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a b s t r a c t

A visible-light-mediated reaction of indole derivatives employing arylsulfonyl chlorides as sulfonyl sur-

rogates has been developed, which proceeds via the sequence of reduction of sulfonyl chloride, sulfony-

lation, and intramolecular cyclization. This mild protocol transforms a diverse array of indole tethered

alkenes and simple sulfonyl chlorides into highly valuable functionalized tetrahydrocarbazoles in good

yields. This reaction is also suitable for gram-scale synthesis, which provides an efficient and green ac-

cess to multi-substituted tetrahydrocarbazoles.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Tetrahydrocarbazole represents one of the most important het-

erocyclic motifs, which exists in many natural products [1–5] and

bioactive compounds featuring unique bioactivities (Fig. 1) [6–10].

For example, Tubastrindole A is an alkaloid containing tetrahydro-

carbazole skeleton, which was isolated from a stony coral, Tubas-

traea sp [11]. GSK983 contains a key tetrahydrocarbazole unit

and shows a broad spectrum antiviral activities [12]. Furthermore,

tetrahydrocarbazole has been demonstrated to be a powerful scaf-

fold for the synthesis of complex molecules, as well as the total

synthesis of natural products, such as (±)−18-noraspidospermidine

[13], cordatanine [14] and uleine [15].

Due to the importance of tetrahydrocarbazoles in organic syn-

thesis and medicinal chemistry, much attention has been devoted

to the construction of functionalized tetrahydrocarbazole deriva-

tives in recent years [16–22]. Transition-metal-catalyzed cascade

ring-opening/cyclization reactions of functionalized cyclopropanes

with indole-substituted alkenes or alkynes were developed to

construct multi-substituted tetrahydrocarbazoles in good yields

(Scheme 1a) [23–25]. Moreover, tetrahydrocarbazole derivatives

could be synthesized via Diels–Alder reaction of indole tethered

alkenes with other functionalized alkenes (Scheme 1b) [26–35].

Intramolecular Friedel-Crafts alkylation of indole tethered alkenes

or tertiary alcohols represented an alternative efficient strategy for

the synthesis of tetrahydrocarbazoles, in particular, chiral tetrahy-

∗ Corresponding authors.

E-mail addresses: meihb@njfu.edu.cn (H. Mei), hanjl@njfu.edu.cn (J. Han).

drocarbazole derivatives were obtained when chiral catalysts were

employed in those reactions (Scheme 1c) [36-38]. Very recently,

our group also designed an indole-substituted allylmalonate as

a radical acceptor and successfully applied this reagent in the

reaction with sodium sulfinates to assemble sulfonylalkyl sub-

stituted tetrahydrocarbazoles under electrochemical conditions

(Scheme 1d) [39].

On the other hand, sulfonyl chloride is an ideal source of

sulfonyl radical in situ generated under photoredox conditions

[40–45]. Inspired by the previous reports on the construction of

tetrahydrocarbazoles [16–38] and our continuous interests in this

area [39,46,47], we envision that sulfonyl chlorides can be suit-

able radical precursors under photoredox conditions, which can

assemble the target tetrahydrocarbazole framework via a tandem

cyclization of our designed indole-substituted allylmalonates [39].

Herein, we reported a visible-light-promoted cyclization of indole

derivatives with arylsulfonyl chlorides as radical sources (Scheme

1e). This reaction was carried out under mild conditions and af-

forded the corresponding sulfonylalkyl substituted tetrahydrocar-

bazoles with a variety of electronically and sterically diverse sub-

stituents in good yields.

We commenced our study by carrying out the visible-

light-promoted cyclization of diethyl 2-((1H-indol-3-yl)methyl)−2-

allylmalonate 1a with 4-methylbenzenesulfonyl chloride 2a as a

model reaction. After an extensive study of reaction parameters

(Table 1), we were delighted to find that the reaction catalyzed by

a known Ir-photocatalyst in the presence of K2CO3 at room tem-
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Fig. 1. Natural products and bioactive molecules containing tetrahydrocarbazole

unit.

 

Scheme 1. Synthesis of tetrahydrocarbazole derivatives.

perature provided the corresponding tetrahydrocarbazole product

3aa in 20% yield (entry 1). Encouraged by this positive result, we

next tested different inorganic bases with acetonitrile as a solvent

in the presence of fac-[Ir(ppy)3] (2mol%). Replacing K2CO3 with

NaOAc resulted in an improved result, and 36% yield of product

3aa was obtained after 12h (entry 2). The yield was slightly in-

creased to 45% when KH2PO3 was used in the reaction (entry 3).

For the reactions with the use of inorganic bases (entries 1–3),

the starting material 1a remained in the reaction mixture. Inter-

estingly, organic bases were found to be good choices (entries 4–

6), in particular, DIPEA was identified as the most efficient one in

terms of reaction outcome (62% yield, entry 6). This is likely be-

cause of the better solubility of organic base in acetonitrile. Then,

the effects of solvents were also examined and several solvents in-

cluding CH2Cl2, DMF, THF, dixoane, and CHCl3 were used as media

in this transformation. The reaction in dichloromethane proceeded

smoothly to afford the desired product 3aa in a comparable yield

(63% yield, entry 7). The results from DMF, THF, dioxane and CHCl3

Table 1

Optimization of the reaction conditions.a

Entry 2a (equiv.) Base (equiv.) Solvent Time (h) Yield (%)b

1 3.0 K2CO3 (2.0) MeCN 10 20

2 3.0 NaOAc (2.0) MeCN 12 36

3 3.0 KH2PO3 (2.0) MeCN 12 45

4 3.0 DBU (2.0) MeCN 12 21

5 3.0 TMEDA (2.0) MeCN 12 51

6 3.0 DIPEA (2.0) MeCN 12 56

7 3.0 DIPEA (2.0) CH2Cl2 12 58

8 3.0 DIPEA (2.0) DMF 12 54

9 3.0 DIPEA (2.0) THF 12 45

10 3.0 DIPEA (2.0) Dixoane 12 53

11 3.0 DIPEA (2.0) CHCl3 12 43

12 1.5 DIPEA (2.0) CH2Cl2 12 46

13 2.0 DIPEA (2.0) CH2Cl2 12 56

14 2.0 DIPEA (2.0) CH2Cl2 7 66c

15 2.0 DIPEA (4.0) CH2Cl2 3 80c

DBU=1,8-diazabicyclo[5.4.0]undec-7-ene, TMEDA=N,N,N’,N’-

tetramethylethylenediamine, DIPEA=N,N-diisopropylethylamine.
a Reaction conditions: Indole derivative 1a (0.1mmol), 4-methylbenzenesulfonyl

chloride 2a, base, fac-[lr(ppy)3] (2 mol%), solvent (2mL), under nitrogen atmo-

sphere in the presence of 4.5W blue LEDs at room temperature.
b Isolated yields based on 1a.
c Under air atmosphere.

indicated clearly that dichloromethane still was the most effective

one (entries 8–11). Subsequently, further optimization of reaction

conditions by variation on the loading amount of coupling part-

ner 4-methylbenzenesulfonyl chloride 2a was conducted. The re-

action with the use of 2.0 equiv. of 4-methylbenzenesulfonyl chlo-

ride 2a also proceeded very well and furnished the product 3aa

in 56% yield (entry 13), while decreasing the loading amount of

2a to 1.5 equiv. led to a lower yield (46%, entry 12). Consider-

ing the reaction efficiency and operation convenience, we exam-

ined the visible-light promoted cyclization reaction under air. It is

pleased that the reaction also occurred and the starting material

1a was consumed within 7h to afford the corresponding tetrahy-

drocarbazole product 3aa in a good chemical yield (66%, entry 14).

This result shows clearly that the reaction is not particularly sensi-

tive to air. Finally, the yield could be further increased to 80% when

the loading amount of DIPEA was increased to 4.0 equiv., and the

conversion of the starting material completed within 3h (entry 15).

With the optimal reaction conditions in hand, the substrate

scope of this visible-light-promoted reaction with regard to aryl-

sulfonyl chloride 2 was evaluated (Scheme 2). As demonstrated in

Scheme 2, a wide scope of sulfonyl chlorides was effective and pro-

vided the functionalized tetrahydrocarbazoles products 3 in mod-

erate to good yields. The electronic property of substituents on aryl

ring of sulfonyl chlorides 2 shows an obvious effect on the re-

action outcome. Sulfonyl chlorides bearing different substituents,

such as methyl (2a), methoxyl (2d), ethyl (2n) and n-propyl (2o)

could well participate in this visible-light-mediated reaction af-

fording the corresponding product 3 in good yields (65%−80%).

Lower yields were obtained for the arylsulfonyl chlorides contain-

ing electron-withdrawing groups (3ae–3aj, 43%−61% yields). Even

no desired tetrahydrocarbazoles products 3ac was obtained when

4-cyanobenzenesulfonyl chloride was used. On the other hand, an

obvious steric hindrance effect was observed for this reaction. The

para- and meta-substituted phenylsulfonyl chlorides were well tol-

erated in this reaction. On the sharp contrary, almost no desired

product formed with most of the starting materials remained for
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Scheme 2. Substrate scope of various arylsulfonyl chloride. Reaction conditions: Indole derivative 1a (0.1mmol), sulfonyl chloride 2 (0.2mmol), DIPEA (0.4mmol), fac-

[lr(ppy)3] (2 mol%), DCM (2mL), under air in the presence of 4.5W blue LEDs for 3h. Isolated yields based on indole derivative 1a.

Scheme 3. Substrate scope of various indole derivatives. Reaction conditions: Indole derivative 1 (0.1mmol), 4-methylbenzenesulfonyl chloride 2a (0.2mmol), DIPEA

(0.4mmol), fac-[lr(ppy)3] (2 mol%), DCM (2mL), under air in the presence of 4.5W blue LEDs for 3h. Isolated yields based on indole derivative 1.

the substrates containing ortho-substituted phenyl moiety (2f, 2l,

2m).

After getting the above inspiring results, the substrate scope

with regard to indole substituted alkenes 1 was subsequently ex-

amined via reaction with 4-methylbenzenesulfonyl chloride 2a un-

der the optimized conditions (Scheme 3). Interestingly, variation

in the electronic properties on the aryl ring of indole moiety did

not show an obvious effect on the reaction efficiency. The sub-

strates featuring both electron-donating groups (methyl, methoxyl,

1j-1m) and electro-withdrawing groups (fluoro, bromo, chloro, 1b-

1i) were suitable for this reaction resulting in the corresponding

product 3 in 60%−83% yields. Fortunately, different substituents

could be installed at any position of phenyl ring of indole moi-

ety, and substrates 1 were successfully converted into the corre-

sponding tetrahydrocarbazole product 3 under the standard condi-

tions. To further extend the scope of the indole derivatives, a com-

pound 1n with N-Boc protecting group was tried to react with sul-

fonyl chloride 2a. The reaction did happen and provided the cor-

responding product 3na in 27% yield. Besides ethyl malonate, the

substrate containing isopropyl malonate structural unit also was

tried in the reaction, which was well tolerated affording the corre-

sponding tetrahydrocarbazole product 3oa in 60% yield. Moreover,

the steric effect of this reaction was examined by introducing a

methyl group at the terminal position of C–C double bond (1p).
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Scheme 4. Large-scale synthesis.

Scheme 5. Control experiments.

Unfortunately, it is not a suitable substrate for this reaction, and

almost no desired product 3pa was isolated. Compared with the

previous electrochemical reaction with sulfinates [39], this visible-

light-promoted reaction shows wide substrate scope and improved

reaction efficiency.

To further demonstrate the utility of this strategy, a large-scale

reaction of the model substrate 1a with 4-methylbenzenesulfonyl

chloride 2a was performed under the standard conditions (Scheme

4). It was pleased that the reaction also proceeded smoothly when

the scale was enlarged from 0.1mmol to 3.0mmol. As highlighted

in Scheme 4, 860mg of the desired product 3aa was obtained with

only slight erosion of the reaction yield (64%).

To get insight into the reaction mechanism, several control ex-

periments were conducted. First, the reaction of model substrates

1a and 2a was conducted without the use of photocatalyst, and

no reaction happened with almost all the starting materials re-

maining (Scheme 5a). Also, almost no desired product 3aa was ob-

served when the reaction was carried out in dark (Scheme 5b).

These results clearly indicate light and photocatalyst are essen-

tial for this transformation. Then, a reaction with the addition of

2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), a radical scavenging

reagent, was performed under the standard conditions, which was

totally suppressed and almost no desired product 3aa was ob-

served (Scheme 5c). The same result was obtained when the addi-

tion of 1,1-diphenylethene (Scheme 5d). These results suggest that

this reaction may contain radical intermediates in the transforma-

tion.

In light of those above mechanistic studies and related litera-

tures [39–45], a possible mechanism was proposed for this visible-

light-initiated radical reaction (Scheme 6). First, fac-[Ir(ppy)3] is ir-

Scheme 6. Proposed mechanism.

radiated by blue LED light to give the excited-state ∗fac-[Ir(ppy)3].
Then, single electron transfer (SET) reduction of arylsulfonyl chlo-

ride 2 by the excited-stated photocatalyst to generate sulfonyl rad-

ical with the release of chloride anion. Subsequently, the trap of

the sulfonyl radical by C–C double bond of substrate 1a forms the

radical intermediate A, which undergoes intramolecular cyclization

at C-2 position of indole moiety resulting in the intermediate B.

The intermediate B is further oxidized by the highly covalent pho-

tocatalyst IrIV to form the cationic intermediate C with the regen-

eration of ground-state photocatalyst for the next catalytic cycle.

Finally, deprotonation of the intermediate C happens in the pres-

ence of DIPEA affording the corresponding functionalized tetrahy-

drocarbazole 3.

In summary, a visible-light-promoted cascade reaction of 2-

indole-2-allylmalonates with arylsulfonyl chlorides has been de-

veloped. The reaction was carried out under mild conditions and

tolerated a wide scope of indole-substituted alkenes and sulfonyl

chlorides to afford a rich library of multi-functionalized tetrahydro-

carbazole products with up to 83% yields. This reaction represents

a new strategy for the radical cyclization of this type of dienes,

and also provides a valuable vista for the preparation of high-value

tetrahydrocarbazole derives.
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