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borylation and lactonization of
propargyl acetates using NHC-borane†

Hangcheng Ni, *a Yu Li,b Chaoming Lic and Zhenxiang Liu*a

In the absence of photoredox catalyst (PC), we have successfully achieved radical borylation and

lactonization of propargyl acetates under light irradiation using N-heterocyclic carbene borane (NHC-

borane), leading to the synthesis of various substituted 4-(NHC-boryl)-2(5H)-furanones. The reaction is

triggered from the generation of an NHC-boryl radical, which is formed via hydrogen atom transfer

(HAT) of NHC-borane with tert-butyl peroxide derived from the light-induced homolytic cleavage of di-

tert-butyl peroxide (DTPB). During the lactonization process, carbon boron formation, carbon–carbon

bond formation and cleavage are observed. This approach offers a facile and mild method for the

construction of borylated furanones, opening a new possibility in radical borylation chemistry.
Introduction

Boranes and their derivatives serve as essential building blocks
in synthetic chemistry, with a variety of methodologies devel-
oped for constructing boron-containing structures.1 Among
these, cross-coupling reactions involving boryl radicals stand
out as particularly effective for preparing such structures.2 Over
the past decade, radical initiators such as azobis-
isobutyronitrile have been employed to generate boryl radicals
from NHC-borane under relatively harsh conditions.3 Curran's
group and others has made signicant contributions to this
eld, developing various methods through this process.3

Recently, with the advent of photocatalysis, this approach has
emerged as a viable tool for the formation of boryl radicals, as
reported by the groups of Yang, Wu, Wang, Leonori, Zhu and
others.4 The generation of these radicals can occur through two
distinct pathways: (a) direct oxidation of NHC-borane with
a photocatalyst (PC); (b) HAT of NHC-borane facilitated by
a photocatalyst (Fig. 1a).

Radical cyclization is a versatile strategy for constructing
complex cyclic structures through careful substrate design.5

Among the various types of radical cyclization, those involving
carbon–oxygen double bonds have been less extensively
studied, likely due to the intricate reaction mechanisms that
involve b-scission process of alkoxy radical.3c,6 Despite the
challenges, these processes can lead to the formation of more
intriguing products.
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Lactones are prevalent in both natural and synthetic phar-
maceutical compounds, such as 3-butylphthalide and (+)-bicu-
culline.7 Typically, photo-promoted radical lactonization
utilizes carboxylic acids as precursors.8 The process involves the
generation of a carboxylic acid radical through a photoredox
process or ligand to metal charge transfer (LMCT) process,
followed by the addition carbon-centered radical to carbon–
oxygen bond to construct the lactone ring.

Herein we report the development of a light-promoted bor-
ylation of propargyl acetates using NHC-borane (Fig. 1b). The
NHC ligand-stabilized boryl radical initiates a 5-exo cyclization
with simple acetate esters, leading to the formation of stable
borylated lactones, 4-(NHC-boryl)-2(5H)-furanones. This
Fig. 1 Radical borylation: (a) methods for boryl radical generation; (b)
light-promoted borylation of propargyl acetates.
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protocol involves boron–hydrogen bond activation, boron–
carbon bond formation and carbon–carbon bond formation/
cleavage during the lactonization process. These features
collectively offer a facile approach for the synthesis of borylated
furanones under mild conditions.
Results and discussion

As detailed in Table 1 (for more information, refer to the ESI†),
the reaction of propargyl acetate (1a) with NHC-borane (2a, 2.0
equivalents) under 20 W LEDs (390–400 nm) and 2.0 equivalents
of di-tert-butyl peroxide (DTBP) yielded the desired product (3a)
with a 57% yield (Table 1, entry 1). The reaction did not proceed
in the absence of light at 50 °C (entry 2). Upon screening various
solvents, uorobenzene (PhF) was found to be superior, resulting
in a 65% yield of product 3a (entries 3–9). Other oxidants did not
improve the yield (entries 10–14). The reaction was sensitive to
air, yielding only 14% of the product under air (entry 15).
Increasing the amount of NHC-borane to 5.0 equivalents was
found to be optimal for this borylation reaction (entries 16–18),
and the process was scalable to a larger scale (0.3 mmol of 1a),
achieving an acceptable 78% yield (entry 19).

Under the optimal reaction condition, we investigated the
substrate scope of the borylation reaction with propargyl acetate
(1), and the results were compiled in Table 2. A variety of
aromatic alkynes, including those with functional groups such
as alkyl, methoxy, halides, triuoromethyl, and cyanide, were
Table 1 Optimization of reaction conditionsa,b

Entry NHC-BH3 (equiv.) Oxidant (eq

1 NHC-BH3 (2.0) DTBP (2.0)
2c NHC-BH3 (2.0) DTBP (2.0)
3 NHC-BH3 (2.0) DTBP (2.0)
4 NHC-BH3 (2.0) DTBP (2.0)
5 NHC-BH3 (2.0) DTBP (2.0)
6 NHC-BH3 (2.0) DTBP (2.0)
7 NHC-BH3 (2.0) DTBP (2.0)
8 NHC-BH3 (2.0) DTBP (2.0)
9 NHC-BH3 (2.0) DTBP (2.0)
10 NHC-BH3 (2.0) TBHP(2.0)
11 NHC-BH3 (2.0) (NH4)2S2O8

12 NHC-BH3 (2.0) K2S2O8 (2.0
13 NHC-BH3 (2.0) di-tert-butyl
14 NHC-BH3 (2.0) Dicumyl pe
15d NHC-BH3 (2.0) DTBP (2.0)
16 NHC-BH3 (3.0) DTBP (2.0)
17 NHC-BH3 (5.0) DTBP (2.0)
18 NHC-BH3 (7.0) DTBP (2.0)
19e NHC-BH3 (5.0) DTBP (2.0)

a All reactions were conducted at 0.1 mmol scale of 1a in a closed ask un
temperature. b Yield determined by HPLC using acetophenone as internal s
e Reaction was conducted at 0.3 mmol scale of 1a in 3.0 mL of solvent. D

© 2025 The Author(s). Published by the Royal Society of Chemistry
found to be compatible with our protocol, yielding the corre-
sponding products in low to good yields (3a–3k). Aromatic rings
with halides, which could be utilized as versatile coupling
partners were obtained in 37–77% yield (3f–3i). Generally,
aromatic alkynes with electron-donating groups provided
higher yields than those with electron-withdrawing groups (3a–
3i vs. 3j–3k). Propargyl acetates with pyridinyl or naphthalenyl
groups yielded the corresponding lactones 3l and 3m in low
yields. Additionally, we focused on phenyl propargyl acetates
tethered with other geminal dialkyl groups. Typically, more
sterically hindered dialkyl groups resulted in lower yields of
lactones (3n–3q). Cyclization products were not obtained with
propargyl acetates lacking dialkyl tethers or a tert-butyl group
(3r–3t).

To gain some insight into the reaction mechanism, mecha-
nistic studies were carried out. Addition of 1 equiv. of TEMPO or
1,1-diphenylethylene into the standard reaction almost inhibi-
ted the borylation reaction with the TEMPO or 1,1-diphenyl-
ethylene trapped adduct detected by HRMS, which indicated
that a radical process related to acyl radical was likely to be
involved in this reaction (Fig. 2a). Also, important vinyl radical
intermediate was trapped by 1,1-diphenylethylene. Further-
more, the UV-visible spectra of DTPB fell in the 390–400 nm
region, and no obvious interaction was observed between
substrates and DTPB, demonstrating that DTPB should be the
photo-active specie in the reaction (Fig. 2b). A light on/off
experiment for the reaction of 1a with 2a under the standard
uiv.) Solvent (mL) Yield

CH3CN (1.0) 57%
CH3CN (1.0) <5%
MeOH (1.0) 60%
Acetone (1.0) 57%
CH2Cl2 (1.0) <5%
THF (1.0) 28%
DMF (1.0) 51%
DMSO (1.0) 54%
PhF (1.0) 65%
PhF (1.0) <5%

(2.0) PhF (1.0) <5%
) PhF (1.0) <5%
disulde (2.0) PhF (1.0) 23%
roxide (2.0) PhF (1.0) 55%

PhF (1.0) 14%
PhF (1.0) 67%
PhF (1.0) 74%
PhF (1.0) 75%
PhF (3.0) 78%

der nitrogen atmosphere with 20 W blue LED (390–400 nm) at ambient
tandard. c Reaction under dark at 50 °C. d Reaction conducted under air.
TBP = tert-butylperoxide; TBHP = tert-butyl hydroperoxide.
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Table 2 Substrate scopea,b

a All reactions were conducted at 0.3mmol scale of 1 in 3.0mL of PhF in a closed ask under nitrogen atmosphere with 20W blue LED (390–400 nm)
at ambient temperature. b Isolated yield.
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reaction condition presented that the borylation reaction was
almost ceased in the dark, which suggested that a chain prop-
agation was not the main reaction pathway, and continuous
irradiation of visible light was necessary for the reaction.

To elucidate the reaction mechanism, we conducted a series
of mechanistic studies. The introduction of 1 equivalent of
TEMPO or 1,1-diphenylethylene into the standard reaction
nearly halted the borylation process, with the trapped adducts
being detected by high-resolution mass spectrometry (HRMS),
indicating that a radical process was likely involved in the
reaction (Fig. 1a). Additionally, a crucial vinyl radical interme-
diate was successfully trapped by 1,1-diphenylethylene. The UV-
4654 | RSC Adv., 2025, 15, 4652–4656
vis spectrum of DTPB was found to fall within the 390–400 nm
range, and no signicant interaction was observed between the
substrates and DTPB, conrming that DTPB is the photoactive
species in the reaction (Fig. 2b). An on/off light experiment
(Fig. 2c) with 1a and 2a under standard conditions revealed that
the borylation reaction nearly ceased in the absence of light,
suggesting that chain propagation is not the primary reaction
pathway, and continuous irradiation with visible light is
essential for the reaction to proceed.

Based on the experimental results and existing literature,2–4,9,10

we propose a plausible mechanism (Scheme 1). Initially, DTPB
undergoes homolytic cleavage under LED irradiation to generate
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Mechanistic studies: (a) radical-trapping experiments with
TEMPO or 1,2-diphenylethylene; (b) UV-visible spectra of 1a in PhF
(0.03 M), 2a in PhF (0.06 M), DTPB in PhF (1.0 M) and mixture of 1a, 2a
and DTPB; (c) time profile of the reaction with and without visible light
irradiation.

Scheme 1 Reaction mechanism.
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an O-centered tert-butyl oxide radical. This tert-butyloxyl radical
then abstracts a hydrogen atom from NHC-borane (2a), forming
a boryl radical (A). The boryl radical (A) reacts with propargyl
acetate (1a) to generate a vinyl radical (B). Radical (B) subse-
quently undergoes addition to the carbonyl oxygen double bond
and a b-scission process of O- centered radical (C), leading to the
formation of the nal product (3a).
© 2025 The Author(s). Published by the Royal Society of Chemistry
Conclusions

In summary, we have successfully accomplished a light-driven
radical borylation/lactonization reaction using N-heterocyclic
carbene borane stabilized borane and propargyl acetates, all
without the need for a photocatalyst. This innovative approach
has enabled the synthesis of a diverse array of substituted bory-
lated lactones. Our mechanistic investigations have shed light on
the role of peroxide, which is believed to participate in the HAT
process for the generation of boryl radical. The reaction mecha-
nism involves the activation of the boron–hydrogen bond, the
formation of carbon–boron bonds, and the creation or cleavage of
carbon–carbon bonds during the lactonization phase. This work
not only simplies the synthesis of borylated furanones under
mild conditions but also opens new avenues for the synthesis of
complex molecules with potential applications in various elds.
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