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Phenyl methylphosphonic acid (PMP) and p-nitrophenyl methylphosphonic acid (p-NPMP) have been syn- 
thesized. The hydrolysis of PMP and its anion has been studied in acid, neutral, and basic solutions; the hy- 
drolysis of the anion of p-NPMP was examined in neutral and basic media. We have observed nucleophilic 
attack by water on p-NPMP in neutral solution. In  basic media, both PMP and p-NPMP react via nucelophilic 
attack by hydroxide ion at phosphorus. Near pH 9, calcium ions catalyze the hydrolysis of p-NPMP. PMP 
hydrolysis shows a rate maximum in moderately concentrated acid solutions. 

In  comparison with the large numbers of studies of 
the reactions between nucleophiles and neutral phos- 
phorus esters, few data have been reported on the reac- 
tions of nucleophiles with phosphonic acid ester mono- 
anions.2-6 The monoanions of the monoesters of phos- 
phoric acid exist over a very small pH range, so that 
broad surveys of their reactivity with nucleophiles have 
not been possible. This complication is avoided with 
the monoanions of phosphonic acid monoesters; vir- 
tually the entire pH range is available for study. Nu- 
cleophilic displacements on phosphonic acid ester mono- 
anions are also of some practical importance since they 
may be used as model systems for the study of cho- 

~ounds.71~ For these reasons. the investigation of the 

charged species 111. Phenyl methylphosphonic acid 
(PMP) , IV, and p-nitrophenyl methylphosphonic acid 
(p-NPMP), V, were the substrates studied. 
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The first approach was an examination of the hydrolysis 
of phosphonic acid esters of type I in acid, neutral, and 
basic media. I n  highly acidic solution, I exists as the 
neutral species 11, and possibly also the positively 
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We have also investigated the reactivity of a variety 
of other nucleophiles toward p-NPMP, the results of 
which are reported in other paper~.~~’O 

Experimental Section 
Substrates. 1. Phenyl Methylphosphanic Acid (PMP) .- 

Two previous syntheses have been reported.l1>l2 We used a new 
route based on partial hydrolysis of diphenyl methylphospho- 
nate, which was prepared by condensation of methyl iodide and 
triphenyl phosphite followed by hydrolysis of the phosphonium 
iodide according to Berlin and Butler,lS except that the reflux 
time was cut to 16 hr.14 These procedures are based on the syn- 
theses of Michaelis and Kaehne.’E The ether wash of the phos- 
phonium iodide was omitted and the material was decomposed 
directly with water. The diphenyl methylphosphanate was ex- 
tracted into ether and this phase was washed with aqueous alkali. 
Removal of the ether yielded crude diphenyl methylphosphonate. 
Distillation gave a 68% yield of material, bp 173-180’ (3 mm) 
[literature values: bp 145-148’ (0.4 mm),l3 190-195” (11 mm)16]. 
Diphenyl methylphosphoriate (87.6 g, 0.35 mol) was added to 
a refluxing solution of 40 g (0.70 mol) of NaOH in 750 ml of water. 
Refluxing was continued for 25 min, a t  which time the oily layer of 
diphenyl methylphosphonate was no longer visible. The solution 
was rapidly cooled, neutralized to pH 7 with HC1, and extracted 
with ether to remove phenol. The aqueous phase was then 
strongly acidified and extracted with chloroform. Removal of 
the chloroform from the nonaqueous extract yielded crude phenyl 
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methylphosphonic acid as a viscous oil (47 g, 80'%). The mate- 
rial was characterized as the silver salt." 

LiOH (140 ml, 2 M)  was slowly added t o  47 g of IV with cool- 
ing and stirring. The neutral solution was filtered and 1 1. of 
boiling acetone was gradually added while stirring. After stand- 
ing overnight, 37 g of the lithium salt was filtered off. Additional 
material (9 g) was obtained by further additions of acetone for a 
final yield of 46 g (957,) of the lithium salt. The material was 
washed with acetone and ether and air-dried t o  yield a nonhygro- 
scopic microcrystalline powder. A small portion was recrystal- 
lized from 95% ethanol. The uv spectrum of the salt in water 
gave 261 mp ( E  483). I r  and nmr spectra were consistent with 
the assigned structure. 

Anal. Calcd for CTH8POaLi: C, 47.2; H ,  4.53; P ,  17.4. 
Found: C,47.6; H,4.58;  P, 17.6. 

The pK, of IV was determined by two techniques.l6 A 10-ml 
sample of a 0.10 M LiPMP solution was titrated with a 1.00 M 
HC1 solution. The pH was measured (using a Beckman Model 
G pH meter) after each addition. A pK, value of 1.28 was ob- 
tained which when corrected for ionic strength effectsl7 was 1.39. 
The pK, was also determined spectrophotometrically by measur- 
ing the fraction of total PMP present in the anionic form as a 
function of pH. Solutions were 1.00 x 10-8 M in phosphonate. 
pH values were adjusted with 0.10 iM HC1-KCl solutions. 
After correction for ionic strength effects, the pK, was found to 
be 1.47. 

2 .  p-Nitrophenyl Methylphosphonic Acid (p-NPMP).l8---The 
preparation of bis(p-nitrophenyl) methylphosphonate was car- 
ried out using a procedure analogous to that for diphenyl methyl- 
phosphonate.ll Methylphosphonodichloride~~ (10 g, 0.075 mol) 
was placed together with p-nitrophenol (20 g, 0.145 mol) in a 
100-ml flask, fitted with reflux condenser, drying tube, and ther- 
mometer. This mixture was heated slowly over a course of 3 hr 
to a temperature of 160". Hydrogen chloride evolution began at  
70". The temperature was held at  160" for an additional hour. 
The black oily mixture was dissolved in toluene, treated with 
decolorizing charcoal, and then recrystallized twice from a mix- 
ture of toluene and ether to  give 11.3 g (49%) of bis(p-nitro- 
phenyl) methylphosphonate. 

The hydrolysis of this phosphonate was carried out as follows: 
5 g (0.0147 mol) of phosphonate was placed together with 0.0326 
mol of NaOH (loye excess) in 100 ml of water and heated to 
boiling. After 5 min almost all of the phosphonate had dissolved. 
The solution was cooled, acidified to pH 3.5, and extracted with 
three 50-ml portions of ether. The ether layers gave a 110% 
yield of p-nitrophenol based on conversion of phosphonate to 
p-nitrophenyl methylphosphonic acid. The aqueous layer was 
then strongly acidified with concentrated HC1. (At this point 
some dark oily precipitate appeared; this was found to have no 
observable influence on the following steps.) The aqueous phase 
was continually extracted with ether for 2 hr. The ether solu- 
tion was dried with anhydrous magnesium sulfate and the prod- 
uct was allowed to crystallize in the refrigerator. If no product 
appeared in 6-8 hr, n-hexane was added to the cloud point and 
the product then crystallized overnight. Recrystallization from 
refluxing ether gave 1.6 g of product in the form of white needles, 
mp 113-114"; this represents a yield of 48% p_NPMP based on 
phosphonate. The uv spectrum of p-NPMP in water gave 291 
mp (e 9360). Ir and nmr spectra were consistent with the as- 
signed structure. Neutralization equivalents of 219 and 220 
were obtained; the calculated value is 217. Alkaline hydrolysis 
gave p-nitrophenol in 100.3ye of the theoretical quantity. 

Anal. Calcd for C7HsNOsP: C, 38.72; H ,  3.71; N,  6.45; 
P, 14.27. Found: C,38.83; H ,  3.80; N,6.42; P, 14.44. 

The spectra of the anions of phenol and p-nitrophenol yielded 
extinction coefficients of 2600 and 18,200 at  286 and 400 mp, 
respectively; these values were used in the calculation of rate 
constants where appropriate. 

Inorganic materials (reagent grade) were used without further 
purification. s-Collidine (2,4,6-trimethylpyridine) was distilled 
twice under nitrogen at reduced pressure, bp 35" (5 mm). 

(16) A. Albert and E. P. Serjeant, "Ionization Constants of Acids and 

(17) See ref 16, p 59. 
(18) I n  the course of our investigation a synthesis of p-NPMP by an- 

other method mas reported: K. A. Petrov, R. A .  Baksova, L. 1'. Kork- 
hoyanu, L. P. Sinogeikina, and T. V. Skudina, J .  Oen. Chem. USSR, 36, 

Bases,'' Metheun and Co., London, 1962. 

723 (1965). 

U. 8. Army Research Laboratories, Edgewood Arsenal, Md. 
(19) A sample of methylphosphonodichloride was kindly supplied by the 
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Analyses were performed by Galbraith Laboratories, Knoxville, 
Tenn . 

Kinetics.-The rates of hydrolysis of the two aryl methyl- 
phosphonates were followed by observing the rate of formation of 
the phenolate ion at 286 mp or of the p-nitrophenolate ion at  
400 mp. Molar absorptivities were measured on a Beckman 
Model DU spectrophotometer in 1-cm quartz cuvettes. A water 
blank was used. Where necessary, aliquots of reaction solutions 
were made basic before spectral analysis so that all of the phenol 
or p-nitrophenol (pK, values 10.0 and 7.15, respectively) existed 
in the anionic forms. Reactions were carried out in volumetric 
flasks suspended in a constant temperature bath (3Z0.1"). Ali- 
quots were withdrawn at  appropriate time intervals. Some re- 
actions were monitored in thermostated glass-stoppered cuvettes 
in the spectrophotometer. The pH values of solutions were 
maintained constant by use of appropriate buffers. 

The decrease of PMP and p-NPMP concentrations in all hy- 
drolysis experiments followed first-order kinetics a t  any specified 
pH. Runs were generally followed for a t  least one half-life. 
Several hydrolysis experiments in basic solution were carried out 
through ten half-lives and the predicted yields of phenolate or 
p-nitrophenolate ions were observed within an experimental error 
of 3 ~ 3 % .  For basic hydrolysis of both substrates and neutral 
hydrolysis of p-NPMP, second-order rate constants were obtained 
by dividing the pseudo-first-order rate constant by the hydroxide 
ion or water concentrations as appropriate. Frequently, for 
slow reactions, the initial concentration of phosphonic acid ester 
was increased and the reaction carried out under pseudo-zero- 
order conditions. Division of the pseudo-zero-order rate constant 
by both initial substrate and hydroxide ion concentrations gave 
second-order rate constants in good agreement with those ob- 
tained by the pseudo-first-order technique. 

In  acid solutions it was necessary to prevent the loss of phenol 
from the acid solutions. Ground-glass stoppers were greased 
and the flasks were shaken before aliquots were removed to mix 
in any phenol that might have condensed on the cooler necks of 
the flasks. 

Experiments in the Presence of Calcium Ion. Attempts to 
buffer reaction solutions with borate arid phosphate in the pres- 
ence of Ca2f were unsuccessful due to the precipitation of the 
calcium salts. One series of experiments used 0.2 M NaOH to 
establish a pH of 9.0; however the rate began to drop after -2% 
of reaction due to a decrease in pH since the solution was unbuf- 
fered. In  a second series, s-collidine was employed to maintain 
the pH of reaction solutions. Because of the limited solubility 
of a-collidine in water, kinetic experiments were performed in 
solutions containing 81% Hr0-19% EtOH by volume in which 
s-collidine is soluble up to a t  least 1 .O M. The pH of solutions of 
0.05-0.60 M s-collidine in this solvent system is between 8.80 
and 9.30. 

(We assumed that the effect of the 19% ethanol on the accuracy 
of the pH measurements is negligible and comparative data in 
water indicate that this assumption is valid-see Table VI. 
The extinction coefficient of the p-nitrophenolate ion in 19% 
ethanol solution is within 3% of the value in water (1.82 X l o 4 ) # )  

Results 

Alkaline Hydrolysis. -Tables I and I1 give the results 
of a series of experiments in which hydroxide ion con- 
centration, ionic strength, and temperature were varied. 
The stoichiometry of the reaction of both substrates is 
given in eq 1 and the rate law is given in eq 2. Forp- 

0 
II 

X*O-!f-O- + 2OH- -+ 

II 
X e O -  + 0-P-0 I + HzO (1) 

I 

CH3 
rate  hz [substrate][OH-] (2) 

NPMP at constant ionic strength ( I  = 3.36) the quan- 
tity k'/ [OH-], where k' is the pseudo-first-order rate 
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TABLE I 
ALKALINE HYDROLYSIS OF PHENYL METHYLPHOSPHONIC ACID 

[NaOH], M [Salt], M I [PMP] X 108, Ma Temp, O C  k' X 108, min-1 

2.120 2.12 2.00 78 7.97 
1.060 1. 060b 2.12 2.00 78 3.64 
0.424 1.696* 2.12 2.00 78 1.37 
0.212 1.9086 2.12 2.00 78 0.668 
0.106 2.0146 2.12 2.00 78 0.334 
0.212 0.21 2.12 78 0 I 288 
0.212 0.85# 1.06 2.12 78 0.523 
0.212 1.91c 2.12 2.12 78 0.730 
0.212 1.916 2.12 2.12 78 0.668 
2.12 2.12 2.00 78 7.83 
2.12 2.12 2.00 68.5 3.73 
2.12 2.12 2.00 58.8 1.60 
2.12 2.12 2.00 39 0.228 

Q Initial concentration of lithium phenyl methylphosphonate. NaC104. 0 NaCI. 

TABLE I1 
ALKALINE HYDROLYSIS OF p-NITROPHENYL METHYLPHOSPHONIC ACID" 

k' X 108, min-1 [NaOH], M [NaCIOd], M I Temp, OC 
3.38 3.38 30 21.5 
1.69 1.67 3.36 30 7.27 
1.69 1.67 3.36 30 7.39 
0.845 2.50 3.35 30 3.21 
0.339 3.00 3.34 30 1.13 
0.169 3.22 3.39 30 0.572 
0.169 1.69 1.86 30 0.424 
0.169 0.17 30 0.237 
0.169 0.17 39.4 0.630 
0.169 0.17 50 1.44 
0.169 0.17 60 3.24 

a The initial concentration of p-nitrophenyl methylphosphonic acid was 1.33 x 10-4 M .  

k'/[OH-] X 101, 
M - 1  min-1 

3.76 
3.43 
3.23 
3.15 
3.15 
1.36 
3.44 
3.76 
3.15 
3.69 
1.76 
0.755 
0,108 

k'/[OH-] x 101, 

6.36 
4.30 
4.37 
3.80 
3.33 
3.38 
2.51 
1.40 
3.73 
8.52 

M-1 min-1 

19.2 

constant, increases with increase in base concentration; 
however a plot of k'/[OH-] vs. [OH-] gives aline which 
extrapolates to 3.0 X M-' min-l (Figure 1) and 
this intercept may be taken as the second-order rate 
constant for the reaction with hydroxide ion a t  30'. 
A similar trend of smaller size can be seen in the data for 
PMP; the intercept has a value of 3.0 X M-' 
min-l a t  78" (Figure 1). The ionic strength effects 
given in Tables I and I1 are in the expected direction for 
the reaction between two particles of like charge sign;20 
their magnitude deserves no special comment. The 
variation of rate with temperature allowed calculation 
of activation parameters for both substrates; activation 
parameters were as follows: for PMP, E, = 19.8 
f 0.3 kcal/msl and AS*  = -23.5 f 0.8 eu (78"); and 
for p-NPMP, E,  = 17.3 f 0.4 kcal/mol and AS* = 
-25 f 1 eu (30"). 

Hydrolysis in Buffered Solutions. -Below approxi- 
mately pH 12 a t  80" the rate of hydrolysis of PMP 
becomes too ljlow to follow conveniently. Table I11 
shows data obtained a t  60" for buffered solutions of 
p-NPMP from pH 7 to pH 12. The predicted first- 
order rate constant for hydroxide ion attack a t  pH 7 
from the data of Table I1 is -2 X min-1. The 
observed rate constant is about three powers of ten 
above this value, so another mechanism must be oper- 
ating in this pH range. Since the rate does not seem 
to depend on pH (below pH 9) or on buffer concentra- 
tion, we have attributed the observed rate to nucleo- 

(20) K. J. Laidler, "Chemical Kinetics," McGraw-Hill, New York, N. Y., 
1965, pp 220-221. 

TABLE I11 
HYDROLYSIS OF ~ N ~ T H O P H E N Y L  METHYLPHOSPHONATB ION IN 

BUFFER SOLUTIONS FROM pH 7 TO pH 120 
[P- 

x 104, 

Phosphate, 0.04 1.33 11.90 2.60 X lo-' 
Carbonate, 0.08 1.33 10.25 2.05 X 
Phosphate, 0,08 1.33 7.05 2.80 x lo-& 

Phosphate, 0 .08 2.00 6.90 2 .9  X 
Phosphate, 0.02 2.00 6.90 2 . 5  x 10-Bb 

Borate, 0 . 0 2 ~  4.00 8.50 3.6 X 

NPMP-]  

Buffer, M M PH k', min-1 

Carbonate, 0.08 2.00 10.25 2 . 1  x 10-66 

Borate, 0 . 1  4.00 8.55 4 . 3  x 10-6 

Temp = 60". Final ionic strength made up t o  0.16 with 
NaC104. 0 NaC104 = 0.08 M .  

philic attack by water on p-NPRIIP. The stoichiom- 
etry for such an attack is given in eq 3 and the rate 
law in eq 4. (Compound VI will ionize to the methyl- 

Ofl-@O-r-O- R + HzO -F 

0 
II 
1 

0 2 N a O -  f H O - P 4 H  (3) 

bH, 

VI 
rate = kz[p-NPMP] [HzO] (4) 
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Figure 1.-Plot of pseudo-first-order rate constants divided 
by hydroxide ion concentration ( X  10s M-1 min-1) vs. hydroxide 
ion concentration [MI for the reaction of hydroxide ion with 
PMP and p-NPMP; see Tables I and 11. 

phosphonate mono- or dianion in a rapid step after the 
rate-determining attack by water.) 

Table IV gives the rate constants and activation 
parameters for water attack on p-NPMP. 

TABLE IV 
NUCLEOPHILIC ATTACK BY I&O ON p-N~TROPHENYL 

METHYLPHOSPHONATEu 
pHb Temp, O C  k’, min-1 k2, M-1  min-lCsd 

7 . 6 0  29.7 1.18 X 10-7 2 . 1 3  X 10-9 
7 . 5 0  60 4 .34  x 10-8 7 . 8 1  X 

a [p-NPMP-] = 5.90 X M. Buffer: 0.108 M KHzPO4- 
0.092 M NaOH. c E ,  = 23.8 kcal/mol. A S *  (60’) = 
- 29.7 eu. 

Acid Hydrolysis. -Data for the variation of the rate 
of hydrolysis of PMP as a function of acidity are pre- 
sented in Table V; the activation parameters are also 
given. Figure 2 is a plot of ?cobs against the calculated 
pH. A rate maximum is observed at  approximately 3 
M acid. No rate maximum is observed, however, if 
kobs/aI120 (which is shown by the dotted line) is plotted 
instead of kobs (Figure 2). 

Catalysis by Added Calcium Ion. -Addition of 
Ca(NO& to an aqueous solution of p-NPMP a t  pH 9.0 
increased the rate of hydrolysis by approximately 
12-fold (Table VI). The pseudo-first-order constant 
with 0.05 A4 Ca(NO& present was 1.2 X lov4 
min-l as compared to 8.0 X min-l in the absence 
of the added salt. In order to be certain that an ionic 
strength effect was not operating, the reaction was run 
in the absence of Ca(KO3), but with sufficient NaC1 
present to equal the ionic strength of the 0.05 M Ca- 
(NO,), experiments (ie., 1 = 0.15); the rate constant 
k’ = 9.0 X min-’ was found. Nitrate ion was 
found to be a weak nucleophile toward p-NPh/lP; the 
rate of hydrolysis of p-NPAIP in the presence of 0.1 M 
NO3- was equal to that of the rate at pH 9.0 without 
nitrate. We conclude that the rate enhancement when 
Ca(IY03)n is present is due to the presence of Ca2+ ions. 
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Figure 2.-(Q) kobs X lo4 (min-l) vs. calculated pH for the 
hydrolysis of PMP in acid solution; (-..---.) hobs has been divided 
by U I I , ~ .  See Table V. 

TABLE V 
HYDROLYS~S OF PMP IN ACID SOLUTION 

IPMPlt . .  
X 
108, 
MQ 
2 . 0  
2 . 0  
2 . 0  
2 . 0  
2 . 0  
2 . 0  
3 . 0  
2 . 0  
2 . 0  
5.0  
9 . 0  

10 .0  
10.0 
2 . 0  

[HZSO~I, 
M pHb 

2 .80  
1 . 9 0  

0.024 1 .32  
0.050 1 .00  
0.119 0.62 
0.475 0 .02  
1.189 -0.38 
1.610 -0 .51  
2.375 -0 .68  
2.500 -0.70 
4.325 -0 .94  
6.125 -1.09 
9.300 -1.27 
2.375 -0 .68  

Temp, 

8 0 . 5  1 
80.5 1 
80.0 1 
80.4 1 

+0.80 80.0 1 
+ O , l O  80.0 0 . 9 8  

Hoc O c  a,$ 

-0 .30 80.0 0.95 
-0 .60  80.0 0 . 9 4  
-0 .95  80 .4  0 .90  
-1 .12  80.0 0 .89  
-1..90 80.0 0 . 7 8  
-2.80 80.0 0 .66  
- 4 . 5 0  80.0 0 . 4 6  

52 .6  0 .90  

kobs X 104, 
min-1 

0 . 3 3  
1 .22  
2.15 
3.32 
3.87 
6 . 4 5  
9 . 5 4  

10.25 
12 .4  
1 2 . 3  
12 .4  
10.9 
7 . 4 3  
0.89. 

2 . 0  2.375 -0 .68  6 5 . 0  0 . 9 0  2.768 
0,0876 2 . 0  0.024 1 .32  

2 . 0  0.024 1.32 6 5 . 0  I 0.3748 
52 .6  1 

[PMP]t values are total concentrations of PMP added t o  the 
reaction mixtures as lithium phenyl methylphosphonate. Sul- 
furic acid was used except for the first two entries. The run 
a t  pH 2.8 was in 0.05 M chloroacetate buffer; the run at pH 
1.9 was in 0.06 M KC1-HC1. The run at  pH 1.32 was unaf- 
fected by the addition of sodium perchlorate t o  a final ionic 
strength of 2. M. A. Paul and F. A. Long, Chem. Rev., 57, 1 
(1957). d H .  S. Harned and B. B. Owen, “Physical Chemistry 
of Electrolytic Solutions,” 3rd ed, lteinhold, New York, N. Y., 
1958, p 574; by linear extrapolation of the data atO, 25, 40, 
and 60’. e Arrhenius plots of the data a t  pH -0.68 and at  1.32 
yield activation energies of 21.8 and 26.8 kcal/mol, respectively; 
calculated entropies of activation are -20.7 and -9.0 eu. 

The rate of hydrolysis of p-NPMP in the presence of 
0.05 M Ca(NO& with the pH maintained at  9.0 by the 
addition of s-collidine in an 81% H,O-l9% EtOH sol- 



PHOSPHONIC ACID ESTERS AND NUCLEOPHILES J. Org. Chem., Vol. 56, N o .  9, i970 3067 

TABLE VI 
EFFECT OF Cas+ ON THE RATE OF HYDROLYSIS OF p-NPMPa 

[Ca(NOa)zl, 
[NaCl], M M PH k', min-1 Buffer Solvent 

0 .05 9.0b 1 . 2  x 10-4 None HzO 
9 .  Ob 8.0  x 10-6 None HzO 

1 . 4  x 10-4 s-Collidine 81% HzO-l9% EtOH 0.05 9.0 
9 . 0  9 . 0  x 10-6 s-Collidine 81% Rz0-19% EtOH 

0.15  9 . P  9 . 0  x 10-6 None Hz0 
a [p-NPMP] = 1.20 X 10-8 M .  b pH established by added NaOH. 

vent system was unchanged from the experiments 
using NaOH to adjust pH in water. We feel therefore 
that a direct comparison of the data in the mixed solvent 
and those in pure water is legitimate. A series of 
kinetic experiments were performed at  constant Ca- 
(NO& concentration (0.05 M )  and variable s-collidine 
concentration (from 0.0454 M to 0.610 M ,  Table VII). 
The reaction pH varied from 8.80 to 9.30; k f  varied from 
-7 X 10-5 min-l at low s-collidine concentration and 
pH (43.80) to -2 X min-l a t  high s-collidine 
concentration and pH (- 9.30). 

Discussion 
Alkaline Hydrolysis.-Experimental data show that 

the alkaline2p4,5t21-24 hydrolysis of most neutral esters of 
phosphoric acid [(RO)aPO J and phosphonic acids 
[(R0)2(R')PO] and the neutral halides [(RO)tPOX, 
(RO) (R')POX, and (RJ2POX] proceed via direct 
nucleophilic substitution by hydroxide ion at  the phos- 
phorus atom. Hydroxide ion also reacts with mono- 
anions of the diesters of phosphoric acid and related 

TABLE VI1 
DEPENDENCE OF RATE ON COLLIDINE CONCENTRAT~ON AND pH 

AT 0.05 M Ca(NO& 

0.0454 8 . 9 0  0 . 6 7  
0.0454 8 . 8 0  0 . 7 8  
0.0755 8 . 8 2  1.04 
0.0755 8 . 9 5  0 .90  
0.151 9 . 2 2  1.35 
0.227 9 . 0 8  1.17 
0.305 9 .20  1 .47  
0.305 9 . 2 0  1.25 
0.454 9 . 3 0  1.85 
0.454 9 .30  1 .80  
0.610 9 .30  2 . 1 4  
0.610 9 .25  2 . 2 2  

[Collidine], M PH k' X 104, min-1 

a Temp = 60°, [p-NPMP] = 1.20 X 10-8 M ,  run in 81% 
H20-19% EtOH. 

compounds2~26J6 in a bimolecular fashion; with these 
compounds, however, the attack by hydroxide ion is 
predominately at the ester carbon, unless a good leaving 
group is bound to p h o s p h o r u ~ . ~ ~ ~ ~ ~ ~ - z ~  The hydrolysis 

(21) P. W. C. Barnard, C. A. Bunton, D. R.  Llewellyn, C. A. Vernon, 

(22) I. Dostrovsky and M. Halmann, ibid., 516 (1953). 
(23) R. F. Hudson and L. Keay, ibid., 1865 (1960). 
(24) Tables of rate data for many of these compounds with primary 

(25) J. Kumamoto and F. H. Westheimer, J .  Amer. Chem. SOC., 77, 

(26) C. A. Bunton and S. J. Farber, J .  Org. Chem., 84, 767 (1969). 
(27) J. R. Van Wazer, "Phosphorus and its Compounds," Vol. 1, Inter- 

(28) A. Simon and C. Stolzer, Naturwissenschaften, 11, 314 (1957); 

and V. A. Welch, J. Chem. Sac., 2670 (1961). 

references are given in ref 2. 

2515 (1955). 

science, New York, N .  Y.,  1958, p 250. 

Chem. Abstr., 51, 14, 464 (1957). 

of mono- and dianions of phosphate monoalkyl or aryl 
esters2~26~2g-3g are thought to proceed via a unimo- 
lecular elimination of the monomeric metaphosphate 
species POa- over a wide pH range (i.e., pH 2-12). In  
most cases the monoanion ROPOaH- is most reactive. 
At high pH, nitro-substituted monoaryl phosphateP 
apparently react with hydroxide ion via a bimolecular 
attack at  both phosphorus and aromatic carbon; the 
unimolecular pathway ( i e . ,  spontaneous dianion heter- 
olysis) may also proceed at high pH. a5 

The reactions of PMP and p-NPMP in aqueous alka- 
line solution can be interpreted as involving a bimolec- 
ular attack on the phosphorus atom by the hydroxide 
ion thereby displacing the phenolate and p-nitropheno- 
late anions (Tables I and 11) [PMP, E, = 19.8 h 0.3 
kcal/mol, AS* = -23.5 hO.8 eu (78"); p-NPMP, E ,  
= 17.3 i 0.4 kcal/mol, A S *  = -25 h 1 eu (30")). 
The activation parameters for these two phosphorus 
substrates are of the magnitude associated with bi- 
molecular displacements on tetrahedral organophos- 
phorus comp~unds.~O Attack by hydroxide ion at 
aromatic carbon can be excluded on the grounds 
that the observed rate constants are too large. At 39" 
the value of kz  for the hydroxide ion reaction with 1- 
chloro-Pnitrobenzene in 16.7% dioxane-83.3% HzO is 
1.34 X M-L min-li41 k2 for hydroxide reaction with 
the dianion of p-nitrophenyl phosphate, p-NPP2- at  
39", was found to be 4.9 X lo-' M-l mir~-'.~& It was 
concluded that hydroxide ion most probably attacks the 
aromatic site of the p-NPP2-, although the possibility 
of some hydroxide ion attack at  phosphorus cannot be 
excluded. With p-NPMP, IC2 for the hydroxide ion 
reaction at  30" is 3.0 X M-l min-' and for PMP, 
k2 at 78" is 3.0 X loFa M-' min-I; these values are high 
compared to the expected displacements a t  carbon. 
We believe that the size of the rate constants for hy- 
droxide ion attack on p-NPMP and PMP are most con- 
sistent with expectations for attack at phosphorus. 

For both substrates k2 increases linearly with in- 

(29) C. A. Bunton, D .  R.  Llewellyn, K. G .  Oldham, and C. A. Vernon, 

(30) W. W. Butcher and F. H. Westheimer, J. Amer. Chen. SOC., 77, 2420 
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(32) G. DiSabato and W. P. Jencks, J. Amer. Chem. Soc., 88, 4400 (1961). 
(33) P. W. C. Barnard, C. A. Bunton, D. Kellerman, M. M. Mhala, B .  

(34) C. A. Bunton, E. J. Fendler, E. Humcres, and K.-U. Yang, J. Oru. 

(35) C. A. Bunton, E. J. Fendler, and J. €1. Fendler, J .  Amer. Chen.  

(36) A. J. Kirby and A.  G .  Varvoglis, ibid., 89, 415 (1967). 
(37) M. C. Bailly, Bull. SOC. Chim. FT.,  9, 340, 405 (1942). 
(38) A. Desjobert, ibid., 14, 809 (1847). 
(39) C. A. Bunton, D. Kellerman, K. G .  Oldham, and C. A. Vernon, 

J. Cham. Sac. B,  292 (1966). 
(40) Reference 6, p 302. 
(41) A. J. Kirby and W. P. Jenoks, J .  Amer. Chem. Sac., 81, 3217 (1965). 

J .  Chem. SOC., 3588 (1858). 

(1956). 

B. A. Silver, and C. A. Vernon, Chem. Ind. (London), 760 (1955). 

Silver, C. A. Vernon, and V. A. Weloh, J .  Chem. SOC. B,  227 (1866). 
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0.0 1.0 2 .o 3 ,O 
-(logC,t+H,) 

Figure 3.-Plot of 4 + log koba + HO vs. -(log CH+ + Ho) 
for the hydrolysis of PMP in sulfuric acid solutions. See Table V. 

creasing hydroxide ion concentration. The probable 
explanation for this observation is a salt effect, rather 
than a term which is second-order in base. The rate of 
hydrolysis of monoaryl phosphate ester dianions3s is 
dependent on the size of the cations present, which sug- 
gests a close interaction of the cation with the arylphos- 
phate dianion. A similar interaction between methyl- 
phosphonate monoaryl ester monoanions is a reasonable 
assumption. 

Neutral Hydrolysis. -Hydrolysis of p-NPMP near 
neutral pH probably proceeds via a bimolecular dis- 
placement reaction involving water as a nucleophile. 
For p-nitrophenyl phosphate monoanion a t  pH 3.7 
kl = 4.15 X min-I at  73.0°;33 for p-NPMP, 
kz = 1.30 X 10-0 M-* min-I a t  60.0”. It is worthy of 
note that the methyl group attached to phosphorus pre- 
vents a unimolecular breakdown of the monoanion to 
form the metaphosphate intermediate POa- as sug- 
gested in various phosphate hydrolyses. Therefore, a 
unimolecular mechanism for p-NPMP hydrolysis ap- 
pears to be excluded. The value of AS* for p-NPMP 
hydrolysis taken from the first-order rate constant (be- 
fore correction for water concentration) is -21.9 eu; 
after correction, a value of -29.7 eu is obtained. 
These values are in the range expected for nucleophilic 
displacement by solvent water. The hydrolysis of the 
bis(2,4-dinitrophenyl) phosphate26 monoanion in the 
pH region 3.5-7 gives a AS * of - 26 eu and the reac- 
tion is interpreted as a nucleophilic attack of water. 
Isotope data show that reaction is largely a t  phosphorus 
for this compound. With p-NPMP, attack a t  phos- 
phorus is probable, but attack a t  aromatic carbon is not 
excluded by our data. 

Acid Hydrolysis.-H2018 tracer studies of the hy- 
drolysis of aryl phosphate and phosphonate esters in 
strongly acid media have shown that reaction occurs by 
P-0 bond ~leavage;*6~~3~42~43 for aryl phosphonate esters, 
cleavage is assumed to occur also by P-0 bond rup- 
ture. Further examination of the hydrolysis of aryl 
phosphate26~a3-36~44 and phosphinate esters42 in strongly 

(42) P. Haake and G. Hurst, J .  Amer. Chem. Soc., 88, 2544 (1966). 
(43) C. A. Bunton and S. J. Farber, J .  O w ,  Chem., 84, 3398 (1989). 
(44) C. A. Bunton, 8. J.  Farber, and E. J. Fendler, ibid., $9, 29 (1988). 
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acid media have shown the existence of rate maxima, 
such as that found here, if an electron-withdrawing sub- 
stituent such as a nitro or acetyl function was present 
on the leaving group. (Triphenyl phosphate is a mild 
exception.) Although protonation of the substrate in 
the transition state is presumed to be important, the 
data do not indicate that any substantial portion of the 
substrate is converted to conjugate acid form at the rate 
maximum. For example, basicity measurements46 have 
shown that p-nitrophenyl phosphate, triphenyl phos- 
phate, and p-nitrophenyl diphenyl phosphate are not 
substantially protonated at  the acid concentrations of 
maximum rates. 

The article by Bunton and Farber43 provides the most 
recent insight into the subject of rate maxima in the 
acid-catalyzed hydrolyses of weakly basic substrates. 
A possibly oversimplified explanation of these rate 
maxima is the incursion of an acid-catalyzed path for 
phosphate hydrolyses (causing a rate increase with 
acidity) and to a decrease in water activity which more 
than compensates for the rate increase. Other ex- 
planations given43 are based on the presence of a 
strongly electron-attracting group on the leaving func- 
tion (which case does not apply here). Our data for 
the hydrolysis of PMP is analogous to the phosphate 
and phosphinate cases. The rate maximum of PMP 
occurs in the range of acid concentration where similar 
aryl phosphorus esters have displayed rate maxima. 
The activation parameters for PMP hydrolysis are 
roughly the same as for the esters known to display 
maxima. The linear free energy approach of Bunnett 
and O l ~ e n ~ ~  has been applied to the hydrolysis of PMP. 
Figure 3 is a plot of 4 + log kobs + Ho vs. - (log C H +  + 
Ho) from the data in Table V; the slope 4 g 1.3. The 
4 values for the hydrolysis of phosphates and PMP are 
quite ~ imi l a r .26~~~~~6 ,~4  The 4 values are consistent with 
a strong dependence of the reaction rate on water ac- 
tivity, because of solvation of the transition state in 
which proton transfers may be important. 

In  Figure 3, a deviation is observed in low acid con- 
centrations. Bunnett and O l ~ e n ~ ~  point out that non- 
linearity in an LFER plot may occur when a substrate 
that is weakly basic “becomes protonated within the 
acid range of kinetic study.” It is reasonable that the 
converse is also true and we interpret the deviation from 
linearity in Figure 3 as due to the partial conversion of 
phenyl methylphosphonic acid (PMP) to phenyl meth- 
ylphosphonate and hydrogen ions. 

We conclude that the mechanism for PMP hydrolysis 
in acid solution is probably similar to the hydrolysis of 
aryl phosphates when the aryl ring contains an electron- 
withdrawing group. Also it is probable that rate 
maxima for aryl organophosphorus esters is not con- 
fined solely to those cases where an electron-with- 
drawing substituent is bonded to the aryl ring. In  
addition to PMP, methyl methylphenylphosphinate 
and its p-methyl derivative show rate maxima a t  ap- 
proximately 7 M HC104.47 

Hydrolysis with Added Calcium Ion.-Catalysis of 
the hydrolysis reactions of the neutral and anionic 
species of organophosphorus esters by metal ions has 
been rep0rted.~!5 The enhanced rate of the hydrolysis 

(45) Reference 43 and references therein. 
(48) J .  F. Bunnett and F. P. Olsen, Can. J .  Chem., 44, 1889, 1917 (1988). 
(47) D. V. Wells, J. F. Bunnett, and J. 0. Edwards, unpublished results. 
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of p-NPMP in the presence of added calcium ions is 
another example of such catalysis. 

Since rapid attack by s-collidine at  the phosphorus 
site is unlikely due to the presence of methyl groups in 
the 2 and 6 posi t ion~,~-~~~O the larger part of the increase 
in k' with increasing s-collidine concentration (Table 
VII) is most probably caused by the corresponding in- 
crease in pH. The hydrolysis of Sarin4* has been 
shown to be catalyzed by the addition of divalent metal 
ions where the catalyzing species is the hydroxy com- 
plex [M(H20),-1(OH) ]+ formed by the ionization of 
the aquated metal ion [M(HZO),]2+. A oalcium- 
hydroxo complex of the type VI1 can be invoked to ex- 
plain the catalysis of the hydrolysis of p-NPMP by 
added calcium ions. At 60°, the pKa for the ionization 
of [ C E L ( H ~ O ) ~ ] ~ +  (eq 5 )  is 12.3.49 

Ca(H20),C2 [Ca(H20),-1(0H)] + + H +  (5) 
VI1 

It has been reported48 that the second-order rate con- 
stant ( k 2 ) o ~ -  for the uncatalyzed attack of hydroxide 
ion on Sarin and (kz)Mg, the second-order rate constant 
for attack by [R!Ig(HzO),-1(OH)]+, are roughly equal. 
With p-NPMP, ( I c2 )oH-  = 1.9 X 10-2 M-' min-l at  

(48) J. Epstein and W. A. Mosher, J .  Phys. Chem., 72, 622 (1968), and 
references therein. 
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60" and (kz)c, = 4.2 M-l min-' at  a calcium ion con- 
centration of 0.05 M .  Thus, with the monoanionic 
substrate the reactivity of [Ca(H20),-1(OH) 3 + is 
approximately 200 times greater than that of OH-. 
According to the data presented49 the reactivity of the 
calcium ion should be somewhat lower than that of the 
magnesium ion (based on pK, values) so that, in 
fact, the ratio of ( k ~ ) ~ , / ( k ~ ) ~ ~ -  could conceivably be 
greater than 200. The difference in behavior between 
Sarin and p-NPMP is reasonable on the basis of two 
effects. First, the positively charged metal ion should 
be more strongly attracted to the anion of p-NPMP 
than to the neutral Sarin. Second, hydroxide ion should 
have more difficulty attacking the anion of p-NPMP 
than Sarin. Both effects are based on electrostatic 
factors and both should increase the relative effective- 
ness of cation catalysis toward p-NPMP. 

Registry No.-PMP, 13091-13-9; PIMP anion, 
24903-87-5; p-NPMP, 1832-64-0; p-NPMP anion, 
24886-86-0. 
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Rate constants have been determined for the reactions of a variety of nucleophiles with the anion of p-nitro- 
phenyl methylphosphonic acid (p-NPMP). The reaction in each case is second order, first order each in nu- 
cleophile and in substrate. The bulkiness of the nucleophile near the 
donor site is important. Certain anionic nucleophiles display a large a effect; peroxide, hydroxamate, and 
hypochlorite ions are the most reactive of those investigated. Fluoride ion reacts with p-NPMP, but chloride 
and bromide ions do not. Thiophenolate ion is about 50 times as reactive as the phenolate ion. The relative 
reactivity of hydroperoxide ion as compared with hydroxide ion is similar to  that observed for neutral phos- 
phorus substrates. The data are explained by a mechanism in which the nucleophile attacks the substrate a t  the 
phosphorus atom. 

The orders of reactivity are compared. 

This paper continues a survey of the reactivities of 
various nucleophiles with phosphonic acid ester mono- 
anions. The anion of p-nitrophenyl methylphosphonic 
acid (p-NPMP) was chosen as the substrate for this 
study because of its reactivity. As noted in the previous 
paper in this series,2 phosphonic acid esters exist as 
monoanions over a wide pH range so that an investiga- 
tion of nucleophiles of varying basicity was possible. 

Experimental Section 
Synthesis of p-nitrophenyl methylphosphonic acid and tech- 

niques of following the release of the p-nitrophenolate anion 
have been previously described .z Either the pseudo-first-order 
or pseudo-zero-order kinetic method was used. Measurements of 
pH were made on a Leeds and Northrup Model 7401 or a Beck- 

(1) (a) Department of Biochemistry, The Ohio State University, Colum- 
bus, Ohio 43210. (b) In  partial fulfillment of the requirements for the 
Ph.D. Thesis of H. J. B. (to be submitted to the Graduate School of Brown 
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(2) E. J. Behrman, M. J. Biallas, H. J. Brass, J. 0. Edwards, and M. 
Isaks, J .  Orb-. Chem., S I ,  3063 (1970). 
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man Model G meter. The buffers used and their concentrations 
are described in Tables 1-11. When the reaction pH was less 
than 9, 2 ml of the reaction mixture was diluted with 1 ml of a 
1 M K&Os solution (cell capacity 3.3 ml) in order to insure that 
the phenol was completely in its anionic form (pK, p-nitrophenol 
= 7.15).3 The pH of the resulting solution was approximately 
11 and the absorbance was corrected for dilution. Alternatively 
the pH of the solution was measured and the fraction of p-nitro- 
phenol present as the anion was calculated. For each nucleo- 
phile studied, a blank was run to correct for the hydrolysis of 
p-NPMP due to hydroxide and water attack; this blank con- 
sisted of a solution containing exactly the same components 
as the reaction solution except for the nucleophile. 

Nucleophiles. A. Peroxides.-Methyl hydroperoxide was 
prepared according to the directions of Kieche and Hitz.4 How- 
ever, since it was not necessary to use water-free peroxide, the 
following simplification was used. The ether extraction was 
omitted. The material obtained from the first distillation was 
distilled once more and cut into five approximately equal frac- 
tions. The fractions were analyzed for hydrogen peroxide and 

(3) J. Bjerrum, G. Schwarzenbach, and L. G. Sillen, Chem. Soc., Spec. 

(4) A. Rieohe and F. Hitz, Ber., 62, 2458 (1929). 
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