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ABSTRACT: The development of a mild, atom- and step-economical
catalytic strategy that effectively generates value-added molecules
directly from readily available commodity chemicals is a central goal of
organic synthesis. In this context, the thiol−ene click chemistry for
carbon−sulfur (C−S) bond construction has found widespread
applications in the synthesis of pharmaceuticals and functional
materials. In contrast, the selective carbonyl thiyl radical addition to
carbon−carbon multiple bonds remains underdeveloped. Herein, we
report a carbonyl thiyl radical-based thioester synthesis through three-
component coupling from feedstock aldehydes, alkenes, or alkynes and elemental sulfur by direct photocatalyzed hydrogen atom
transfer. This method represents an orthogonal strategy to the conventional thiol-based nucleophilic substitution and exhibits a
remarkably broad substrate scope ranging from simple commodity chemicals such as ethylene and acetylene to complex
pharmaceutical molecules. This protocol can be easily extended to the synthesis of thiolactones, oligomer/polymers, and thioacids.
Its synthetic utility has been demonstrated by a two-step synthesis of the drug esonarimod. Mechanistic studies indicate that the use
of elemental sulfur to trap acyl radicals is both thermodynamically and kinetically favored, illustrating its great potential for the
synthesis of sulfur-containing molecules.

■ INTRODUCTION
The development of benign yet atom- and step-economical
catalytic methods for effective access to value-added
compounds from inexpensive and readily available feedstock
chemicals is a central goal of synthetic chemistry. In particular,
thioesters are of vital importance not only in organic synthesis
but also in materials, foods, cosmetics, antibiotics, and
biology.1−5 They serve as versatile synthetic intermediates for
acyl transfer reactions such as native chemical ligation6,7 and
Fukuyama reduction/coupling.8 In nature, acetyl coenzyme A,
a biologically important thioester, plays a crucial role in
protein, carbohydrate, and lipid metabolic processes.9 Current
methods for the synthesis of thioesters, however, mainly rely
on the condensation of carboxylic acids and thiols in the
presence of dehydrating reagents10 or acylation of thiols in the
presence of stoichiometric acylating reagents or metallic
additives,11,12 with considerable waste and byproducts
generated (Figure 1A). Greener processes have been
developed using aldehydes and thiols as the starting materials,
but stoichiometric amounts of oxidants are required in these
oxidative couplings.13,14 Notably, Milstein’s group recently
reported a waste-free catalytic dehydrogenative coupling of
alcohols or aldehydes and thiols to generate thioesters with
hydrogen gas as the sole byproduct.15 Although elegant, the
use of thiols as the starting material is not ideal due to their
unpleasant odor, unstable nature, limited commercial scope,
and high coordinating ability, which can deactivate transition-
metal catalysts.16

Elemental sulfur, the oldest fungicide, exists in ambient
conditions primarily as an eight-membered ring (S8). The
worldwide production of S8 exceeds 70 million metric tons per
year.17 Its abundant, nontoxic, nonvolatile, nonhygroscopic,
and odorless nature makes it an ideal source to introduce sulfur
atoms into organic molecules. Moreover, there is a strong
motivation to use elemental sulfur as a chemical feedstock
since a huge surplus of this material (approximately 7 million
tons annually) is in storage unused.18 However, elemental
sulfur exhibits limited solubility in most organic solvents, and
conventional activation of S8 normally involves high temper-
ature or strong acidic or basic conditions,17,19 which are not
compatible with thioesters.

Recent sporadic studies have shown that S8 can participate
in radical transformations to introduce sulfur atoms into
molecular scaffolds under mild conditions.18,20−25 Thiol−ene
click chemistry,26−28 in which thiyl radical species regiose-
lectively undergo anti-Markovnikov addition to a carbon−
carbon double bond, is among the most prominent and
efficient pathways to construct carbon−sulfur bonds. Inspired
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by the thiol−ene click chemistry, we wondered whether the
carbonyl thiyl radical intermediates were capable of similar
reactivity. While pursuing methods for photo-mediated direct
hydrogen atom transfer (HAT) catalysis,29−33 we envisioned
that an acyl radical generated from hydrogen abstraction from
aldehydes could add to S8 to deliver an electrophilic carbonyl
thiyl radical after S−S bond homolytic cleavage, at the same
time achieving radical polarity inversion. The electrophilic
nature of the carbonyl thiyl radical will unlock the reactivity
with a wide range of electron-rich feedstock chemicals (e.g.,
alkenes and alkynes) to produce various types of thioesters.
The cleaved polysulfur radical or carbonyl thiyl radical
intermediates formed in situ undergo reduction and proto-
nation with the reduced photocatalyst to deliver thiol or
thioacid intermediates, which will facilitate the reverse HAT
step in a polarity-matched fashion to accomplish the catalytic
cycle (Figure 1B). We herein report efficient three-component
coupling, which produces a wide range of thioesters from
feedstock aldehydes, alkenes, or alkynes and elemental sulfur
through direct photo-HAT catalysis based on decatungstate
anions ([W10O32]4−). Compared to existing protocols for
thioester synthesis, our method features not only orthogonal
reactivity to nucleophilic thiols but also a highly modular
synthesis using some of the most readily available feedstocks

(aldehydes, alkenes, alkynes, and elemental sulfur) as the
coupling partners in an atom-, step-, and redox-economical
fashion.

■ RESULTS AND DISCUSSION
We initiated our study using S8 as the sulfur source in
combination with 3-phenylpropanal 1a and alkene 2a
possessing a hydroxyl group that is sensitive in the conven-
tional nucleophilic thioester synthesis.34,35 After optimization
of the conditions, it was found that tetra-n-butylammonium
decatungstate (TBADT) was the optimal photo-HAT catalyst
delivering the desired thioester product 3a in 83% isolated
yield using CH3CN as the solvent at room temperature under
390 nm light irradiation for 24 h (Table 1, entry 1). Other
typical photo-HAT catalysts, such as eosin Y (Cat. 1) and
diaryl ketone sensitizer (Cat. 2) could also promote this
transformation in moderate efficiency in a metal-free manner
(entries 2 and 3). However, no reaction occurred with
pentacenetetrone (Cat. 3) or phenylglyoxylic acid (Cat. 4) as
the photocatalyst (entry 4). The amount of sulfur was
investigated (entries 5 and 6). Notably, product 3a was still
obtained with good yield when the amount of S8 was reduced
to 0.125 equivalent (entry 6), demonstrating the excellent
atom-efficiency of the transformation. The use of other

Figure 1. Sustainable synthesis of thioesters. (A) Prior state-of-the-art thioester synthesis. (B) Synthesis of thioesters from feedstock chemicals and
elemental sulfur. HMDSO: hexamethyldisiloxane.
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solvents led to inferior product yields (entries 7−10 and Table
S4). For instance, the use of either dimethylformamide (DMF)
or methanol resulted in the formation of by-products under
TBADT-based photocatalytic conditions (Figure S2). Further
control experiments illustrated that the photocatalyst and light
were all essential for achieving an effective transformation
(entry 11).

Having established the optimal reaction conditions, we
explored the scope of alkenes and alkynes, as well as the
aldehyde partners. An extremely broad range of thioesters was
effectively synthesized with moderate to excellent yields from
the corresponding alkenes, alkynes, or aldehydes as illustrated
in Figure 2. Unactivated alkenes containing unprotected polar
groups such as free OH or COOH that are problematic in the
conventional ionic pathway gave the desired thioester products
(3a and 3b) in excellent yields. The reaction could be applied
to a series of unactivated α-olefins bearing different
functionalities such as ether (3c), chloride (3d), ester (3e−
3h), amide (3i), ketone (3j), pentafluoroarene (3k), indole
(3l), silane (3m), and boronic ester (3n) groups, giving rise to
the corresponding thioester products in good yields. High
yields of products (3o−3w) were obtained from unactivated
1,1-disubstituted alkenes possessing different functional groups
such as nitrile (3q), benzenesulfonate (3r), ester (3s), amide
(3t), or ether (3u). Heterocycles such as benzimidazole (3v)
could be readily used. Base-sensitive terminal alkynes could
also be tolerated under our reaction conditions (3w). When a
cyclic alkene was subjected to the standard conditions, the

desired product (3x) could be obtained in 63% yield. Notably,
sterically demanding tri- or tetra-substituted unactivated
alkenes also reacted smoothly under the standard conditions,
providing the thioester products (3y and 3z) in moderate
yields. When activated alkenes containing either electron-
donating or electron-withdrawing groups were used as radical
acceptors, the desired thioester products (3aa and 3ab or 3ac
and 3ad) were obtained in moderate to good yields. Styrene-
type substrates such as styrene, 2-vinylnaphthalene, and 4-
vinylpyridine were also feasible to deliver the thioester
products 3ae−3ag in moderate yields. 1,4-Di(prop-1-en-2-
yl)benzene employed as a substrate gave the difunctionalized
product 3ah in 45% yield.

Importantly, gaseous ethylene was a competent partner for
this three-component coupling, accomplishing the ethyl
thioesters (3ai−3al) in good to excellent yields simply with
an ethylene balloon. This protocol offers a new avenue for the
direct conversion of ethylene into value-added chemicals in an
operationally simple and atom-efficient way. C2-C3 alkenes
possessing halogen atoms (bromine, iodine, and chlorine)
underwent the coupling reaction smoothly (3am−3ao). The
halogens are useful as synthetic handles for further
derivatization, e.g., through cross-couplings. This protocol
can also be extended to alkynes, and terminal alkynes were
effectively converted into the corresponding enethioates (3ap
and 3aq) in a mixture of Z/E isomers. Internal alkynes also
gave the desired enethioate (3ar) with low Z/E selectivity (E/
Z = 3:1). Notably, gaseous feedstock acetylene could undergo
consecutive difunctionalization to achieve dithioesters (3as
and 3at) by simply using an acetylene balloon, probably due to
the steric accessibility of the acetylene molecule.36,37

We subsequently evaluated the scope with respect to
aldehydes. Primary and secondary aliphatic aldehydes proved
to be competent starting materials to furnish the desired
thioesters in moderate to good yields. These aldehydes tolerate
a wide range of functional groups, such as ester (3av−3ax),
furan (3ay), free alcohol (3az), amide (3ba), and carbamate
(3be) groups. The tertiary alkyl aldehydes represent a
challenging class of aldehydes to generate acyl radicals,
which tend to decarbonylate to form a stable tertiary alkyl
radical.29−31 However, under our reaction conditions, tertiary
alkyl aldehydes exhibited good efficiency without the
formation of any decarbonylation byproduct (3bf and 3bg),
indicating an efficient radical trapping by elemental sulfur
when compared to decarbonylation. An α,β-unsaturated
aldehyde was also used to generate thioester 3bh, albeit in a
lower yield, due to the plausible oligomerization. Notably,
thioesters 3bi or 3bj could be obtained from acetaldehyde or
trioxane, respectively. Aromatic aldehydes are also suitable
substrates for the three-component coupling reaction.

Both electron-rich (e.g., methoxy) and electron-poor (e.g.,
trifluoromethyl, fluoro, and chloro) substituents were well
tolerated, and the corresponding products (3bk−3br) were
obtained in good yields. Heteroaromatic compounds, such as
thiophene, benzofuran, and pyrimidine, which are prevalent in
pharmaceutical molecules, can be incorporated in the
aldehydes, leading to the corresponding thioesters (3bs−
3bu) in moderate to good yields. Although competitive HAT
from other activated sites to excited TBADT can also occur as
a minor pathway (see below), the observation that when
cyclohexane, ethylbenzene, and tetrahydropyran instead of
aldehydes were subjected to the optimal reaction conditions,
only trace amounts or very low yields of thioether products

Table 1. Optimization of Three-Component Coupling to
Access Thioesters

entry variation from the standard conditionsa yieldb

1 none 83%
2 Cat. 1 (4 mol %) instead of TBADT, 456 nm kessil light

(40 W)
38%

3 Cat. 2 (5 mol %) instead of TBADT, white LED (18 W) 53%
4 Cat. 3 (5 mol %) or Cat. 4 (5 mol %) instead of TBADT,

white LED (18 W)
0%

5 S8 (0.375 equiv) 83%
6 S8 (0.125 equiv) 66%
7 acetone (0.1 M) 68%
8 DMF (0.1 M) 55%
9 MeOH (0.1 M) 20%

10 CH2Cl2 (0.1 M) 16%
11 without TBADT or light 0%

aStandard conditions: all reactions were carried out with 1a (0.3
mmol) and 2a (0.2 mmol) under the irradiation of 40 W 390 nm LED
light unless otherwise noted. bIsolated yields (based on 2a). LED:
light-emitting diode.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c13157
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/jacs.2c13157/suppl_file/ja2c13157_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c13157/suppl_file/ja2c13157_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c13157/suppl_file/ja2c13157_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c13157?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c13157?fig=tbl1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c13157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 2. Substrate scope of three-component coupling to directly access thioesters. Superscript a: Unless otherwise noted, reactions were
conducted under the standard conditions and isolated yields are given. Superscript b: For the gram-scale synthesis, 5 mmol of 2e was used and the
reaction was conducted for 36 h. Superscript c: Reactions were conducted for 48 h. Superscript d: Diastereometric ratio (d.r.) was determined by
the analysis of the 1H NMR spectrum of the crude reaction mixture. Superscript e: Reactions were conducted with 0.4 equiv S8 and 4 mol %
TBADT. Superscript f: 0.6 mmol of aldehyde and 0.8 equiv S8 was used. Superscript g: 0.2 mmol of aldehyde and a balloon filled with ethylene or
acetylene gas were applied. The yield was determined based on the aldehyde substrate. Superscript h: 0.2 mmol of aldehyde and 0.3 mmol of alkyne
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were detected (Figure S10), indicates that S8 is preferentially
trapped by the acyl radical, accounting for the selective
functionalization of aldehydic C−H bonds in the presence of
other activated C(sp3)−H bonds.

To showcase the synthetic practicability and robustness, we
further applied this protocol to direct late-stage modification of
a variety of complex pharmaceutical drugs and natural products
in a chemo- and regioselective fashion with excellent functional
group compatibility (Figure 3A). Olefin-containing natural
products and drug molecules such as sclareol (4), dihydro-
carvone (5), vinclozolin (6), ibrutinib (7), nootkatone (8),
and rotenone (9) or aldehydes including helional (10),
cyclamen aldehyde (11), vanillin (12), and derivatives from
trans-androsterone (13 and 14) readily participated in this
three-component transformation. Sensitive functionalities such

as free alcohols (4, 10−12, and 15), ketones (5, 8, 9, 13, and
14), and N-heteroaryl amine (7) were well tolerated,
highlighting reactivity orthogonal to the conventional thiol-
based nucleophilic substitution. When two competing alkenes
were presented in a single molecule, a site-specific thioester
was obtained from a reaction at the electron-rich and more
sterically accessible alkene site (8). Importantly, two
pharmaceutical aldehydes and alkenes could be simultaneously
incorporated into one molecule through the thioester linker
(15−18), suggesting the rich potential to apply the present
protocol to the preparation of antibody-drug conjugates and
biomolecule labeling.38 With their intrinsic three-dimensional
conformation, cyclic thioesters have been found to play a
pivotal role in multidisciplinary areas varying from bioactive
pharmaceutical ingredients to functional materials,1,39−41 but

Figure 2. continued

were used. E/Z ratios were determined by the 1H NMR analysis of the crude reaction mixture. Superscript i: Trioxane was used as the
formaldehyde equivalent and BCl3 was added into the reaction mixture upon completion.

Figure 3. Synthetic extensions and applications of thioester generation by HAT photocatalysis. (A) Incorporation of pharmaceutical molecules. (B)
Synthesis of thiolactones through radical cyclization. (C) Synthesis of oligomers/polymers through thioesterification. (D) Extension of the reaction
patterns. (E) Other synthetic applications.
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their synthesis remains challenging. We anticipated that the
application of this direct photo-HAT strategy to aldehydes
bearing an alkene unit would lead to cyclization through
intramolecular carbonyl thiyl radical addition (Figure 3B). In
fact, various fused-ring and monocyclic thioesters with
different ring sizes were successfully constructed (19−24).
Concentration-dependent intramolecular and intermolecular
cyclization of generated carbonyl thiyl radicals (23 and 24)
was observed.

We next examined the photo-HAT-initiated polymerization
using monomeric aldehydes bearing an alkene moiety (Figure
3C). Both 2-methylbut-2-enal and undec-10-enal underwent
polymerization to provide the polythioesters 26 (Mn: 1071;
PDI: 1.29) and 28 (Mn: 2462; PDI: 2.12) in 9−13 units of
monomers. It is worth noting that these thioester-based
polymers can easily undergo degradation or upcycling through
hydrolysis, aminolysis, thiolysis, and oxidative cleavage,42

which indicated an intriguing potential of our method for

Figure 4. Proposed mechanisms with supporting evidence. (A) Radical trapping experiment. (B) Radical clock experiment. (C) Investigation of the
possible thiocarboxylic acid intermediate. (D) Deuterium labeling experiments. (E) Plausible reaction mechanisms. (F) DFT-calculated energy
profile of the mechanistic pathway.
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the synthesis of eco-friendly materials. This three-component
coupling protocol can be further extended by trapping the
generated carbonyl thiyl radical intermediates by other
SOMOphiles, indicating an enormous potential to produce
various patterns of sulfur-containing value-added chemicals
(Figure 3D). For instance, the allylthioester (30) was
generated, albeit in a relatively lower yield by using allyl
phenyl sulfone (29) as a radical scavenger. In addition, in the
absence of an alkene, thiocarboxylic acids (31), an important
family of acylsulfur reagents, can be prepared in high yields
under our standard protocols.

The capacity of the present strategy was also illustrated by
the preparation of S-ethyl benzothioate 32 from 4-methox-
ybenzaldehyde and ethylene, which can be directly converted
to the commonly used photo-HAT catalyst 3343 through
Fukuyama coupling (Figure 3E). To further exhibit the
potential in pharmaceutical synthesis, esonarimod, an anti-
rheumatic drug,44 was assembled in a two-step fashion (Figure
3E). First, alkenoic acid 34 was readily synthesized from 3-
methylenedihydrofuran-2,5-dione and toluene through Frie-
del−Crafts acylation. Subsequently, a three-component cou-
pling of acetaldehyde, elemental sulfur, and alkenoic acid 34
successfully yielded esonarimod 35 in 60% yield.

To shed light on the reaction mechanisms, a variety of
control experiments were performed (Figure 4). The addition
of TEMPO (0.2 equiv) as a radical scavenger into the reaction
system generated the TEMPO-acyl adduct (36) in 14% yield,
revealing the involvement of an acyl radical intermediate in the
reaction process (Figure 4A). Meanwhile, a TEMPO-carbon
adduct (37) was detected by HRMS measurement, supporting
the formation of the carbon radical adduct by the addition of
the carbonyl thiyl radical to the alkene (Figure 4A). Notably, a
radical clock experiment led to the ring-opened dithioester 39
(Figure 4B) by consecutive difunctionalization involving
double carbonyl thiyl radical addition to the C�C double
bond of 38. Thiocarboxylic acid 40 was detected by HRMS,
revealing its presence during the reaction process (Figure 4C),
and it might serve as a HAT reagent to provide hydrogen to
the carbon-centered radical intermediates. Deuterium labeling
experiments indicated that the hydrogen source for a reverse
HAT could be the aldehyde or water, instead of the solvent
CH3CN (Figure 4D). The deuterium incorporation ratios
could be rationalized by a D/H exchange between water, D2O,
and [W10O32]5−-D+/H+.45,46

Based on the experiments described above, a possible
mechanism of this three-component coupling is proposed in
Figure 4E. The photo-excited *[W10O32]4− can abstract a
hydrogen atom from an aldehyde to give the acyl radical INT1
and a reductive intermediate H+[W10O32]5− (Ered = −0.97 V vs
SCE in MeCN).47 Then, the nucleophilic acyl radical INT1
reacts with elemental sulfur, giving rise to the sulfur radical
intermediate INT2. Compared to the reported data related to
the process of decarbonylation of pivaloyl radical and acyl
radical cyclization to form six-member rings,48,49 the rate
constant for an acyl radical trapped by S8 should be over 1.3 ×
105 s−1. This intermediate is fragmented into a carbonyl thiyl
radical INT3 through intramolecular cyclization (for more
discussion, see the Supporting Information, Section 10).
Subsequently, the electrophilic carbonyl thiyl radical INT3
adds to alkenes to deliver the carbon-centered radical
INT5.26−28 In addition, the carbonyl thiyl radical INT3
behaves as an oxidant and triggers a single electron transfer
event with H+[W10O32]5− to provide thiocarboxylic acid INT4

with concomitant regeneration of [W10O32]4−. A polarity-
matched HAT between the nucleophilic carbon-centered
radical INT5 and the generated thiocarboxylic acid INT4
furnishes the desired thioester 3.50 The electrophilic carbonyl
thiyl radical INT3 might also serve as a HAT reagent and
abstract the hydrogen atom from an aldehyde, giving
nucleophilic acyl radicals INT1. A measured quantum yield
of 6.34 indicated a radical chain mechanism (for details, see the
Supporting Information).

To further validate the proposed reaction mechanisms,
quantum chemical calculations were conducted at the density
functional theory (DFT) level. As shown in Figure 4F, the
obtained energy profile starts from the acyl radical INT1
generated in situ, which reacts with either an alkene or
elemental sulfur. Compared to the addition of INT1 to an
alkene via the transition state TS3′, the barrier of reacting with
elemental sulfur is only 8.58 kcal·mol−1 via transition state TS1
in acetonitrile, which is about 3 × 104 times faster judging by
its ΔΔG* = 6.12 kcal·mol−1. In addition, INT2 is a very stable
intermediate, indicating a both thermodynamically and kineti-
cally favored process. This again underlines the fact that
elemental sulfur is a great scavenger for acyl radicals. The
intramolecular cyclization of INT2, with its highest global
barrier in this reaction process, is the rate-determining step.51

The energy barrier for addition of the carbonyl thiyl radical
INT3 to an alkene was determined to be only 7.11 kcal·mol−1.
The barrier of HAT between thiocarboxylic acid INT4 and
carbon-centered radical INT5 is low, and this step is both
kinetically and thermodynamically favored due to the polarity
match (ΔG(INT5 → INT3) = −10.74 kcal·mol−1), and the
final thioester product can be obtained with the generation of
the carbonyl thiyl radical INT3. In addition, the radical INT3
could readily abstract a hydrogen atom from an aldehyde to
reproduce an acyl radical via TS5, supporting the radical chain
propagation in this reaction process.

■ CONCLUSIONS
We have developed efficient three-component coupling to
synthesize structurally diverse thioesters from readily available
aldehydes, alkenes, alkynes, and elemental sulfur through direct
photo-HAT catalysis. This protocol features several merits
including atom-, step-, and redox-economical synthesis, a
remarkably broad scope of available feedstocks, applicability to
late-stage functionalization of complex pharmaceuticals, and
reactivity orthogonal to conventional thiol-based nucleophilic
additions. The reaction can be easily diversified for the
synthesis of thiolactones, degradable thioester-based polymers,
and thioacids. We suggest that the establishment of carbonyl
thiyl radical chemistry based on the usage of elemental sulfur
through photo-HAT catalysis will unlock new opportunities in
organic synthesis, pharmaceuticals, and functional materials.
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