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Abstract: A synthetically useful 1,3-insertion reac-
tion of a rhodium-carbenoid into the C(sp2)¢H
bond of simple indole is disclosed, which produces
structurally divergent 2-indolylenamides in good to
excellent yields and decent chemo- and regioselec-
tivities. The obtained tryptamine vinylogues can be
transformed into biologically important tryptamine
derivatives or 3,3’-biindoles with ease.
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Tryptamine is a monoamine alkaloid that is formed in
plants, fungi, microbes, and amphibian tissues, and
displays agonist action at multiple receptors, including
non-selective serotonin receptors,[1a,b] 5HT2a-1a-2c re-
ceptors[1c] and ion channels.[1d] The tryptamine struc-
ture as a potent template has been found in many
psychoactive compounds, such as serotonin, sumatrip-
tan, amphetamine, psilocybin, bufotenine, and so
forth (Figure 1).[2] Therefore, it is not surprising that
the development of flexible procedures for the selec-
tive generation of tryptamine derivatives from easily
accessible starting materials is of high interest.

The synthetic transformations of carbenoids de-
rived from metal-catalyzed diazo decomposition have
undergone a renaissance in the past few decades. Up
to now, remarkable advancements have been made in
the exploitation of the chemo- and regioselective in-
tramolecular carbenoid insertion catalyzed by various
transition metals such as Rh,[3] Pd,[4] Ni,[5] and Cu,[6]

into simple arene C¢H bonds.[7] For the intermolecu-
lar carbenoid insertion reaction, studies revealed that
electron-rich arenes are very susceptible to the direct
alkylation by carbenes. This was demonstrated by
means of acceptor and acceptor/acceptor carbenes in

the 1970s,[8] and then for donor/acceptor carbenes by
Davies in the 1990s.[7a,9] Recently, intermolecular
asymmetric insertion reactions of metal carbenoids
into X¢H (X=C,[10a] O,[10b–d] and B[10e]), and also C¢
C[10f] s-bonds assisted by various chiral ligands have
been successfully developed. Hu has exploited such
reactions to initiate cascade sequences.[11] Also this
chemistry has been used as key steps in the total syn-
thesis of dictyodendrins A and F by Itami and
Davies.[12]

Employment of N-sulfonyl-1,2,3-triazoles as
a source of the metalla-carbenoid in Rh-catalyzed de-
nitrogenative conditions has received considerable at-
tention recently.[13] The in-situ generated electrophilic
a-imino rhodium carbene species can serve as a versa-
tile building block to construct various aza-heterocy-
clic molecules.[14] In 2012, the group of Fokin devel-
oped a Rh-catalyzed a-imino carbene insertion reac-
tion of arylboronic acids as nucleophile with N-sulfo-
nyl-1,2,3-triazoles, which represents a good example
of the metal-catalyzed direct arylation of simple
arenes using carbenoid insertion strategies.[15] Davies
and co-workers disclosed an enantioselective synthesis

Figure 1. Tryptamine and its valuable derivatives.
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of pyrroloindolines via Rh(II)-tetracarboxylate cata-
lyzed formal [3++2] cycloaddition reaction of C-3 sub-
stituted indoles with triazole carbenoid precursors.[16]

Anbarasan reported the carbenoid insertion and ary-
lation reaction of a-imino rhodium carbenoids with
N,N-dialkylamines.[17] Most recently, Lee and co-
workers developed the Rh-catalyzed direct arylation
of azulenes and alkoxyarylation reaction of aryl
ethers with triazoles.[18] These diversity-oriented ap-
proaches displayed impressive flexibility with respect
to variations of the aromatic substrates and triazoles,
and the chemo- and regioselective functionalization
of simple arenes deserve noticeable attention.

As part of our continuing interest toward the dis-
covery of natural product-like alkaloids or carbocy-
cles,[19] we have recently developed a Cu(I)-catalyzed
tandem reaction of terminal alkynes, sulfonyl azides,
and nitroolefins, which generates 2-amino-3-(2-nitro-
ethyl)indoles as potential HCT-116 inhibitors with
high efficiency.[19a] Keeping the biological importance
of the 2-indolylethanamine protocols in mind, we
herein present a novel Rh-catalyzed carbenoid inser-
tion reaction of simple indoles with N-sulfonyl-1,2,3-
triazoles.[20] The current reaction could serve as
a rapid access to substituted 2-indolylethanamine vi-
nylogues, which could be easily transformed into
tryptamine derivatives under hydrogenative condi-
tions.

We chose N-methylindole (1a) as a nucleophile and
4-phenyl-1-tosyl-1H-1,2,3-triazole (2a) as a carbenoid
source in the presence of dirhodium tetracarboxylate,
Rh2(OAc)4, to study the reaction (Table 1). Pleasingly,
the desired product 3aa was formed in good yield
after the mixture of 1a and 2a had reacted in anhy-
drous toluene at 80 88C for 12 h (Table 1, entry 1). For
the major product, the Z-configurated structure of
3aa was confirmed based on an X-ray diffraction anal-
ysis.[21] The other metal catalysts were screened. No
desired product was detected when catalysts such as
CuOTf, Cu(OTf)2,

[22] RhCl2(PPh3)2, Rh(COD)(acac),
Rh2Cl2(COD)2, or Cp*Rh2Cl4 were employed
(Table 1, entries 2–7). While a slightly higher yield of
product 3aa was observed when 5.0 mol% of
Rh2(Oct)4 was used (92%), decreasing the catalyst
loading to 2.5 mol% led to a drastic decline in effi-
ciency (Table 1, entries 8 and 9). A blank reaction
clearly demonstrated the importance of the rhodium
catalyst in this reaction (Table 1, entry 10). For the
solvent effect, the conversions of compound 1a were
only moderate when the reactions were carried out in
PhCl and p-xylene, however, full conversion was ob-
served in refluxing DCE, the reaction can reach com-
pletion in 12 h and 91% yield of 3aa was isolated
(Table 1, entries 11–14). Finally, we have also evaluat-
ed the reaction temperature and concentration, how-
ever, no superior result was observed.

The scope of substituted indoles was subsequently
examined under the optimized conditions (Table 2).
The utility of this reaction can be demonstrated by
a preparative gram-scale reaction, as the product 3aa
can be isolated in 83% yield with a Z/E isomer ratio
of 6:1 on the 10.0 mmol scale. Different substituents
which were attached on the benzenoid ring of indole
with electron-donating (1b and 1c), or electron-with-
drawing (1d–1g) properties were all tolerated, afford-
ing the corresponding products 3aa–3ga in good to ex-
cellent yields. It is worth noting that the halogen
groups, such as fluoride (3da), chloride (3ea), and
bromide (3fa and 3ga) were compatible in the reac-
tion, which could serve as potential synthetic handles
for further elaborations. The reaction of N-butylin-
dole 1h with 2a afforded product 3ha as an insepara-
ble mixture of isomers in 75% yield. To further probe
the substituent diversity of the indole substrates, N-
aryl-substituted indoles were synthesized. The N-
phenyl-substituted product (Z)-3ia was formed in
good yield, the (E)-3ia isomer was unavailable due to
its formation in merely trace amounts in the reaction.
It is well-known that N-heterocyclic moieties are
useful directing groups in the C-2 functionalization of
indoles in C¢H activation reactions.[23] The N-pyridine
and N-pyrimidine substitutents were tolerated in the
current reaction, thus delivering the targeted products
3ja to 3ka in serviceable yields, respectively. For the

Table 1. Optimization of the reaction conditions.[a]

Entry [M] (mol%) Solvent Temp.
[88C]

Yield
[%][b]

1 Rh2(OAc)4 (5) toluene 80 88
2 CuOTf (10) toluene 80 0
3 Cu(OTf)2 (10) toluene 80 0
4 RhCl2(PPh3)2 (5) toluene 80 0
5 Rh(COD)(acac) (5) toluene 80 0
6 Rh2Cl2(COD)2 (5) toluene 80 0
7 Cp*Rh2Cl4 (5) toluene 80 0
8 Rh2(Oct)4 (5) toluene 80 92
9 Rh2(Oct)4 (2.5) toluene 80 52
10 – toluene 80 0
11 Rh2(Oct)4 (5) PhCl 80 64
12 Rh2(Oct)4 (5) p-xylene 80 75
13 Rh2(Oct)4 (5) DCE 80 91
14 Rh2(Oct)4 (5) toluene 100 64

[a] Reactions were carried out with 1a (0.3 mmol) and 2a
(0.45 mmol) in the presence of [Rh] catalyst in 3.0 mL of
solvent under N2 atmosphere.

[b] Isolated product. E/Z= 6:1. Cp*= 1,2,3,4,5-pentamethyl-
cyclopenta-1,3-dienyl.
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various protecting groups which were located at the
R2 position, we were delighted to observe that the
Boc and Ts groups were well tolerated, the corre-
sponding products 3la and 3ma were isolated in 61%
and 56% yields, respectively. A complex outcome was
observed for the reaction of triazole 2a with acetyl-
substituted indole 1n.

The substituent effects of R3 and R4 in 1,2,3-tri-
azoles 2 are summarized in Table 3. Good yields were
observed whenever the aromatic groups of R3 were
attached with electron-donating (2b) or withdrawing

(2c–d) moieties, the corresponding products 4ab–4ae
and 4cd were isolated in up to 88% yields, albeit as
inseparable mixtures of isomers in variable ratios.
Note that for the production of compound 4ae, the E
isomer was isolated as the major product, presumably
due to the steric congestion effect which was caused
by the ortho-substution of bromide in the phenyl
group. Heteroaromatic such as 3-thienyl substituted
products 4af and 4bf were isolated in good yields. For
substitutions on the indole ring, reactive electron-
withdrawing groups, such as CN and COOEt were
tolerated under the optimized conditions to give the

Table 2. Scope of the rhodium-catalyzed carbenoid insertion
reaction of indole 1 with N-tosyl-1,2,3-triazole 2a.[a]

[a] Reaction conditions: indole 1 (0.30 mmol), triazole 2a
(0.45 mmol), Rh2(Oct)4 (0.015 mmol), toluene (3.0 mL),
N2, 80 88C, 10–12 h. Isolated yield based on 1. E/Z ratio
was determined by 1H NMR.

[b] Gram scale reaction, using 1.31 g (10 mmol) of 1a and
4.50 g (15 mmol) of 2a as starting materials.

Table 3. Scope of the rhodium-catalyzed carbene insertion
reactions of substituted indoles 1 with various triazoles 2.[a]

[a] Reaction conditions: indole 1 (0.30 mmol, 1.0 equiv.), tri-
azole 2 (0.45 mmol, 1.5 equiv.), Rh2(Oct)4 (0.015 mmol),
toluene (3.0 mL), N2, 80 88C, 10–12 h. Isolated yield based
on 1. E/Z ratio was determined by 1H NMR.

[b] Ms= methanesulfonyl.
[c] Ns=4-nitrobenzenesulfonyl.

Adv. Synth. Catal. 2016, 358, 201 – 206 Õ 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim asc.wiley-vch.de 203

COMMUNICATIONS Rhodium(II)-Catalyzed Regioselective Carbenoid Insertion Reaction

http://asc.wiley-vch.de


corresponding products 4da and 4ea in good yields.
However, the reaction displayed some limitations
with alkyl substitution in the R3 position of 1,2,3-tri-
azole 2, whereas no reaction occurred in the Rh-cata-
lyzed reactions of 1a with alkylated 1,2,3-triazoles.
The alkyl-substituted 1,2,3-triazoles were consumed at
elevated temperatures, however, indole 1a was un-
touched and no desired product could be detected. Fi-
nally, changing the sulfonyl group of R4 in 1,2,3-tri-
azole substrates 2 from Ts to 4-methoxybenzenesul-
fonyl (2g), methanesulfonyl (Ms, 2 h), or 4-nitrobenze-
nesulfonyl (Ns, 2i) gave the corresponding enamides
4ag, 4ah and 4ai in 78%, 95%, and 84% yields, re-
spectively.

It is also noticeable that a substituted indole is not
a limitation to the current carbenoid insertion chemis-
try; other electron-rich arenes can also be used as
a nucleophile to participate in the Rh-catalyzed reac-
tion. As shown in Eq. (1) (Scheme 1), in the presence
of 5.0 mol% Rh2(Oct)4, the reaction of 2-methoxy-
thiophene 5 with 1,2,3-triazole 2a proceeded smoothly
to afford compound 6 as an inseparable Z/E mixture
of isomers (1:1) in 74% yield. This result was concep-
tually different from the previously reported reactions
of N-sulfonyl-1,2,3-triazoles with furans[24] or hydro-
furans,[25] from which highly substituted pyrroles or
medium-sized dioxazocines were obtained, respective-
ly.

The synthetic potential of the obtained 2-indolyl-
enamide products can be illustrated by a series of ex-
tension reactions. For instance, treatment of com-
pound 3aa under Pd/C conditions with 1 atm of H2 at
55 88C for 8 h gave a Ts-protected product 7 in 91%
yield, deprotection of the tosyl group from compound
7 using Na-Naph as a reducing agent[26] afforded
tryptamine derivative 8 in a synthetically useful yield
[Eq. (2), Scheme 1]. In addition, treatment of the Ns-
protected tryptamine vinylogue 4ai with t-BuOK gave
(1-methyl-1H-indol-3-yl)(phenyl)methanone 9 in 90%
yield [Eq. (3), Scheme 1].[27] Furthermore, the 3,3’-
biindole 10 can be synthesized in 63% yield from
a Cu-catalyzed C¢N bond formation reaction using
the Z/E isomer mixture of 4ae as starting material
[Eq. (4), Scheme 1].[28] 3,3’-Biindoles are found in
many natural products and biologically active com-
pounds, their derivatives have been used in the treat-
ment of protein folding disorder, such as AlzheimerÏs
disease, dementia, and spongiform encephalopathy.[29]

The mechanistic rationale is outlined in Scheme 2.
The catalytic cycle is believed to initiate with the rho-
dium-catalyzed nitrogen extrusion from diazoimine
species A to form a highly reactive rhodium(II) aza-
vinyl carbene B, and its zwitterionic isomer C.[30] The
carbenoid carbon of intermediate C is highly electro-
philic, thus capable of inducing the following intermo-
lecular nucleophilic attack of indole 1 to give the

Scheme 1. Reaction extensions.
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zwitterionic intermediate D (path a). Finally, intramo-
lecular aromatization and protodemetallation reac-
tions of E occurred to give the observed products 3 or
4, and meanwhile regenerate the reactive rhodium
catalyst. An alternative possible mechanism, involving
Buchner-type cyclopropanation followed by ring
opening of the strained intermediate F cannot be
ruled out (path b).[31,32] This reaction pathway was
considered as being reasonable when taking the excel-
lent chemo- and regioselectivites of the resulting
products into account. The intermediates E and F
with less substitution hindrance between R3 and NR4

groups would be formed with priority, which finally
resulted in the formation of the (E)-isomer as the
main product in the observed compounds 3 or 4.

In conclusion, we have developed a novel Rh-cata-
lyzed carbenoid insertion reaction of simple indoles
with N-sulfonyl-1,2,3-triazoles, to provide structurally
divergent 2-indoylenamides in good to excellent
yields. A highly regioselective insertion process of the
a-imino rhodim carbene species into indole C(sp2)¢H
bond was involved in the reaction. Unlike the previ-
ous cycloaddition reaction of C-3 substituted indoles
with Rh-carbenoid precursors to give pyrroloindo-
lines,[16] the current reaction was informative with re-
spect to the substituent-dependent reactivity profile
of simple indoles toward rhodium-carbenoid species.
Moreover, the obtained indole-based enamides can
be easily transformed into tryptamine and 3,3’-biin-
dole derivatives, therefore, this reaction might serve
as a valuable strategy for the expedient synthesis of
biologically active compounds. Further studies on the

biological evaluations of the products are currently
underway.

Experimental Section

General Procedure for the Synthesis of Compound 3
or 4

To a stirred solution of indole 1 (0.3 mmol) and N-sulfonyl-
1,2,3-triazole 2 (0.45 mmol) in anhydrous toluene (3.0 mL)
was added the rhodium catalyst (0.015 mmol) under N2 at
room temperature. The reaction tube was sealed and the
mixture heated to 80 88C for 12 h, or overnight. After com-
pletion of the reaction as indicated by TLC, the reaction
mixture was allowed to cool to room temperature. The mix-
ture was concentrated under reduced pressure, and the resi-
due was purified via silica-gel column chromatography (pe-
troleum ether:EtOAc=50:1) to afford the desired com-
pound 3 or 4.
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