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Convenient synthesis of spiroindolenines from
tryptamine-derived isocyanides and organic azides
by cobalt catalysis in pure water†

Shuai Jiang,a Wen-Bin Cao,a Hai-Yan Li,b Xiao-Ping Xu*a and Shun-Jun Ji *a

A Co-catalyzed coupling of 3-(2-isocyanoethyl)indoles with

organic azides in pure water for accessing spiroindolenine deriva-

tives was developed. This strategy features mild reaction con-

ditions, high atom-economy, excellent yields, wide substrate

scopes, and broad functional group tolerance. The products were

obtained simply by sequential operation involving extraction, con-

centration, precipitation, and filtration, without tedious column

chromatography. More importantly, the aqueous catalytic system

could be recycled at least ten times without reducing the catalytic

activity. The strategy provides a green and efficient method for the

construction of spiroindolenine derivatives.

Using water as a medium for organic reactions has aroused
broad interest due to its low cost, abundant reserves, non-tox-
icity and strong hydrogen-bonding nature.1 Existing studies
have shown that water as a solvent has a positive impact on
reaction rates and selectivity.2 Recently, Kobayashi and co-
workers divided the catalytic reactions performed in water into
seven types depending on which phase the catalyst is in.3

According to the new version of the Twelve Principles of Green
Chemistry published by Anastas and Leitner in 2020,4 the
development of organic reactions involving cheap metal cata-
lysts, a green solvent system with low toxicity and recyclability,
and a simple separation process is highly desired. As to the
known reactions in the aqueous phase,5 there are still some
deficiencies to be overcome in order to meet the demand of
green organic synthesis. Thus, we are committed to developing
green organic transformations featuring atom-economy, step-
economy, and low solvent and metal catalyst consumption.

On the other hand, spiroindolenine derivatives exist in a
wide range of natural products and biologically active mole-
cules.6 Because of the importance of these compounds, many
methods have been established for their synthesis.7 Although
significant advances have been achieved, the existing methods
often suffer from complicated steps and limited substrate
scope. Tryptamine-derived isocyanide, as an organic synthon
with multiple reactive sites, has been proven to be a highly
efficient building block for the synthesis of spiroindolines.8

Among those approaches reported, tedious work-up and the
use of organic solvents as the reaction medium are often
required. Hence, a green reaction mode has become an urgent
pursuit to construct such skeletons. We envision whether it is
possible to realize efficient synthesis of spiroindolenines in
pure water by the cascade reaction of tryptamine-derived iso-
cyanides with a simple purification procedure.

To our delight, a coupling reaction of tryptamine-derived
isocyanides with organic azides in pure water for accessing
spiroindolenine derivatives was reasonably designed and per-
formed. The products were purified by simple extraction oper-
ation without tedious column chromatography, and the
aqueous phase catalytic system could be recycled at least ten
times without reducing the catalytic activity (Scheme 1).
Hence, we report a systematic study on the green synthesis of
spiroindolenines by using this method.

Initially, the tandem reaction of tryptamine-derived isocya-
nide 1a with tosyl azide 2a was performed in pure water at
25 °C in the presence of cobalt oxalate (CoC2O4), and the

Scheme 1 Coupling of tryptamine-derived isocyanides with organic
azides.
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desired product 3aa could be isolated in 96% yield by column
chromatography (Table 1, entry 1). To our delight, when the
product was separated by simple extraction instead of column
chromatography (for details, see the ESI†), the product 3aa
was also obtained successfully with high purity, and the yield
was comparable (Table 1, entry 2). Afterwards, several water-
soluble catalysts such as CoCl2 and Co(OAc)2·4H2O were
screened as well (Table 1, entries 3 and 4), and a similarly high
yield of 94% was obtained by using Co(OAc)2·4H2O as the cata-
lyst. The product was again purified by extraction with no need
for column chromatography (Table 1, entry 4). However, when
the catalyst loading was reduced to 2 mol%, only 86% yield of
the target product was isolated (Table 1, entry 5).

With the optimized reaction conditions in hand, we investi-
gated the scope of organic azides 2 (Table 2). It was gratifying
to find that substituted sulfonyl azides 2a–2m with electron-
donating groups (Me, OMe, tBu), electron-withdrawing groups
(CF3, CN, NO2), and halogen atoms (F, Cl, Br, I) exhibited very
high reactivity under the optimized reaction conditions (3aa–
3am). The structure of 3ak was unambiguously determined by
single crystal X-ray crystallography and spectroscopic analysis
(CCDC 2034492; see the ESI†). Next, sulfonyl azides 2n–2u con-
taining naphthalene rings, benzoheterocycles, heterocycles,
and alkyl substituents were also tested. Benzoquinoline- and
benzotetrahydrofuran-substituted sulfonyl azides could give
the desired products 3ap and 3aq in excellent yields. Similarly,
heterocyclic thiophene- and isoxazole-substituted sulfonyl
azides reacted well to afford the corresponding products 3ar
and 3as in 79% and 88% yields, respectively. In addition to
arylsulfonyl azides, alkylsulfonyl azides 2t and 2u were also
proved to be suitable candidates, producing the target pro-
ducts 3at and 3au in 90% and 96% yields.

It should be noted that other azide substrates such as aryl
azide and azidotrimethylsilane are not suitable candidates for
this reaction, and no spiroindolenines could be obtained.

The substrate scope of tryptamine-derived isocyanides 1
was then examined, and the results are presented in Table 3.
Various substituted 3-(2-isocyanoethyl)indoles 1, possessing
5-Me, 5-MeO, 5-F and 5-Cl on the aromatic ring, were tolerated,
and the expected products 3ba–3ea were isolated in excellent

Table 1 Optimization of the reaction conditionsa

Entry Catalyst (x mol%) Yieldb (%)

1 CoC2O4 (5) 96c

2 CoC2O4 (5) 93d

3 CoCl2 (5) 90d

4 Co(OAc)2·4H2O (5) 94d

5 Co(OAc)2·4H2O (2) 86d

a Reaction conditions: 1a (0.2 mmol), 2a (0.2 mmol), catalyst (x mol%),
water (4 mL) at 25 °C for 12 h. b Isolated yield. c Purified by column
chromatography. d Simply purified by extraction.

Table 2 Substrate scope of sulfonyl azidesa

a Reaction conditions: 1a (0.2 mmol), 2 (0.2 mmol), Co(OAc)2·4H2O
(5 mol%), H2O (4 mL) at 25 °C for 12 h.

Table 3 Substrate scope of tryptamine-derived isocyanidesa

a Reaction conditions: 1 (0.2 mmol), 2a (0.2 mmol), Co(OAc)2·4H2O
(5 mol%), H2O (4 mL) at 25 °C for 12 h. b Reaction conditions: (1) 1
(0.2 mmol), 2a (0.2 mmol), Co(OAc)2·4H2O (5 mol%), 1,4-dioxane
(3 mL) at 25 °C for 12 h. (2) NH3·BH3 (5.0 equiv.) was added at 25 °C
for another 2 h reaction.
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yields. Next, some C2-substituted isocyanides were studied and
2-phenyl-substituted 3-(2-isocyanoethyl)indole 1h could give
the corresponding product 3ha in 90% yield after the reaction
time was prolonged to 48 hours. Interestingly, the excellent
yield obtained for isocyanide 1i bearing the 2-tert-butyl substi-
tuent indicated that steric hindrance had little influence on
this transformation. Additionally, α-Ph-substituted isonitrile
1k could also be converted into the target product 3ka (dr =
2 : 1) in 95% yield. Unfortunately, C2-unsubstituted isocyanide
1m could not give the desired cyclization product under
the optimized reaction conditions. We speculated that the
product may be unstable and decomposed slowly during
work-up. Interestingly, product 3ma could be obtained
through an in situ reduction strategy in a one-pot process in
83% yield.

To reveal the potential of synthetic applications, a gram-
scale reaction under the standard conditions was carried out
and the product 3aa could be obtained in 98% yield
(Scheme 2, a). In addition, using 5 equivalents of NaBH4 to
reduce 3aa could furnish the desired product 4a in 78% yield
(Scheme 2, b).

To meet the new principles of green chemistry by Anastas
and Leitner, the recyclability of the cobalt catalyst in water was
tested under the standard conditions (Fig. 1). After extraction
of the product, the aqueous catalytic system could be easily
reused for the next reaction. Interestingly, after ten times re-
cycling of the aqueous catalytic system, no visible decrease of
catalytic activity was observed.

During the whole reaction process, the raw materials and
products were insoluble in water while the catalyst was
soluble, which is in accordance with one of the seven reaction
types summarized by Kobayashi.3 In order to show the reaction
process more intuitively, the concentration of cobalt ions in
water was determined using an inductively coupled plasma
spectrometer (Fig. 2). At first, the reaction proceeded fast due
to the high concentration of reactants, resulting in a decrease
of the concentration of cobalt ions. With the progress of the
reaction, the concentration recovered to 30 ppm after four
hours. After that, no obvious alteration of the concentration of
cobalt ions was observed. Therefore, we speculate that the reac-
tion occurred on the interface between the substrate and
water.

Based on the above observations and previous works,9 a
plausible mechanism was suggested as shown in Scheme 3.
First, the fast ligand exchange of tryptamine-derived isocya-
nides with Co(OAc)2·4H2O gives cobalt complex A on the inter-
face between the substrate and water. Complex A reacts with
sulfonyl azides to produce complex B, which then generates Co
(III)–nitrene intermediate C with the release of N2.
Subsequently, carbodiimide intermediate E is obtained by the
coupling reaction of C with the coordinated isocyano group.

Scheme 2 Gram-scale synthesis and further transformation. aReaction
conditions: 1a (5 mmol), 2a (5 mmol), Co(OAc)2·4H2O (5 mol%), H2O
(60 mL) at 25 °C for 12 h. bReaction conditions: 3aa (0.2 mmol), NaBH4

(5.0 equiv.), 1,4-dioxane (3 mL), EtOH (1 mL) at 25 °C for 2 h.

Fig. 1 Catalyst recycling study.

Fig. 2 Variation of the Co2+ concentration with the reaction time.

Scheme 3 Plausible reaction mechanism.
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Then the nucleophilic C3 position of indole triggers spirocycli-
zation to afford the desired product 3aa.

Conclusions

In conclusion, a new approach for Co-catalyzed coupling of
tryptamine-derived isocyanides with sulfonyl azides in water to
construct spiroindolenine derivatives has been successfully
demonstrated. Instead of column chromatography used for
most work-up processes, purification of the products in our
case can be realized simply by sequential operation involving
extraction, concentration, precipitation, and filtration. This
strategy features mild reaction conditions, high atom
economy, excellent yields, wide substrate scopes, and broad
functional group tolerance. More importantly, the aqueous
catalytic system could be recycled at least ten times without a
visible decrease of catalytic activity. The strategy is in line with
the new green chemistry concept, and it may have a potential
application in industrial production. From the N-sulfonyl
amidine skeleton point of view, the product can also serve as a
potential intermediate for diverse organic syntheses.10
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