Carbonyl sulfide-mediated synthesis of peptides
with amino acid ionic liquids
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ABSTRACT: Carbonyl sulfide (OCS), the component
of volcanic emission, has been found to induce the
condensation of amino acids under simulated
primordial earth  conditions. However, the
applications of OCS in peptide chemical synthesis is
still limited by their heterogeneities and low
efficiencies. We herein report an OCS-mediated
approach for solid-phase peptide synthesis using
amino acid ionic liquids as recyclable reactants. The
coupling reactions required no base and solvent and
was completed in minutes at room temperature. The
applicability and sustainability of this approach were
demonstrated by the facile syntheses of peptides
with remarkably high yields.

It has been surmised in 1971 that the carbonyl
sulfide (OCS) might play a central role in peptide
formation at the initial stage of abiogenesis.! The
results of subsequent studies in prebiotic chemistry
suggested that OCS reacted with a-amino acids to
afford N-carboxyanhydrides (NCA), which could
undergo the further condensation with amino acids
to form peptide bonds in alkaline buffer solution.?3
However, the peptide product was produced rather
slowly (only 6.8% vyield of dipeptide in 56 hours).
Even under optimized conditions using potassium
ferricyanide or lead chloride as catalyst, only trace
amount of tri- and tetrapeptides were produced and the yield of
dipeptide was still less than 50%.> Thus, the
efficiency of OCS-mediated approach is far from
meeting the minimum requirements of a sequential
peptide synthesis.

In our previous work, native chemical ligation
reactions were efficiently achieved in an anhydrous
imidazolium-based ionic liquid without any additive.*
This finding inspired us to replace the amino acids
with the imidazolium-based amino acid ionic liquids
(AAILs)>® in the OCS-mediated peptide synthesis. We
expected that AAILs could enhance the coupling
reactions in peptide synthesis by providing an

extremely high  concentration of reactants.
Moreover, the experimental procedure of solid-phase
peptide synthesis (SPPS) may be simplified if the
AAILs could efficiently captured OCS, as the ionic
liquids are deemed to be an ideal CO; solvent.”8

A series of novel AAILs were first prepared through a
simple neutralization of commercially available
fluorenylmethyloxycarbonyl (Fmoc)-protected amino
acids with 1-ethyl-3-methylimidazolium hydroxide
(lemim][OH]). To avoid the possible Fmoc-cleavage,
the highly diluted aqueous solution of [emim][OH]
was added dropwise to a slightly excess equimolar
amino acid in a tetrahydrofuran (THF)-water mixed
solution at 10 °C (Scheme 1). On evaporation of the
solvent, colorless to pale yellow liquid AAILs were
obtained at room temperature. The proposed
structures of the Fmoc-AAlLs were confirmed by
NMR and elemental analysis (see Supporting
Information). All the Fmoc-AAlLs are miscible in
acetonitrile, methanol, and dimethylformamide
(DMF), but immiscible in diethyl ether at room
temperature. Most of Fmoc-AAlLs were poorly or
very poorly soluble in water except the aqueous-
soluble [emim][Gly].

Scheme 1. Synthesis of protected AAILs by
neutralization reactions
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Next, the thermophysical properties of the Fmoc-
AAILs were investigated by thermogravimetric
analysis (TGA) and differential scanning
calorimetry (DSC) (Table 1).

Table 1. Thermal properties and viscosities of the
Fmoc-AAlLs

entr  anion of T, Tq n/n’ ([cP])*
y AAIL (°Cc)° (°C)°
1 [Fmoc-Gly]

2 [Fmoc-Ala]

3 [Fmoc-Val]

4 [Fmoc-Leu]

5 [Fmoc-lle]

6 [Fmoc-Phe]

7 [Fmoc-Trp(Boc)]
8 [Fmoc-Tyr(tBu)]
9 [Fmoc-Asp(tBu)]
10 [Fmoc-His(Trt)]
11 [Fmoc-Asn(Trt)]
12 [Fmoc-Glu(tBu)]
13 [Fmoc-Lys(Boc)]
14 [Fmoc-GIn(Trt)]
15 [Fmoc-Met]

16 [Fmoc-Arg(Pbf)]
17 [Fmoc-Ser(tBul)]
18 [Fmoc-Thr(tBu)]
19 [Fmoc-Cys(Trt)]

[emim][Fmoc-Leu], R= \(\(

20 [Fmoc-Pro]

Next, the resulting ionic liquids were examined as
solvents for OCS capture by using gravimetric
technique at atmospheric pressure. Figure 1
shows that each mole of alkaline buffer solution
could absorb only approximately 0.007 mole OCS,3
while the mole ratios of OCS to different AAILs
varied in a range of 0.11-0.16. Thus, the AAlLs
were supposed to be effective for OCS-capture
without addition of base and thereby may provide
mild conditions for peptide synthesis.
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Figure 1. Molar ratios of absorbed OCS to
aqueous buffer solution and protected AAILs.

Here we describe an OCS-mediated method for
Fmoc solid-phase peptide synthesis using AAILs
(OCS-mediated SPPS, Scheme 2). Preloaded
Wang-ChemMatrix® resin is used as starting
material due to its superior swelling property in
both dimethylformamide (DMF) and imidazolium-
based ionic liquid.® The peptide-chain assembly
was elongated by OCS-mediated SPPS. In each
coupling/deprotection cycle, the desired OCS-
saturated AAIL is directly mixed with DMF-swollen
resin without additional reagent or solvent and
Fmoc group is then removed using 20% piperidine
in DMF. The peptide is finally cleaved from the
resin by treatment with a trifluoroacetic acid (TFA)
cocktail.

Scheme 2. Schematic diagram for the
OCS-mediated SPPS
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To assess the practical use of the new method, a
model tetrapeptide, Thr-Asn-Ser-Tyr, was prepared
under various conditions. The peptide synthesis
using OCS-saturated AAIlLs (Table 1, entry 2)
significantly reduced the coupling time and
resulted in much higher yield than conventional
SPPS method (entry 1). A racemization study for
the OCS-mediated SPPS was performed through
determination of stereoisomers of the
intermediate peptide Asn-Ser-Tyr by reversed-
phase high performance liquid chromatography
(RP-HPLC), and no racemization was detected (see
Sl). We encountered complete coupling failure in

NH,-AA,-AA;-COO-Q



absence of OCS (entry 3). This fact indicates that
OCS is essential in the synthesis using AAlLs.
However, increasing the temperature did not
enhance the OCS-mediated SPPS but caused a
serious deamidation of ionic liquid [emim][Fmoc-
Asn(Trt)] (entry 4, see Sl). It was also found that

recycled AAILs
—e—'reactivated' AAILs

yield of purified Thymosin a1 (%)
o

the peptide formation in OCS-mediated SPPS was iy ®—fresh AAlLs
inhibited when water was introduced in the
reaction system (entry 5). 5
Table 1. Syntheses of Thr-Asn-Ser-Tyr by :
0 1 2 3 4 5

conventional and OCS-mediated SPPS methods

reuse times

entr  reactants addli\Eivr]e:, tir:le (°Tc) y(iﬁl Figure 2. A) Sequence of Thymosin al. B) Effect

y Solve (min (%) of reusability of AAILs on the yield of Thymosin al
) synthesis.

1 amino HATU, 50¢ 25 68.6 Based on the previous studies of the mechanism

acidse DIEA?, DMF for prebiotic peptide formation,*!* two possible

pathways were proposed to explain the

2 AAlLs B 45 25 0.0 enhancement effect of OCS on peptide formation

3 AAlLs ocsf 5 25 93.2 using AAILs. In the first mechanism (Scheme 3A),

4 AAIL ocs’ 15 60 0.09 the |m|QazoI|um catlpn assists the OCS-medla.ted

> . . conversion of the anion of AAIL 1 to a C-terminal

5 AAlLs OCS’, H20 45 25 17.6  amino acid thiocarboxylate 2,>® which is oxidized

2Coupling time. ‘Isolated yield based on the
loading of the resin. “Fourfold excess of Fmoc-
amino acids relative to the resin. ‘Fourfold excess
of 1-[bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate (HATU) and eightfold excess
of N,N-diisopropylethylamine (DIEA) relative to the
resin. ¢5-min pre-activation time included. OCS
gas bubbled into AAIL before coupling. A brown-
red highly viscous curd arising upon heating. "10%
v/v water in AAIL.

Encouraged by the above results, we further used
Thymosin al, a 28-mer bioactive peptide (Figure
2A),'%! to validate OCS-mediated SPPS method
for long peptide synthesis. Thymosin ol was
considered to be a ‘difficult’ peptide since its
sequence contains consecutive B-branched amino
acids, which can lead to aggregation in peptide
synthesis.’*'* Synthesis of Thymosin «al was
carried out on a H-Asn(Trt)-Wang-ChemMatrix
resin using OCS-saturated AAIlLs. After N-terminal
acylation and cleavage from the resin, a crude
peptide was obtained in good purity (86.7%).

Besides the synthetic efficiency, another
important issue for OCS-mediated SPPS is the
reusability of the protected AAILs. The used AAIL
was washed out with DMF after each coupling
step, and then cleaned up by an ether wash.
However, the yield gradually dropped from the
first reuse of the recycled AAIlLs (Figure 2B). The
yield reduction is probably due to the recycling
process, which caused OCS loss from the ionic
liquid. Thus, we treated the recycled AAILs with
the flow of OCS to recover their OCS contents. We
found that, even after five runs of recycling, the
‘reactivated’ AAILs could still afford the peptide
product in comparable yield (25.0%) with that
obtained by the freshly prepared AAILs (26.5%,
Figure 2B).

to a dimeric thiocarboxylate 3 in ionic liquid. A
protected dipeptide attached to the resin 5 arises
by the coupling of resin-bound amino acid 4 with
2. The other possibility (Scheme 3B) is that OCS
reacts with 4 to form an amino acid
thiocarbamate 6.} The oxidative coupling
between 2 and 6 gives intermediate 7, which is
converted to peptide 5 through a five-membered
transition state.

Scheme 3. Hypothetical mechanisms for
the OCS-mediated SPPS
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To investigate the possible mechanisms of OCS-
mediated SPPS, we performed several model tests
(Table 2), in which L-phenylalanine or L-
phenylalanine  thiocarbamate reacted with
potassium acetate or potassium thioacetate in
ionic liquid 1-butyl-3-methylimidazolium
tetrafluoroborate ([bmim][BF4]), to generate an
acetylphenylalanine. It seemed that the presence
of excess thioacetate salt enhanced the reactions
(entries 3), yet the reactions involving
thiocarbamate took place at very slow rate (entry
2,5). We also found that the yield decreased



markedly when one equivalent of thioacetate salt
was used (entry 4). These findings coincide well
with the experimental regularity reported by Orgel
et al..** Thus, even we cannot completely exclude
the possibility of mechanism B, the results
strongly suggest that the mechanism A should
play the main role in the peptide bond formation
in AAILs. Moreover, to establish the influences of
cations and anions of ionic liquids, 1l-ethyl-3-
methyl-imidazolium-trifluormethansulfonat
(lemim][Otf]) and 1-butyl-3- methypyridinium
tetrafluoroborate ([BMPy][BF,]) were individually
applied for the N-acetyl-L-phenylalanine
synthesis. The amide product was generated only
in imidazolium-based ionic liquids (entries 6,7). It
probably indicates that the existence of
imidazolium cation is a leading factor for a
successful OCS-mediated peptide formation.

Table 2. Synthesis of N-acetyl-L-phenylalanine

:] :] 0
e 0o e

o R ., O L
ou+ik oH

entr R X rati additive, yield

y o? solvent (%)°

1 -H o 1:3 [omim][BF,] n.d.

2 - O 1:3 [bmim][BF,] 4.0
C(0)s

3 -H S 1:3 [bmim][BF,] 85.3
-H S 11 [omim][BF,] 51.5

5 - S 1:3 [bmim][BF,] 7.1
C(0)s

6 -H S 1:3 [emim][Otf] 85.2

7 -H S 1:3 [BMPy][BF4] n.d.

®Equivalence ratio of L-phenylalanine or L-
phenylalanine thiocarbamate to potassium
acetate or potassium thioacetate. ?Yield at 5 min
calculated from peak area in reverse phase HPLC.
€OCS gas bubbled into ionic liquid before reaction.

In conclusion, we have reported a sustainable and
easy-operated method for the OCS-mediated SPPS
in neat AAILs. The use of AAILs provides
outstanding reaction efficiency and mild, solvent-
free conditions, which extend the application of
prebiotic peptide formation to stepwise peptide
synthesis. Taking the advantages of this method,
we are currently dedicated to developing a fully
automated approach for the OCS-mediated SPPS,
which might be a meaningful innovation in
peptide production.
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