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Benzo[b]furans are significant scaffolds in drug molecules and are prevalent structural components in
natural products. Chemically encoded non-natural peptidomimetics have a substantial impact on pharma-
ceuticals by offering enhanced stability, improved cell permeability, and resistance to enzymatic degra-
dation. Consequently, a strategy for the sustainable assembly of benzo[b]furan/benzopyran-functionalized
peptides through the electrochemical late-stage modification of alkyne-modified tyrosine oligopeptides
is proposed. This approach facilitates the multifunctional integration of non-native tyrosine-derived sub-
strates, as well as their subsequent functionalization. Notably, the resulting peptides exhibit favorable
properties regarding biocompatibility and cellular uptake.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The benzo[b]furan nucleus serves as a fundamental building
block for numerous pharmaceuticals [1] and dyes [2,3] due to its
significant biological activity and electronic transmission properties
(Scheme 1a). In recent years, the cyclization of tyrosines featuring
a benzo[b]furan skeleton [4-8], catalyzed by transition metals, has
been reported (Scheme 1b). Among the methods for directly con-
structing the benzo[b]furan skeleton [9,10], those that utilize tran-
sition metals offer an attractive opportunity for sustainable pep-
tide modification of tyrosines, owing to their versatility and cost-
effectiveness. The appeal of phenolic derivatives in protein modi-
fication [11,12] and drug development, along with the prominent
role of selenium-containing compounds [13,14] in peptide drugs,
underscores the desirability of direct cyclization and selenization of
tyrosine derivatives as a strategy for amino acid modifications [15].
Over the past decade, significant efforts have been made to en-
hance the functionalization of the aromatic ring in tyrosine using
complexes of iron [16,17], palladium [18-23], nickel [24], rhodium
[25,26], ruthenium [27,28], and others [29,30]. Despite this unde-
niable progress, chemical oxidants are often required to achieve
specific stoichiometries, leading to undesirable waste products and
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metal residues that compromise overall atom economy and green
synthesis pathways. In light of this, new synthetic methods such
as photocatalysis [31-37], electrochemical synthesis [38-42], and
enzyme catalysis [43] have emerged to address the limitations of
metal-catalyzed-cyclization. However, there remains a lack of di-
verse synthetic approaches for tyrosine peptide reactions that in-
corporate unique skeletons and functional groups.

In the current context of green synthesis, the integration of
amino acid modification and electrochemical synthesis has recently
been recognized as a particularly powerful tool for molecular catal-
ysis [44-47]. This approach helps to eliminate the needfor stoichio-
metric chemical oxidants while facilitating the regioselective syn-
thesis of peptides. Despite the undeniable advancements in elec-
trochemical synthesis [48-54], the recent diversification of amino
acids or peptides containing benzofuran structures remains infre-
quently reported. Based on our research progress in the electro-
chemical modification of peptides [55-58], we herein disclosed
the first electrochemically selective cyclization and selenylation
of alkyne-modified O-methyltyrosine oligopeptides with diaryl se-
lenides for late-stage tyrosine modifications (Scheme 1c). Notable
features of this strategy include: (1) Excellent regioselectivity and
high tolerance to functional groups, enabling the late cyclization
of peptides and yields of up to 98%; (2) unrestricted position of
the tyrosine in the peptides; (3) electrochemical reduction for late-
stage diversification of alkyne-modified O-methyltyrosine oligopep-
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Scheme 1. Research progress on the reaction of tyrosine cyclization to construct
benzofuran/benzopyran derivatives.

Table 1
Optimizatigr? of the reaction conditions?.
I PhSe, Ph
oMo graphite rﬁ Pt o)
+ PhSesePh BuNCIO, (0.1 mol/L)
MeCN:HFIP, air, 10 mA, 2 h
BocHN” >CO,Me BochN™ COzMe
1a 2a 3
Entry Deviation from standard conditions Yield (%)
1 None 82
2 No current 0
3 No nBuyNCIO4 0
4 n-BuyNHSO, instead of nBuyNCIO4 35
5 n-BuyNI instead of nBuyNClO4 Trace
6 n-BuyNPFg instead of nBuyNCIO4 65
7 MeCN as solvent 67
8 HFIP as solvent 52
9 MeOH as solvent 42
10 MeCN/HFIP (1:1) 63
11 MeCN/HFIP (1:4) 58
12 MeCN/H,0 (3:2) 77¢
13 MeCN/Buffer (3:2) (PBS, 0.01 mol/L, pH 7.4) 77¢
14 Current=40 mA 80
15 Graphite instead of Pt as cathode 66

3 Reaction conditions: Undivided cell, graphite anode (1.0cm x 1.0cm x 0.2 cm),
Pt cathode (1.0cm x 1.0cm x 0.01 cm), 1a (0.3 mmol), 2a (0.36 mmol), n-BuyNCIO4
(1.0mmol), MeCN: HFIP=4:1 (10mL), constant current=10maA, 2.0h (2.5 F/mol),
r.t., under air.

b Yields of isolated products.

€10 h.

tides; and (4) the modified tyrosine-derived peptides exhibit favor-
able outcomes regarding biocompatibility and cellular uptake.

An extensive screening of conditions was conducted us-
ing methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(4-methoxy-3-
(phenylethynyl)phenyl)propanoate (1a) and diphenyl diselenide
(2a) as model substrates in a simple undivided cell setup, which
employed a graphite anode and a platinum plate (Pt) cathode
(Table 1 and Tables S1 and S2 in Supporting information). Com-
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Scheme 2. Scope of the late-stage functionalization of alkyne-modified tyrosines. 2
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pound 3 was obtained in 82% yield when the commonly used
substrates 1a and 2a were directly electrolyzed at a constant
current of 10mA in a mixed electrolyte solution of nBuyNCIO4 in
MeCN/HFIP (4:1) at room temperature under atmospheric condi-
tions (Table 1, entry 1). Further control experiments confirmed the
critical role of external current and electrolyte composition (Table
1, entries 2 and 3). Altering the anion of the electrolyte resulted in
a significant decrease in yield (Table 1, entries 4-6). Similarly, the
use of MeCN, whether as the sole solvent (Table 1, entries 7-9) or
as a co-solvent, proved essential for product formation. However,
changing the ratio of MeCN to HFIP led to a slight but noticeable
decline in reaction efficiency (Table 1, entries 10 and 11). Notably,
replacing HFIP with H,0 or buffer still afforded the target product
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3 in good yield upon extending the reaction time (Table 1, entries
12 and 13).

Furthermore, increasing the current to 40 mA showed no sig-
nificant effect on the yield (Table 1, entry 14). The critical role of
platinum as an efficient electron transport material was demon-
strated when a graphite sheet was used in place of platinum as
the cathode material (Table 1, entry 15).

Having established optimal reaction conditions, we investigated
the substrate scope of various alkyne-modified O-methyltyrosines
for cyclization with diphenyl diselenides (2a) (Scheme 2). The pro-
tocol proved suitable for the use of 2-alkynyl tyrosine (1b), yield-
ing the desired benzo[b]furan tyrosines (3) in 67% yield. The ex-
act structures of compounds 3 (CCDC: 2314535) and 7 (CCDC:
2314534) were further confirmed by X-ray analysis. Surprisingly,
the unprotected amino (4) or carboxyl groups (5) were still able
to give the product without oxidation in this system. Electron-
withdrawing (-F, -CF3, -Ala) and electron-donating (-OMe) groups
at the para position underwent smooth conversion to afford the se-
lenylation products (6-9) in good to excellent yields. In addition to

the various electronic substituents on the aromatic ring, polycyclic
aromatic (naphthalene, anthracene) and heteroaryl (thiophene, fer-
rocene) alkyne-substituted tyrosines were also well tolerated, re-
sulting in cyclization products 10-13. Notably, the cyclopropane-
substituted alkynyl tyrosine was selected to produce the selenium-
substituted cyclization product (14) with high selectivity and near-
equivalent yields, rather than the ternary ring-opening product.
Furthermore, aliphatic alkynes were also compatible, leading to the
corresponding selenylation tyrosines (14-16) with moderate con-
versions, while the trimethylsilyl groups (17) maintained good re-
activity. Surprisingly, the scope of tyrosines for this protocol could
be readily extended to include vinyl (18). Not only that, tripheny-
lamine (19) are also well adapted to the reaction system in mod-
erate yields.

Considering the unique advantages and latent potential of se-
lenylation modifications in peptides, and based on our recent re-
search interest in electrochemical peptides, we selected various
types of diselenides and alkyne-modified tyrosine oligopeptides to
explore new potentially pharmaceutically active tyrosine deriva-
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tives through the cyclization of selenides (Scheme 3). As shown,
the selenium-substituted amino acids appeared to be quite com-
patible and delivered peptide derivatives (20-22) when compared
with commercially available diselenides building blocks. Further-
more, a wide range of aryl and alkyl diselenides could be success-

Tyr-BODIPY, Aex, 488 nm, Aem, 545-595 nm; for LysoTracker Deep Red, Aex, 631 nm,

fully incorporated into the phenolic motif of Tyr residues, resulting
in the benzo[b]furan tyrosine products 23-27 with excellent yields.
Notably, dipeptides bearing Gly, Leu, Phe, Met, Ser, Arg, Lys, and
Trp at the C-terminus performed well under standard conditions,
providing the corresponding products with moderate to excellent
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yields (28-35). Moreover, tripeptides containing Tyr residues at the
N-terminus could also be effectively functionalized, yielding prod-
ucts 42-47, although there was a significant decrease in yield with
Met. Surprisingly, we were pleased to discover that the cycliza-
tion of Tyr-containing peptides with non-specific positions was
also successful using this protocol, affording the modified tripep-
tides and tetrapeptides 48-51. Even when bearing the biocompat-
ible fluorescent BODIPY group, the target product 52 was obtained
in moderate yields.

We next evaluated the capacity of alkyne-modified tyrosine
selenium cyclization to directly construct benzo[b]furan tyrosine-
bearing pharmaceuticals (Scheme 4A). High-yield tyrosine ester
derivatives were obtained through an electrochemical method
using commercial D-manfuranose, diaceton-o-D-galactopyranose,
L-menthol, and metronidazole (53-56). Additionally, a variety of
commercially available drugs and derivatives with furan structures,
such as pregabalin, gemfibrozil (Lopid) and dehydrocholic acid
(57-59), can be effectively electrochemically functionalized using
diaryl selenides to produce novel, undisclosed peptide analogs.
Overall, the reaction was very clean, with no byproducts ob-
served; however, complete conversion was not always achieved,
and nBuyNCIO4 was occasionally substituted with nBuyNHSO4.

Inspired by the success of cross-coupling reactions involving
alkyne-modified tyrosines and diphenyl diselenides, we shifted
our focus to non-activated alkynes to synthesize selenated ben-
zopyrans, which are challenging to isolate and serve as inter-
mediates in various reactions (Scheme 4B). Under these modi-
fied conditions, 2a was readily coupled with tyrosines possess-
ing electron-donating (-OMe), electron-withdrawing (-CO,Me), and
heterocyclic substituents on the phenyl ring, providing the cor-
responding benzopyran-incorporated tyrosine derivatives 60-63.
Notably, further investigation revealed that acetaminophen also
served as a suitable reactant for the coupling with diphenyl dis-
elenides, affording the desired seleno-benzopyran derivatives (64)
incorporating a pharmaceutical scaffold. Subsequently, our atten-
tion was turned to various commercially available diselenides. Cou-
pling of tyrosine with different aryl or alkyl diselenides furnished

the target products 65-69. Furthermore, tyrosine-containing dipep-
tides (70 and 71), tripeptides (72 and 73), tetrapeptides (74), and
pentapeptides (75) smoothly underwent the developed selenocy-
clization, yielding the desired products in moderate yields regard-
less of the specific tyrosine position within the peptide chain. This
observation highlights the significant potential of this protocol for
constructing peptide-integrated architectures.

To further assess the biological application potential of this
compound series, compound 76 (Scheme 5A), a selenotyrosine-
conjugated fluorescent probe with favorable photophysical prop-
erties, was selected for initial investigation of cellular uptake and
bioimaging (Scheme 5 and Figs. S2-S10 in Supporting information).
The biocompatibility of the compound was assessed using the MTT
assay, a standard method for measuring cell viability. To avoid the
influence of the absorption of the compound, the absorption value
at a wavelength of 600 nm was recorded. The results indicated no
significant cytotoxic effects on A549 cells, with IC5o values exceed-
ing 100 pmol/L after 24 or 48 h of incubation (Scheme 5C). Further-
more, through the optimization of cell culture conditions, the fluo-
rescence signal of the compound showed no obvious change after
a 3-h incubation, indicating that the uptake equilibrium time of
the compound in A549 cells was approximately 3h (Scheme 5D).
Moreover, experimental evidence on phototoxicity and biostability
demonstrates that compound 76 has no significant impact on the
imaging studies performed in this work (Figs. S7 and S10). The
co-staining experiment with a commercial dye (Lysotracker Deep
Red, LDR) revealed favorable co-localization between Tyr-BODIPY
and LDR. These results indicated a specific lysosomal distribution
within A549 cells, highlighting the compound’s potential for pre-
cise subcellular organelle aggregation (Scheme 5E). To confirm this
phenomenon, physiological pH-dependent photoluminescence fluc-
tuations were considered. The results indicated that under neu-
tral to acidic conditions (pH 4-7), the fluorescence signal exhib-
ited only a modest change (<10%), whereas in the corresponding
neutral to alkaline environment (pH 7-10), the fluorescence signal
variation was somewhat greater (~20%) (Scheme 5F). This could
be attributed to the formation of ionic compounds under alkaline
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conditions. Energy inhibition and partial endocytosis inhibitors sig-
nificantly reduced the compound’s fluorescence signal, implicating
energy-dependent endocytic pathways in cellular internalization, a
common mechanism for nanoparticle uptake (Scheme 5G). Consid-
ering the similarities among molecules in this series, it is likely
that similar molecules may utilize energy-dependent endocytosis
for localization within lysosomes. These preliminary results can
guide the expansion of molecular libraries and further exploration
into biological applications.

As illustrated in Scheme 6, the reaction mechanism initiates
with the cathodic reduction of diselenide, exothermically generat-
ing a selenium radical and a selenide anion. The selenium radical
then undergoes addition to alkyne 1a through transition state TS1
with an activation barrier of 8.9 kcal/mol, forming intermediate V.
Subsequently, V is anodically oxidized to generate carbocation VI,
which undergoes cyclization via transition state TS2 with an activa-
tion barrier of 7.6 kcal/mol, affording carbocation intermediate VIIL
Finally, VIII reacts with the selenide anion (PhSe") through transi-
tion state TS3 with an activation barrier of 6.2 kcal/mol, yielding
the cyclic selenium product 3 and releasing PhSeMe. This final step
is accompanied by significant heat evolution, consistent with the
exothermic nature of the overall process.

To gain further mechanistic insights, control experiments were
conducted (Scheme 7A). The reaction of 1a with 2a was signif-
icantly inhibited in the presence of a radical scavenger, such as
BHT. Subsequently, the existence of phenylselenyl radicals was cor-
roborated through electrochemical radical trapping experiments,
wherein aryl alkenes were employed as radical traps to detect
products 78 and 79. additional studies revealed that 1a could af-
ford the desired product 3 in 70% yield under electrochemical con-
ditions in the presence of 2m, whereas no reaction occurred in
the absence of current. Notably, when 2a was replaced by 2n un-
der standard conditions, product 3 was still obtained in moderate
to good yield, confirming that the reaction proceeds via a seleno-
nium ion pathway. Furthermore, as shown in Scheme 7b, cyclic
voltammetry (CV) experiments were conducted to investigate the
redox potential of the substrate. It was found that 2a undergoes re-
duction (—1.26V) and oxidation (1.45V and 1.83V). This indicates
that 2a undergoes a cycle involving one reduction and two oxi-
dations and is preferentially reduced at the cathode. Further test-
ing of a mixture of 1a and 2a revealed a new oxidation peak at
2.07 V. This peak can be attributed to the oxidation of the alkenyl
radical, supporting the TS1-TS2 process identified in the DFT
calculations.
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Based on DFT calculations and the mechanistic insights dis-
cussed above, a possible mechanism for the selenocyclization via
electrochemical reduction of alkyne-modified tyrosine is proposed
in Scheme 7C. The reaction may be initiated by the formation of
seleno radical III and selenium anion II through cathodic reduc-
tion (Schemes 6, 7B and C). Subsequently, the addition of radical
III to the alkyne generates alkenyl radical V with good regioselec-
tivity via pathway a. This process is followed by further oxidation
and cyclization to form VIII, accompanied by the release of PhSeMe
(detected by NMR), resulting in the product 3. Alternatively, we
cannot rule out pathway b, in which IIl undergoes anodic oxida-
tion to form selenium cation IV, which then reacts with 1a to cre-
ate the cyclic selenium intermediate VIL. This is followed by further
cyclization to form VIII, which subsequently reacts with phenyl se-
lenium anions to yield the final product 3.

In summary, we have developed an electrochemical method for
the selenium cyclization of 2-alkynyl tyrosines with diselenides
for direct construction of the benzo[b]furan/benzopyran tyrosine
derivatives with high chemo- and site-selectivity. Notably, this cat-
alytic system operates independently of tyrosine position within
peptide chains. Mechanistically, DFT calculations corroborated the
involvement of a selenium radical pathway. Furthermore, the de-
veloped protocol allows direct integration of pharmaceutical motifs
into peptide architectures, thereby facilitating the modification and
utilization of structurally diverse alkyne-modified tyrosine deriva-
tives. Studies on cellular uptake of peptide-conjugated fluorescent
compounds underscore their potential for further bioactivity eval-
uation.
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