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Abstract: The hydrolysis reactions of three aryl-substituted spirobicyclic oxyphosphoranes (Ia-c) have been studied in aqueous 
solution. These are characterized by an H+-catalyzed reaction extending to about p H  9.54 sharply changing there to an 
OH--catalyzed reaction. The acid reaction is general acid catalyzed (a = 0.74) and appears to be a dissociative process directly 
analogous to the general acid catalyzed hydrolysis of an acetal or ortho ester. Features indicative of this type of reaction include 
a negative p value based on the variation of the aromatic substituent, a near-zero entropy of activation, and a slightly inverse 
solvent isotope effect. The hydroxide ion reaction appears to be an associative process proceeding through a hexacoordinated 
phosphoroxanide ion. Evidence for this includes a positive p value (+2.5) and a significantly negative entropy of activation. 
General base catalysis is also observed; this also appears to be an  associative process on the basis of a positive p value. 

The hydrolysis of phosphate is thought to proceed in 
many cases by way of a pentacoordinate intermediate. A large 
number of analogues of this intermediate, commonly termed 
oxyphosphoranes, have now been prepared (see ref 3-10 for some 
recent examples including some observable hydroxyphosphoranes). 
The structural characteristics of these species have been studied 
extensively, particularly with respect to their tendency to undergo 
permutational isomerization, and a reasonable understanding of 
this aspect of their chemistry has emerged.1J1s12 

The hydrolysis reactions of oxyphosphoranes, on the other hand, 
have seen little mechanistic study, principally because of the speed 
of the r ea~ t ion . '~ , ' ~  A detailed investigation involving penta- 
aryloxyphosphoranes (P(OAr)5) has been reported by Archie and 
Westheimer,14 although a mixed aqueous organic solvent mixture 
was required to keep the rates in an observable range. 

We report here a kinetic study of the hydrolysis of the spiro- 
bicyclic oxyphosphoranes Ia-c. We in particular felt it of interest 

CH-  
O/-<CH2 

I "\ 
0, /CH2 
1 -  

CH2 

Ia, Ar = 4CH,C,H, 
b, Ar = C,H, 
c, Ar = 4CIC,H, 

(1) Westheimer, F. H. Acc. Chem. Res. 1968, 1 ,  70-78. 
(2) Kirby, A. J. In "The Organic Chemistry of Phosphorus"; Elsevier: 

(3) Beer, P. D.; Edwards, R. C.; Hall, C. D.; Jennings, J. R.; Cozens, R. 

(4) Navech, J.; Kraemer, R.; Majoral, J. P. Tetrahedron Lett. 1980, 

(5) Cadogan, J. I. G.; Stewart, N. J.; Tweedle, N. J. J .  Chem. Soc., Chem. 

(6) Segal, Y.; Granoth, I. J.  Am. Chem. SOC. 1978, 100, 5130. 
(7) Antczak, S.; Bone, S. A.; Brierly, J.; Trippett, S. J .  Chem. Soc., Perkin 

(8) Chang, L. L.; Denney, D. B.; Denney, D. Z.; Kazior, R. J. J .  Am. 

(9) Granoth, I.; Martin, J. C. J. Am. Chem. SOC. 1979, 101, 4618. 
(10) Munoz, A.; Garriques, B.; Koenig, M. Tetrahedron 1980, 36, 

(11) (a) Ramirez, F. Acc. Chem. Res. 1968, 1 ,  168-174. (b) Ramierez, 
F.; Ugi, I. Adu. Phys. Org. Chem. 1971, 9, 25-126. (c) Ramirez, F.; Ugi, I. 
Bull. SOC. Chim. Fr. 1974, 453-470. 

(12) Holmes, R. R. Ace. Chem. Res. 1979,12, 257-265. 
(13) Ramirez, F.; Madan, 0. P.; Desai, N. B.; Meyerson, S.; Bauer, E. M. 

J. Am. Chem. SOC. 1963,85, 2681-2682. Denney, D. B.; Gough, S. T. D. 
Ibid. 1965, 87, 138-139. 

(14) Archie, W. C.; Westheimer, F. H. J. Am. Chem. Soc. 1973, 95, 
5955-5959. 

London, 1967. 

J. J.Chem. Soc., Chem. Commun. 1980, 351-352. 

1449- 1452. 

Commun. 1979, 191. 

Trans. 1977, 278-281. 

Chem. SOC. 1977, 99, 2293-2297. 

2467-2482. 

to study an oxyphosphorane with an alkoxy leaving group rather 
than an aryloxy, since there should be a significant difference 
between the twQ, as indeed we have found. The aryl group directly 
attached to the phosphorus obviously provides a handle for relating 
charge buildup at the phosphorus in the transition state. The 
particular phosphorus Ia-c were chosen because of their ease of 
synthesis and also because of s~ggestions'~ that the general stability 
order of oxyphosphoranes is spirobicyclic > monocyclic > acyclic. 
We do find that Ia-c are sufficiently stable in wholly aqueous 
media for a detailed investigation over essentially the entire pH 
range. 

Experimental Section 
Materials. Phosphoranes Ia-c were prepared following the general 

procedure of Cadogan and co-workers5. Aryldichlorophosphines (aryl 
= phenyl, commercially available (Aldrich), and aryl = 4-methylphenyl 
and 4-chloropheny1, prepared according to ref 16) were converted" to 
2-aryl-1,3,2-dioxaphospholanes. The freshly prepared phospholan (0.01 
mol) was dissolved in 10 mL of dry methylene chloride, and to a stirred 
solution cooled in an ice bath, a solution of phenyl azide1* (0.01 mol) in 
5 mL of methylene chloride was added over 2 min. The ice bath was 
removed and the reaction mixture stirred at room temperature for 15 
min. The flask was again cooled in an ice bath, and dry ethylene glycol 
(0.01 mol) was added all at once, followed by 10 mL of dry ether. This 
was allowed to stand at room temperature for 30 min. During this time 
a small amount of white powder precipitated. This solidL9 was removed 
by filtration in a water-free environment (glove box). (All filtrations were 
carried out in this way.) The filtrate was evaporated on a rotary evap  
orator to remove solvent, followed by evacuation at 0.1 Torr to remove 
aniline. Dry ether (15 mL) was added, and the oxyphosphorane was 
filtered. A white crystalline solid was obtained which could be recrys- 
tallized from ether containing a small amount of methylene chloride. The 
phosphorane Ib had mp 124-125 OC: 1H NMR 6 7.6-8.0 (m, 2 H), 
7.3-7.5 (m, 3 H), 3.5-4.1 (symmetrical m, 4 H); IlP NMR, b -19.3. 
Anal. Calcd for CI0Hl3O4P: C, 52.64; H, 5.74; P, 13.57. Found: C, 
52.73; H, 5.81; P, 13.45. Ia had mp 110-1 12 "C: IH NMR 6 7.73 (dd, 
J = 13 and 8 Hz, 2 H), 7.25 (dd, J = 5 and 8 Hz, 2 H), 3.5-4.1 
(symmetrical m, 4 H), 2.37 (s, 3 H). Anal. Calcd for CL1Hl5O4P: C, 
54.55; H,  6.24; P, 12.79. Found: C, 54.71; H, 6.21; P, 12.65. IC had 
mp 122-123 OC: 'H NMR, 6 7.60 (dd, J = 13 and 8 Hz, 2 H), 7.30 (dd, 
J = 5 and 8 Hz, 2 H), 3.5-4.1 (symmetrical m, 4 H). Anal. Calcd for 
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Figure 1. Absorbance changes. Curve A - curve B represents the 
spectral change observed with the phosphorane Ib in pH 6.5 buffer. 
Curve C - curve B represents the spectral change observed with the 
phosphonium ion IV in 0.1 M HCI. Concentrations in each case are 
about lo-) M. 

C,0H12C104P C, 45.73; H, 4.61; P, 11.79. Found: C, 46.01; H, 4.71; 
P, 11.60. 

Ethylene phenylphosphonate was prepared as previously describedZo 
from phenylphosphonic dichloride, ethylene glycol, and 2 equiv of pyri- 
dine. Dimethyl phenylphosphonate and di(2-methoxyethyl) phenyl- 
phosphonate were prepared in a similar manner, using in place of the 
glycol 2 equiv of methanol or 2-methoxyethanol. The latter ester had 
a IH NMR spectrum (CDCI,) of 6 7.4-8.0 (m, 5 H), 4.1-4.4 (m, 4 H), 
3.5-3.7 (m, 4 H),  and 3.33 (s, 6 H). 

Trimethoxyphenylphosphonium trifluoromethanesulfonate was ob- 
tained as an equilibrium mixture with dimethyl phenylphosphonate and 
methyl trifluoromethanesulfonate by mixing the latter two in dry meth- 
ylene chloride. The reaction, which requires several hours to reach its 
equilibrium position, can be followed from the change in the CH3-0 
protons in the IH NMR spectrum of the solution. The equilibrium 
constant, as determined by NMR integration, is near unity. For this 
reason a 2-3-fold excess of methylating agent was used in order to form 
as much salt as possible. 

Products. Products were analyzed by adding to aqueous D20  solutions 
a small quantity of phosphorane and recording the 'H N M R  spectra. 
Comparison spectra in the same solutions were obtained for di(2-meth- 
oxyethyl) phenylphosphonate, a model for di(2-hydroxyethyl) phenyl- 
phosphonate, one of the possible products, and ethylene phenyl- 
phosphonate, the other possible product. The cyclic ester undergoes 
hydrolysis to mono(2-hydroxyethyl) phenylphosphonate during the time 
required to record the NMR spectra. The diester is stable to further 
hydrolysis in acid, although a relatively rapid hydrolysis does occur in 
base. 

The characteristic features of these spectra are a multiplet at 6 4.1-4.5 
associated with CH20P=0 and a multiplet at 6 3.6-4.0 associated with 
C H , O H .  The product mixture from the phosphorane also shows a sharp 
singlet on the edge of the upfield multiplet (6 3.6) assignable to ethylene 
glycol. This product should be formed in an equal amount along with 
the monoester derived from further hydrolysis of the cyclic ester. If this 
is assumed to be the case, then the mon0ester:diester ratio can be cal- 
culated as ( 2 6  - 2Zl)/(3Z, - Zh) where 1, and Il are the NMR integrations 
of the high-field and low-field peaks, counting the ethylene glycol with 
the high-field multiplet. 

Kinetics. (a) Phosphorane (pH 6 8 ) .  A 1-WL solution of the phos- 
phorane in dry methylene chloride was injected into a thermostated 1-cm 
UV cell and the increase in absorbance at  263 nm (Figure 1) was mon- 
itored on a Unicam sp 1800 spectrophotometer. First-order rate con- 
stants were calculated as slopes of In (A, - A) vs. time. 

(b) PhaPphorane (pH <6). The phosphorane dissolved in dilute (0.002 
M) carbonate buffer, pH -9.5, was mixed in a Durrum-Gibson stop- 

(20) Edmundson, R. s.; Wrigley, J. 0. L. Tetrahedron 1967,23,283-290. 

ped-flow spectrophotometer with an appropriate acid or buffer, and the 
absorbance increase at 263 nm was monitored as in (a). The data from 
these experiments were digitized and fed directly to a Tektronix 4051 
minicomputer for analysis. 

(c) Phosphorme (pH >9). In this pH region the subsequent hy- 
drolysis of the ester products makes the direct spectrophotometric de- 
termination of the rate constant as in (a) and (b) difficult, and the 
following approach was therefore used. The phosphorane was dissolved 
in an appropriate buffer or base and rapidly loaded into one syringe of 
the stopped-flow apparatus, the other syringe of which carried an acetate 
buffer whose concentration was such that the pH after mixing in the 
stopped-flow apparatus was about 4.5. At appropriate times the stop- 
ped-flow apparatus was activated, and the first-order trace corresponding 
to the relatively rapid pH 4.5 hydrolysis was recorded. This process was 
repeated 8-10 times over a 5-50-min period. First-order rate constants 
for the hydrolysis at  high pH were obtained from a plot of In (A, - A &  
vs. t ,  where t is the time of firing of the stopped-flow apparatus, and (A, 
- Ao), is the total absorbance change which is observed in the hydrolysis 
in the pH 4.5 buffer. 

The basis of this approach is that the phosphorane does undergo a 
reasonable absorbance change on hydrolysis at pH 4.5. This absorbance 
change is accurately first order and is unaccompanied by problems as- 
sociated with subsequent hydrolysis of the ester products. The mixing 
experiment described above therefore results in the relatively rapid hy- 
drolysis of unreacted phosphorane present in the high pH solution. The 
total absorbance change observed during this acid hydrolysis provides a 
measure of the quantity of phosphorane present in the base. The stop- 
ped-flow apparatus was used for this experiment for several reasons. By 
being able to see the first-order spectral change associated with the acid 
hydrolysis we could ensure that this change does correspond to the desired 
process, and is not associated with or complicated by some artifact. 
Excellent first-order traces were observed for the pH 4.5 hydrolysis, with 
the same rate constant being obtained on each mixing with the same base 
solution. The stopped-flow apparatus provides thermostating for the 
solutions in the drive syringes, with a limit of about 10 firings before 
reloading is necessary. Finally with the apparatus linked directly to a 
minicomputer, highly precise values of the two required absorbances 
could be obtained. Good first-order plots for the base hydrolysis were 
obtained using this approach. In one case, a solution of pH 7.6, rate 
constants were obtained using both the direct methods of (a) and (c) and 
excellent agreement was found. 

(a) Trimethoxyphenylphosphonium Ion. The methylene chloride so- 
lution in which this ion had been prepared was injected directly into a 
thennostated UV cell, and the absorbance decrease was monitored at 275 
nm (Figure 1). Rate constants were shown to be independent of the 
actual ratio of reagents used in the preparation and were not affected by 
the excess methyl trifluoromethanesulfonate. 

Results 
Products. Both a di(2-hydroxyethyl) arylphosphonate and an 

ethylene arylphosphonate are formed as products of the hydrolysis 
of the phosphoranes Ia-c, the cyclic phosphonate ester being 
accompanied by an equivalent amount of ethylene glycol (eq 1). 

n 0 

pH>IO II 
ArPOCHZCHzOH - ArPOCHZCHzOH 

t 

HOCHzCHzOH 

The cyclic ester is not stable at any pH and is converted to a 
mono(Zhydroxyethy1) arylphosphonate. The diester is stable to 
further hydrolysis in neutral and acid solutions, although hydrolysis 
does occur in base. 

Quantitatively, 50 f 10% of the diester is produced in acid 
solutions (pH 1-3). This number seems relatively insensitive to 
the aromatic substituent, as well as to the acidity, although small 
variations may be hidden because of the imprecision of our analysis 
which is based on NMR integration of slightly overlapping peaks. 
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Figure 2. Rate constants (25 OC, p = 0.1) at  zero buffer concentration 
in the hydrolysis of oxyphosphorane Ib. The line drawn is calculated as 
5.3 X 104[H+] + 0.062[OH-]. The dashed curve refers to the hydrolysis 
of pentaphenoxyphosphorane in 75:25 dimethoxyethane:waterI4 and is 
calculated as 16.4[H+] + 0.202 + 12.0[OH-]. 

We were unable to obtain a ratio in neutral solution because the 
phosphorane does not dissolve sufficiently to allow N M R  spectra 
to be recorded. (Solution occurs in the strong acids only because 
of the speed of the hydrolysis). In base solution both ester products 
undergo hydrolysis more rapidly than the phosphorane, and it is 
not possible to determine what products are formed initially. 

Kinetics. First-order rate constants for the hydrolysis of the 
phosphoranes were obtained over a range of pH and were found 
to obey the relationship of eq 2. Figure 2 depicts a rate-pH profile 

kobsd = ~ H [ H + ]  + kOHtOH-1 + kHA[HAl + kB[Bl (2) 

based on extrapolation to zero buffer concentration. Buffer ca- 
talysis is observed, representing general acid catalysis a t  pH <9 
and general base catalysis a t  pH >lo. Catalytic coefficients and 
some derived parameters are listed in Table I. A Brernsted plot 
for Ib based on H+, HCOOH, CH3COOH, and HzP04- catalysts 
is reasonably linear (correlation coefficient = 0.998) with slope 
a = 0.74. 

A few control kinetic experiments were carried out on the 
phosphonate ester products, using di(2-methoxyethyl) phenyl- 
phosphonate as a model for the diester product. These experiments 
were conducted in order to establish that the rates referred to in 
eq 2 and Table I do refer to oxyphosphorane hydrolysis, and not 
some subsequent ester hydrolysis. Ethylene phenylphosphonate 
does undergo an acid hydrolysis, but the rate is slower than that 
observed with the phosphorane by a factor of lo4. The diester 
is stable in acid even over several days. Both esters undergo 
hydrolysis in sodium hydroxide ion solutions, a t  a rate which is 
greater than that associated with the oxyphosphoranes. 

= 0.1 were also carried 
out for the hydrolysis of the trimethoxyphenylphosphonium cation 
to dimethyl phenylphosphonate and methanol. Over the pH range 
1-6, rate constants at zero buffer concentration are independent 
of pH with ko = 4.0 X 10-3 SKI. General base catalysis by added 
buffers is observed, with k(CNCH2COO-) = 0.027 M-' s-l, k- 
(MeOCH2COO-) = 0.085 MK1 s-l, and k(CH3COO-) = 0.385 

Kinetic experiments a t  25 OC and 

Table 1. Rate Constants for the Hydrolysis of Phosphoranee 

phos- 
phor- 
ane catalyst k (M-' SKI) 

Ib H+ 5.25 X lo4 
Ib D' 7.6 X 10, 

Ib Hf (35.0") 1.09 X lo5 
Ib H+ (16.0") 2.85 x 104 

Ib 
Ia 
IC 
Ib 
Ib 
Ib 
Ia 
IC 
Ib 
Ib 
Ia 
Ib 
I C  
Ia 
IC 
Ib 
Ib 

Ht (45.0") 
H+ 
H' 
HCOOH 01 = 1.0) 
CH,COOH 01 = 1.0) 
H2PO; 01 = 1.0) 
H,PO,- (p  = 1.0) 
H,PO,- (p = 1.0) 
HC0,- 
Et,N 
co,2- 
C0,'- 
C0,Z- 
OH- 
OH- 
OH- 
OH- (19.0') 

2.10 x 105 
1.2 x 105 
3.0 x 105 
9.9 
1.1 
0.083 
0.101 
0.043 

-0.001 
0.002 
0.007 
0.016 
0.045 
0.023 
0.222 
0.062 
0.038 

Ib OH- (32.1') 0.106 

derived 
parameter 

k H / k D  = 0.7 

AH* = 11.2 
kcal/mol 

AS* = 1.2 eu 
p = -1.0 

p = -0.9 

p = +2.1 

p = +2.5 

AH'= 13.3 
kcal/mol 

AS* = -19 eu 

25 "C, p = 0.1, unless stated otherwise. 

M-' s d .  The Brransted ,f3 value based on the three carboxylate 
catalysts is 0.51. 

The following experiment was carried out in an attempt to 
detect the cyclic phosphonium salt that we propose (see Discussion) 
as an intermediate in the acid hydrolysis of the phosphoranes. The 
phosphorane Ia in pH 9.5 buffer was mixed in a stopped-flow 
spectrophotometer with 1 .O M HCl. In the resultant acid solution, 
the first-order rate constant based on eq 2 is such that the process 
to which this rate refers is complete within the dead time of the 
stopped-flow instruement (2 ms), and indeed no absorbance change 
at  260-280 nm is seen on mixing, the absorbance which is observed 
corresponding to that of the products. The implication of this 
experiment is that the phosphonium ion intermediate also un- 
dergoes hydrolysis within the dead time, and we therefor place 
a lower limit of lo3 s-l on its rate of hydrolysis. The assumption 
being made here is that if the ion were to undergo hydrolysis more 
slowly, it would be detected from an absorbance decrease a t  
260-280 nm accompanying this hydrolysis, such as that which 
is observed with PhP+(OCH3)3 (Figure 1). 

A further indication of the relative instability of cyclic phos- 
phonium ions comes in our failure to prepare such a species. For 
example, treatment of ethylene phenylphosphonate with methyl 
trifluoromethanesulfonate results in no noticeable reaction. This 
is also true with triethyloxonium tetrafluoroborate or tri- 
methyloxonium hexachloroantimonate, although with these al- 
kylating agents extensive decomposition is observed over several 
days. Treatment of 2-phenyl- 1,3,2-dioxaphospholane with all three 
alkylating agents in methylene chloride results in a rapid reaction, 
but the N M R  spectra of the resultant solutions is very complex 
and shows little indication of the expected phosphonium salt. 
Discussion 

As is evident in Figure 2, the spirobicyclic oxyphosphoranes 
of this study differ considerably in their hydrolysis from a pen- 
taaryloxyphosphorane. Particularly noteworthy is the complete 
absencez1 with the bicyclic compounds of a pH-independent or 
"water" reaction. This reaction dominates the rate-pH profile 
of the pentaaryl system and is obviously responsible for its relative 
hydrolytic lability. Archie and Westheimer have, in fact, found 
that the water rate constant increases with increasing water 

(21) An upper limit of 2 X lod s-I can be placed on the water rate 
constant. This limit is based on the consideration that at the rate minimum 
a 20% contribution to the overall rate constant would have been seen. 
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Table 11. AcidCatalyzed Hydrolysis o f  Phosphoranes and 
Dioxolane Ortho Esters 

kH+ (M-' S-') 5.3 x 104 5.4 x 103 Q 

kH+/kD+ 0.7 0.46b 
P(W - 1.0 -1.60' 
P (H 2 Po,-) -0.9 -1.93' 

AS* (cal deg-' mol-') c 1 . 2  -3.0e 
OL 0.74 0.90d 

Reference 30. Reference 31. ' Reference 32. Reference 
27. e Reference 33. 

content,14 so that the curve for the pentaphenoxy compound in 
a wholly aqueous solution would be even higher than that of Figure 
2. 

Both types of oxyphosphoranes do exhibit H+-catalyzed and 
OH--catalyzed hydrolyses, although with the bicyclic phosphoranes 
the former pathway is considerably more efficient. General acid 
and general base catalyzed reactions are also observed in the 
present case,22 our results showing that the H+-catalyzed and 
general acid catalyzed reactions are related, as are the OH-- 
catalyzed and general base catalyzed reactions. 

Acid Hydrolysis. The acid reaction appears to be the phos- 
phorane analogue of general acid catalyzed hydrolysis of an acetal 
or carboxylic ortho ester,23 proceeding with an initial dissociation 
to a phosphonium ion intermediate (eq 3). Acid-induced dis- 

O C H ~ C H ~ O H  

sociative reactions of oxyphosphoranes have been suggested to 
account for isomerization in certain systems.24 Archie and 
Westheimer argued against such a reaction for the acid hydrolysis 
of the pentaaryloxyph~sphoranes,'~ although the dissociation of 
these species to a tetraaryloxyphosphonium ion could be observed 
and studied under nonhydrolytic  condition^.^^ 

Equation 3 is written with P-0 bond cleavage and proton 
transfer concerted, in accordance with the currently accepted 
mechanism for general acid catalyzed acetal A 
stepwise reaction involving a discrete 0-protonated oxy- 
phosphorane intermediate can probably be ruled out in any event. 

~ 

(22) (a) The possibility of such catalysis was not investigated with the 
pentaaryl systems, perhaps because of the difficulty associated with buffer 
studies in mixed organic aqueous solutions.22b (b) Salomaa, P.; Kankaanpera, 
I.; Lahti. M. J.  Am. Chem. SOC. 1971. 93. 2084-2085. 

(23) For reviews of acetal and ortho ester hydrolysis, see (a) Fife, T. H. 
Acc. Chem. Res. 1972,5,264-272. (b) Cordes, E. H.; Bull, H. G. Chem. Rev. 
1974. 71. 581-603. 

(24) Reference l lb ,  pp 115-118. 
(25) Lerman, C. L.; Westheimer, F. H. J.  Am. Chem. SOC. 1976, 98, 

179-184. Phillips, D. I.; Szele, I.; Westheimer, F. H. Ibid. 1976,98, 184-189. 
Sigal, I. S.; Westheimer, F. H. Ibid. 1979, 101, 5329-5334, 5334-5338. 

(26) Gravitz, N.; Jencks, W. P. J .  Am. Chem. SOC. 1974, 96, 507-515. 
Capon, B.; Nimmo, K. J.  Chem. SOC., Perkin Tram. 2, 1975, 1 1  13-1 118. 
Sayer, J. M.; Jencks, W. P. J .  Am. Chem. SOC. 1977, 99, 464-474. 

(27) Bergstrom, R. G.; Cashen, M. J.; Chiang, Y.; Kresge, A. J. J .  Org. 
Chem. 1979, 44, 1639-1642. 

(28) Jencks, W. P. Acc. Chem. Res. 1976, 9, 425-432. 

Table 111. Rates o f  Hydrolysis o f  Oxyphosphonium Ions 
and Oxycarbonium Ions 

ion k ,  s-' ion k ,  s-' 
+ + 

PhP(OMe), 4 x PhC(OMe), 1.2 x lo5 a 

OCHzCHzOH 

Ph-Pt-O I 2103  Ph,&] 1.7 x io4 

Reference 38. Reference 30. 

The pK, of this intermediate should be large and negative (<-7),29 
and the rate of protonation of the neutral oxyphosphorane is 
therefore not likely to be as large as the observed rate of H+- 

Evidence for the dissociative pathway is summarized in Table 
I1 where kinetic parameters obtained with the oxyphosphoranes 
are compared with those of 2-aryl dioxolane ortho esters. These 
are known to undergo initial exocyclic C-0 bond cleavage in a 

catalyzed hydrolysis (- lo5 M-' s-' 1. 

general acid catalyzed r e a ~ t i o n . ~ ~ J ~  They were chosen for the 
comparison because they have a reactivity similar to that of the 
oxyphosphoranes in their H+-catalyzed hydrolysis, a similarity 
which, as shown in Table 11, extends to most aspects of the hy- 
drolysis. The rate acceleration observed with electron donors is 
obviously the key indicator of the dissociative mechanism for the 
phosphoranes, pointing to the development of positive charge at  
the phosphorus in the transition state. The p values are small in 
magnitude, both with the ortho ester and oxyphosphorane, but 
this can be taken as an indication of a relatively early transition 
state for bond cleavage34 or of a decreased interaction of the 
positive center and the aromatic ring owing to the inherent stability 
of the cation. The Br~ns ted  cy values are large in each system 
suggestive of a considerable degree of proton transfer in the 
transition state. Both systems also exhibit inverse solvent isotope 
effects. This behavior, which is more in accord with a specific 
acid reaction, has been noted previously in studies of general 
acid-catalyzed acetal hydrolysis, and a possible explanation ad- 
~ a n c e d . ~ ~  

There is some uncertainty in the oxyphosphorane reaction, in 
that the first step could be a preequilibrium because of the in- 
tramolecular nature of the reverse reaction. In this situation the 
rate-determining step would be the addition of water to the 
phosphonium ion. The observed p value would correspond to a 
relatively early transition state for the addition, so that the 
transition state would have a phosphonium ion character. The 
observed general acid catalysis would correspond to a kinetically 
equivalent specific acid:general base reaction, where the addition 
of water is assisted by bases, as it is in the hydrolysis of the 
trimethoxyphenylphosphonium ion. The one piece of evidence 
which is inconsistent with a preequilibrium ring opening is the 
near-zero entropy of activation. This is not the sort of value that 
would be expected for a rate-determining addition of water and 
is, in fact, very comparable to the value for the ortho ester where 
reversibility cannot be a factor. Moreover, these is an ortho ester 

(29) For example, the pK, values of protonated orthocarbonates, where 
there are also present three additional acid stren thening oxygen atoms, have 
been estimated to be in the range -6.3 to -8.5!2b 

(30) Ahmad, M.; Bergstrom, R.  G.; Cashen, M. J.; Chiang, Y.; Kresge, 
A. J.; McClelland, R. A.; Powell, M. F. J .  Am. Chem. SOC. 1979, 202, 

(31) Kresge, A. J.; personal communication. 
(32) Chiang, Y.; Kresge, A. J.; Young, C. I. Finn. Chem. Lett. 1978, 

(33) McClelland, R. A,; unpublished results. 
(34) Bull, H. G.; Koehler, K.; Pletcher, T. C.; Ortiz, J. J.; Cordes, E. H. 

(35) Eliason, R.; Kreevoy, M. M. J .  Am. Chem. SOC. 1978, ZOO, 

2669-2617. 

13-18. 

J .  Am. Chem. SOC. 1971, 93, 3002-3011. 

7037-7041. 
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system, 2,4,l@trioxaadamantanes, whose hydrolyses are estab- 
lished to proceed with preequilibrium ring 0pening,3~+~’ and their 
entropies of activation are significantly negative.36 

Some comment can also be made regarding the relative stability 
of the cationic intermediates of the hydrolysis, as measured by 
their subsequent rates of hydrolysis. These are summarized in 
Table 111, the lower limit for the cyclic phosphonium ion being 
based on the experiment described at the end of the Results section. 
The considerable difference between this cation and its acyclic 
analogue is reminiscent of the difference in reactivity between 
cyclic and acyclic phosphate esters,’ and presumably the same 
factor or factors which are responsible for this difference are also 
present in the phosphonium ions. The major consequence of the 
decreased stability of the cyclic phosphonium ion is that it ap- 
proaches in its reactivity a dialkoxycarbonium ion (Table 111). 
This accidental similarity could also explain the close relationship 
between the acid hydrolysis of the bicyclic oxyphosphorane and 
the cyclic ortho ester (although there are undoubtedly other factors 
governing reactivity in the two systems). One implication is that 
an oxyphosphorane which would dissociate to an acyclic phos- 
phonium ion (for example, PhP(OCH3),) would be a much more 
reactive species. We are currently pursuing studies of such species 
to see if this is the case. 

A further point of similarity between a cyclic phosphonium ion 
and a cyclic phosphate ester concerns their tendency to undergo 
hydrolysis to products derived from both exocyclic and endocyclic 
cleavage. Thus methyl ethylene phosphate a t  pH 1-3 also gives 
about a 50:50 mixture of products derived from the two modes 
of cleavage.39 

Base Hydrolysis. In contrast to the acid reaction the base 
hydrolysis appears to be an associative reaction, proceeding by 
way of a hexacoordinated phosphoroxanide anion (eq 5 ) .  This 

McClelland et al. 

products ( 5 )  

is the type of mechanism envisaged by Archie and Westheimer 
for the hydroxide-ion-catalyzed (and water-catalyzed) hydrolysis 
of pentaarylo~yphosphoranes.’~ Valence expansion of oxy- 
phosphorane to phosphoroxanide anions is well estabilished in other 
cases, and such anions have been isolated as salts.6J0J1*40 

(36) Bouab, 0.; Lamaty, G.; Moreau, C.; Pomares, 0.; Deslongchamps, 

(37) Lam, P. W. K.; McClelland, R. A. J .  Chem. SOC., Chem. Commun. 

(38) McClelland, R. A.; Ahmad, M. J .  Am. Chem. SOC. 1978, 100, 

(39) Kluger, R.; Covitz, F.; Dennis, E.; Williams, L. D.; Westheimer, F. 
H. J .  Am. Chem. Soc. 1969, 91,6066-6072. 

(40) Allcock, H. R. J .  Am. Chem. SOC. 1964,86,2591-2595. Hellwinkel, 
D. Chem. Ber. 1965, 98, 576-587. Hellwinkel, D.; Wilfinger, H. [bid. 1970, 
103, 1056-1064. Chang, B. C.; Denney. D. B.: Powell. R. L.: White, D. W. 
Chem. Commun. 1971, 1070. 

P.; Ruest, L. Can. J .  Chem. 1980, 58, 567-573. 

1980,883-884. 
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The principal piece of evidence in the present work is the 
substantially positive p value (+2.5) observed for the hydroxide 
ion reaction, a value which points to a substantial development 
of negative charge on the phosphorus atom. The negative entropy 
of activation is also consistent with an associative reaction. 

There is considerable uncertainty as to the exact details of the 
reaction after the formation of the hexacoordinated intermediate, 
and the scheme proposed in eq 5 is meant to represent only one 
possibility. Unfortunately, one useful piece of information, the 
nature of the initial products, is not obtainable in base because 
of their further hydrolysis. There is also the possibility that some 
of the initial steps could be reversible. As discussed for the 
H+-catalyzed reaction, this could probably be accomodated by 
the observations. A mechanism where the hexacoordinated anion 
is a transition state and not an intermediate is also a possibility. 
This does, however, seem less likely in light of the substituent effect 
which points to a substantial buildup of negative charge on the 
phosphorus. A direct displacement would appear to place most 
of the negative charge in the transition state on the incoming and 
outgoing oxygen atoms. 

One of the more interesting observations is the presence of a 
general base catalyzed hydrolysis, a reaction which on the basis 
of the substituent effect also appears to be associative. Two 
mechanisms can be envisaged to account for this, a general base 
catalyzed addition of water to the phosphorus to produce the same 
intermediate obtained upon addition of hydroxide ion, or a nu- 
cleophilic catalyzed reaction in which the base adds directly to 
the phosphorus. The former seems more attractive in that the 
anionic intermediate of eq 6 seems likely to preferentially expel 

the base which is the better leaving group. Interestingly, carbonate 
is considerably more efficient a base in this reaction than tri- 
ethylamine, despite the somewhat greater basicity of the latter. 
This may reflect some steric crowding in the transition state, a 
possibility which we are currently investigating by studies with 
various other bases.41 
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(41) Unfortunately, the choice of bases is somewhat limited since below 
pH 9 only acid catalysis is observed. 


