
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 0

5/
12

/2
5 

21
:5

6:
31

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Streamlined con
aState Key Laboratory and Institute of E

Chemistry, Nankai University, Tianjin 3000

cn; gongchen@nankai.edu.cn
bState Key Laboratory of Drug Research, Shan

Academy of Sciences, 501 Haike Road, Zhan

201203, China. E-mail: xjlu@simm.ac.cn

† Electronic supplementary information
procedures, additional control experimen
trace, NMR spectra and computational exp

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2021, 12, 5804

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 8th February 2021
Accepted 8th March 2021

DOI: 10.1039/d1sc00789k

rsc.li/chemical-science

5804 | Chem. Sci., 2021, 12, 5804–58
struction of peptide macrocycles
via palladium-catalyzed intramolecular S-arylation
in solution and on DNA†

Peng Yang,‡a Xuan Wang,‡b Bo Li,‡a Yixuan Yang,b Jinfeng Yue,b Yanrui Suo,b

Huarong Tong,a Gang He,a Xiaojie Lu *b and Gong Chen *a

A highly efficient and versatile method for construction of peptide macrocycles via palladium-catalyzed

intramolecular S-arylation of alkyl and aryl thiols with aryl iodides under mild conditions is developed.

The method exhibits a broad substrate scope for thiols, aryl iodides and amino acid units. Peptide

macrocycles of a wide range of size and composition can be readily assembled in high yield from

various easily accessible building blocks. This method has been successfully employed to prepare an 8-

million-membered tetrameric cyclic peptide DNA-encoded library (DEL). Preliminary screening of the

DEL library against protein p300 identified compounds with single digit micromolar inhibition activity.
Introduction

Peptide macrocycles have emerged as a powerful platform for
drug discovery, especially for biological targets that are difficult
to modulate by conventional small molecule drugs.1 To realize
the full potential of this platform, new strategies are needed to
streamline the synthesis of large libraries of peptide macro-
cycles with novel structures. Inspired by cyclophane-type
peptide natural products such as vancomycin and celo-
gentins,2 we have become interested in utilizing the aromatic
side chains of amino acid building blocks as braces to construct
cyclic peptides of rigid and constrained structures.3 The incor-
poration of these braces could potentially override the inherent
conformational control of peptides by weak noncovalent inter-
actions and give rise to unusual physiochemical properties.4 As
shown by sanjoinine, ustiloxin, vancomycins and phalloidin,
nature has frequently used aryl ether and even S-aryl ether
motifs to crosslink the aromatic side chains to produce cyclic
peptide natural products with interesting structures and bio-
logical activities (Scheme 1A).5,6 A range of intramolecular O-
arylation methods including SNAr substitution and metal-
catalyzed C–O coupling reactions have been successfully
employed to facilitate the total synthesis of these complex
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10
natural products and prepare mimetic macrocyclic
compounds.7 However, those methods typically require forcing
reaction conditions and exhibit poor tolerance toward other
Scheme 1 Construction of S-aryl ether-linked peptide macrocycles.
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nucleophilic functional groups such as amines and thiols. The
associated protection/deprotection operations also can signi-
cantly complicate the synthetic route and diminish overall
synthetic efficiency. In parallel with the development of O-ary-
lation reactions, the chemistry of S-arylation of thiols has also
been greatly advanced in the past few years.8–16 Notably, Pente-
lute and Buchwald reported the use of stoichiometric amount of
aryl-palladium(II) complexes carrying a RuPhos ligand for
a highly efficient and chemoselective S-arylation of cysteine
residue of unprotected peptides and proteins at room temper-
ature (rt).10 Alami and Messaoudi reported a more economical
Scheme 2 Construction of peptide macrocycles via Pd-catalyzed intram
a 0.1 mmol scale. (b) 16 h. (c) 45 �C (vs. 10% at rt). (d) 6 h.

© 2021 The Author(s). Published by the Royal Society of Chemistry
and practical protocol for S-arylation of glycosyl thiols and
cysteine in unprotected peptides and proteins with various aryl
halides using Xantphos-Pd-G3 catalyst under biocompatible
conditions.11b,c Use of this Pd-catalyzed S-arylation reaction in
an intramolecular fashion could potentially provide a useful
method for rapid synthesis of S-aryl ether bridged macrocyclic
peptides.

Over the past two decades, DNA-encoded library (DEL)
technologies for hit identication have gained substantial
inuence in drug discovery in both the pharmaceutical industry
and academia.17 DEL combines the ampliable DNA coding
olecular arylation of thiol groups with aryl iodides. (a) Isolated yield on
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Scheme 3 Construction of bicyclic peptides via Pd-catalyzed double
S-arylation. Isolated yield on a 0.1 mmol scale.
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techniques with split-and-pool organic synthesis to allow the
rapid and cost-effective synthesis and affinity-selection of ultra-
large combinatorial libraries on miniaturized scales. However,
the use of DNA-encoded synthesis platform also comes with
a severe constraint that the libraries must be assembled in
a DNA-compatible fashion.18 Despite the rapid expansion of
toolbox for on-DNA reactions, the ability to generate large DEL
library of high three-dimensional structural complexity and
diversity is still very limited.19,20 Herein, we report the applica-
tion of the Pd-catalyzed intramolecular S-arylation of thiols with
aryl iodides for facile construction of S-aryl ether-bridged
peptide macrocycles from unprotected linear peptide
precursor under mild conditions.21 This method provides
streamlined access to structural mimics of O-aryl ether-bridged
cyclic peptide natural products and other related macrocyclic
peptides of various ring size and composition. This chemistry
has been successfully employed to synthesize 8-million-
membered DNA-encoded library of tetrameric cyclic peptides.
Screening the library against protein p300 revealed ligands with
micromolar inhibition activity.

Results and discussion

As shown in Scheme 2, our investigation commenced with the
Pd-catalyzed intramolecular S-arylation of pentameric linear
peptide 1 carrying a free cysteine and a para-iodinate phenyl-
alanine (pI-Phe). To our delight, cyclization of 1 proceeded
smoothly to give the desired cyclic product 2 in 72% isolated
yield and exclusive chemoselectivity under the conditions of
5 mol% of Xantphos-Pd-G3 catalyst and 1.5 equiv. of diisopropyl
ethylamine (DIPEA) base in the mixed solvents of CH3CN and
H2O (4/1) at a concentration of 12.5 mM at rt for 3 hours. Only
trace amount (<3%) of dimerization product were observed. No
impurities arising from N-arylation of the indole side chain of
Trp, oxidation of SH to disulde, or deiodination of aryl iodide
were observed. Use of triethylamine (TEA) base gave slightly
decreased yield. Use of inorganic base such as K2CO3 gave lower
yield. The use of H2O as co-solvent is critical to achieve high
yield. The use of mixed solvents of THF/H2O gave comparable
results (see ESI† for results under other reaction conditions).
Previous studies indicated aminobiphenyl palladacycle pre-
catalyst can readily undergo C–N reductive elimination to
generate a carbazole and a 12-electron Xantphos-Pd0 species,
which catalyzes the C–S cross coupling of SH and aryl iodides
through a Pd0/II cycle.10,11

As outlined in Scheme 2, the Pd-catalyzed intramolecular S-
arylation reaction exhibited a very broad substrate scope under
the optimized conditions. Linear peptide precursors were
prepared with commercially available building blocks in high
efficiency using the standard procedures of solid phase peptide
synthesis (SPPS). Some substrates needed an additional amide
or ester coupling step to modify the C-terminus of peptides. 4-
Methoxytrityl (MMT) protecting group was used for most thiol
building blocks and was removed under acidic conditions (tri-
uoroacetic acid/triethylsilane/dichloromethane). (1) All pro-
teinogenic AAs were tolerated. Nucleophilic groups such as
primary amine (Lys in 10, 16), carboxylic acid (free C-terminus
5806 | Chem. Sci., 2021, 12, 5804–5810
in 5), primary amide (Gln in 14), guanidine (Arg in 17), imid-
azole (His in 6), indole (Trp in 2), phenol (11), and thioether
(Met in 7) were untouched. A variety of N-terminal acyl capping
units such as pivalic acid (Piv, 9), cinnamic acid (3) and iso-
nicotinic acid (5) can be used. (2) Macrocycles of ring size
between 17 (4-mer) and 20 (5-mer) can be generated in good to
excellent yield. Trimeric cyclic peptides such as 3 and 8 of ring
size 14 are formed in moderate yield. Notably, the thioether-
linked para-cyclophane ring of 8 closely mimic the core struc-
ture of natural product sanjoinine. 16 with a 35-membered ring
was obtained in 41% yield. As shown in 2 and 14, cyclization can
proceed well without the assistance of turning unit such as Pro.
(3) Beside iodinated Phe (4) and Tyr (11), aryl iodides with the
iodo group on varied positions can be installed as a prosthetic
group on the side chains (Cys of 15) or terminus (18) of peptides
to facilitate macrocyclization. Product 12 was obtained as the
main product via S-arylation of a thyroxine moiety. (4) Cysteine
residue can be placed on various positions of the peptide (see 2
vs. 9). Besides Cys, other alkyl thiol units such as 3-mercapto-
propionic acid (17), 3-mercaptoisobutyric acid (18), and peni-
cillamine (8, 19) also work well. In comparison to alkyl thiols,
arylthiols are slightly less reactive and form the corresponding
diaryl thioethers in moderate to good yield (see 20, 21).

Inspired by the bis-diaryl ether scaffold of vancomycin, we
went on to investigate whether double S-arylation of a center
unit like 3,5-diiodotyrosine (DIT) could generate bicyclic struc-
tures in one operation (Scheme 3).22 DIT can be readily prepared
from tyrosine and is commercially available at relatively low
cost. A linear peptide precursor 22 containing one O–Ac–DIT
and two free Cys units was prepared in high efficiency via
standard SPPS. Subjecting 22 to slightly modied S-arylation
conditions with 10 mol% of Pd catalyst and 3 equiv. of DIPEA in
H2O/CH3CN (1/4) at rt gave the desired bicyclic product 23 in
56% isolated yield.

As outlined in Scheme 4A, we were pleased to nd the Pd-
catalyzed intramolecular S-arylation reaction can be readily
adapted for the construction of peptide macrocycles on DNA. As
a model experiment without attaching DNA coding tags, HATU-
mediated iterative installation of four AA units and Fmoc
deprotection on DNA template 24 gave DNA-linked tetrameric
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 (A) Construction of S-aryl ether-linked peptidemacrocycle
on uncoded DNA template. (B) Representative model synthesis on
DNA. The side products sometimes overlap with the desired cyclized
product on LC. Yields/conversion were based on the estimation of MS
signals of the corresponding peaks on LC.

Scheme 5 Synthesis and affinity selection of an 8-million-membered
library of tetrameric peptide macrocycles on DEL. (A) Design of library
of tetrameric cyclic peptides with three cycles at AA1, AA2, acyl cap
positions. (B) The selected library population is viewed in a cubic
scatter plot generated by TIBCO Spotfire Analyst. In the cubic space,
axis represents the bbs used in a given cycle of library synthesis and
each dot represents an encoded compound above certain enrichment
cut-off value (>500). Enrichment value is calculated by comparing the
results from pre and post-selection counts. (C) Validation of two
selected compounds 32-C and 33-C by off-DNA resynthesis and IC50

assays (see ESI† for details).
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linear peptide 25 in good efficiency (see ESI† for details). Mac-
rocyclization of 25 under the optimized conditions of 1 equiv. of
Pd catalyst and 100 equiv. of DIPEA in the mixed solvents of
CH3CN/H2O (8/5) at 0.38 mM concentration and rt for 1 h gave
the desired cyclized product 26 in 70% conversion based on LC-
MS estimation, along with 30% of byproduct 27. 27 has
a molecular weight of 25 plus 167 Da, which matches with the
intermolecular S-arylation by the aminobiphenyl ligand. Stoi-
chiometric Pd catalyst is needed to achieve full conversion of
starting material at rt. Use of larger excess of Pd catalyst can
cause degradation of DNA. We suspect that binding of the SH
© 2021 The Author(s). Published by the Royal Society of Chemistry
group of 25 to the Pd(II) center of Xantphos-Pd-G3 and subse-
quent S–C reductive elimination gave the intermolecular S-ary-
lation byproduct. Little of similar impurities were observed in
the off-DNA reactions using catalytic amount of Pd catalyst
(Scheme 2). DNA-linked compounds 28–31 with varied ring size
and composition were obtained in good efficiency (Scheme 4B).
It is worth mentioning that the use of stoichiometric Pd catalyst
is not an issue because of the tiny reaction scale for the eventual
DEL library synthesis. Most of the reported methods involving
metal-catalyzed reactions for DEL synthesis use large access of
metal reagents (e.g. >5 equiv.).21

As outlined in Scheme 5A, an 8-million-membered DEL library
of tetrameric peptide macrocycles consisting of two variable AA
Chem. Sci., 2021, 12, 5804–5810 | 5807
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units (cycles 1, 2), one variable N-terminal acyl unit (cycle 3), and
xed Cys and pI-Phe were successfully constructed using the
same procedures of peptide chain extension and macro-
cyclization optimized for the synthesis on the uncoded DNA
template. 202 and 203 AA building blocks (bbs) and 192 acyl bbs
were incorporated at cycles 1–3 respectively. Each cycle was
encoded with 11 base pair of DNA via enzyme-mediated T4 liga-
tion (see ESI† for details). The library was then screened against
protein p300, which is a key transcriptional co-activator and has
been implicated in a variety of pathological conditions including
cancer.23 Protein binding assay was performed with a poly-His/
bead (HisPur Ni-NTA Magnetic Beads) system. The binders
were eluted, enriched, amplied by PCR, and sequenced using
next generation high throughput sequencing. The affinity selec-
tion outcome was illustrated by a three-dimensional view of cubic
scatter plot where each dot represented an encoded compound
above the informatics-based cut-off lter (>500 enrichment value,
Scheme 5B). Three lines of dot (orange, purple and green) were
highlighted in the cube. Encoded compounds in the same line
shared two common bbs. Compound 1 (32-C) at the cross point of
orange and purple lines and compound 2 (33-C) randomly
distributed on the orange line were selected for off-DNA resyn-
thesis and validated by a radioactive acetyltransferase activity-
based IC50 assay. To our delight, compounds 32-C and 33-C
showed an IC50 of 3.0 and 5.2 mM respectively while the corre-
sponding linear precursors 32-L and 33-L showed signicantly
lower inhibition activity (>100 mM), underscoring the importance
of the conformational constrains in these S-aryl ether-braced
cyclic scaffolds on their biological activities.
Conclusions

In summary, we have developed a highly efficient, exible and
robust strategy for construction of peptide macrocycles via
palladium-catalyzed intramolecular S-arylation of alkyl and aryl
thiols with aryl iodides under mild conditions. It enables rapid
syntheses of a wide range of S-aryl ether-bridged peptide mac-
rocycles using readily available building blocks in solution
phase. It provides a powerful cross coupling tool to assemble
complex peptide structures on DEL. The utility of this strategy
for DEL has been successfully demonstrated by the identica-
tion of ligands of p300 of low micromolar inhibition activity
from a proof-of-concept 8-million-membered library of tetra-
meric cyclic peptides. We expect this strategy can be readily
expanded to prepare ultra-large peptide macrocycle libraries of
different ring size, compositions and topological features for
ligand identication for other important biological targets.
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