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control enables high-
concentration, one-pot macrolactonization

Siying Mao,† Dengchao Wei,† Kun Xu * and Chengchu Zeng

State-of-the-art macrolactone synthesis predominantly relies on the end-to-end cyclization of seco-acids,

a strategy that requires high-dilution conditions (<5 mM) to suppress oligomerization. To address this

limitation, we report an electrochemical macrolactonization protocol that operates at a significantly

higher concentration (50 mM). Leveraging an iodide/PPh3 dual-mediation system, this method provides

access to 5- to 21-membered lactones and accommodates O-, S-, and N-heteroatom functionalization.

Its efficacy originates from the gradual, charge-consumption-dependent formation of an

acyloxyphosphonium intermediate, which maintains a relatively low local concentration despite high

substrate loading.
Introduction

Macrolactones are important structural motifs prevalent in
diverse natural products and pharmaceuticals, and they also
serve as key ingredients in the avor and fragrance industries
(Scheme 1a).1 For instance, Exaltolide®, a widely used musk, is
produced on an industrial scale exceeding 1000 tons annually
for perfumery applications. Given their pronounced signi-
cance, the development of practical macrolactonization
methods has attracted considerable research interest.2 Among
various methods, intramolecular cyclization of readily acces-
sible seco-acids remains the predominant route to macro-
lactones (Scheme 1b). However, due to the entropic cost,3 this
end-to-end macrocyclization strategy faces the well-known
challenge of competing intermolecular esterication.
Currently, a widely recognized method in this eld is the
Yamaguchi cyclization,4 which proceeds in two steps by rst
activating the carboxylic acid as a mixed anhydride, followed
by base-promoted lactonization (Scheme 1b, right). Inspired
by this concept, some other two-step macrolactonization
strategies were subsequently developed,5–9 including the
Corey–Nicolaou,5 Mukaiyama,6 Trost–Kita,7 and Zhao
methods.8 Beyond these two-step protocols, the group of
Shiina introduced a single-pot macrolactonization strategy
using substituted benzoic anhydrides as activating reagents
(Scheme 1b, le).10 However, it necessitates a slow addition of
the reagents over 15 hours to maintain the low concentrations
of the active intermediate. Addressing this limitation, the
pioneering work by the groups of Collins11 and Lebœuf12
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enable highly efficient one-pot macrolactonization without the
need for slow addition. Despite signicant progress, these
methods are hindered by the requirement for high-dilution
conditions (typically <5 mM) to suppress oligomerization,
and oen necessitate elevated temperatures to drive the
cyclization. These limitations diminish the practicality and
scalability of these methods. In fact, oligomerization at high
substrate concentrations arises from the rapid formation of
activated acyl surrogates upon addition of activating reagents
in a single portion. The transient accumulation of these active
intermediates at high concentrations promotes undesired
intermolecular esterications. Therefore, a strategy that
allows controlled and progressive generation of the activated
species could potentially enable macrolactonization at higher
substrate loadings.

Organic electrochemistry, which utilizes electrons as clean
redox reagents, has enriched the toolkit for modern
synthesis.13 A key advantage of this approach is the precise
control over electron-transfer kinetics by adjusting the
current. In this context, electrochemical activation allows the
gradual formation of intermediates at low concentrations
through controlled charge consumption (Scheme 1c, right).14

This feature is a notable contrast to conventional redox reac-
tions, where concentrated reactive intermediates are tran-
siently produced upon redox reagent addition (Scheme 1c,
le). Building on our research interest in synthetic electro-
chemistry,15 we sought to develop an electrochemical method
to enable one-pot, high-concentration macrolactonization of
seco-acids. Recently, signicant progress has been made in
PPh3 mediated electrochemical deoxygenative functionaliza-
tions,16 with alkoxy- or acyloxyphosphonium intermediates
serving as key species. Inspired by these elegant precedents,
we report an electrochemical, high concentration (50 mM),
one-pot macrolactonization protocol enabled by iodide/PPh3
Chem. Sci., 2026, 17, 7629–7635 | 7629
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Scheme 1 The background of macrolactonization and our reaction design.

Table 1 Optimization of conditionsa

Entry Deviation from standard conditions Yield (%)

1 None 50(34)b

2 Pt anode 17
3 Pt or C cathode 23, 16
4 n-Bu4NBr instead of n-Bu4NI 19
5 n-Bu4NBF4 or n-Bu4NClO4 instead of n-Bu4NI Trace
6 Pyridine, Et3N or KH2PO4 instead of DBU 25, 22, 20
7 Acetone, DMF and MeCN instead of DCM 0
8 In air 11
9 No PPh3 0
10 No electricity 0

a Reaction conditions: graphite plate anode (immersed area: 1× 1 cm2),
nickel foam cathode (1 × 1 cm2), 1a (0.2 mmol), PPh3 (0.4 mmol), DBU
(0.2 mmol), n-Bu4NI in DCM (0.15 M, 4 mL), undivided cell, 10 mA, Ar,
40 °C, 3 h, isolated yield. b r.t.
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(Scheme 1d). Featuring broad substrate scope, this method
facilitates the synthesis of 5- to 21-membered lactones and
accommodates O-, S-, and N-heteroatom functionalization.
Crucially, this method relies on the gradual, charge-
consumption-controlled generation of the alkoxyphosph-
onium intermediate at a low local concentration, thereby
preventing undesired oligomerization despite the high bulk
substrate loading. Given that the by-product Ph3PO can be
reduced to PPh3 by various methods,17 this electrochemical
approach represents an attractive alternative for macrolactone
synthesis.

Results and discussion

Initially, we chose the lactonization of seco-acid 1a as a model
reaction to optimize the reaction conditions (Table 1). To lower
the operating potential, iodide was introduced as a redox
mediator to activate PPh3.18 When the electrolysis was per-
formed at 50 mM concentration with graphite and Ni foam as
the electrodes, 12-membered lactone 2a was obtained in 50%
yield (entry 1). At room temperature, the yield dropped to 34%.
7630 | Chem. Sci., 2026, 17, 7629–7635 © 2026 The Author(s). Published by the Royal Society of Chemistry
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This indicates that elevated temperature may accelerate both
the generation of the alkoxyphosphonium intermediate and the
cyclization step. Replacing the graphite anode with Pt decreased
the yield to 17% (entry 2). Similarly, replacing the Ni foam
cathode with either Pt or graphite gave lower yields of 23% and
16%, respectively (entry 3). Halide electrolyte was critical for
this reaction: n-Bu4NBr reduced the yield to 19% (entry 4),
whereas only trace product was obtained with n-Bu4NBF4 or n-
Bu4NClO4 (entry 5). DBU was found to be the superior base,
delivering a higher yield than pyridine, Et3N and KH2PO4 (entry
6). Further optimization of the solvent identied DCM as the
optimal choice; acetone, DMF, or MeCN failed to give the
desired product (entry 7). Performing the reaction in air affor-
ded a much lower yield of 2a (11%, entry 8). Control experi-
ments conrmed the necessity of both PPh3 and electrolysis, as
no desired product was detected in the absence of either
component (entries 9 and 10).

With the optimized reaction conditions established, the
generality of this protocol was evaluated. As shown in Scheme
2, this electrochemical method exhibited good compatibility
Scheme 2 The substrate scope. Reaction conditions: graphite plate anod
1 cm2), 1 (0.2 mmol), PPh3 (0.4 mmol, 2 equiv.), DBU (0.2 mmol, 1 equiv.
isolated yield.

© 2026 The Author(s). Published by the Royal Society of Chemistry
with the synthesis of macro-sized lactones, affording 12- to 17-
membered ring products (2a, 2c, 2d) in up to 50% yield. The
internal alkyne moiety present in 2a may serve as a versatile
handle for late-stage derivatization. In addition to macro-
lactones, the medium-sized lactone (2b) was also obtained in
32% yield.11,12 While the construction of macrolactones ($12-
membered rings) poses a signicant challenge, the formation
of normal-sized lactones is typically more facile. Under the
optimized conditions, 5- to 8-membered ring products (2e–g)
were obtained in up to 79% yield. Extending its utility, this
electrochemical approach proved effective for synthesizing O-
or S-functionalized macrolactones. A series of such
compounds (2h–m) were obtained in synthetically useful
yields (up to 54%) across ring sizes of 14 to 19 members.
Furthermore, the method was successfully applied to nitrogen-
containing hydroxycarboxylic acids, providing access to N-
functionalized macrolactones (2n–x) with ring sizes ranging
from 14 to 21 members. However, when the ring size was
increased to 20 atoms or more, the reaction yield decreased
signicantly (2v–x).
e (immersed area: 1× 1 cm2), nickel foam cathode (immersed area: 1×
), n-Bu4NI in DCM (0.15 M, 4 mL), undivided cell, 10 mA, 40 °C, Ar, 3 h,

Chem. Sci., 2026, 17, 7629–7635 | 7631
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Key features of this electrochemical macrolactonization
include a simple one-pot synthesis in an undivided cell under
constant-current conditions, without the need for slow addi-
tion or high dilution to prevent intermolecular esterication.
To evaluate the practical utility of our protocol, a comparison
with three standard macrolactonization methods was con-
ducted, employing the synthesis of 2p as a model reaction
(Scheme 3a). Under Shiina's conditions, slow addition of 1p to
an anhydride solution at 50 mM afforded 2p in <5% yield.10

Zhao's method relies on an ynamide mediator via a two-step
acid-catalyzed pathway.8 When 1p was reacted at 50 mM
concentration, 2p was obtained in only 19% yield. Lebœuf's
approach utilizes a mixed-anhydride strategy for one-pot
macrolactonization and demonstrates broad compatibility
with various seco-acids at 1.5 mM.12 When the concentration
was increased to 50 mM, 2p was obtained in 28% yield. In
contrast, our method provided 2p in 45% yield at 50 mM, and
21% yield was achieved even at a concentration of 250 mM (see
the SI for additional details).

Batch electrolysis suffers from yield variability due to many
inuencing factors, making it difficult for other synthetic
chemists to reproduce expected results.19 To improve reaction
reproducibility, we conducted continuous-ow electrolysis
experiments (Scheme 3b).20 Taking the synthesis of N-
functionalized 14-membered lactone 2p as the model reac-
tion, the reaction afforded a maximum yield of 49% when
a graphite plate and stainless steel (SST) were employed as
electrodes with an interelectrode distance of 0.5 mm. More
importantly, by assembling four continuous-ow electrolytic
Scheme 3 Comparison studies and continuous-flow synthesis.

7632 | Chem. Sci., 2026, 17, 7629–7635
cells in parallel, the reaction produced 2p with an average yield
of 40% (1.17 g). In contrast, directly scaling up the reaction
under batch conditions afforded 2p in only 11% yield (see the
SI for additional details).

To investigate the reaction mechanism, a series of mecha-
nistic experiments were conducted (Fig. 1). Initially, cyclic vol-
tammetry (CV) was performed to identify the electrochemically
active species. As shown in Fig. 1a, le, an irreversible oxidation
peak at 1.39 V (vs. Ag/AgNO3) was observed for PPh3 (curve a).
TBAI displayed two pairs of quasi-reversible redox peaks (curve
b), with anodic peak potentials at 0.39 V and 0.71 V (vs. Ag/
AgNO3), corresponding to the I3

−/3I− and 3I2/2I3
− redox

couples, respectively. However, substrate 1e showed no notice-
able oxidation current in the potential range of 0–2.0 V. Upon
addition of one or two equivalents of PPh3 to TBAI, a new anodic
peak emerged at around 0.48 V, accompanied by a decrease in
the current of the second oxidation peak (3I2/2I3

−) (curves c and
d). These results indicate that TBAI is more readily oxidized
than PPh3 and 1e, and the new oxidation peak is attributed to
the reaction between PPh3 and I3

−, leading to the formation of
the iodotriphenylphosphonium cation (I-PPh3

+). To further
conrm the formation of I-PPh3

+, we added substrate 1e to
a mixture of TBAI and PPh3 (Fig. 1, right). When 1e, TBAI, and
PPh3 were mixed in a 4 : 1 : 2 ratio, only a slight increase in
oxidation current was observed (curve e). However, upon addi-
tion of a base to the above mixture, a signicant enhancement
in oxidation current was detected (curve f). This is mainly
because the presence of the base facilitates nucleophilic attack
on I-PPh3

+ by 1e, thereby releasing I−.
Given that I-PPh3

+ can activate both the hydroxyl and
carboxyl groups to form alkoxy- or acyloxy-phosphonium
intermediates, it is critical to establish which pathway
predominates. To this end, high-concentration hexa-
uoroisopropanol (HFIP) was employed as a weak nucleophile
to intercept the intramolecular cyclization (Fig. 1b). Upon
addition of HFIP (1 mL), the intermolecular esterication
byproduct 3 was isolated in 37% yield, whereas the intra-
molecular lactonization product 2p was not observed. This
result indicates that the reaction of the carboxyl group with I-
PPh3

+ to generate the acyloxytriphenylphosphonium ion is the
predominant pathway.

Based on the results described above and relevant litera-
ture,16 a plausible mechanism for the electrochemical macro-
lactonization is proposed. As illustrated in Fig. 1c, anodic
oxidation of iodide in the presence of PPh3 produces the
iodotriphenylphosphonium intermediate I and liberates two
iodide anions. The latter species undergoes further oxidation
at the anode to yield I3

−. Meanwhile, I undergoes nucleophilic
attack by the carboxylic acid group in the presence of DBU,
yielding the acyloxyphosphonium ion III while regenerating
iodide. Once intermediate III is formed, it rapidly undergoes
intramolecular esterication to give macrolactone product IV,
accompanied by the elimination of triphenylphosphine oxide.
Concurrently, protons are reduced at the cathode to release
hydrogen gas. The generation of I3

− is controlled by charge
consumption (E-step), so that its subsequent reaction with
PPh3 (C-step) and nucleophilic attack by II (C-step) to afford III
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Mechanistic studies. (a) CV analysis to identify the electrochemically active species. (b) Confirming carboxyl activation other than hydroxyl
activation. (c) Mechanistic proposal.
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proceed gradually over the course of the reaction. Accordingly,
the reactive alkoxyphosphonium intermediate (III) is gener-
ated in a stepwise fashion via an ECC mechanism. This
controlled, incremental release maintains a persistently low
local intermediate concentration, thereby reducing oligomer-
ization even under high substrate loading conditions.
Conclusions

In conclusion, we have developed a one-pot electrochemical
macrolactonization strategy via the synergistic mediation of
iodide and PPh3. This operationally simple approach enables
access to a diverse range of lactones with ring sizes from 5 to
21 members. Notably, the protocol is also applicable to
a variety of macrolactones functionalized with O, S, or N
heteroatoms. In contrast to previous methods, this system
operates efficiently at elevated substrate concentrations (50
mM) and eliminates the need for slow-addition or azeotropic
techniques. Besides batch electrolysis, this method can also be
extended to continuous-ow electrolysis to improve repro-
ducibility. The success of this strategy arises from a key design
principle: the reactive alkoxyphosphonium intermediate is
released gradually under charge-consumption control, thereby
maintaining a low local concentration and effectively reducing
oligomerization even under high substrate loading.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Experimental

Electrolysis was performed in an undivided cell equipped with
graphite plate (1.0 × 1.0 cm2) and nickel foam (1.0 × 1.0 cm2)
electrodes, using a DC constant current supply. To the cell were
added seco-acid (1, 0.2 mmol), PPh3 (0.4 mmol, 2 equiv.), n-
Bu4NI (0.6 mmol, 3 equiv.), DBU (0.2 mmol, 1 equiv.), and dry
DCM (4 mL). The reaction was conducted in Ar at 40 °C under
constant current conditions (10 mA, 3 h). Workup began with
the addition of saturated NaCl (15 mL), followed by extraction
with DCM (3 × 10 mL). The organic phase was dried with
MgSO4, ltered, and concentrated. Purication by silica gel
chromatography (ethyl acetate/petroleum ether = 1 : 20 to 1 : 4)
yielded macrolactone 2.
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Data availability

All data supporting the ndings of this study are available
within the article and its supplementary information (SI) le.
Supplementary information: general information, experimental
procedures, characterization data, and spectroscopic data. See
DOI: https://doi.org/10.1039/d6sc00702c.
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11 M. de Léséleuc and S. K. Collins, Direct macrolactonization
of seco acids via hafnium(IV) catalysis, ACS Catal., 2015, 5,
1462–1467.

12 G. Force, A. Perfetto, R. J. Mayer, I. Cioni and D. Lebœuf,
Macrolactonization reactions driven by
a pentauorobenzoyl group, Angew. Chem., Int. Ed., 2021,
60, 19843–19851.

13 (a) M. Yan, Y. Kawamata and P. S. Baran, Synthetic organic
electrochemical methods since 2000: on the verge of
a renaissance, Chem. Rev., 2017, 117, 13230–13319; (b)
A. Wiebe, T. Gieshoff, S. Möhle, E. Rodrigo, M. Zirbes and
S. R. Waldvogel, Electrifying organic synthesis, Angew.
Chem., Int. Ed., 2018, 57, 5594–5619; (c) Y. L. Wang,
S. Dana, H. Long, Y. Xu, Y. J. Li, N. Kaplaneris and
L. Ackermann, Electrochemical late-stage
functionalization, Chem. Rev., 2023, 123, 11269–11335; (d)
S. Blank, Z. Nguyen, D. G. Boucher and S. D. Minteer,
Electrochemical cascade reactions for electro-organic
synthesis, Curr. Opin. Electrochem., 2022, 35, 101049; (e)
J. Rein, S. B. Zacate, K. N. Mao and S. Lin, A tutorial on
asymmetric electrocatalysis, Chem. Soc. Rev., 2023, 52,
8106–8125; (f) P. Villo, A. Shatskiy, M. D. Kärkäs and
H. Lundberg, Electrosynthetic C–O bond activation in
alcohols and alcohol derivatives, Angew. Chem., Int. Ed.,
2023, 62, e202211952; (g) G. Hilt, Recent advances in
paired electrolysis and their application in organic
electrosynthesis, Curr. Opin. Electrochem., 2024, 43, 101425;
(h) Z. Tan, H. Zhang, K. Xu and C. Zeng, Electrochemical
radical-polar crossover: a radical approach to polar
chemistry, Sci. China: Chem., 2024, 67, 450–470; (i)
B. C. Hawkins, J. M. Chalker, M. L. Coote and
A. C. Bissember, Electrochemically generated carbocations
in organic synthesis, Angew. Chem., Int. Ed., 2024, 63,
e202407207; (j) Z. L. Yang, W. Y. Shi, H. Alhumade, H. Yi
© 2026 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1039/d6sc00702c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc00702c


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 1
2:

34
:1

0 
PM

. 
 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
and A. W. Lei, Electrochemical oxidative C(sp3)–H cross-
coupling with hydrogen evolution, Nat. Synth., 2023, 2,
217–230; (k) C. Ma, P. Fang, D. Liu, K. J. Jiao, P. S. Gao,
H. Qiu and T. S. Mei, Transition metal-catalyzed organic
reactions in undivided electrochemical cells, Chem. Sci.,
2021, 12, 12866–12873.

14 A. G. O'Brien, A. Maruyama, Y. Inokuma, M. Fujita,
P. S. Baran and D. G. Blackmond, Radical C-H
functionalization of heteroarenes under electrochemical
control, Angew. Chem., Int. Ed., 2014, 53, 11868–11871.

15 (a) L. Y. Lan, K. Xu and C. C. Zeng, The merger of electro-
reduction and hydrogen bonding activation for a radical
smiles rearrangement, Chem. Sci., 2024, 15, 13459–13465;
(b) L. Y. Lan, Y. Gao, C. B. Liu, B. Zhang, K. Xu and
C. C. Zeng, In situ sulfur modication enables
electrochemical selective deuterated thiol–yne reactions,
Angew. Chem., Int. Ed., 2025, 64, e202511623.

16 (a) H. Ohmori, S. Nakai, M. Sekiguchi and M. Masui, Anodic
oxidation of organophosphorus compounds. III. anodic
alkoxylation and thioalkoxylation of triphenylphosphine,
Chem. Pharm. Bull., 1980, 28, 910–915; (b) Z. J. Li,
W. X. Sun, X. X. Wang, L. Y. Li, Y. Zhang and C. Li,
Electrochemically enabled, nickel-catalyzed dehydroxylative
cross-coupling of alcohols with aryl halides, J. Am. Chem.
Soc., 2021, 143, 3536–3543; (c) S. Nagahara, Y. Okada,
Y. Kitano and K. Chiba, Biphasic electrochemical peptide
synthesis, Chem. Sci., 2021, 12, 12911–12917; (d) K. H. Sun,
Z. M. Xu, V. Ramadoss, L. F. Tian and Y. H. Wang,
Electrochemical deoxygenative reduction of ketones, Chem.
Commun., 2022, 58, 11155–11158; (e) Q. P. Guo, Y. Y. Jiang,
R. J. Zhu, W. H. Yang and P. F. Hu, Electrochemical azo-
free mitsunobu-type reaction, Angew. Chem., Int. Ed., 2024,
63, e202402878; (f) E. A. Hale and Q. L. Zhu,
Electrochemical synthesis of aziridines, pyrrolidines and
oxazolines enabled by azo-free alcohol amination, Chem.
Sci., 2025, 16, 15216–15222; (g) X. Y. Ying, Y. Zhang and
C. Li, Cobalt-catalyzed photoelectrochemical dehydration
© 2026 The Author(s). Published by the Royal Society of Chemistry
of primary alcohols, J. Am. Chem. Soc., 2025, 147, 45315–
45323.
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