 (d, JP-H = 10 Hz, OCH2C02, 2 H); IR (neat) 
1750 (UC=O of ester), 1250 ( u p d ) ,  1050 (up-04) cm-', etc. 
Anal. Calcd for [C5H906P~(H20)0.5]p: C, 29.28; H, 4.91; 
P,  15.10. Found (hygroscopic): C, 29.02; H, 5.02; P, 15.25. 
The molecular weight of the polymer did not increase, even 

(d,Jp-H= 14.3 Hz, OCH,, 3 H), 4.08 ( d , J p - ~ =  13.5 HZ, 
OCH,CH,O, 4 H), 4.25 (d,  JP-H = 14.0 Hz, OCH,CO,, 2 

Id): 'H NMR (CDC13) 6 1.45 (9, (CH,)&<, 6 H), 3.8-4.4 

when the reaction was allowed to continue for a longer 
time. This may be due to the moisture in the samples of 
1, which are very hygroscopic. 

Cooligomerization of 5a with a-Hydroxy Acids. As 
described in the Experimental Section, the three-compo- 
nent reaction of 5a, 6e, and PhSSPh in diethyl ether 
produced an oligomer having the formula of 3f (R' = R2 
= R3 = Ph) with 2 equiv mol of benzenethiol. The cor- 
responding spirophosphorane If (R' = R2 = R3 = Ph) 
could not be isolated. At  0 "C the oligomer yield reached 
70% (MW = 880) after 2 h. 3f: 'H NMR (CDC13) 6 3.6-4.4 
(broad, OCH2CH20, 4 H), 6.3 (broad s, terminal OH and 
C02H, 1 H), 6.8-7.8 (m, aromatic H, 15 H); 31P NMR 
(CHCl,, 85% H3P04 external standard) 6 +13.8; IR (neat) 
1730 (uC4 of ester), 1215 (uP4), 1020 (up-O4) cm-', etc. 
Anal. Calcd for (CzzHl9O5P-Hz0),: C, 64.08; H, 5.13; P, 
7.51. Found (hygroscopic): C, 63.78; H, 5.22; P,  7.89. 
However, no reaction was observed in such solvents as 
acetonitrile, DMF, acetone, chloroform, and dichloro- 
methane. 

A similar "in situ" oligomerization was observed with 
the la and Id systems when the ethereal reaction solutions 
were allowed to stand at  room temperature for 3 days. 
Oligomers 6a and 6d were produced directly. The results 
are summarized in Table 111. In every case, the molecular 
weight value corresponds to dimer or trimer of the unit 
structure of 3. The 'H NMR spectrum of the cooligomers 
showed a broad signal around 6 6.0-7.0, which may be 
ascribed to the one derived by the fast proton exchange 
of both OH and C02H groups. The signal disappeared 
completely with D20 treatment. The degree of oligo- 
merization calculated on the basis of the integral values 
agreed well with the observed one. This suggests that the 
oligomers carry the carboxyl and hydroxyl groups at the 
chain ends which are generated by the hydrolysis during 
the workup procedure (see reaction scheme). Conceivable 
benzenethiol terminal groups were not detected at  all by 
NMR. The possibility of the production of cyclic oligomers 
cannot be ruled out, even though it has not been positively 
indicated. 

In the cases of 6a and 6d, the phosphoranes la and Id 
are intermediately formed, respectively, prior to their 
oligomerization. This was firmly established by direct 31P 
NMR observation of the reaction system of 5a, 6a, and 
PhSSPh. The signal appearing at -22 ppm due to la was 
the sole one after 3 h, which was gradually replaced by the 
signal at +17 ppm of the oligomer unit 3a. After 3 days, 
[la]/ [3a] became 1.0/5.0. This ring-opening reaction of 
la and Id may be caused by the catalysis of benzenethiol, 
as these phosphoranes themselves are very stable at room 
temperature. On the other hand, in the case of 6e, the 
formation of the corresponding spirophosphorane was not 
detected at  all during the course of cooligomerization as 
monitored by 31P NMR spectroscopy. Two possibilities 

Table I1 
Thermal Polymerizations of Acyloxyphosphoranes 1 

polymer 
phosphoranea solventb temp, "C time, h %yield structure mol wtC  

l a  PhCN 130  10 45  3a 1370 
l a  130  24 72 3a 2020 
I d  PhCN 120  30 44 3d 2350 
I d  130  30 74 3d 2860 
l e  CHC1, 70 60 71 3e 1610 
lbd  PhCN 120 32 49 3b 1410 
1 C d  CH,CN 120  30 37 3c 1870 

a 1.0 mmol of each. 1.0 mL. Determined by vapor pressure osmometry in CHC1, (at 35  "C). The data were re- 
ported previously.6 
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Table I11 
Cooligomerizations” of 5a with a-Hydroxy 

Acids by means of PhSSPh 

or-hydroxy acid time, days % yield structure mol wt 

6a 3 98 3a 7 1 0  
6d 4 14 3d 7 7 0  
6e 1 7 3  3f 1240 

“ 3 mmol of 5a, 6, and PhSSPh was used. The reaction 
was done a t  room temperature. Determined by vapor 
pressure osmometry a t  35 “C (chloroform). 

polymer 
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action between 6 and the first formed intermediate 8 from 
5 and diphenyl disulfide.s A t  room temperature, the in- 
tramolecular cyclization of 7 is faster than its polymeri- 
zation to 3. Thus, the related “in situ” cooligomerizations 
of 5a with 6a and with 6d are assumed to be the homo- 
oligomerizations of the corresponding acyloxyphosphoranes 
la and Id, respectively, with benzenethiol catalyst. Elu- 
cidation of the detailed mechanism,12 however, requires 
further studies. On the other hand, the cooligomerization 
of 5a, with 6e occurred directly without the formation of 
spiroacyloxyphosphorane. It may be ascribed to the 
bulkiness of two phenyl groups, which prevents the cy- 
clization of the zwitterion 7 (R’ = R2 = R3 = Ph). 
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Scheme of Polymerization. As in the case of other 
spiroacyloxyphosphoranes in a previous paper,2@ the 
thermal polymerization of 1 in the present study is 
schematized as follows: 

7 

(4 )  

8 

First the heterolytic cleavage of the carboxy-phosphorus 
bond takes place to produce a zwitterion 7, and then 
propagation of 7 occurs through the opening of the 
phosphorus-containing ring by nucelophilic attack of 
carboxylate of another zwitterion. 

For the formation of 1, a zwitterion 7 is considered as 
the intermediate which is produced by the exchange re- 

( 5 )  


