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A photochemical acyl thiol—ene reaction can be used to rapidly cyclise
fully unprotected peptides bearing both a thioacid and alkene to form
peptide thiolactones. This strategy represents the first reported synthesis
of peptide thiolactones under radical-mediated conditions.

Cyclic peptides have gained considerable interest in recent years
both as drugs and as chemical probes due to their conformational
rigidity, which results in improved metabolic stability, membrane
permeability, selectivity and binding affinity compared to the linear
counterparts.”> The majority of clinically approved cyclic peptide
drugs to date have been derived from naturally occurring cyclic
peptides such as hormones or antimicrobial agents.>* However, the
de novo development of cyclic peptides is becoming increasingly
common with the aid of computational design and high-throughput
screening of synthetic cyclic peptide libraries.?

Common peptide cyclisation strategies include macrolacta-
misation, macrolactonisation, disulfide formation and ring
closing metathesis.>” In addition, a variety of two-component
peptide stapling methods have been developed whereby a
bifunctional linker is used to crosslink two reactive groups on
the linear peptide.® Click reactions such as the copper-catalysed
azide-alkyne cycloadditon (CuAAC) and thiol-ene reactions
have emerged as rapid, highly efficient methods for the synth-
esis of cyclic peptides.”'® The photochemical thiol-ene reac-
tion involves the radical-mediated anti-Markovnikov addition
of a thiol onto an alkene to form a thioether linkage.'" The fast
kinetics, high yields, mild reaction conditions, compatibility
with aqueous conditions, and chemoselectivity of the thiol-ene
reaction has prompted its widespread application for peptide
bioconjugation and macrocyclisation.'®'? The absence of any
metal catalysts is a notable advantage of the thiol-ene reaction
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compared to the CuAAC reaction, as Cu(1) can be cytotoxic and
complete removal of the metal can be labourious."?

Recently, we reported the radical-mediated acyl thiol-ene reaction
to synthesise a variety of thioesters and small-molecule thiolactones
through direct addition of thioacids onto alkenes."*'® Thiolactones
are found in several bioactive natural depsipeptides such as thiocora-
line and verrucosamide."””'® Another class of macrocyclic thiolac-
tones known as autoinducing peptides (AIPs) are found in Gram
positive bacteria such as Staphylococcus aureus and have a key role in
the regulation of the quorum sensing system and the production of
virulence factors.'”" Although thioesters are unstable under basic
conditions, analogues of AIPs have been successfully investigated as
modulators of the quorum sensing system to attenuate and treat
S. aureus infections.”*>*

Current methods for the chemical synthesis of macrocyclic
thiolactone peptides have been reviewed by Gordon.>® In sum-
mary, early approaches utilising coupling reagents to form the
thiolactone bond between a cysteine (Cys) residue and the
C-terminal carboxylic acid require fully protected peptides
and long reaction times (Fig. 1a). More recent approaches
whereby Cys displaces a latent thioester or activated leaving
group (Dbz, MeDbz) to form the thiolactone still require reac-
tion times of 2 h at elevated temperatures for good conversion
(Fig. 1b). In this study, we describe a rapid photochemical acyl
thiol-ene cyclisation strategy for fully unprotected peptides
bearing a thioacid and alkene to furnish macrocyclic thiolac-
tone peptides (Fig. 1c).

Previous work by Shimuzu et al. demonstrated that C-terminal
peptide thioacid radicals undergo dethiocarboxylation via carbonyl
sulfide (COS) elimination to form N-alkylamides.*® In order to avoid
this side reaction during acyl thiol-ene macrocyclisation, we utilised
v-thioaspartic acid bearing the required thioacid on the side chain of
aspartic acid (Asp) as dethiocarboxylation should be unfavourable
due to the requisite formation of a primary alkyl radical inter-
mediate.”” We envisaged introducing the y-thioaspartic acid into
the linear peptide as the protected S-triphenylmethyl (STrt) thioester
through standard Fmoc solid phase peptide synthesis (SPPS), with
subsequent deprotection to release the free thioacid during resin
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Fig. 1 Synthesis of peptide thiolactones. (a) Direct coupling of protected
peptides to form thiolactones. (b) Chemoselective thiolactone formation
via displacement of activated C-terminal groups. (c) This work; photo-
chemical synthesis of peptide thiolactones via intramolecular radical-
mediated acyl thiol-ene. PG = Protecting group.

cleavage upon treatment with trifluoroacetic acid (TFA). To this end,
the Asp(y-STrt) derivative 1 was synthesised to serve as the building
block for SPPS (Scheme 1). Previous work has shown that Asp(y-STrt)
thioesters are susceptible to aspartimide formation during Fmoc
deprotection in SPPS; therefore the N-terminus was protected with
the acid-labile tert-butyloxycarbonyl (Boc) group which is removed
during resin cleavage.”®** Consequently, compound 1 must be
incorporated in SPPS as the final amino acid at the N-terminal of
the peptide sequence.

To commence our study, the allyl (All) ester Boc-Asp-OAll (3)
was synthesised from commercially available Boc-Asp(O¢Bu)-
OH (2) following the procedure reported by Kapurniotu and
Taylor (Scheme 1).*° Steglich thioesterification of the side chain
carboxylic acid with triphenylmethanethiol (TrtSH) in dichloro-
methane (DCM) formed the Asp(STrt) thioester 4 in an iso-
lated yield of 63%. Selective removal of the C-terminal allyl
group via Pd-mediated deallylation furnished the carboxylic
acid derivative 5 in 90% yield. The C-terminal carboxylic acid of
side-chain trityl thioesters can undergo base-catalysed cyclic
anhydride formation during activation via elimination of tri-
phenylmethanethiol, making the C-terminal carboxylic acid 5
unsuitable for use in SPPS.”®*° However, Joseph et al. have
demonstrated that this undesirable side-reaction can be

EDC, DMAP,
O'Bu 3 steps TnSH
OH OAll DCM 0°C-rt
BocHN BocHN 3 h, 63% BocHN
2 3

Scheme 1 Synthesis of Boc-Asp(STrt)-OTMS 1.
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suppressed through formation of the corresponding C-terminal
trimethylsilyl (TMS) ester which acts as a carboxylic acid surrogate
while remaining sufficiently reactive for amide coupling with N,
N'-diisoproylcarbodiimide (DIC).*® Thus, compound 5 was reacted
with trimethylsilyl chloride (TMSCI) for 30 min to form the required
TMS ester 1 in quantitative yield. Overall, Boc-Asp(STrt})OTMS (1)
was prepared from compound 2 in a yield of 51% over 6 steps,
requiring only two chromatographic purification steps. The com-
pound is stable for several months at 0 °C if stored under a layer of
inert gas and care is taken to exclude moisture.

Having prepared the requisite building block, we next set
out to synthesise linear peptides bearing both an alkene and
thioacid suitable for acyl thiol-ene cyclisation. The terminal
alkene allylglycine (Agl) was selected for this study because it is
commercially available and is stable to standard Fmoc SPPS
conditions. The terminal alkene also ensures that only a single
isomer of the cyclic peptide is formed upon acyl thiol-ene
cyclisation because anti-Markovnikov addition of the thioacid
radical to the alkene is highly favoured.'® Fmoc SPPS using
Rink amide resin was used to synthesise the model linear
peptide H-Asp(SH)-Ala-Ala-Agl-NH, 6 (Scheme 2). HATU/DIPEA
in DMF was used for all amino acid couplings, except for Boc-
Asp(STrt)-OTMS 1, which was coupled using DIC/Oxyma Pure/
DIPEA in dry DCM. Following cleavage, the fully unprotected
linear peptide 6 was obtained in a yield of 83%. The peptide
was obtained in sufficient purity for use in macrocyclisation
studies without the requirement for further HPLC purification.

The linear peptide 6 was dissolved at 5 mM concentration in
a solvent mix of H,O/MeCN (1: 1) containing 0.1% TFA and one
eq. of the photoinitiator, 2,2-dimethoxy-2-phenylaceto- phe-
none (DPAP), and irradiated with UV light (354 nm) for
15 min. Gratifyingly, a conversion of 90% to the thiolactone
7 was observed by analytical HPLC (Fig. 2b) and the product
was obtained in 54% yield following semi-preparative HPLC
purification. Since the acyl thiol-ene macrothiolactonisation is
an intramolecular hydrothioacylation reaction, the mass of the
linear and cyclised peptides are identical. Therefore, along with
the shift to lower retention time observed in the analytical
HPLC trace (Fig. 2b), NMR spectroscopy was used to confirm
formation of the peptide thiolactone 7. The HMBC spectrum of
7 provided in Fig. 2c shows unambiguous evidence for the
formation of the thiolactone linkage. The HMBC spectrum
shows correlation between the thiolactone carbonyl at position
#2 (*C 5 194.8 ppm) and the diastereotopic methylene protons
at position #3 (*H 6 3.13-3.07 and § 2.59-2.51 ppm).

The acyl thiol-ene cyclisation of 6 without the addition of
0.1% TFA in the solvent system resulted in a significantly

o
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—_—
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Scheme 2 Solid phase peptide synthesis of 6. (a) 20% Piperidine/DMF,
10 min x 2. (b) Fmoc-AA-OH (4 eq.), HATU (3.9 eq.), DIPEA (8 eq.), DMF
(0.2 M), 45 min. (c) Boc-Asp(STrt)-OTMS 1 (3 eq.), DIC (3 eq.), Oxyma Pure
(3 eq.), DIPEA (3 eq.), Dry DCM (0.2 M), 45 min x 2 (d) TFA: DCM: TES : H,O
(90:5:2.5:2.5), 2 h.

reduced conversion of 35% to the thiolactone 7 (Fig. S2 in ESIY). As
previously observed for the thiol-ene reaction, the addition of TFA
in the solvent mixture is necessary to ensure that the thioacid
remains protonated for efficient hydrogen atom transfer (HAT) to
form the requisite thiyl radical to initiate the reaction.** Screening
of reaction time showed a moderate conversion of 59% at just
1 min irradiation time, and up to 80% at 5 min (Fig. S3 and S4 in
ESIt). The reaction was conducted with 25 mM concentration of
the linear peptide and a conversion of 82% was observed without
significant intermolecular dimerisation or polymerisation reactions
(Fig. S5 in ESIY).

To investigate the scope of the acyl thiol-ene mediated
macrothiolactonisation reaction, a series of structurally diverse
tetramer and pentamer linear peptides S2-S4 were synthesised
by SPPS (structures provided in ESIf). After cyclisation using
the standard conditions, thiolactone peptides 8-10 were
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obtained in moderate to good isolated yields (Fig. 3). In the
case of 11, no cyclisation was observed under the standard
conditions. We theorised that intramolecular hydrogen bond-
ing of the thioacid to the adjacent serine residue was prevent-
ing proton abstraction by the photoinitiator. Thus, the reaction
was repeated with the addition of the chaotropic agent, 6 M
guanidine hydrochloride, in the solvent mixture. Gratifyingly,
under these modified conditions, full consumption of the
linear peptide was observed by HPLC, and thiolactone 11 was
isolated in a yield of 61%. Importantly, side-chain functional
groups including phenols (8), amines (9), carboxylic acids (10)
and alcohols (11) were all compatible with the acyl thiol-
ene macrocyclisation protocol described. Furthermore, the
sequence of thiolactone peptides 10 and 11 were based on
the structure of the autoinducing peptides AIP-I and AIP-II,
highlighting the utility of the reaction for the synthesis of
biologically relevant peptides. Linear peptides S5 and S6 were
also synthesised and cyclised to form thiolactones S7 and S8
(structures provided in ESIT). However, S7 and S8 were isolated
with approximately 20% of a coeluting impurity corresponding
to truncated or hydrolysed linear thioacid peptide carried
through from the SPPS synthesis. Nonetheless, these peptides
are still of sufficient purity (>75%) for initial, high-throughput
drug screening studies.

In summary, we report the use of the photochemical acyl
thiol-ene reaction for the synthesis of peptide thiolactones
starting from unprotected linear peptides bearing y-thio-
aspartic acid and allylglycine residues. The cyclisation reaction
is rapid (15 min) and chemoselective and represents the first
reported synthesis of peptide thiolactones under photochemi-
cal, radical-mediated conditions. The rapid nature of the acyl
thiol-ene thiolactonisation reaction would be amenable to
the synthesis of peptide libraries, particularly with the
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Fig. 2 (a) ATE macrocyclisation of 6. Reaction conditions: peptide 6 (5 mM), DPAP (5 mM) in H2O/MeCN (1:1) containing 0.1% TFA, UV light (354 nm), rt,

15 min. (b) (i) HPLC trace of linear peptide 6 (5-95% over 10 min, 220 nm) (ii) HPLC trace of reaction mixture at 15 min (5-95% over 10 min, 220 nm).
*DPAP by-products. (c) HMBC spectrum of 7 showing correlation (blue arrows) across the thiolactone bond.
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Fig. 3 Scope of the acyl thiol-ene cyclisation. Isolated yields after semi-preparative HPLC purification. Conditions unless otherwise stated for
cyclisation: linear peptide (5 mM), DPAP (1 eq.) in H,O/MeCN (1:1) + 0.1% TFA, UV light (354 nm), rt, 15 min. 6 M guanidine hydrochloride added to

solvent mixture.

development of on-resin cyclisation protocols. Further studies
towards the application of this methodology for the preparation
of libraries of novel thiolactone peptides suitable for high-
throughput screening are currently ongoing in our labs.
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