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Herein, we report the first application of deep eutectic solvents
(DESs) in radical-mediated hydrothiolation reactions. Under UV
and atmospheric-oxygen mediated conditions, the thiol-ene reac-
tion was applied to amino acid and peptide ligation in DESs. The
conditions facilitate highly-efficient synthesis of biomolecular
targets using a ‘green’ methodology, with complete recycling of
the reaction medium. Fluorescent labelling and glycosylation of a
minimal sequence mimetic of angiotensin-converting enzyme 2
capable of binding the SARS-CoV-2 spike protein is demonstrated
for applications in the study of inhibition of COVID-19 infectivity.

The United Nations Sustainable Development Goal 12 aims to
substantially reduce production waste, including through re-
cycling and reuse. The improvement of sustainability within
pharmaceutical development manufacturing is particularly
closely linked with the principles of ‘green’ chemistry." In
recent years, the growing awareness in the public opinion of
the impact caused by climate change and raw material
depletion is undoubtedly rising.” In this context, ‘green’ or
sustainable chemistry can play a pivotal role on account of its
potential contribution to reaching several of the 17
Sustainable Development Goals, established in 2016.°
According to the views expressed in this deal, chemical pro-
cesses need to be redesigned with alternative targets in mind,
certainly beyond yield and productivity. The most critical
factor to consider when evaluating a chemical process from
this perspective is the solvent. In the pharmaceutical industry
solvents represent up to 80-90% of the chemicals employed,
and it is estimated that less than 50% are reused.*

In this context, deep eutectic solvents (DESs), among other
possible alternatives to volatile organic solvents (VOCs), have
attracted an exponentially growing interest in the last five
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years. DESs usually have 2 constituting components which,
through the establishment of strong interactions, cause a
decrement of the eutectic point temperature below that of the
ideal mixture.’ In the vast majority of cases, these interactions
occur between a hydrogen bond acceptor (HBA), and a hydro-
gen bond donor (HBD). When both partners are present in
nature, these media are called Natural DESs (NaDESs).°

The key favourable aspects of (Na)DESs are their ease of
preparation, the possibility to tailor their physico-chemical
properties by selecting suitable HBA-HBD combinations, and
the reduced volatility and toxicity when compared to VOCs."*
DESs have found application in several areas of research span-

ning from biomass treatment'>'® to added value compounds
for extraction,”””'® and from electrochemistry'®*°  to
biotechnology.**

Furthermore, the exploitation of DESs as solvents and/or
catalysts for organic reactions has been a recent and intense
area of study. Several archetypical reactions*>>® including
Grignard and organolithium additions®*™® as well as the
preparation of pharmaceutical active ingredients,>® have been
optimised in these protic media.

However, to the best of our knowledge, the thiol-ene ‘click’
(TEC) reaction in DESs has not previously been explored.
Radical thiol-ene chemistry in traditional solvents has found
significant application in synthetic chemistry,”® including in
carbohydrate®" and peptide science.’>?* The ‘click’ character-
istics of the radical thiol-ene reaction,® together with excel-
lent atom economy, complement the development of ‘green’
syntheses, in particular bioconjugation reactions (Fig. 1). DESs
have proven highly compatible media for protein processing as
demonstrated by numerous biotechnological applications.”*
We therefore hypothesised that the thiol-ene reaction in DES
or DES-water mixtures would provide an ideal, green system
for access to ligated amino acids and peptides via reaction at
the cysteine thiol residue. Furthermore, the thiol-ene reaction
is an efficient method for the formation of thioethers or thioe-
sters, with advantageous application in pharmaceuticals syn-
thesis due to the prevalence of such structures.*
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Fig. 1 (a) Modification of protected Cys and of an unprotected peptide
in DESs via either UV or atmospheric O, initiated thiol-ene reaction. (b)
Mechanism of the thiol—ene radical chain process.

Initial studies into the compatibility of selected DESs as
shown in Table 1 with the thiol-ene reaction commenced with
a screen of a range of common DES solvents. Reaction mix-
tures underwent irradiation at 365 nm for 1 hour, after which
time the reaction was diluted with H,O and extracted with
EtOAc. Reaction products together with decomposed initiator
2,2-dimethoxy-2-phenylacetophenone (DPAP) and photosensi-
tiser 2-methoxyacetophenone (MAP) were collected in the
organic layer, whilst the DES could be completely recovered via
concentration of the aqueous layer in vacuo. NMR analysis of
the crude organic extract confirmed efficient product for-
mation in all cases (see ESIf). Of the choline chloride (ChCl)
based DESs, those containing glycerol (Gly) or ethylene glycol
(EG) as hydrogen bond donors (HBDs) gave cleanest product
extract (Fig. 2). The resulting extract from the reaction run
with a urea (U) HBD gave small amounts of a solid urea impur-
ity. The levulinic acid (LevA) HBD gave significant impurity in
the extract, accounting for the majority of the crude mass. For
both of the tetrabutylammonium chloride (TBACI) based DESs
investigated, impurities resulting from the DES components
was again observed by NMR. The betaine (Bet) containing
DESs showed little impurity in the crude NMR, however over
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the course of the reaction these DESs underwent significant
colour change and a precipitate was observed. Importantly,
this indicates poor potential for recycling of these particular
DESs, a critical aspect for their use in ‘green’ synthesis.
Furthermore, the Bet DESs were the only solvents in which full
conversion was not achieved. For this reason, the ChCl: Gly
(1:2) and ChCl:EG (1:2) DESs were considered for further
study. Due to Gly displaying lower oral toxicity and higher
boiling point than EG, together with very slightly improved
profile of the extract, focus was directed to the ChCl: Gly DES
for future investigation. However, it is important to note that
the reaction proceeded to high or quantitative conversion in
all DESs investigated. This highlights the potential for tailor-
ing of the DES components to the individual reactants on a
case-by-case basis if desired, and highlights the robustness of
the reaction in a variety of DESs. To provide comparison, the
reaction was also performed in Gly, but upon extraction a sig-
nificant amount of the glycerol was obtained with the reaction
products. Thus, it is necessary to use the DES for recyclability
and efficient product isolation.

Following identification of the optimum DES system, inves-
tigation into recycling of the DES solvent in multiple runs of
the same reaction was investigated. The reaction between
diethyl 2-allylmalonate and thioacetic acid, initiated using a
DPAP/MAP photoinitiator/photosensitiser system was chosen
for this study. The reaction in previously unused DES gave a
yield of 71%. The DES solvent was subsequently collected by
concentration of the aqueous layer following reaction workup
and reused x5 times for a total of 6 reactions. The 5™ and final
repeat gave an undiminished yield, showing no change due to
reuse of the reaction solvent. NMR analysis of the DES in D,O
prior to the initial reaction and after each subsequent reaction
showed no change in the solvent. This result therefore demon-
strates significant potential for the reuse of these solvents in
the thiol-ene reaction, with considerable advantages for
‘green’ chemistry through reduction of waste produced. In
addition to the DES, only a comparatively small amount of bio-
degradable EtOAc and H,O were used during reaction workup.
Furthermore, only small, catalytic amounts (0.2 equivalents) of
DPAP and MAP are required for the photoactivated process.

We next investigated the scope of the thiol-ene reaction in
the ChCl: Gly DES system, with focus on demonstrating appli-
cation in synthesis of biologically relevant or desirable pro-
ducts displaying a range of common functional and protecting
groups (Scheme 1). Firstly, a small number of relatively simple
thiol and alkene combinations were investigated, affording
good yields (7-10). The reaction was next applied to the syn-
thesis of modified amino acids (AAs), taking Boc-Cys-OMe as
the thiol component of the reaction. Initial study of this reac-
tion with cyclohexene gave a 67% yield of AA 11, demonstrat-
ing potential for the synthesis of further protected AAs, suit-
able for use in solid-phase peptide synthesis. To this end the
reaction was demonstrated for synthesis of lipo-AA 13, pro-
tected diol-containing AA 14, and steroid-conjugated AA 15.
Following from the success of the reaction with fully protected
amino acids, the reaction was performed on Boc-Cys-OH (12).
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Table 1 Properties of DESs used
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chloride

“Glass transition temperature (7). ” Viscosity at 30 °C.

Furthermore, reaction of thioglucose showed potential for
application to carbohydrate ligation (16). Further investigation
into the reaction scope included use of thioacetic acid in an
Acyl Thiol-Ene (ATE) reaction. Again, a general study into a
number of simple examples gave promising yields (17-20).
With these results in hand, the reaction was applied to syn-
thesis of S-acetylated homocysteine 21. The reaction was then
also applied to an ATE-initiated radical cyclisation cascade fur-
nishing cyclopentane product (22).

Olefin-based radical syntheses in DESs in the presence of
air have recently been reported in the form of Cu-catalysed
polymerisation®® and Meyer-Schuster rearrangement.>® Having
recently reported atmospheric oxygen mediated TEC and ATE
reactions,”” we next investigated these conditions and their
scope within the context of the DES solvent system (Scheme 1).
Due to lack of requirement for an initiator or sensitiser, these
initiation conditions further strengthen the ‘green’ chemistry
characteristics of this methodology, with high atom economy
and use of non-volatile, recyclable solvents. The non-volatility

1458 | Green Chem., 2022, 24,1456-1462

and non-toxicity of the solvents as well as lack of requirement
for UV irradiation renders this chemistry highly suitable for
benchtop practise. Oxygen mediated conditions do however
trade ‘green’ chemistry advantages for extended reaction
times. Whilst efficient oxygen incorporation into volatile sol-
vents was previously achieved through refluxing of the reaction
mix, this is not possible for the non-volatile DES system.
Recently, the oxygen transfer rate for a number of DESs has
been investigated, including study of the potential scope for
tailoring reaction conditions to favour oxygen solvation.*® Of
particular influence on this factor is the viscosity of the
solvent, which can be readily influenced through heating or
addition of water. Furthermore, increased stirring has been
shown to improve yield in oxygen-dependent reactions for
DESs.>® Through combination of these factors, the reaction
proceeded with rapid stirring and gentle heating, demonstrat-
ing that the DES is capable of sufficient oxygen solvation for
thiyl radical initiation. Furthermore, the addition of a small
amount of water as co-solvent was applied to select examples

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 NMR spectra of crude products obtained from DES screen com-
pared to allyl acetate starting material and DPAP/MAP irradiation
products.

(see ESIT), providing lower viscosity and also increasing the
oxygen transfer rate.’® The oxygen-mediated conditions were
first applied to simple thiol (8) and thioacid (17) examples for
investigation of compatibility and efficiency. Of particular note
is the result obtained for alkyl bromide example 18, in which
bromide substitution products were not observed. Although,
moderately reduced yields compared to the UV initiated
process were afforded for these examples, (8, 32%; 17, 34%),
the application to biologically relevant examples was under-
taken. Demonstration of TEC via cysteinyl radical was investi-
gated, coupling with cyclohexene (11), a hexadecene lipid
alkene (9), and steroid alkene (13) as previously demonstrated
in UV conditions. For both the cyclohexene and hexadecene
examples, the yields of the O, initiated reaction were compar-
able to UV (11, 73%, 13 63%). However, for the steroid
example 15, the O,-initiated conditions gave a significant
improvement yield, increasing from 20% to 54%. This is likely
due to the improved solubility of the alkene-bearing steroid
component of the reaction in the increased temperature of the
oxygen mediated conditions, and may also be aided by the
longer reaction time. Importantly, this demonstrates a further
advantage of these conditions in addition to the green chem-
istry advantages previously mentioned, in tailoring the meth-
odology to specific substrates that may exhibit difficult solubi-
lities. O, initiated conditions when applied to carbohydrate
example 16 also gave a similar yield to that obtained under UV
irradiation. Additionally, this exemplifies the potential for tai-
loring of both DES and reaction conditions to reactants or
individual requirements (i.e. time constraints or green chem-
istry considerations).

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Scope for thiol—ene reaction in DESs under either UV or O,
initiation. *Reaction performed without MAP.

The success of the Cys examples in the O, initiated con-
ditions gives an important mechanistic insight, as the postu-
lated mechanism involves generation of H,0,,>” which has
been shown to react with thiols to generate disulfides via the
sulfenic acid,”® and also to oxidise thioethers to sulfones,
including in DESs.”"*? The lack of side products of these types
that are observed in this reaction implies that any H,O, gener-
ated is only present in small quantities insufficient to cause
side reactions. To further examine the potential for application
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of this methodology to large-scale synthesis of modified Cys
residues, the O, initiated synthesis of 11 was performed at a
6.5 mmol scale, providing the target in 47% yield. As the
mechanism previously proposed for this reaction hypothesises
the presence of peroxides,*” a potential hazard at larger scale,
the peroxide concentration was monitored using MQuant per-
oxide strips. Throughout the reaction time, no peroxides were
detected by this method. While this does not rule out the pres-
ence of any peroxide species, it further demonstrates that any
peroxides formed are present at very low concentrations
(<0.5 mg L™"). Due to the radical chain nature of the TEC reac-
tion, only trace quantities of peroxide may be produced whilst
still maintaining an efficient reaction. An additional important
observation in these conditions is the direct reaction of highly
lipophilic alkenes with relatively polar thiols. The DES provides
sufficient solvation of both components for reaction, and
results show that tailoring of reaction conditions can aid in
solvation of more lipophilic, solid reagents.

Following from successful results involving protected Cys
monomers, the application of the thiol-ene reaction in DES
systems to bioconjugation of a peptide example was identified
as a desirable further objective (Scheme 2). For this purpose, a
portion of the N-terminal a-helix of human angiotensin-con-
verting enzyme 2 (ACE-2) was selected. This human protein
binds the SARS-CoV-2 spike protein in infection, and the
EDLFYQ motif present in this protein has previously been
shown to serve as the minimal sequence sufficient for binding
of the spike protein.*® This interaction is an essential route of

DPAP (1 equiv.), MAP (1 equiv.),
TES (1 equiv.)

View Article Online
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entry for SARS-CoV-2.** For demonstration of the use of thiol-
ene chemistry in DESs on an analogue of this peptide, the
peptide sequence CEDLFYQ (23) was synthesised by Fmoc-
SPPS, wherein the Cys residue replaces an alanine in the
sequence of the human protein, and provides the thiol moiety
for functionalisation of the peptide without alteration of the
minimal sequence required for binding. The optimised UV-
initiated conditions were applied to the peptide with excess
cyclohexene, as this alkene is commercially available and had
shown good yield in both UV- and O,-initiated TEC with Boc-
Cys-OMe. However, only trace product was observed by HPLC
and MS analysis, with the majority of the peptide starting
material forming the disulfide dimer. To overcome this unde-
sired reaction, the use of a reducing agent in the reaction mix
was investigated. Further, it has been shown that, for selected
choline based DES examples, the DES nanostructure is main-
tained up to 42 wt% H,0, while above 51 wt% the structure is
disrupted.”® Thus, a DES/H,0 (3 : 2) mix was used for efficient
solvation of the peptide, with reduced viscosity when com-
pared to the DES alone. This also serves as further demon-
stration of the potential for exploitation of DESs as designer
solvents through adjusting of their ability to dissolve com-
pounds of different hydrophobic or hydrophilic nature. The
peptide starting material was dissolved in degassed DES/H,0O
(3 :2) mix, along with 1 equivalent each of DPAP, MAP and TES
and 5 equiv. of cyclohexene and irradiated under UV for
3 hours. An aliquot was taken and analysed by RP-HPLC,
revealing 86% conversion of the starting material peak with

H,O/ChCI:Gly (3:2)

24 86%
(56% isolated yield)

OH

o

0O <__OH O o =
A SR § R
07 NH,

i
|4
/_gzo
- o 4
o
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o
e
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-
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Scheme 2 Modification of the CEDLFYQ helix via TEC in DES system. Conversions obtained via HPLC analysis.
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retention time of 15.19 min and clean reaction profile. In turn,
consistent with consumption of the free thiol and installation
of the hydrophobic cyclohexyl group, a new peak with longer
retention time of 16.93 min was observed, MS analysis of
which confirmed the identity of the modified peptide product.
Semi-preparative HPLC of an aliquot of the reaction mix pro-
vided the product in 56% isolated yield.

Furthermore, the oxygen-initiated conditions were investi-
gated for conjugation of the cyclohexyl group to the CEDLFYQ
sequence, again incorporating an equivalent of TES as a redu-
cing agent due to the increased likelihood of disulfide for-
mation when stirred in oxygenated conditions. Unfortunately,
after 24 h, HPLC analysis showed no conversion of the starting
material. After a further 24 h (48 h total), still no conversion
was observed. Despite the presence of TES, small amounts of
disulfide were observed.

For this reason, and with the success of the UV-initiated
reaction in hand, we turned to synthesis of a carbohydrate-
modified peptide, incorporating a galactosyl moiety onto the
Cys residue of the CEDLFYQ sequence through UV-initiated
TEC. The reaction proceeded with 81% conversion.
Importantly, this demonstrates a “post-translational” approach
to peptide glycosylation via TEC in the DES system.

Finally, we undertook the synthesis of a fluorophore-tagged
peptide, with potential for application in study of SARS-CoV-2
infection. For this purpose, the previously utilised reaction
conditions were applied to conjugation of the CEDLFYQ
sequence with a dansyl alkene (Scheme 2). The UV-initiated
conditions previously applied to this sequence were utilised,
gratifyingly giving complete consumption of the peptide start-
ing material with >99% conversion to 21 by HPLC.

Conclusions

We have developed a green system for formation of thioester
and thioether linkages by TEC utilising DESs, with particular
focus on synthesis of modified amino acids and peptide modifi-
cation. The reaction showed compatibility with all DESs investi-
gated and in the case of the ChCl: Gly DES, it was shown that
the solvent can be reused without impact on reaction outcome.
The reaction was first demonstrated for simple thiol and thioa-
cid examples, and then utilised for synthesis of modified amino
acids. Finally, the reaction was applied to modification of an
unprotected peptide derived from the minimal sequence of
human ACE-2, allowing synthesis of a lipopeptide, glycopeptide
and fluorescently labelled peptide. We therefore envisage appli-
cation of this methodology in facile synthesis of modified pep-
tides or proteins, either using modified AA monomers or modi-
fication of unprotected sequences.
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