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Non-thermal plasmas were used as radical initiators in three radical
chain reactions: dehalogenation, 5-exo-trig cyclisation and trifluoro-
methylation with the Togni Il reagent. The use of non-volatile
solvents (or solvent-free conditions) gave high yields in all reactions
under optimised conditions. Short reaction times and mild condi-
tions make this method an attractive alternative to conventional
radical initiators.

Recently developed non-thermal plasmas, operating at atmo-
spheric pressure and near room temperature, can be used as
sources of reactive species generated under very mild condi-
tions."” However, typical concentrations of free radicals in non-
thermal plasmas (ca. 10'°~10"* molecules cm*)® are usually
too low for stoichiometric radical reactions on a reasonable
scale. For instance, a stoichiometric radical reaction on a
0.01 mole scale would require exposure to 10°~10° L of plasma
gas, which is impractical for synthetic applications. The situa-
tion is different for the initiation of radical chain reactions (e.g.,
polymerisation), where only a small amount of an initiator is
required to overcome termination processes. For these reac-
tions, non-thermal plasmas can be a viable alternative to other
types of initiation.> Plasma initiation is attractive due to mild
reaction conditions and the absence of exogenous initiators
(often toxic or hazardous, e.g., peroxides, azo derivatives, transi-
tion metal salts, etc.). The low level of UV radiation generated in
these plasmas does not produce a detectable amount of free
radicals,>® so plasma initiation can be used with photosensitive
substrates. The low concentration of plasma-derived radicals
limits damage to the substrates and products, and the overall
process is controlled by the substrate/reagent reactivity rather
than the properties of the initiator radicals.
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Initiating radical reactions with non-thermal

Yury Gorbanev,?® Dirk Leifert,“ Armido Studer,” Deborah O'Connell*” and

Here, we explore the feasibility of using non-thermal plasmas
for synthetic radical chemistry. The reactions are initiated by free
radicals (e.g., H*, *OH, O,° "), formed in the plasma from water/
oxygen additives or impurities in the feed gas and diffused into
the liquid phase.® Three reactions were chosen in this study to
cover a range of solvents and reaction conditions, different types
of chain transfer agents, and intra- and intermolecular pathways.
Two plasma sources were used: (a) a cross-field nanosecond (NS)
pulsed plasma operated at 40 kV, 3.5 kHz, with N,, He or air as a
feed gas, with the reaction mixture introduced directly into the
plasma, and (b) a parallel-field kHz sinusoidal plasma operated
with He at ca. 18 kV, 25 kHz, with the reaction mixture exposed
to the plasma effluent (see the ESIt for further details). The NS
plasma (short pulses repeated with a frequency of 3.5 kHz) is less
prone to heating. In our plasma set-ups, both solvated electrons
and free radicals could contribute to the initiation.

A general plasma set-up is shown in Fig. 1. The initiating
species are formed in the gas phase; efficient mass transfer is
thus key to successful initiation. To achieve good mixing, the
experiments included recirculation of the reaction mixture
through the plasma chamber, a solvent-free reaction and a reaction
involving mechanical agitation (stirring).
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Fig. 1 A general representation of the plasma setup. The optional com-
ponents are shown with dashed lines.
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Scheme 1 Dehalogenation of iodo-substituted aromatic compounds via
a reaction with sodium dibasic hypophosphite initiated by non-thermal
plasma.

In the first case study, we explored dehalogenation of iodo-
substituted benzoates’ with sodium dibasic hypophosphite as a
non-volatile H donor/chain transfer agent (Scheme 1). Due to
exposure to a significant gas flow (typically 1-10 L min %),
plasma initiated reactions cannot be carried out with volatile
solvents, reagents or products. In this example, an aqueous
system was used. The likely initiators were H* and *OH radicals
generated by plasma in water.

Initial experiments used an NS plasma with N, feed gas.
The aqueous reaction mixture was nebulised and the resulting
aerosol was passed with the feed gas through the discharge
region (Experimental and Fig. Sla in the ESI}). In this system,
only a low product yield was observed (ca. 7%, see the ESIY).
Similar results were obtained by flowing the reaction mixture
down the walls of the plasma chamber. The low yields can
probably be attributed to the short residence time in the plasma
chamber and insufficient efficiency of the radical chain transfer.

The yields increased significantly when the reaction mixture
was continuously re-circulated through the plasma chamber
with a peristaltic pump (ESIL,1 Table S1). The yields increased
over time but were independent of the flow rate. Operating the
plasma with air instead of nitrogen resulted in no product
formation (Fig. 2), as the rapid reaction of intermediate radicals
with oxygen breaks the radical chain. The use of He as a feed
gas significantly increased the product yield to 52% after 20 min
of reaction, while the same reaction under N, gave a 26% yield.
This is likely due to the higher electron density in the helium
plasma. However, use of a high flow of helium with long reaction
times is impractical.
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Fig. 2 Yield of sodium benzoate in the reactions of 4-iodobenzoate with
different plasma gases as determined by *H-NMR. Reaction conditions: 12 mL
of aqueous solution containing 0.6 mmol of 4-iodobenzoic acid, 1 mmol of
Na;HPO3:-5H,0, and 1.6 mmol of NaOH was exposed to plasma. Plasma
parameters: NS, 40 kV, 3.5 kHz, gas flow 10 L min~™. Liquid flow 4 mL min~™%.
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Interestingly, the reaction stopped after ca. 15 min as no
further conversion was observed at longer exposures. At the same
time, we observed evaporation of ca. 50% of solvent (water), due
to the temperature increase in the continuously sustained
plasma. Continuous addition of water to the reaction mixture
during the exposure to N, plasma led to an increased yield of the
dehalogenated product over an extended reaction time (see the
ESL, Fig. S2). A similar effect was observed when the concen-
tration of the reagents in the initial reaction mixture was reduced.
Under optimised conditions, the product yield (by "H-NMR of
the crude mixture) was ca. 95%, with 79% isolated yield after
re-crystallisation.

Other iodo-substituted substrates (2-iodobenzoate, 4-iodo-
phenolate) also afforded good yields in a continuous plasma
initiated reaction, whereas dehalogenation was not successful
with 4-chlorobenzoate (Fig. S3, ESIt). Exposure of the aqueous
solution of 4-iodobenzoate to the plasma with no added hypo-
phosphite afforded a much lower yield of the dehalogenated
product (Fig. S4, ESIt). This confirmed that successful plasma
initiation is possible only for efficient chain reactions.

The dramatic loss of conversion observed upon solvent evapora-
tion could be due to the increased viscosity, which reduced the
diffusion of reactive species from the gas phase into the liquid. In
order to test this hypothesis, we added NacCl, Na,SO, and PEG-300
to the reaction mixture in amounts which corresponded to the
viscosity created by sodium iodide formed in the reaction (see
Experimental in the ESIT). While NaCl and PEG-300 hindered the
reaction, the addition of Na,SO, did not affect the reaction rate or
the yields, despite a similar increase in viscosity (Fig. 3). We thus
conclude that the reduced reactivity is not due to the higher
viscosity or ionic strength of the solution, but can most probably
be attributed to the scavenging of free radicals by iodide ions in
concentrated solutions,® thus breaking the radical chain.

In order to probe the feasibility of using plasma initiation
for radical cascade reactions, we studied a 5-exo-trig cyclisation
of a vinyloxyethyl radical (Scheme 2). The reaction was carried
out in water with added surfactant cetyltrimethylammonium
bromide (CTAB) and 1-ethylpiperidine hypophosphite (EPHP)
as an H donor/chain transfer reagent.” When exposed to an NS
plasma (N, or He) with a re-circulation system described above,
the yield of the cyclic product did not exceed 5%, with the rest
of the starting material remaining unconverted (ESI,T Table S2).

To completely exclude oxygen, we carried out the reaction
using a static liquid sample exposed to a parallel-field helium-
operated plasma in an air-free reactor,'® where the reaction
mixture was not circulated through a plasma chamber (Fig. 1;
see also Experimental and Fig. S1b in the ESIt). However, the
exposure of the H,O/CTAB mixture to the plasma afforded
virtually no product (Table S2, ESIt). We tentatively attribute
this to the formation of a surfactant film on top of the aqueous
solution which prevented efficient diffusion of free radicals from
the gas phase into the liquid."* The other likely reason was a
short exposure time (2 min, limited due to solvent evaporation).
In general, this type of plasma is prone to heating upon pro-
longed use, and low boiling solvents including water evaporate
rapidly.f For instance, deiodination of 4-iodobenzoate under

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The effect of viscosity modifiers on the N, plasma-initiated
reduction of 4-iodobenzoate as determined by *H-NMR. Reaction condi-
tions: 12 mL of aqueous solution containing 0.6 mmol of 4-iodobenzoic
acid, 1 mmol of Na,HPOz-5H,0, 1.6 mmol of NaOH, and a viscosity
modifier was exposed to plasma. Plasma parameters: NS, 40 kV, 3.5 kHz,

gas flow 10 L min~?. Liquid flow 4 mL min~™%.

o

Scheme 2 C-C 5-exo-trig radical cyclisation of 2-iodo-1-(4-methoxy-
phenyl)-1-vinyloxyethane initiated by non-thermal plasma.

plasma

- >

H donor
MeO

these conditions resulted in almost complete evaporation of
the solvent after only 2 min of plasma exposure, affording a 4%
product yield (Table S3, ESIT).

To prevent solvent evaporation, we investigated the feasibility of
running plasma-initiated reactions solvent-free. The cyclisation reac-
tion (Scheme 2) gave a ca. 5% product yield after 15 min plasma
exposure (Table 1, entry 1). Different solvents and H donors/chain
transfer agents were screened (Table 1). The reaction was probably
initiated by free radicals generated from the solvent and/or impu-
rities, or solvated electrons.”'*'? The results indicated that when the
reaction mixture was not completely homogeneous (i.e., solvent-free,
with H donors only partially soluble in the substrate; entries 1 and 8)
the yields were low. A similar effect was observed with solvents that
did not fully dissolve the H donors (entries 2 and 3). This suggested
that the efficient mass transfer is critical for these reactions.

Table1 Crude yields of the cyclisation product in the reaction of 2-iodo-
1-(4-methoxyphenyl)-1-prop-2-enyloxyethane with different radical H
donors/chain transfer agents initiated by He plasma in an air-free reactor

Radical Reaction Yield”

Entry transfer agent time (min) Solvent (%) cis/trans
1 EPHP, 10 eq. 15 — 5 27:73

2 EPHP, 10 eq. 15 CeH3(CH;); 2 31:69

3 EPHP, 10 eq. 15 PEG-300 4 33:67
4 (TMS);SiH, 10 eq. 15 — 88  52:48

5 (TMS);SiH, 5 eq. 20 — 96"  49:51
6 (TMS);SiH, 5 eq. 20 — 32 47:53
74 (TMS);SiH, 5 eq. 180 — 0o —

8 Ph;SiH, 2 eq. 15 — <1 —

“ Estimated by "H-NMR analysis. ” 82% isolated yield after column puri-
fication. © Reaction in air. ¥ Without plasma exposure.
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An H donor/chain transfer agent tris(trimethylsilyl)silane
((TMS);SiH) was fully miscible with the substrate. Under
optimised conditions (Table 1, entry 5), ca. 96% yield of the
cyclic product was achieved (the lower 74% isolated yield is due
to the difficult separation of the product from the excess transfer
reagent’). A control experiment in which the reaction mixture
was allowed to stand inside the He-filled reactor for 3 hours
without plasma exposure showed no product formation (entry 7).

In the third example of a plasma-initiated radical chain
reaction, we explored radical trifluoromethylation of isonitriles
with the Togni-II reagent' (Scheme 3). Isonitriles are good
radical acceptors'® and their radical trifluoromethylation is well
established.'*'® Plasma-derived solvated electrons, or free radi-
cals formed from solvent or impurities, could act as initiators
for this reaction.

The initial solvent screening indicated that high boiling
point solvents performed best. The use of low molecular weight
poly-(ethylene glycol) PEG-300 or tetraethylene glycol (TEG) as
solvents afforded the highest yields (Table 2; see also Table S4,
ESIt). Solvent-free conditions (Table 2, entry 2) yielded only
2% of the trifluorinated product, while PEG-300 under the
same conditions afforded a 17% yield (entry 1). The yields were
similar for an air-free reactor and a reaction in an ambient
atmosphere (entries 1 and 3), presumably because diffusion of
oxygen'” in a He plasma was insufficient for efficient chain
termination in this case.'® The ambient atmosphere setup allowed
for larger volumes of the reaction mixture to be employed, and the
magnetic stirring of the reaction mixture (Fig. 1; see also Fig. Sic,
ESIt). When a larger amount of the solvent was used, the yield after
10 min increased from 11 to 25%. Further increase in the solvent
volume resulted in a lower yield (entries 3-5). The increased yield in
the more dilute solution can be attributed to the limited solubility
of the Togni-II reagent in PEG-300 and thus less efficient mass
transfer in the more concentrated reaction mixture. The absence of
stirring resulted in a lower yield (entry 7), supporting this hypo-
thesis. A 95% crude yield of the 6-(trifluoromethyl)phenanthridine
(80% isolated yield) was achieved under optimised conditions.

When a glass container with the reaction mixture was posi-
tioned directly on top of a metal surface (e.g., a magnetic stirrer
plate), the discharge parameters were different from those observed
with a glass-only system. While the voltage and frequency of the
discharge were kept the same in both cases, it is possible that
both the metal surface under the glass container and the ground
electrode on the plasma tube served as earth electrodes (Fig. Sic,
ESIT). With a dielectric foam layer between the glass container and
the metal surface, the yields of the reaction product decreased

FsC—I—0

plasma

Scheme 3 Trifluoromethylation of 2-isocyano-1,1"-biphenyl with the
Togni-Il reagent as the source of *CF;z radicals initiated by plasma.

CF3
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Table 2 The yields of the trifluoromethylation product in the reaction of
2-isocyano-1,1"-biphenyl with the Togni-Il reagent (0.85 eq.) in PEG-300
exposed to He plasma in an ambient atmosphere with stirring

Entry Reaction time (min) Solvent volume (pL) Yield® (%)
1? 15 200 17

2P 15 — 2

3 10 200 11

4 10 500 25

5 10 2500 20

6° 10 500 14

74 10 500 17

8¢ 30 500 95/

9 30 500 <1

“ Estimated from '’F-NMR spectra. ” In an air-free reactor. © With a
dielectric foam between the hotplate and the reaction mixture container.
¢ Without stirring. ° 1.2 eq. of the Togni-II reagent./ 80% isolated yield.
¢ At 70 °C without plasma exposure.

while the effect of stirring (i.e., enhanced mass transfer) became
more pronounced (Table 2, entry 6; and Table S4, ESIt). This
suggests that without a dielectric layer, the discharge may have
propagated into the liquid."® Moreover, without the dielectric
layer, the temperature of the solution increased to ca. 70 °C after
1 min of plasma exposure (Table S5, ESIt). The system with a
dielectric foam layer resulted in a lower temperature after plasma
exposure (ca. 60 °C). To check the possibility of a thermally
activated reaction, the substrate and the Togni-II reagent were
mixed with 500 pL of PEG-300 and kept at 70 °C without plasma
exposure. Only a negligible amount of the product was observed
(Table 1, entry 9), suggesting the absence of thermal initiation
under these conditions. We hypothesise that the increased yield
observed for the system without the dielectric foam layer can be
attributed to the reduced viscosity of the solvent (PEG-300) at
elevated reaction temperature. Similar results were obtained for
the dehalogenation of 4-iodobenzoic acid using a metal surface
with and without a dielectric layer (Table S3, ESIt).

To summarise, non-thermal plasmas were shown to be
viable initiators for radical chain reactions. Three reactions -
dehalogenation of iodoarenes, 5-exo-trig cyclisation and tri-
fluoromethylation with the Togni-II reagent — were carried out
using two different plasma set-ups in the absence of other
initiators. Excellent yields were recorded for all three reactions
under optimised conditions. The short reaction times, mild con-
ditions, scalability and a possibility to run solvent-free reactions
make plasma initiation an attractive alternative to conventional
redox, thermal or photochemical initiation. We note, however,
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that these are only preliminary results, and much further work
is required to gain mechanistic understanding of how plasma
properties, mass transfer and other reaction conditions affect
the efficiency of the reactions.

This work was supported by the Leverhulme Trust (grant
RPG-2013-079) and EPSRC (EP/K018388/1 and EP/H003797/2).
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