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Abstract: The C(sp3)–H functionalization/carbocyclization reac-
tion through the oxidative quenching of visible light photoredox
catalysts is established for constructing functionalized 1H-indenes.
The process is general for a wide range of benzylic C(sp3)–H bonds
and is highly compatible with common functional groups. Impor-
tantly, the visible light photoredox catalysts can be recovered and
reused at least three times without loss of catalytic activity. 
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Visible light photoredox catalyst initiated organic trans-
formations are emerging as uniquely powerful tools for
constructing new chemical bonds in organic synthesis due
to their more environmentally benign sustainability and
mild operating conditions.1–4 Among these transforma-
tions, C(sp3)–H functionalization using this visible light
photoredox catalysis strategy is particularly interesting.2,3

However, despite good progress, C(sp3)–H functionaliza-
tion methods have focused on the C(sp3)–H bonds adja-
cent to either the nitrogen of amines or the oxygen atom
of ethers through the reductive quenching cycles of the
photocatalysts. To our knowledge, only two papers have
reported on the functionalization of C(sp3)–H bonds using
visible light photoredox catalysis via an oxidative quench-
ing cycle.3

Direct functionalization reactions of unactivated C(sp3)–
H bonds are highly desirable from the atom-economic
point of view, and still remain an important challenge.5,6

As an example, transition-metal-catalyzed selective car-
bocyclization of an alkyne with a benzylic C(sp3)–H bond
for the construction of carbocycles is particularly fascinat-
ing because saturated, less functionalized precursors
would be required.5 However, the carbocyclization reac-
tions of alkynes involving benzylic C(sp3)–H functional-
ization are rare and typically require both the use of 10–
25 mol% transition-metal catalysts and elevated tempera-
ture (60–140 °C). For example, Nakamura and co-work-
ers have reported a new Cu-catalyzed arylative

cyclization of arylalkynes with aromatic sulfonyl chlo-
rides (Scheme 1).6h However, the reaction required
25 mol% CuCl and harsh conditions (140 °C), and was
only applied to substrates bearing the simple benzylic
C(sp3)–H group with Me or Ph substituents. In this proto-
col, aromatic sulfonyl chlorides were found to formally
act as a donor of aryl radical groups with loss of the SO2Cl
group by heating with CuCl. In light of these results, we
envisioned that aromatic sulfonyl chlorides may be trans-
ferred to aryl radical groups under visible light irradiation.
As expected, we found that a variety of ortho-alkyl aryl-
alkynes could undergo arylative cyclization with arylsul-
fonyl chlorides7 through an oxidative quenching cycle of
the visible light photocatalysts (Scheme 1). More impor-
tantly, the reaction could be employed to functionalize the
C(sp3)–H bonds of both a benzyl ether and an acetal. It is
noted that the products, indene and their derivatives, are
ubiquitous in natural products, functional materials, and
pharmaceuticals.8

Scheme 1 Benzylic C(sp3)–H functionalization and carbocyclization
with aromatic sulfonyl chlorides

We began our studies with the reaction between 1-isopro-
pyl-2-(phenylethynyl)benzene (1a) and 4-nitrobenzene-1-
sulfonyl chloride (2a) to establish the optimal reaction
conditions (Table 1).9 Interestingly, substrate 1a could
successfully react with 2a, [Ru(bpy)3Cl2], and NaOAc in
MeCN at 30 °C under irradiation with a 36 W compact
fluorescent light for 36 h, providing the desired product 3
in 37% yield (entry 1). Further screening revealed that the
amount of [Ru(bpy)3Cl2] affected the reaction; the reac-
tion at 5 mol% [Ru(bpy)3Cl2] afforded an identical yield
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to that obtained with 3 mol% [Ru(bpy)3Cl2] (entry 2), but
the yield was reduced significantly using 10 mol%
[Ru(bpy)3Cl2] due to the occurrence of some side-reac-
tions (entry 3). Subsequently, a series of other solvents,
including CH2Cl2, N-methyl-2-pyrrolidinone (NMP), tol-
uene, dimethyl sulfoxide (DMSO), and N,N-dimethylform-
amide (DMF), were tested; these were found to be less
effective than MeCN (entries 2 and 4–8). Among the bas-
es examined, it turned out that Na2CO3 was more efficient
than NaOAc or K2HPO4 (entries 2, 9 and 10). It is note-
worthy that the yield of 3 increased to 83% by using an-
hydrous MeCN medium at 45 °C (entry 11), and identical
results were observed at 60 °C (entry 12). Gratifyingly,
[Ru(bpy)3Cl2] could be recovered and reused at least three
times without loss of catalytic activity [the reaction mix-
ture was filtered through filter paper and a short silica gel
column (EtOAc), and [Ru(bpy)3Cl2] remained on the filter
paper and silica gel. [Ru(bpy)3Cl2] was then recovered by
washing the filter paper and silica gel with MeOH–MeCN
(5 mL, 1:2 v/v) four times] (entry 12). It was noted that the
reaction proceeded smoothly without base, albeit after a
prolonged reaction time (entry 13). However, [Ir(bpy)3]
displayed less reactivity for the reaction (entry 14). Nota-
bly, the reaction did not take place without irradiation by
the compact fluorescent light (entry 15). 

Gratifyingly, the above visible light photocatalysis proto-
col was found to be applicable to a diverse range of sub-
stituted arylsulfonyl chlorides for the reaction with
1-isopropyl-2-(phenylethynyl)benzene (1a; Scheme 2).8

Screening revealed that several substituents, such as NO2,
CF3, CN, acetyl, Cl, F, I, Br, Me or MeO, on the aryl ring
of the arylsulfonyl chlorides were tolerated; the electron-
deficient aryl groups were more reactive than the electron-
rich aryl groups (to give 4–13). Notably, [Ru(bpy)3Cl2]
and [Ir(ppy)3] displayed different catalytic reactivity with
arylsulfonyl chlorides; whereas [Ru(bpy)3Cl2] was more
efficient for 4-nitrobenzene-1-sulfonyl chloride (2a) than
[Ir(ppy)3] (entries 12 and 14 in Table 1), it was inferior to
[Ir(ppy)3] with other arylsulfonyl chlorides, such as 4-nitro-
3-(trifluoromethyl)benzene-1-sulfonyl chloride (to give
4), 4-cyanobenzene-1-sulfonyl chloride (to give 5) or 4-
chlorobenzene-1-sulfonyl chloride (to give 7). Conse-
quently, [Ir(ppy)3] was employed for the arylative cycliza-
tion with other arylsulfonyl chlorides to give products 6
and 8–15. In the presence of [Ir(ppy)3] and Na2CO3 under
irradiation by a 36 W compact fluorescent light, 4-acetyl-
benzene-1-sulfonyl chloride underwent the reaction with
substrate 1a, giving the corresponding product 6 in 94%
yield. Notably, when the recovery and reuse of [Ir(ppy)3]
was tested, 91% yield of 6 was still achieved using the re-
covered catalyst. Halogen substituents (F, I and Br), were
compatible with the optimal conditions, giving products
8–10, thereby facilitating additional modifications at the
halogenated positions. Using electron-neutral or electron-
rich arylsulfonyl chlorides, moderate yields of products
11–14 were still achieved with 10 mol% [Ir(ppy)3]. Inter-
estingly, heterocycle-containing sulfonyl chloride was
suitable for the reaction, giving the expected product 15,

making this methodology more useful for pharmaceuti-
cals and natural product preparation. 

As shown in Scheme 3, the scope of ortho-alkyl aryl-
alkynes was exploited in the presence of 4-nitrobenzene-
1-sulfonyl chloride (2a), [Ru(bpy)3Cl2], and Na2CO3 un-
der irradiation with a 36 W compact fluorescent light. The
results demonstrated that both aryl and aliphatic alkynes
were compatible with the standard conditions, giving
products 16–26. For arylalkynes, a number of substitu-
ents, including Me, MeO, F, Cl, Br and NO2, on the aryl
ring at the terminal alkyne were also well tolerated to give
products 16–22. Substrates with a para-methyl group

Table 1 Screening for Optimal Conditionsa

Entry [M] (mol%) Base Solvent Temp 
(°C)

Yield 
(%)b

1 [Ru(bpy)3Cl2] (3) NaOAc MeCN 30 37

2 [Ru(bpy)3Cl2] (5) NaOAc MeCN 30 39

3 [Ru(bpy)3Cl2] (10) NaOAc MeCN 30 17

4 [Ru(bpy)3Cl2] (3) NaOAc CH2Cl2 30 5

5 [Ru(bpy)3Cl2] (3) NaOAc NMP 30 trace

6 [Ru(bpy)3Cl2] (3) NaOAc toluene 30 trace

7 [Ru(bpy)3Cl2] (3) NaOAc DMSO 30 trace

8 [Ru(bpy)3Cl2] (3) NaOAc DMF 30 trace

9 [Ru(bpy)3Cl2] (3) Na2CO3 MeCN 30 60

10 [Ru(bpy)3Cl2] (3) K2HPO4 MeCN 30 37

11c [Ru(bpy)3Cl2] (3) Na2CO3 MeCN 45 83

12c,d [Ru(bpy)3Cl2] (3) Na2CO3 MeCN 60 84

13c,e [Ru(bpy)3Cl2] (3) – MeCN 45 76

14c [Ir(ppy)3] (3) Na2CO3 MeCN 45 21

15c,f [Ru(bpy)3Cl2] (3) Na2CO3 MeCN 45 0

a Reaction conditions: 1a (0.2 mmol), 2a (3 equiv), [M], base (2.5 
equiv) and solvent (1 mL) irradiated with 36 W compact fluorescent 
light for 36 h under argon atmosphere. [Ru(bpy)3Cl2] = tris(2,2′-bi-
pyridine)ruthenium dichloride, [Ir(ppy)3] = tris(2-phenylpyri-
dine)iridium(III). 
b Isolated yield. 
c Using anhydrous MeCN. 
d The catalyst was recovered and reused three times, and the yields 
were 80% (run 1), 81% (run 2), and 78% (run 3). 
e Irradiated for 42 h. 
f Without additional light. 
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underwent the reaction with sulfonyl chloride 2a,
[Ru(bpy)3Cl2] and Na2CO3 under irradiation with a 36 W
compact fluorescent light to afford the desired product 16
in 85% yield. MeO-substituted arylalkyne also provided
good yield of 17 under the same conditions. Although the
reactivity of substrates with electron-withdrawing groups
or an ortho-methyl group was reduced, moderate to good
yields were still achieved to give product 18–22. Interest-
ingly, naphthalen-1-yl- or thiophen-2-yl-substituted al-
kynes were also viable substrates for the arylative
cyclization, giving products 23 and 24 in moderate yield.
Notably, aliphatic alkynes, even with a bulky tert-butyl
group, afforded the corresponding 1H-indenes 25 and 26
in moderate to good yields.

Gratifyingly, substrates with Br or Me substituents on the
aromatic ring of the benzylic moiety were also compatible
with the standard conditions, giving products 27 and 31.
For example, Br-substituted substrate was treated with
sulfonyl chloride 2a, [Ru(bpy)3Cl2], and Na2CO3 under ir-
radiation with a 36 W compact fluorescent light, to
smoothly furnish product 27 in 74% yield. Further screen-
ing revealed that the secondary benzylic carbon atoms, in-
cluding 1-ethyl, 1-benzyl, and 1-(phenoxymethyl) groups,

were viable for the arylative cyclization, giving the ex-
pected products 29–32. It was noted that 1-(dimethoxy-
methyl)-2-(phenylethynyl)benzene, an acetal, could also
undergo arylative cyclization to offer the demethylated
product 33 in good yield. However, substrates with a pri-
mary benzylic carbon atom were not suitable for the ary-
lative cyclization and only trace amounts of product 34
were obtained. 

Arylative cyclization reactions of other alkynes, including
double cyclization of dialkyne compounds, were also in-
vestigated (Scheme 4). In the presence of 4-nitrobenzene-
1-sulfonyl chloride (2a), [Ru(bpy)3Cl2] and Na2CO3 under
irradiation with a 36 W compact fluorescent light, both di-
alkyne compounds 1b and 1c were readily transformed
into the corresponding bisindenes 36 and 38 in moderate
yields together with monoindenes 35 and 37 in 32 and
31% yield, respectively. Interestingly, treatment of 1,2-di-
phenylacetylene (1d) with benzene-1-sulfonyl chloride
(2b) and [Ir(ppy)3], Na2CO3 and 36 W compact fluores-
cent light gave (2-chloroethene-1,1,2-triyl)tribenzene
(38), a desulfitative and Cl-addition product, in 85%
yield, suggesting that a vinyl cation is generated.9

Scheme 2 Screening arylsulfonyl chlorides (2). Reagents and conditions: 1a (0.2 mmol), 2 (3 equiv), [Ru(bpy)3Cl2] or [Ir(ppy)3] (3 mol%),
Na2CO3 (2.5 equiv), anhydrous MeCN (1 mL), irradiation with a 36 W compact fluorescent light at 45 °C for 36 h under argon atmosphere.
a [Ir(ppy)3] was recovered and reused to give the 6 in 91% yield. b [Ir(ppy)3] (10 mol%) was used.
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Notably, three radical inhibitors, 2,2,6,6-tetramethyl-
piperidine-1-oxyl (TEMPO), 1,1-diphenylalkene, and
2,6-di-tert-butylphenol, were also employed for the reac-
tion of 1-isopropyl-2-(phenylethynyl)benzene (1a) with
4-nitrobenzene-1-sulfonyl chloride (2a), [Ru(bpy)3Cl2],
Na2CO3 under irradiation with a 36 W compact fluores-
cent light. Under these conditions no reaction was ob-
served with a stoichiometric amount of these radical
inhibitors, which is consistent with a radical being in-
volved in the present reaction mechanism. In addition, a
control on/off switching of the light source was tested;2k

when the lamp was switched off at appropriate intervals

(2 h every interval), the reaction did not proceed during
the ‘off’ periods. 

A plausible mechanism, outlined in Scheme 5, is proposed
on the basis of the present results and on literature re-
ports.1–7,10 Aryl radical (Ar·)9 is first formed by a single
electron transfer (SET) from the excited state [Ru(bpy)3]

2+

(or [Ir(ppy)3]
3+) to an arylsulfonyl chloride,1–4,10 followed

by addition of Ar· to the carbon–carbon triple bond in sub-
strate 1, generating radical intermediate A. This interme-
diate is readily transformed into vinyl cation intermediate
B10 by two pathways:1–4 oxidation of radical intermediate
A by (i) [Ru(bpy)3]

3+ (or [Ir(ppy)3]
4+) cation, and (ii) aryl-

Scheme 3 [Ru(bpy)3Cl2]-Catalyzed Arylative Cyclization of ortho-Alkyl Arylalkynes (1) with Sulfonyl Chloride (2a). Reagents and condi-
tions: 1 (0.2 mmol), 2a (3 equiv), [Ru(bpy)3Cl2] (3 mol%), Na2CO3 (2.5 equiv), anhydrous MeCN (1 mL) with 36 W compact fluorescent light
at 45 °C for 36 h under argon atmosphere. a [Ru(bpy)3Cl2] (10 mol%). b 2a (4 equiv). c An acetal, 1-(dimethoxymethyl)-2-(phenylethynyl)ben-
zene, was employed as the substrate. 
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sulfonyl chlorides in a radical chain transfer mechanism.
Finally, deprotonation and carbocyclization of the unsta-
ble intermediate B takes place to furnish the desired 1H-
indenes. The presence of base facilitates the reaction by
removing HCl formed in situ from the reaction (Table 1,
entries 11 and 13).

In summary, we have described a general and mild route
that enables the construction of functionalized 1H-in-
denes via photoredox catalyzed arylative cyclization of
ortho-alkyl arylalkynes with arylsulfonyl chlorides using
a visible light photoredox catalysis strategy. This new
protocol has several attractive features: (a) a low operat-
ing temperature (45 °C) and lower loading of catalyst is
required, (b) high functional group tolerance and broad
substrate scope, and (c) simple operation by reusable vis-
ible light photoredox catalysis. Applications of this mild
photoredox catalyst-catalyzed arylative cyclization trans-
formation in organic synthesis are underway in our labo-
ratory. 
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