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ABSTRACT: Developed herein is a visible-light-driven synthesis of
sulfides by an electron donor−acceptor/single electron transfer and
hydrogen atom transfer combined system without transition metals
and strong oxidants. This reaction proceeds through the excitation of
an electron donor−acceptor complex between a thiolate and an aryl
halide, followed by the hydrogen atom transfer from an alkane to the
generated aryl radical.
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■ INTRODUCTION

Organosulfur compounds are widely used in pharmaceuticals
and functional materials.1,2 In this regard, C−S bond formation
is a very important process in organic synthesis.3,4 In particular,
C(sp3)−S bond formation has attracted much attention because
many C(sp3)−S bonds exist in biologically active compounds
(Figure 1).5−10 The C(sp3)−S bond is generally formed by the

SN2 reaction of thiolate with haloalkane. The direct C−H
sulfenylation of alkanes via radical processes utilizing thiyl
radicals is an atom-economical reaction.11 A drawback of the
formation of the thiyl radical is that strong oxidants or transition
metals are required for the generation of the radical species
(Figure 2a),12−15 and mild conditions for C−S bond formation
reactions are desired.
In the past decade, photocatalytic radical coupling reactions

have been reported for the generation of radical species
under mild conditions.16−19 For example, Fu et al. reported a
photoinduced radical C−S bond formation reaction using a
photocatalyst.20−24 More recently, an electron donor−acceptor
(EDA) complex was developed for use in the visible-light-driven
photoreaction instead of photocatalysts because EDA com-
plexes often absorb visible light.25−39 Miyake et al. reported a
visible-light-driven C(sp2)−S bond formation reaction via the
EDA complexes of aryl thiols and aryl halides (Figure 2b),35
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Figure 1. Pharmaceuticals bearing a C(sp3)−S bond.

Figure 2. C−S bond-forming reactions mediated by thiyl radicals.
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wherein reactive radical species are generated by single electron
transfer (SET) from the EDA complexes. On the other hand,
the reactive radical species can abstract a C(sp3)−H hydrogen
atom (hydrogen atom transfer: HAT40−45) to give alkyl radical
species. By utilizing these phenomena, novel photoreactions via
EDA-SET and HAT combination are achieved.46−48

We wish to report herein transition-metal- and strong-oxidant-
free visible-light-driven radical coupling reactions of thiols
and alkanes to form C−S bonds based on the SET and HAT

combination system (Figure 2c). Mechanistic studies revealed
that the aryl radical species generated from the EDA excited state
abstracted the hydrogen atom from alkanes to generate alkyl
radicals.

■ RESULTS AND DISCUSSION
At the outset, we examined the reaction of benzenethiol (1a)
and THF in the presence of p-bromoacetophenone (3a) and
cesium carbonate under blue LED irradiation. The desired C−S
bond formation product 4a was obtained in 71% yield (Table 1,
entry 1). Control experiments indicated that light irradiation
and the addition of base and 3a were necessary for this reaction
(entries 2−4). 4a was not obtained in air, and disulfide 5 was
generated (entry 5). Therefore, the degassed condition was
necessary for this reaction. Use of 4-bromobenzonitrile (3b)
instead of 3a decreased the yield of 4a probably because the
generation of an aryl radical was unfavorable due to the stability
of the anion radical species and the instability of the radical
(entry 6).49−51 Potassium carbonate was not suitable due to its
low solubility (entry 7).52

Under the optimized conditions, the generality of thiols was
investigated (Figure 3). A range of para-substituted aryl thiols
bearing tert-butyl, methoxy, hydroxy, chloro, and bromo moieties
participated in the reaction successfully to give corresponding
C−S coupling products (4a−4f) in good to moderate yields. The
meta- and ortho-methoxythiophenols also gave corresponding
products (4g and 4h) efficiently. 4-Aminothiophenol did not give
4i probably because of the lack of acidity for generating thiolate.

Table 1. Standard Reaction Conditions and Control
Experimentsa

entry deviation from the standard conditions yieldb

1 none 71%c

2 without 3a <5%
3 without irradiation 0%
4 without Cs2CO3 0%
5 in air 0%
6 4-bromobenzonitrile (3b) instead of 3a 33%c

7 K2CO3 instead of Cs2CO3 0%
aPerformed with 1a (0.1 mmol), 2 (1.0 mL), 3a (0.15 mmol), and
Cs2CO3 (0.2 mmol). bDetermined by 1H NMR measurement.
cIsolated yield.

Figure 3. Generality of thiols. ap-Bromobenzophenone (3c) was used as aryl halide instead of p-bromoacetophenone (3a). bAfter the irradiation,
NaBH4 (1.0 equiv) and MeOH (1 mL) were added to the reaction mixture to reduce residual ketone.
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In contrast, 2-aminothiophenol gave 4j in a moderate yield due
to the stabilization of the thiolate anion by the ortho-amino
group. In the case of methoxycarbonyl-substituted thiophenol,
although para-substituted thiophenol did not furnish 4k,
ortho-substituted thiophenol gave 4l in a moderate yield because
the thiyl radical generated by the excitation of the EDA complex
was stabilized by three-electron−two-center S−O bond formation
with the carbonyl group at the ortho position.53−56 Interestingly,
p-cyanobenzenethiol (1m) and3,5-bis(trifluoromethyl)benzenethiol
(1o) bearing electron-withdrawing groups, which are unfavorable
compounds for EDA complex formation, were also suitable
substrates. In contrast, p-nitrobenzenethiol (1n), which has a
yellow color, was not suitable due to self-absorption of visible
light to inhibit EDA absorption or its low electron density to
donate the electron to 3a. Furthermore, 2-naphthalenethiol (1p)
and heteroarenethiols (1q and 1r) affordedC−S coupling products
in moderate yields. Interestingly, whereas phenylmethanethiol gave
4s in 45% yield, phenylethanethiol did not proceed to give
4t presumably because the aromatic moiety and sulfur anion are
far apart. Alkanethiols without a phenyl group, such as cyclo-
hexanethiol and decanethiol, did not give the coupling products
(4u, 4v). The reaction of thiophenol with tetrahydrofuran
proceeded smoothly on a 1 mmol scale to give the 4a in 83%
yield (Scheme 1).
We investigated the generality of alkanes using 20 equiv of

alkanes in ethyl acetate57 (Figure 4). Ethers, such as 1,4-dioxane,
tetrahydropyran, 2,2-dimethyl-1,3-dioxolane, and o-xylylene
oxide, gave corresponding thioacetals (4a, 6b−6e) in modest
to good yields. However, isochroman and cyclopentyl methyl
ether gave products (6f and 6g) in low yields due to steric
hindrance, and acyclic primary ether was not suitable due to the
low stability of the radical. Tetrahydrothiophene gave corresponding
dithioacetal 6h in 51% yield. Cyclic amides, such as dimethyl
imidazolidinone and N-methyl pyrrolidone, were also suitable
substrates, furnishing products (6i and 6j) in moderate yields.

Furthermore, cycloalkanes, such as cyclopentane, cyclohexane,
and cycloheptane, were also applicable, generating desired sulfides
(6k−6m) in modest yields.
Several experiments were carried out to acquire mechanistic

insight. First, the UV−vis spectra were measured in acetonitrile
(Figure 5).58 The formation of the EDA complex was confirmed

by the absorption in the 420−550 nm region in a mixture of
sodium benzenethiolate (1a-Na) and 3a. This absorption was not
observed in individual substrates (1a and 3a) or in a mixture of
benzenethiol 1a and 3a. Thus, the generation of thiophenolate
from 1a and base was necessary for the formation of the EDA
complex.59

Furthermore, the different reactivity of phenylmethanethiol
and other alkanethiols (Figure 3) supports that π−π interaction
between thiolate and aryl halide would be the driving force for
formation of the EDA complex.
Next, radical inhibitors were added to the reaction mixture

under the standard conditions (Scheme 2A). Because the
addition of radical scavengers, such as 9,10-dihydroanthracene
and TEMPO, inhibited the reaction, the radical process is
plausible. Use of THF-d8 gave 4′-deuterated acetophenone 7 as
the side product (Scheme 2B). This means that the hydrogen
atom of alkanes was abstracted by an aryl radical generated from
aryl halide via EDA-SET. Furthermore, when a 1:1 mixture of
THF and THF-d8 was used, the kH/kD value was estimated to be

Figure 4. Generality of alkanes. aUsing 1.0 mL of hydrocarbons without AcOEt.

Scheme 1. 1 mmol Scale Reaction

Figure 5.UV−vis spectra of the EDA complex in CH3CN. Orange line:
mixture of sodium benzenethiolate (1a-Na) and 3a. Light gray line:
mixture of 1a and 3a. Dark gray line: 1a-Na.
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5.15 (Scheme 2C). Thus, C−H abstraction is expected to be the
rate-determining step in this reaction.
Based on these results, we propose the mechanism shown

in Figure 6. First, an EDA complex of thiolate and
4′-bromoacetophenone is formed driven by π−π interaction
(3a). This is followed by photoexcitation to generate a thiyl
radical and an anion radical of aryl halide. Then, bromide is
eliminated from the anion radical of aryl halide to generate aryl
radical species, which in turn abstracts a hydrogen atom from an
alkane10 to produce alkyl radical. Finally, a C−S bond is formed
between the thiyl radical and the alkyl radical.

■ CONCLUSION
In summary, a visible-light-drivenC(sp3)−Sbond formation reaction
via the EDA excited state was developed. This reaction proceeds via
the SET andHAT combination system.Mechanistic studies indicate
that an aryl radical generated by EDA excitation abstracts a hydrogen
atom from alkane, and the generated alkyl radical couples with the
thiyl radical. To the best of our knowledge, this reaction is the first
example of the EDA-SET andHATcombined photoreaction system
that is expected to have several applications to other reactions.
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(43) Hokamp, T.; Dewanji, A.; Lübbesmeyer, M.; Mück-Lichtenfeld,
C.; Würthwein, E.-U.; Studer, A. Radical Hydrodehalogenation of Aryl
Bromides andChlorides with SodiumHydride and 1,4-Dioxane.Angew.
Chem., Int. Ed. 2017, 56, 13275−13278.
(44) Si, X.; Zhang, L.; Wu, Z.; Rudolph, M.; Asiri, A. M.; Hashmi, A. S.
K. Visible light-Induced α-C(sp3)-H Acetalization of Saturated
Heterocycles Catalyzed by a Dimeric Gold Complex. Org. Lett. 2020,
22, 5844−5849.
(45) Kang, J.; Hwang, H. S.; Soni, V. K.; Cho, E. J. Direct C(sp3)-N
Radical Coupling: Photocatalytic C-H Functionalization by Unconven-
tional Intermolecular Hydrogen Atom Transfer to Aryl Radical. Org.
Lett. 2020, 22, 6112−6116.
(46) Panferova, L. I.; Zubkov, M. O.; Kokorekin, V. A.; Levin, V. V.;
Dilman, A. D. Using the Thiyl Radical for Aliphatic Hydrogen-Atom

ACS Organic & Inorganic Au pubs.acs.org/orginorgau Article

https://doi.org/10.1021/acsorginorgau.1c00007
ACS Org. Inorg. Au 2021, 1, 23−28

27

https://doi.org/10.1007/s11095-009-9941-z
https://doi.org/10.1007/s11095-009-9941-z
https://doi.org/10.1016/j.bmc.2011.09.030
https://doi.org/10.1016/j.bmc.2011.09.030
https://doi.org/10.3762/bjoc.7.68
https://doi.org/10.3762/bjoc.7.68
https://doi.org/10.1021/jm401375q?ref=pdf
https://doi.org/10.1021/jm401375q?ref=pdf
https://doi.org/10.1021/jm401375q?ref=pdf
https://doi.org/10.1016/j.bmc.2014.11.025
https://doi.org/10.1016/j.bmc.2014.11.025
https://doi.org/10.1021/cr400441m?ref=pdf
https://doi.org/10.1021/cr400441m?ref=pdf
https://doi.org/10.1039/c1cc15397h
https://doi.org/10.1039/c1cc15397h
https://doi.org/10.1039/c1cc15397h
https://doi.org/10.1021/ol402281f?ref=pdf
https://doi.org/10.1021/ol402281f?ref=pdf
https://doi.org/10.1002/adsc.201400032
https://doi.org/10.1002/adsc.201400032
https://doi.org/10.1002/adsc.201400032
https://doi.org/10.1002/adsc.201900666
https://doi.org/10.1002/adsc.201900666
https://doi.org/10.1002/adsc.201900666
https://doi.org/10.1021/cr300503r?ref=pdf
https://doi.org/10.1021/cr300503r?ref=pdf
https://doi.org/10.1021/cr300503r?ref=pdf
https://doi.org/10.1021/acs.chemrev.6b00057?ref=pdf
https://doi.org/10.1021/acs.joc.6b01449?ref=pdf
https://doi.org/10.1021/acs.joc.6b01449?ref=pdf
https://doi.org/10.1021/acscatal.8b03050?ref=pdf
https://doi.org/10.1021/acscatal.8b03050?ref=pdf
https://doi.org/10.3762/bjoc.14.4
https://doi.org/10.3762/bjoc.14.4
https://doi.org/10.1021/acs.orglett.6b00304?ref=pdf
https://doi.org/10.1021/acs.orglett.6b00304?ref=pdf
https://doi.org/10.1021/acs.orglett.6b00304?ref=pdf
https://doi.org/10.1002/anie.201610414
https://doi.org/10.1002/anie.201610414
https://doi.org/10.1002/anie.201915814
https://doi.org/10.1002/anie.201915814
https://doi.org/10.1021/acs.orglett.0c01776?ref=pdf
https://doi.org/10.1021/acs.orglett.0c01776?ref=pdf
https://doi.org/10.1021/acs.orglett.0c01776?ref=pdf
https://doi.org/10.1021/j100454a006?ref=pdf
https://doi.org/10.1021/ar700256a?ref=pdf
https://doi.org/10.1021/ar700256a?ref=pdf
https://doi.org/10.1021/ar700256a?ref=pdf
https://doi.org/10.1039/c3oc90004e
https://doi.org/10.1039/c3oc90004e
https://doi.org/10.1021/acscatal.5b02386?ref=pdf
https://doi.org/10.1021/acscatal.5b02386?ref=pdf
https://doi.org/10.1021/jacs.0c01416?ref=pdf
https://doi.org/10.1021/jacs.0c01416?ref=pdf
https://doi.org/10.1021/jacs.0c01416?ref=pdf
https://doi.org/10.3762/bjoc.17.67
https://doi.org/10.3762/bjoc.17.67
https://doi.org/10.1039/D1CS00262G
https://doi.org/10.1039/D1CS00262G
https://doi.org/10.1039/D1CS00262G?ref=pdf
https://doi.org/10.1039/D1CS00262G?ref=pdf
https://doi.org/10.1038/nchem.1727
https://doi.org/10.1038/nchem.1727
https://doi.org/10.1021/acs.orglett.7b03001?ref=pdf
https://doi.org/10.1021/acs.orglett.7b03001?ref=pdf
https://doi.org/10.1002/anie.201707171
https://doi.org/10.1002/anie.201707171
https://doi.org/10.1002/anie.201707171
https://doi.org/10.1021/jacs.7b07390?ref=pdf
https://doi.org/10.1021/jacs.7b07390?ref=pdf
https://doi.org/10.1021/jacs.8b05870?ref=pdf
https://doi.org/10.1021/jacs.8b05870?ref=pdf
https://doi.org/10.1021/jacs.8b05870?ref=pdf
https://doi.org/10.1021/acs.orglett.9b01169?ref=pdf
https://doi.org/10.1021/acs.orglett.9b01169?ref=pdf
https://doi.org/10.1021/acs.orglett.9b01169?ref=pdf
https://doi.org/10.1039/C8SC05170D
https://doi.org/10.1039/C8SC05170D
https://doi.org/10.1039/C8SC05170D
https://doi.org/10.1002/anie.201916732
https://doi.org/10.1002/anie.201916732
https://doi.org/10.1002/anie.201916732
https://doi.org/10.1021/ja801707p?ref=pdf
https://doi.org/10.1021/ja801707p?ref=pdf
https://doi.org/10.1021/ja801707p?ref=pdf
https://doi.org/10.1021/ja801707p?ref=pdf
https://doi.org/10.1021/jacs.6b01628?ref=pdf
https://doi.org/10.1021/jacs.6b01628?ref=pdf
https://doi.org/10.1021/jacs.6b01628?ref=pdf
https://doi.org/10.1039/C6CC02007K
https://doi.org/10.1039/C6CC02007K
https://doi.org/10.1039/C6CC02007K
https://doi.org/10.1002/anie.201706534
https://doi.org/10.1002/anie.201706534
https://doi.org/10.1021/acs.orglett.0c01924?ref=pdf
https://doi.org/10.1021/acs.orglett.0c01924?ref=pdf
https://doi.org/10.1021/acs.orglett.0c02179?ref=pdf
https://doi.org/10.1021/acs.orglett.0c02179?ref=pdf
https://doi.org/10.1021/acs.orglett.0c02179?ref=pdf
https://doi.org/10.1002/anie.202011400
pubs.acs.org/orginorgau?ref=pdf
https://doi.org/10.1021/acsorginorgau.1c00007?rel=cite-as&ref=PDF&jav=VoR


Transfer: Thiolation of Unactivated C-H Bonds. Angew. Chem., Int. Ed.
2021, 60, 2849−2854.
(47) Kobayashi, F.; Fujita, M.; Ide, T.; Ito, Y.; Yamashita, K.; Egami,
H.; Hamashima, Y. Dual-Role Catalysis by Thiobenzoic Acid in Cα-H
Arylation under Photoirradiation. ACS Catal. 2021, 11, 82−87.
(48) Zhang, L.; Liu, Z.; Tian, X.; Zi, Y.; Duan, S.; Fang, Y.; Chen, W.;
Jing, H.; Yang, L.; Yang, X. Transition-Metal-Free C(sp3)-H Coupling
of Cycloalkenes Enabled by Single-Electron Transfer and Hydrogen
Atom Transfer. Org. Lett. 2021, 23, 1714−1719.
(49) According to the screening of aryl halide, p-bromoacetophenone
and 4′’-bromobenzophenone gave the best results (Table S1; see
Supporting Information).
(50) Pryor, W. A.; Echols, J. T., Jr.; Smith, K. Rates of the Reactions of
Substituted Phenyl Radicals with Hydrogen Donors. J. Am. Chem. Soc.
1966, 88, 1189−1199.
(51) Takayama, K.; Kosugi, M.; Migita, T. Reactivities of Substituted
Phenyl Radicals. Chem. Lett. 1973, 2, 215−218.
(52) According to the screening of the base, cesium carbonate was
identified to be the most suitable (Table S2; see Supporting
Information).
(53) Schöneich, C.; Pogocki, D.; Hug, G. L.; Bobrowski, K. Free
Radical Reactions of Methionine in Peptides: Mechanisms Relevant to
β-Amyloid Oxidation and Alzheimer’s Disease. J. Am. Chem. Soc. 2003,
125, 13700−13713.
(54) Glass, R. S.; Schöneich, C.; Wilson, G. S.; Nauser, T.; Yamamoto,
T.; Lorance, E.; Nichol, G. S.; Ammam, M. Neighboring Pyrrolidine
Amide Participation in Thioether Oxidation. Methionine as a
“Hopping” Site. Org. Lett. 2011, 13, 2837−2839.
(55) Yamamoto, T.; Dai, J.; Jacobsen, N. E.; Ammam, M.; Hall, G. B.;
Mozziconacci, O.; Schöneich, C.; Wilson, G. S.; Glass, R. S.
Neighboring π-Amide Participation in Thioether Oxidation: Con-
formational Control. Org. Lett. 2016, 18, 3522−3525.
(56) Wang, M.; Zhang, L.; Si, W.; Song, R.; Li, M.; Lv, J. Neighboring
Thioether Participation in Bioinspired Radical Oxidative C(sp3)-H α-
Oxyamination of Pyruvate Derivatives.Org. Lett. 2020, 22, 8941−8946.
(57) Ethyl acetate was the most suitable solvent for the SET−HAT
combined reactions. Use of more polar solvents such as DMF or
acetonitrile led to the formation of C(sp2)−S coupling product
(Miyake’s reaction; see ref 35) as a major product (Table S3; see
Supporting Information).
(58) In THF, the EDA absorption band was not observed due to the
insolubility of cesium carbonate. The reaction probably proceeded by
the small amount of dissolving thiolate. In acetonitrile, the desired
coupling product was obtained in a low yield (Table S3; see Supporting
Information).
(59) The EDA complex was supported to be 1:1 complex by a Job plot
by the method of continuous variation (Figure S2; see Supporting
Information).

ACS Organic & Inorganic Au pubs.acs.org/orginorgau Article

https://doi.org/10.1021/acsorginorgau.1c00007
ACS Org. Inorg. Au 2021, 1, 23−28

28

https://doi.org/10.1002/anie.202011400
https://doi.org/10.1021/acscatal.0c04722?ref=pdf
https://doi.org/10.1021/acscatal.0c04722?ref=pdf
https://doi.org/10.1021/acs.orglett.1c00135?ref=pdf
https://doi.org/10.1021/acs.orglett.1c00135?ref=pdf
https://doi.org/10.1021/acs.orglett.1c00135?ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsorginorgau.1c00007/suppl_file/gg1c00007_si_001.pdf
https://doi.org/10.1021/ja00958a021?ref=pdf
https://doi.org/10.1021/ja00958a021?ref=pdf
https://doi.org/10.1246/cl.1973.215
https://doi.org/10.1246/cl.1973.215
https://pubs.acs.org/doi/suppl/10.1021/acsorginorgau.1c00007/suppl_file/gg1c00007_si_001.pdf
https://doi.org/10.1021/ja036733b?ref=pdf
https://doi.org/10.1021/ja036733b?ref=pdf
https://doi.org/10.1021/ja036733b?ref=pdf
https://doi.org/10.1021/ol200793z?ref=pdf
https://doi.org/10.1021/ol200793z?ref=pdf
https://doi.org/10.1021/ol200793z?ref=pdf
https://doi.org/10.1021/acs.orglett.6b01309?ref=pdf
https://doi.org/10.1021/acs.orglett.6b01309?ref=pdf
https://doi.org/10.1021/acs.orglett.0c03320?ref=pdf
https://doi.org/10.1021/acs.orglett.0c03320?ref=pdf
https://doi.org/10.1021/acs.orglett.0c03320?ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsorginorgau.1c00007/suppl_file/gg1c00007_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsorginorgau.1c00007/suppl_file/gg1c00007_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsorginorgau.1c00007/suppl_file/gg1c00007_si_001.pdf
pubs.acs.org/orginorgau?ref=pdf
https://doi.org/10.1021/acsorginorgau.1c00007?rel=cite-as&ref=PDF&jav=VoR

