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Introduction 
Over the course of the granting period March 15, 2005 to March 14, 2007 we 

have performed numerous investigations of the metal ion catalyzed alcoholysis 
(destruction by reaction with alcohols) reactions of neutral OP compounds which are 
simulants for the phosphonofluoridate G-agents and phosphonothioate V-agents. In 
addition, we have investigated systems which catalyzed the alcoholysis of neutral P=S 
pesticides. This work has lead to nine publications in peer reviewed journals, and at 
least 15 presentations by me or members of my research group. 

The following report is broken into four sections which summarize the work with 
each of four classes of neutral OP compounds we have investigated; phosphates (1) 
and phosphothioates (2), phosphonates (3), phosphonothioates (4), and 
phosphothionates (5). 
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In order to undertake meaningful mechanistic studies in alcohol, it was necessary 

to understand the determination of pH in these anhydrous solvents, and then to 
undertake detailed studies of titration of metal containing systems. Fortunately, it is now 
known that determination of pH in methanol can be easily done through measurements 
using a calomel electrode similar to how such pH measurements are done in aqueous 
media1. In the case of methanol, an electrode is standardized using aqueous buffers, 
the electrode is then dried with tissue paper, and immersed in the methanol solution,  
the pH of which is to be determined. After the meter reading is stabilized, a correction 
factor of 2.24 is added to the meter reading, providing the „pH‟ in methanol, herein 
simply termed pH. In the case of ethanol a similar method is employed, but the 
correction factor is 2.542. The only other consideration to note is that the autoprotolysis 
constants differ considerably from that of water (10-14), being respectively 10-16.77 and 
10-19.1 for methanol and ethanol, meaning that neutral pH in the two solvents is 8.4 and 
9.5. As will be seen, all the catalysts we consider for decomposition of the G- and V-
agent simulants operate at pH values between 8.2 and 9.5 in methanol, close to 
neutrality, so the solutions are not caustic or corrosive. 

 
 

1. Phosphates and phosphothioates 
 Two series of O-aryl diethyl phosphates and S-aryl diethyl phosphothioates (1a-
g, 2a-f) were synthesized and their decomposition in methanol promoted by methoxide,  



(La3+(-OCH3))2, and Zn(II)[12]aneN3 (6) was studied at 25 oC using uv/visible 
spectrophotometry3.  
 

 
 

Shown in Figure 1 is a Brønsted plot of the log k2 vs. pKa (in methanol) for the reaction 
of 1 and 2 with methoxide, while Figures 2 and 3 give the Brønsted plots for the reaction 
of the phosphates (1) and phosphorothioates (2) with (La3+(-OCH3))2 and 6.  

 
 

Figure 1. Brønsted plots of the log second order rate constant for methoxide attack on 

phosphates 1 as well as on phosphorothioates 2 vs. the s

s pKa values for the 

corresponding phenols or thiophenols; linear regressions for the phosphate (except 1b) 
and phosphorothioate (except 2b) data give slopes of –0.70±0.05 (solid line □) and –
0.76±0.08 (dotted line, ○) respectively. 
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Figure 2. Brønsted plot of the log second order rate constant for La3+- and 6-catalyzed 
methanolysis of  phosphates 1a-g vs. the pKa values for the corresponding phenols; 
linear regressions through the La3+ and 6 data (except 1b) give gradients of -
(1.43±0.08) (solid line, □) and –(1.12±0.13) (dashed line, ○) respectively. Note points on 
lower right for the p-methoxy derivative (1f) are coincident.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Brønsted plot of the log second order rate constant for La3+- and 6 -catalyzed 
methanolysis of phosphorothioates 2 vs. the pKa values for the corresponding 
thiophenols; linear regressions through the La3+ and 6 data give gradients of –0.87±0.10 
(solid line, □) and -0.74±0.06 (dashed line, ○) respectively.  
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 On the basis of the gradients of the Brønsted plots, several conclusions were 
made1. The negative gradient of the line signifies that significant negative charge is 
building up on the leaving group (O-Ar or S-Ar) in the rate-limiting transition state for the 
reaction. The general mechanism for the reaction was considered to require two steps, 
as shown in eq.s (1) and (2), where the first step was a transient binding of the OP 
compound to the metal- -OCH3 catalyst, followed by a chemical reaction where the 
metal bound methoxide attacks the P=O unit, driving away the leaving group. 

MX+-(-OCH3) + (EtO)2P(=O)-XAr MX+-(-OCH3):(EtO)2P(=O)XAr
Kb

P

(1)

(2) MX+-(-OCH3):(EtO)2P(=O)XAr
k1

 
 
The magnitude of gradient suggested that the reactions, particularly those catalyzed by 
the metal ions, were probably concerted, proceeding via a hypothetical transition 

structures 7 and 8. This sort of concerted transition state is believed to be operative for 
all the substrates investigated during this project.  
 It becomes apparent that the catalysis afforded by the La3+ and Zn(II) materials 
from the methanolysis of theses phosphates and phosphonates is spectacular. For 
example, a 1 mM solution of the La3+-catalyst is simply prepared from a 2 mM solution 
of La(O3SCF3)3 in methanol to which has been added 1 equivalent of NaOCH3 per La3+, 
sets the pH of the solution at ~8.23. The so-formed solution gives an impressive 
1.1x109-fold acceleration of the methanolysis of the pesticide paraoxon (1g) relative to 
the background –OCH3-catalyzed reaction (k2

OCH3= 0.11 M-1s-1)  at that pH4. By way of 
comparison, the background methoxide promoted reaction at pH 8.23 has a t1/2 of ~600 
years. For the metal catalyzed reactions, the final product is methyl diethyl phosphate 
which is considered essentially non-toxic (based on the reported toxicity of triethyl 
phosphate of 1,500 mg/kg, LD50 oral, mouse) 
 

2. Phosphonates 
 

To demonstrate the efficacy of the metal catalyzed alcoholysis for the destruction 
of G-agents, a series of O-aryl phosphonates (3a-f)   were prepared and their 
methanolyses catalyzed by methoxide, (La3+

2(
-OCH3))2 and 5 were studied 5. Shown in 

Figure 4 are the Brønsted plots for these reactions in methanol at 25 oC,. Also included 
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on the plot are data for the Cu2+ complex 6:Cu(-OCH3). Once again it is seen that the 

metal catalyzed reactions are much faster than the corresponding methoxide reactions, 
and the gradients of the plots for these are also steeper (more negative) than for the 
methxide reaction. The gradients for the lines are: methoxide (-0.76), (La3+

2(
-OCH3))2 (-

1.26),  
 

Figure 4. Brønsted plots of the second order rate constants for methoxide and metal ion 

catalyzed methanolysis of 3a-e at 25 oC. (La3+(-OCH3))2 (▲), 6 (□), -OCH3 (▼) and 

6:Cu(-OCH3) (◊). 
 
6 (-1.06) and 6:Cu(-OCH3) (-1.12). In the case of the 6:Cu(-OCH3) catalyst, only a limited 
number of phosphonates could be investigated dud to the competing color of the Cu-
catalyst which did not allow chromophoric observation of the build-up of the phenols 
with higher pKa values. 
 

3. Phosphorothioates.  
 

Our most recent study comprised the La3+ and 6-catalyzed methanolysis of  a 
series of phosphonothioates (4a-e) as simulants for the V-agents6. Shown in Figure 5 
are the Brønsted plots of the methanolysis reaction catalyzed by La3+ and 6. The 
gradients for the La3+, 6 and –OCH3 lines are -0.75, -0.66 and -0.65, which are within 
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experimental error, the same. The Brønsted plots allow one to predict the rate constant 
for the reaction of an unknown phosphonothioate, provided the pKa of the 
corresponding thiol is known. We have, as part of that study, determined the pKa values 
for N, N, -diethylamino ethane thiol (8) from potentiometirc titration. This readily 
available thiol is considered a good surrogate for N, N-di-iso-propylamino ethane thiol, 
which is the thiol component of V-X. Shown in eq. (3) are the species as well as the pKa 
values in methanol. Since the reactions are run at a pH of ~ 9.1 
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Figure 6. Brønsted plots for log k2
catalyst vs. a

s

s pK of aryl thiol; ●, (La3+(-OCH3))2;▲, 6;  

♦, -OCH3. 
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the amino group would be substantially protonated at that pH, and so the appropriate 
pKa would be the one for formation of the stable zwitterion (9.54). This is identified on 
the plots shown in Figure 6 as a vertical dotted line. From the linear regression lines for 
the La3+ and 6 reactions,  one can determined the predicted k2

catalyst values which 
suggest that a solution containing 6 or (La3+(-OCH3))2 should methanolyze V-X with  
respective t1/2 values of 18 and 0.33 sec. at ambient temperature and essentially neutral 
conditions, the phosphorus-containing product being ethyl methyl methylphosphonate. 
 

4. Summary 
 
From the above and the additional peer-reviewed publications documented in the 

Final Report for ARO Award W911NF-04-1-0057, it can be seen that metal catalyzed 
alcoholysis reactions prove to be particularly effective for the catalytic decomposition of 
neutral OP esters that can be considered to be simulants of G- and V-agents. The 
reactions are simple to perform, do not require specialized equipment, work at ambient 
temperature and below under essentially neutral pH conditions, and produce products 
which are considered to be non-toxic. Additional work might be performed to attach the 
catalytic systems to solid supports such as polymers or silicates to produce immobilized 
catalysts that could be reused. In this form, one might make a material that can be used 
for the decontamination of sensitive equipment where the contaminant is removed by 
alcohol dissolution, and the solution is passed through a column containing the catalytic 
material. 
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