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A Duality of Mechanism in the Hydrolysis of Acyclic Phosphoranes 
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Acyclic phosphoranes, Ar,P(OR)5-, with n = 0-3 are shown to hydrolyse in neutral conditions by an SNI (P) 
mechanism for n = 1, 2, and 3 but by an sN2 (P) or addition-elimination mechanism for n = 0; this is analogous to 
the classical SN1 vs. SN2 mechanisms observed for solvolysis reactions at tetrahedral carbon. 

The reaction of three-co-ordinate phosphorus compounds (l), 
n = 0-3, with 2,2,2-trifluoroethyl phenylsulphenate (2) is 
now a well established and efficient route to acyclic phosphor- 
anes (3) [reaction (1) l . I  The reaction must be carried out in 
aprotic and preferably non-polar media (e .g .  toluene) since 
the phosphoranes, although thermally stable, are sensitive to 
moisture. The hydrolysis of acyclic phosphoranes [generalised 
by reaction (2)] has been studied for penta-aryloxy- 
phosphoranes2J and monocyclic tetra-alkoxyphenylphos- 
phoranes3 and in both cases it was concluded that the reactions 
proceeded through either an addition-elimination mechanism 
via a six-co-ordinate intermediate or an SN2 (P) mechanism 
with the six-co-ordinated species as a transition state. We now 
report a series of experiments for acyclic phosphoranes (3), 
n = 0-3, which reveals a duality of mechanism analogous to 

that obtained in the classical studies of solvolysis at tetrahedral 
carbon .4 

AI-,P(OR)~-, + 2PhSOCH2CF3 -+ 

(1) n = 0-3  (2) 

Ar,P(OR)3-n(OCH2CF3)2 + Ph2S2 
(3) 

Ar,P(OR)5-, + H 2 0  -+ Ar,P(0)(OR)3-, + 2 ROH (2) 

A number of phosphoranes (3), n=&3 and 
R = OCH2CF3, were prepared in high yield ( 2 9 5 % )  in 
toluene and were characterised by mass spectral, and 1H, 13C, 
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Table 1. 31P N.m.r. data (in C7D8) at 36.4 MHz for phosphoranes, Ar,P(OR)s-, and oxides, Ar,P(0)(OR)3-,, p.p.m. vs. 
85% H3P04. 

Phosphorane 6(3'P) Oxide 6(31P) A 8(31P) (oxide)/Hz 
Ph3P( OCH2CF3), 

PhP( OCHZCF3)4 
p( 0CH2CF3)5 

PhP( OE t)Z(OCH2CF3)2 

Ph2P(OCH2CF3)3 

(o-MeOC6H4)Ph2P( OCH2CF3), 

O-MeC6H4P( OE t),( OCf12CF3), 
( Pri0)3P( OCH2CF3), 

-59.1 
-45.6 
-61.0 
-77.1 
-54.5 
-61.3 
-57.6 
-79.4 

Ph3PO 
PhZP( 0) (OCHZCF,) 
PhP(O)(OCH,CF,), 
(CF3CH*0)3PO 
(o-MeOC6H4)Ph2P0 
PhP(O)( OEt), 
a 

b 

+28.1 1.22 
+33.1 1.46 
+20.6 1.71 
- 2.6 1.29 
+26.5 - 
+ 19.3 - 
+17.2 - 
- 5.0 - 

a Either o-M~OC,H,P(O)(OE~),~ o-MeOC,H,P(o)(oCH,CF,),, or o-MeOC,H,P(O)(OEt)(OCH,CF,). Either (PriO),PO, 
(PriO),P( 0)( OCH,CF,), or (PriO)P(O)( OCH2CF3),. 

t /min 

Figure 1. (a) In ([(3)], - [(3)lm) vs. time and (b) In ([(3)]j[H20],) vs. 
time for the hydrolysis of PhP(OCH2CF3)4 in toluene-12% MeCN at 
31 "C; [(3)J0 = 0.0788 M; [H20I0 = 0.0737 M. 

19F, and 31P n.m.r. data, the latter being given in Table 1 (cf. 
ref. 1). Hydrolysis of each of these phosphoranes by addition 
of a solution of H2180 in acetonitrile (to effect solubilisation of 
the water) gave the corresponding oxide and alcohol [reaction 
(2)] as the exclusive products. In each case the 1 8 0  was 
contained in the phosphoryl group as shown by isotope- 
induced chemical shift differences of ca. 1.5 Hz in the 31P 
n.m.r. spectra of the oxides (Table 1) and no 1 8 0  was detected 
in the product alcohol by g.c.-mass spectroscopy. Thus the 
products arise from attack of water at phosphorus leading to 
P-0 cleavage rather than 0-alkyl cleavage. 

Equimolar mixtures of pairs of phosphoranes were then 
hydrolysed by addition of an amount of water? equivalent to 
half the total phosphorane concentration in each mixture. The 
relative amounts of hydrolysis of each phosphorane were then 
estimated by the 31P n.m.r. signals of (i) the oxides formed and 
(ii) the residual phosphoranes. The response factors for the 
phosphoranes were established from the initial mixtures and 
the response factors for the oxides were determined by a total 
hydrolysis subsequent to each competitive experiment. The 
relative rates for hydrolysis are shown in Table 2. In one case 
(n  = 1) the hydrolysis was slow enough to be followed by 31P 
n.m.r. spectroscopy and the rate of reaction was shown to 

t The water was dissolved in acetonitrile to effect solubilisation and 
unless otherwise stated the final solvent composition was 12% (v/v) 
MeCN in toluene. 

step 
n = 1 - 3  

H20, fast 

0 OH 
I -ROH, fast 

[ArnP(OR)4-, I + ROH 
II 

Ar,P(OR), -, f 

H20, Am P(OR)5-n 
rate - I imiting 

n = O  step 

1 RO OR 
8 t  \ I  8- 

H~o--- -P-- - -oR J 
I \  
OR OR 

transit ion state  

1 
IH$P(OR)4 J t OR 

1 fast 

-ROH, fast 
O=P(OR), + ROH - [HOP(OR)4] + ROH 

Addition -el imination : 

RO OR 
H ~ O ,  rate-limiting + \ 1 -  

ArnP(OR)5-n 4A H20- P-OR 

n = O  
step OR ' 'OR 

Scheme 1 

follow first-order kinetics for the disappearance of (3) (Figure 
1). The data suggest a change of mechanism from SN1 (P) for 
n = 1-3 to sN2 (P) or addition-elimination for n = o$ 

$ This is substantiated by the fact that for y1 = 1 with 5% MeCN for 
solubilisation the reaction becomes overall second-order, i. e.  first- 
order in both (3) and H20.  This will be discussed in more detail in the 
full report but is what one would expect in a lower polarity medium. 
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Table 2. Relative rates of hydrolysis of phosphoranes, Ar,- 
P(OCH2CF3)s--n, in t0luene-12~/0 MeCN at 31 "C. 

n 
Relative rate 

0 l a  2 3 
23 1 2 16 

a For n = 1, kobs. = 1.20 +_ 0.05 x 10-3 s-1. 

Table 3. Hammett data from competitive experiments on the 
hydrolysis of Ar,P(OCH2CF3),-, with n = 3 and n = 1 in toluene- 
12% MeCN at 31 "C. 

(A) n = 3; Ar3P(OCH2CF3)2 VS. A I - ' ~ P ( O C H ~ C F ~ ) ~  

Ar3 Art3 klk' A2:o p 

(p-MeOC6H4)2Ph 
(p-MeOC6H4),Ph 
(p-MeOC6H4)Ph2 
(p - MeC,H4) P h2 

Average p = -1.00 f 0.2 

(B) n = 1; 
Ar 

p-MeC,H4 
Ph 
p-MeOC6H4 

p - Me OC6H4 
p-Me2NC6H4 
p-MeOC6H4 
p - Me 0 C6H4 

p-Me2NC6H4 

1.73 0.294 
2.21 0.268 
1.43 0.242 
1.27 0.098 
1.72 0.186 
1.68 0.207 
3.51 0.393 
1.30 0.170 
3.39 0.438 
1.05 0.026 
1.64 0.268 
2.18 0.320 
1.14 0.061 
2.14 0.356 

ArP(OCH2CF3), vs. Ar'P(OCH2CF3)4 
Ar' 

m-MeC6H4 

Ph 
p-ClCGH4 

p-MeOC6H4 
p-CIC6H4 
Ph 
p-MeC6H4 
m-MeC6H4 

Average p = -1.30 f 0.3 

1.24 0.101 
2.43 0.227 
2.37 0.268 
5.29 0.562 
6.66 0.495 
9.22 0.830 
1.22 0.098 
2.01 0.199 

-0.81 
- 1.29 
-0.64 
- 1.06 
- 1.27 
-1.09 
-1.39 
-0.67 
- 1.21 
-0.81 
-0.80 
- 1.06 
-0.93 
-0.93 

-0.92 
-1.70 
-1.40 
-1.29 
-1.66 
-1.16 
-0.88 
- 1.52 

(Scheme 1). One of the principal criteria used to establish the 
latter mechanism2 was the observation of steric retardation of 
the rate by increasing the bulk of the substituents around 
phosphorus. Accordingly, we determined the relative rate of 
hydrolysis for (PriO),P( OCH2CF3)2 vs. P(OCH2CF3)5 to be 
1 : 9.7. This is clearly another example of steric retardation 
and in agreement with literature data reveals an S N 2  (P) or 
addition-elimination mechanism with the addition step being 
rate-limiting. Conversely and in accord with an SN1 (P) 
mechanism, ortho-substituents introduced into the aryl groups 
of (3), n = 1 or 3, caused steric acceleration of the reaction with 
o-MeC6H4P( OEt)2( OCH2CF3)2 : PhP( OEt)2( OCH2CF3)2 = 
6.8 : 1 and ( o - M ~ O C ~ H ~ ) P ~ ~ P ( O C H ~ C F ~ ) ~  : Ph3P(OCH2- 

The p-values for a series of phosphoranes derived from 
Ar3P and ArP(OCH2CF3)2 were -1.0 (k0.2) and -1.3 
(k0.3) respectively (Table 3). Thus a low degree of positive 
charge develops on phosphorus in reaching the transition state 
in accord with the proposal of an S N 1  (P) mechanism for both 
series of phosphoranes and in contrast to the positive p-values 
expected for an addition-elimination route ,2 Finally it is 
interesting that the magnitude of p observed in these 
experiments is small enough to suggest that the transition state 
for n = 1-3 resembles the ion-pair rather than solvent- 
separated ions in which a full positive charge would be 
developed on phosphorus. 
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