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ABSTRACT: The catalytic degradation of the nerve agent VX
(O-ethyl S-2-(diisopropylamino)ethyl methylphosphonothioate)
by water-swelled polymer-supported ammonium fluorides is de-
scribed. VX (0.06—0.53 mol/mol F™) is rapidly degraded (t,,, ~
10—30 min) to form the “G-analogue” (O-ethyl methylphospho-
nofluoridate), which hydrolyzes (t,/, ~ 1—1.5 h) to the nontoxic
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EMPA (ethyl methylphosphonic acid). The toxic desethyl-VX is not formed. The catalytic effect of fluoride is maintained even when 6
equiv of VX are loaded. GB (O-isopropyl methylphosphonofluoridate) and desethyl-VX agents are also degraded under these conditions.

econtamination of chemical warfare agents (CWAs) such as
D VX (O-ethyl S-2-(diisopropylamino )ethyl methylphospho-
nothioate), GB (O-isopropyl methylphosphonofluoridate or sarin),
or HD (sulfur mustard) is important for defense and environ-
mental reasons. One approach to destroy these extremely toxic
agents is to use reactive sorbents that can absorb and chemically
convert them into nontoxic products. In the past decade, various
powders, for instance, nanosize particles of MgO,1 CaO,> NaY
and AgY zeolite,® AL,O;,* and TiO,,> 7 as well as various types of
KF/ALO5,%° have been shown to be destructive sorbents for the
degradation of these CWAs. This approach is linked to a scenario
in which destructive sorption of CWA from sewage, skin, or other
contaminated surfaces is needed. Polymers functionalized with
a-nucleophiles like oximates'®'" and primary amines or imines,">~**
amidoximes," and sulfonamides'® have also been used.

Based on our studies on the reactivity of alumina-supported
fluoride ions against CWAs,*” we hypothesized that organic
polymers functionalized with ammonium fluoride groups may
also be reactive in the presence of water toward these toxic
agents. A good candidate for this purpose is the commercial resin
Amberlite IRA 900 F~, a styrene—divinylbenzene copolymer
substituted with benzyltrimethyl ammonium fluoride. Its uses in
fluorination, desilylation, and carbon—carbon coupling reactions
have been reviewed.'” To the best of our knowledge, the only
reported data in the field of phosphorus chemistry is the prepara-
tion of pentavalent phosphorus fluorides from their chloride
analogues.'® The only published work in relation to CWAs
describes the decomposition of HD to divinyl sulfide in the gas
phase (60 °C)."” Herein, the catalytic degradation of VX on the
resin Amberlite IRA 900 F~ will be described. The role of the
solid-supported fluoride ion in the catalytic decomposition of VX
as well as in the fate of GB and desethyl-VX will be also discussed.

In the present study, special attention was given to the choice
of an appropriate solvent for the resin swelling, which would be
suitable for a rapid degradation of the CWA. Among the solvents
screened for their swelling capabilities, only acetonitrile, ethanol,
and water gave satisfying results with a volume increase of ca.

v ACS Publications ©2011 american chemical Society

8549

_?/OR _ﬂ),oR1
MeP o NG-Pr), Me 'Ry
VX: R=Et GB:  Ry=i-Pr; Ry=F

Desethyl-VX: R=H Et-G: Ry =Et; R)=F
EMPA: R=Et; R,=OH
IMPA: R;=i-Pr; R,=OH

DEMP: R{=Et; R,=OEt

2-fold. VX (0.06—0.09 equiv)*° was loaded onto the resin after
swelling with these solvents. The results are presented in Table 1.
In ethanol and acetonitrile, a single®'P signal of VX at & 50—55
ppm (spectra S17—S18, Supporting Information) was observed,
while in water a second signal at & 60 ppm appeared (Figure 1).
This signal has been attributed to protonation or solvation of VX
by water."'>*! The general trend was that swelling with water
favors VX degradation (,/, 0.26 h)** as compared to acetonitrile
and ethanol. After 4 h, only nontoxic EMPA was present (run $).
This was confirmed by experiments with water—acetonitrile
mixtures (runs 3 and 4). In ethanol (run 1), traces of diethyl
methylphosphonate (DEMP) were also detected. Interestingly,
in all experiments, the “G-analogue” of VX (O-ethyl methylphos-
phonofluoridate or Et-G) is formed as an intermediate, which
eventually hydrolyses to EMPA (Figures 1 and 2). Et-G gives
typical doublets at ® —61.6 ppm and 0 29.0 ppm (Jpr = 1045 Hz)
in '"F-MAS NMR and *'P-MAS NMR, respectively.”* Moreover,
a reaction identical to run 3 was quenched after 2.5 h, and Et-G
was isolated and identified by NMR (spectra $20 and S21,
Supporting Information). The basic hydrolysis of Et-G is faster
than that of VX itself, and therefore, its formation in our process
accelerates the overall degradation of VX. One should note that
because the relatively high boiling point of G-agents (160—
200 °C),** there is no actual risk of “G-analogue” evaporation to
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the environment when it is formed as unstable intermediate in
the aqueous medium.

It is noteworthy that although the reaction is performed in the
presence of water at pH ~9, the toxic side product desethyl-VX
is not formed. For comparison, in the degradation of VX in
unbuffered water (t;,, ~ 57.3 h), a significant amount of
desethyl-VX is formed (50%).*> At pH above 10, the hydrolysis is
faster (t;/, ~ 31 min) and at least 13% desethyl-VX is formed.**
Hence, the present approach is advantageous from both kinetic
and toxicological points of view.

Another aspect of this process is the fate of the fluoride ion
after the hydrolysis of the phosphonofluoridate intermediate
Et-G to EMPA. In an experiment where sequential amounts of VX
were added to the same rotor loaded with water-swelled resin, we
observed that even when the overall quantity of VX exceeds the
theoretical amount of fluoride ions, the formation of Et-G still takes

Table 1. Degradation Rate of VX on Amberlite IRA 900 F~
Swelled with Different Solvents

run solvents (molar ratio)” 'Y (equiv) t12° (h) il
1 ethanol 0.07 22 1d
2 acetonitrile 0.07 0.93 1d
3 acetonitrile/water (5:2) 0.07 0.7§ <2d
4 acetonitrile/water (1:10) 0.09 0.38 1d
S water 0.06 0.26 4h

“ Molar ratio of the solvent mixture. ” VX equivalents per fluoride ion.
“Half life time of VX for a pseudo-first-order reaction. ¢ Time for total
degradation of any toxic agent.
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Figure 1. 3'p_MAS NMR spectra depicting the degradation profile of
VX (0.06 equiv) on Amberlite IRA 900 F~ swelled with water (run $).

place, followed by the expected hydrolysis to EMPA (Table 2,
run 7; graph S1S and spectrum S24, Supporting Information).
This data supports a catalytic mechanism in which the fluoride
ion returns to the ammonium moiety attached to the resin and
can eventually participate in the nucleophilic attack of another
VX molecule. The degradation rate of VX is barely affected by the
accumulation of EMPA on the resin during the process (t;,, 0.10—
0.22 h, Table S2, Supporting Information), and the total time for
EMPA formation remains constant (t, ~ 6 h). Further, a large
excess of VX (10 mg, 6 equiv) was loaded on a very small amount
of resin (2 mg), and the degradatlon of VX was completed in
6.2 days (Table 2, run 8).%° Nine days later, the nontoxic EMPA
was the sole organophosphorus (OP) compound which could be
detected (Spectrum S28, Supporting Information). This experi-
ment is strong evidence for the catalytic nature of the degradation
of VX on Amberlite IRA 900 F . It also suggests the potential for
destruction of big quantities of VX on a minimal volume of resin.

In order to estimate the role of water in this system, another
experiment with sequential additions of VX (0.06—0.58 equiv)
was conducted without swelling of the resin.”” The degradation
rate of VX (t;, 0.13—0.62 h, toy 0.68—4.8 h) decreased
progressively (graph S13 and spectrum S25, Supporting
Information). This may be explained by EMPA accumulation on

Table 2. Degradation Rate of VX on a Few Amberlite IRA 900
Resins Bearing Different Counterions

products (%)

vx° tiotal’
(equiv) fo°(h) iy (h)

run  resin’ EMPA  desethyl-VX

6 F~ 025 017 625 100 0
7 F 1.25 sh 6 100 0
8 F~ 6 62d 180 100 0
9 F;dy 006 013 0.68 100 0
10 Fdry 42 17d  >18d o4/ 0
11 OH o018 27 15d 92 8
12 OH~ 0.92 >60 df 44" 2
13 C 02 92 24d 86 14

“ Amberlite IRA 900 bearing the counterlon specified below. The resin is
swelled with water unless otherwise specified. " VX equlvalents per fluoride ion.

“Halflife time of VX for a pseudofirst order reaction. “Time for total
degradation of VX given only when the reaction is not of first-order. * Time
for total degradatlon of any toxic agent. When desethyl-VX or Et-G are left, tyoral
is not speaﬁed fSome Et-G (6%) is left. € After 2 months VX (34%) is still
present. " 44% stands for total EMPA (29%) plus MPA (15%) after 2 months.
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Figure 2. Degradation profiles of VX (0.06 equiv) and of Et-G obtained from VX on the resin swelled with water (run 5).
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Scheme 1. Degradation of VX on Amberlite IRA 900 F
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the surface of the resin (0—0.4 equiv), creating a less “fluid”
environment. When an excess of VX (4.2 equiv) was charged on
the “dry” resin, the degradation was completed only after 2
weeks, and some Et-G was left, possibly because there was not
enough accessible water for the hydrolysis process (Table 2, run
10; spectrum S29, Supporting Information). Despite the fast
degradation rates obtained on the “dry” resin with small quan-
tities of VX, it is clear that the water-swelled resin is a better
support for the degradation of large amounts of VX.

Control experiments were conducted on the hydroxide and
chloride analogues of Amberlite IRA 900 F . It takes more than 1
week for VX (0.18 equiv) to totally degrade on Amberlite IRA
900 OH ™~ (Table 2, run 11). Moreover, some toxic desethyl-VX
(8%) is formed together with EMPA. When the amount of
loaded VX is close to 1 equiv (0.92 equiv, run 12), 34% is still
present two months later along with desethyl-VX (22%). On
Amberlite IRA 900 Cl™, VX undergoes a very slow degradation
to desethyl-VX (14%) and EMPA (¢, 92 h for 0.2 equiv of VX,
run 13). The conclusion is that some basic hydrolysis of VX takes
place on those resins, with a rate and outcome similar to what is
known for the decomposition of VX in basic aqueous medium.
The importance of the fluoride ion present in the resin as a
nucleophile is now evident. In the absence of fluoride the
catalytic process does not occur, and toxic desethyl-VX is formed.

The mechanism proposed for the catalytic degradation of VX
on the fluoride resin is detailed in Scheme 1. In the first step, a
nucleophilic attack of the fluoride ion on the phosphorus
displaces the aminothiolate group from VX and the “G-analogue”
is formed. The latter is attacked by water, and the intermediate
(not shown in Scheme 1) formed undergoes HF elimination to
yield the nontoxic EMPA and aminoethanethiol. Following
protonation, fluoride ion is released, returns to the resin-bound
ammonium, and is now ready for a new catalytic cycle. The pH of
the medium is roughly maintained throughout this process.

Catalytic methods for the destruction of CWAs in solution
have been recently reviewed.”® The iodosocarboxylates or iron-
centered tetraamido macrocyclic ligands (Fe-TAML) promoted
hydrolysis of OP pesticides by activating hydrogen peroxide.””*°
However, those ligands catalyze their own decomposition in the
presence of hydrogen peroxide. Methanolysis in the presence of
Zn*" and La®>" catalysts also promotes OP compound destruc-
tion, but this technique is limited by the use of methanol as
solvent and reactant and also by the sensitivity of these catalysts
to moisture.>' Our method, using commercial Amberlite IRA
900 F, seems to be more practical, since this catalyst is stable
and can be used in an aqueous environment.

JLIMPA
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Figure 3. 3'p.MAS NMR spectra and degradation profile of GB (0.4
equiv) on the resin swelled with water (run 15) (the second doublet for
GB may be attributed to some “solvated” GB).

Table 3. Degradation Rate of GB, Et-G, and Desethyl-VX on
Swelled Amberlite IRA 900 F~

run compd” (equiv) t12" (h) troar” (d)
14 GB (02) 9.6 3
15 GB (0.4) 10.5 3
16 Et-G (0.2) 3.0

17 desethyl-VX (0.37) 168 >60

“Compound equivalents per fluoride ion. ”Halflife time of the OP
compound for a pseudo-first-order reaction.  Time for total degradation
of any toxic agent.

We further investigated the fate of other toxic OP compounds
such as GB and desethyl-VX on Amberlite IRA 900 F~. GB
decomposes to isopropyl methylphosphonic acid (IMPA, eq 1)
with half-life times of ca. 10 h (Figure 3; Table 3, runs 14 and 15).
From the experiments performed with VX, we observed that the
half-life time for hydrolysis of Et-G on the resin (¢;,, 57 min for
VX < 0.5 equiv; Figure 2) was shorter than that found for an
authentic sample of Et-G loaded on the resin (Table 3, run 16).
A plausible explanation is that during the hydrolysis of GB or Et-
G hydrogen fluoride is liberated, and the decrease in pH during
the process contributes to a decrease in rate. In the system VX/
Et-G/resin, HF is neutralized by the tertiary aminothiolate leaving
group as shown in Scheme 1, so that the basic pH ~9 is maintained
during the process. In addition, the disparity between GB and
Et-G may be explained by the fact that, due to the isopropyl
group, GB is more lipophilic and more sterically hindered.

o i Amberlite IRA 900 F* O
p o e AT +HF )
~00 H.0 _P-o
2 OH
GB IMPA

The degradation of desethyl-VX in the presence of water is an
important issue in view of its “inevitable” formation during the
decontamination of VX in aqueous media. For this reason, the
fate of desethyl-VX on the resin was also studied. Desethyl-VX
was loaded onto the resin and slowly (¢, , 168 h) converted to a
mixture of fluoromethylphosphonic acid and thiolate. These
products are in equilibrium with aminoethanethiol and the
fluoromethylphosphonate anion coupled to the ammonium
moiety of the resin (Scheme 2). This anion was identified by
solid-state and solution '’F and *'P NMR (spectra $34—S35,
Supporting Information) due to its characteristic coupling
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Scheme 2. Degradation of Desethyl-VX on the Resin
(Run 17)
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constant (Jpg = 956 Hz), different than that found for fluoro-
methylphosphonic acid or Et-G (Jpg = 1045 Hz). The extremely
slow rate of degradation of desethyl-VX as compared with VX may
be explained by its partial ionization in the basic medium of the
resin, which prevents the attack of any nucleophile anion like
fluoride or hydroxide.

In conclusion, toxic OP compounds (VX, GB, Et-G, and
desethyl-VX) can be degraded on Amberlite IRA 900 F~ resin.
The advantage of this resin, in which the ammonium fluoride is
covalently bound to the solid support, over the alumina-supported
fluoride reagents®” is mainly expressed by its ability to degrade
VX in a catalytic mechanism. Moreover, during this catalytic process,
the toxic desethyl-VX is not formed in spite of the use of neutral
aqueous medium. These results designate this resin as a powerful
candidate for the building of active barriers in protective clothes,
filters, or column fillers mainly against “V” agents.

B EXPERIMENTAL SECTION

Materials. The resin Amberlite IRA 900 F~ (C¢H,CH,N-
(CHs)5F, also named Fluoride on Amberlyst A-26, cat. no. 338879)
and its hydroxide (cat. no. 542571) and chloride (cat. no. 47060)
analogues were purchased from a commercial supplier.

NMR. *'P and '°F MAS NMR spectra were obtained at 202
and 471 MHz, respectively, on a 11.7 T (500 MHz) spectro-
meter, equipped with a 0.4 cm standard CP-MAS probe, using
direct polarization (i.e, no cross-polarization (CP) was used).
Typical spinning rates were 5—7 kHz. Chemical shifts for >'P and
'“F were referenced to external trimethyl phosphate (TMP) and
CFCl,, respectively, as 0 ppm. For *'P spectra, the pulse delay
was 2 s, which is considered sufficient for relaxation in OP esters
on solid matrices. The number of transients per spectrum was
200. For °F spectra the pulse delay was 2 s, and the number of
transients per spectrum varied between 100 and 2000. For com-
parison purposes, spectra were recorded under identical conditions.

Sample Preparation. Caution: These experiments should only
be performed by trained personnel using applicable safety procedures.
Samples of the appropriate resin (2—32 mg) dry or swelled with
the appropriate amount of solvent (deuterated water, water,
acetonitrile, or ethanol) were added to the 0.4 cm ZrO, rotor,
and 0.2—10 uL of the OP compound (VX, GB, Et-G, or desethyl-
VX) was applied via syringe to the center of the sample. The rotor
was sealed with a fitted Kel-F cap.*'P and '°F MAS NMR spectra
were measured periodically to determine remaining starting
material and identify degradation products.

The number of equivalents of each reactant was calculated
assuming a loading of 0.003 mmol/g fluoride on the resin. The
half-life time of any OP compound was calculated only for big

excess of fluoride and was derived from the slope of the plot of
In[% OP] as a function of time. The % OP is the molar per-
centage of the OP in the mixture.
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