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A light-induced, nickel-catalyzed three-component arylsulfonation of 1,3-enynes in the absence of photocatalyst is reported.
This methodology exhibited mild conditions, broad scope and high efficiency, and its synthetic utility has been demonstrated by
a concise total synthesis of sulfone-containing drug molecule. Detailed mechanistic studies indicated that this light induced
nickel catalysis is autopromoted by in situ produced allene, which plays a key role as co-ligand in the photoactive excited state
Ni(I) species for the LMCT process. The detailed elucidation of this light-induced nickel catalytic cycle may shed some lights on
the exploitation of new catalytic activity and establishment of novel methods.
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1 Introduction

Visible light catalysis is emerging as a powerful and efficient
strategy to access diverse building blocks from readily
available raw materials in a normally atom- and step-eco-
nomic manner [1–9], and its combination with transition
metal (TM) catalysis is among the prolific development of
organic synthesis in the past decades [10–14]. Photo-transi-
tion metal dual catalysis has made significant progress on
highly efficient carbon–carbon or carbon–heteroatom bond
construction, which usually allows the multi-components
coupling benefited from elegant relay of each catalytic cycle
[15]. However, such methods heavily rely on the usage of

noble metal-based photocatalysts (such as Ir, Ru), which
greatly limits the proliferation (large-scale) uses of such
technology due to sustainability and cost issues [16,17].
Cheaper, organophotoredox catalysts have also been used in
dual photoredox/Nickel catalyzed couplings, but oftentimes
suffer from less stability and efficiency than their metal
counterparts and fewer examples exist [18–20]. Stable, re-
cyclable heterogeneous carbon nitride photocatalysts have
shown great promise in their combinations with Nickel cat-
alysis, but present challenges regarding the scale-up of het-
erogeneous photochemical processes [21–23].
Apart from the traditional cooperative/dual photocatalysis,

encouraging progress was also made with excited state
transition metal-complex (Scheme1) [24–26], especially in
copper [27,28], and palladium [29], where light was only the
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medium while excited metal-complex alone can promote
subsequent reactions. Different from the conventional photo/
transition metal dual catalysis, a single excited state transi-
tion metal complex is allowed to be used as both photo-
absorbing species and cross-coupling catalyst for the light
induced transition metal catalyzed reactions. Given the key
role of ligand played in excited state transition metal cata-
lysis, the development of new photoactive ligands for in situ
generation of unconventional photocatalysts stands out as the
biggest challenge for exploitation of new catalytic activity
and establishment of novel methods. Considering the limited
range and poor tunability of the photoactive ligands used in
such excited state transition metal complexes, the discovery
of new activation modes for the excited state transition metal
catalysis could offer the best solution but far to be developed.
Meanwhile the proposed mechanisms from known reports
only reflect some hypotheses or are still underdeveloped, in-
depth mechanistic studies are sorely needed to elucidate the
activation mode for further development of new chemical
transformations.
The merge of visible light induction into nickel catalysis

has offered a solution to access reactive radical species under
mild conditions and allowed either direct or indirect/inter-
rupted cross-coupling of non-traditional coupling partners
via nickel catalysis. Meanwhile photoactive ligand-contain-
ing nickel complexes have been designed and synthesized all
the time, and the luminescence studies showed that this type
of Ni(0) [30] or Ni(II) [31,32] complex has a long-life MLCT
(metal-to-ligand charge transfer) emission at low tempera-
tures, but not been wildly used in photoredox reactions [33].
To the best of our knowledge, recently, only several cross
coupling reactions [34–37] with aryl halide used as the
electrophile have been developed by directly activating
nickel complexes without the aid of a supplementary pho-
tocatalyst. Although the three-component reaction serves as
a powerful synthetic method to construct diverse complex
molecules [38–40], nevertheless, the development of three-
component difunctionalization via light-induced nickel cat-
alysis strategy remains undeveloped [31].
Meanwhile, sulfone compounds are famous to the sulfone

therapy of leprosy [41], and also commonly found in
bioactive compounds and drug molecule, such as Chlorme-
zanone, Eletriptan, Bicalutamide, and Apremilast (Figure 1).
Considering allenes served as important intermediates or
precursors for further transformation to drug candidates [42–
44], we hypothesized that a sulfonyl radical initiated selec-
tive arylsulfonation of 1,3-enynes might be able to furnish
different molecules featuring allene moiety as a way to
maximize the molecular complexity in a single step [45–48].
As the most low-cost and readily available sulfonyl source,
diverse sulfinate anions could be incorporated into organic
molecules via radical-involved sulfonation by photo pro-
moted nickel catalytic process. Specifically, light induction

has been used to generate sulfonyl radical reductively under
mild conditions and we hypothesized that this process might
be utilized to promote the radical addition to unsaturated
system, followed by nickel catalyzed functionalization to
realize a three-component reaction process.
Herein, we described the first example of visible light in-

duced nickel catalyzed three component reaction in the ab-
sence of photocatalyst, in which the arylsulfonation of 1,3-
enynes furnished sulfone-containing allenes as important
intermediates or precursors to maximize the molecular
complexity in a single step [49,50]. This method exhibits
mild conditions, broad substrate scope and high efficiency,
and synthetic potential of this approach has also been de-
monstrated by a concise total synthesis of biologically active
compounds. In-depth mechanistic studies indicated that this
light induced nickel catalysis is autopromoted by in situ
produced allene, which plays a key role as co-ligand in the
photoactive excited state Ni(I) species for the ligand-to-
metal charge transfer (LMCT) process. The detailed eluci-
dation of this light induced nickel catalytic cycle sheds lights
on the exploitation of new catalytic activity and establish-
ment of novel methods.

Scheme 1 Visible light induced arylsulfonation difunctionalization (color
online).

Figure 1 Sulfone containing bioactive molecules and drug molecules.
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2 Results and discussion

2.1 Reaction optimization

Considering electron-poor arene can act as a neutral electron
acceptor, sulfinate anion could transform to sulfone radical
via photoinduced electron transfer without supplementary
photocatalyst [51]. Our investigation was initiated with 1,3-
enyne 1a as the model substrates, sodium 4-methylbenze-
nesulfinate 2a as the radical source, and 4-bromobenzonitrile
3a as the coupling partner in the presence of a catalytic
amount of NiCl2 (5 mol%) under blue light-emitting diode
(LED) irradiation. To our delight, 1,3-enyne could interrupt
the direct coupling of sufinate 2a and aryl bromide 3a, giving
sulfone-containing allenes in the yield of 5%–16% initially
(entry 1, Table 1). Solvent screening reveals that this reaction
cannot be carried out successfully in most solvents, while N,
N-dimethylformamide (DMF) gave the best yield (7%–35%,
entry 2). Subsequently, the investigation of light source de-
monstrated that a better and stable yield (83%) could be
obtained under the irradiation of purple light (entry 3). Given
that the rate matching and the ligands coordinating onto the
metal center could tune its activity, different Ni catalysts and
several ligands were then surveyed, showing that pre-
synthesized NiCl2∙dtbpy complex gave a slightly better re-
sult (entries 4–12). Control experiments suggested that
nickel catalyst, ligand, and light were all crucial to this three-
component difunctionalization, and no product was observed
in the absence of any of them (entries 14–16).

2.2 Substrate scope

With the optimized reaction conditions in hand, we first
examined the scope of the sodium sulfinates (Table 2).
Electron-donating and electron-withdrawing substituted aryl
sodium sulfinates 2 all worked well in this transformation,
furnishing the difunctionalized products with moderate to
good yields. It should be noted that sodium 4-bromobenze-
nesulfinate (10) was compatible with this catalytic system
ideally, and none of the coupling byproduct from 4-sulfone
phenyl bromide can be detected. The remaining bromine
would be synthetic useful to construct more complex mole-
cules via known transition-metal catalyzed cross-coupling
reactions. Moreover, the fused ring (12) and heterocycle (13)
sulfinates were also suitable to this reaction. Furthermore,
sodium alkyl sulfinates, such as methyl (14) and cyclopropyl
(15), also showed high reactivity in this three-component
reaction, giving the corresponding difunctionalized products
in 85% and 79% yield, respectively.
Next, the scope of aryl halides was investigated in this

visible light induced protocol (Table 2). A series of aryl
bromides embedding electron-withdrawing substituents,
such as ester (16), acetyl (17), sulfone (18), and tri-
fluoromethyl (19), at the para-position of phenyl rings pro-

vided the corresponding products with good to excellent
yields. As for electron-neutral or electron-donating sub-
stituted substrates (20–23), aryl iodides are needed to carry
out the reaction, obtaining 78%–92% yields of correspond-
ing products. The meta-substituted aryl iodides (24–29)
could also give good yields of the difunctionalized products.
However, the iodobenzene bearing ortho-substitution was
incompatible in this reaction system, possibly due to the
steric hindrance of ortho-substituent to the aryl ring on the
enyne. As expected, the ortho-substituted phenyl iodide af-
forded the desired allenes with good yields when the enyne
substituent changed from phenyl to smaller alkyl (30) or H
atom (31). Notably, this catalytic transformation could also
smoothly extend to heteroaromatic iodide (32) by construc-
tion of pyridine-derived allene in 90% yield.
Finally, the scope of 1,3-enynes was explored by using

sodium methanesulfinate and iodobenzene as coupling

Table 1 Optimization of conditions a)

Entry [Ni] L Light b) Solvent Yield (%) c)

1 NiCl2 L1 Blue DMSO 5–16

2 NiCl2 L1 Blue DMF 7–35

3 NiCl2 L1 Purple DMF 83

4 NiCl2 L2 Purple DMF 74

5 NiCl2 L3 Purple DMF 70

6 NiCl2 L4 Purple DMF 80

7 NiCl2 L5 Purple DMF 14

8 NiCl2 L6 Purple DMF 0

9 NiCl2 L7 Purple DMF 78

10 NiCl2 L8 Purple DMF 74

11 NiCl2 L9 Purple DMF 72

12 NiCl2∙
dtbpy − Purple DMF 88

13 NiCl2∙
dtbpy − Purple DMSO 61

14 NiCl2 − Purple DMF 0

15 − L1 Purple DMF 0

16 NiCl2∙
dtbpy − − DMF 0

a) Reaction conditions: 1a (0.4 mmol, 2.0 equiv.), 2a (0.2 mmol, 1.0
equiv.), 3a (0.4 mmol, 2.0 equiv.), NiCl2 (5 mol%), dtbpy (5 mol%), DMF
(2 mL), N2, r.t., 2 × 3 W LEDs, 24 h. b) Blue LED (450–480 nm); purple
LED (395–415 nm). c) 1H NMR yield using CH2Br2 as internal standard.
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Table 2 Substrate scope a)

a) Reaction conditions: 1 (0.4 mmol, 2.0 equiv.), 2 (0.2 mmol, 1.0 equiv.), 3 (0.4 mmol, 2.0 equiv.), NiCl2∙dtbpy (5 mol%), DMF (2 mL), N2, r.t., 2 × 3 W
purple LEDs, 24 h. Isolated yield. b) Aryl bromide was used. c) 400 nm. d) 420 nm.
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partners in order to show the universality (Table 2). An array
of aryl-substituted enynes reveals little impact of the elec-
tronic effect. Electron-donating and -withdrawing sub-
stituted groups all underwent the three-component
difunctionalization smoothly, delivering the desired products
with good to excellent efficiency. Likely due to steric hin-
drance and electrical effect, the meta- and ortho-substituted
enynes exhibited slightly lower reactivity, but still afforded
the desired allenes in moderate to good yields. It is worth
mentioning that the scope is not limited to aryl-substituted or
simple alkyl-substituted (38, 44) 1,3-enynes. Sulfonamide
(39), imide (40), active hydrogen (41), halide atom (42),
ester (43), and heteroaromatic ring (45) could also be well
tolerated and smoothly furnished good to excellent yields of
allene products, which definitely demonstrated an excellent
substrate scope of this three-component reaction.

2.3 Synthetic utility

To further demonstrate the synthetic utility of this metho-
dology, we next attempted to carry out a concise total
synthesis of bioactive molecule 49 (Scheme 2) [52]. Light
induced functionalization of di[(tert-butyldimethylsilyl)
oxymethyl]enyne 46 gave the allene 47 in excellent yield.
After hydrogenation and deprotection, the generated diol 48
underwent cycloamination and acylation to afford the target
molecule 49. This newly developed synthetic route needs
only 3 separations and with total yield of 37%.

2.4 Mechanistic studies

To gain more insight into the mechanism of this light induced
transformation, a series of mechanistic studies were carried
out. First, the radical clock experiment by subjection of vinyl
cyclopropane 1b into standard conditions afforded the cycle-
opening allene 50 in 44% yield, which confirms the gen-
eration of sulfone radical in the catalytic cycle (Scheme 3a).
Based on the previous photo-nickel dual catalysis mechan-
ism [11–14], the trap of this sulfone radical by enyne furn-
ished the propargyl radical A, which might isomerize to
allenyl radical B and then oxidize Ni species to form Ni(III)
species C via two possible paths (Scheme 3b): (1) The direct
capture by Ar-Ni(II) intermediate which is in-situ generated
by oxidative addition of aryl halide to Ni(0) (path a); (2) the
trap of allene radical B by Ni(0), followed by oxidative ad-
dition of aryl halide (path b). To confirm the exact oxidation
process, Ni(II) complex 51 was synthesized [53] and tested
in several control experiments. As shown in Scheme 3c,
while 51 can catalyze the model reaction in a comparative
yield (Scheme 3c, Eq. (1)), none of the allene product 4 can
be detected in the absence of aryl bromide by using 1 equiv.
of 51 (Scheme 3c, Eq. (2)). Interestingly, the extra addition
of 1 equiv. of 4-acetylphenyl bromide 3b afforded the 4-

acetylphenyl coupling product 52 in 51% yield, but still with
none of the 4-cyanophenyl coupling product 4 (Scheme 3c,
Eq. (3)). Collectively, Eqs. (1) and (3) showed that Ni(II)
complex 51 can transform to an activated Ni catalyst, but
Eqs. (2) and (3) manifest that 51 was not a feasible inter-
mediate in the catalytic cycle. In other words, path a (Scheme
3b) is not included in the catalytic cross-coupling cycle.

Scheme 2 Total synthesis of bioactive molecule (color online).

Scheme 3 Capture of radical and Ni(II) intermediate (color online).
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Furthermore, the intermittent irradiation experiments
(Figure 2) showed that this difunctionalization undergoing
effective required constant irradiation, and does not involve a
light initiated radical chain process. Meanwhile, we were
surprised to find that the reaction was accelerated at the next
“light-on” period [54]. This phenomenon inspired us to
execute a time-dependent experiment (Figure 3a). To our
interests, this photoredox process behaved an obvious initial
stage in the earliest 7 h (6.6% of 20), but the yield of allene
20 has risen to 58%within 13 h in the next acceleration stage.
Finally, the reaction rate slumped because of the consump-
tion of the reactants, and the yield of 20 increased by only 3%
in the last 4 h. These data clearly manifested that this reaction
might involve an autocatalytic process [55]. Integrating with
the previous reports [11–14] and above discussion (Scheme
3b), in view of nickel-catalyzed cross-coupling proceeds
smoothly without irradiation after the generation of sulfone
radical, it was speculated that this autocatalytic acceleration
might be involved in the photoredox catalysis. The existence
of acceleration stage proves sulfone radical will not generate
through the electron transfer of sulfinate-arene. The real

photoactive substance should be generated in situ in the re-
action system, maybe product itself or byproduct! The nu-
clear magnetic resonance (NMR) monitoring experiments
(Figures S4–S6, in the Supporting Information online)
showed catalytic amount of aryl sulfone byproduct was
formed after the irradiation of sulfinate and aryl halide [56].
To examine the real photoactive substance, allene product 20
and the aryl sulfone byproduct were added into the standard
conditions respectively, to observe the effect of induction
period. The results indicated that the allene product 20 can
promote the reaction but the aryl sulfone byproduct has no
effect (Figure 3b). In addition, the induction period was in-
hibited after the addition of simple allene 53, indicated that
both allene and sulfone motifs are necessary to initiate this
light-induced transformation.
Inspired by this result, fluorescence quenching experi-

ments were conducted. The fluorescence of sulfonyl allene
20 can be quenched by addition of Ni(II) (NiCl2∙dtbpy) or
Ni(I) (in-situ prepared by mixing equal equivalents of
Ni(cod)2, NiCl2∙dtbpy, and dtbpy in anhydrous DMF) (Fig-
ure 4), which suggested that sulfonyl allene can interact with

Figure 2 Light on/off experiment.

Figure 3 Rate curve. (a) Reaction progress monitoring the yield; (b) effect of additives on initial reaction rate (color online).
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Ni(II) or Ni(I) under irradiation. Moreover, Stern-Volmer
plots for the quenching of fluorescence intensitites of 20 by
Ni(II) or Ni(I) (for details, see Figures S10 and S11) gave
nonlinear behaviors, indicated that the fluorescence
quenching of 20 may not undergo a classical dynamic
fluorescence quenching process. Finally, the transient ab-
sorption kinetic studies [57] certified that none of sulfonyl
allene, Ni(II) or Ni(I) can be excited to a long-lived excited
state to induce the following transformation (Figure 5a–c),
but sulfonyl allene and Ni(I) can form a long-lived excited

state after pulsed laser excitation (Figure 5e) and could be
quenched by sodium sulfinate (Figure 5f), which suggests a
sulfonyl allene-Ni(I) LMCT excited state might be involved.
Based upon the collective mechanistic evidences and

previous photo-nickel dual catalysis [11–14], a possible
mechanism was suggested as shown in Scheme 4. A pho-
toactive species, formed by sulfonyl allene 20 and Ni(I), can
be excited via visible light irradiation, and then quenched
with sodium sulfinate 2c to generate the methylsulfone ra-
dical, Ni(0) and the free allene. The Ms∙ radical is then

Figure 4 Fluorescence quenching experiments. (a) Emission spectra of 20 (0.1 mM) with different species (0.1 mM); (b) emission spectra of 20 (0.1 mM)
at different concentrations of Ni(I) or Ni(II) (color online).

Figure 5 Transient absorption kinetics of different species at selected wavelengths following 460 nm pulsed laser excitation. (a) 20 (1 mM); (b) Ni(II)
(1 mM); (c) Ni(I) (1 mM); (d) 20 (1 mM) and Ni(II) (1 mM); (e) 20 (1 mM) and Ni(I) (1 mM); (f) 20 (1 mM), Ni(I) (1 mM) and 2c (20 mM) (color online).
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captured by enyne 1a to give a tertiary propargyl radical E,
which can be isomerized to allenyl radical F. The trap of
radical F by Ni(0) species, produced from the reduction
quenching process, affords allenyl Ni(I) complex G. The
Ni(I) complex G undergoes oxidative addition of PhI (3c),
followed by reductive elimination ofH to furnish the desired
product 20, releasing Ni(I) catalyst to enter next cycle.

3 Conclusions

In summary, we have developed a photocatalyst-free, light-
induced nickel-catalyzed three component arylsulfonation of
1,3-enynes, affording sulfone-containing allenes as im-
portant intermediates or precursors to maximize the mole-
cular complexity in a single step. This methodology
demonstrates high catalytic reactivity, mild conditions and
excellent functional group tolerance. The synthetic utility of
this new difunctionalization was demonstrated in a concise
total synthesis of the potential drug molecule. Detailed me-
chanistic studies support that this light induced nickel cata-
lysis is autopromoted by produced allene as a co-ligand in
the photoactive excited state Ni(I) species for the LMCT
process, which shed lights on the exploitation of new cata-
lytic activity and establishment of novel methods. Further
elaboration of the mechanism and application of this light
induced nickel catalytic system is currently underway in our
laboratory.
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