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ABSTRACT: Chemical weapon nerve agents, including isopropyl
methylphosphonofluoridate (GB or Sarin), pinacolyl methylphos-
phonofluoridate (GD or Soman), and S-(2-diisopropylaminoethyl)
O-ethyl methylphosphonothioate (VX), are slow to react in aqueous
solutions at midrange pH levels. The nerve agent reactivity increases
in phosphate buffer at pH 7, relative to distilled water or acetate
buffer. Reactions were studied using 31P NMR. Phosphate causes
faster reaction to the corresponding alkyl methylphosphonic acids,
and produces a mixed phosphate/phosphonate compound as an
intermediate reaction product. GB has the fastest reaction rate, with
a bimolecular rate constant of 4.6 × 10−3 M−1s−1[PO4

3‑]. The molar
product branching ratio of GB acid to the pyro product (isopropyl
methylphosphonate phosphate anhydride) is 1:1.4, independent of
phosphate concentration, and the pyro product continues to react much slower to form GB acid. The pyro product has two
doublets in the 31P NMR spectrum. The rate of reaction for GD is slower than GB, with a rate constant of 1.26 × 10−3 M−1s−1

[PO4
3‑]. The rate for VX is considerably slower, with a rate constant of 1.39 × 10−5 M−1s−1 [PO4

3‑], about 2 orders of magnitude
slower than the rate for GD. The rate constant of the reaction of GD with pyrophosphate at pH 8 is 2.04 × 10−3 min−1 at a
concentration of 0.0145 M. The rate of reaction for diisopropyl fluorophosphate is 2.84 × 10−3 min−1 at a concentration of 0.153
M phosphate, a factor of 4 slower than GD and a factor of 15 slower than GB, and there is no detectable pyro product. The half-
lives of secondary reaction of the GB pyro product in 0.153 and 0.046 M solution of phosphate are 23.8 and 28.0 h, respectively,
which indicates little or no dependence on phosphate.

■ INTRODUCTION
Chemical weapon (CW) nerve agents, including isopropyl
methylphosphonofluoridate (GB or Sarin), pinacolyl methyl-
phosphonofluoridate (GD or Soman), and S-(2-diisopropyla-
minoethyl) O-ethyl methylphosphonothioate (VX), are highly
toxic cholinesterase inhibitors that react slowly in aqueous
solutions at midrange pH levels (6.5−7.5). The hydrolysis rate
of VX at 25 °C is reported by Epstein and co-workers as 7 ×
10−4 hr−1, or a half-life of 41 days.1 Somani reports the half-life
of VX as 350 days at 25 °C, and the half-life of GB as 5.4 h.2

The Organization for the Prohibition of Chemical Weapons
(OPCW) reports the half-lives of VX and GB as about 200 days
and 8 days, respectively, at 25 °C.3 Munro et al. reports that the
half-life for VX in water at 25 °C and pH 7 ranges from 17 to
42 days; for GB at 25 °C, the half-life ranges from 237 h (pH
6.5) to 24 h (pH 7.5); and GD has an estimated half-life of
approximately 60 h at pH 6 and 25 °C.4

GB has perhaps been studied in the most detail with regard
to hydrolysis5−7 and other displacement reactions,8 including
reactions with hypochlorite,7 amines,9 metal ions,10 catechols,11

and phenols.12,13 Hydrolysis rates seem to be affected by high
concentration of anions even if they are not strongly reactive.14

Studies are being done for testing of various CW
decontamination solutions,15−18 buffered enzymes,19−21 solid
formulations,22−25 or catalyst solutions,11 some at midrange pH

values. These efforts are usually designed to develop less
corrosive decontamination methods for CW agents as
alternatives to strongly basic or oxidizing solutions that damage
substrate materials, such as polymers and electronics. Studies
are also underway of the reactions and degradation of CW
agents in the environment after exposure to materials such as
concrete, landfills, and marine environments.4,26−29 These types
of reactions are important in the various complex matrices in
the event of a CW agent release into the environment. Studies
of the stability of CW agents in simple aqueous solutions have
also been reported.30 A recent review by Churchill and co-
workers provides the recent work on reactions in decontami-
nation and environmental matrices.31

Reactions of nerve agents in phosphate buffers are important
for physiological studies of nerve agent exposures and for the
stability of standards prepared in phosphate buffers. Nerve
agent reactivity has been previously observed to increase in
phosphate buffer at pH 7 relative to distilled water or acetate
buffer. Gab̈ and co-workers used a one-dimensional 1H−31P
heteronuclear single quantum coherence (1D 1H−31P HSQC)
experiment to detect reaction products of GB and GD in
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phosphate solution.32 Previous studies showed a lack of stability
of GD in phosphate buffer solutions.33,34 Buckles reported in
1947 that GD is hydrolyzed in less than 1 h in a solution of 0.2
M disodium phosphate/0.1 M citric acid at pH 7.4 and 37 °C,
measured by titrating HF.35

Reactions of VX to form symmetrical pyrophosphonates by
reaction with ethyl methylphosphonic acid are well-known.36,37

as well as in the presence of water or peroxide.8 In this study,
the kinetics of the reactions of the nerve agents with aqueous
phosphate buffer at pH 7 were measured, and the products are
reported. Preliminary results from this study were reported
previously.38

■ EXPERIMENTAL SECTION
Aqueous solutions were made with distilled, deionized water
(DI water, CAS No. 7732-18-5, produced on demand using an
in-house source from Barnstead, Inc.) and a stock solution of
phosphate that was pH 7.0 ± 0.1. The composition of the stock
solution was 1.61 M PO4

3‑, made from 87.38 g K2HPO4 (Sigma
Aldrich >98%, CAS No. 7758-11-4) and 41.04 g KH2PO4 (EM
Scientific, crystals, CAS No. 7778−77−0) in 500 mL DI water.
The pH of the solution was measured to be 6.94, using a
Thermo Orion model 370 pH meter with a PrePHect
electrode, model No. 9272BN, glass combination pH sure
flow, calibrated with pH 4, 7, and 10 standard buffer solutions.
Most of the reaction solutions were generated by diluting this

stock solution in DI water. Since the reactions are usually slow,
an attempt was made to avoid introducing any other potential
contaminants that could add competing reactions. However, for
the most dilute solutions, it was found that the buffering
capacity of the dilute buffer solution was not sufficient to
neutralize the acid that was formed by the hydrolysis of the
agents. The production of acid by the reaction caused the rate
to change over time, causing curvature in the pseudo-first-order
rate plot. To eliminate this effect, ammonium acetate buffer was
used to generate a constant total buffering capacity of 0.1 M. A
stock solution of 0.2 M ammonium acetate (JT Baker # 0599-
08, CAS No. 631-61-8) was used for the solutions. The pH
measured for the 0.2 M solution was 7.00. Reaction rates that
are reported for some phosphate solutions were measured both
with and without 0.1 M ammonium acetate solution for extra
buffering, as discussed in the next section.
CW agents isopropyl methylphosphonofluoridate (Sarin or

GB, [CAS 107-44−8]), pinacolyl methylphosphonofluoridate
(Soman or GD, [CAS 96-64-0]), and S-(2-diisopropylami-
noethyl) O-ethyl methylphosphonothioate (VX, [CAS 50782-
69-9]) were obtained from the Chemical Agent Standard
Analytical Reference Material (CASARM) program at the
Edgewood Chemical Biological Center, Aberdeen Proving
Ground, MD. The agent purities were determined by liquid
NMR and confirmed by gas chromatography/thermal con-
ductivity detection. Purities of GB, GD, and VX were 97, 97,
and 95 wt %, respectively. All handling of the CWA was
conducted in a chemical surety laboratory certified for
supertoxic compounds. Diisopropyl fluorophosphate (DFP)
was purchased commercially from Aldrich ([CAS 55−91−4],
part number D12,600−4). Caution: The neat nerve agent
compounds are extremely toxic and must be handled in
accordance with all applicable Federal laws and international
treaties, using appropriate safety and security operating
procedures.
For kinetic studies, 1 μL of agent was added to a total of 500

μL of aqueous solution to make a 14 mM solution, using a 10

μL pipet. Varying concentrations of phosphate and buffer
solution were added in a 5-mm NMR tube (Wilmad-LabGlass,
Vineland, NJ, Part No. 527-PP-8) and vortexed to make the
aqueous solution. An amount of 50 μL D2O was added as an
NMR lock solvent. Reaction data was collected on a Bruker
Avance 300 Nuclear Magnetic Resonance Spectrometer
(NMR) using 31P detection at a frequency of 131 MHz,
using a quadruple nucleus probe (QNP). Most of the reactions
were slow, so the number of signal-averaging scans was adjusted
to improve the signal-to-noise, particularly later in the runs
when the reagent was low in concentration. The greater
number of scans increased the total signal acquisition time, but
the relaxation delay of each scan was not changed. Many of the
kinetic points were collected with automated spectra
acquisition spaced by the length of the run. The time value
of each data point was determined from the computer clock
time at the midpoint of the run. Other instrument parameters
include: sweep width (SW), 400 ppm; center frequency (O1P),
25 ppm; excite angle, 30°; recovery delay, 10 s; proton
decoupling; D2O solvent locking; and number of transform
points, 32K. The probe temperature was controlled by a
thermostat, which was externally calibrated according the
manufacturer’s instructions by using solutions of methanol and
ethylene glycol.39

Confirmation of the identity of the reaction products was
done by liquid chromatography/tandem mass spectrometry
(LC/MS and LC/MS/MS). Analysis was done on an Agilent
LC model 1100 system with a model 6490 triple quadrupole
mass spectrometer. Electrospray ionization in either positive or
negative ion mode was used. Gradient elution from 100%
aqueous 0.05 M ammonium acetate solution to 50% methanol
was used, with a Phenomenex Synergi Hydro RP column (150
mm × 2.0 mm × 0.4 μm, part number 00F-4375-B0).
The NMR spectrum of the phosphate solution indicated that

the solution contained a small amount of pyrophosphate at a
chemical shift of −4.3 ppm. Since it was considered possible
that the pyrophosphate was responsible for the observed
reaction, a solution of pyrophosphate was made from reagent-
grade sodium pyrophosphate basic decahydrate purchased from
Sigma Aldrich (99.0%, [CAS 13472−36−1], part no. S6422-
100G). A solution of 0.0145 M was prepared with 0.167 M
ammonium acetate to decrease the pH to 8.0 and tested for
reactivity.

■ RESULTS
GB Reaction. The reaction product from the hydrolysis of

GB with water is isopropyl methylphosphonic acid (commonly
called GB acid). In the presence of phosphate, the rate of
reaction of GB to form GB acid is faster than in DI water or
acetate buffer. The additional “pyro” product is observed that is
a mixed phosphate/phosphonate compound identified as
isopropyl methylphosphonate phosphate anhydride (structure
1), which reacts slowly. The compound is distinctive because of
two widely spaced 31P NMR doublets corresponding to the two
distinct 31P species, with the chemical shifts and coupling
constants shown in Table 1. A sample NMR spectrum of a
reaction mixture is shown in Figure 1. 1 has two doublets each
with a small coupling from the 31P−31P interaction of 22.3 Hz,
consistent with NMR modeling results40 and literature reports
for the similar symmetric VX pyro compound bis[ethyl
methylphosphonate]ester.41,42

Gab̈ and co-workers32 used a 1D 1H−31P HSQC experiment
to detect the same reaction products of GB in phosphate
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solution. This technique works for molecules for which a 31P
atom was within three bonds of a 1H nucleus, so the 31P from
methylphosphonate is observed but the 31P from phosphate is
not. This experiment had the advantage of greater sensitivity
than 1D 31P NMR, so that lower concentrations of nerve agent
and products could be detected. It has the disadvantages that
31P chemical shifts or coupling constants are not detected, and
different compounds have different signal responses. In order to
obtain kinetic information, the authors had to correct for the
different signal responses of the reactants and products.

The semilog kinetic plot of GB hydrolysis in 0.1 M
ammonium acetate buffer at pH 7 without phosphate is
shown in Figure 2. The half-life calculated from the slope is

17.9 h at 23 °C, which falls in the range of the previous reports
of the GB reaction rate for pH 7 solution under these
conditions. The y-axis of all the kinetic plots is the natural log of
the ratio of molar concentration of remaining GB to the total of
GB and products, including the pyro and acid products, using
the signal from the 31P NMR. A question that was not studied
is whether this slow reaction is affected by the use of a glass
tube as a container, since the glass may react with the product
HF as a sink to eliminate the reverse reaction. This issue could
account for some of the variation in the reported rates of GB
hydrolysis.

Table 1. 31P Chemical Shifts for Compounds in Aqueous pH
7 buffera

compound
chemical

shift (ppm)
coupling constant (Hz),

proton decoupled

PO4
3− at pH 7 (mixture of

protonated forms)
5.0

GB 38.38 1045.5 (31P−19F)
GB acid 30.02
isopropyl methylphosphonate
phosphate anhydride

26.8 22.2 (31P−31P)
−1.71

pyrophosphate −4.3
GD 38.06 1047.5 (31P−19F)

37.41
GD acid 29.0
pinacolyl methylphosphonate
phosphate anhydride

26.13, 25.86 21.4 (31P−31P)
−2.31, −2.34 21.5 (31P−31P)

aShifts are externally referenced to concentrated H3PO4.

Figure 1. Sample NMR spectrum of GB and phosphate reaction solution, showing the residual reagent GB, the products GB acid and the pyro
compound 1, and the reagent phosphate (partially protonated in solution) and impurity pyrophosphate (partially protonated in solution).

Figure 2. Semilog kinetic plot of the reaction of GB with and without
PO4

3− present. The half-life from the slope is calculated as 17.9 h for
no phosphate buffer and 0.1 M acetate buffer. The reaction of GB in
phosphate buffer at a concentration of 0.031 M PO4

3− and 0.1 M
acetate buffer has a half-life of 194 min. The half-life for 0.015 M
PO4

3− with no acetate buffer is 278 min, using only the first four data
points. The curvature for the 0.015 M plot is due to the decreasing rate
from the changing pH of the solution due to insufficient buffering of
the acid reaction products.
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The rate increases substantially when phosphate was added,
and it has linear dependence on phosphate concentration. The
plot for GB in a 0.306 M phosphate buffer at 23 °C is shown in
Figure 3. For this run only, 3 μL of GB was added instead of 1

μL, for a concentration of 42 mM, in order to increase the
signal to use shorter runs, but this concentration is still in the
pseudo-first-order condition. For these reaction conditions, the
half-life is 8.4 min, or a factor of 140 times faster than in acetate
buffer with no phosphate.
For the most dilute buffer solutions, it was found that the

buffering capacity of the dilute phosphate solution was not
sufficient to neutralize the acid that was formed by the
hydrolysis of the agents. The rate is pH dependent, so a change
in pH affects the rate, and the rate decreases from pH 7.5 to
6.5.4 Acetate buffer was added to increase the buffer strength.
Figure 2 shows the kinetic plots comparing reaction runs of GB
in phosphate buffer with and without acetate buffer. The
solutions have a concentration of 0.031 M PO4

3− and 0.1 M
acetate buffers, and 0.015 M PO4

3− and no acetate buffer. The
half-life of the reaction for 0.031 M PO4

3− is 194 min. The half-
life for 0.015 M PO4

3− is 278 min, and only the first four data
points are used since the plot curves as the reaction slows
down. The curvature for the 0.015 M plot is due to the
decreasing rate, caused by the changing pH of the solution due
to insufficient buffering. By the end of the reaction, the pH of
the solution was measured as pH 3 (using pH test paper).
A previous report by Ellin and co-workers43 indicated that

GB and GD in acetate buffer solution at pH 4.5 has faster
degradation kinetics than other pH 4.5 buffer solutions, but the
present results do not indicate that acetate promotes faster
reaction at pH 7 compared to DI water, aside from buffering
the solution so that the rate does not slow down.
In order to get a second-order rate constant, the reaction was

done with a series of concentrations of phosphate. The plot of
the pseudo-first-order rates versus phosphate concentration is
shown in Figure 4. The bimolecular rate constant is found to be
4.6 × 10−3 M−1 s−1 [PO4

3−] at 23 °C from the regression to
this data. A data point in plotted using the kinetic data in ref
32.44

The product molar branching ratio of GB acid to 1 is 1:1.4
during the course of the reaction of GB, independent of the
phosphate concentration. This ratio is in good agreement with
the ratio reported by Gab̈ and co-workers for GB, GD, and
GF.32 The fact that the branching ratio does not change and
does not depend on the phosphate concentration indicates that

both products arise from a mechanism with a common
intermediate. However, after the GB is consumed, 1 continues
to react slowly to GB acid, discussed in a later section.
The temperature dependence of the reaction of GB with

phosphate was measured at five temperatures from 23 to 63 °C,
at a phosphate concentration of 0.0307 and 0.1 M acetate
buffer. The rate data is plotted in Figure 5. The activation
energy Ea that is found from the slope of the plot for the
reaction is 63.3 kJ/mol.

In order to confirm the identity of the product, the reaction
solution was analyzed by LC/MS and LC/MS/MS. Products
that were observed are given in Table 2 and are consistent with
the assignment of the structure. In the positive ion electrospray
mode, the [M+H]+ peak at m/z 219 fragments to m/z 177 with
loss of propene, and to the m/z 99 ion H4PO4

+. A minor peak
at m/z 137 corresponds to loss of P(OH)3. In the negative ion
mode, the [M−H]− peak at m/z 217 fragments to form the

Figure 3. Semilog kinetic plot of the reaction of GB in phosphate
buffer at a concentration of 0.306 M PO4

3−. The half-life of the
reaction is 8.4 min.

Figure 4. Linear plot of the first-order rates of GB reaction versus
concentration of phosphate. All data is from this work, except △ from
ref 32 (see text, not included in regression).

Figure 5. Rate data for the reaction of GB with phosphate at five
temperatures, using the natural log of the rate constant of loss of GB at
a concentration of 0.0307 M phosphate (with 0.1 M acetate buffer)
versus reciprocal absolute temperature.

Table 2. LC/MS/MS Fragment Ions That Were Observed
from Analysis of 1 and 2

compound and polarity parent ion, (m/z) MS/MS fragment ions

1, positive ion 219 177, 137, 99
1, negative ion 217 79
2, positive ion 261 177, 99
2, negative ion 259 79
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anion CH3P(OH)O
− or (PO3)

− at m/z 79. These results are in
good agreement with those of Gab̈ and co-workers.32

GD reaction. GD has an analogous reaction to GB, but GD
acid and structure 2 are formed. There is extra splitting of the

peaks for 2 in the NMR spectrum due to the diastereomers
from two chiral centers, on the P atom and the pinacolyl C
atom. Figure 6 shows the 31P NMR spectrum with expanded
insets of the spectral lines. The peak shifts and coupling
constants are given in Table 1.

The semilog reaction rate plots of GD with phosphate in 0.1
M acetate buffer are linear. An example for 0.0766 M
phosphate, with a half-life of 100.5 min, is given in the
Supporting Information. The plot of the pseudo-first-order
rates versus phosphate concentration is shown in Figure 7. The
bimolecular rate constant is found to be 1.26 × 10−3 M−1 s−1

[PO4
3−], which is 27% of the rate for GB. One data point for

0.1 M phosphate is plotted using the kinetic data in ref 32,44

and one point for 0.02 M phosphate is plotted from ref 34.45

These points were not used in the regression, but they are in
good agreement to the best fit line. The rate of reaction for GD
is probably slower than GB because of the greater steric
hindrance of the pinacolyl group on the GD compared to the
isopropyl group on the GB.

In order to confirm the identity of the product, the reaction
solution was analyzed by LC/MS and LC/MS/MS. Figure 8
shows the negative ion LC/MS spectrum, with the peaks at the
expected masses. An interesting aspect of this spectrum is that
sodium and potassium adduct ions were observed even in the
negative ion spectrum, as [M+Na-2H]¯, [2M+Na-2H]¯, and
[2M+K-2H]¯. Fragment ions using LC/MS/MS are given in
Table 2. As with 1, the [M+H]+ peak fragments to m/z 177
with loss of alkene and to the m/z 99 ion H4PO4

+. The [M−
H]− peak fragments to the anion CH3P(OH)O

− or (PO3)
− at

m/z 79.
GD Reaction with Pyrophosphate. Since there was a 2.2

mol % of pyrophosphate impurity in the phosphate, it was
considered that the source of the reaction could be from a fast
reaction of agent with the low concentration of pyrophosphate.
A solution of 0.0145 M pyrophosphate with 0.167 M
ammonium acetate was made which was pH 8. The semilog
kinetic plot for the reaction of GD with the solution of
pyrophosphate is linear and is given in the Supporting
Information. The rate constant of the reaction is 2.04 × 10−3

min−1 at a concentration of 0.0145 M. The reaction rate of GD
with phosphate at the same concentration, taken from the plot
of Figure 7, is 1.6 × 10−3 min−1, only slightly slower. A pyro
compound was observed in the NMR spectra, but the
branching ratio of pyro/acid products is 10%, much lower
than the reaction of GD with phosphate. As a result, the
reaction of pyrophosphate does not significantly contribute to
the production of 2. Since the concentration of pyrophosphate
is much lower than phosphate in the pH 7 buffer solution, this
reaction channel does not contribute significantly to the overall
reaction rate.

VX Reaction. VX reacts with phosphate, but much slower
than GD. The analogous mixed pyro product is observed in the
31P NMR spectra. The semilog reaction rate plot for the VX
reaction at a phosphate concentration of 0.153 M is linear, and
the half-life is 54.3 h; the plot is given in the Supporting
Information. The plot of the pseudo-first-order rates versus
phosphate concentration is shown in Figure 9. The bimolecular
rate constant is found to be 1.40 × 10−5 M−1 s−1 [PO4

3−], 1% of
the rate for GD.

DFP Reaction. DFP is commonly used as a simulant to
substitute for GB and GD due to its similar chemistry and
slightly lower toxicity.46 The reactivity of DFP in phosphate
solution was faster than in acetate buffer, but the presence of a
pyro compound was not detected. The rate of reaction for DFP

Figure 6. Product 31P NMR spectrum from GD reaction with
phosphate, with insets showing the mixed pyro product, 2.

Figure 7. Linear plot of the first-order rates of GD reaction versus
concentration of phosphate. All data is from this work, except △ from
ref 32 and ○ from ref 34 (not included in regression).
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was 2.84 × 10−3 min−1 at a concentration of 0.153 M
phosphate, compared to a rate of 4.3 × 10−2 min−1 for GB and
1.18 × 10−2 min−1 for GD. The rate for DFP is a factor of 4
slower than GD and a factor of 15 slower than GB.
Secondary 1 Reaction. The reaction rate of 1 was

measured. Figure 10 shows the kinetic plot for the reaction
of 1 as a function of time at two different concentrations of
phosphate. The rate of reaction in 0.153 and 0.046 M solution
of phosphate are similar. The half-lives for these concentrations
are 23.8 and 28.0 h, respectively. The slopes for the half-lives
shown in Figure 10 are for times >500 min after the reaction
begins, and the GB is undetectable by this time, so 1 is no
longer forming. These results indicate that the secondary
reaction of 1 is not significantly dependent on the phosphate
concentration, but is likely to be a hydrolysis reaction with
water.
Simple modeling calculations of the kinetics of formation and

reaction of 1 were done, and sample plots are shown in the
Supporting Information. Rate constants that have been
reported from the regression plots are consistent with modeling
calculations of the concentration of 1 over the entire time
range. The most complex case was the rate of reaction in the
0.0153 M solution shown in Figure 2. The loss of GB is much
slower, and the concentration of 1 is almost flat to 14 000 min,
and this reaction was difficult to model due to the changing
rates as the pH values changed.

Gab̈ and co-workers say that their data supports a zero-order
reaction rate for the decomposition of the pyro compounds.32

However, a zero-order rate does not make theoretical sense
under these conditions, and the present data is not consistent
with a zero-order rate law. A plot is shown in the Supporting
Information from the kinetic model that shows that the
concentration decrease appears to be linear (zero-order) over
the time range that was studied in that work, but it is first-order
over a longer time.
The rate of reaction of 2 is similar to the rate for 1, with a

half-life of 37 h. The uncertainty is large because the signal-to-
noise ratio of the NMR spectra is low because the signal is split
into many peaks. The branching ratio is 1:0.66 for the products
GD acid and 2, respectively, for a phosphate concentration of
0.0766 M.

■ DISCUSSION
Although this work has been done in synthetic phosphate
buffer solution, biological matrices are also phosphate buffers
that are near neutral pH. Standards for biological studies are

Figure 8. LC/MS of 2 using negative ion electrospray ionization. The [M−H]− peak for the compound is at m/z 259, and the m/z 519 peak is the
[2M−H]− peak. It is interesting to observe alkali metal adducts at m/z 281 for [M+Na−2H]−, m/z 541 for [2M+Na−2H]−, and m/z 557 is [2M
+K−2H]−.

Figure 9. Linear plot of the first-order rates of VX reaction versus
concentration of phosphate.

Figure 10. Semilog plot of the first-order rates of 1 reaction versus
time for two concentrations of phosphate. The half-lives, calculated
from the slope of the line for times after 500 min when the product is
no longer forming, are 28.0 h for 0.046 M solution and 23.8 h for
0.153 M solution. Kinetic modeling of the data is given in the
Supporting Information.
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often prepared in phosphate buffers, so it may be necessary to
be aware of the stability of nerve agent in such solutions
containing phosphate. Interactions of nerve agents with
phosphate could affect the reaction of nerve agents in biological
solutions such as blood or standards made for biological
studies.
It may be possible to monitor biological fluids for

compounds 1 and 2 as a method for determining whether
individuals have been exposed to nerve agent, as an alternative
to current methods.47 However, the concentration of
orthophosphate in blood is rather low (1−2 mM) and
undergoes complex reactions,48 so the reactions with GB or
GD in blood would be slow and may be overwhelmed by other
loss mechanisms. Since the product compounds continue to
react, the monitoring would be necessary within days after the
exposure. The products of a reaction are likely to be difficult to
find, due to binding with proteins and the complex matrix.
The toxicity of 1 and 2 are unknown, but they may have

anticholinesterase activity, since the structures are similar to
tetraethyl pyrophosphate, a cholinesterase inhibitor (oral LC50
in rats of 500 μg/kg49). As a result, it is not possible to say that
the GB or GD has been detoxified by the reaction with
phosphate without testing of the toxicity of the reaction
product. The possible product toxicity as well as the slow speed
of the reactions will probably limit the application of these
reactions to routine nerve agent decontamination.
The mechanism of the reaction has not been determined.

The fact that the branching ratio of the reactions to form 1 and
GB acid does not change as a function of phosphate
concentration indicates that both products arise from a
common intermediate involving a phosphate complex that
decomposes to both products. There is a direct hydrolysis
reaction of GB involving only water, which may be acid or base
catalyzed, but it is much slower. The phosphate acts in a
catalytic role to consume the nerve agent, for the reaction
channel that produces the corresponding acid. There is no
direct evidence about the structure of the reactive intermediate,
in particular whether the P−F bond (or P−S for VX) is
eliminated before or after the intermediate is formed. However,
these results indicate that the destruction of toxic nerve agents
can be accomplished in a catalytic way. Further research in this
area of the fundamental chemistry of this class of compounds
may assist in improving the reactivity.
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