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A continuous flow generator of organic
hypochlorites for the neutralization of chemical
warfare agent simulantst

Victor-Emmanuel H. Kassin, {2 12 Diana V. Silva Brenes, (2 $*° Thomas Bernard,?

Julien Legros € and Jean-Christophe M. Monbaliu 2

Herein, we report the development of a continuous flow generator that produces highly reactive organic
hypochlorites for the chemical neutralization of sulfur-based chemical warfare agent (CWA) simulants.
The generator relies on resource and equipment with low environmental footprint and uses chemicals
that are widely available and cheap. The standard decontamination protocol for sulfur-based CWA
“mustard gas” (a.k.a. Yperite or HD) relies on bleach (aqueous sodium hypochlorite) as a convenient oxi-
dative neutralization measure; however, the high lipophilicity of HD causes the formation of micelles and
hence superficial and/or unselective detoxification. Aqueous bleach can be rapidly upgraded to more
lipophilic organic hypochlorites (MeOCl, EtOCl, iPrOCl and tBuOCl). We demonstrate that the latter
readily oxidize simulants of HD (such as chloroethyl ethyl sulfide (CEES)) to the corresponding sulfoxide
(CEESO). With a fine tuning of the reaction conditions, the oxidation is nearly instantaneous and prevents
the formation of toxic overoxidized sulfones, though organic hypochlorites also contribute to the innocu-
ous chlorination of the neutralized sulfoxide. The assets of continuous flow technology enable the
merging of both the upstream hypochlorite generator and the downstream neutralization setup to
provide a safe, compact and mobile framework. Some aspects of the reactivity of organic hypochlorites
with model sulfur compounds are also discussed by means of computational chemistry (DFT). The flexi-
bility (simple chemicals, liquid feeds and wastes) and efficiency (space time yield = 3.74 kg L™ h™) of this
protocol outclass other recently reported neutralization procedures in flow.

terror attacks, as well as alleged reports of the use of CWA tar-
geting both entire populations or individuals. The Chemical

The development of new neutralization protocols on chemical
warfare agent (CWA) simulants (as well as on actual CWAs with
military clearance) has attracted increasing attention from the
Chemical and Chemical Engineering communities, as evi-
denced by an increasing number of reviews and original
articles over the past 10 years."® This is somehow paradoxi-
cal, yet easily justifiable with the current background threat of
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Weapons Convention (CWC) bans since 1993 the possession,
manufacture, and use of CWAs and all their precursors.'°
However, despite being ratified in 1997 by over 193 countries,
large inventories of CWAs are still stockpiled across the world.
All this justifies the investment of resources and the develop-
ment of research programs aiming at the detection and/or the
chemical neutralization of CWAs."*'®*'2® Mustard gas (HD,
1-chloro-2-[(2-chloroethyl)sulfanyl] ethane, CAS 505-60-2,
Fig. 1) is a viscous liquid with vesicant (blistering) properties
that causes severe damage to the eyes, skin, and respiratory
tract. HD also damages cells as a strong alkylating agent and
can affect the nervous system upon acute exposure.

The most common destruction of HD is through incinera-
tion at dedicated facilities,” which comes with significant
safety concerns associated with its transportation. An emer-
ging and inherently safer strategy relies on a chemical deconta-
mination to form less toxic compounds prior to incineration.
Three main chemical neutralization protocols are reported in
the literature: oxidation, hydrolysis and dehydrohalogenation.
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Fig. 1 Reactivity of HD and common simulants under oxidative neutral-
ization conditions.

These neutralization protocols aim at disrupting the formation
of a electrophilic episulfonium species (Fig. 1), the formation
of which is associated with the acute toxicity of sulfur mus-
tards. Among the neutralization methods, the oxidative neu-
tralization of HD (or its relevant simulants 2-chloroethyl ethyl
sulfide (CEES) and 2-chloroethyl phenyl sulfide (CEPS)) toward
the corresponding sulfoxide HDO (CEESO or CEPSO) is by far
the most represented in the literature. It is however critical to
avoid overoxidation to the corresponding sulfones (HDO,,
CEESO,, or CEPSO,), the latter having acute toxicity as precur-
sors of potentially strong electrophilic Michael acceptors (vinyl
sulfone derivatives CEVSO,, EVSO, or PVSO,) (Fig. 1).

Among oxidative neutralization protocols, photocatalytic
processes have attracted a lot of attention (Fig. 2a).>*%30™%!
Stoichiometric oxidizers are also reported, such as N,N-dichlor-
ourethane,*” yet they suffer from poor atom-economy.*>**
Extensive formation of a-monochlorinated sulfoxide (HDOCI),
a neutralized form of HD, is often reported under these
conditions.*>"*® Other more typical oxidizers have been reported
in combination with innovative process technologies. For
instance, Legros et al. reported a series of continuous flow pro-
cesses using stoichiometric oxidizers under homogeneous or
heterogeneous conditions (Fig. 2b and c): (a) a first report in
2017 where the authors disclosed a continuous flow setup
relying on the hydrogen peroxide/urea complex (UHP) as an oxi-
dizer in methanol in the presence of methanesulfonic acid*’
and (b) a more recent report in 2021 relying on Oxone (2 KHSOj
KHSO, K,S0,) in a packed-bed flow setup.” In both cases, the
oxidation of CEES afforded selectively the corresponding sulfox-
ide CEESO with a complete conversion in less than 5 min.

The most common decontamination protocol used by
Emergency Responders or Armed Forces relies on aqueous
solutions of hypochlorites.”® This common protocol suffers
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Fig. 2 Typical oxidative continuous flow protocols for the chemical
neutralization of HD and its simulants. (a) Photocatalytic oxidation with
singlet oxygen.® (b) Stoichiometric oxidizer under homogeneous con-
ditions.*” (c) Stoichiometric oxidizer under heterogeneous conditions.?

from 4 major drawbacks: (a) the high lipophilicity of HD often
leads to micelle formation/oligomerization and, hence, super-
ficial oxidative neutralization of HD droplets;**™> (b) the oxi-
dation of HD (or simulants CEES/CEPS) with aqueous hypo-
chlorites is a strongly exothermic reaction that generates quan-
tities of overoxidized product (HDO2, CEESO, or CEPSO,,
Fig. 1) and chlorinated sulfoxide products (such as HDOCI,
CEESOCI or CEPSOCI, Fig. 1);>° (c) the aggressive nature of
bleach solution also raises significant corrosion issues in the
decontamination of metal-based hardware and above all (d)
the use of aqueous solutions leads to a huge quantity of pol-
luted water that needs to be further retreated.

A solution was sought to address the most common issues
associated with the oxidative neutralization of HD and its
simulants (CEES and CEPS). An effective solution would rely
on widely available reagents, a compact and safe setup amen-
able to large scales and an organic medium to ease the final
downstream incineration. The use of lipophilic alkyl hypo-
chlorites was envisioned to circumvent the high lipophilicity
of CEES and CEPS and ensure their sulfoxidation with high
selectivity. Specifically, MeOCIl, EtOCI, iPrOCl and tBuOCI were
explored under continuous flow conditions in order to (a) miti-
gate the relative instability of small organic hypochlorites® %
and (b) ensure a precise control on the reaction conditions
and selectivity.”* ">

To reach such ambition, we devised a continuous flow
Chemical Generator of organic hypochlorites. The concept of
Chemical Generators in flow, which was extensively documen-
ted by Kappe and coworkers,”®”? is summarized in Fig. 3a. It
combines the main assets of flow technology with the inherent
high reactivity of specific chemicals, providing robust, scal-
able, and safe protocols for exploiting such species at their
fullest. Building upon our previous work on the generation of
a-chloro-nitrosocycloalkyl species with tBuOClL,’* a chemical
generator for organic hypochlorites was devised. The generator
was fed with widely available, stable, and low toxicity chemi-

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) General concept of a chemical generator under continuous
flow conditions. (b) This work: development of an upstream chemical
generator for the safe preparation of discrete amounts of lower alkyl
hypochlorous esters.

cals, including common lower alcohols (MeOH, EtOH, iPrOH,
tBuOH), acetic acid and an aqueous solution of sodium hypo-
chlorite (Fig. 3b). The corresponding lipophilic alkyl hypo-
chlorites were then subjected to in-line membrane separation,
providing an organic stream (MTBE) of hypochlorites directly
usable for the sulfoxidation of HD simulants. Connecting the
upstream generator to a downstream unit that immediately
consumes organic hypochlorites significantly contributes to
reducing operation and exposure hazards.

This work provides a thorough mechanistic investigation,
combining experiments and computational chemistry, as well
as an advanced optimization of the process conditions. We also
document an in silico approach comparing computed reaction
parameters on actual HD to extract reaction profiles to be com-
pared with the experimental and computational data generated
with its simulants. Such an approach offers insight into the
potential transposition of model chemistries on an actual CWA,
with minimal risks for the operator. The process was developed
at the microfluidic scale and transposed to a mesofluidic com-
mercial setup to validate its utilization at larger scales. This
simple, yet elegant and robust protocol provides consistent neu-
tralization with high selectivity while feeding upon simple, non-
toxic, cheap, and widely available chemicals. The setup is engin-
eered to possess a low footprint, which makes it a potential
solution for rapid and efficient deployment.

Experimental section
General information

Conversion, selectivity, and yield were determined by gas
chromatography coupled with Flame Ionization Detection

This journal is © The Royal Society of Chemistry 2022
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(GC-FID) or Mass Spectrometry (GC-MS) or by High
Performance Liquid Chromatography coupled with Diode-
Array Detection (HPLC-DAD) or Mass Spectrometry (LC-MS).
Commercial standards or synthesized reference samples fol-
lowing reported procedures (see ESI, section 5} for experi-
mental procedures) were used for LC and GC reaction monitor-
ing. The selectivity toward the sulfoxide is defined as the ratio
between the area% of the sulfoxide and the sum of the area%
of all oxidation products. The neutralization selectivity is
defined as the ratio between the sum of the area% of all sulfox-
ide derivatives (including the chlorinated sulfoxides) and the
sum of the area% of all oxidation products. The neutralization
selectivity is reported only for the most favorable cases.
Structural identity was confirmed by 'H and *C NMR spec-
troscopy (400 MHz Bruker Avance spectrometer), by LC-MS or
GC-MS (ESI, section 51). Thioanisole (1a), methyl phenyl sulf-
oxide (2a), chloromethyl phenyl sulfoxide (3a), methyl phenyl
sulfone (6a), chloromethyl phenyl sulfone (7a), diphenyl
sulfide (1b), diphenyl sulfoxide (2b), diphenyl sulfone (6b),
dibenzo[b,d]thiophene (1c¢), dibenzo[b,d]thiophene 5-oxide
(2¢), dibenzo[b,d]thiophene 5,5-dioxide (6b), dipropyl sulfide
(1d), dipropyl sulfoxide (2d), dipropyl sulfone (6d), 2-chlor-
oethyl ethyl sulfide (CEES), 2-chloroethyl phenyl sulfide
(CEPS), methanol, ethanol, 2-propanol, tert-butanol, MTBE,
acetic acid, and sodium hypochlorite pentahydrate were pur-
chased from commercial sources and used without additional
purification (ESI, section 2.17). CEESO, CEPSO and CEPSOCI
were prepared according to adapting protocols from the
literature”>’° (ESI, section 57).

CAUTION: 1-chloro-2-(ethylsulfinyl)ethane (CEES) and
2-chloroethyl phenyl sulfide (CEPS) are highly toxic and severe
vesicants. Organic hypochlorites are heat-, light- and shock-
sensitive materials and react violently with rubber. Methyl
hypochlorite spontaneously and vigorously decomposes at
room temperature. The isolation of MeOCl, EtOCl and iPrOCl
should not be attempted. tBuOCI can be stored over CaCl, at
4 °C in a brown glass container for several days. Reactor setups
involving organic hypochlorites were covered with aluminum
foil to prevent light exposure. The concentration of organic
hypochlorites was determined by back-titration. The reader
should become aware of legal restrictions in their country on
the permittance to study of HD or any related analogues of
chemical warfare agents before possessing them in the lab.

Computations

Computations were performed at the B3LYP/6-311+G** level of
theory with empirical dispersion (gd3bj) using the Gaussian
09 package of programs (Revision D.01) with implicit solvation
(SMD, methanol).”” Stationary points were optimized with gra-
dient techniques (tight optimization convergence). Transition
states were localized using the Newton-Raphson algorithm,
and the nature of the stationary points was determined by ana-
lysis of the Hessian matrix. Intrinsic reaction coordinate (IRC)
calculations were performed on representative transition
states. Cartesian coordinates for representative stationary
points are available in the ESI (section 67).
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Experimental setup

Microfluidic setups. Microfluidic setups were constructed
from PFA tubing (1.58 mm outer diameter, 750 um internal
diameter) equipped with PEEK/ETFE connectors and ferrules
(IDEX/Upchurch Scientific). Feed and collection lines con-
sisted of PFA (1.58 mm outer diameter, 750 pm internal dia-
meter) equipped with PEEK/ETFE connectors and ferrules
(IDEX/Upchurch Scientific). Liquid feeds were handled with
Chemyx Fusion 6000 syringe pumps (SS syringes equipped
with DuPont Kalrez O-rings) or with HPLC pumps (Knauer
Asurea equipped with a ceramic head). The temperature was
regulated with a Heidolph MR Hei-Tec equipped with a Pt-
1000 temperature sensor. Downstream pressure was regulated
with back pressure regulators from Zaiput Flow Technologies
(BPR-10) or from IDEX/Upchurch Scientific (BPR 75 psi).
Liquid-liquid extraction was carried out with a Zaiput Flow
Technologies membrane separator (SEP-10, equipped with a
1 pm pore hydrophobic membrane). See ESI, section 1.1t for
details of the microfluidic setups.

Mesofluidic setup - lab scale. Lab scale mesofluidic experi-
ments were carried out in a Corning® Advanced-Flow™ Lab
Reactor (2.7 mL internal volume glass fluidic modules). Feed
and collection lines consisted of PFA tubing (1/8” o.d.) with
PFA or SS Swagelok connectors and ferrules. The process temp-
erature was regulated with a LAUDA Integral XT 280 thermo-
stat. See ESI, section 1.2t for details of the mesofluidic setup.

Continuous flow preparation of organic hypochlorites
(microfluidic scale). The feed solution of sodium hypochlorite
(1.5 M in water) and an aqueous solution of acetic acid and
the alcohol precursor (1 M, 1/1 ratio) were both injected
through a PEEK arrowhead micromixer at 0.1 mL min~" and
reacted in a PFA capillary coil for 5 min of residence time at
25 °C. MTBE was injected downstream (0.2 mL min~") through
an additional PEEK T-mixer and the corresponding organic
hypochlorite was extracted through a short column loaded
with glass beads (¢ = 0.1 mm) coupled with a hydrophobic
membrane separator. The concentration of the outgoing
effluent was next assessed through iodometric back-titration.

Concatenation of the upstream tBuOCI generator with the
downstream oxidation module (microfluidic scale). The feed
solution of sodium hypochlorite (1.5 M in water) and an
aqueous solution of acetic acid and ¢-butanol (1 M, 1/1 ratio)
were both injected through a PEEK arrowhead micromixer at
0.1 mL min~" and reacted in a PFA capillary coil for 5 min of
residence time at 25 °C. MTBE was injected downstream
(0.2 mL min™") through an additional PEEK T-mixer and
tBuOCl was extracted through a short column loaded with
glass beads (¢ = 0.1 mm) coupled with a hydrophobic mem-
brane separator. The organic effluent (¢BuOCI, 0.5 M in MTBE)
was connected to a PEEK arrowhead micromixer where it was
mixed with a solution of 1a in MeOH (0.5 M, 0.2 mL min~")
and reacted at 0 °C in a PFA coil (1.58 mm outer diameter,
750 pm internal diameter) for 60 s of residence time. The
reactor effluent was diluted in acetonitrile and analyzed by
LC-DAD.

4 | Green Chem., 2022, 00,1-13
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Continuous flow oxidative neutralization of CEES and CEPS
with tBuOCI (microfluidic scale). The feed solutions of CEES
or CEPS diluted in MeOH (0.5 M) and tBuOCl diluted in MTBE
(0.6 M for CEES and 0.7 M for CEPS) were both injected at
0.4 mL min~' through a PEEK arrowhead micromixer and
reacted in a PFA capillary coil for 60 s at 0 °C. The reactor
effluent was diluted in acetonitrile and analyzed by GC-FID
(CEES) or LC-DAD (CEPS).

Continuous flow oxidative neutralization of CEES and CEPS
with tBuOCI (mesofluidic scale). A MTBE solution containing
tBuOCl (0.6 M for CEES and 0.7 M for CEPS) was mixed and
reacted with another feed solution containing either CEES or
CEPS (0.5 M in MeOH) in a Corning® Advanced-flow™ Lab
Reactor (2 glass fluidic modules connected in series, 5.4 mL
total internal volume) operated at 0 °C. The flow rates were
both set to 2.7 mL min™" with an estimated residence time of
60 s for the neutralization of both CEES and CEPS. The reactor
effluent was diluted in acetonitrile and analyzed by GC-FID
(CEES) or LC-DAD (CEPS).

Results and discussion

The original protocol from Mintz and Walling was adapted for
the preparation of a small library of hypochlorous esters. This
process involves the reaction of a lower alcohol (MeOH, EtOH,
iPrOH and tBuOH) in the presence of sodium hypochlorite
and acetic acid in water (Fig. 5).”® Preliminary trials in batch
confirmed the near instantaneous reaction of hypochlorous
acid with MeOH, EtOH, iPrOH and ¢BuOH, yielding a yellowish
lipophilic phase of lower density than the aqueous reaction
mixture. The extraction efficiency can be improved with an
organic solvent (typically MTBE). The reaction was carried out
at 0 °C for 30 minutes in the dark to avoid degradation of the
corresponding hypochlorites (ESI, section 2.2.37). The protocol
was first optimized under batch conditions, and rapidly trans-
posed to flow conditions after witnessing the spontaneous and
vigorous decomposition of MeOCI and EtOCI upon extraction.
NMR analysis on the crude hypochlorites revealed that the for-
mation of tBuOCI was very selective, while the formation of
MeOCl, EtOCl and iPrOCl came with a variety of side
products.’®™%°

The hypochlorite generator was constructed from PFA coils
and HPLC-type connectors (ESI, section 1.4.1%) (Fig. 4). To
avoid the collection of neat hypochlorites, the reactor effluent
was connected to an additional T-mixer for a downstream
extraction with an organic solvent. The flow rate of the extrac-
tion medium was adjusted to reach the desired concentration.
The resulting segmented reaction mixture was next redirected
to a membrane separator (hydrophobic PTFE membrane, 1 pm
pore size). MTBE was selected as a preferential extraction
medium for further experiments since it does not react with
hypochlorites. The results of the iodide back titration empha-
sized the much lower stability of MeOCI compared to the other
3 organic hypochlorites. With theoretical concentrations of 1
M in MTBE, the titrations of MeOCI, EtOCl, iPrOCl and

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Continuous flow generator of hypochlorous esters at the
microfluidic scale (ESI, section 1.4.1}).

tBuOCl in MTBE gave 0.11, 0.96, 0.86 and 0.98 M, respectively
(ESI, section 2.2.37%).

With the proof of concept of an upstream generator of
organic hypochlorites in hand, the oxidation of model
thioether compounds was next investigated. The selection of
model thioethers included thioanisole (1a), diphenyl sulfide
(1b), dibenzothiophene (1c¢) and dipropyl sulfide (1d).
Compounds 1a-d were used to calibrate the protocol and set
boundaries, as well as to identify potential competitive reac-
tions and side products. Compounds 1b,c are known to be
quite reluctant to well-described photocatalytic oxidations with
singlet oxygen, while compounds 1a and 1d were validated as
reliable, low toxicity simulants of HD in a recent publication.’
There is, however, an additional structural feature in 1a and
1d, which is lacking from 1b,c, namely, protons at the
a-position of the corresponding sulfoxides. The presence of
mildly acidic protons (pK, ~ 33 in DMSO for 2a) at the
a-position of the sulfoxide opens a competitive path, that is,
the a-chlorination of the sulfoxide. With compound 1a, the
competitive chlorination can potentially yield the corres-
ponding  o-mono-chlorinated,  «,a-bis-chlorinated  and
a,o,0-tris-chlorinated sulfoxides 3a, 4a and 5a, respectively
(Scheme 1]‘69,75,79—85

Preliminary trials in batch were attempted with ¢tBuOCI
(ESI, section 3.1%). For the first set of reactions, the experi-
ments involved reacting both a 0.5 M solution of 1a and a 0.5
M solution of tBuOCl in MeOH (Scheme 1). However, the stock
solution of ¢BuOCl in MeOH rapidly decomposed. An
additional NMR study clearly showed the hypochlorite
exchange between tBuOCl and MeOH, hence leading to the
near-instantaneous formation of MeOCI that further decom-
posed (Fig. 5) (ESI, section 2.2.4%). Preliminary trials in batch
were therefore attempted in MTBE.

A preliminary test reaction involving the oxidation of thioa-
nisole (1a, 0.5 M in MTBE) under biphasic conditions with
aqueous NaOCI-5H,0 at 0 °C led to a conversion of 58% and
87% selectivity to sulfoxide 2a along with the formation of a
significant amount of sulfone 6a (10%) after 1 min of reaction.
Next, the oxidation under homogeneous conditions with
tBuOCl was investigated. Dropwise addition of neat BuOCl
(over 10 s, 1.1 equiv.) to a 15 mL solution of 1a in MTBE (0.5
M) gave a near instantaneous conversion at 0 °C that plateaued

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Preliminary optimization in batch for the oxidation of thioa-
nisole (1a) as a model compound (ESI, section 3.17) with the distribution
of products from the direct oxidation of 1a with tBuOCl in MTBE or
MTBE with MeOH (10%). The reaction was monitored by LC analysis at
200 nm; values are expressed in %area after 4 min of reaction (values in
parentheses are for data collected after 40 min of reaction). n.d. = not
detected. Conditions: (a) addition of neat tBuOCl (1.1 equiv.) over 10 s to
0.5 M solution of 1a (in MTBE), 0 °C with reaction monitoring over
40 min, after which up to 22% of unidentified products were detected
by LC; (b) addition of neat tBuOCI (1.1 equiv.) over 10 s to 0.5 M solution
of 1a (in MTBE with 10% MeOH), 0 °C with reaction monitoring over
40 min; (c) addition of neat tBuOCI over 10 s to 0.5 M solution of 1a (in
MTBE with 10% MeOH) and pyridine (1.1 equiv.), 0 °C with reaction
monitoring over 40 min, after which up to 42% of unidentified products
were detected by LC; (d) addition of neat tBuOCl over 10 s to 0.5 M
solution of 1a (in MTBE with 10% MeOH) and TEMPO (2 equiv.), 0 °C
with reaction monitoring over 40 min, after which up to 16% of uniden-
tified products were detected by LC.

at 69% after 4 min with a selectivity of 69% toward sulfoxide
2a (Scheme 1). Besides trace amounts of a-mono-chlorinated
sulfoxide 3a (4%), a,a-bis-chlorinated sulfoxide 4a (1%),
a,a,0-tris-chlorinated sulfoxide 5a (3%) and sulfone 6a (1%), a
large fraction of unidentified products (13%) was detected as
well. The next set of experiments aimed at identifying the
effect of MeOH on the oxidation reaction. A solution of model
substrate 1a (0.5 M, 15 mL) was prepared in MTBE with 10%
MeOH and treated likewise with neat tBuOCl at 0 °C
(Scheme 1). The reaction was again monitored, and the results
differed quite significantly from the previous batch experi-
ment. After complete addition of éBuOCl, the conversion pla-
teaued at 77% with a selectivity of 88% toward sulfoxide 2a
with small amounts of 3a (8%), traces of 4a (<1%) and of
sulfone 6a (<1%); compound 5a was not detected.

This preliminary set of observations thus suggested a very
quick and selective oxidation of substrate 1a with tBuOCI in
the presence of MeOH and, most importantly, the formation
of only trace amounts of sulfone 6a. In conjunction with the
rapid hypochlorite exchange reaction observed upon studying
a solution of tBuOCI in MeOH (see above, Fig. 5), the higher
conversion and cleaner reaction profile for the oxidation of 1a
in MTBE/MeOH strongly suggested that MeOCI was the term-
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Fig. 5 Exchange of hypochlorites. (a) *H NMR monitoring of the hypo-
chlorite exchange between tBuOCl and MeOH (in CDCls). The first spec-
trum is recorded 5 min after the addition of tBuOCI and shows the for-
mation of MeOCl and tBuOH; after 10 min, MeOCIL has almost comple-
tely decomposed and the amount of tBuOCI has decreased significantly;
(b) tentative transition state for the hypochlorite exchange between
tBuOCl and MeOH with a small cluster of MeOH (B3LYP/6-311+G**)
(ESI, section 6.17).

inal oxidizer. These observations were supported with the com-
puted activation barriers (see below, Fig. 6). An additional set
of experiments was scheduled to gather more information on
the mechanism and the species involved in the oxidation of 1a
(ESI, sections 3.1.3 & 3.1.4}). The formation of mono-chlori-
nated sulfoxides such as 3a under similar conditions was
documented in the literature,*>***° yet it involved the pres-
ence of a base (Scheme 1). However, when the reaction was
performed in the presence of pyridine (1.1 equiv.) with 1a in
MTBE/MeOH (0.5 M, 10% MeOH), the conversion reached
80% with a 51% selectivity towards 2a after 4 min with the sig-
nificant formation of unidentified products (32%); surpris-
ingly, the formation of a-chlorinated sulfoxides 3,4a did not
increase significantly (4 and <1%, respectively) in the presence
of pyridine and remained stable over time; the formation of
tris-chlorinated sulfoxide 5a increased slightly over time (up to
4% after 40 min).*°

The likelihood of a homolytic mechanism was investigated
by performing the oxidation of 1a (0.5 M in MTBE with 10%
MeOH) with ¢BuOCl in the presence of TEMPO, a well-
described radical scavenger (Scheme 1) (ESI, section 3.1.47).
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a. Hypochlorite-mediated oxidation of 1a

Bu0CI 233 _ 0’R
1 PrOCI203 CH Oci
« EtOCI 165 '\ ~
12 feociisi ©/
T
+ .

oxy-1a(a) (R = Me)
oxy-1a(b) (R = Et)
oxy-1a(c) (R = iPr)
oxy-1a(d) (R = tBu)
oxysulfonium
intermediates

Ro-c| step1

b. Overoxidation of 2a toward 6a (with MeOCI)

Me
216 .
L B (0]
# ‘\ O\ e
2a ; \ ~§\CI e 6a
+ I ® PR N +
MeO-C| step 1’ step 2' -
Cl
oxy-2a(a) (Sn2)

c. Snapshots of the TSs associated with steps 1, 1', 2 and 2"

-y

iy J\ -
”ta f"

Tsstep 1

Fig. 6 Computational study for the oxidation and overoxidation of
thioether with organic hypochlorites. (a) Computed reaction and acti-
vation enthalpies for selected model reactions (B3LYP/6-311+G**).
Values are given in kcal mol™ and computed in MeOH (n.c. = not com-
puted). The oxidation toward sulfoxide 2a and sulfone 6a proceeds
through a two-step mechanism: the preliminary formation of oxysulfo-
nium cationic intermediates (oxy-1a,2a) is followed with an Sy2-type
displacement with a chloride anion (ESI, section 6.1.2}). (b) Snapshots of
the transition states corresponding to steps 1, 2 (oxidation to sulfoxide
2a) and to steps 1, 2’ (overoxidation to sulfone 6a).

Under these conditions, the conversion toward 2a plateaued at
80% with a selectivity of 70% which remained steady over
40 min of reaction monitoring. Interestingly, the formation of
all chlorinated sulfoxides 3-5a was suppressed, while the over-
oxidation sulfone 6a became the main side-product (8%).
These results suggest that the formation of chlorinated sulfox-
ides 3-5a most likely arises from a competitive radical-based
mechanism. In the presence of TEMPO, the suppression of
such a competitive path leaves a slight excess of tBuOCl, which
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triggers the overoxidation of 1a toward 6a to a minor extent. An
additional “competition” experiment with the oxidation of an
equimolar mixture of 1a, 2a and 6a further confirmed these
hypotheses (ESI, section 3.2.87).

The mechanism of sulfoxide formation in the presence of
hypochlorites was thoroughly discussed by Ruff in 2011%” and
likely involves the formation of an oxysulfonium cationic inter-
mediate (Fig. 6).%® Computations were performed at the
B3LYP/6-31+G** level of theory with the SMD model for the
implicit inclusion of solvent for the reaction of 1a with MeOCl,
EtOCl, iPrOCl and tBuOCl (ESI, section 6.11). The direct
addition of the sulfur atom of 1a onto the supposedly electro-
philic Cl atom of the hypochlorites only gave an increasing
enthalpy barrier without a transition state, while the addition
on the O atom gave a transition state leading to the formation
of an oxysulfonium cation intermediate oxy-1a(a-d) (Fig. 6).

The activation barrier towards oxy-la increased with the
steric hindrance of the starting hypochlorous esters: oxy-1a(a)
(R = Me) AG* = 15.1 kcal mol™ < oxy-1a(b) (R = Et) AG* =
16.5 kecal mol™ < oxy-1a(c) (R = iPr) AG* = 20.3 keal mol™ <
oxy-1a(d) (R = tBu) AG* = 23.3 kcal mol™'. The first step
appeared exergonic (—18.4 kcal mol™' < AG® < —21.2 keal
mol™).

The second step involved the nucleophilic displacement of
the electrophilic alkyl moiety of oxy-1a(a-d) with the chloride
anion that was previously expelled. While an Sy2 mechanism
is foreseen for oxy-1a(a,b), a competition may occur for oxy-1a
(¢) and an Sy1 process is expected for oxy-la(d). It goes
without saying that the corresponding enthalpy barriers are
expected to follow the same order, the smallest one being
associated with the Sy2 reaction on oxy-1a(a) (AG* = 14.0 kcal
mol™"), yielding sulfoxide 2a and methylchloride (Fig. 6). Step
2 appeared mostly isoenergetic to step 1 regarding the acti-
vation barriers. The overoxidation toward the formation of
sulfone 6a is expected to follow the same pattern, with the
intermediate formation of an oxysulfonium intermediate oxy-
2a, followed by an Sx2 displacement. The overoxidation path
was computed likewise for 2a with MeOCI only. The formation
of oxy-2a from sulfoxide 2a was associated with an activation
barrier of AG* = 21.6 kcal mol™ and a comparable exergonicity
as for the formation of oxy-1a (AG® = —20.1 kcal mol™"). The
second step, namely, the Sy2 displacement with the chloride
anion was associated with a much smaller activation barrier
(AG* = 9.3 kcal mol™) and a strong exergonicity (AG® =
-22.7 keal mol™") both of which reflect the much higher elec-
trophilicity of oxy-2a vs. oxy-1a and its better leaving group
ability (Fig. 6). These results emphasize that it is unclear
whether step 1 or step 2 is rate-determining for the formation
of the sulfoxide, while for the overoxidation toward 6a, it is
clear that step 1’ to oxysulfonium intermediate oxy-2a(a) is
rate-determining. The computations however emphasized that
step 1’ leading to the overoxidation intermediate oxy-2a(a)
comes with a much higher activation barrier than step 1
leading to oxy-1a(a) (AAG* = 6.5 kcal mol™) (Fig. 6), which
explains the full selectivity toward the sulfoxide organic
hypochlorites.

This journal is © The Royal Society of Chemistry 2022
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Regarding the sulfoxidation step, a much lower activation
barrier for the rate-determining step is obtained with MeOCl
(15.1 kecal mol™"), hence pointing toward its selection as a
potent oxidizer. The observed instability for MeOCI, however,
precludes its generation upstream despite its potential as a
sulfoxidation reagent. The computed activation barriers agree
with the hypothetic formation of much more reactive MeOCl
upon mixing a stock solution of 1a in MeOH and of tBuOCl in
MTBE (see above). This opportunity was therefore envisioned
as a robust and straightforward compromise between the stabi-
lity combined with a lower sulfoxidation activity for tBuOCl
and the instability of MeOCl with its superior ability to
produce sulfoxides. The computations, however, clearly indi-
cate that the likelihood of overoxidation towards 6a should be
minimized under these conditions.

With the combined insights from the preliminary batch
trials and the computations, the oxidation of model 1a was
next attempted under continuous conditions (Fig. 7): (a) a
high-performance micromixer was selected to reach rapid
homogenization and hence potentially control the formation
of competitive radical-based chlorination mechanisms and
(b) tBuOCl was selected as a primary hypochlorous ester and
was solubilized in MTBE to avoid decomposition in the feed,
in conjunction with substrate 1a in MeOH to take advantage
of the in situ formation of more reactive MeOCI. The flow
rates were set to have a 1:1.1 1a/tBuOCl ratio. The con-
ditions were further optimized to assess the effects of the
residence time, the mixing efficiency, the temperature, the
excess tBuOCI, and the concentration and the nature of the
alcohol additive (MeOH, EtOH, iPrOH and ¢BuOH) (ESI,
section 3.2%).

The temperature was the first parameter evaluated, starting
with standard operating conditions with 10 s residence time
and a 1:1.1 1a/tBuOCl. At —78 °C, the conversion dropped sig-
nificantly to 45% (>99% selectivity); raising the temperature to
20 °C increased the conversion to 80% with a selectivity of
98%, hence pointing 0 °C as the best compromise ensuring
short residence time with high conversion (93%) and selecti-
vity (99%) toward 2a. The effects of both the excess tBuOCl
and the concentration were next addressed. As expected, a sub-
stoichiometric amount (0.75 equiv.) of the oxidizer led to a
much lower conversion (62%) while maintaining an excellent
selectivity (98%); by contrast, a larger excess (2.1 equiv.) of oxi-
dizer gave a quantitative conversion but a very low selectivity
(30%) with the emergence of sulfone 6a, the a-chlorinated sulf-
oxide 3a and a,a-bis-chlorinated sulfoxide 4a in significant
amounts (6, 25 and 38%, respectively). Despite a lower selecti-
vity toward 2a, the neutralization selectivity, which includes all
sulfoxide products, was still excellent (94%). The concentration
also had a significant impact. With 0.5 M for both feeds, a con-
version of 99% was reached within 60 s at 0 °C (91% selectivity,
99% neutralization selectivity). Increasing progressively the
concentration to 2 M for both feeds led to a decreased conver-
sion (81%) and selectivity (49%) with the formation of signifi-
cant amounts of sulfone 6a, a-mono-chlorinated and a,u-bis-
chlorinated sulfoxides 3,4a (2, 15 and 15%, respectively).
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Fig. 7 Microfluidic setup for the hypochlorite-mediated oxidation of
model thioethers 1-4a, CEES and CEPS with the upstream generator of
tBuOClL. Data from LC analysis (200 nm, for the oxidation on compounds
la—c and CEPS) or from GC-MS analysis (oxidation on compounds 1d
and CEES) on the crude reactor effluents using optimized conditions: 60
s of residence time, 0 °C with a 1: 1.1 1a/tBuOCl unless otherwise stated
in the main text. Feed solutions of 1a,b,d CEES and CEPS were prepared
in MeOH (0.5 M). Feed solution of 1c was prepared in 50:50 MeOH/
CH,Cl; (0.25 M).

Despite a lower output, the concentration was therefore set at
0.5 M for the subsequent optimizations.

The next experiments addressed the effect of the residence
and the mixing efficiency. The effect of the residence time was
assessed at constant flow rates for both feeds by adjusting the
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internal volume of the coil reactor. Three residence times (10,
30 and 60 s) were considered at 0 °C. The shortest residence
time provided a conversion of 93% with a 99% selectivity
towards sulfoxide 2a with trace amounts of sulfone 6a (<1%)
and o-chlorinated sulfoxide 3a (1%). Increasing the residence
to 30 s pushed the conversion to >99%, while the selectivity
toward 2a slightly decreased to 91%. In the latter, sulfone 6a
remained barely detectable (<1%), while the amount of 3a
increased significantly (8%). For the longest residence time (60
s), both conversion and selectivity remained unaffected. These
preliminary microfluidic results emphasized once more the
near-instantaneous and selective oxidation of 1a toward 2a
and the control of the residence time appeared as an impor-
tant parameter to minimize the competitive radical chlori-
nation of 2a and the overoxidation to 6a. In the next set of
experiments, the impact of the mixing efficiency was evaluated
through experiments carried out in the same PFA coil with
decreasing flow rates for both feeds with a constant 1:1.1 1a/
tBuOCl ratio at 0 °C.

With the reference reaction at 10 s of residence time in
mind (93% conversion, >99% selectivity), progressively degrad-
ing the mixing efficiency had a deleterious impact on both the
conversion and the selectivity: 82% conversion and 98%
selectivity were achieved within 30 s of residence time, while
the experiment at 60 s gave 72% conversion and 84% selecti-
vity (99% neutralization selectivity).

In conjunction with the preliminary batch trials, these
results emphasize that poor mixing efficiency affects the
output of the oxidation reaction. It is expected that longer resi-
dence times (not tested) associated with a poor mixing
efficiency would lead to increasing impurities associated with
a local excess of tBuOCl (presumably chlorinated derivatives:
sulfoxides 3-5a and sulfone 6a). The last parameter that
required some further preliminary trials concerned the selec-
tion of the alcohol used as the solvent for substrate 1a.
Though the main idea was to combine both the stability of
tBuOCl with the high reactivity of MeOCI through an in situ
generation of the latter from MeOH, 3 additional experiments
were designed with incremental lower alcohols as solvents for
la. Under comparable conditions as for the MeOH/MTBE
system (1.1 equiv. tBuOCl, 0 °C, 60 s), a lower conversion of
63% (39% selectivity) was obtained with EtOH as the solvent
for 1a. With isopropanol, the conversion went back to the
upper 80 s (87%) with 74% selectivity (84% neutralization
selectivity). Lastly, tBuOH led to 65% conversion and 62%
selectivity (83% neutralization selectivity). In all 3 cases,
sulfone 6a was formed in about 5%, 3,4a ranged from 10 to
27% and from 1 to 6%, respectively. To conclude this section,
the best compromise to balance conversion and selectivity
while forming minimal amounts of sulfoxide 6a involves react-
ing 0.5 M feed solutions (thioanisole in MeOH and ¢BuOCI in
MTBE), with a 1: 1.1 stoichiometric ratio at 0 °C within 60 s of
residence time with a high-performance arrow-head micro-
mixer to reach complete conversion and very high selectivity
(91%) and excellent neutralization selectivity (99%). Under
these conditions, a-chlorinated sulfoxide 3a becomes the
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major side product (7%) and sulfone 6a remains barely detect-
able (1%).

The feed of thioether was next changed to diphenylsulfide
(1b) and dibenzothiophene (1c), both in solution in MeOH
(Fig. 7). tBuOCl was generated upstream as a 0.5 M solution in
MTBE. With substrates 1b,c, which lack a proton at the alpha
position, the formation of chlorinated sulfoxides does not
compete with the oxidation or the overoxidation. With 1b, total
conversion was obtained under the same conditions. The
corresponding sulfone 6b was barely detected (<1%). With 1b,
the concentration had a limited impact on the reaction since
complete conversion was maintained with 1 M concentration
for each feed solution (99% selectivity). Decreasing the
residence time to 30 s had a minor effect on the conversion
(97%), while the selectivity remained unchanged (99%).
Dibenzothiophene (1c) was poorly soluble in MeOH, and the
corresponding feed solution was prepared in a 50:50 MeOH/
CH,Cl, blend (0.25 M). 1c is notoriously difficult to oxidize; it
was therefore not surprising that a larger excess of tBuOCl was
required to reach complete conversion. A slight increase of the
excess oxidant (1.2 equiv.) gave 99% conversion with a 98%
selectivity.

The optimized conditions (1.1 equiv.) were next transposed
to dipropyl sulfide (1d) (Fig. 7 and 8, and ESI, section 4.37).
Transposition on 1d gave 98% conversion with 96% selectivity
toward 2d (97% neutralization selectivity), with a small
amount of the corresponding sulfone (6d, 2%), and traces of
the corresponding o-chlorinated sulfone 7d (<1%) and the
a-chlorinated sulfoxide 3d (1%). 1,2-Dipropyldisulfane (8) was
also detected in traces (<1%, see also Fig. 9b).*° Slightly
increasing the excess of tBuOCl to 1.2 equiv. slightly improved
the conversion (98%), yet it produced more sulfone 6d (5%)
and its chlorinated analog 7d (1%) with an overall neutraliz-
ation selectivity of 94%.

Oxidative neutralization was then attempted on CEES and
CEPS (Fig. 7). The conditions with 1.1 equiv. tBuOCl with
CEES provided excellent conversion of 94% with a selectivity
of 95% toward CEESO (neutralization selectivity of 97%) after
60 s of residence time at 0 °C. Sulfone CEESO, and its chlori-
nated derivatives were barely detected (<1%). Other minor
impurities included a-chlorinated sulfoxide CEESOCI (1%)
and diethylsulfinate 9 (<1%, see Fig. 9b).°* > Increasing the
excess of tBuOCI to 1.2 equiv. led to 98% conversion with
92% selectivity toward CEESO (neutralization selectivity of
99%). Despite the slight excess of tBuOCI in the last trial,
both CEESO, and its chlorinated analog CEESO,Cl remained
barely detected, while diethylsulfinate 9 slightly increased
(1%). With CEPS, 93% conversion was achieved with 90%
selectivity towards CEPSO (98% neutralization selectivity).
Sulfone CEPSO, was not detected. Increasing the excess
tBuOCl to 2 equiv. pushed the conversion to 98% but the
selectivity towards CEPSO dropped to 16%, with major side-
products including the mono- and bis-chlorinated sulfoxides
CEPSOCI and CEPSOCIl, in 73% and 10%, respectively.
Sulfone CEPSO, remained undetected, despite the larger
excess of tBuOCL

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 (a) Typical GC chromatogram for the oxidation of 1d (dipropyl
sulfide), featuring the distribution of side-products. The attribution of
peaks was carried out with the injection of commercial or synthesized
reference samples (1d, 2d and 6d) or by GC-MS with NIST identification
(3d, 7d and 8). (b) Tentative mechanism for the formation of impurities 8
and 9.193

The final stage of this study concerns the transposition of
the best conditions for the oxidative neutralization of CEES
from the microfluidic scale toward the mesofluidic scale (for
CEPS, see ESI, section 4.87). We used a commercial mesoflui-
dic glass reactor setup (Corning® Advanced-Flow™ LF/G1 skid
Reactor equipped with 2 glass fluidic modules connected in
series (2.7 mL internal volume each, Fig. 9a). To simplify the
setup, the upstream generator was disconnected from the
downstream oxidation module. A fresh solution of tBuOCI, the
molarity of which was controlled by back-titration, was used
for the trials on CEES and CEPS. Full concatenation of a
similar process was demonstrated elsewhere.”” With a 60 s
residence time at 0 °C, the oxidation of CEES reached 99%
conversion with a 96% selectivity toward CEESO. The major
impurity became mono-chlorinated sulfoxide CEESOCI, while
sulfone CEESO, remained undetected, hence providing a neu-
tralization selectivity of 99% with a space time yield = 3.74
kg L”"h™".

Lastly, the oxidation of HD with MeOCl was computed and
compared to the computational results associated with CEES
to further validate in silico the potential transposition of this
oxidative neutralization protocol to an actual CWA (Fig. 9b).
Both the simulant and the actual HD came up with very close
reaction profiles and activation barriers for the various steps
leading to the corresponding sulfoxides and sulfones, hence
suggesting that the experimental results for the neutralization
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Fig. 9 (a) Mesofluidic reactor setup for the scalability trials featuring a
Corning® Advanced-Flow™ LF/G1 skid Reactor equipped with 2 glass
fluidic modules connected in series. Data from GC-MS (CEES) (b) tran-
sition state structures (B3LYP/6-311+G**) and activation energies (in kcal
mol™) for the in silico oxidation of HD. Values in parentheses are calcu-
lated for CEES (ESI, sections 6.2 & 6.37). See also Fig. 7 for details on the
various steps.

of CEES are representative of the behavior of HD under similar
experimental oxidative conditions (ESI, section 6.37).

Conclusion

This work reports a scalable and robust continuous flow
process for the oxidative neutralization of organosulfur CWA
simulants. The process proposes an original solution to both
produce and mitigate the high reactivity of lower alkyl hypo-
chlorites from aqueous solutions of sodium hypochlorite. An
upstream generator of organic hypochlorites produces a homo-
geneous stream of organic hypochlorites in MTBE that is
further used downstream for the selective oxidation of
thioethers. Despite the higher computed reactivity of MeOCl
for the oxidation of thioethers to the corresponding sulfoxides,
its inherent instability precludes its formation in the upstream
generator. Instead, the upstream generation of tBuOCI, which
is much more stable than MeOCI, but also much less reactive,

10 | Green Chem., 2022, 00, 1-13
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is advantageously exploited to feed the downstream oxidation
module. The latter is fed with the thioether substrate in
MeOH, which provokes a near-instantaneous hypochlorite
exchange with MeOH hence producing “on-the-spot” MeOCI.

Such a strategy exploits the higher reactivity of MeOCI
without the safety and reproducibility issues related to its
instability. It provides convenient and fast oxidative conditions
for the transformation of thioethers into their corresponding
sulfoxides. There are, however, several competitive reactions:
(a) a radical-based chlorination of the sulfoxide, typically
leading to their corresponding a-chlorinated derivatives (some-
times multiple chlorinations are observed); (b) the formation
of disulfides or sulfinates through an intermediate sulfenyl
chloride and (c) an overoxidation to the corresponding
sulfone. While competitive paths (a) and (b) are not concerning
when it comes to the efficiency of the oxidative neutralization
(since they may be considered as neutralized species), the emer-
gence of a completive overoxidation is more concerning.
Fortunately, in all trials executed in this study, the formation of
the overoxidation sulfone is usually <1%. The use of organic
hypochlorites alleviates the formation of micelles and super-
ficial chemical neutralization of sulfur mustards with aqueous
hypochlorites. The preliminary transformation of aqueous
sodium hypochlorite into the corresponding lower alkyl hypo-
chlorous esters remains accessible according to a straight-
forward protocol that accommodates either batch (for the most
stable hypochlorites such as ¢tBuOCl) or flow procedures. The
conditions were optimized on model thioethers and then
adapted for the neutralization of CEES and CEPS, both under
microfluidic and mesofluidic conditions, with excellent conver-
sion and neutralization selectivity. The process relies on widely
accessible and affordable chemicals and is amenable to larger
scales for the chemical neutralization of large inventories of
sulfur mustard vesicants to low-toxicity sulfoxides, which can
thereafter be safely transported to incineration facilities. The
flexibility (simple chemicals, liquid feeds and liquid wastes)
and efficiency (space time yield = 3.74 kg L™" h™") of this new
system outclass other recently reported neutralization protocols
of CEES under flow conditions (with singlet oxygen:®> STY =
0.58 kg L' h™" and with oxone:” STY = 0.31 kg L™ h™").
Besides the pragmatic aspects of this process, computational
chemistry is used here as a convenient way to explore the perti-
nence of the protocols developed on simulants for the neutraliz-
ation of HD, hence providing indication of potential transposi-
tion toward actual sulfur CWAs without military clearance and
without extremely restrictive safety protocols.
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