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n of carboxylic acids to free thiols
via radical relay acridine photocatalysis enabled by
N–O bond cleavage†

Dmitry L. Lipilin, Mikhail O. Zubkov, Mikhail D. Kosobokov
and Alexander D. Dilman *

Carboxylic acids and thiols are basic chemical compounds with diverse utility and widespread reactivity.

However, the direct conversion of unprotected acids to thiols is hampered due to a fundamental

problem – free thiols are incompatible with the alkyl radicals formed on decarboxylation of carboxylic

acids. Herein, we describe a concept for the direct photocatalytic thiolation of unprotected acids

allowing unprotected thiols and their derivatives to be obtained. The method is based on the application

of a thionocarbonate reagent featuring the N–O bond. The reagent serves both for the rapid trapping of

alkyl radicals and for the facile regeneration of the acridine-type photocatalyst.
Introduction

The development of mild and efficient protocols for carbon–
sulfur bond formation is a long-standing goal in organic
chemistry. Several methodologies have been introduced to
address the growing demand for this type of transformation in
the pharmaceutical industry and materials science.1–8 Modern
organocatalytic methods,1 transition metal catalysis2 and
currently rising photoredox catalysis3 were employed in various
C–S bond forming reactions. However, the majority of the
established methods deliver disubstituted suldes. The
production of sensitive free thiols usually requires additional
steps or auxiliary groups.4 At the same time, thiols have found
signicant application in polymerization and 3D printing5 and
nanoparticle stabilization6 and are extremely important for
biocompatible thiol–ene/yne “click” chemistry7 – one of the
general methodologies for polypeptide structure modication.8

The carboxylic group is ubiquitous in natural products,
peptides and drugs.9 Therefore, a mild transformation of the
carboxylic moiety to free thiol would be a valuable tool for drug
design and late-stage modication of bioactive compounds. At
the recent surge of visible light driven chemistry,10 multiple
preparative methods based on photoinduced radical decarbox-
ylation have been developed.11 Radicals generated in these
protocols were successfully used for carbon–carbon and
carbon–heteroatom bond formation. However, the photoredox
promoted thiolation of free carboxylic acids is challenging due
ry, Leninsky Prosp. 47, 119991 Moscow,

ESI) available. CCDC 2271075. For ESI
other electronic format see DOI:
to several reasons. A key problem is that the resulting thiols
efficiently quench alkyl radicals to form alkanes, which disrupt
the thiolation process (Scheme 1, top).12 Moreover, some low-
valent sulfur sources are unstable under strongly oxidative
conditions required for the oxidation of the carboxylate group.13

To avoid the alkyl radical quenching, the thiol should be
produced in a protected form, which would liberate the free
thiol only aer the radical process is completed. Therefore,
a delicate balance is needed: the protecting group on the sulfur
should be effective in preventing premature release of the thiol,
and, at the same time, it should be easily removed, preferably
without an additional synthetic step. As a result, known
approaches to the decarboxylative preparation of free thiols
require at least one additional derivatization, activation or
deprotection step (Scheme 1). For instance, benzothioamides
were recently reported as useful sulfur sources for decarbox-
ylative thiolation of redox-active esters (RAEs).14a In this case,
free thiols were liberated under basic conditions (path a). RAEs
were also coupled with tetrasuldes14b and thioacids14c to
provide masked thiols, which require a separate deprotection
step (path b). In these processes, preliminary synthesis of
RAEs11b,c is needed with the overall protocol being less practical.
Alternatively, the thiolation of free carboxylic acids can be
achieved by using specic sulfur-containing reagents (path c).
Thus, Alexanian discovered that acids can be subjected to direct
O–H hydrogen atom abstraction by the electron-decient
amidyl radical from amidoxanthates, and the thiol group is
then released in reaction with primary amines or alkoxides.15

Recently, we reported another thiolation method exploiting the
unique properties of 4-peruoropyridine disulde,12c but the
free thiols were later obtained in a separate photochemical
protocol upon treatment with NHC-borane.16 Finally, Pratt and
co-workers suggested trisulfur dioxides as suitable sulfur
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Conversion of carboxylic acids to thiols.

Scheme 2 Optimization studies. a Yields were determined by 1H NMR
parentheses. b Methyl-substituted thiocarbonate 3a-Me was isolated.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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donors providing unsymmetric disuldes, which give mixtures
of two thiols as a result of reduction.17

Overall, the existing protocols for the conversion of acids to
thiols are tedious and become inconvenient if further derivati-
zation is needed. Herein, we report an efficient one-pot protocol
for converting acids to thiols. A key idea of our method is to use
a thionocarbonate reagent allowing for the radical relay process
by virtue of facile cleavage of the N–O bond formally serving as
an “internal oxidant” (Scheme 1, bottom). For the activation of
carboxylic acids, we employed acridine-type photocatalysis,18

which in our case is facilitated by the reagent-determined
catalyst recycling. Thus, the reaction is based on the interplay
between the reagent and the photocatalyst, with the thiol being
released on mildly basic work-up.
Results and discussion

Isobutyric acid 1a was selected as a model substrate, and its
thiolation was evaluated using various reagents 2 in the pres-
ence of acridine photocatalysts (Scheme 2). Thionocarbonate
2a, which can be easily accessed from common reagents – thi-
ophosgene, N-hydroxyphthalimide and phenol,19 was found
optimal. The replacement of the phthalimide fragment by
smaller succinimide (2b) or diacetimide (2c) led to a drop in the
yield. The reagent with the dimethylamino moiety (2d) was
completely ineffective. Surprisingly, the performance of di-Boc-
substituted thionocarbonate 2e was similar to that of 2a with
86% isolated yield, but it was more expensive and difficult to
prepare. The replacement of the phenyl group with methyl (2f)
also resulted in a low yield. Acridine A-1 under irradiation of
violet light (400 nm) in methylene chloride was optimal. The
using CH2Br2 as an internal standard. Isolated yields are shown in

Chem. Sci., 2024, 15, 644–650 | 645
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Scheme 3 Scope of the reaction. Isolated yields are shown. Reaction conditions: 1 (0.5 mmol), 2a (0.75 mmol), A-1 (37.5 mmol, slow addition),
CH2Cl2 (2 mL), 60W 400 nm LEDs, 20 °C, 4 h. Workup conditions (for the synthesis of thiols 4): K2CO3 (5 mmol), MeOH (10 mL), H2O (2 mL), 20 °
C, 4 h. a 2 mmol scale reaction. b 10% of A-1 was used. c MeCN as solvent. d DMSO as solvent.
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progressive addition of acridine photocatalyst A-1 with a syringe
pump and the use of 1.5 equivalents of 2a signicantly
improved the reaction outcome; the product 3a was isolated in
85% yield. Bulkier catalysts A-2 and A-320 gave slightly dimin-
ished yields in comparison to A-1, while unsubstituted acridine
A-4 gave almost no product. The reaction did not proceed
without catalyst or light, and blue irradiation (450 nm) was not
enough to initiate the process. The addition of catalyst in one
portion also gave reduced yields. Importantly, reactions per-
formed under an argon or air atmosphere gave identical yields
and no traces of radical scavenging by oxygen were detected.
Correspondingly, all further experiments were carried out
under air.

With the optimized conditions in hand, we investigated the
scope of the decarboxylation–thiolation reaction (Scheme 3).
Initially formed thiocarbonates 3 can be smoothly converted to
corresponding thiols aer work-up with aqueous potassium
carbonate solution, and free thiols 4a–g were isolated. However,
since free thiols are smelly and prone to oxidation, it is more
convenient to isolate them in the protected form. Thus,
646 | Chem. Sci., 2024, 15, 644–650
compounds 3 derived from acids generating primary, secondary
and tertiary radicals were prepared in good yields. Some reac-
tions proceeding through the formation of primary radicals,
gave products in decreased yields (products 3i–k). The reaction
worked nicely with substrates having O-, S- and N-substituents
adjacent to the carboxylic group (products 3k–u). Due to the
instability of a-heteroatom-substituted alkylthiols, the corre-
sponding derivatives were isolated only in the form of thiocar-
bonates. The reaction tolerates a range of functionalities such
as free hydroxyl (3w), amide (3e) and halide (3n, q, ad, af)
groups. Pyridine (3p,q), pyrazole (3t), indole (3j), piperidine
(3e,f), oxetane (3v), benzodioxane (3o) and tetrahydrofuran (3k)
heterocyclic cores were compatible with the reaction condi-
tions. N-Protected amino acids were also successfully converted
into the corresponding thiocarbonates (products 3z, aa, ae).
Late-stage functionalization of lipid regulators gembrozil and
clobrate was successfully performed (products 3ab and 3ad).
Carboxylic groups of valproic acid (3ac), picamilon (3ag) and
herbicide 2,4-D (3af) were also replaced with the thiocarbonate
in good yields (Scheme 3, bottom).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Derivatization reactions. Isolated yields based on carbox-
ylic acids 1 are shown. Reaction conditions: (a) Cl2, AcOH, rt., 15 min;
(b) R-Hal (5 equiv.), K2CO3 (5 equiv.), reflux, 4 h; (c) amine (5 equiv.),
MeCN, 0 °C, 15 min; (d) Selectfluor, MeCN/H2O 10/1, 85 °C, 2 h. aYield
was determined by 1H NMR using CH2Br2 as an internal standard.

Scheme 5 Proposed mechanism.
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Unfortunately, ibuprofen (product 3ah) and other benzylic
acids cannot be thiolated, with almost no acid conversion
observed.
© 2024 The Author(s). Published by the Royal Society of Chemistry
To demonstrate the synthetic utility of the thiolation
method, we performed several one-pot transformations starting
from carboxylic acids 1 (Scheme 4). Importantly, thiocarbonates
3 can be further functionalized at the sulfur atom without
deprotection to free thiols. For example, treatment of regular
reaction mixtures containing 3 with chlorine and acetic acid
gave sulfonyl chlorides, which were directly combined with
amines affording sulfonamides 6a–c in good overall yields.
Carbonates 3 formed in situ can also be alkylated with various
electrophilic halides including butyl (5a) and allyl (5b)
bromides, ethyl bromoacetate (5c) and pteridine-derived
bromide (5d). The arylation reaction was performed by
aromatic halogen substitution of electron decient heterocycles
leading to oxadiazole (5e) and pyridine (5f, g) suldes. Finally,
under the action of Selectuor, the intermediate thiocarbonates
3 were smoothly converted into sulfonyl uorides (7a–c) valu-
able for the SuFEx click chemistry.21

The proposed reaction mechanism involving the photo-
catalytic decarboxylative cycle is shown in Scheme 5. In the rst
step, photoexcited acridine reacts with carboxylic acid via
a proton-coupled electron transfer (PCET) followed by decar-
boxylation with the formation of an alkyl radical, as previously
reported by the Larionov group.18 This radical attacks the
carbon–sulfur double bond of 2a followed by N–O bond
cleavage and generation of the phthalimide radical. We believe
that the latter species is responsible for the regeneration of the
acridine catalyst through consecutive electron (ET) and proton
(PT) transfer steps. To the best of our knowledge, this is the rst
case of acridine regeneration by nitrogen-centered radicals.
Previously, this possibility was shown only for sulfur-centered
radicals12c,18f,g and metal complexes.18a–e

To support the reaction mechanism, computational studies
of the thiolation of isobutyric acid were performed using
density functional theory. In Scheme 6, the calculated Gibbs
free energy prole is shown (blue path). The formation of alkyl
radicals on decarboxylation is a well-known exergonic process,
which was previously analyzed in detail.22 The interaction of the
isopropyl radical with thionocarbonate 2a is expected to
proceed through the addition intermediate Int-1, which was
located on the total electronic energy surface (orange path).
However, due to entropic contribution, this species may not be
a minimum on the reaction coordinate. Subsequent cleavage of
the N–O bond is highly exergonic, and from Int-1 it requires
only 4.4 kcal mol−1 (for TS-2) suggesting this to be extremely
fast. Interestingly, in intermediate Int-1, the spin density is fully
located on the phthalimide fragment (which corresponds to the
canonical structure with separated charges), thereby making it
predisposed for the formation of the phthalimide radical.

The catalyst regeneration step involves interaction of
phthalimide and acridinyl radicals resulting in two stable
closed-shell molecules. This step is highly favorable with
a driving force of 65 kcal mol−1, and is likely to be very efficient.
A single electron transfer can generate the acridinium cation
and phthalimide anion, and its barrier was estimated employ-
ing the Marcus theory to be 0.5 kcal mol−1, meaning that it is
virtually diffusion controlled. Direct hydrogen atom transfer
(HAT) between phthalimide and acridinyl radicals cannot be
Chem. Sci., 2024, 15, 644–650 | 647
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Scheme 6 DFT calculations of the reaction mechanism. Performed at the uB97XD/def2-TZVP/PCM(CH2Cl2) level of theory. Gibbs free energy
profile (blue); for selected intermediates, total electronic energy is given (orange). Energies are given in kcal mol−1.

Scheme 7 Substituent effects on the radical addition. Performed at
the uB97XD/def2-TZVP/PCM(CH2Cl2) level of theory. Energies are
given in kcal mol−1.
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ruled out, whichmay further be alleviated by contribution of the
electron transfer. Alternatively, two radicals may recombine
leading to intermediate Int-2, and a similar process for the
trapping of C-centered radicals was previously reported as the
pathway of catalyst degradation.20 However, in the case of Int-2,
its fragmentation is driven by aromatization of the acridine
system, and is favored by 13.8 kcal mol−1.
648 | Chem. Sci., 2024, 15, 644–650
To evaluate the importance of the nature of the alkyl radical
in its addition to thionocarbonates, we studied the energetics of
this step with various radicals and thione reagents (Scheme 7).
Increase of stability of the alkyl radical decreases the thermo-
dynamic efficiency of the addition (le part). For the benzyl
radical, the reaction is most unfavorable with the Gibbs free
energy of 27.6 kcal mol−1, while the enthalpy of benzyl radical
addition is about six times higher than that of the ethyl radical.
These values are consistent with the fact that the thiolation does
not proceed with benzylic acids. Besides, we have shown that
the phthalimide fragment makes a signicant contribution to
the destabilization of the intermediate Int-1 compared to
derivatives of more conventional thionocarbonates and
xanthates (right part). Indeed, replacement of the phthalimide
fragment of 2a with a methoxy group leads to a drop in the
Gibbs free energy by 9.5 kcal mol−1. In contrast, for conven-
tional thionocarbonates (Y = OMe), the phenoxy substituent
may favor the formation of the addition intermediate by 3.8 kcal
mol−1. However, for phthalimide-substituted reagents (Y =

ONphth), this effect virtually disappears, apparently, because of
the localization of the spin density on the phthalimide frag-
ment. This illustrates prole of the reaction by changing the
nature of the addition that the phthalimide not only serves for
the formation of the nitrogen-centered radical, but also may
change the energetics of the intermediate.

To validate the radical character of the thiolation protocol,
we conducted the model reaction in the presence of common
radical inhibitors (Scheme 8A). Thus, stable radical TEMPO
completely inhibited the reaction by absorbing the intermediate
isopropyl radical almost quantitatively forming product 8. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 8 Mechanistic experiments. Yields were determined by 1H
NMR using CH2Br2 as internal standard. Abbreviations: TEMPO,
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl; BHT, 2,6-di-tert-butyl-4-
methylphenol. a Isolated yield.
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addition of butylated hydroxytoluene (BHT) serving as
a hydrogen donor also considerably inhibited the process
affording only 39% of 3a along with 94% conversion of the
starting acid. Finally, presence of 1,1-diphenylethylene had
almost no deleterious effect on the yield of 3a. The radical clock
experiment with a-cyclopropyl substituted acid 10 afforded S-
alkenyl thiocarbonate 11 exclusively (Scheme 8B).

Conclusions

In summary, a practical method for the direct transformation of
carboxylic acids to thiols was developed. The use of acridine
photocatalysis in combination with a predesigned thionocar-
bonate reagent as a sulfur source is a key feature determining
the reaction efficiency. The process is based on a favorable
balance between several elementary steps including radical
addition, N–O bond cleavage, and photocatalyst regeneration.
The thiolation protocol allowed convenient one-pot conversion
of unprotected acids into a variety of valuable sulfur
compounds.
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