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The development of catalytic multicomponent reactions for constructing complex organic scaffolds from
readily accessible commodity chemicals is a key pursuit in contemporary synthetic chemistry. Current
methods for synthesizing thioesters primarily rely on the acylation of thiols, which produces substantial
waste and requires malodorous, unstable sulfur sources. In this work, we introduce a photocatalyzed hy-
drogen transfer strategy that enables a three-component synthesis of thioesters using abundant primary
alcohols, easily available alkenes and elemental sulfur under mild conditions. This protocol demonstrates
broad applicability and high chemo- and regioselectivity for both primary alcohols and alkenes, high-
lighting the advantage and potential of photo-mediated hydrogen transfer in facilitating multicomponent
reactions using primary alcohol and elemental sulfur feedstocks.

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

Medica, Chinese Academy of Medical Sciences.

The thioester functional group is prevalent in natural products,
pharmaceuticals, polymers, and food products [1-6]. Thioesters are
integral to various biological processes, notably, the role of acetyl
coenzyme A in metabolism [7,8]. Additionally, thioester serve as
a versatile platform in synthetic chemistry, facilitating structural
diversification through acyl transfer and coupling reactions [9,10].
Consequently, the synthesis of thioesters has intrigued significant
interest in both organic synthesis and biosynthetic chemistry.

Traditional methods for thioester synthesis typically involve
acylating thiols with carboxylic acid derivatives in the presence
of activating reagents or catalysts, which often generate significant
waste (Fig. 1A, a) [11-14]. Alternatively, oxidative coupling of alde-
hydes with thiols offers a more efficient route, through it generally
requires excess oxidants (Fig. 1A, b) [15,16]. While primary alcohols
are abundant in natural products and commodity chemicals, mak-
ing them ideal starting materials for constructing complex molecu-
lar scaffolds [17-19], their use in thioester synthesis has been spo-
radically explored, and generally demands excess oxidants (Fig. 1A,
c) [20,21]. A recent advancement by the Milstein group introduced
a more sustainable approach using a ruthenium-catalyzed accep-
torless hydrogen transfer to form thioester from primary alcohols
and thiols (Fig. 1A, d). However, this method requires a high tem-
perature (150°C) probably due to the reversible nature of the re-
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action [22,23]. Additionally, thiols are malodorous, unstable, and
have a strong affinity to transition metal catalysts, making them
less ideal as sulfur sources.

We propose a photo-mediated hydrogen transfer strategy for
the synthesis of thioesters from primary alcohols, elemental sulfur
and alkenes (Fig. 1B). This method offers a greener and more sus-
tainable approach by using readily available and non-toxic sulfur
source, which is abundance, non-toxicity, high-stability, and odour-
less, especially given the global growing surplus of elemental sulfur
[24-33]. Recent studies have shown that elemental sulfur can be
activated and participate in radical reactions under photocatalytic
conditions for the synthesis of sulfur-containing molecules [28-33].
Notably, thioesters can be obtained from the coupling of alkenes
with carbonyl thiyl radicals, which are generated by reacting ele-
mental sulfur with acyl radicals derived from «-ketoacids or alde-
hydes [32,33]. We envisioned that primary alcohols could generate
acyl radical via consecutive photo-mediated hydrogen atom trans-
fer (HAT), proceeding through an aldehyde intermediate. Photo-
HAT has proven effective for selectively activating «-hydroxy C-H
bonds in alcohols, forming ketyl radical (I) that can undergo vari-
ous radical transformations [34-36]. Primary alcohols can thereof
undergo hydrogen transfer to form aldehydes [37-39], which are
more accessible for photo-HAT, producing acyl radical (II) [40-
43]. Subsequently, acyl radical (II) can react with elemental sulfur,
generating carbonyl thiyl radical (IIl), which then add to alkenes,
yielding thioesters. Herein, we describe the photocatalyzed hydro-
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Fig. 1. (A) State-of-the-art thioester synthesis via thiol acylation. (B) This work: Photocatalysed hydrogen transfer enabled synthesis of thioester from primary alcohols,

elemental sulfur and alkenes.

gen transfer enabled synthesis of thioesters from primary alco-
hols, elemental sulfur and alkenes. This method, employing robust
tetrabutylammonium decatungstate (TBADT) as the photocatalyst,
operates under mild conditions, accommodates a wide range of
primary alcohols and alkenes, and demonstrates high functional
group tolerance. However, the method still has room for improve-
ment, particularly regarding the use of the high molecular weight
photocatalyst and the excess amounts of alcohol and elemental
sulfur.

We began our investigation of the three-component thioester
synthesis by optimizing reaction conditions using elemental sul-
fur as the sulfur source, along with 3-phenylpropanol (1a) and
alkene (2a) as model substrates (Tables S1-S5 in Supporting in-
formation). After thorough exploration, we achieved an 84% yield
of thioester 3a using TBADT as the photocatalyst in acetonitrile at
ambient temperature, under violet light irradiation for 4 h (Table 1,
entry 1). The yield of 3a is sensitive to the amount of sulfur used,
with deviations from the optimal quantity resulting in diminished
yields (entries 2 and 3). While varying the amount of 1a had a rel-
atively minor effect on the yield, but 3.5 equiv. of 1a provided op-
timal results across most reactions (entries 4 and 5, Figs. 2 and 3).
The formation of 3a occurred rapidly within the initial three hours,
after which the reaction rate slowed (entry 6 and Fig. S5 in Sup-
porting information), thereby 4h was established as the ideal re-
action time for most substrates. Control experiments validated the
essential role of both the photocatalyst and light in this transfor-
mation (entries 7-9). Additionally, the reaction demonstrated good
resistance to water and moderate tolerance of air, underscoring its
robustness (entries 10 and 11).

Table 1
Evaluation of the reaction parameters.?
PR oH o
TBADT
+
TB/:DT NN /W/\/OBZ
+ v

Y\/OBZ 3a
2a

Entry Deviations from the standard conditions 3a (%)
1 None 84
2 S (2.0 equiv.) 63
3 S (5.2 equiv.) 79
4 1a (4.5 equiv.) 81
5 1a (2.5 equiv.) 80
6 Reaction for 3 h 78
7 w/o TBADT n.d.
8 wj/o light irradiation n.d.
9 Using 2W 455 nm blue LEDs n.d.
10 With 2.0 equiv. of H,0 77
11 Under air atmosphere 31

@ Standard reaction conditions: 1a (3.5 equiv.), S (3.6 equiv.), 2a (0.25mmol),
TBADT (5mol%), CH3CN (0.5 mol/L), 2W 385 nm LEDs, under argon atmosphere, at
35-40°C, 4h, GC yields with n-hexadecane as the internal standard. n.d.: not de-
tected.

With the optimized reaction conditions in hand, we next
explored the generality of this protocol with respect to the alcohol
component (Fig. 2A). A wide variety of primary alcohols were
successfully coupled with sulfur and 2a, affording the desired
thioesters (3b-3z) in acceptable to high yields. Alkyl primary alco-
hols of varying chain lengths afforded thioester 3b-3d in moderate
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Fig. 2. Substrate scope of alcohols. Conditions: 1 (3.5 equiv.), S (3.6 equiv.), 2 (0.25 mmol, 1.0 equiv.), TBADT (5 mol%), CH3CN (0.5 mL), LEDs (2 W, 385 nm) irradiation for 4h
at 35-40°C, isolated yields. 2 1 (5.0 equiv.). ® CH3CN (1.0mL). € 1 (1.5 equiv.). ¢ 8 h reaction.

to high yields. This protocol also demonstrated good tolerance for
a range of functional groups, including trifluoromethyl (3f and
3k), ester (3g), aryl halides such as chloride (3i) and bromide (3j),
as well as a tertiary alcohol (31). Additionally, primary alcohols
with four-, five- and six-membered rings at the o- or B-carbon
of the hydroxyl group were compatible with the reaction, giving
thioesters in good yields (3m, 3n, 3s-3u). However, as steric bulk
around the alcohol increased, yields tended to decrease (3w-3z),
likely due to the formation of relatively stable tertiary carbon rad-
icals that led to alcohol dehydrocarbonylation. A similar outcome

was observed with 2-phenylethanol, where the reaction led to
the formation of toluene from dehydrocarbonylation via a benzyl
radical [44].

Aryl methanols are also competent substrates for this three-
component transformation (Fig. 2B). Benzyl alcohols with a
range of substituents, including both electron-donating (methyl,
t-butyl, phenoxyl, and phenyl) and electron-withdrawing (ester,
fluoro, chloro, bromo, and trifluoromethyl) functionalities, reacted
smoothly with alkene 2a and sulfur, delivering thioesters (4a-4i)
in good yields. Naphthyl methanol also participated successfully,
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yielding thioester 4k in 62%. Notably, heteroaryl methanols were
compatible with the reaction, giving thioesters 41 and 4m in good
yields.

We then turned our attention to exploring the scope of alkenes
in this three-component reaction (Fig. 2C). Using 3-phenylpropanol
(1a) as the primary alcohol component, a wide range of nucle-
ophilic alkenes were successfully converted into thioesters (5a-
5aa). 1,1-Disubstituted alkenes bearing various functionalities, such
as ester (5a-50), trifluoromethyl (5h), aryl halides (5i, 5j), and
heterocycles (51, 5n), were efficiently transformed into the corre-
sponding thioesters, with yields ranging from 62 % to 89 %. Notably,
the reaction selectively converted the 1,1-disubstituted nucle-
ophilic alkene, while leaving the tri-substituted nucleophilic coun-
terpart unaffected (5m). Mono-substituted, 1,2-disubstituted and
1,1,2-trisusbtituted alkenes also underwent effective conversion to
thioesters (5p-5u). However, cyclooctene exhibited low reactivity
under these conditions (5u). Remarkably, activated alkenes, includ-
ing vinyl ester, aryl ethylenes, and acrylamides were also suit-
able substrates for this transformation, leading to diverse thioester
products (5v-5z). Notably, gaseous ethylene could also participate
in the reaction when introduced via an ethylene balloon, although
the yield of the thioester (5aa) was low (35%).

To demonstrate the synthetic utility of this methodology, we
applied it to the late-stage functionalization of complex natural
products and pharmaceuticals (Fig. 3). Natural products contain-
ing olefin functionality, such as (-)-isopulegol, (+)-dihydrocarvone,
(-)-B-pinene, camphene, nootkatone, and citronellol all reacted
smoothly with 3-phenylproponol (1a) and sulfur, producing the de-
sired thioester (6a-6f) with high chemo- and regioselectivity. In
cases, where two alkene units were present, the reaction pref-
erentially targeted the electron-rich and less sterically hindered
alkene (6e). Notably, the tri-substituted alkene in cetronellol also
underwent the transformation efficiently (6f). Similarly, alkene de-
rived from pharmaceutical molecules, such as fenbufen, zaltopro-
fen, estrone, and indomethacin, were successfully incorporated into
the reaction, demonstrating high chemo- and regioselectivity for
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thioester formation (6g-6j). These results highlight the versatil-
ity of this approach in functionalizing complex molecules, offering
a valuable tool for the late-stage modification of bioactive com-
pounds.

A series of mechanistic experiments were conducted to eluci-
date the reaction mechanism (Figs. 4A-C). The reaction involving
3-phenylpropanol (1a), elemental sulfur and alkene 2a was delib-
erately stopped at an early stage to identify potential intermediates
(Fig. 4A, a). Analysis of the reaction mixture revealed that 15% of
1a was converted to 3-phenylpropanal (7, 11%) and thiocarboxylic
acid (8, 4%), with t thioester 3a forming at 40% yield. When alde-
hyde 7 was subjected to the same reaction conditions with sulfur
and 2a, it underwent complete conversion to thioester 3a (Fig. 4A,
b), as did thiocarboxylic acid 8 (Fig. 4A, c). These results indicate
that aldehyde and thiocarboxylic acid are key intermediates in the
reaction.

Further investigation revealed that aldehyde 7 was produced
early in the reaction, while thiocarboxylic acid 8 accumulated as
the formation of 3a slowed down (Fig. S5 in Supporting informa-
tion). Notably, aldehyde 7 could react with sulfur to yield thio-
carboxylic acid 8 under identical reaction conditions (Fig. 4A, d).
This suggests that aldehyde is an intermediate that undergoes fur-
ther transformation to thiocarboxylic acid. Direct conversion of 3-
phenylpropanol (1a) to aldehyde 7 was not observed (Fig. 4A, e),
but the presence of sulfur was essential for converting 1a to both
aldehyde 7 (11 %) and thiocarboxylic acid 8 (28 %) (Fig. 4A, f), with
release of H,S gas, as confirmed by lead acetate test paper (Fig.
S8 in Supporting information). This suggests that sulfur as both a
hydrogen acceptor and a sulfur source. While alkenes are known
to react with H,S under photochemical conditions to form thiols
[45,46], which can subsequently undergo coupling with alcohols
or aldehydes to form thioesters [20,22], no thioester formation was
observed when 1a and 1-hexanethiol (9) were reacted without sul-
fur (Fig. 4A, g). Even, in the presence of sulfur, the reaction of
1-hexanethiol 9 with 1a or aldehyde 7 did not efficiently afford
the thioester (Fig. 4A, g and h), suggesting that a thiol-based path-
way is less likely. Deuterium scrambling experiments further sup-
ported the involvement of hydrogen transfer in the reaction. Deu-
terium from labeled alcohols, 1a-D2 and 1b-D1, was incorporated
into products 3a and 3b, albeit at low levels (Fig. 4B, a and b).
Deuterium incorporation was not observed when using deuterated
solvent (Fig. 4B, d), but the addition of D,0 led to deuterium in-
corporation into 3a (Fig. 4B, c). These results suggest that H/D ex-
change occurs between the alcohol, D,0, and intermediate species
during the reaction, likely facilitated by the acidic nature of proto-
nated photocatalyst and reversible HAT [33,47-49].

Additionally, the reaction with cyclopropyl methanol (1c) pro-
duced 52% of the ring-intact thioester 3ab and 22% of the ring-
opening product 3aa (Fig. 4C, a), indicating the involvement of a
ketyl and/or acyl radical intermediate [33,50]. Similarly, the reac-
tion with cyclopropyl-substituted alkene 2b yielded both the ring-
opening product 5aa (12%) alongside the ring-remaining product
5z (11 %), suggesting the formation of a carbon radical through the
addition of a carbonyl thiyl radical to alkene 2b (Fig. 4C, b).

A plausible reaction mechanism based on the mechanistic in-
vestigations is proposed in Fig. 4D. The process begins with the
excitation of the decatunstate photocatalyst ([W]*~) by violet light,
generating a relaxed triplet excited state (wO) through intersystem
crossing (ISC) [51]. The excited state wO (E(WO/[W]>~)=2.44V vs.
SCE) then selectively activates the a-hydroxyl C-H bond of the pri-
mary alcohol (1) via HAT, affording the ketyl radical (R1) and re-
duced decatungstate (H*[W]°~) [37,52,53]. The reduced decatun-
state (Ht[W]>~) reacts with polysulfur to regenerate the ground
state ([W]*") and produce a hydropolysulfur radical (R2), which
participates in the subsequent steps of the reaction. The ketyl rad-
ical R1 undergoes HAT with the hydropolysulfur radical (R2), form-
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Fig. 4. Mechanistic investigations and proposed reaction mechanism. See Supporting information for details. @ GC yields with n-hexadecane as the internal standard. ®
Isolated yield, D% determined by 'H NMR; ¢ NMR yield determined using mesitylene as the internal standard.

ing an aldehyde intermediate (int-1), along with H,S and a poly-
sulfur species (S,_1) [54,55]. Alternatively, R1 may be oxidized by
wO to directly form the aldehyde intermediate (int-1) after the re-
lease of a proton [50]. The aldehyde intermediate (int-1) then un-
dergoes selective C-H bond activation by wO, generating an acyl
radical (R3). This R3 reacts with elemental sulfur to generate a

carbonyl thiyl radcial (R4) and polysulfur species (S,_1). The elec-
trophilic radical R4 adds to alkene 2, delivering a carbon radical
(R5). However, the direct reduction of R5 by H*[W]>~ is challeng-
ing due to their mismatched redox potentials [56]. Instead, the
thioester product (P) is formed through HAT from R2 to R5. Alter-
natively, the carbonyl thiyl radical (R4) could react with H*[W]>~
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to generate a thiocarboxylic acid (int 2), which can then act as hy-
drogen atom donor to R5, leading to the formation of the thioester
product.

In summary, we have developed a three-component reaction for
the efficient synthesis of thioesters from readily available feedstock
chemicals through photocatalyzed hydrogen transfer of primary al-
cohols under mild conditions. This approach enabled the rapid and
efficient formation of a diverse array of thioesters, demonstrat-
ing excellent functional group compatibility. The synthetic util-
ity of this method is examplified by its successful application to
in-corporate the thioester functional group into complex pharma-
ceuticals and natural products. We anticipate that this work will
advance the application of photocatalyzed hydrogen transfer of
primary alcohols, offering streamlined and sustainable synthetic
routes to access complex organic scaffolds.
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