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ABSTRACT: Thioesters and related thiols are critically important to
biological systems and also widely employed in the synthesis of
pharmaceutically important molecules and polymeric materials.
However, known synthetic methods often suffer from the disadvantage
of being specific only to certain substrates. Herein, we describe a facile
decarboxylative thioesterification of alkyl acid derived redox-active
esters by merging photoredox catalysis and copper catalysis. This
reaction is applicable to a wide range of carboxylic acids, as well as
natural products and drugs, allowing for the synthesis of various thioesters with diverse structures, including tertiary ones that are not
accessible via traditional nucleophilic substitution from tertiary halides. Moreover, product utilization is demonstrated with a direct
transformation of thioesters to sulfonyl fluorides.

Thioesters and related thiols widely exist in nature and
biological systems,1 and they are also extensively employed

for the synthesis of sulfur-containing drugs and polymer
materials.2,3 In the past decades, the thiolation chemistry has
been a prominent and active branch of synthetic organic
chemistry.3,4 However, even though many methods are known
for thioester and thiol synthesis, they often suffer from the
disadvantage of being specific only to certain substrates. For
example, the traditional nucleophilic substitution reaction of
alkyl halides with sulfur nucleophiles is one of the most
employed methods, but failed when applied to tertiary halides
due to the steric hindrance and the competing elimination
reaction.5 Recently, alkyl carboxylic acid derived redox-active
esters (RAEs), such as N-hydroxyphthalimide (NHPI, A*)
esters, have been recognized as ideal type of alkyl radical
precursors for synthesis, by virtue of their wide availability and
structural diversity.6 Accordingly, a large number of decarbox-
ylative C(sp3)−C and C(sp3)−X (e.g., B, N, O, F etc.) bond
formation reactions have been developed in the past years.6−10

And the corresponding decarboxylative thiolation reactions9,10

have also been reported, including earlier studies by Barton in
the 1980s (Figure 1a).10 However, the pyridine or aryl groups in
the thioether products are difficult to remove to release the
corresponding alkyl free thiols, impeding further diversification
to other important thiol derivatives.
As a continuum of our effort on the development of diversity-

oriented decarboxylative reactions,11a we became interested in
transferring the structural diversity of abundant carboxylic acids
to thioesters, which are regarded as masked thiols1 and can be
readily converted to various pharmaceutically important groups
such as sulfides, sulfonamides, and sulfonyl fluorides.2 And, an
advantage of the radical decarboxylative thiolation over
traditional nucleophilic substitution reactions that can be

expected is the ability to utilize tertiary carboxylic acids.9

However, in our initial trials on the decarboxylative thioester-
ification with thiobenzoic acid under Fu’s reaction conditions9b

for decarboxylative thiolation or the conditions for a photo-
induced deaminative thiolation,11b we only observed a trace
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Figure 1. Photoinduced decarboxylative thiolation to sulfides (previous
work) and thioesters (this work).
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amount of the desired thioester product (Figure 1b), suggesting
the reactivity of thioacids (RCOSH) might be substantially
different from aryl thiols (ArSH). Therefore, we decided to
integrate a copper catalytic cycle12 into this transformation to
facilitate the C−S bond formation step. Herein, we report our
efforts toward this goal and the invention of an efficient
decarboxylative thioesterification reaction of redox-active esters
by merging photoredox catalysis and copper catalysis (Figure
1c). This reaction is applicable to a wide range of carboxylic
acids, including primary, secondary, and tertiary carboxylic
acids, as well as natural products and several pharmaceuticals. In
addition, the product utilization has been further demonstrated
in a direct transformation of thioesters to sulfonyl fluorides,
which are highly in demand recently in the related study in
chemical biology and molecular pharmacology.13

We commenced our study by using cyclohexanecarboxylic
acid derived redox-active ester (1) as the model substrate and
commercially available thiobenzoic acid (2) as the sulfur source
(Table 1). After an extensive screening of photocatalyst, copper

salt, ligand, solvent, base, light source, component ratio, etc. (for
details, please see the Supporting Information), a high yield was
finally accomplished for this decarboxylative thioesterification
by using [Ru(bpy)3]Cl2·6H2O as the photocatalyst and CuBr as
the copper catalyst with bipyridine/triphenyl phosphine (bpy/
Ph3P) as the ligands, in the presence of blue light irradiation
(Table 1, entry 1). The light proved to be critical to this
transformation. No reaction was observed when the reaction was
carried out in the dark (entry 2). Among the copper salts
screened,14 CuBr is crucial and gave the highest yields (entry 3).
Without triethylamine (Et3N) or [Ru(bpy)3]Cl2·6H2O, the
reactions became slow and yields dramatically dropped to 16%
and 46%, respectively. Notably, a range of common nitrogen and
oxygen ligands were examined14 aiming to improve the yield of
the desired product 3, and the combination of bpy and Ph3P was
found to give a clean reaction and the highest yield (entry 6 and
7 vs entry 1). The addition of molecular sieves (MS) is also
beneficial, which can suppress the hydrolysis of the product
(entry 8).
With the catalytic system successfully established, we next

examined the reaction scope with a variety of primary,
secondary, and tertiary acids (Scheme 1). The model reaction
proceeded well on 0.2 mmol scale, giving desired thioester 3 in

85% isolated yield. Other cyclic carboxylic acids with different
ring sizes (4−14), including cyclopropane (4 and 5), cyclo-
butane (6), cyclopentane (7), and cycloheptane (8), are also
suitable substrates. Notably, cyclic substrates with fluoride
substitution (9), a C−C double bond on the ring (10 and 12), a
ketone carbonyl group (11), and also a bridge cycle (14) all
reacted well under the standard conditions. Acyclic secondary
carboxylic acids (15 and 16) also reacted well with thiobenzoic
acid. Notably, tertiary acids such as simple pivalic acid (17) and
adamantane-1-carboxylic acid (18) are also suitable substrates,
including those with the carboxylic acid group at the five- and
six-membered ring site (19 and 20), which are difficult to
synthesize via traditional nucleophilic substitution from tertiary

Table 1. Reaction Conditions for Decarboxylative
Thioesterificationa

entry variations from the standard conditions yieldb

1 none 86%
2 No light N.R.
3 No CuBr trace
4 No Et3N 16%
5 No Ru(bpy)3Cl2·H2O 46%
6 No bpy 52%
7 No Ph3P 63%
8 No 3 Å MS 72%

aReaction conditions: 0.05 mmol scale in MeCN (0.5 mL), rt, under
the irradiation of 6 W blue LEDs. bDetermined by 1H NMR with
benzyl ether as an internal standard. N.R. = no reaction.

Scheme 1. Substrate Scopea

aReactions were performed on 0.2 mmol scale, and all yields represent
isolated yields.
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halides. In cases of primary acids, we could see a good functional
group tolerance to C−C double bond (22) or triple bond (23),
chloride (24), ether linker (25), ketone (26), and also ester (27
and 28). Dihydrocinnamic acids (29−31) and the acids with
one carbon extension (33) or abridged (34) also reacted well.
To our delight, this decarboxylative thioesterification can be well
applied to the modification of naturally occurring carboxylic
acids and several drugs (35−44). The transformation of amino
acid proline gave the thioester (38) in 45% isolated yield, while
the side-chain carboxylic acid group of aspartic acid and glutamic
acid could also be modified (39 and 40). Furthermore, the
carboxylic groups of drugs such as Fenbufen (41), Gemfibrozil
(42), and Indometacin (44) could be transformed readily to the
corresponding thioesters in good to high yields. As outlined in
Scheme 1, under this tandem photoredox and copper catalytic
system, various primary, secondary, and tertiary carbon radicals,
including benzylic radicals (16, 20, and 34) can all be readily
generated from the corresponding redox-active esters and
coupled subsequently with thiobenzoic acid to afford the
desired thioester products, allowing for a facile access to
thioesters and their important derivatives2 with diverse
structures.
The past few years have witnessed a fast-growing research

activity on the study of sulfonyl fluorides as selective probes in
the context of chemical biology and molecular pharmacology.13

Thiols are important precursors for the synthesis of sulfonyl
fluorides.13a,15 As exemplified in a scaled up reaction (Scheme
2a), the free thiol can be readily obtained upon in situ hydrolysis

with aq. NaOH after the decarboxylative thioesterification
finished. Considering the instability and unpleasant smell of free
thiols, we became interested to develop a direct conversion of
thioester to sulfonyl fluorides. After examined several reaction
conditions, we found that Selectcfluor (chloromethyl-4-fluoro-
1,4-diazoniabicyclo [2.2.2] octane bis(tetrafluoroborate)) is a
suitable reagent for this goal (Scheme 2, b). With this protocol,
primary, secondary, and also tertiary thioesters can be readily
converted to the corresponding sulfonyl fluorides (46−52) in
one step.
To gain a better understanding about this decarboxylative

thioesterification reaction, we first conducted a radical trapping
reaction with TEMPO under the standard conditions, which
showed no thioester 3 formed. The cyclohexyl radical generated

from the photoinduced decarboxylation was trapped by
TEMPO instead (53, Figure 2, a), suggesting a radical pathway

is operative. We next conducted a series of fluorescence
quenching experiments with the photocatalyst [Ru(bpy)3]Cl2·
6H2O.

14 Although no apparent fluorescence decrease was
observed with either CuBr or bpy/Ph3P ligand alone, the
addition of the CuBr/bpy/Ph3P combination resulted in a
significant fluorescent quenching (Figure 2b, left), indicating the
ligand coordination could make the Cu(I) more reducing. In
fact, Cu(I) complexes have been reported as a photoredox
catalyst able to reduce the redox-active ester via a single electron
transfer (SET).7f,12d,16 Notably, in contrast to the nitrogen or
oxygen nucleophiles,12d−g the thiobenzoic acid that was found
can effectively quench the fluorescence of the excited [RuII]
photocatalyst and, thus, could also act as an electron donor to
generate the highly reducing [RuI] which is required to reduce
the NHPI ester. Based on these results and the related
mechanistic studies in literature,12d−g,17 a possible mechanism
was outlined in Figure 2c. Under light irradiation, the
photocatalyst [RuII] is first excited and then accepts an electron
from LnCu(I) species (A), which can be easily formed from
CuBr and thiobenzoic acid by anion exchange in the presence of
base,18 to afford the corresponding highly reducing [RuI] and
the key CuII species (B). A single electron transfer from [RuI] to
the redox-active ester delivers the alkyl radical (R·), which can
be trapped by CuII B to generate the key intermediate C, which
then undergoes a reductive elimination to afford the desired
thioester products, while the incoming thiobenzoic acid can
regenerateA. Alternatively, *[RuII] can be reductively quenched
by thiobenzoic acid17b to generate [RuI], and the PhCOS·
generated concurrently can be trapped by LnCu(I)X species to
form B as well (for simplicity, not shown in the catalytic cycle).

Scheme 2. Hydrolysis to Free Thiol and Direct Conversion of
Thioesters to Sulfonyl Fluorides

Figure 2. Mechanistic studies and a possible mechanism.
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In conclusion, by merging photoredox catalysis and copper
catalysis, a visible light-mediated decarboxylative thiolation of
redox-active esters to thioesters has been successfully developed
for the first time. The reaction is applicable to a variety of alkyl
carboxylic acids, including primary, secondary, and tertiary ones,
as well as several amino acids and drugs, allowing for a facile
access to various thioesters and related thiol derivatives, which
are important compounds in medicinal and materials chemistry.
Moreover, product utilization has be demonstrated with a direct
transformation of the thioesters to sulfonyl fluorides. We
anticipate that this radical decarboxylative thioesterification will
provide a useful, complementary new approach to traditional sp3

C−S alkylation methods.
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