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On-resin peptide modification renders an easy-to-operate method that combines solid-phase peptide syn-
thesis efficiency and avoids tedious purification procedures. Herein, we report the transition-metal-free
and redox-neutral approach for solid-phase Met diversification with substrate diversity, which could be
applied to synthesize cyclic peptides of different sizes.
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Peptides and peptidomimetics are important classes of bioac-
tive compounds in natural products, which profoundly impact the
modern pharmaceutical industry [1]. However, such peptides are
mainly obtained via isolation or de novo synthesis [2,3]. Taking ad-
vantage of solid-phase peptide synthesis (SPPS), the surge of syn-
thetic peptides has broadened the sources of bioactive agents and
improved the rapid development of peptide science [4-6]. Mod-
ified peptides often feature improved pharmacokinetics, bioavail-
ability, and proteolytic stability, which are considered to be excel-
lent alternatives compared to small molecules [7-10]. Therefore,
developing chemical methods to achieve versatile peptide modi-
fication is desirable.

On-resin modification during the SPPS presents a step-
economic approach to obtain modified peptides without tedious
purification procedures and provides an indirect approach to alle-
viate the requirements of functional group tolerance [11-14]. How-
ever, the reported methods relied on the subtle designed orthog-
onal protection strategies or the extra preloaded reaction sites,
which may limit their applications [15-18]. The redox-sensitive
and nucleophilic thioether sidechain of methionine (Met) could be
alkylated even under acidic reaction conditions, making it an ideal
handle to achieve peptide modification [19,20]. Upon this unique
residue, bioconjugation could be realized via the formation of sul-
fonium, sulfilimine, and newly generated thermodynamically sta-
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ble thioether [21-27]. Although few strategies have been explored
in this realm, the employment of Met residue to construct cyclic
peptides is rarely reported.

Recently, our group reported the demethylative alkylation of
Met by employing sulfonium as the key intermediate (Fig. 1),
which demonstrated an efficient method to achieve sidechain di-
versity of the relevant peptides in solution [28]. However, tedious
purification procedures are required to obtain the desired products,
and the functional group tolerance might be problematic. Consid-
ering the carboxylic functional group is an ideal C1 carbon linkage
for peptide modification and macrocyclization, and SPPS is an ef-
ficient strategy that could avoid the tedious purification steps, we
envisioned whether the on-resin peptide modification and macro-
cyclization could be achieved by the demethylative alkylation on
Met residue. Herein, we advanced the strategy for Met function-
alization by combining the advantages of SPPS and one-pot pro-
ceeding modification. The key intermediate was in-situ generated
on resin to afford the modified product or cyclic peptide, which
improved the efficiency and expanded the potential utilities of this
method in medicinal chemistry.

We initiated our study by preparing the model peptide 1a
bonded on rink amide resin (0.64 mmol/g) with 0.1 mmol scales
and employing 2.0 equiv. of ethyl 2-bromoacetate 2a as the modi-
fication reagent. To avoid the tedious purification procedures, the
reaction was carried out under 85°C in DMF and then purified
after global deprotection and cleavage to afford the final product
(Figs. S3-S16 in Supporting information for details). To our delight,
desired product 3a was obtained in 37% isolated yield calculated
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Fig. 1. One-pot demethylative alkylation of Met residue.

from resin loading (Table 1, entry 1). We also investigated this
method by employing 2-chlorotrityl chloride (2-CTC) and Wang
resin, which were frequently used to prepare peptides with car-
boxylated C-terminus. Peptide bounded on Wang resin was suc-
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Table 1
Optimization of on-resin alkylation.?

S o cYp,

resin-bonded 1a

A\
2a Br” “COOEt s~ > COOEt

. DMF, 85 °C, 24 h @@\
HzN coY

). 95%TFA/5%TIPS
Y=NH, 3a

Y=0H, 3b

Entry Resin (loading) Yield (%)P
1 Rink amide (0.64 mmol/g) 37

2 Wang (0.65 mmol/g) 17

3 2-CTC (0.73 mmol/g) Trace (26)°
4 Rink amide (0.64 mmol/g) 324

5¢ Rink amide (0.64 mmol/g) 38

6 Rink amide (0.31 mmol/g) 36

7 Rink amide (0.94 mmol/g) 34

2 Reaction conditions: resin-bound 1a (0.1 mmol from resin loading), 2a
(0.2 mmol), solvent (0.1 mmol/5.0mL), 85 °C, 24 h.

b solated yield calculated from resin loading, including peptide synthesis.

¢ Isolated yield of N-Boc 3b from the reaction solution.

4 MeCN as solvent.

€ 4,0 equiv. of 2a.
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Fig. 2. Scope of on-resin peptide modification (a) and fragment condensation (b). Reaction conditions: resin-bonded 1 (0.2 mmol from resin loading),
(10.0mL), 85 °C, 24 h, isolated yield calculated from resin loading. 2 In-solution fragment condensation: fully protected peptide 1 (0.2 mmol),

85 °C, 24h, isolated yield.
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2-Bromoacetylated 4 (0.2mmol from resin loading), DMF (25.0mL), 85 °C, 24h, total yield from resin loading.

3 Stapling precursor was prepared from acetylated 4 (0.2 mmol from resin loading), isolated yield calculated from resin loading.

cessfully decorated to afford 3b in 17% overall yield (Table 1, entry
2). The 2-CTC resin was sensitive to high temperature, resulting in
the cleavage of peptide and trace amount of 3b being detected in
the cleavage solution. However, N-Boc protected 3b was isolated
from reaction solution in 26% yield (Table 1, entry 3). Employment
of MeCN as reaction solvent or adding 4.0 equiv. of 2a, the yield of
3a could be maintained (Table 1, entries 4 and 5). Similar results
were also observed after employing the rink amide resin with dif-
ferent loadings, delivering 3a in the yields of 34%—36% (Table 1,
entries 6 and 7).

With the optimized conditions in hand, we directed our effort
towards the on-resin peptide modification (Fig. 2a). Peptide (5-
mer to 10-mer) substrates prepared by standard Fmoc-SPPS were
subjected to direct modification by 2a before the global deprotec-
tion and cleavage. Excitingly, peptides containing amino acid vari-
ants including tryptophan (Trp), tyrosine (Tyr), lysine (Lys), aspar-
tic acid (Asp), histidine (His), arginine (Arg) or cysteine (Cys), all
successfully converted to the corresponding modified products 3c-

3h with the total yields of 16%—31% including peptide synthesis
steps, highlighting the step-economy of this protocol. Moreover,
modification of substance P (SP) and microcin C7 (McC7) could
be achieved via this strategy, affording the desired products 3i-
3k with comprehensive yields. Next, 2-bromoacetyl modification
reagents derived from peptides were also investigated (Fig. S1 in
Supporting information), which could be developed as a poten-
tial fragment condensation approach without the addition of an
extra coupling reagent [29]. Peptide 2c with a 2-bromoacetyl cap
on N-terminus was synthesized and evaluated, the desired prod-
uct 31 was obtained in 29% yield. To illustrate the efficiency of
this crucial step, two relevant peptide fragments were prepared
respectively (Fig. S1) and reacted in MeCN to afford the linked
products 3m and 3n in more than 70% yields. We then optimized
this strategy by developing an on-resin acylation protocol, which
could be further applied to construct cyclic peptides. The results of
peptide-peptide fragment condensation were encouraging, as the
2-bromoacetyl linker turned out to be an ideal linkage between
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Fig. 4. (A) Chemical structures of 6 and 7. (B) Fluorescent confocal microscopy im-
ages of the HeLa cells treated with 10 umol/L FITC labeled peptides for 12 h.

two different peptide fragments, affording the corresponding prod-
ucts 30-3s in 18%—33% yields (Fig. 2b).

Based on these robust results, we challenged our method to
construct cyclic peptides by combining on-resin acylation and
macrocyclization [30-33]. Resin-bonded peptide precursors con-
taining 2-bromoacetyl cap on N-terminus were prepared for inves-
tigation, including (i, i+2) to (i, i+8) cyclization sites. The reac-
tions were carried out under 85°C in DMF (0.2 mmol/25mL), and
cyclic peptides as final products were obtained via one-step pu-
rification with the overall yields of 7%—28% calculated from resin
loading (Fig. 3). Cyclization at the (i, i+2) position was failed,
probably due to the unfavored ring strain (Fig. S75 in Support-
ing information). To our delight, the highest conversion was ob-
served for (i, i+4) macrocyclization product, either elongating or
truncating the peptide sequence led to decreasing yields. Typically,
diastereoisomers were observed for (i, i+3), (i, i+5), and (i, i+ 7)
cyclopeptides in DMSO-dg, but did not appear for (i, i+4), (i, i +6),
and (i, i+ 8) products. Notably, the distinctive product 5d bearing
a D-valine (Val) was cyclized at the (i, i+3) position, but no dr
value was observed in NMR spectrum. We speculated that the in-
duction of a p-Val in N-terminus was necessary to reverse the con-
trary cyclization orientation avoiding the flipping process, which
resulted in the disappearance of diastereoisomers [35,36]. The (i,
i+5) cyclic peptide 5g and its counterpart 5g’ bearing a Dp-Val |
were synthesized to explain the results. NMR analysis showed 3:1
dr values of both peptides, which demonstrated the induction of
a D-configuration residue in the N-terminus could help to reduce
the dr value and proved our hypothesis. Furthermore, the dr value
of 5g converted to 5:1 when characterizing in MeOD-dy, indicating
the dr value might be resulted from the configuration shifting of
cyclic peptide (for details see Fig. S155 in Supporting information).

Stapled peptides containing a preformed and stable «-helical
conformation, exhibited improved membrane permeability com-
pared to linear bioactive peptides [31,34,37]. To expand the utility
of this method in constructing helix-constrained peptides four sta-
pled peptides were synthesized with the 13% average yields from
resin loading (5m-50 and 7). Circular dichroism (CD) analysis in-
dicated the «-helical structure of 5n and 50 in an aqueous so-
lution (about 20% helicity) [38], suggesting that cross-linking of
Met-Lys sidechains resulted in improved helicity when attached to
their linear precursors (Table S1 in Supporting information). To fur-
ther investigate the cellular uptake properties of stapled peptide 7
and its linear precursor 6 in HeLa cells, fluorescein isothiocyanate
(FITC) was introduced on N-terminus (Fig. 4). The results of confo-
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cal microscopy imaging indicated that peptide 7 displayed diffuse
and enhanced cellular uptake rates compared to its linear precur-
sor, demonstrating the practical utilities of this method in medici-
nal chemistry.

In conclusion, we developed an easy-to-operate approach
to achieve Met residue functionalization by employing 2-
bromoacetate derivatives, which combined the advantages of SPPS
and the efficiency of one-pot proceeding modification. Moreover,
our method could be applied to prepare the modified natural prod-
uct and peptide cycles of different sizes, demonstrating its practical
utilities and potential for medicinal chemistry research.
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