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In this study, we report the first development of metal catalyzed methylthiolation of chloroarenes and
diverse aromatic electrophiles, addressing the persistent challenges of catalyst and intermediate
deactivation in the functionalization of less reactive substrates. To overcome these issues, we designed
a novel anion-shuttle-type methylthiolation agent, 4-((methylthio)methyl)morpholine, which enables the
controlled in situ release of methylthiolate anions, thereby preventing catalyst poisoning and enhancing
reactivity. This strategy allows efficient methylthiolation not only of chloroarenes but also of a broad

range of aryl electrophiles, including bromoarenes, aryl triflates, aryl tosylates, aryl pivalates, aryl nitriles,
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Accepted 21st May 2025 and aryl carboxylic acids. The developed system exhibits excellent functional group compatibility, making

it applicable to the derivatization of pharmaceuticals and natural products. Furthermore, detailed
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Introduction

Arenes bearing methylthio groups are prevalent structural
motifs in pharmaceuticals, agrochemicals, and organic mate-
rials (Fig. 1A).* Notable examples include the antipsychotic drug
thioridazine and the natural aromatic sulfide lissoclibadin 1,
which features a unique disulfide bridge.>® Additionally,
compounds such as sulmazole and firocoxib are readily acces-
sible through oxidation of their methylthio groups.*® The
incorporation of methylthio units has also enabled functional
modifications of BODIPY dyes via methylthio and sulfoxide
functionalities.® Given the widespread occurrence in functional
molecules and their significant influence on molecular prop-
erties, the development of efficient methods for carbon-sulfur
(C-S) bond formation has become a key focus in synthetic
chemistry.”

In this context, transition-metal-catalyzed C-S cross-
coupling reactions have advanced significantly since the pio-
neering work of Migita and co-workers, who first reported
palladium-catalyzed alkylthiolation and arylthiolation of hal-
oarenes.® Subsequent studies have expanded this strategy to
various (pseudo)haloarenes, enabling the synthesis of diverse
sulfur-containing arenes.” However, methylthiolation of aryl
electrophiles, particularly less reactive ones, remains a major
challenge due to the volatility and toxicity of methanethiol, as
well as catalyst poisoning by thiolate species. To circumvent
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revealed key factors underlying the exceptional

efficiency of this

methylthiolation agent, providing new insights into C-S bond formation under practical conditions.

these issues, organic methylthiolation agents have been devel-
oped as alternatives to methanethiol. Nonetheless, most exist-
ing methylthiolation methods have been limited to highly
reactive bromoarenes and iodoarenes, while chloroarenes and
other less reactive aryl electrophiles remain challenging
substrates (Fig. 1B).'® To the best of our knowledge, the Jiang
group has primarily focused on bromoarenes, reporting only
a single example involving a chloroarene.” Morandi and our
group have demonstrated sulfide transfer reactions involving
aryl nitriles'” and in one case, esters® using nickel catalysis, Li
and co-workers reported the methylthiolation of aryl triflates via
a retro-Michael reaction that generates the methylthiolate in
situ.** Additionally, Shi and Huang's group reported one
example of methylthiolation for chloroarenes, aryl triflates, and
acid chlorides, although yields for the chloroarenes were
notably low.* These results underscore the continued difficulty
of achieving efficient methylthiolation of chloroarenes and
other less reactive aryl electrophiles, and highlight the need for
a more general, broadly applicable strategy.

This limitation is particularly pronounced in palladium-
catalyzed systems, where oxidative addition to less reactive
electrophiles proceeds slowly and with lower efficiency. Under
these conditions, excess thiolate nucleophiles, such as methyl-
thiolates, can coordinate to the palladium center, leading to
deactivation of the Ar-Pd-SR intermediate (Fig. 1C)."* As
a result, most current methylthiolation protocols remain
limited to highly reactive substrates like iodoarenes and bro-
moarenes, where the rapid formation and higher concentration
of oxidative addition complexes help mitigate catalyst deacti-
vation. Therefore, there is a pressing need to develop methyl-
thiolation agents and methodologies that can efficiently
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A. Functional Molecules containing Methylthio Groups and Their Equivalents
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B. C-SMe Bond Formation via Cross-Coupling and Useful Methylthiolation Agents
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C. Deactivation of Palladium in Methylthiolation Reactions
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D. Methylthiolation Reactions with Chloroarenes and Various Electrophiles Using Anion-Shuttle-Type Methylthiolation Agents: This work
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(A) Functional compounds containing methylthio groups and related structures. (B) Cross-coupling strategies for C—SMe bond formation

with aryl electrophiles and common methylating agents. (C) Palladium catalyst deactivation in methylthiolation reactions. (D) Methylthiolation
reactions with chloroarenes and various electrophiles using an anion-shuttle-type methylthiolation agent (this work).

functionalize less reactive aryl electrophiles, such as chloroar-
enes, under practical conditions.

To address these challenges, we designed a novel methyl-
thiolation agent capable of regulating methylthiolate release
(Fig. 1D). By leveraging the nucleophile-releasing properties of
tertiary amines at the a-position, we developed a system in
which the methylthiolates generated could nucleophilically
coordinate to the metal catalyst without causing deactivation.
This system operates via a dynamic equilibrium between the
methylthiolate and an iminium ion, effectively minimizing the
concentration of free methylthiolate available to interact
undesirably with the metal catalyst or its intermediates."”
Herein, we report the first systematic study of the metal-
catalyzed methylthiolation of chloroarenes and diverse aryl
electrophiles using this anion-shuttle-type reagent.

Results and discussion

Methylthiolation agent 1 was synthesized in large scale (100
mmol) in high yield (72%) from inexpensive, commercially
available morpholine and chloromethyl methyl sulfide (Fig. 2A).
The product is a colorless liquid that requires no column
chromatography for purification and can be easily purified by
distillation. This approach eliminates the need for meth-
anethiol or its salts, thereby avoiding issues related to volatility
and odor. Using Pd catalysis with methylthiolation agent 1, the

1560 | Chem. Sci, 2025, 16, 1155911567

methylthiolation of haloarenes was explored (Fig. 2B). Treat-
ment of 1-bromonaphthalene (Br-2a) with 1 (1.5 equiv.) under
Pd(OAc), (5.0 mol%) and xantphos (10 mol%) catalysis, along
with Cs,COj3 (2.0 equiv.) in toluene at 120 °C for 12 h, afforded
the desired methylthionaphthalene (3a) in excellent yield (96%,
detailed optimization provided in the ESIf). This result
confirmed that 1 is an effective methylthiolation agent under
these conditions. In contrast, the reaction of ortho-methyl-
substituted bromonaphthalene Br-2b under similar conditions
gave only trace amounts of the product. However, the addition
of zinc improved the yield to 91%.

Given that efficient reactivity observed with bromoarenes, we
next investigated the more challenging chloroarenes, which
have been rarely explored for methylthiolation. Without zinc,
the reaction of Cl-2a exhibited minimal progress (2% yield),
whereas the addition of zinc significantly improved the yield to
53%. Although zinc may function as a reductant for Pd(u), the
lack of reactivity observed with stronger reductants such as Mg
and Mn suggests that zinc's role is not solely as a simple
reductant. It was further hypothesized that Zn>*, generated by
the reduction of Pd(u), might facilitate the reaction. However,
the addition of Zn®* salts had no significant effect. The precise
role of zinc in this reaction remains unclear and will be dis-
cussed in detail later (in Fig. 4B).

With these findings, the methylthiolation of not only chlor-
oarenes but also a diverse range of aryl electrophiles using the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A. Large-scale Synthesis of Methylthiolation Agent 1
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C. Optimization of Methylthiolation Conditions Across Various Aryl Electrophiles
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Fig. 2 (A) Large-scale synthesis of methylthiolation agent 1 from
morpholine and chloromethyl methyl sulfide. (B) Methylthiolation of
haloarenes using Pd catalysis with agent 1. (C) Optimization of
methylthiolation conditions across various aryl electrophiles. Xant-
phos: 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene. dppf: 1,1'-
bis(diphenylphosphino)ferrocene decypt: 3,4-bis(dicyclohex-
ylphosphino)thiophene. dcype: 1,2-bis(dicyclohexylphosphino)
ethane.

novel methylthiolation agent 1 was further investigated. The
optimized conditions were found to be effective for bromoar-
enes, aryl triflates, tosylates, pivalates, aryl nitriles, and aryl
carboxylic acids, demonstrating the broad applicability of this
catalytic system to various electrophiles with different reactivity
profiles (Fig. 2C). For bromoarenes, the conditions outlined in
Fig. 2B were found to be optimal. For chloroarenes and aryl
triflates, ligands with large bite angle proved effective, with dppf
providing high yields."® Ni catalysis demonstrated high effi-
ciency for tosylates and mesylates, affording the desired meth-
ylthiolated product 3c in excellent yields (caution: scaling up

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reactions in diethyl ether at high temperatures should be
avoided unless appropriate equipment is used). Similarly, Ni
catalysis with the dcypt ligand enabled efficient activation of
C-O bonds in pivalates, producing methylthiolated product 3¢
in a good yield."* All of the Ni catalysis described herein
employed Ni(cod),. Although Ni(u) salts were also tested, the
reactions proceeded with reduced efficiency for triflates and
pivalates, while no reaction occurred for tosylates and mesylates
(for details, see the ESIT). In contrast, Pd catalysis facilitated the
methylthiolation of aryl nitriles with good yields, while Ni
catalysis enabled methylthiolation of aryl carboxylic acids,
albeit with lower yields.*® Notably, this study represents the first
example of Pd-catalyzed sulfidation of aryl nitriles.

Based on the reaction conditions described in Fig. 2C, the
substrate scope of aryl electrophiles was further explored
(Fig. 3). Initially, we examined naphthalene, anthracene, and
polycyclic aromatic hydrocarbon (PAH) electrophiles. Under
optimized conditions, Cl-2a afforded the desired product 3a in
an excellent yield of 96%. The triflate derivative also gave the
product in high yield, while tosylate and mesylate derivatives
provided the product 3a in moderate yields but confirmed the
reaction's applicability. During the investigation of commer-
cially available aryl electrophiles, we primarily used bromoar-
enes due to their widespread availability. The reaction also
proceeded efficiently with anthracene (3d and 3e), phenan-
threne (3f), and pyrene (3g). Notably, when cyanopyrene was
used as a substrate, a decyanative methylthiolation reaction
occurred, affording 3g in 43% yield.

Next, we explored benzene derivatives and functionalized aryl
electrophiles. Substituted benzene derivatives afforded the cor-
responding methylthiolated products in good yields (3h and 3i).
Expanding the substrate scope, we tested biphenyl derivatives,
finding that bromo, chloro, and triflate derivatives reacted
smoothly. However, tosylate and pivalate derivatives exhibited
significantly lower yields of 3j compared to naphthalene deriva-
tives. This decreasing yield is likely due to the higher aromaticity
of biphenyl relative to naphthalene, which makes oxidative
addition more challenging. Cyanated biphenyl derivatives
provided 3j in moderate yields. Reactions involving biphenyl
derivatives with meta- or para-substituted phenyl groups pro-
ceeded efficiently, affording the products in moderate yields (3k-
31). However, for ortho-disubstituted haloarenes, including both
bromo and chloro derivatives, the reaction barely progressed,
likely due to steric hindrance at the catalyst's active site. The
methylthiolation reaction also exhibited broad functional group
compatibility, successfully delivering the methylthiolated prod-
ucts without affecting ketone (3n), esters (30, 3p and 3q), nitro
group (3r), and alcohol (3s).

Next, we investigated heteroaromatic electrophiles. Chloro-
substituted pyridine reacted efficiently under the optimized
conditions, affording 3t in 65% yield. Owing to the high vola-
tility of the product, the yield was determined by '"H NMR
spectroscopy. The reaction also proceeded with other pyridines
(3u), quinolines (3v and 3w), dibenzothiophene (3x), and thio-
phene (3y). However, the corresponding tosylate and mesylate
derivatives remained unreactive under these conditions. The

Chem. Sci., 2025, 16, 11559-11567 | 11561


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc01428j

Open Access Article. Published on 22 May 2025. Downloaded on 3/28/2026 4:24:57 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

©p ¢ g~ —ge(—
(0]
3

2 1

Me

SMe SMe

O

Naphthalene, Anthracene, and Polycyclic Aromatic Hydrocarbons (PAHS)

View Article Online

Edge Article

SMe

SMe SMe

3a 3b 3c 3d 3e 3f 3g
Br :85% OTs :35% Br:91%? Br :86% OMs :89% Cl : 96% Br:98% Br:95% Br :82%
Cl :96% OMs :43%? Cl :99% OPiv:73% CN :43%
OTf : 79% OTf:85% CN :77%
OTs:93% CO,H: 26%
Benzenes with Alkyl or Reactive Functional Group Substituents
| Me
/©/SM9 Bu SMe /©/8Me SMe @KSMe MeO. SMe C[SMe
By \©/ Ph Ph \©/ i Me
Bu Ph OMe
3h 3i 3j 3k 3l 3m :
Cl : 65%° Br:66% Br :91% OTs :6% Br :82% Br :65%P" Cl:98% H Cl: <5%?
Cl :88% OPiv : 14% OTf : 54% OTf : 49% '
OTf:80% CN :51% !
o ! OMe
SMe SMe SMe SMe SMe SMe | SMe
Oy o 0 " QU
MeO. MeO. H
e a ON ; OMe
Me o] o OH :
o 3n 30 3p 3q 3r 3s
Br:80% Cl:61% OTf : 60% OTf : 82% Cl:47% Cl:59% Br: 0%?
OPiv: 29%
Heteroarenes
SMe "
| ~-SMe i ~SMe | Ny -SMe | N -SMe O MSMe " {/N SMe
e
N Me N — N2 S = \ %
: v
3t 3u 3v 3w 3x 3y 3z
Cl: 65%7 Cl : 40% Cl :85% Br:93% Br:74% Br : 86% Cl : 45%
CN :14%
Natural Products and Pharmaceutical APls
MeoN
M
o e o Me \/\
SMe ” SMe e L0 SMe SMe SMe N SMe
| A g X 980l
H
Ph” "O o0~ "0 Me” O~ ~O OMe = OMe S
o o
3A 3B 3C 3D 3E 3F
Cl:98% OTf : 47% Cl:76% OTf : 65% OTf : 96% Cl:81%
from Flavone from Coumarin from Fenofibrate from Vanillin from Eugenol from Phenothiazine
SMe SMe SMe

?\/o Me

3G
OTf : 72%
from Estrone

3H
OTf : 50%°
from Estrone

SMe
- X
cl ;—NC@K MeS TN \s
3l

3J
Cl, Br : 70%"
from Ticlopidine

Br : 74%°
from Ticlopidine

Fig. 3 Substrate scope. Reaction conditions: for bromoarenes; 2 (0.2 mmol), 1 (0.3 mmol), 5.0 mol% Pd(OAc),, 10 mol% xantphos, Cs,COs (0.4
mmol), toluene, 120 °C for 12 h. For chloroarenes; 2 (0.2 mmol), 1 (0.3 mmol), 5.0 mol% Pd(OAc), 10 mol% dppf, Zn (0.4 mmol), Cs,COs (0.4
mmol) toluene, 150 °C for 12 h. For aryl tosylates and mesylates: 2 (0.2 mmol), 1 (0.3 mmol), 5.0 mol% Ni(cod),, 10 mol% dppf, Cs,CO3 (2.0 equiv.),
Zn (2.0 equiv.), Et,0, 150 °C for 12 h. For aryl pivalates; 2 (0.2 mmol), 1 (0.3 mmol), 10 mol% Ni(cod),, 20 mol% dcypt, Cs,CO3 (0.4 mmol), Zn (0.4
mmol), toluene, 150 °C for 12 h. For aryl cyanides, 2 (0.2 mmol), 1 (0.3 mmol), 5.0 mol% Pd(OAc),, 10 mol% dcype, NaO'Bu (0.4 mmol), Zn (0.4
mmol), toluene, 150 °C for 12 h. For aryl carboxylic acids; 2 (0.2 mmol), 1 (0.3 mmol), 10 mol% Ni(cod),, 20 mol% dcypt, Piv,O (0.24 mmol), Zn (0.4
mmol), toluene, 150 °C for 12 h. ?10 mol% Pd(OAc),, 20 mol% dppf were used. ®Zinc was added. 0.4 mmol scale. “Yield was determined by *H

NMR. €1 (0.6 mmol, 3.0 equiv.) was used. 24 h.

only exception was 2-cyanoquinoline, which afforded the
methylthiolated product 3v in low yield (14%).

To further enhance the practical utility of this methyl-
thiolation reaction, we applied it to substrates derived from
natural products and pharmaceutical APIs with diverse

1562 | Chem. Sci,, 2025, 16, 11559-11567

functional groups. In these cases, tosylate and pivalate deriva-
tives again showed low reactivity, so most reactions were con-
ducted using chloro or triflate derivatives.

Aryl electrophiles containing flavone and coumarin skele-
tons underwent smooth methylthiolation, affording 3A and 3B.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Similarly, substrates such as fenofibrate (3C), vanillin (3D),
eugenol (3E), and phenothiazine derivative (3F)—which feature
ester, ketone, aldehyde, olefin, and amine functionalities—were
successfully methylthiolated without compromising the integ-
rity of these functional groups. For estrone, the ketone moiety
was reactive under standard conditions; however, when pro-
tected as an acetal, the triflate derivative afforded 3G in good
yield. Additionally, converting the ketone into an enol triflate
and reacting it with 3.0 equiv. of methylthiolation agent 1
enabled efficient dual methylthiolation, affording 3H in high
yield. These results demonstrate that the developed conditions
are applicable not only to aryl electrophiles but also to enol
triflates,** representing, to the best of our knowledge, the first
example of methylthiolation of enol triflates. Finally, when
ticlopidine was used as a substrate, reacting it with 3.0 equiv. of
1 for 12 h afforded the mono-methylthiolated product 3I.

A. Effects of Excess Amonunts of Methylthiolate

Cl

5.0 mol% Pd(OAc),
10 mol% dppf

Cs,CO; (2.0 equiv) SMe
Zn (2.0 equiv) O
toluene O
150 °C, 12h
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Extending the reaction time to 24 h selectively gave the di-
methylthiolated product 3J. It should be noted that while
Cs,CO; was added in most reactions, certain substrates did not
require its presence. Although it is presumed that the base
primarily facilitates the exchange of the anionic species before
the methylthiolate reacts with the metal-aryl complex following
oxidative addition, its precise role remains unclear (for details
on substrate-dependent variations, see the ESIT). In addition,
although zinc was added in all reactions, there were substrates
for which its presence had no significant effect, and the reaction
proceeded even in its absence. Zinc appeared to be particularly
effective for sterically hindered substrates or those for which
oxidative addition is challenging (for details, see the ESIT).

In this methylthiolation reaction, three key mechanistic
questions emerged: (1) does the methylthiolation agent effec-
tively regulate the concentration of the methylthiolate, keeping

D. Generation of Methylthiolate
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C. Zinc as a Reducing Agent for Disulfides
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E. The fate of the iminium ion

Cl
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(A) Investigation of the role of methylthiolate concentration using sodium methanethiolate under optimized conditions. (B) Examination

of zinc's role in the reaction. The red bars and numbers indicate the yield of the methylthiolated product 3, while the blue bars and numbers
represent the recovery rate of the starting material. (C) Zinc as a reducing agent for disulfides. (D) Generation of methylthiolate. (E) The fate of the
iminium ion. °The product contains c.a. 10% of a regioisomeric methylthiolated compound.
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it low? (2) Why does the addition of zinc significantly improve
the reaction yield? (3) How is the methylthiolate generated from
1? To address these, we performed a series of mechanistic
investigations. First, to investigate the concentration of the
methylthiolate, to evaluate the effect of methylthiolate
concentration, we performed control experiments (Fig. 4A).
Under the optimized conditions using 1.5 equiv. of methyl-
thiolation agent 1 and Cl-2a, product 3a was obtained in 96%
yield. However, when 1.2 equiv. of sodium methanethiolate
(NaSMe, 15% in water, 100 pL) was added, the yield of 3a
dropped to 26%, with 64% the starting material Cl-2a recovered.
To assess the role of water, we added 100 pL of water under
otherwise identical conditions; in this case, the yield increased
to 60%, indicating that the NaSMe itself—not water alone—was
detrimental to the reaction. Furthermore, using 2.5 or 5.0 equiv.
of agent 1 led to lower yields (74% and 53%, respectively) and
substantial recovery of Cl-2a, highlighting that excessive thio-
late negatively impacts catalysis. These findings -clearly
demonstrate that controlling the thiolate concentration is
crucial for maintaining catalyst activity.

Next, we investigated the role of zinc in the reaction (Fig. 4B).
Without zinc, Cl-2m remained largely unreacted (75% recovery),
and only 5% of product 3m was formed. When 2.0 equiv. of zinc
was added, the yield improved dramatically to 98%. Replacing
Pd(OAc), with Pd(dba), (a Pd° complex) resulted in only 45%
yield, but adding zinc to this system raised the yield to 90%.
Furthermore, we confirmed that using Mn or Mg did not
promote the reaction (see the ESIT). These results indicate that
zinc acts as a reductant to generate Pd(0) from Pd(u), but also
provides an additional beneficial effect.

We hypothesized that trace disulfides, generated by palla-
dium catalyst or intermediates, may deactivate the catalyst and
zinc might restore activity by reducing these disulfides.* To test
this, we added 10 mol% dimethyl disulfide to the Pd(dba),-
catalyzed reaction. The reaction was completely inhibited, and
the starting material was fully recovered—even in the presence
of zinc. Using Pd(OAc), and zinc allowed the reaction to
proceed, albeit with a reduced yield (33%). These observations
suggest that dimethyl disulfide poisons Pd(0) catalysts, likely
through strong coordination. Pd(u) is also inhibited, though to
a lesser extent, possibly after its in situ reduction to Pd(0).

To further explore the zinc-disulfide hypothesis, we per-
formed the reaction using dimethyl disulfide as a methyl-
thiolation agent (Fig. 4C). Without zinc, no reaction occurred.
However, with zinc (2.0 equiv.), 3a was obtained in 60% yield.
For this reaction as well, it was confirmed that Mn and Mg had
no effect and 3a was not obtained (see the ESIf). We then
synthesized Zn(SMe), by heating dimethyl disulfide with zinc in
DMSO at 150 °C, affording a white, odorless solid. Although
Zn(SMe), was insoluble in toluene, it gave 3a in 80% yield under
standard reaction conditions, with 12% starting material
remaining. While Zn(SMe), was not more effective than agent 1,
its thiolation reactivity suggests that it may act as a methyl-
thiolating species. However, since dimethyl disulfide was not
detected in the catalytic system, Zn(SMe), is unlikely to be the
dominant active species.
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We then examined the conditions for generating the meth-
ylthiolate from agent 1 (Fig. 4D). Since its formation is expected
to produce an iminium ion, we used 4-methoxyphenol, a known
iminium trap, to monitor this process. Heating agent 1 with 4-
methoxyphenol at 150 °C afforded adduct 4 in 92% yield. The
yield decreased to 45% and 29% at 120 °C and 80 °C, respec-
tively, and was negligible at 50 °C or room temperature. Time-
course monitoring confirmed that 4 was gradually formed
over 4-6 hours. These results show that thermal generation of
methylthiolate is efficient above 80 °C, with 150 °C being
optimal.

Finally, we probed the behavior of the iminium ion (Fig. 4E).
After methylthiolation of Cl-2a, addition of 4-methoxyphenol
afforded 4 in 26% yield, confirming the generation of the cation.
Interestingly, adding Cs,CO; to the mixture of 4 and 4-
methoxyphenol led to a similar yield, suggesting that the base
may also trap the cation, although the exact mechanism
remains unclear. In contrast, using 1,4-dimethoxybenzene did
not yield any trapping product, indicating that the iminium ion
does not react significantly with less nucleophilic aromatics
such as chloroarenes under the reaction conditions (see the
ESIY).

In summary of these mechanistic studies clarify that: (1)
agent 1 maintains a low steady-state concentration of methyl-
thiolate, which is essential to avoid catalyst deactivation. (2)
Zinc acts both as a reductant and as a scavenger for inhibitory
disulfides, enhancing overall efficiency. (3) Methylthiolate is
thermally released from agent 1 via a reversible process that
also generates an iminium ion.

Based on the results, we propose the reaction mechanism
shown in Fig. 5A. First, Pd(u) is reduced to Pd(0) species A by
zinc. Subsequently, oxidative addition of Pd(0) to the aryl elec-
trophile 2 forms complex B. Methylthiolation agent 1 undergoes
thermal decomposition to generate the methylthiolate and an
iminium ion in equilibrium. The methylthiolate undergoes
nucleophilic metallation (ligand exchange) with complex B, and
in certain substrates, Cs,CO; facilitates this exchange process,
forming Pd-SMe complex C. If the concentration of the meth-
ylthiolate becomes too high, deactivation occurs via formation
of the anionic complex D.** Complex C that avoids conversion to
complex D undergoes direct reductive elimination, affording
the desired methylthiolated product 3 and regenerating Pd(0) to
complete the catalytic cycle.

For less reactive aryl electrophiles, oxidative addition is
slower, allowing free methylthiolate to coordinate directly with
Pd(0), forming an inactive Pd(SMe), species.>* Although reduc-
tive elimination from this species can regenerate Pd(0) and
dimethyl disulfide, the reaction is reversible and proceeds
slowly. However, the dimethyl disulfide generated can be
reduced by zinc, thereby shifting the equilibrium toward
productive catalysis and enabling smooth turnover of the
reaction.

Additionally, we explored simple derivatizations of the ob-
tained methylthiolated products (Fig. 5B).>* When 1.0 equiv. of
mCPBA was added to 3¢, the product was efficiently converted to
sulfoxide 5 in good yield. Increasing the amount of mCPBA to
2.0 equiv. afforded the sulfone 6 in high yield.
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A. Proposed Reaction Mechanism
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B. Oxidation of Methylthio Groups
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6:91%

ACcOEY/CH,Cl,
5°C, 30 min

3c
mCPBA (3.0 equiv)

AcOEY/CH,Cl,
5°C, 30 min

Fig. 5

Finally, as an extension of the methylthiolation agent's
application, we synthesized reagents in which the methylthio
group was replaced with other alkyl or phenyl groups. These
modified reagents were then evaluated for thioalkylation and
thiophenylation of chloroarene Cl-2¢. For alkyl-substituted
reagents, the reaction proceeded efficiently, affording 7. Even
with a bulky adamantyl group, the transformation occurred
smoothly to give 8. Similarly, thiophenylation was successful,
affording 9 in 45% yield.

Conclusions

In this study, we developed a highly efficient methylthiolation
method for chloroarenes and diverse aryl electrophiles using
a novel methylthiolation agent synthesized from inexpensive,
commercially available reagent. This agent facilitates methyl-
thiolation without the use of volatile and odor-intensive meth-
anethiol. Given the scarcity of successful methylthiolation
examples for chloroarenes, we first established the applicability
of our method to bromoarenes and then expanded its scope to
the more challenging chloroarenes. Furthermore, the method
proved effective for other less reactive aryl electrophiles,
achieving efficient C-S bond formation despite their inherently
lower reactivity. Zinc was found to serve dual functions: facili-
tating the reduction of Pd(u) to Pd(0) and scavenging trace
disulfides, thereby enhancing the reaction efficiency. Mecha-
nistic investigations revealed that methylthiolates are generated
through a thermally driven equilibrium, which is crucial for the
reaction's success. Furthermore, the method demonstrated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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C. Application to Other Thiosulfide Reagents
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(A) Proposed mechanism. (B) Oxidation of methylthio groups. (C) Application to other thiosulfide reagents.

excellent functional group compatibility, accommodating
complex structures found in pharmaceuticals and natural
products, underscoring its versatility and synthetic utility.

This first systematic study on the methylthiolation of chlor-
oarenes and other less reactive aryl electrophiles provides
a robust and practical protocol for methylthiolation with broad
substrate scope and functional group tolerance, significantly
expanding the toolbox for aryl functionalization and offering
promising applications in the synthesis of sulfur-containing
aromatic compounds.**
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