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Abstract

Mild oxidation of sulfur-containing chemical warfare agents (CWAs) was performed in
organic medium by electrophilic iodine reagents. Kinetic experiments on sulfur mustard
(HD, 1) showed rapid (t;,<3 min) and selective oxidation to the non-vesicant sulfoxide
product (HD-SO, 5) in acetonitrile or propylene carbonate solutions (9% water added)
containing excess of NIS (N-iodosuccinimide). Molecular iodine solutions in these
solvents led to similar results as with NIS, however at much slower rates (t;,~90 min).
Higher donor number (DN) solvents, such as THF, DMF or DMSO, showed slower rates
with both iodine and NIS. The oxidation of the nerve agent VX (O-ethyl-S-2-(N,N-
diisopropylaminoethyl)methylphosphonothioate, 2) selectively to the non-toxic EMPA
(ethyl methylphosphonic acid, 7) product exhibited fast rates (t;,=6 min) using NIS in
DMSO solution. In all other solvents tested with 2, rates were slower (t;,~30-70 min).
Oxidation experiments under the same conditions with chloroethyl-ethylsulfide (CEES,
HD simulant, 3) and O,S-diethyl methylphosphonothioate (DEMPT, VX simulant, 4) led
to much faster reaction rates. These transformations are believed to proceed through
electrophilic iodine attack on the sulfur moiety, and display solvent dependency based on

the agents' structural and chemical properties.
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Introduction

Development of new, mild and universal decontamination/detoxification solutions against
chemical warfare agents (CWAs) is a continuous effort, especially under the circumstances
of using these malicious means in recent years.'> Among all known CWAs, the vesicant
sulfur mustard (bis-(2-chloroethyl)sulfide, HD, 1) and the toxic nerve agent VX (O-ethyl-
S-2-(N, N-diisopropylaminoethyl)methylphosphonothioate, 2) are considered as the most
persistent (Figure 1).> Due to their high stability and low volatility, 1 and 2 can persist for
months, posing physiological and ecological threat.*’ In an attempt to deal with these
hazardous CWAs, numerous detoxification approaches have been examined over the last
decades, including simple reactions such as hydrolysis, elimination, substitution and
oxidation.?? It is worth mentioning that a considerable part of these studies have been
conducted on CWAs simulants, such as CEES (chloroethyl-ethylsulfide, 3) and DEMPT
(O,S-diethyl methylphosphonothioate, 4) (simulants of 1 and 2, respectively).?
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Figure 1. Sulfur containing CWAs and their simulants.

Usual CWAs degradation procedures require harsh reagents (such as strong
bases/acids/oxidants) in order to reach full degradation,® however, with high ecological and
environmental cost. In order to avoid these conditions, development of benign procedures
is preferred. However, under mild conditions, toxic byproducts could also be formed. For
example, in the over oxidation of 1, the formation of the vesicant HD-SO, (bis-(2-

chloroethyl)sulfone, 6) could be observed in addition to the non-vesicant HD-SO ((bis-(2-
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chloroethyl)sulfoxide, 5).° As well, in the hydrolysis of 2, the toxic desethyl-VX (S-2-(N, N-
diisopropylaminoethyl)methylphosphonothioic acid, 8) could be formed in addition to the
non-toxic EMPA (ethyl methylphosphonic acid, 7) (Scheme 1).!° Therefore, the
development of a selective and mild method for the degradation of 1 and 2 to their

corresponding non-vesicant and non-toxic products still remains a challenge.

Scheme 1. Non-Selective degradation of 1 and 2 to their products.
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Oxidation is one of the important approaches for CWAs detoxification,® of which
hypochlorite derivatives and peroxide solutions are the most popular. Examples of such
formulas are bleach (sodium hypochlorite),” STB (calcium hypochlorite),’ Fichlor (sodium
N,N-dichloroisocyanurate),” L-Gel'! and Decon Green (based on peroxides).!> However,
these oxidants are characterized by several drawbacks. In addition to their non-selective
mode of action and tendency to over-oxidize, they are usually used as high polarity water-
base solutions, which restrict their interaction with hydrophobic agents such as 1 and 2,
especially in large quantities. Moreover, in some cases, the slow rates of oxidation
reactions require the use of special conditions such as high pH and elevated temperatures.
Recently, in addition to the aforementioned, inorganic macromolecules as some modified
MOFs (metal organic frameworks)!> and POMs (polyoxometalates)'* have been
introduced to the field of CWAs oxidation. To the best of our knowledge there is only one
example in which actual CWA has been proven to react through an oxidation mechanism

with MOFs.!3* With regard to POMs, all the oxidation processes were reported solely on
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simulants of 1.'* Most recently, an efficient photocatalytic oxidation of 1 by an organic

photosensitizer incorporated in polymer coating and fabrics was reported. '3

Following our ongoing studies to find benign and universal formulations for CWAs
decontamination,!6-!° we examined the possibility of using electrophilic iodine reagents as
mild oxidants for sulfur containing CWAs. In the arsenal of CWAs degradation formulas
only few examples of iodine-containing reagents can be found. IBX (O-iodoxy benzoic
acid) and its derivatives are the most known, but they exert their reactivity by acting as a-
nucleophiles.?’ Moreover, there are several reports using povidon-iodine and solution of
iodine/tetraglycol/ethanol as topical ointments against skin lesions induced by 1.21-23 The

effect of these formulations was limited and their mode of action is not clear.

Iodine and iodination reagents are known for their high solubility in organic solvents and
their ability to oxidize sulfides. Nonetheless, there are only few literature examples where
molecular iodine is used for sulfide oxidation, all of which are catalyzed by certain
nucleophiles.?*?3 As reported, such reactions include sulfide nucleophilic attack on iodine
to form a postulated iodosulfonium cation, which subsequently reacts to yield a sulfoxide.
Another well-known iodination/oxidation reagent is NIS (N-iodosuccinimide), which is

widely used for the activation of thioglycosides in carbohydrate chemistry.?’

Inspired by this chemistry, we sought to use iodonium ion generated either by molecular
iodine or NIS, as a mild oxidant for the decontamination of divalent sulfur containing
CWAs, i.e. 1 and 2. Herein, we disclose our results on the selective and efficient
degradation of these agents by iodonium species relative to their common simulants (3 and

4).

Results and Discussion

Screening of iodine-containing oxidants. Several iodine-based oxidants were initially
screened for potential degradation of sulfur containing CWAs. This screening for the
oxidation of 3 included KIO,, KIO;, KI5 and I, in organic solutions (such as acetonitrile

(ACN) and propylene carbonate (PC)) containing water as a reagent (10:1 v/v

4
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respectively). In a typical experiment, 3 was reacted with excess of oxidant (5-11 equiv.)
at room temperature and monitored by 3C{'H} NMR. From all the aforementioned
oxidants, only I, exhibited reactivity towards the oxidation of 3, and therefore was selected

for further investigation.

Reactions of 1 and 3 with Iodine (I;). Decontamination methodologies usually require
excess of decontaminant for an efficient process. First attempts have shown maximum
solubility of 11 equivalents of iodine under the experimental conditions in most tested
organic solvents (2 uL of 3 in 1 mL solvent at room temperature). Aprotic organic solvents
containing water (10:1 v/v, respectively) were screened for optimal reaction rates. The
results are summarized in Table 1. Sulfide 3 was oxidized by I, in a selective and fast
manner to the corresponding sulfoxide 9 (Scheme 2) in ACN, PC and acetone (AC)
solutions (entries 1-3). No further oxidation to sulfone was observed even after 18 hours
from reaction completion (Figure S1 in the supporting Information). DMF showed fast
reaction, however, with lower selectivity forming different by-products. Oxidation in THF
or DMSO was selective, but with longer reaction times (entries 4, 6). The high selectivity
of this reaction (in spite of the high excess of oxidant used) coupled with the fast reaction

rates, encouraged us to further investigate this transformation.

Table 1. Kinetic rates for the oxidation of 1 and 3 by molecular iodine in different solvents

tin of 3 ti2¢ of 1
Entry  Solvent’ +idation (min) oxidation (min)

1 ACN <3 92

2 PC <3 88

3 AC <3 NA4
4 THF 7 1080
5 DMF NA? NA?
6 DMSO 30 960

@ Solvent/water 10:1 (v/v). ® Mixture of products. ¢ Due to iodine decomposition during the reaction
course and deviation from first order kinetics, an average half-life times were calculated. ¢ Reaction
stopped at 40% conversion after 400 min.

5
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Scheme 2. Oxidative detoxification of 1 and 3 by iodine and water.
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Figure 2. 3C{'H} NMR spectra showing the oxidation of 1 by iodine in ACN/H,O (10:1) to the sulfoxide
products (5 and 10) at: (A) 27 min; (B) 93 min; (C) 188 min; (D) 448 min; (E) 1048 min.

In a similar manner, 1 was treated with molecular iodine under the same conditions as 3 to
form sulfoxide S. Oxidation rates were much slower, presumably due to the additional
electron withdrawing chlorine atom.?® In ACN and PC the average half-life times were ~90

minutes (Table 1, entries 1-2 and Figures S2-S4 in the Supporting Information). During

6
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the reaction, 5 further reacts with water to afford the hydrolyzed sulfoxide 10 (Scheme 2
and Figure 2). In other solvents, the reaction rates were much slower (entries 3-6), and in
some cases the reaction stopped without reaching full conversion (entries 3, 5). Moreover,
a deviation from first order reaction kinetics was observed, seemingly due to the decrease
in iodine concentration, which is consumed by competitive reactions. It is known from
previous reports, iodine decays slowly in organic solvents to the non-active triiodide anion
and other species, and water accelerates this decay.?® Indeed, iodine solutions that were
prepared 24 hours prior to reaction were not reactive. Therefore, in order to improve the

rates and the efficiency of the reaction, the more stable iodonium source NIS was used.

Reactions of 1 and 3 with NIS. The reagent NIS turned out to be highly efficient. Under
the same reaction conditions described above for iodine, 3 was oxidized selectively to the
corresponding sulfoxide 9 in all solvents tested in less than 15 minutes (t;,< 3 min).
Furthermore, the oxidation of 1 by NIS to the non-vesicant sulfoxide 5 was significantly
faster in comparison to iodine. Reactions in ACN, PC and AC reached full conversion
within 10-15 min (t;, < 3 min). Reactions in THF, DMF and DMSO also reached full
conversion in shorter half-life times relatively to the slow rates and partial conversions with
iodine (Table 2 and Figure S5 in the Supporting Information). It is worth mentioning that
in contrast to iodine solutions, NIS solutions were found to be stable for prolonged periods

of time (over a month) without significant decomposition.

The results with NIS showed a clear dependence between the solvent and the reaction rate.
While there was no obvious indication for correlation with solvent polarity, a correlation
was observed between the reaction rates and the solvent basicity (donor number, DN).
Namely, the lower the solvent’s DN, the higher the kinetic rate constant of the oxidation
reaction. For example, while the reaction was very fast in ACN (DN=14.1, entry 1), it was

relatively slow in DMSO (DN=29.8, entry 6).

The reactivity of NIS towards 1 was compared to its common bromine derivative NBS (V-
bromosuccinimide). The same trend as with NIS was observed in the reaction of 1 with

NBS in ACN vs. DMSO. In ACN the reaction was fast (entry 8) yet not selective, affording
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a mixture of sulfoxide 5 and the bromination product 12 (Figure 3). In DMSO the

conversion was much slower (entry 9), but selective in respect to the sulfoxide product.

Table 2: Kinetic rates for the oxidation of 1 and 3 by NIS or NBS in different solvents.

ty, of 3 t1p of 1
Donor oxidation oxidation
Entry Solvent” Oxidant number (min) (min)
1 ACN NIS 14.1 <3 <3
2 PC NIS 15.1 <3 <3
3 AC NIS 17.0 <3 <3
4 THF NIS 20.0 <3 4
5 DMF NIS 26.6 <3 53
6 DMSO NIS 29.8 <3 62
7 DMSO? NIS - 148
8 ACN NBS 14.1 - <3¢
9 DMSO NBS 29.8 - 35

2 Solvent/H,0 10:1. ? Solvent/D,0 10:1. ¢Mixture of 5 and 12 was obtained.

8
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Figure 3. BC{'H} NMR spectra presenting the oxidation reaction of 1. (A) starting material (1); (B)
oxidation by NIS in ACN/H,0 (10:1) to the sulfoxide product (5); (C) oxidation by NBS in ACN/H,O
(10:1) to a mixture of 5 and 12.

Mechanism of HD (1) oxidation: solvent role. In order to understand the mechanism of
the oxidation of sulfides with NIS and the role of the solvent, we looked for a sulfide that
undergo rather slow oxidation process. Ethylphenylsulfide 13 undergoes slow enough
oxidation in PC to enable reaction monitoring on 3C NMR timescale. In less than two
minutes after reacting 13 with 4 equivalents of NIS in PC (no water added), changes in the
BC{'H} NMR chemical shifts spectrum were observed, especially for the carbons adjacent
to the sulfur atom (Figures S6-S7 in the Supporting Information). These changes are
attributed to the formation of an intermediate believed to be a sulfonium complex. Next,
water was added to complete the reaction. At this point, formation of the sulfoxide 14 via
substitution of the iodide by water was observed. The latter transformation was
significantly slower than the first step, taking 12 min to complete after the addition of water
(Figure S6C-E in the Supporting Information). This difference implies that the second step,

substitution by water, is the slower step. Additional support was obtained from kinetic

9
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isotope effect (KIE) experiments. 1 was reacted with NIS in DMSO/D,0 in comparison to
DMSO/H,0O under the same conditions above. A slowdown in the reaction rate was
observed with k;/kp, = 2.4 (Table 2, entries 6-7) in accordance with reported hydrolysis
values of secondary solvent isotope effect.’ Based on these results, we propose a
mechanism for the oxidation of 1 by NIS/H,O, which explains the kinetic rate dependence

on solvent (scheme 3).

In this mechanism the postulated sulfonium cation is stabilized by the solvent. The higher
the solvent’s Lewis basicity (higher DN) the stronger the interactions with the sulfonium
cation intermediate, thus reducing the reaction rate. DMSO (with the highest DN of all the
tested solvents) displays the lowest rate of sulfide to sulfoxides transformation with both

NIS and NBS (Scheme 3 and Table 2, entries 6 and 9).

Scheme 3. Proposed mechanism of the oxidation of 1 by NIS in solvent/H,0.

(0]
— |
=) | 9
S~ O [ IS O, 2 + Iy + HN;j
Cl Cl 2
. ¢ sal f slow C|/\/S\/\C| d
fast sol

Mechanism of HD (1) oxidation: oxidant role (NIS vs. NBS). We have noticed that
immediately after addition of NIS, the color of the reaction solution turns brown. This may
imply on the formation of molecular iodine during the reaction. The same visual result was
obtained when KI was added to NIS solution. In addition, in reactions conducted with
different ratios of NIS to sulfide, at least two equivalents were found to be the minimum
needed to reach full conversion to sulfoxide. On the other hand, reaction with NBS was
colorless, and one equivalent was needed to reach a full conversion. When more than one
equivalent was used, the reaction did not yield the sulfoxide selectively. Based on these
observations, we propose that the reaction with NIS forms HI, which immediately reacts
with another equivalent of NIS to produce iodine (Scheme 3). Hence, the reaction solution
stays close to neutral (pH ~ 6). In contrast, the reaction with NBS produces HBr, which

lowers the pH of the solution (pH ~ 1) without consuming NBS (Figure S8 in the

10
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Supporting Information). The low pH accelerates the release of bromonium cation, hence,
increasing the reaction rate of sulfide oxidation. When an excess of NBS is used, the

released bromide anion continues to react with the sulfonium cation to produce a

oNOYTULT D WN =

bromination by-product presumably via Pummerer type reaction in addition to the

10 sulfoxide product.3!-32

13 Reactions of 2 and 4 with Iodine (I;) and NIS. In light of the oxidation results with 1, we
15 were intrigued to examine whether electrophilic iodine will be efficient oxidant for the
degradation of the thiophosphonates 2 and 4 in organic solutions. The reaction of 4 with I,
18 (11 equivalents, solvent/water 10:1) monitored by 3'P NMR showed selectivity towards P-
20 S bond cleavage, yielding only the hydrolysis product 7. The reaction rates were relatively
2 fast (half-life times of minutes), however, in some solvents the reactions did not proceed

to completion, probably due to the decomposition of iodine (Table 3, entries 3-6).

58 11
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Table 3. Kinetic rates for the oxidation of 2 and 4 by I, or NIS in different solvents.

Entry Solvent* Oxidant oxi(;zll/tzi(())rf ‘(‘min) oxi(i[zll/tzi(())rfl %min) oxidtz;)é(?rf (zmin)
1 ACN I <3 93 3980/
2 PC 16 <3 27 280/
3 AC I <6 320¢
4 THF I <4¢ 43 2920/
5 DMF I, <10¢ NR
6 DMSO I, <3¢ 16¢
7 ACN NIS <3 69
g PC NIS <3 30¢
9 AC NIS <3 44
10 THF NIS <3 60
11 DMF NIS <3 454
12 DMSO NIS <3 6

@ Solvent/H,O 10:1. » Stopped at 80% conversion. ¢ Stopped at 95-97% conversion. ¢ Stopped at
~50% conversion. ¢ Averaged result (deviation from first order reaction kinetic). /Stopped at ~90%
Conversion.

Next, we evaluated the reactivity of 2 with iodine. In the same manner, 2 was reacted with
iodine to give solely the product 7, without forming the toxic product 8 (cleavage of P-O
bond). In comparison to 4, the rates were slower (time scale of hours) with the exception
of DMSO, which was considerably faster (entry 6). In neither cases full conversion was
obtained (entries 1-6), and in some solvents deviation from first order reaction kinetics was

observed (in these cases t;, and t, o were measured, entries 1,2,4).

As with sulfides, NIS showed better performance than iodine towards the degradation of
the thiophosphonates (entries 7-12). 4 underwent very fast decomposition (t;,< 3 min) in

all tested solvents giving selectively product 7. The t;, reaction of 2 with NIS in ACN, PC,

12
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AC and THF ranged between 30-70 minutes (Figure S9 in the Supporting Information).
Contrary to iodine, the reactions with NIS reached full conversion (except in DMF).
Moreover, in some solvents, acceleration during the reactions course was observed,
probably due to the decrease in pH induced by the formation of 7 (Figure S10 in the
Supporting Information). In contrast to the sulfide trend, no correlation between solvents’
DN and the kinetic rates was observed. However, as with iodine, the reaction with NIS in
DMSO was exceptionally faster under the same conditions (t;, = 6 min, entry 12, Figure
S11 in the Supporting Information). For comparison reasons, NBS was reacted with 2
under the same conditions as with NIS. The reaction was selective as well and afforded
only product 7. NBS shows faster reaction rates in all solvents tested (t;, < 5 min). This
can be explained by the low pH induced by HBr liberation in the oxidation process as

previously described.

Insights into the oxidation mechanism of thiophosphonates 2 and 4. Two important
observations resulted from the above-mentioned experiments: (1) The oxidative
degradation rate of 4 was much faster than that of 2 (Table 3, entries 7-12). (2) The
oxidative degradation rate of 2 itself was faster in DMSO relatively to the other solvents

(note that the oxidation of sulfide 1 in DMSO was the slowest).

Regarding the first point, previous studies have established that thiophosphonates (such as
4, the ‘head’ part of 2) undergo oxidation to the corresponding sulfonium ion intermediate,
which in turn serves as a good leaving group for a sequential fast hydrolysis reaction
(Scheme 4, reaction A).333* Yang et al. have shown that in the presence of an amine group,
such as in the case of 2, the amine is the first to be oxidized under neutral and basic
conditions. When an excess of oxidant was used, it was suggested that the N-oxide
intermediate can be further oxidized on the sulfur moiety at a slower rate.3* Moreover, tests
we have conducted separately on diisopropylethylamine 15 (the amine ‘tail’ of 2) under
the same conditions (NIS, ACN/H,0) showed a very fast decomposition to acetaldehyde
and diisopropylamine (Scheme 4, reaction B). A similar reaction was previously described
for tertiary amines and NBS.? Since reactions (A) and (B) are both faster than reaction (C)
(Scheme 4), we can assume that the formation of electron deficient species from 2, such as

N-iodoammonium, N-oxide or aldehyde, will reduce the reactivity of the sulfur moiety

13
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towards oxidation. This may explain the relatively slow rate of the decomposition of 2 by

I, or NIS in comparison to 4.

Scheme 4. Proposed mechanism for the degradation of 4, 15 and 2 by electrophilic iodine species.

o
(A) (.F?’ I, or NIS B (IP?
EOTST N T o EtO” | ? S——— e ST
4 (VX 'head") 7

® T b
YN\/ = N\/ - )\NJ\ + )cj)\
H,0 ! — H H
15 (VX 'tail')

(©)
o) \l/
P ~UN I, or NIS Pee N C'F?,
EtO”| S j/ o EtO”| S ﬂ/ ——  Et0"| OH
2 (VX) 7

Comperative Reaction Rates: (A) > (C), (B) > (C)

Regarding the second point, it was shown that the oxidation step in oxidative degradation
of thiophosphonates is the rate-limiting step.3¢ Consequently, the hydrolysis step is the fast
step. The rate increase observed with I, and NIS when DMSO is used can be rationalized
by DMSO ability to stabilize the charged transition-state of this rate-limiting step. On the
other hand, in the case of sulfide 1 oxidation, the rate-limiting step is the hydrolysis. Thus,
stabilization of the positively charged sulfonium intermediate by DMSO (high DN) will
slow the reaction rate. The different stages DMSO is involved in the oxidation reaction of
both sulfides and thiophosphonates, explains the opposite trend observed in reactions
kinetics. Namely, when DMSO is used as solvent, sulfide degradation is slower while

thiophosphonate degradation is faster.

Conclusions

14
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According to the experimental results presented here, mild organic solutions (9% water
v/v) of NIS in ACN or PC were able to decontaminate 1 in a selective and very fast manner
to the non-vesicant sulfoxide 5. For the decontamination of 2, DMSO and PC solutions
showed the best results affording exclusively the non-toxic product 7. Although NBS
showed faster decontamination rates of 2, its non-selective mode of action toward 1
oxidation (when using excess of NBS) and the corrosivity of its solutions make it less
favorable than NIS as a universal decontamination agent. Hence, the use of NIS with the
green solvent PC37 makes it a powerful and attractive system for universal decontamination
process. In addition, our results showed that decomposition by oxidation of 3 (simulant of
1) and 4 (simulant of 2) were much faster relative to 1 and 2. These results should be taken

under consideration when establishing decontamination procedures only on simulants.

Experimental Section

Caution! These experiments should only be performed by trained personal using

applicable safety procedures.

Chemicals. VX (2), HD* (13C labeled of 1) and DEMPT (4) were obtained locally at IBR
(>99% purity). (2-chloroethyl)ethyl sulfide (CEES, 3), ethylphenylsulfide (13), N-
iodosuccinimide (NIS), N-bromosuccinimide (NBS) and all solvents (HPLC grade) were
purchased from commercial suppliers and used without further purification. Deionized

water was obtained from a laboratory water purification system.

NMR spectroscopy. BC{'H} and 3'P{'H} spectra were obtained at 125 and 202 MHz,
respectively, at room temperature on a 11.7 T (500 MHz) Bruker spectrometer (Avance 111
HD). Chemical shifts were calibrated to TMS (for 13C) and Trimethylphosphate (for 3'P)
as 0 ppm. The spectra were recorded using the standard parameters of the TopSpin NMR
software (version 3.5). Each data point was obtained from 32-64 scans, at a spectral width
of 200 ppm and 2s relaxation time. For comparison purposes, spectra of the kinetic
experiments were recorded under identical conditions. Integration was carried out

automatically using the Dynamic Center of Topspin software.

15
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Degradation Kkinetics. Oxidant (Iodine, NIS or NBS, 11 equivalents, unless otherwise
mentioned) was added to a solution of solvent/water 10:1 v/v (1 mL) and stirred for two
minutes until all dissolved. The tested compound (CWA or simulant, 2pL, 1 equiv.) was
carefully added and the solution was transferred as is into a NMR tube for kinetic analysis.
Kinetic NMR acquisition sampling started as soon as possible (without lock or shimming)
until completion or no further change in reaction conversion was observed. Post-
acquisition analysis was performed by Dynamic Center software using build-in first order

fitting functions to determine half-life times.

Oxidation of Ethylphenelsulfide (13). Sulfide 13 (5 pL, 0.037 mmol) and NIS (33 mg, 4
equiv.) were added to 1 ml propylene carbonate (PC) (without added water) and the
reaction was monitored by 3C NMR. After identification of the sulfonium cation, 100 pL
of water were added and the reaction was furthered monitored by '3C NMR until full

conversion to the corresponding sulfoxide.
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References

. Pita, R.; Domingo, J. The Use of Chemical Weapons in the Syrian Conflict. Toxics

2014, 2, 391-402.

. Paddock, R. C.; Sang-Hun, C. Kim Jong-Nam was Killed by VX Nerve Agent,

Malaysians Say. New-York Times, Archived from the original on 25 February 2017.

. Allen, A. F.; Kingery, H. E. The Environmental Fate of Organophosphorus Nerve

Agents: A Review. Toxicol. Environ. Chem. 1995, 47, 155-184.

. Black, R. M.; Clark, R. J.; Read, R. W.; Reid, M. T. J. Identification of Nerve Agent

and Sulphur Mustard Residiues in Soil Samples Collected Four Years after a
Chemical Attack. Proceedings of the ERDEC Scientific Conference of Chemical
Defence Research. Aberdeen Proving Ground, MD, ERDEC-sp-024 : s.n., 1993.

. Wagner, G. W.; Maclver, B. K. Degradation and Fate of Mustard in Soil as

Determined by '*C MAS NMR. Langmuir 1998, 14, 6930-6934.

(a) Mizrahi D. M.; Columbus, I. 3'P MAS NMR: A Useful Tool for the Evaluation
of VX Natural Weathering in Various Urban Matrixes. Environ. Sci. Technol. 2005,
39, 8931-8935. (b) Columbus, I.; Waysbort, D.; Marcovitch, I.; Yehezkel, L.;
Mizrahi, D. M. VX Fate on Common Matrices: Evaporation versus Degradation.

Environ. Sci. Technol. 2012, 46, 3921-3927.

. Mizrahi, D. M.; Goldvaser, M.; Columbus, I. Long-Term Degradation of the Fate

of Sulfur Mustard on Dry and Humid Soils, Asphalt and Concrete. Environ. Sci.
Technol. 2011, 45, 3466-3472.

17

ACS Paragon Plus Environment



oNOYTULT D WN =

8.

10.

11.

12.

13.

14.

The Journal of Organic Chemistry

For a recent reviews see: (a) Kim, K.; Tsay, O. G.; Atwood, D. A.; Churchill, D. G.
Destruction and Detection of Chemical Warfare Agents. Chem. Rev. 2011, 111,
5345-5403. (b) Jang, Y. J.; Kim, K.; Tsay, O. G.; Atwood, D. A.; Churchill, D. G.
Update 1 of: Destruction and Detection of Chemical Warfare Agents. Chem. Rev.
2015, 715, PR1-PR76.

Yang, Y.-C.; Baker, J. A.; Ward, J. R. Decontamination of Chemical Warfare
Agents. Chem. Rev. 1992, 92, 1729-1743.

Yang, Y.-C. Chemical Detoxification of Nerve Agent VX. Acc. Chem. Res. 1999,
32,109-115.

Raber, E.; McGuire, R. Oxidative Decontamination of Chemical and Biological
Warfare Agents Using L-Gel. J. Hazard. Mat. 2002, B93, 339-352.

Wagner, G. W.; Yang, Y.-C. Rapid Nucleophilic/Oxidative Decontamination of
Chemical Warfare Agents. Ind. Eng. Chem. Res. 2002, 41, 1925-1928.

(a) Mondloch, J. E.; Katz, M. J.; Islay Lii, W. C.; Ghosh, P.; Liao, P.; Bury, W;
Wagner, G. W.; Hall, M. G.; DeCoste, J. B.; Peterson, G. W.; Snurr, R. Q.; Cramer,
C. J.; Hupp, J. T.; Farha, O. K. Destruction of Chemical Warfare Agents Using
Metal-Organic Frameworks. Nature Materials 2015, 14, 512. (b) Liu, Y.; Buru C.
T.; Howarth, A. J.; Mahle, J. J.; Buchanan, J. H.; DeCoste, J. B.; Hupp, J. T.; Farha,
O. K. Efficient and Selective Oxidation of Sulfur Mustard Using Singlet Oxygen
Generated by a Pyrene-Based Metal-Organic Framework. J. Mater. Chem. A 2016,
4,13809-13813. (c) Liu, Y.; Howarth, A. J.; Vermeulen, N. A.; Moon, S.-Y.; Hupp,
J. T.; Farha, O. K. Catalytic Degradation of Chemical Warfare Agents and their
Simulants by Metal-organic Frameworks. Coord. Chem. Rev. 2017, 346, 101-111.
(a) Okun, N. M.; Tarr, J. C.; Hilleshiem, D. A.; Zhang, L.; Hardcastle, K. I.;  Hill,
C. L. Highly Reactive Catalysts for Aerobic Thioether Oxidation: The Fe-
Substituted Polyoxometalate/Hydrogen Dinitrate System. J. Mol. Catal. A 2006,
246, 11-17. (b) Xu, L.; Boring, E.; Hill, C. L. Polyoxometalate-Modified Fabrics:
New Catalytic Materials for Low-Temperature Aerobic Oxidation. J. Catal. 2000,
195, 394-405. (¢) Okun, N. M.; Anderson, T. M.; Hill. C. L. Polyoxometalates on
Cationic Silica: Highly Selective and Efficient O,/Air-Based Oxidation of 2-
Chloroethyl Ethyl Sulfide at Ambient Temperature. J. Mol. Catal. A 2003, 197,283-

18

ACS Paragon Plus Environment

Page 18 of 21



Page 19 of 21

oNOYTULT D WN =

15.

16.

17.

18.

19.

20.

21.

The Journal of Organic Chemistry

290. (d) Dong, J.; Hu, J.; Chi, Y.; Lin, Z.; Zou, B.; Yang, S.; Hill, C. L.; Hu, C. A
Polyoxoniobate-Polyoxovanadate Double-Anion Catalyst for Simultaneous
Oxidative and Hydrolytic Decontamination of Chemical Warfare Agent Simulants.
Angew. Chem. 2017, 56, 4473-4477.

Wang, H.; Wagner, G. W.; Lu, A. X.; Nguyen, D. L.; Buchanan, J. H.; McNutt, P.
M.; Karwacki, C. J. Photocatalytic Oxidation of Sulfur Mustard and its Simulant on
BODIPY-Incorporated Coating and Fabrics. ACS Appl. Mater. Interfaces 2018, 10,
18771-18777.

Gershonov, E.; Columbus, I.; Zafrani, Y. Facile Hydrolysis-Based Chemical
Destruction of the Warfare Agents VX, GB, and HD by Alumina-Supported
Fluoride Reagents. J. Org. Chem. 2009, 74, 329-338.

Zafrani, Y.; Goldvaser, M.; Dagan, S.; Feldberg, L.; Mizrahi, D.; Waysbort, D.
Gershonov, E.; Columbus, I. Degradation of Sulfur Mustard on KF/AI203
Supports: Insights into the Reactions Mechanisms. J. Org. Chem. 2009, 74, 8464-
8467.

Zafrani, Y.; Yehezkel, L.; Goldvaser, M.; Marciano, D.; Waysbort, D.; Gershonov,
E.; Columbus, I. The Reactivity of Quaternary Amonium- versus Potassium-
Fluorides Supported on Metal Oxides: Paving the Way to an instantaneous
Detoxification of Chemical Warfare Agents. Org. Biomol. Chem. 2011, 9, 8445-
8451.

Marciano, D.; Goldvaser, M.; Columbus, I.; Zafrani, Y. Catalytic Degradation of
the Nerve Agent VX by Water-Swelled Polystyrene-Supported Ammonium
Fluorides. J. Org. Chem. 2011, 76, 8549-8553.

Morales-Rojas, H.; Moss, R. A. Phosphorolytic Reactivity of lodosylcarboxylates
and Related Nucleophiles. Chem. Rev. 2002, 102, 2497-2521.

Wormser, U.; Brodsky, B.; Green, B. S.; Arad-Yellin, R. Nyska, A. Protective
Effect of Povidone-Iodine Ointment Against Skin Lesions Induced by Sulphur and
Nitrogen Mustards and by Non-Mustard Vesicants. Arch. Toxicol. 1997, 71, 165-
170.

19

ACS Paragon Plus Environment



oNOYTULT D WN =

22.

23.

24.

25.

26.

27.

28.

29.

30.

The Journal of Organic Chemistry

Wormser, U.; Sintov, A.; Brodsky, B.; Nyska, A. Topical lodine Preparation as
Therapy against Sulfur Mustard-Induced Skin Lesions. Toxicol. Appl. Pharmacol.
2000, 769, 33-39.

Wormser, U.; Brodsky, B.; Proscura, E.; Foley, J. F.; Jones, T.; Nyska, A.
Involvement of Tumor Necrosis Factor-a in Sulfur Mustard-Induced Skin Lesion;
Effect of Topical lodine. Arch Toxicol. 2005, 79, 660-670.

Kowalski, P.; Mitka, K.; Ossowska, K.; Kolarska, Z. Oxidation of Sulfides to
Sulfoxides. Part 1: Oxidation Using Halogen Derivatives. Tetrahedron 2006, 61,
1933-1953.

Gensch, K.-H.; Pitman, I. H.; Higuchi, T. oxidation of Tioethers to Sulfoxides by
Iodine. Catalytic Role of Some Carboxylic Acid Anions. J. Am. Chem. Soc. 1968,
90, 2096-2104.

(a) Young, P. R.; Hsieh, L.-S. Mechanism of Buffer Catalysis in the lodine
Oxidation of N-Acetylmethionine. J. Org. Chem. 1982, 47, 1419-1423. (b) Togo,
H.; Iida, S. Synthetic Use of Molecular lodine for Organic Synthesis. Synlett 2006,
14,2159-2175.

Veeneman, G. H. Iodonium Ion Promotred Reactions at the Aromatic Centre. An
Efficient Thioglycoside Mediated Approach toward the Formation of 1,2-trans
Linked Glycosides and Glycosidic Esters. Tetrahedron Lett. 1990, 31, 1331-1334.

Liu, F.; Fu, Z.; Liu, Y,; Lu, C.; Wu, Y.; Xie, F.; Ye, Z.; Zhou, X.; Yin, D. A Simple
and Environmentally Benign Method for Sulfoxidation of Sulfides with Hydrogen
Peroxide. Ind. Eng. Chem. Res. 2010, 49, 2533-2536.

Kebede, Z.; Lindquist, S.-E. Donor-Acceptor Interaction Between Non-Aqueous
Solvents and I, to Generate I3, and Its Implication in Dye Sensitized Solar Cells.
Sol. Energy Mater. Sol. Cells 1999, 57, 259-275.

(a) Bunton, C. A.; Shiner, V. J. Jr. Isotope Effects in Deuterium Oxide Solution.
Part II. Reaction Rates in Acid, Alkaline and Neutral Solution, Involving only
Secondary Solvent Effects. J. Am Chem. Soc. 1961, 83, 3207-3214. (b) Fife, T. H.
Kinetic and Mechanistic Effects of Ease of C-N Bond breaking in Amide
Hydrolysis. The Mechanism of Hydrolysis of N-Acylimidazoles and N-
Acylbenzimidazoles. Acc. Chem. Res. 1993, 26, 325-331.

20

ACS Paragon Plus Environment

Page 20 of 21



Page 21 of 21

oNOYTULT D WN =

31.

32.

33.

34.

35.

36.

37.

The Journal of Organic Chemistry

Namuta, T.; Oae, S. Mechanisms and Synthetic Applications of the Pummerer
Reaction. J. Syn. Org. Chem. Jap. 2009, 726-738.

Gutch, P. K.; Mazumder, A. N,N-Dichlorvaleramide: An Efficient Decontamination
Reagent for Sulfur Mustard. Ind. Eng. Chem. Res. 2012, 51, 5830-5837.

Gutch, P. K.; Mazumder, A.; Raviraju, G. Oxidative Decontamination of Chemical
Warfare Agents VX and its simulant using N, N-dichlorovaleramide. RSC Adv. 2016,
6,2295-2301.

Yang, Y.-C.; Szafraniec, L. L.; Beaudry, W. T.; Rohrbaugh, D. K. Oxidative
Detoxification of Phosphonothiolates. J. Am. Chem. Soc. 1990, 112, 6621-6627.
Filler, R. Oxidation and Dehydrogenation with N-Bromosuccinimide and Related
N-Haloimides. Chem. Rev. 1963, 63, 21-43.

Segall, Y.; Casida, J. E. Oxidative Conversion of Phosphorothiolates to
Phosphinyloxysulfonates Probably Via Phosphorothiolate S-oxides. Tetrahedon
Lett. 1982, 23, 139-142.

Forero, J. S. B.; Mufioz, J. A. H.; Jones, J. Jr.; da Silva, F. M. Propylene Carbonate
in Organic Synthesis: Exploring its Potential as a Green Solvent. Curr. Org. Synth.
2016, 13, 834-846.

21

ACS Paragon Plus Environment



