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Accessing [6,6,5,6] tetracyclic indeno-quinolines
via a photomediated cascade reaction of
electron-rich 1,7-enynes†

Pooja Yadav, A. Anagha Varma and Purushothaman Gopinath *

Synthesis of various sulfonyl- and trifluoromethyl-decorated

tetracyclic indeno-quinolines from 1,7-enynes via a cascade radical

addition–cyclization–aromatization sequence is presented. The

reaction was found to show broad substrate scope with good

functional group tolerance on the sulfonyl and o-alkynyl aniline

derivatives. The protocol was successfully extended for late-stage

modification of various sulfonyl-containing drugs and other radical

precursors to obtain the corresponding indeno-quinolines in good

yields. Control experiments corroborated the proposed photome-

diated radical cascade mechanism.

Photoredox-mediated radical cascade reactions have shown
tremendous potential in rapidly and effectively accessing var-
ious hetero- and carbo-cycles.1–6 In this regard, 1,n-enynes have
emerged as versatile synthons for radical cascade addition–
cyclization reactions to access many interesting molecular
scaffolds.7–14 Although 1,n-enynes have been well studied,
electron-deficient alkene12–15 partners have most commonly
been used as the starting materials to control the chemo- and
regioselectivity of their radical addition step. Conversely,
employing electron-rich alkenes can give access to new and
interesting scaffolds.

Indeno-fused quinolines play a crucial role in the drug and
agrochemical industry (Scheme 1a).16 In general, synthesis of
indeno-quinoline derivatives involves a tedious multiple-step
process, due to the presence of a complex tetracyclic core
(Scheme 1b).17,18 This multi-step process greatly limits the
introduction of other functional groups or substituents onto
the indeno-quinoline core, as they appear to not withstand the
reaction conditions. In this regard, Bhoominathan et al.19

achieved the synthesis of indeno-quinolines at room tempera-
ture via a Lewis acid (LA)-catalysed reaction in a single
step—but again, the method does not provide any prospect to
introduce additional functional groups or substituents. Herein,

we have developed a protocol involving the use of photoredox
catalysis to access various functionalized indeno-quinolines
from electron-rich 1,7-enynes via a cascade addition–
cyclization-aromatization sequence (Scheme 1c).

We started the screening with a 2-(phenylethynyl)-N-(2-
phenylallyl)-aniline derivative, 1a, as a model substrate and
tosyl chloride (TsCl) as the sulfonyl source. Using Ru(bpy)3Cl2

as the photocatalyst with K2CO3 as the base in acetonitrile as
solvent under blue LED irradiation (wavelength of 456 nm, 40 W)
for 48 h, we obtained an 83% yield of the desired tetracyclic
indeno-quinoline derivative (entry 1, Table 1). Other solvents
including methanol and EtOH did not furnish the desired
product in good yields (entries 2–8, Table 1). Similarly, other

Scheme 1 (a) Indeno-quinoline cores in drugs. (b) Previous reports.
(c) Our work.
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bases and additives including Na3PO4, Na2HPO4, NaH2PO4, and
NaHCO3 also gave lower yields of the desired product (entries
10 and 11, Table 1). When the reaction was carried out with
organic bases such as triethylamine and pyridine, the yield of
the desired product was reduced further. When the photocata-
lyst was changed to Eosin Y or Irppy3, we obtained 64% and
30% yields, respectively (entries 16 and 17, Table 1).

With the optimized conditions in hand, we next investigated
the scope of sulfonyl chloride derivatives using ortho-alkynyl
aniline derivative 1a as the standard (Scheme 2). Halogens such
as F, Cl, Br, and I withstood the reaction conditions and
afforded good yields of the expected products (3g–3j). 3-Nitro
sulfonyl chloride gave (3b) a 63% yield. In addition, biphenyl
sulfonyl chloride gave a 67% yield of the desired product (3d),
but required 72 h for the reaction, due to its lower reactivity.
Other sulfonyl chloride derivatives containing heterocyclic
rings such as pyridine sulfonyl chloride and thiophene sulfonyl
chloride were also promising substrates and afforded the
resultant products in good yields (3e and 3f). Interestingly,
alkyl sulfonyl chlorides gave moderate to good yields of the
expected products (3m–3r). Next, we investigated the scope of
o-alkynyl aniline derivatives with p-tosyl chloride 2a as the
standard (Scheme 2). Having an ortho methyl substituent on
the alkynyl phenyl ring afforded a 66% yield of product (4a).
Similarly, halogen substituents on the o-alkynyl aniline deriva-
tives also worked well and afforded the desired tetracyclic
indeno-quinolines in moderate to good yields (4b–4g).

Next, we extended our method to access triflouromethylated
indeno-quinolines, as fluoro substituents have been shown
to enhance certain properties, such as metabolic stability,
and lipophilicity, of pharmaceuticals and agrochemicals.

(Scheme 3). Accordingly, substrate 1a and Umemoto reagent,
5 (1.5 equiv.) with Rubpy3Cl2 as photocatalyst and K2CO3

(1 equiv.) as base in DCM upon irradiation with blue LED for
48 h afforded a 91% yield of the desired product 6a. With the
optimized conditions in hand, various o-alkynyl derivatives
were investigated. Halogen substituents on the alkynyl and
styrene ring worked well and gave good yields of the expected
tetracyclic cores (6b, 6c, and 6e). Having an electron-
withdrawing group, like a trifluoromethyl group or a nitro
substituent, afforded moderate yields of the respective desired
products (6d and 6f), due to their lower reactivity.

In order to demonstrate the synthetic versatility of the
method, various sulfonyl-containing drug derivatives and

Table 1 Optimization studies for the synthesis of sulfonylated indeno-
quinolines

Entry Deviation from standard condition Yield

1 None 83%
2 MeOH, EtOH, Me-THF, toluene, DMF, EtOAc, i-PrOH o35%
3 DCM 50%
4 THF 45%
5 Acetone 40%
6 t-BuOH 47%
7 CHCl3 67%
8 1,4-Dioxane 61%
9 12 W 30%
10 16 W 45%
11 24 W 65%
12 Na3PO4, Na2HPO4 o70%
13 NaH2PO4, NaHCO3, KH2PO4, Na2CO3 o50%
14 NEt3, pyridine o50%
15 Without base 45%
16 Irppy3 30%
17 Eosin Y 65%
18 Ru(bpy)3Cl2 (1 mol%) 65%
19 Ru(bpy)3Cl2 (5 mol%) 45%

Scheme 2 Scope of sulfonyl chlorides and o-alkynyl aniline derivatives.
Reaction conditions: 1 (1 equiv.), 2 (1.5 equiv.), Ru(bpy)3Cl2 (2.5 mol%),
MeCN (0.05 M), Ar, rt, blue light (456 nm, 40 W), 48 h. a Reaction time 72 h.
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bio-active molecules such as sulphonamide and valdecoxib
were used for the transformation, and the corresponding
indeno-quinoline-tethered drug derivatives were obtained in
moderate to good yields. Similarly, the reaction was also
performed on a gram scale, and the resultant product was
obtained in 71% yield, showing the potential for large-scale
applications. Next, the reaction was performed with diethyl
(bromodifluoromethyl) phosphonate using Irppy3 as the

photocatalyst; interestingly, the desired indeno-quinoline phos-
phonate ester, 8a, was obtained in 73% yield (Scheme 4).

In order to understand the mechanism, we performed
several control experiments. When the reaction was performed
in the presence of oxygen, no product was formed, which indi-
cated the requirement of an inert atmosphere (Scheme 5a). Reac-
tions in the presence of the radical quencher TEMPO did not yield
any expected product 3a (Scheme 5b). HRMS analysis of the
reaction mixture showed tosyl-TEMPO adduct, which indicated
a radical pathway. In the absence of photocatalyst, only a 12%
yield of the desired product was obtained. Similarly, there was no
product formation in the absence of light, which suggested the
need for both photocatalyst and light for this transformation
(Scheme 5c and d).

Based on these mechanistic studies and literature reports,
we propose the following mechanism. At first, the photogener-
ated sulfonyl radical chemoselectively adds to the alkene of 1,7
enyne to give radical intermediate II; this intermediate, upon
intramolecular cyclization, generates radical intermediate III.
Radical intermediate III then undergoes intramolecular cyclization
to give radical intermediate IV. At this point, the excited-state

Scheme 3 Scope of o-alkynyl aniline derivatives for triflouromethylated
indeno-quinoline synthesis. Reaction conditions: 1a (1 equiv.), 5
(1.5 equiv.), Ru(bpy)3Cl2 (2.5 mol%), MeCN (0.05 M), Ar, rt, blue light
(456 nm, 40 W), 48 h.

Scheme 4 (a) Late stage modification of bioactive molecules via cascade
reaction with 1,7-enynes. (b) Gram-scale reaction. (c) Synthesis of phos-
phonate ester derivative.

Scheme 5 (a) Reaction with oxygen. (b) Radical quenching studies with
TEMPO. (c) Reaction without light. (d) Reaction without photocatalyst. (e)
Proposed mechanism.
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photocatalyst (PC*) undergoes SET with intermediate IV via a
reductive quenching cycle to generate cationic intermediate V
and reduced photocatalyst, PC��. Intermediate V quickly
undergoes aromatization in the presence of base to give the
desired product 3a, and finally, PC�� is then oxidized by
sulfonyl chloride to regenerate ground-state photocatalyst
(PC) and sulfonyl radical, which then reinitiates the cascade
reaction (Scheme 5e).

In conclusion, we showcased the synthesis of various sulfo-
nylated and triflouromethylated indeno-quinoline derivatives
via a photoredox-catalyzed radical cascade reaction. The reac-
tion was found to work well with a variety of substituents on the
sulfonyl and ortho-alkynyl aniline derivatives. Various sulfonyl-
containing drug derivatives were demonstrated as the sulfonyl
source, and the corresponding sulfonyl-tethered indeno-
quinoline cores were obtained in good yields. This method
can offer a wide potential for the synthesis of other substituted
indeno-quinoline derivatives, by changing the radical precur-
sors. Control experiments were performed to understand the
mechanism of the reaction.
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