#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Acetohydroxamic acid salts: mild, simple and
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Novichoks is the latest known class of organophosphorus nerve agents to be developed. These highly lethal
persistent agents, which exert their toxicity mainly through dermal exposure, pose new major challenges in
mitigating their effect, mainly in respect to decontamination and medical countermeasures. Herein we
report on the effective degradation of Novichok agents (A-230, A-232 and A-234) by hydroxamic acid
salts. This class of a-nucleophiles, with emphasis on the FDA approved drug acetohydroxamic acid, were
found to promote rapid hydrolysis of these extremely toxic agents. Using *!P NMR the Novichoks
degradation rates were determined to be in time scale of minutes with the following order of reactivity

A-230>A-232>A-234. The degradation efficiency was found to be dependent on the nucleophiles, their
Received 17th March 2024 ter-cati d th ifi lvent mixt d H th fficient
Accepted 1st May 2024 counter-cations an e specific solvent mixture used. Hence, these scavengers can serve as efficien
and mild decontaminants in various scenarios including surfaces, dermal decontamination (as an

DOI: 10.1039/d4ra02038¢ alternative to active lotions such as the RSDL® kit) and also as a medical countermeasure in the form of
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1 Introduction

Novichok chemical warfare agents (CWAs), also named the A-
series, were developed by the Soviet Union during the cold
war (1970s-1990s) and are considered as the 4th generation of
highly toxic organophosphorus compounds (OPs).** General
public attention towards these agents was obtained, however,
only during early 2018, after a Novichok agent was used in
a poisoning incident in England.* This event, prompted a revi-
sion of the OPCWs' convention on the prohibition of the
development, production, stockpiling, use and destruction of
chemical weapons. Specifically, by 2020 these agents were
explicitly added to schedule 1 of the annex of chemicals.® This
fact, combined with the knowledge gained from the recent
poisoning events regarding the extreme toxicity and stability of
these agents, led to the realization that new countermeasures
must be developed to effectively tackle Novichoks.*” These
include analytical detection,®**® decontamination (vide infra)
methodologies and medical treatments. Structurally, Novichoks
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resemble the G series more than the V-series of nerve agents,
since both Novichoks and G agents possess a fluoride leaving
group (Fig. 1), which is replaced by the hydroxyl of serine at the
acetyl choline esterase (AChE) active site during the initial step
of intoxication."”” However, although they share a similar
biochemical mechanism, as was published also in a recent case
report,'® G-agents’ and Novichoks' hydrolytic properties were
found to markedly differ, the latter being more similar to V-
agents, in this respect.*® Specifically, while G-agents rapidly
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GB: R = isopropyl
GD: R = pinacolyl
GF: R = cyclohexyl

VX: Ry = methyl, R, = isopropyl
VE: R4 = ethyl, R, = ethyl

VG: Ry = O-ethyl, R, = ethyl
VM: Ry = methyl, R, = ethyl

Fig. 1 The structure of the Novichok agents as compared to known
CWAs (the unique amidine moiety is marked in red).
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hydrolyse in aqueous media even at a mildly basic pH (Sarin ¢,
= 5.5 min at pH 10,** Soman ¢, = 12 min at pH 10),**** Nov-
ichok agents are extremely stable at this pH (we measured the ¢,
, to be >>110 h at pH 11). In fact, their stability at neutral pH is
even greater than that of VX and VR."

As part of our ongoing research to develop CWAs decon-
tamination methodologies, we were interested in developing
effective detoxification agents that would be universal. Namely,
effective towards all types of OP nerve agents including Nov-
ichoks. Specifically, we were interested in the decontamination
of delicate surfaces such as electronic devices and most
importantly human skin for which highly corrosive solutions,
such as bleach or the organic decontamination solution DS2
cannot be implied.***

To the best of our knowledge, to date, only three reports
studied Novichoks' stability towards hydrolysis and possible
methods for their degradation (enzymatic, using MOFs or
standard decontaminants) using the actual agents.'*2*** All
reports were published after the Salisbury incident. Thus, there
is still much to be done to thoroughly examine their effective
decontamination using existing protocols, as well as to develop
effective medical countermeasures against them.

In light of the above-mentioned stability of Novichoks, we
envisioned that only strong nucleophiles in an appropriate
solvent mixture would effectively react with the Novichok agents
to provide efficient degradation. Recently, following a thorough
investigation, we found that a-nucleophiles like hydroxamic
acid salts degrade VX effectively on time scale of a few
minutes.** Moreover, we also demonstrated the therapeutic
value and dermal and systemic safety of one of our lead lotions
as a “catch-up therapy” against dermal intoxication by VX in live
pigs.** Decades ago, these types of nucleophiles were already
shown to effectively hydrolyze G-agents like sarin.** Herein we
report our findings regarding the ability of hydroxamate salts to
degrade Novichoks in a relevant time frame, which is applicable
for both surface, dermal and transdermal detoxification. The
study was conducted using *'P NMR spectroscopy, which
allowed an accurate time-dependent monitoring of the reaction
progress in respect to the agents and their degradation prod-
ucts, thus enabling the extraction of the reactions’ kinetic
parameters.

2 Experimental section

Caution! OP's are extremely toxic compounds, with special
emphasis on Novichok agents. Experiments with these
compounds should only be performed by trained personal
using applicable safety procedures.

2.1 NMR spectroscopy

*'p{1H} spectra were obtained at 202 MHz at room temperature
on a 11.7T (500 MHz) Bruker spectrometer (Avance III HD).
Chemical shifts were calibrated to trimethyl phosphate as
0 ppm. The spectra were recorded using standard parameters of
the TopSpin software (version 3.5). Each data point was ob-
tained from 32 scans with a spectral width of 200 ppm and 4 s
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recycle delay. All spectra were taken under identical conditions
and integration was done automatically using TopSpin 3.5.2
software and the built in AU multi_integ3.

2.2 Degradation kinetics

Hydroxamic acids (26 equiv.) and the appropriate base (KOH,
NaOH, amine) were added to water, mPEG, DMSO or PG solu-
tion (1 mL) and stirred for 1 min until completely dissolved.
Novichok agents (A230, A232 or A234) (2 pL, 1 equiv.) were
carefully added, and the solution was transferred to an NMR
tube for kinetic analysis. Kinetic NMR acquisition started as
soon as possible (without lock and shimming) until full
degradation or no further change in reaction conversion were
observed. Analysis of the results was performed by the Graph-
Pad Prism 5 software to determine half-life times.

3 Results and discussion

This current study commenced by examining the Novichok
decontamination activity of four selected hydroxamic acid
derivatives, which were previously shown to effectively degrade
VX and its simulant.*® A-232, was chosen as the first agent to be
examined. The hydroxamic acids, i.e., acetohydroxamic, sali-
cylhydroxamic, caprylhydroxamic and bufexamac (Table 1) were
converted to the various salts using different inorganic and
organic bases. Notably, all these compounds are FDA-approved
for topical skin applications. In addition, the solvent mixtures
tested were chosen based on common solvents used in phar-
maceutical products. Specifically, the degradation reactions in
this study were performed by dissolving 1 eq. of the Novichok
agent in the selected solvent mixtures and adding it to a solu-
tion containing 26 eq. of the hydroxamate salt, in order to
obtain pseudo-first order conditions. It should be noted that
a much higher ratio is expected to be used in real-life scenarios.
For example in our “catch-up therapy” protocol an excess of
~10° of the AHA salt is used,** similar to the skin decontami-
nation protocol using RSDL® (Reactive Skin Decontamination
Lotion) where a ~1:10% ratio is also desirable.** Such a high
ratio should obviously further accelerate the reactions (see the
kinetic equations below). Directly after mixing, the samples
were consecutively examined using *'P NMR spectroscopy to
study the reaction's progress and the resulting kinetic data was
analysed via integration using the TOPSPIN software and
GraphPad Prism 5 (Fig. 2 and S1-S487%), to provide half-life
times (¢,,) of these reactions, which are summarized in Table
1. In previous work we showed that adding up to 20% DMSO to
the lotion dramatically enhances the skin penetration capability
of the hydroxamic acid salts and also increases the solubility of
the more lipophilic hydroxamate derivatives in the aqueous
media, while still maintaining reasonable degradation rates of
the persistent nerve agent VX.** Thus, lotions holding H,0O/
DMSO mixtures should be preferred for skin (including in-
skin) decontamination.

As may be seen in Table 1, among the tested hydroxamic acid
derivatives, salts of acetohydroxamic acid 1 and salicylhy-
droxamic acid 2 in DMSO, H,O and their mixtures were found to
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Table 1 Half-life time of A-232 degradation by the hydroxamate salts and solvent mixtures used in this study (a cut off of <10 min. was arbitrary

chosen for the initial screening of the nucleophiles)

# Compound name Counter cation Solvent ty/» (min)

1 Acetohydroxamate (AHA) Na' (1a) DMSO 30.4
Na' (1a) DMSO/H,01:1 7.9
Na' (1a) PG/H,0 1:1 28.1
Na' (1a) mPEG/H,0 9: 1 >300
K" (1b) H,0 <2
K' (1b) DMSO/H,0 1:1 7.4
Diethylamine (1c) PG/H,01:1 36.4
Diethylamine (1c) DMSO/H,0 1:1 41.7
Olamine (1d) DMSO/H,0 1:1 128.0
Epolamine (1e) DMSO/H,0 1:1 161.9
Piperazine (1f) DMSO/H,0 1:1 124.3

2 Salicylhydroxamate (SHA) 2Na" (2a) DMSO <3
2Na' (2a) PG/H,0 1:1 16.4
2Diethylamine (2c) DMSO/H,0 1:1 111.2
20lamine (2d) DMSO/H,0 1:1 N.R*
2Piperazine (2f) DMSO/H,0 1:1 N.R

3 Caprylhydroxamate (CHA)" Na' (3a) PG/H,01:1 ~20°
Diethylamine (3c) DMSO/H,0 1:1 69.1

4 Bufexamac (BUF)“ Na' (4a) PG/H,0 1:1 ~20°

“ CHA and BUF salts have a very poor solubility in DMSO and its mixtures with water, therefore the reaction with A232 couldn't be performed in
these solvents. © Due to low solubility of the degradation products in the reaction mixture the reaction did not proceed to completion.  N. R. - no

reaction.

be the most effective, rapidly degrading A-232 with a t,,, of a few
minutes (1a-b and 2a). The degradation of A-232 by organic salts
of 1, namely, diethylamine, olamine, epolamine and piperazine
(1c—f) respectively, was however much slower, with half-life
values ranging between 36 and 162 min, while organic salts of
2, olamine (2d) and piperazine (2f) didn't affect A-232 degra-
dation at all. Among the organic salts examined in a DMSO/H,0
mixture, diethylammonium salt of AHA (1c) showed the best
activity. Surprisingly, the degradation of A-232 using the AHA
Na salt (1a) in a mPEG/H,0 9 : 1 mixture, a solution used in the
RSDL lotion, proceeded extremely slowly with ¢;,, of more than
300 min, while under the same conditions VX was degraded
much faster, with a ¢/, value of 7.45 min.*

The more hydrophobic hydroxamic acid salts, Caprylhy-
droxamate 3a and Bufexamac 4a, were found to have poor
solubility in DMSO and its mixtures with water, therefore the
reaction of these derivatives with A-232 was performed in a PG/
H,0 1: 1 mixture to show that they are less active than inorganic
salts of 1 and 2, degrading A-232 with a ¢, of ~20 min.

Next, we proceeded to determine the effectiveness of the best
hydroxamic acid derivative, identified, to degrade other
members of the Novichok family i.e., A-230 and A-234. In this
respect, the AHA salts (Na', K" and DEA") were found to be more
suitable than the SHA (2Na" salt), although showing similar
activity. This is because the latter acid derivative holds two
labile protons, which need to be deprotonated in order to react
efficiently with A-232, as ascertained from the salt partial
stability in aqueous mixtures. Water or DMSO/H,0O mixtures
were selected as the solvents of choice as they provided the best
kinetic results for A-232 degradation among the solvents and
solvent mixtures evaluated.

14906 | RSC Adv, 2024, 14, 14904-14909

A summary of the Novichok agents' degradation kinetics
using AHA salts is presented in Table 2. As can be seen, in
addition to three different AHA counter ions, namely, sodium,
potassium and diethylamine, each experiment was also per-
formed in three solvent conditions, i.e., water and two DMSO/
H,O mixtures at room temperature.

The experiments described reflect a significant difference in
the stability of the three Novichok agents tested, under the
conditions examined. The phosphonate derivative A-230 is
degraded in less than a few minutes (¢;/, < 2 min) regardless of
the solvent or counter-cation used. The degradation of A-232
was also rather quick, albeit slower than that of A-230, specifi-
cally in the case of the AHA DEA salt and a mixture of DMSO/
water 1:1. A-234 was found be the most stable, with half-life
values ranging between 8 and 140 min, depending on the
counter-cation and the percent of DMSO in the solution.
Interestingly, the same tendency of Novichok agents' suscepti-
bility to hydrolysis was previously observed also at pH 7.2, where
the hydrolysis rate of A-230 agent was the fastest between the
Novichok agents and the hydrolysis rate of A-234 was 50 times
slower." Importantly, the degradation rates of all three agents,
using a small and simple scavenger, such as the AHA salt, do
not fall short of the rates obtained with complicated structures
as Zr based MOFs (reported by de Koning et al.).*® The nucleo-
phile ionization state was found to have a significant impact on
the effectiveness of the degradation reactions, as was nicely
demonstrated in the A-234 experiments, and to a lesser extent in
the A-232 experiments, Table 2. Specifically, as the percentage of
DMSO in the solution mixture was increased the concentration
of the ionized nucleophile decreased, leading to slower reaction
rates. Importantly, this trend was observed only when

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Half-life time of Novichok agents’ degradation by acetohy-
droxamate salts using different cations and various solvent mixtures

Agent AHA salt % DMSO? kobs (min™") t1/2 (min)
A-230 AHA Na 0 > <ob
AHA Na 20 — <2
AHA Na 50 — <2
AHA K 0 — <2
AHA K 20 — <2
AHA K 50 — <2
AHA DEA 0 — <2
AHA DEA 20 — <2
AHA DEA 50 — <2
A-232 AHA Na 0 0.1924 3.6
AHA Na 20 — <3.5
AHA Na 50 0.0872 7.9
AHA K 0 — <2
AHA K 20 — <3
AHA K 50 0.0938 7.4
AHA DEA 0 0.1474 4.7
AHA DEA 20 0.1440 4.8
AHA DEA 50 0.0166 41.7
A-234 AHA Na 0 0.07825 8.86
AHA Na 20 0.03905 17.75
AHA Na 50 0.02068 33.51
AHA K 0 0.08161 8.49
AHA K 20 0.04566 15.18
AHA K 50 0.02007 34.53
AHA DEA 0 0.06982 9.93
AHA DEA 20 0.03003 23.08
AHA DEA 50 0.00489 141.88

“ Percent of DMSO in a solution of DMSO/H,O (v/v). ° Due to NMR time
scale limitations, more accurate values of ¢, and ks couldn't be
determined.

degradation in water alone was not immediate, as inferred from
the experiments with A-230.

A plausible degradation mechanism of Novichok agents by
AHA salts is implied from the *'P NMR spectra of the reaction
progress. Specifically, in all experiments, the Novichok agent
first appears as a distinct doublet stemming from the phos-
phorus-fluoride (P-F) coupling. As the reaction with the AHA
nucleophile progresses, the doublet intensity decreases while
two new signals arising from the degradation products appear.
This pattern is nicely seen in Fig. 2, which presents *'P NMR
spectra of the reaction of A-232 with AHA DEA in DMSO/H,0 1:
1, where A-232 signals appear at 0.97, —3.75 ppm, and the
products signals at 6.2 and —1 ppm, while at the end of the
reaction only the signal, at —1 ppm, remains. Initially, the AHA
nucleophile attacks the phosphorous center to obtain an acet-
amidophosphoate intermediate, which is observed as an
emerging signal at 6.2 ppm. Then, at a second step, this inter-
mediate converts via Lossen rearrangement to the final stable
product, phosphate acid, observed at —1 ppm, Scheme 1. The
fact that the acetamidophosphoate intermediate is observed
indicates that the Lossen rearrangement step is slower than the
initial step of the nucleophilic attack. Although it is not clear
which specific step of the Lossen reaction is decelerated, the
deprotonation or the concerted deposphorylation-alkyl migra-
tion, one may speculate on the former because the solution is

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

s . s
o
—0-P-N
180 min {4 =§“/
S S
54 min

W‘M}'ww,ﬁwwww‘m

23 min l l
mopossremanp o 5 D M A A srmptons
—o—o";‘—N=( Y,
. HN’O A
17 min / & Y < | ,J
o
—O-'PI-N=(
[ .
10 min | A 4 |

9 8 7 6 5 4 3 2 1 0 -1 -2 3 -4 5 -6 -7 ppm

Fig. 2 Representative >!P NMR spectra presenting A-232 degradation
by AHA DEA in DMSO/H,O 1:1, emphasizing the parent agent as
a doublet which decomposes over time, giving rise to the degradation
product.

only mildly basic (pH = 11). Importantly, this suggested
degradation pathway of Novichoks, promoted by hydroxamic
acid salts was previously reported for other organophosphorus
nerve agents such as the persistent VX, Tabun and Sarin.****
Notably, although toxicological data regarding Novichok
degradation products has not been published, it is safe to
assume that their toxicity would be drastically reduced
compared to the parent agent, exactly as was found for other
nerve agents (i.e., ~10° decrease in lethality).*®

According to the suggested mechanism the reaction kinetics
may be described by the following equation:

Rate = kqps [A-agent] (1)
where
kobs = ko + kon [OH™] + k> [AHA™] (2)

ko is the rate constant of the un-catalysed reaction in water, kog
is the second-order reaction rate between OH  and the A-agent,
and k, is the enhancement resulting from the addition of the
AHA nucleophile to the system.

2 2 :< OH
Lo v bt e dad
H F N F H o
7 o _J -H,0
A-232 OH
i i 9
";o—P—N:( _ —O—P—N=I(
NN NJ . NJ + —N=C=0
T _

Scheme 1 Proposed mechanism for A-232 degradation by potassium
acetohydroxamate through nucleophilic attack on the agent followed
by Lossen rearrangement to form a non-toxic phosphoric acid
derivative.
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As the hydroxamate ion is a very strong nucleophile the
agent's hydrolysis by the hydroxide ions present in the water
basic solutions may be essentially neglected. Indeed, in a buffer
of pH 11, i.e. a similar value to that of the AHA solutions, A-232
and A-234 were found highly stable with half-life exceeding 4
days (data not shown). Therefore, the rate constant, kops, can be
expressed as:

kops = k2 [AHAT] 6)

Moreover, it is assumed that the reaction kinetics is highly
dependent on the ionization state of the active nucleophile in
the solution, which is present in large excess and kept at
a constant pH (~11). The addition of DMSO, an organic solvent,
to the aqueous reaction mixture leads to an increase in the pK,
value of the acetohydroxamic acid (from 9.55 in case of 0%
DMSO to 13.3 in case of 50% DMSO, as was previously shown).*
This leads to a decrease in the concentration of the ionized
nucleophile, and accordingly to a decrease in the reaction rate.
Therefore, eqn (3) can actually be expressed by:

kobs =k, [AHA]z x aAHA™ (4)

(¢ - total concentration, « - ionized fraction).

4 Conclusions

In conclusion, the experiments performed in this work
demonstrate that AHA salts are effective nucleophilic scaven-
gers that lead to fast and full Novichok agents' degradation. Our
previous results demonstrated the therapeutic value and
dermal and systemic safety of one of our AHA salts as a potential
“catch-up therapy” against dermal intoxication by VX in live
pigs.** Combined, the above suggest that DMSO/H,0 solutions
of AHA salts have a high potential to serve as a generic tool for
the decontamination of low-volatility CWAs. Specifically, they
may be useful for both skin surface decontamination and
within-skin “catch-up therapy” (manuscript in preparation).
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