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ABSTRACT: In contrast with the well-developed radical thiol-ene
reaction to access anti-Markovnikov-type products, the research on
the catalytic Markovnikov-selective hydrothiolation of alkenes is
very restricted. Because of the catalyst poisoning of metal catalysts
by organosulfur compounds, limited examples of transition-metal-
catalyzed thiol-ene reactions have been reported. However, in this
work, a directing-group-assisted hydrothiolation of styrenes with
thiols by photoredox/cobalt catalysis is found to proceed smoothly
to afford Markovnikov-type sulfides with excellent regioselectivity.

The incorporation of sulfur into organic molecules is of
great importance owing to the fact that organosulfur

moieties are widespread in natural products,1 pharmaceuticals,2

and polymer materials.3 In this context, the direct hydro-
thiolation of alkenes with thiols, well known as the thiol-ene
reaction,4 represents one of the simplest and most atom-
economical approaches for C−S bond construction.5 This
reaction can proceed by way of an electrophilic pathway or a
radical pathway, leading to the formation of a branched
product via Markovnikov addition or a linear product via anti-
Markovnikov addition, respectively. Owing to the high
reactivity of sulfur, the reaction tends to proceed via a radical
pathway. Consequently, the radical thiol-ene reactions6

affording anti-Markovnikov products have been well re-
searched by the thermal or UV-light activation of a radical
initiator or direct UV-light irradiation or visible-light photo-
redox catalysis (Scheme 1a).
In contrast, the Markovnikov-selective thiol-ene reaction is

far less developed. Traditional methods focus on using
stoichiometric Brønsted acids or Lewis acids7 to suppress the
thiyl radicals and promote the electrophilic pathway for
Markovnikov-type adducts (Scheme 1b). However, the
research on the catalytic Markovnikov-selective thiol-ene
reaction is very restricted.8 Transition-metal catalysis offers
potential for this transformation; however, because of the
inherent challenge of catalyst poisoning of metal catalysts by
organosulfur compounds, to date, very limited examples of
transition-metal catalytic systems,9 including In(OTf)3,

10

Ph3PAuOTf,
11 AuBr3,

12 FeCl3/AgNTf2,
13 Pd(OAc)2,

14 Cu-
(OAc)2

15 and ZnI2/TsOH,16 have been reported for
Markovnikov thiol-ene reactions.
Visible-light photoredox catalysis17 as an alternative for a

greener and more sustainable thiol-ene reation has attracted
much attention in recent years;18 however, to the best of our

knowledge, all of the reported catalytic systems afforded the
anti-Markovnikov-type adducts,19 and the photoredox-cata-
lyzed Markovnikov-selective thiol-ene reaction has not yet
been reported. With our continuous interest in photoredox
catalysis, designing a specific and active photocatalytic system
to overcome the previously described issues will be appealing
and desirable. In this work, we report a directing-group-
assisted strategy for the addition of thiols to styrenes with
excellent Markovnikov regioselectivity in good yields by
photoredox/cobalt catalysis20 (Scheme 1c).
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Scheme 1. Thiol-Ene Reactions
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One reason for the difficulty of the transition-metal-
catalyzed thiol-ene reaction is the poor coordination ability
of alkenes to the transition-metal catalyst. Introducing a
directing group to the alkenes is a potential solution to address
this problem. Thus 2-vinyl aniline a1 was designed as the
model substrate. To our delight, the presence of just a catalytic
amount of 9-mesityl-2,7,10-trimethylacridinium perchlorate
(PC, 5 mol %) as a photocatalyst and Co(dmgH)2PyCl (20
mol %) as a cocatalyst and the irradiation of 4-chlorothiophe-
nol b1 with a slight excess a1 (1.1 equiv) in degassed CH2Cl2
by blue light-emitting diodes (LEDs) (λ = 450 nm) at room
temperature resulted in the sole Markovnikov-type adduct c1
in 88% yield with excellent regioselectivity (Table 1, entry 1).

Other photocatalysts such as Mes-Acr-Me+ClO4
−, 4CzIPN,

and Ru(bpy)3Cl2 were also investigated, but just moderate
yields were provided (Table 1, entries 2−4). The reaction yield
decreased to 70% when Co(dmgBF2)2(H2O)2 instead of
Co(dmgH)2PyCl was used (Table 1, entry 5). No reaction was
observed when CoCl2 or Co(OAc)2 acted as the cocatalyst
(Table 1, entries 6 and 7), indicating that the ligand around
the cobalt center plays an important role in the catalytic
activity. Furthermore, the solvent examination revealed that
besides CH2Cl2, toluene also proved to be a good choice, with
an 89% yield (Table 1, entries 8−12). When diphenyl disulfide
d1 replaced thiol b1 in the optimized reaction, only the
disulfidation product e1 rather than the hydrothiolation
product c1 was obtained (Scheme S1). Further control
experiments indicated that a photocatalyst, cobaloxime
catalyst, and light were essential parameters for the success

of this highly selective and atom-economical thiol-ene reaction
(Table 1, entries 13−15).
To investigate the functional group tolerance of the

photoredox/cobalt-catalyzed Markovnikov-selective thiol-ene
reaction, we first examined a variety of different substituted 2-
vinyl anilines under standard conditions, and some representa-
tive results are shown in Scheme 2. For various substituents on

the phenyl ring of 2-vinyl anilines, regardless of the position of
the electron-withdrawing group or the electron-donating
group, the desired Markovnikov-type adducts were obtained
in good to excellent yields (Scheme 2, c1−c12). Notably, to
demonstrate the scalability of this protocol, a gram-scale
reaction of a1 and b1 was conducted and proceeded smoothly
to give the desired Markovnikov-type product c1 in 70% yield
(Scheme 2, c1). Unfortunately, when the unactivated alkene
a13 was attempted, no desired product was observed (Scheme
2, a13). As previously stated, the transition-metal-catalyzed
thiol-ene reaction of alkenes is a challenging task owing to its
poor coordination ability to the metal center. Indeed, when the
directing group of the tosyl-protected amine group was
removed, the reaction could not happen (Scheme 2, a14),
and the unprotected 2-vinyl aniline was also proved to be
ineffective in the reaction (Scheme 2, a15). Therefore, we next
investigated the N-substituents of 2-vinyl anilines, Various

Table 1. Optimization of Reaction Conditionsa

entry variation from the “standard reaction conditions” yield (%) c1b

1 none 88
2 Mes-Acr-Me+ClO4

− as photocatalyst 67
3 4CzIPN as photocatalyst 47
4 Ru(bpy)3Cl2 as photocatalyst 55
5 Co(dmgBF2)2(H2O)2 as cocatalyst 70
6 CoCl2 as cocatalyst 0
7 Co(OAc)2 as cocatalyst 0
8 DMF as solvent trace
9 CH3CN as solvent 63
10 THF as solvent 42
11 DCE as solvent 78
12 toluene as solvent 89
13 no photocatalyst 0
14 no cobaloxime catalyst 0
15 no light 0

aReaction conditions: a1 (0.22 mmol), b1 (0.20 mmol), PC (5 mol
%), Co(dmgH)2PyCl (20 mol %), CH2Cl2 (3.0 mL), under N2, room
temperature, 450 nm LED irradiation for 24 h. bIsolated yields.

Scheme 2. Scope of 2-Vinyl Anilinesa

aReaction conditions: a (0.22 mmol), b1 (0.20 mmol), PC (5 mol
%), Co(dmgH)2PyCl (20 mol %), CH2Cl2 (3.0 mL), under N2, room
temperature, 450 nm LED irradiation for 24 h. bIsolated yields.
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functional groups such as methyl, methoxyl, fluoride, chloride,
and bromide were introduced to the phenyl ring of the
arylsulfone moiety in 2-vinyl anilines, and the desired products
were obtained in good to excellent yields (Scheme 2, c16−
c21). Further experiments found that, besides arylsulfone
moieties, the substrates equipped with quinoline sulfonyl,
naphthalene sulfonyl, and trifluoroacetyl as the N-protected
group were also compatible with the reaction to give yields of
86, 71, and 73%, respectively (Scheme 2, c22−c24).
Regrettably, when N-Boc 2-vinyl aniline was used, no desired
product was observed (Scheme 2, c25). It is noteworthy that
the structure of c23 has been confirmed by single-crystal X-ray
diffraction analysis.21

We further explored the variety of thiols. It is known that the
formation of thiyl radicals from aryl thiols is faster than that of
alkyl thiols, leading to the addition of aryl thiols to styrene
preferentially affording anti-Markovnikov-type adducts via a
radical pathway. Notably, in this photoredox/cobalt-catalytic
system, the anti-Markovnikov-type adducts were completely
suppressed, and the Markovnikov-type adducts were exclu-
sively obtained with excellent regioselectivity, no matter
whether the phenyl ring of the aryl thiols was substituted
with electron-withdrawing groups or electron-donating groups
(Scheme 3, c26−c30). Moreover, various commercially

available alkyl thiols were examined. The results revealed
that primary thiols such as 2-phenyl ethyl mercaptan (b31),
ethyl thioglycolate (b32), 2-methy butyl mercaptan (b33), n-
octyl mercaptan (b34), and furan-2-yl methanethiol (b35)
reacted well with a1 to generate the corresponding
Markovnikov-type products in good yields (Scheme 3, c31−
c35). Regrettably, secondary and tertiary thiols were ineffective
in this transformation, probably due to the steric hindrance
effect (Scheme 3, c36−c39).
To gain more insights into the reaction mechanism, a series

of control experiments were carried out. Quenching experi-
ments showed that the excited photocatalyst *PC could be
effectively quenched by thiol b1, indicating an electron-transfer
process between b1 and *PC (Figure S1). Furthermore, when
a radical inhibitor (2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO)) was added, the desired product was completely
inhibited, and the TEMPO-trapped thiyl radical adduct was

detected by high-resolution mass spectrometry (HRMS),
revealing that a thiyl radical is involved in the reaction
(Scheme 4a). It is commonly known that once a sulfur radical

is generated, it is preferential to access the anti-Markovnikov-
type product via a radical pathway. However, in this catalytic
system, Markovnikov-type products were exclusively obtained.
We assume that this is attributed to the fact that the rate of the
addition of the thiyl radical to the cobaloxime catalyst is faster
than that of alkene, which could suppress the generation of an
anti-Markovnikov-type adduct. The deuterium labeling experi-
ment indicated that the hydrogen source in the product c1
mainly originated from the thiol substrate b1 (Scheme 4b).
Recently, Chen, Xiao, and coworkers22 reported a nitrogen-
radical-mediated difunctionalization of 2-vinyl anilines. To
confirm the possibility of a nitrogen radical’s involvement in
this reaction, we designed several control experiments. 3-Vinyl
aniline a40 and 4-vinyl aniline a41 were exposed to the
standard conditions, and no reaction occurred (Scheme 4c,d).
Furthermore, when the N−H moiety of a1 was methylated, the
reaction still proceeded smoothly in 70% yield (Scheme 4e).
These results suggest that a nitrogen-radical-mediated pathway
could be excluded in this reaction. Nevertheless, when the N−
H moiety was protected by bulky groups such as benzyl (a43),
isopropyl (a44), and tert-butyl (a45), the reaction could not
happen (Scheme S2). We speculate that the steric hindrance
would affect the coordination ability of nitrogen.
On the basis of the above observations, a reasonable

mechanism is proposed in Scheme 5. The protected amine
group as a directing group for activating the alkene is
coordinated to a cobalt catalyst to generate the species I-1.

Scheme 3. Scope of Thiolsa

aReaction conditions: a1 (0.22 mmol), b (0.20 mmol), PC (5 mol
%), Co(dmgH)2PyCl (20 mol %), CH2Cl2 (3.0 mL), under N2, room
temperature, 450 nm LED irradiation for 24 h. bIsolated yields.

Scheme 4. Reaction Mechanism Investigations

Scheme 5. Proposed Reaction Pathway
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A thiol is oxidized by the excited photocatalyst *PC to
generate the thiyl radical cation and the one-electron-reduced
photocatalyst PC•−. Then, single-electron transfer from PC•−

to I-1 regenerates the photoredox cycle and leads to the
formation of Co(II) species I-2. Deprotonation of the thiyl
radical cation generates a thiyl radical, which is added to I-2 to
form the cobalt sulfide intermediates I-3. The subsequent
migration insertion of cobalt sulfide to the alkene produces
intermediate I-4 with exclusive Markovnikov selectivity. The
final protonation of I-4 furnishes the desired product and
regenerates the cobalt-catalyzed cycle.
In summary, we have described a photoredox/cobalt-

catalyzed strategy for the challenging catalytic Markovnikov-
type thiol-ene reaction with excellent regioselectivity. The
protected amine group as the directing group plays an
important role in this reaction. This catalytic system shows
mild reaction conditions, good functional group tolerance, and
excellent atom economy. The gram-scale synthesis demon-
strates the practicability of the strategy. Applications of this
strategy to the hydrothiolation of more challenging alkenes are
ongoing in our laboratory.
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